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Foreword

Fertilizer is a vital component of strategies for expanding foodproduction.
The rapid growth in population and the widening food deficits inmany
tropical countrics of Asia, Africa, and Latin America call attention to those
aspects of fertilization that have been neglected but are expected to yield-
large economic payoffs in the tuture. Fertilizer sulfur falls into this category.

In the past fertilizer sulfur received little attention from researchers and
policymakers since sulfur deficiency was not considered a serious problen.
It was not a problem because of low crop yields, extensive cropping, and
the incidenral supply of sulfur through rain, irrigation water, manures, and
sulfurcontaining fertilizers,

However, the situation has changed in the last three decades. Moder-
nagriculture based on high crop yields, intensive cropping, improved crop
varieties, and greater use of sulfur-free fertilizers and environmental regula-
tions restricting sulfur emissions are creating large gaps between sulfur sup-
ply and sulfur requirecments. Sulfur deficiencies are widespread and grow-
ing. Consequently, the full potential of a modern agricultural system in
tropical countries is not being realized.

This research effort results from the recogniti~n of the seriousness of the
sulfur problem and its adverse impact on food production as well as
IFDZ s dedication to the development and transfer of economically ef-
ficient fertilizer technology to tropical countries. This study rcpresents a
comprehensive analysis of the technical and economic linkages between fer-
tilizer sulfur and food production, and it provides guidelines for future
directions in fertilizer sulfur rescarch and public policy.

The project was jointly undertaken by Dr. J. S. Kanwar, Director of Re-
scarch, International Crops Rescarch Institute for the Semi-Arid Tropics
(ICRISAT), and Dr. Mohinder S. Mudahar, Economist, International Fer-
tilizer Development Center (1FDC). Dr. Kanwar, an eminent soil scientist,
spent his 1982/83 sabbatical year at 1FDC and participated in this research
endeavor. This study is expected to provide needed impetus for national and
international research and financial organizations to initiate and finance
major fertilizer sulfur rescarch and development programs.

The highlights of the study were published in 1983 as IFDC Technical
Bulletin No. 27. It is hoped that this study will be of major significance to
fertilizer rescarchers, extension agents, manuacturers, planners, and policy-
makers in their efforts to improve fertilizer usc efficiency and alleviate
world hunger.

Donald L.. McCune
Managing Director
International Fertilizer Development Center
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1 Introduction

Statement of the Problem

The fast rate of growth in populatica, increasing food needs, and a widen-
ing gap between food consumption and production in the developing coun-
tries, particularly in the tropical countrics of Asia, Africa, and Latin
America, call attention to the need for research into those aspects of crop
fertilization that have been neglected or that have the potential of aftecting
crop production significantly. An increase in land productivity and an ex-
pansion in the area under crops are two components of an cconomic strate-
gy tor increasing agricultural production. Fertilizer use is essential to this
strategy because of its major contribution to crop vields, particularly in
combination with irrigation and high-viclaing crop varieties.

The impe.ance of NPK fertilizers in increasing agricultural production
is well recognized. The developing countries are making serious efforts to
increase the use of fertilizers supplying these nutrients. However, sulfur (S),
which is essential for svnthesis of proteins, vitamins, and S-containing
essential amino acids, has been ignored. In most cases, no more phosphorus
(P) is required than S, but the use of P has received more attention, particu-
larly in the tropics, The main reason for the lack of adequate attention to
S in the developing tropical countries is that heretofore subsistence farming,
low crop yields, and replenishment of S through the use of farmyard ma-
nure (FYM) and conventional S-containing fertilizers as well as irrigation
water and addition of atmospheric S through rain have largely prevented S
deficiencies.

The amount ot S required for producing 1 mt/ha of cereal grain is about
4-5 ke/sha, Previously this amount was probably supplied through the
sources mentioned above, and it could still meet the needs of subsistence
farming except on soils that were inherently deficient in S or have become
impoverished through losses of sulfate (SO,) from leaching, immobiliza-
tion, and crop removals, Morcover, at low levels of nitrogen (N) and P con-
sumption the need for S was also low. As use levels increased, however, more
S was wiso needed to ensure the high use efficiency of cach nutrient. Sulfur
deficiency was also masked somewhat by the acute deficiency of N and P,
tHowever, the situation is changing rapidly, and there is a growing awareness
of S deficiency in many developed countries, particularly those where ani-
mal production is a major industry. Besides S deficiency, the acid rain in
many developed countries is partly attributed to high sulfur dioxide (SO,)
content of atmosphere gases.

Classical examples of increased attention to S deficiencies include Austra-
lia, New Zealand, the United States, Canada, and Ireland, where the need
for extensive use of S-supplying fertilizers is recognized in raising good pas-



tures and producing nutritive forages. In the United States S deficiency has
been found in 37 states, not only in pastures but also in small-grain and
coarse-grain cereals. Research and development programs on S use in crop
production have become important. The number of scientists engaged in S
rescarch, the number of papers published, and the conferences held in the
developed countries attest the importance of S fertilization for these coun-
tries.

The evidence of crop response to applid S in the developing countries of
the.tropics, the drastic decline in the additions of S because of the use of
high-analysis and S-free fertilizers, and the growing problem of human I..:n-
ger and malnutrition necessitate a critical look at the S fertilization prob-
lems in these regions. Sulfur in agriculture has many uses, but the four most
important ones are these:

1. As a soil amendment for amelioration of saline alkali soils, calcarcous
soils, and soils of low permeability and for improving the quality of irri-
gation waters.

2. As a plant nutrient for correcting S deficiencey, increasing crop vyields,
and improving the quality of crop produce.

3. As a chemical agent to acidulate phosphate rock and to manufacture
phosphoric acid, phosphate fertilizers, ammonium sulfate (AS), and
other S-containing fertilizers.

4. In pesticides, including fungicides.

The use of elemental S and S-containing substances such as gypsum and
pyrites for soil reclamation purposes is well known. Sulfur will play a more
significant role in improving productivity of lands that are saline, sodic, or
calcareous or have low permeability. Sulfur also improves the poor-quality
irrigation waters -~ a serious problem in semiarid tropics and arid regions,
In these cases, however, the acidifying effect of S or the caleium (Ca) ion
effect of gypsum is more important than the use of S as a nutrient, There
are many publications by The Sulphur Institute in the United States, the
Food and Agriculture Organization of the United Nations (I'AQO), the Unit-
ed Nations Educational, Scientific, and Cultural Organization (UNESCQ),
the British Sulphur Corporation, IFDC, and also other international and
national organizations in developing countries that specifically discuss
some of these aspects.

The use of S as a fertilizer nutrient, however, has not been adequately
recognized in the developing countries of the tropics and subtropics. In view
of the neglect from which S as a nutrient has suffered and the v arning sig-
nals of' S deficiency in the tropics and subtropics, this study is restricted to
S as a plant nutrient and 10 S supply strategies,



Objectives

In this study attention is focused on the possible effects of S deficiency in
soils and plants in the tropics and subtropics. A full understanding of this
problem will lead to an appreciation of the need for S-related research as
well as appropriate government policies.

It has not been possible 1o gain aceess to all the literature, published or
unpublished, in different countries. The study aims at analyzing the availa-
ble information to assess the aature, extent, and magnitude of the S prob-
lem and its relationship to food and nutritional needs of developing coun-
rries in the tropics and at formulating strategies for research on S fertilizers.
It is hoped that this information will stimulate corrective action by nation-
al, regional, and international organizations and government policymakers.

The primary objective of this study is to analyze the cconomic impor-
tance of S in the fertilizer industry, food production, and the agricultural
sector for the tropical countries. More specifically, the objectives are as fol-
lows:

1. To place in perspective the food and nutritional problems of tropical
countries,

2. To examine the role of fertilizer S in designing strategies for food
production,

3. To analyze the crucial role of S in plant nutrition and its effect on hu-
man and animal hutrition.

4. To examine the S status of tropical soils and its relation to crop produc-

tion,

5. To analyze S deficiency, with particular reference to nature, causes,

magnitude, loction, crops affected, and different diagnostic techniques.

6. To evaluate crop response to applied fertilizer S in the tropical countries
of Asia, Africa, and Latn America.

7. To estimate aggregate S requirements, supplies, and implied S gaps in
selected developing countries up to the year 2000,

8. To examine past performance, the current ecconomic situation, and fu-
ture outlook with respect to S demand, supply, prices, resources, and
trade.

9. To evaluate alternative cconomic sources of fertilizer S and supply
strategies, particalarly in the context of indigenous S resourees,

10, To examine the implications for research strategies and formulation of
fertilizer policy with respect to fertilizer S, particularly in tropical coun-
tries.

In other words, the study deals with the agronomic, technological, econom-

ic, and policy aspects of fertilizer S in the context of tropical agriculture,

[t should serve as a basis for determining the appropriate role of fertilizer

S in the design of alternative strategies and public policies for aceelerating

food production in developing countries.



2 Food and Nutrition Problems in Perspective

In order to design the research strategies and public policies needed to ex-
pand food production through appropriate use of fertilizer S, it is impor-
tant not only to understand the nature and seriousness of the food problem
but also to delineate the commodity sources of calories and protein and to
examine the location of food and nutrition prsolems in developing coun-
trics.

Population and Food Production

Any realistic assessment of the world food problem must include an ex-
amination of various factors that influence the demand and supply of food.
In this study, however, we limit the discussion of such factors to population
adeterminant of food consumption — as one side of the tood equation
and food production as the other. The regional distribution of world popu-
lation and food production for 1981 is reported in Table 2.1, Developing
countries as & group account for 749 of the world’s population and yet
produce only 479% ot the total world food.! On the other hand, the de-
veloping market cconomies account for S0%% of the world population and
290 of world food production.” The tood problem is rather serious in de-
veloping market cconomies, particularly in Africa and the Far East. Conse-
quently, i large number of people do not have aceess 1o adequate diets, and
this seriously aftects their hife expectancy as well as work elficiency.
Furthermore, it is important 1o recognize three related issues. First, even
though many developing countries have made major strides in food produc-
tion, primarily as a result of the *Green Revolution] their more recent per-
tarmance (especially in Africa) has not been very impressive. Second, even
though many developing countries are able to reduce the population growth
rate, it s stll too high i relation 1o growth in food production. Third, as
reported in Table 20, o major share of cereals consumption in developed

o The world's population will vrow trom 3.5 billhon in 1981 to 6,35 billion in the vear 2000,
Fhe rare ot crowth will slow onlv manamally, In absolute numbers, more people widl be added
annually e the year 2000 (100 anthony than today (75 mnllion). Approsimately 90% of this
erowth will occurain the poosest countries ot the world. Fhe world population is expected 1o
teach 10 bidbon by 2030 and will approach 30 allion by the end of the 218t century, according
to the Counal on Frivironmental Qualits and the Department of State (1981).

20 Unless specitied otherswise, i this studs we Bave adopted FAO' classification of countries
mto ceonomie classes and regons According 1o this classitioatio, the wotld is divided into
thice broad categories G desetoped market cconomies (DME), (b) developing market econo-
mies (DeME ) and (O centrally § lanned economies (CPE). Developed countries consist of de-
veloped market cconomies, Fastern Futope and the TUSS.R., whereas developing countries
cansist o developmy market ccononmes and centrally plinned countries from Asia, including
Chinae Further detinds on this clasatication e given in Table 2.1,



Tuble 2.1. Regional distribution of world population and food production during 19812,

Region Population Food Share of

(%) production® animal feed in

(%) regional cereal

consumptions

(%)

Developed market economies 17.7 36.4 75
North America 5.6 22.8 88
Western Europe 8.3 10.4 71
Oceania 0.4 1.4 61
Other developed 34 1.7 40
Developing market economices 49.8 29.3 12
Africa 8.6 3.8 5
Latin America 8.3 6.9 40
Neas Fast 4.3 3.5 21
Far East 27.9 15.0 2
Centrally planned economies 32.6 34.3 41
Asian centrally planned 241 17.6 5
Lastern Europe + U.S.S.R. 8.4 16.7 67
Developed countries 26.1 531 72
Developing countries 739 46.9 13
World+ 100 100 43

(4.5 billion) (1.7 billion mt)

a. Derived from data reported in FAO (1982) and follows FAO regional classification.

b. Includes all cereals, pulses, root crops, and groundnuts. All the noncereals were converted
into voheat equivalents based on calorie content. Rice refers to milled rice.

¢ Consumption of cereal as food for people and feed for livestock. Derived from FAQ
(1977) and reters 1o 1972 74,

d. Totals are approsimate due to rounding of data.

countries is in the torm of feed for livestock to produce calories and protein
for human consumption. Such a conversion process is generally not very ef-
ficient.?

Magnitude and Location of Food Deficits

Several national and international organizations, including FAO, Interna-
tional Food Policy Research Institute (1FPRI), U.S. Department of Agricul-

Y. For further discussion and evidenee on low conversion efficiency, see Balch and Cooke
(1982) and Spedding, Walsingham, and Hoxev (1981).
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ture (USDA), and the World Bank, periodically make projections for world
food demand, supply, and food gaps. There may be, and often are, large
differences in quantitative estimates of projected food gaps for a particular
year and country across different organizations.” However, aualitatively all
these estimates point to large projected deficits in develeping countries, a
large number of which do not even have the capability for commercial im-
ports from food surplus countries. A large number of tropical countries fall
into this category.

On the basis of trend projections, FAO (1979) has cstimated that the net
cereal deficit tor 90 developing countries (excluding China) will be 91 mil-
lion mt in 1990 and 153 million mt in the year 2000.5 The share of indi-
vidual regions in net cereal deficits during 2000 is estimated to be 29% in
Africa, 33% in the Far East, 20 in the Near East, and 18% in Latin
America. On the other hand, under a scenario of accelerated cereal growth,
the net cereal balanee for the same set of countries would be reduced to §2
mitlion mt in 1990 and 88 million mt in the vear 2000, The corresponding
share of individual regions during the vear 2000 is esiimated to be 32% in
Africa, 16%0 in the Far Fast, 459 in the Near East, and 7% in Latin Ameri-
ca. In this seenario, the Indian subcontinent woulc. change from a net defi-
it in cereals 1o a net surplus in cereals (4 millien mt) by the year 2000,
mainly in response 1o the realization ol potential for accelerated produc-
ton.

More recent estimates for tood gaps (major staples as opposed to cereals)
for selected countries and regions of developing market economies are
reported in Table 2.2, The projected net tood deficits for developing market
cconomies are estimated to be approximately three times as great in the year
2000 as they were in 1977, The projeted deficits may increase or decrease,
depending upon performance in the agricultural sector, national govern-
ment policies with respect to food and nutrition, and population growth.
The regions projected 1o face serious food problems are the Near East, west
Afvica, and upper (tropical) South America. The tood gaps must be met
through commercial imports and or food aid. In this respeet, these gaps
have important implications for world food trade and food assistance.
Otherwise, o liarge number of people may not be able 1o atford even the ba-

4. The difterences in projected food deticits are generally due to (1) number of commodities
included as food: (2) ditferent nutial conditions for tood demand and supply: (3) differences
i assumptions with tespect to populition growth, mcome growth, income elasticities, income
distribunion, Land growth, mudtiple cropping, and farm techmology: and (9 differences in fune-
tional torms of equations used in makine projections.

S Other studies deahng with world fooad problem and or projections tor food production, de-
mand, and gapsinclude USDA (1974), Burhi and Goering (1977), President's Scienee Advisory
Committee (1967), Wortman and Cammngs (1978), Crosson and Frederick (1977), 1#PRI
(19771, Paulino (1980) and Hopper (19K1).
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sic minimum diet.® Furthermore, food production in the year 2000 is
projected to inerease by 90% over that in 1977, This has important implica-
tions concerning the need for production incentives and the potential de-
mand for modern inputs, including fertilizer.

Malnutrition in Developing Countries

National food self-sufficiency, an expressed national goal of many develop-
ing countries, does not always result in an adequate diet for every citizen.
Inadequate nutrition may be attributed to several factors, including limited
food supply, maldistribution of food, poverty, and lack of knowledge about
nutrition. However, despite these and other sociocconomic factors, ade-
quate domestic food production is an important component of strategies
designed to eliminate the malnutrition problem.

The share and magnitude of population considered malnourished in
selected countries and regions of developing market economices are reported
in Table 2.3. Even if one does not agree with these estimates, the fact re-
mains that large numbers of people do suffer and will continue to suffer
from malnourishment. FFurthermore, these results shed some light on the
nature of food and nutrition problems. First, almost a quarter of the popu-
lation (approximately one-halt” billion during 1981} in developing market
cconomies is malnourished. According to FAO (1979) estimates, the share
of the population below the critical 1.2 Basal Metabolic Rate in the year
2000 in d veloping market economies is expected to decline to 1% (387 mil-
lion people) under & trend scenario and to 7% (242 million people) under
an accelerated growth scenario. Accerding to FAO(1977), however, the share
of malnourished people in. these countries has slightly increased from 24%
in 1969-71 to 25% in 1972-74.

Second, almost one-half of the malnourished population is from South
Asia, a region that is projected to have a food surplus during the year 2000.
Third, even in grain-exporting countries such as Thailand, a significant
share of the population is malnourished, which indicates that adequate
production of food alone will not solve the malntrition problem. Fourth,
even though there is no one-to-one relationship between calorie deficiency
and protein deficiency, the large number of malnourished leads one to con-
clude that the population suffering from protein deficiency may be equally
large and that the protein-energy-malnutrition syndrome prevails. Finally,
as evidenced by FAO (1977, 1979), the malnutrition problem is much more

6. A report by the Council on Environmental Quality and the Department of State (1981) fur-
ther reinforees the seriousness ot the food problem. The report concludes that ‘for hundreds
of millions of the desperately poor, the outtook for food and other necessities of lite will be
no better. For many it will be worse® (Volume 1, p. 1)



Tuble 2.2, Estimated food production, consumption, and deficits in selected countries and regions of developing market economiess.

Country Region’ 1977 (actual) {million m1) 2000 (projected) (million mt)
Production Consumption Neet deticit Production Consumption Net deficit
tndia 134.0 122.7 1.3 2343 2208 13.5
Indonesia 249 274 - 2.5 513 46.9 1.4
Philippines 8.9 9.4 - 0.3 21.3 20.3 1.0
Sudan 3y 3.5 0.4 9.9 7.5 2.4
Niger I.9 1.7 0.2 1.5 3.0 -1.5
Nigeria 17.3 18.8 -1.3 19.4 11.0 -21.6
Kensa 39 3.0 0.9 13.4 8.0 5.4
Zimbibwe 1.8 1.9 -0.1 38 1.2 -0.4
NMevico 18.8 19.9 -1.1 16.1 16.9 -0.8
Brazil 30.6 1201 -1.5 90.5 110.4 -19.9
Colombia R 4.7 -0.9 9.7 10.4 -0.7
Asia 3520 247.2 5.0 180.5 161.7 18.8
South Asia 167.5 158.5 9.0 306.3 291.1 15.2
East and Southeast Asia 84.6 88.6 -4.0 174.2 170.6 3.6
North Africa Middle East 39.8 78.5 -18.7 119.8 177.1 - 57.
Atrica group 16.7 28.2 ~11.5 38.3 63.9 -25.6
Asia group 13.0 50.3 -7.3 81.5 113.2 -31.7
Sub-Sahara Africa 67.7 729 -5.2 112.7 149.1 -36.4
West Africa it 33.5 -24 38.7 68.8 -30.1
Central Africa 11.6 13.0 - 1.4 24.8 25.0 -0.2
East and South Atrica 25.0 26.4 -1.4 49.3 55.3 -6.0
Latin America 103.5 103.2 0.3 226.6 232.0 -54
Central AmericaCaribbean 24.5 28.8 ~-3.3 §8.% 64.3 -5.8
Upper South America 52.5 58.0 - 3.5 114.2 144.2 -30.7
Lower South America 26.5 16.4 10.1 53.9 228 31.1
Developing market economies 726.2 753.7 -27.5 1 364.0 1 438.5 -74.5

a. Derived from preliminary estimates generated by [FPRI. Food refers to cereals, root crops, pulses, groundnuts, bananas, and plantain; noncereals
are comverted into cereal equivalents.

b. These individual countries were selected for a detailed analysis and to estimate S requirements and S £aps.

¢. Projections for food production were based on 1961 - 77 trends for the commodities covered: projections for food consumption were based on
1966 - 77 trend for income growth and the United Nations population estimates.
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serious among young children and women ¢f child-bearing age, and this has
serious implications with respect to their contribution to future economic
growth.

Table 2.3. Share and magnitude of population considered undernourished in selected coun-
tries and regions of developing market cconomies.

Country/Region Population with calorie intake below 1.2 MBMR»
% of total Million Million Million
(1972/74) (1972/7.4)" (1981) (2000)

Bangladesh iR 27 KR 54
Brazil 13 13 16 23
Colombia 28 7 7 11
Ethiopia 18 10 12 21
India 30 175 209 298
Indonesia 30 39 45 65
Kenya 30 4 5 B
Mali 49 k! 4 6
Mexico 8 4 6 9
Niger 47 2 3
Pakistan 26 17 23 15
Philippines 35 15 I8 27
Sencegal 25 1 | 3
Sudan 30 s 6 10
Tanzania 35 5 6 13
Thailand 18 7 9 12
Zaire 44 10 13 22
Alrica 22 Ok 86 149
Far East 27 286 340 490
Near East 11 19 24 36
Latin America 13 41 48 69
Developing market

economies! 22 414 498 744

i BMR refers to Basal Metabolic Rate, which is derived from basic physiological considera-
tions. The coefficient, 1.2, was suggested by the FAO7 World Health Organization (WHO)
add hoe Expert Committee on Nutrition and is determined by (1) an allowance for level of
human activity (1.5 BMR) and () variation in BMR (0.8 BNR). This implies that
L2 BMR - (L.S)0.8) BMR. Thus, the critical food intake limit is 1.2 BMR and a person
with food mtake less than 1.2 BMR iy likely 1o be undernourished.

b, Derived from FAO (1977), Regional estimates e from FAO (1979) and refer to 1975 and
to 86 countries of developing market cconomics.

¢. Calculated by assuming that the share of population below 1.2 BMR remains the sanie as
itwas during 1972 740 The population data for 1981 are trom FAO (1982); for the year
2000 they are from the World Bank (1982). The regional World Bank classification is
slightly ditferent trom than of FAO and does not include countries with population of less
than 1 million.

d. Sum ot four regions only. This does not include all the countries in developing market
cconomics,



Sources of Calories and Protein Supply

Identification of the major food supply sources is a prerequisite to the de-
sign of research strategics and public policies directed at solving food prob-
lems in a part:cular country or region. This is especially important since
food commodities produced locally determine the consumption patterns of
the local population in that their tastes and preferences for food do not
change suddenly. However, as per capita income improves, the consumers
tend 1o shift their consumption patterns in favor of high-quality cereals,
processed foods, fruits and vegetables, and livestock products.

The relative contribution of individual food commodities (expressed in
wheat equivalents) to average per capita calorie and protein supply are
reported in Tables 2.4 and 2.5, respectively. However, actual per capita sup-
ply should not be equated with actual per capita consumption of calories
and proteins. The reasons for this distinetiou should be rather obvious. In
comparing developing (low inconie, agricultural) countries with developed
(high income, industrial) countries, two striking, but not surprising, conclu-
sions emerge. First, the average per capita supply ol calories and protein in
developing countries is lower than that in developed countries, and the
differences are rather substantial. The per capita calorie supply in develop-
ing countries wis only 65%% that of developed countries as a group. The cor-
responding share for protein supply was 38%. Second, vegetable products
play a dominant role in developing countries by supplying 920 of calories
and 79% of protein, as opposed to 68% of calories and 45% of protein in
developed countiries.

‘These results are instructive, but one must be very cautious in their in-
terpretation and use for poliey design. Large differences exist in consump-
ton patterns across regions, countries, and even regions within a country.
For example, cereals are an important source of calories and protein in
different regions of developing market economies, but their relative contri-
bution varies a great deal. While cereals account for almost two-thirds of
the calories and protein available in the Near East and Far East, they ac-
count for one-hall in Africa and two-tifths in Latin America. In Alrica
roots and tubers alone account for 219 of the caloric supply. Pulses are an
important source of protein in all the developing market ecconomies. In the
Far East, pulses contribute almost as much protein as is contributed by
meat, eggs, and milk combined. Finally, animal products in Latin America
contributed 39% of the protein supply, which is almost two times their con-
tribution in Africa and the Near East and 2.5 times their contribution in
the Far Last.
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Tuble 2.4. Relative contribution of individual Tood items to average Jdaily per capita calorie
supply by region and cconomic group, 1972 - 744,

Food items Developing market economies Developed  Developing World
coumtries  countries (%)
Africa  Latin Near  Far (%) (%)
(%) America LEast  Eaw
(%) (Yo)  (“W)
Cereals 49 39 62 68 il 61 50
Roots and tubers 21 7 2 3 S 8 7
Sugar and honey S 17 9 8 13 7 9
Pulses 4 i) k| 4 1 4 3
Oilseeds and nuty R | 2 2 | 2 2
Meat, eges, and milk S 13 7 4 24 7 13
Vegetable products 94 84 90 94 68 92 83
Animal products 6 16 10 6 R 8 17
Calorie/scapita (Keah)» 2114 2 538 2443 2044 3378 2212 2 548

i Derived tfrom data reported in FAO (1977), originally from FAO's food balance sheets.
Per capita supply of each food item is obtained by dividing the guantity aveilable for hu-
man consumpiion (production + imports - exports  fed 1o livestock — used as seed
= used in the manutacturing sector - food loss 1 changes in stocks) by the number of
persons actually partaking of it and is expressed in terms of calories. However, average
supply does not imply actual consumption per capita. The list of food items is not complete
since only major food items are included in the table.

ho Average daily supply of kilocalories per capita.

Components of Food Production

It was pointed out earlier that local production is an important determinant
of local consumption patterns, The relative contribution of individual com-
modities to tood production during 1981 in develoning market cconomics
is analyzed in Table 2.6, The developing market economies account for 50%
of world population but produce only 31% of all cereals and 40% of non-
cereals.

The share of individual commodities in total food production also varies
across regions, In the Far [ast, rice accounts for 531%, and it is a major sta-
ple in most of South Asia and Southeust Asia. In the Near East, wheat ac-
counts for 65%, In Latin America, maize accounts for 49%., Finally, in
Africa, sorghum and natlet account for 28%, maize 25%, and root crops
230 of the region’s total food production. The pereentage share, without
considering volume of production, could be mislcading. For example, al-
though pulses account for 4% in both Africa and the Far East, the total
production of pulses in the Far East is more than four times that in Africa.
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Table 2.5. Relative contribution of individual food items to average daily per capita calorie
supply by region and economic group, 1972 ~ 74s,

IF'ood items Developing market economies  Developed  Developing  World
countries  countries (%)
Africa Latin Near  Far (%) (%)

(%) America  East  East
(%) (%) (%)

Cereals 52 18 62 64 30 55 45
Roots and tubers 8 4 1 1 4 4 4
Pulses il 12 6 10 2 10 7
Oilseeds and nuts S | 2 3 2 6 4
Meat, eggs, and milk 14 35 20 10 48 15 29
Vegetable products 81 61 79 o 45 79 65
Animal products 19 39 21 15 b 21 35
Proteinscapita (grams)t 83 65 65 49 98 57 €9

a. Derived from data teported in FAO (1977), originally from FAQ's food balance sheets,
Per capita supply of each tood item is obtained by disiding the quantity available for hu-
man consumpiion by the number of persons actually partaking of 1t, and it is expressed
in terms of protein. However, average supply does not imply actual consumption per capi-
ta. The list of tood items is not complete since only major food items are included in the
table.

b. Average daily supply of protein per capita.

It is important to know the relative contribution of different commoditics
in food production in order to assign priorities to strategies for expanding
food production and crop research and for allocating farm inputs, includ-
ing fertilizer. Since the main focus of this study is S, the following chapters
will discuss the role of fertilizer S in accelerating food production in de-
veloping tropical countries. The use of fertilizer S influences both quantity
and quality of crop production. Furthermore, the average S uptake varics
across crops and crop groups that, in turn, determinge the nature and magni-
tude of food production.



_Table 2.6. Relative contribution of individuaj commodities to food production in developing market economies during 1981s.

Major swapler Production of food commodities (million mt) Share of individual food commodities (7%9) Share of
DgME
Africa  Latin Near  Far DgME  World Africa  Latin Near  Far DgME  World  in world
America East East America East LEast production
(%o)
Rice, milled 39 10.1 3.2 127.6 1449 269.0 6 9 7 S1 30 18 54
Wheat 4.3 15.0 1.5 49.5 100.4 458.2 7 13 65 20 21 31 22
Maize 15.5 55.8 4.9 19.0 96.1 451.7 25 49 10 8 20 31 21
Sorghum/millet 16.9 16.2 4.9 23.1 61.2 101.7 28 14 10 9 13 7 60
Root crops 14.0 I.4 1.6 15.1 42.2 132.5 23 10 3 5 9 9 32
Pulses 2.2 5.5 1.5 9.7 18.9 339 4 5 3 4 4 2 56
Groundnuts 4.2 0.9 1.0 8.0 14.1 20.3 7 1 2 3 3 1 69
Cereals 10.6 97.1 4.5 220.1 402.6 12806 67 85 92 87 84 87 31
Noncerealst 20.4 17.8 1.1 328 75.2 186.7 33 15 8 13 16 13 10
Totalx 61.0 1149 48.6 2529 4778 1 467.3 100 100 100 100 100 100 33
a. Derived from data reported in FAO (1982).

b. Production data were converted into wheat equivalents based on caloric content. The conversion ratios are 1.0:1.0 for milled rice, wheat, maize, sor-
ghum, millet, and pulses: 1.0:0.25 for root crops; and 1.0:1.05 for groundnuts in shell.
Total of milled rice, wheat, maize, sorghum, and miller.

. Towal of root crops. pulses, and groundnuts.
Total of cereals and noncereals. Totals are approximate due to rounding of data.
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3 Fertilizer Sulfur in Strategies for Food Production

The purpose of this chapter is threefold: (1) to briefly outline strategies for
expanding food production, (2) to discuss the role of fertilizer in agricultur-
al development, and (3) to examine the cconomic importance of fertilizer
S in strategies for expanding food production and agricultural development
in tropical countrics of the world.

Strategies for Ixpanding Food Production

Despite the leading role of agriculture in economic development, gov-
ernments of many low-income countries have not given the agricultural sec-
tor a central place in their development plans and public policies.! Conse-
quently, governments of these countries must make stronger  policy
commitments in terms of resource allocation and economic incentives to in-
itiate and <ustain agricultural growth, Broadly, the strategies for expanding
food production consist of (1) increasing the arca under cultivation through
land development and (2) increasing crop yields by intensive cultivation thag
uses multiple cropping. more and better fertilizers, and improved varie-
ties.” Both strategies are important. However, the relative importance of
these strategies depends on the country, the stage of its development, the
resource endowments. the national goals, and its public policies.

Except possibly in parts of Africa and Latin America, extensive agri-
cultural production (the increase in agricultural arca) has limited scope,
While marginal, low-fertility lands are being brought into cultivation, prime
agricultural lands are being put aside for nonagricultural purposes. Some
agricultural tands are also being lost through soil crosion, desertification,
and deforestation. The development of new lands requires large capital in-
vestments, which many countries cannot afford. Increased investments and
tightening land constraint will also increase the cost of food production.

The agricultural land per capita is declining in all the world regions, but
at different rates. On the other hand, the amount of agricultural land per
agricultural worker is increasing in developed countries (Figure 3.1). Howev-
e, unlike the situation in Latin America, the amount of agricultural land
per agricultural worker is gradually declining in Africa, Near East, Far East,
and the countries with cemrally planned economies in Asia, mainly China.

I The rale of agricult: re i economic development is well documented. Among others, see
Hiyami and Ruttan (1971), Johnston and Kilky (i975), Johnston and Mellor (1961), Mellor
(1963, 1976), and World Bank (1982),

2. Nultiple cropping refers to growing more than one crop in asingle year on the same piece
of land.

15
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This trend is expected to continue in the near future. According to FAO
(1979), the share in projected agricultural production increase attributed to
land expansion over the peried of 1980-2000 is 54% in Latin America, 27%
in Africa, 13% in Far East, 8% in Near East, and 28% in 90 developing
countries (excluding China).

A large part of the additional food required to feed the growing popu-
lation must come from an increase in land productivity. This will require
both an increase in crop yields and multiple cropping. Undoubtedly, the
contribution of the *Green Revolution® (mainly in wheat and rice) to food
production was very impressive. However, barring any unforeseen techno-
logical breakthroughs, similar increases in food production in tropical
countries will require large capital investment and a concerted effort on the
part of farmers, research workers, and policymakers.?

Regardless of the agricultural development strategy followed by a particu-
far country, accelerating growth in food production will require the follow-
ing: (1) massive investments in land development and the generation of irri-
gation capacity to relax land constraints, (2) the development of an
agricultural research system and the necessary infrastructire to improve
land productivity through higher vields and multiple cropping, (3) provi-
sion of cconomic incentives for the adoption of modern technology and ex-
pansion of food production, and (4) creation of capacity to produce, dis-
tribute, and use fertilizers to build and maintain soil fertility.

Fertilizer in Agricultural Development

Fertilizer contributes to economic development in many different ways. This
inchides the production of food and animal feeds, supply of encrgy through
expanded production of energy crops, an increase in foreign exchange earn-
ings, greater rural employment, and growth linkages through the
industrialization and modernization of the agricultural sector. The availa-
ble empirical evidence indicates that at least one-third of additionalfood
production can be attributed to fertilizer use.?

3. The tropical regions have an advantage over the temperate regions in terms of abundance
of sunlight energy and its impact on plant growth. However, as has been argued by Kamarck
(1976), the climate has been a hindrance to economic development in the tropics. Some of the
adverse factors encountered in the tropics are too much or too little rain; high temperatures;
prevalence of pests and diseases for plants, animals, and humans; serious weed problen; and
poor quality of soil resources. Kanwar (1982) has further echoed sucl concerns for soils and
their impact on food production.

4. Somc of the studies that deal with the contribution of fertilizer to food production are Bish-
op and Mudahar (1979), Christensen, Hendrix, and Stevens (1964), Free, Bond, and Nevins
(1976), Herdt and Barker (1975), Mellor (1976), Pinstrup-Andersen (1976), Mudahar (1978),
and von Peter (1980).
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Figure 3.0, Regional Comparison of Agricultural Land per Agricultural Worker During 1965
and 1980,

According to the United Nations Industrial Development Organization
(UNIDQO) (1978) and FAO (1979), approximately 50%-70% of total fertiliz-
er used in tropical developing countries is allocated to cereals. During
1982/83 the total consumption ol nutrients (N + PO + K,0) in de-
veloping market economies was 22.8 million mt. If we assume that only
30% of fertilizer was used on cereal crops and that, on the average, the use
of I mt of nutrient produces 10 mt of grain, then 114 million mt of grain
can be attributed to fertilizer use alone. During 1982 the total cereal produc-
tion (including rice as rice paddy) in developing market cconomiies was ap-
proximately 490 million mt. As a result, it is estimated that 23% of total
cereal production could have been the direet result of fertilizer use. This is
a best first-order approxiniation; it is difficult 1o realistically isolate the
contribution of fertilizer to cereal production because of the interactions
among fertilizer, irrigation, fertilizer-responsive crop varieties, pesticides,
and management.

The level, pattern, and growth in fertilizer consumption are reported in
Table 3.1. The average fertilizer use (N + P,0, + K,0) in developing mar-
Ket economies is very low, During 1981 the average fertilizer use was 32
Ke/ha, which was 15% of that in Western Europe, 27% of that in developed



Table 3.1, Level, pattern, und growth in tertilizer consumption for world regions in 1981+,

81

Region N P.O. K.O Totalr N as %% Growth Share in world
(hy hay (hg hay (he “har (ke ‘ha) of total rate consumption
(%) (%)
Total¥ Incrementals
((I‘D)
Developed market economies 6 32 30 118 47 2 38
North America 47 21 23 91 52 3 16 22
Western Europe 103 56 55 214 48 2 18 7
Oceama 6 26 6 38 16 | 1 1
Other DME 64 67 38 169 38 2 3 1
Developing market economies 19 9 4 32 59 8 20 33
Atrica 3 2 10 10 7 1 3
Latir America 17 13 8 37 16 6 6 10
Near bast 24 12 1 37 65 10 3 4
Far Bast 27 9 S 40 68 10 10 16
Centrally planned economies 63 31 24 19 S8 7 12 35
Asuan CPE 108 27 7 143 76 12 15 9
Eastern Burope & U.S.S.R. 37 32 30 110 43 5 27 27
Developed countries s3 32 30 115 16 3 65 S8
Developing couniries 32 12 S 48 67 9 s 42
World 41 21 16 79 82 4 100 100

a. Dernved tfrom EAO (19830, latest vear for which fertilizer statistics are available,
b. Totals are approvimate due 1o raunding of data.
o Average annual compound erowth rate in 1981 over 1969 - 71,

“

d. Total world consumption during 1982 83 was 1147
c. From Y82 83 actual (FAO, 1953) 10 1937
t

Kilograms per hectare of arable land and permanent CTOPS.

million mt of nutrients (N + P.O. « K.0). Derived from data reported in FAO (1984).
88 projected consumption (FAQ-UNIDO - World Bank, 1983).
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market economies, 27% of that in centrally planned economies, and 41%
of that in the world. The need to expand cconomically efficient fertilizer
use cannot be overemphasized if we are to expand food production and re-
duce the probability of mass starvation.

The annual growth in average nutrient use from 1970 to 1981 in develop-
ing market cconomies has been rather impressive. The growth rate has been
twice that of the world average and four times that of developed market
cconomies. The recent fertilizer growth performance in developing market
cconomies, though reassuring, could be misleading. Since the levels of fer-
tilizer use in these countries are rather low, hign growth rate reflects a rela-
tively small increase in fertilizer use.

The average fertilizer use in developing countries is dominated by N. Dar-
ing 1981 N alone accounted for 67% of total nutrient use in develoning
countries, as opposed 10 36" in developed countries. This reflects a certain
degree of imbalance in tertilizer use since the uptake ratio of essential
nutrients by crops is different from the corresponding nutrient supply ratio.
Fhere is no general rule about *balanced® fertilizer supply since fertilizer re-
quirements are specitic to crops, soils, technology, and agroclimaic condi-
tions. However, the arcas with intensive cultivation are experiencing sym-
proms of deficiency in various essential nutrients, especially zine (Zn) and
S.

An adequate supply of nutrients is a prerequisite for expanded nd bal-
anced fertilizer use. As discussed by Mudahar and Hignett (1982), the total
nutrient consumption in the world during 1950751 was 13,7 million mt.
Only 8% of this was in developing countries, and the nutrients were used
primarily on plantations and cash crops. During 1982/83 the world nutrient
consumption was approximately 114.7 million mit, an increase of more than
cightfold over 1950 510 The share of developing countries in world con-
sumption increased 1o 35% during 1982/83.

According to FAO UNIDO World Bank (1983), the world nutrient con-
sumption is projected to increase from 115 million mt in 1982/83 (o 142 mil-
lion mt in 1987 88, The share of developing market economies is expected
to increase from 207 to 22%% during this period. However, the developing
marhet ccononties are expected to account for almost one-third of the in-
cremental fertilizer consumption between 1982783 and 1987/88.

Fhe fertifizer requirements in the vear 2000 are estimated 1o be 92.9 mil-
lion mt in 90 developing countries (excluding China), according to FAO
(1979), and 78,3 million mt in developing countries (excluding China), ac-
cording to UNIDO (1978). These two projections are not really comparable;
nevertheless, with a current fertilizer consumption in these countries of only
23 million mt, an almost fourfold increase in the nest 20 vears will posc a
major challenge to policymakers. The implications of these projections are
cnormous for the finances and investments required for building fertilizer
production and distribution capacity in these countries. Many countries
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may not have the necessary financial capability to procure fertilizer in order
to meet their projected fertilizer (NPK only) requirements.

Importance of Sulfur

The economic importance of S is increasing rapidly as S deficiencies are be-
coming more widespread. The expanding role of S in accelerating food
production in tropical countries is now being recognized. According to
McCune (1982), ‘Sulfur is so important in the tropics that, contrary to de-
veloped country practice, it must be treated as a major nutrient in the tailor-
ing of fertilizers for tropical and subtropical agriculture!® Sulfur consump-
tion is considered one of the best indicators of economic progress. Sulfur
and sulfuric acid (H,SO,) are widely used in the fertilizer, agricultural, and
industrial sectors.

Sulfur is onc of the essential plant nutrients, and it contributes to expan-

Table 3.2. Sulfur removed by selected crops in Brazils,

Crop Yield, S removal S in residue S removal in proportion to
mt/ha ———————  as % of removal of other crop nutrients
kgsha  kgsmtt ol
S removale S N P K Ca Mg

Maize 5.0 19 38 42 1.0 89 1.8 92 14 20
Rice paddy 4.0 9 23 44 1.0 93 1.6 99 23 1.0
Sorghum 2.5 7 2.8 43 1.0 93 1.4 69 23 1.7
Wheat 3.0 14 4.7 64 1.0 89 1.6 66 1.1 1.0
Barley sS40 4.1 50 1.0 76 1.2 63 - 0.9
Soybeans 300023 7.7 74 1.0 13.0 1.7 5.0 3.0 1.5
Field beans 1.0 25 25.0 60 1.0 4.1 04 37 22 07
Seed cotton 13 2 24.6 69 1.0 24 03 20 1.9 04
Peanuts 3.0 24 8.0 67 1.0 13,5 1.3 7.1 49 1.3
Sugarcane 100.0 12 0.1 - 1.0 1.0 0.7 9.2 1.1 1.6
Sugar beets 67.0 50 0.8 78 1.0 .4 0.8 102 - 1.8
Coffee 20 27 13.5 89 1.0 94 07 86 53 1.2
Potatoes 40.0 11 0.3 73 1.0 182 0.7 200 4.7 1.5
Cassava 19.0 H 0.4 75 1O 140 1.4 9y 7.8 23

a. Caleulated from data reported in Malavolta (1979).

b. Total S removal mt of crop vield in the form of grains, seed cotton, beans, cane, or tubers.
S removal for sugarcane, sugar beets, and potata is 0.12, 0.75, and 0.28 kg/mt, respective-
Iy,

¢. Residue refers to above-ground residue and does not include roots.

5. Other studies that have recognized the vital role of S in food production in tropical countries
include Coleman (1966), Fox (1980), ‘Sulphur Classified as a Macronutrient® (1978), The Sul-
phur Institute (1975), and Termar 1978).



21

sion in crop yields in three different ways: (1) it provides a direet nutritive
value, (2) it provides indirect nutritive value through improvements of cal-
carcous and saline alkali soils, and (3) it improves the use efficiency of other
essential plant nutrients, particularly N and P. As an illustration, S removal
by selected crops in Brazil is reported in Table 3.2. The average removal of
S varies from one crop to another and ranges from 10 to 50 kg/ha. A large
share of S removed by a crop remains in the crop residues. Except for
cereals, the amount of S -emoved by various crops is as great as or greater
than the phosphorus (expressed as P rather than P,0,) removed.

The components of S supply and demand in the soil-plant-atmosphere
system are developed in Figure 3.2. The relative importance of each of these
components will vary from one system to another and will be discussed in
the subsequent chapters. At this stage it will suffice to point out that S-

S Supply Components S Demand Companents
Use
Atmosphere -
o By Plants
Soil -
lrrigation o . Fixed
Water In Soil
"
g )
c c
a o
c J =
[ (o)
S-Conlgining |
Loy Balance 1
(o] o
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N E
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= F=
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Fungicides @ o Loss
and - - Through
Insecticides Volatilization
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Residues - hrough
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Figure 3.2, Components of Sulfur Supply and Demand in Soil-Plant-Atmosphere System.
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containing fertilizer is only one source, albeit an important one, of S sup-
plied to soils. Similarly, not all the S supplied to soil is taken up by the
plant. A large share of it may be lost or may become fixed in the soil in
compounds from which the S is not readily available. As with, use efficiency
of S is rather low. Consequently, depending on the use efficiencey, the
amount of S that needs to be added to soil may be two to four times that
of S removed by creps.

Sulfur plays an important role in protein synthesis and thus affects the
quantity and quality of protein. It has been empinically established that for
every 15 parts of N in protein there is 1 part of S, which implies that the
N:S ratio is fixed within a very narrow range of 15:1. Clearly, a lack of S
would reduce the amount of protein synthesized, even if there were plenty
of N available to the plant. This relationship has important implications for
human nutrition, especially in those countries where plant sources supply
the bulk of the required proteins,

Proteins are essential for body growth. Fats and carbohydrates, good
sources of cnergy, cannot be substituted for protein because they do not
contain N. On the other hand, proteins are good but expensive sources of
energy. Proteins supply the essential amino acids. Sulfur is an important
constituent of methionine, one of the eight essential amino acids.t Sulfur
is also required in the formation of chlorophyll and many other compounds
that are involved in N fixation and photosynthesis by plants.

Sulfur in the Fertilizer Industry

Sulfur is also used to manufacture sulfuric acid, which is among the most
versatile mineral acids. In the fertilizer industry sulfuric acid contributes in
several ways. First, the manufacture of sulfuric acid produccs usable energy
= 132 GJ/mt of H,50, - in the form of steam and waste heat (Mudahar
and Hignett, 1982). Sccond, sulfuric acid is used to manufacture S-
containing fertilizers, including AS and single superphosphate (SSP).
Third, sulfuric acid is used to manufacture wet-process phosphoric acid,
which in turn is used to produce approximately 60% of the world’s phos-
phate fertilizers, including triple superphosphate (TSP) and ammonium
phosphates.

The role of S in the fertilizer industry and agricultural production is con-
ceptualized in Figure 3.3, Primarily S is used to manufacture sulfuric acid.
Approximately (0.33 mt of clemental S is required to manufacture 1 mt of

6. According to Passmore, Nicol, and Rao (1974), the cight essential amino acids include leu-
cing, isoleucine, Iysine, methionine, phenylalanine, threonine, iryptophan, and valine. In addi-
tion to these, histidine appears to be essential 10 the growth of infants.
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Figure 3.3, Role of Sultur in Fertilizer Industry and Agricultural Production.

sulfuric acid. Some of the chemical processes in the fertilizer industry that
directly or indirectly require sulfuric acid are described as follows:

Phosphate rock + sulfuric acid — single superphosphate

Phosphate rock + sulfuric acid —
wel-process phosphoric acid + phosphogypsum

Phosphate rock + phosphoric acid — concentrated superphosphates
Ammonia + phosphoric acid — ammonium phosphates
Ammonia + sulfuric acid — ammonium sulfate

Unfortunately, the fertilizer industry discards much of the S value of sul-
furic acid in the form of byproduct phosphogypsum. As the fertilizer indus-
try has shifted from low-analysis, S-coataining fertilizers to high-analysis,
S-free fertilizers, the amount of S wasted by the fertilizer industry has been
rapidly increasing. The average S use and loss in manufacturing selected fer-
tilizers arce estimated in Table 3.3, The loss of S is highest in manufacturing
wet-process phosphoric acid and those fertilizers that are derived from
phosphoric acid. Hignett and Stangel (1982) have estimated that only about
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Table 3.3. Average sulfur use and loss in manufacturing selected fertilizer products and inter-
mediatese.

Fertilizer material S used S present N lost/removed  Nutrients in
(kg/mt)  (kg/mit) — f{inal product, %
kg/mt % loss ——————
N, PO, S
or K,0
Single superphosphate 122 120 2 2 18 P.O, 12
Double superphosphate 172 90 82 48 25 P,0, 9
Triple superphosphate 20 10 310 97 46 P,0, 1
Ammonium sulfate 245 240 5 2 21 N 24
Sulfur-coated urea 143 140 3 2 I8N 14
Monoammonium phosphate 508 10 495 98 11 N+ §5 P,0Oq !
Diammonium phosphate 422 20 402 95 18 N+46 P,0O; 2
Potassium sulfate 184 180 4 2 50 K,0 18
Phosphoric acid 495 10 485 98 54 PO !
Sulfuric acid 130 130 0 0 0 n

a. Assuming popular grades. The caleulations would vary depending upon the assumed nutri-
ent contents in the final product.

10% of the S used in fertilizer manufacture appears in the finished
products.

All those countries that produce wet-process phosphoric acid usually dis-
card most of the byproduct phosphogypsum and hence lose the S contained
in the phosphogypsum. In other words, one essential crop nutrient, S,
used and then discarded to produce another essential crop nutrient, P. For
every metric ton of P,O in wet-process phosphoric acid, approximately 5
mt (4.62 mt, assuming no impurities) of phosphogypsum byproduct is
produced. As far as S is concerned, for every metric ton of P,Oq, 910 kg
of S in the form of sulfuric acid (2.78 mt H,SO, containing 32.7% S) is
used; 860 kg of this ends up in phosphogypsum wlmh on the average con-
tains 17% S (18.6% S, assuming no impurities).

The wet-process phosphoric acid capacity in the world during 1981 was
approximately 29.5 million mt of P,O.. If all the existing capacity were
fully used (which is not always the casc), 26.8 million mt of S in the form
of sulfuric acid would be required annually. Annual production of
byproduct phosphogypsum would be 136 million mt, containing approxi-
mately 25 million mt of S (of 26.8 million mt used in the process). Most
phosphogypsum is either stored in piles or ponds or discharged into rivers
or oceans.

According to Weterings (1982), approximately 119 million mt of chemical
gypsum (including 105 million mt of phosphogypsum) was produced in ..
world during 1981. Only about 16% was consumed (mainly in Japan,
U.S.S.R., and Western Europe for building products), and the rest was cither
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stored or discarded. According to Agarwal (1982), disposal of phosphogyp-
sum is becoming a serious problem in India. In different parts of the world,
phosphogypsum is being used (1) to produce AS, (2) as a soil amendment
for saline soil, (3) as a source of S, (4) to manulacture building products
such as blocks and plaster bourds, and (5) to produce cement and sulfuric
acid as coproducts. Appropriate use of phosphogypsum can result not only
in cconomic benefits but also in reduced environmental problems, reduced
disposal costs, and even a saving on foreign exchange for S-importing low-
income countries.

The Sulfur Gap

The components of S supply and demand in the soil-plant-atmosphere sys-
tem were conceptualized in Figure 3.2, The sources of S supply include
atmosphere, soil organic matter, irrigation water, fungicides, plant residues,
animal residuces, and S-containing fertilizers. The relative importance of
cach of these sus ply sources varies with locality, level of industrialization,
environmental considerations, and stage of economic development. On the
other hand, S is taken up by the plant, fixed in the soil system, and lost
through leaching or volatilization. Again, the relative importance of cach
of these pathways depends on soil, crops, and source of S.

In the last two decades, the developing tropical countries have exper-
ienced several changes in agriculture and the fertilizer sector that have had
amajor impact on S availability and S requirements. With the introduction
of the *Green Revolution’ technology, the aggregate requirements for S in-
creased; this was mainly in response to an increase in crop yields and multi-
ple cropping. Sulfur requirements will continue o increase rapidly in re-
sponse to intensive cultivation (especially on marginal lands) in order to
meet the ever-expanding demand for food and other agricultural products.

On the other hand, the aggregate S availability has been declining. First,
most tropical countries never had (and many still do not have) any policy
to supply S to soils. Sultur was mainly supplied inadvertently through the
use of those chemical fertilizers, such as AS and SSP, that also contained
S.” Second, the fertilizer industry has been slowly replacing the S-
containing fertilizers with S-free fertilizers, mainly because of high distribu-
tion costs. SSP is being replaced by TSP, monoammonium phosphate
(MAP), and diammonium phosphate (DAP); AS is being replaced by urea,
ammonium nitrate, calcium ammonium nitrate (CAN), and DAP. Nothing
is being done by the fertilizer industry or by governments to reverse the

7. AS and SSP are considered low-analysis fertilizers since no value is given to their S contents.
If S is taken into account, just as N, B, and potassium (K) are, AS and SSP can be classified
as high-analysis fertilizers.
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trend, even in those areas facing S-deficiency problems. Third, the environ-
mental concern for cleaner air has reduced the supply of S from the at-
mosphere.®

The net result of increased requirements and declining availability of S
is that the gap between thew is widening over time. Consequently, S defi-
ciency problems are becoming widespread. The low-income, food-deficit
tropical countries must bridge the S gap in order to realize their stated goals
of food selfsufficiency. These countries must formulate and implement fer-
tilizer policies to adequately meet S requirements before the problem be-
comes too acute. The seriousness of the problem is illustrated by data from
India as a case study.

Aggregate nutrient (N + P,O¢ + K,0O) consumption in India has in-
creased from 66,000 mt in 1951752 10 5.5 million mt in 1980/81 (FAI, 1983).
Not only has the consumption of the different nutrients been growing at
different rates over time (Figure 3.4), but the fertilizer sources of those
nutrients have also been changing (Figure 3.5). Annual consumption of S
has been estmated from the consumption of S-containing chemical fertiliz-
ers, including AS, ammonium sulfate nitrate, SSP, and potassium sulfate.

As a result, the estimated shire of S in total nutrient (N + P,0; + K,0
4 §) consumption dropped from 54% in 1951/52 to 34% in 1965/66 and
to 5% in 1980/81. The case of the Indian Punjab, one of the progressive
agricultural states in India, is even more striking. In Punjab, the estimated
share of S in total nutrient (N + P.O¢ + K,O + §) consumption declined
from 10% in 1969/70 to 4% in 1974/75 and to 2% in 1979/80. The Punjab
Government has already taken corrective actions by advising farniers to use
gypsum as a source of S and even providing a price subsidy.” The fertilizer
S supply situation in many other developing tropical countries of the world
is not much different from that in India.

On the other hand, the amounts of S removed by crops, and hencee S re-
quirements, are increasing. Two main factors stand out. First, the agricul-
ture industry is gradually shifting ltom subsistence to commercial agricul-
ture, especially in those states experiencing the ‘Green Revolution! As a

8. Sultur diovide is emitted by the sulturic acid plants and power plants burning hydrocarbon
fuels that contain S, wultur dioxide, through chemical reactions with air and water, is converted
into sulturic acid, The sulturic acid falls to the ground as what is commonly referred to as ‘acid
riin Most develoned countries have legislation restricting the emissions of 50,. In most de-
veloping, nonindustrialized countries, this problem is not very serious since very lintle 50, is
emitted to the atmosphere anyway. The localities with industrial complexes, however, may face
these problems soon, it they do not already.

9. Subsidy on gypsum saries from 75% to small and marginal farmers up to a farm size of
3 ha 1o S0% for other farmers. During 1982/83 nutriem consumption per unit of 2TOsS
cropped area was 128 kgsha, as opposed to only 37 kgha for India as a whole, Other Indian
stittes also have fertilizer subsidy programs, particularly for gypsum, lime, and other soil ¢os -
ditioners. Formulation and effective implementation of selective subsidy programs can be used
to correct nutrient imbalance (Mudahar, 1978).
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result, more and more agricultural products are sold to urban-industrial
complexes. Sulfur removed by these products is not recycled to the ficld, as
is the case in subsistence agriculture. Second, agriculture is becoming more
modern and intensive, and this includes higher crop yields and multiple
cropping. The impact of changing technology on S requirements is itflustrat-
ed in Table 3.4, On the average, the amount of S removed increases from
6 kg/ha/year to 20 kg/ha/year as the farmer switches from a single wheat
crop using traditional technology to a double crop (in this case wheat and
rice roiation so popular in Punjab) using modern technology. This
represents an increase of” 333%. The percentage increase of removal over
that with a single rice crop using traditional technology is even more spec-
tacular. These changes are gradually occurring all over India.

The declining S availability and the increasing S requirements are widen-
ing the S ga. In India the incidental supply of S through fertilizers is esti-
mated to have declined from 395,000 mt in 1965/66 to 250,000 mt in
1980/81. The estimated amount of S removed has increased from 524,000
mt to 784,000 mt during the corresponding years. The estimated S gap thus
increased from 129,000 mt in 1965/66 to 534,000 mt in 1980/81. The gap
between S supply and S requirements (accounting for usce efficiency of ap-

Table 3.4. 1Impact of ckanging technology on average annual sulfur requirements in tropical
agriculture: A case of wheat and rice cropping systeme,

Cropping  Crops  Technology  Average S removal: Towal S % increase in
system grown  regime vield" ————— requirements! S require-
tmi/ha)  kg/mt kg/zha (kg/ha/year)  ments over

Local  Local
wheat  rice

Single Wheat  Local 1.5 4 6.0 10.5 -
Single Rice Local 1.2 3 1.6 6.3 -
Single Wheat  Modern 3.0 4 12.0 21.0 100)
Single Rice Modern 2.8 k! 8.4 14.7 130
Double Wheat  Local 1.5 4 6.0

Rice Local I.2 k} 3.6

Tortal 9.6 16.8 60 167
Double Wheat  Modern 1.0 4 12.0

Rice Modern 2.8 3 8.4

Total 20,4 35.7 240 467

a. Hypothetical system which realistically simulates the condition of Punjab, India, agricul-
ture,

b. Rice yield is in terms of paddy rice.

Removal of S by both grain and crop residue.

d. 1.75 times the S removed, implying 57.1% use efficiency. Reducing use efficiency to one-
half could double the corresponding S requirements.

(g3
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plied S) has increased much more.' In principle, the case of India demon-
strates the nature and seriousness of S problems in tropical agriculture.
Clearly these widening S gaps cannot be bridged by chemical fertilizers
alone, but the pressure is building on the policymakers to recognize the S
problem and to design realistic national S supply strategies.

Social Cost of Inadequate Sulfur Use

Often people do not realize that fertilizer policy, or the lack thereof, gener-
ates both social benefits and social costs that are generally shared different-
ly by different segments of the society. Discussien in this section will be
limited to the loss in agricultural output due to tack of S fertilizer.

The average response of rice paddy to different levels of S in the form
of AS is reported in Table 3.5. The results are based on experiments con-
ducted in the South Sulawesi provinee of Indonesia. First, an increasc in
rice yield over control was 1.59 mt/ha in response to 90 kg/ha N supplied
in the form of urea and 60 kg/ha P,O,. This implies 10.6 kg of rice paddy
per kilogram of nutrients (N + P:OS) applied. Second, rice yields in-
creascd even further when part or all of the N was supplied in the form of
AS; the increases ranged from 1.2 mt/ha to 1.8 mt/ha. The average response
to S applications ranged between 12 kg of rice paddy per kilogram of S
when all urca was replaced with AS as a source of N and 54 kg of rice paddy
per kilogram of S when only one-third of the total N (30 kg ut of total
90 kg) was supplied by AS and the rest by urca.

Tuble 3.5. Average response of rice to urea and ammonium sulfate in South Sulawesi, In-
donesia®,

Nutrient source Treatment Average  Incremental kg of rice % increase
N:PLOcK,0:8  vield® yield per kg of  in average
(kg/ha) (mt/ha)  over urea anplied 5 yield

unt/ha) over uied

Urca 90:60:0: 0 3.22 - - -

AS 90:60:0:103 4.43 1.21 12 38

172 AS + 172 urea 90:60:0: 51 4.77 1.55 30 48

173 AS + 2/3 urea  90:60:0: 34 5.05 1.83 54 57

a. Derived from data reported in Ismunadji and Zulkarnaini (1978); originally from Mamaril
et al. (1976).

b. Average of three locations including Kirukiru, Thung, and Lupakasi in Barru, South
Sulawesi; using C,-63 rice variety.

10. The model and the underlying assumptions for these estimates are described in detail in
Chapter 7 which deals with estimating fertilizer S requirements in selected tropical countries
of Asia, Africa, and Laiin America.
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There are important economic implications with respect to the social cost
of lack of S use (Figure 3.6). In this case, the farmer lost a maximum of
L8 mt/ha of rice paddy because the soil was deficient in S; the deficiency,
however, could have been corrected with very little additional cost. The re-
sponse to S may not be this high under farmers® ficld conditions on all the
soils deficient in' S, for all the crops and under all the agroclimatic systems.
However, for a country the aggregate impact of inadequate S use over the
extended period could be substantial in terms of lost crop production.

A tood-deficit country like Indonesia cannot afford to forego such poten-
tialrice production. The farmer experiences the immediate direct impact of
lost output in ternis of lost potential income, Indirectly, all the rice con-
sumers sulfer in terms of higher rice prices. However, if the government de-
cides to keep rice prices lower than those determined by market forees, ci-
ther the government (and hence taxpayers) must bear the cost in terms of
price-subsidy 1o the consumer or price-support to the farmer, or the farmer
must bear the cost in terms of lower income and reduced production incen-
tives,

Economics of Fertitizer Sulfur
So far, almost no anaiytical or empirical research has been done on the eco-

nomics of fertilizer S use in tropical countries. Some of the reasons for this
lack of research are the following. First, the primary nutrients (N, ons’
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Figure 3.6. Loss in Paddy Rice Production Due to Sullur Deficiency: Based on Experimental
Results From Indonesia.
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and K>0) have always been given priority over S in fertilizer trials or
demonstrations. Second wost peaple in the agricultural sector have not
been aware of S deficiencies or have confused the symptoms with N defi-
cieney symptoms. Third, the experimental data on crop response 1o S (under
field conditions) have been inadequate for an appropriate economic analy-
sis. Fourth, until very recently S was rather inexpensive, especially in devel-
oped countries. The rice response 10 S use, as reported carlier in Table 3.5,
can be so large that the implied average valuescost ratio (atter taking all cost
components into account) is much more than 3, which FAO considers to be
an adequate incentive for farmers to use lertilizers (Mudahar, 1978),

The cconomics of 'S use is not as straightforward as that of other
nutrients. As with N, the crop uses most of the applied S in the first year.
However, part of applied S, like N but unlike P,Ox, is lost through leach-
ing and-or volatilization, and part ot it gets fixed in the soil. In this respect,
S has some residual effects. However, very few empirical data are available
on the fate ot applied S in different tropical crops as to the proportions used
by plants, fixed in the soil, or lost. Furthermore, there exists almost a fixed
ratio between N and S (approximately 13:1 in plant protein) used by the
plant. The plant cannot make prodictive use (in terms of quantity or quali-
ty of produce) of excess N or S unless the deficient nutrient is supplied ex-
ogenously.

As Tar as the economies of fertilizer S is concerned, there is a need for
the following: (1) analysis of the economic impact of fertilizer S on cconom-
ic development: (2) determination of economic returns to S use under
different agroclimatic conditions; (3) comparative cconomic evaluation of
existing (e.g., gyvpsum, elemental sulfur, SSP, and AS) and modified S-
containing fertilizers; (4) economic analysis that accounts for the residual
effects of S; (5) determination of delivered price of S to farmers by taking
into account all cost components, including production, handling, storage,
transportation, and other marketing costs; (6) cconomic evaluation of
phosphogypsum as i source of S comparedwith natural gypsum and other
S sources; (7) consideration ol appropriate pricing of 'S content in S-
containing fertilizers and its impact on the production, distribution, and
use ol these fertilizers; (8) evaluation of the economics of price and trans-
portation subsidy on S sources; (9) apalysis of the economics of indigenous
S sources as tertilizers as opposed to imported S or S-containing fertilizers:
and (10) economic assessment of S resources in developing tropical coun-
tries.



4 Sulfur in Plant, Animal, and Human Nutrition

The primary purpose of this chapter is to evaluate the role of S in plant
nutrition, including its functions, uptake, and impact on crop quality. In
addition, the chapter also deals with the interaction of S with other plant
nutrients, recovery of applied fertilizer S, and the importance of S in animal
and human nutrition.

Function of Sulfur in Plant Nutrition

Although the S conent of plants is generally similar in order to that of P
content, application ot S has not received as much attention as has P appli-
cation. This is due to incidental additions of S from many sources and the
fact that S deficiency is masked by deficiencies of N and P. In the tropics

S has received less attention than P because of the greater case of mobility

and availability of sulfate than of phosphate. Because of the P fixation and

universal P deficieney in tropical soils, fertilization with phosphates,
primarily SSP, became an accepted practice and S deficiency was over-
looked even where it was apparent. Sulfur is required for the folowing func-

tions in plants (Beaton and Fox, 1971; Blair, 1979):

1. Synthesis of three essential S-containing amino acids - cysteine, cystine,

and methionine - which are essential components of proteins.

Formation ot chlorophyll.

Activation of certain proteolytic enzymes such as papainascs.

Synthesis of certain vitamins (biotin, thiamine, and vitamin B)),

elutathione, and coenzyme A.

Formation of glucosides which are essential components of oils found

in onions, garlic, and cruciferous plants (mustard, for example).

6. Formation of certain disultide linkages such as sulthydryl (SH group),
which besides giving pungency to oils also imparts resistance to drought
and co'd.

7. Formaion of ferredoxin, an iron-containing plant protein that acts as an
electren carrier in the photosynthetic process and is also involved in N
fixation by both nodule bacteria and free-living bacteria,

8. Activity of ATP sulfurylase - an enzyvme that functions in the metabo-
lism of S.

ot

‘N

Uptake and Translocation of Sulfur

Plants generally absorb S as the sulfate ion. In the pH range to which roots
are normally exposed, S uptiake is not very pH sensitive. Hendrix(1967)

(%]
(OS]



34

found the highest uptake rate by beans at pH 6.5, Most minerals scarcely
affect the absorption of sulfate-S by plant cells. Selenate, however, depresses
the absorption of sulfate-S because of the close relationship of the ions
(Leggett and Epstein, 1956). Probably both the ions compete for the same
site on the carrier. The actual uptake mechanism is not well understood,
though there is a good deal of evidence that there is only one mechanism
and its selectivity depends on the concentration of sulfate ions in the nutri-
ent solution,

Ansart and Bowling (1972), working with sunflowers, observed that sul-
fate is absorbed and translocated against an electrochemical gradient whizh
suggests that sulrate uptake is an active process. Sulfate is translecated in
an upward direction, but the plants have little potential for moving S up-
ward (low mobility), Thus in cases of an extreme deficiency of S or low sup-
ply of S trom the soil, the lower leaves may show good supply of S and ap-
pear green while the upper leases will be chlorotic and deficient in S. This
behavior, which is contrary to that of N, can be useful in distinguishing be-
tween N oand S deficiencies.

There is considerable evidence that plants can use SO, from the atmos-
phere to meet their S requirements 1o a certain extent. Once 50, is ab-
sorbed through the stomata it is distributed throughout the plant. Noggle
(1980) observed that the vield of crops was higher near the coal-fired ther-
mal power plant of the Tennessee Valley Authority than away from the plant
and so was the S content of the crops. He attributed nearly 40% of the S
in plants to the fact that the leaves directly absorbed SO, from the at-
mospherein the vicinity of the thermal plant. These results show that reduc-
tion in the SO, content of the atmosphere can adversely affect crop
production,

The total S content in plant tissues varies among plant species (Table 4.1).
Raising the sulfate ion content in the nutrient medium raises the S supply
and increases the organic S content without raising sulfate content in the
tissue. As soon as the S demand of the plant is met, the additional S is
deposited as sulfate, which keeps the organic S level constant. However, in
plant species capable of syathesizing mustard oils, organic S rather than
sulfate-S is stored, which explains the relationship between S supply and
mustard oil content. With the exception of plant proteins containing S
glycosides, the bulk of organic S is in the form of cysteinyl and methionyl
residues. Sinee these proteins have a definite composition, the N:S ratio
varies generally within a narrow range from 30:1 1o 40:1. However, chlo-
roplast proteins and nucleic acid proteins have a narrower ratio of about
15:1 and they contain a higher content of S,

The NiS ratios have been used as a diagnostic tool for S deficiency. Dijk-
shoorn and van Wijk (1967) proposed a ratio of 17:1 for legumes and 14:1
for grasses. Pumphrey and Moore (1965) estalished a critical ratio of 11
for alfalfa tops. MeNaught and During (1970) consider a ratio of 16:1 for
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Table 4.1, Sultur content of various plant species.

Plant species S content in dry matter (%)

Cerealy

Wheat 017
Naize 0.17
Barley 0.18
Oty 0.18

[ eeumes

Broad beans 0.24
Sovbeans 0.32
Bush beans 0.24
e 0.27

Cructters

Ripe 1.00
White mustard 1.40
Ol radish 1.70
Black mustind 1.00

Sauree: Deloch, as reported in Mengel and Kirkby (1982).

rye grass and 18:1 for white clover to be critical. Ratio of protein N to non-
protein Nis also recommended tor detecting S deficiency in plants because
S-deficient plants will have more nonprotein N. Some crops need more S
than others, depending upon the nature of the crop, the variety, and the
available amount o' S in the soil.

Sulfur Uptake by Different Crops

The total S requirement ot different crops depends on the plant species and
the yvield levels or total dry matter produced. Crops with a high production
of dry matter, such as sugarcane and maize, have a high demand for S. A
high S requirement is also characteristic of protein-rich crops (legumes, lu-
cerne, and clover), cruciters and brassica. The S requirement of rapeseed is
nearly three times that of cereals. Generally the S content of most of the
plants is between 0.0%-0.3%0, However, as high as 29% S in leaves has also
been reported, whereas roors invariably have lower amounts of S. The
highest amount of S s in leaves and the smallest in roots.

fable 4.2 and Appendix [ give the S requirements of important crops of
the tropical regions. Generally, crucilers (such as cabbage, radish, turnip,
mustard, rape), legumes (sueh as lucerne, sovbeans, groundnuts), onion,
garlic, cotton, sugarcane, maize, millet, oil palm, coffee, and tea require
high amounts of S, whereas the cereals not mentioned above require rela-
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Tuble 4.2. Estimated nutrients (S and N, P, K} removesd by different crops.

Crop Crop Total nutrient removal References
vield (ke-ha)
(mtha)
S N P K
Cereals
Rice (IR-8) 9.1 s - - - Wang (1978)
Rice (Peti) 6.1 17 - - - Wang (1978)
Rice 3.0 9 84 14 89 Malavolta (1979)
Rice 7.8 14 125 0 137 Malavolta (1979)
Wheat S 2 1S3 26 150 Malavolta (1979)
Wheat 3.0 14 s 2 92 NMalavolta (1979)
Wheat 8.0 20 - - - Miehel & Blue (1981)
Maize 4.3 20 - - - Malavola (1979
Maize 10.0 21 - - Mitchel & Blue (1981)
Maize 5.0 19 170 3§ 175 Malavolta (1979)
Maize 12,3 37 98 S§S 247 Malavolta (1979)
Millet 2.7 20 - - - i (1972)
Sorghum 2.5 Il - - - Irits (1972)
Sorghum 2.5 7 65 10 48 NMalavolta (1979)
Sorghum 8.9 43 2800 44 186 Malavolta (1979)
Fiber crop
Cotton (lint) 1.7 RE| 201 71 141 Malavolta (1979)
Cotton 4.0 28 - - -~ Mitchel & Blue (1981)
Oilseeds
Groundnuts 5.0 10 - - - Fritz (1972)
Groundnuts 4.0 21 - - - Mitche! & Blue (1981)
Groundnuts 0 24 323 31 170 Malavolta (1952)
Sovbeans 0 21 - - - Mitchel & Blue (1981)
Sovbeans 13 25 - - - Potash Institute of North
Americi
Sovbeans 0 2 oo 40 1S Malnolia (1979)
Sovbeans 4.0 R 163 1 132 Malivolta (1979)
Oil palm I18.0 20 - - - Fritz (1972)
Ol patim 4.0 - 193 36 249 Malavolta (1979)
Suntlowers 2.2 10 - - ~ Western Canada Fertiliser
Association (1978)
Suntlowers 1y 18 197 M 120 Malinolta (1979)
Coconuts - - 74 16 1Y Nalavola (1979)
Rapueseed 2.0 23 g 23 77 Western Canadat Fertiliser
Association (1978)
Sugar crop
Sugarcine 10010 2 - - - it (197)
Sugarcane 224.0 96 403 76 567 Malinolta (1979)
Fruits
Pincapples 65.0 I - - - Fritz (1972)
Bananas 35.0 5 - - - lrity (1972)

Bananas 0.0 - 627 oY 1 390 Maltavolta (1979)
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Table 4.2. Continued.

Crop Crop Total nutrient removal References
vield (kg/ha)
(mt/ha)
S N P K
Stimulants
Tobacco 2.0 12 - - - Jordan & Reisenauer (1957)
Tobacco 1.0 20 - - - Mitchel & Blue (1981)
Tobiacco
(tlue-cured) 34 21 141 13 239 Potash Institute of North

America

I'obacco

(hurley) 4.5 50 280 1S 246 Potash Intitute of North
Ameca

Coffee 2.0 27 253 1y 232 Malave ia (197 )
Cacao pods Y.0 6 - - - lritz (1972)
Tubers & Roots
Cassava 19.0 8 113 11 79 Malavolta (1979)
Cassina 45.0 15 202 32 286 Malavolia (1979)
Potatoes 6 14 169 4 197 Woestern Canada Fertiliser
Association (1978)
Potatoes 40.0 I 200 8 220 Malavolta (1979
Potatoes 56.0 28 RIV AR SOS Malavolta (1979)
Beans
Faba beans 14 12 204 21 81 Western Canada Fertiliser
Association (1978)
Field beans 1.0 25 102 Y Y3 Malavolta (1979)
Peas 2.8 I 184 17 98 Malinolta (1979)
Fegerables
Omons 4.0 25 - - - Jordan & Reisenauer (1957)
Onions 7.0 RE} 133 22 177 Malwolta (1979)
Cabbapes S840 64 280 31 249 Malavolta (1979)
Cabbages M0 BN - - - Jordan & Reisenauer (1957)
Forages & Havs
Altalta 224 §7 672 S8 SS8 0 Malavolta (1979)
Clover 13.4 RE} 36 4 135 Malivolta (1979)
Clover hay 6.0-9.0 17-22 - - - Whitchead (1964)

Girass hiny 6.0-9.0 913 - - - Whitehead (1964)

tively smaller amounts of S, For normal yields, the crops with high S re-
quirements need 20-45 kg S/ha; the crops with medium S requirements need
15-35 kg S/ha. On the basis of S rescarch in Australia, Spencer (1975) has
suggested the following S requirements in S-deficient arcas for different
Crops:
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Groundnuts 5-10 kg/ha
Cereal grains 5-20 kg/ha
Cotton 10-30 kg/ha
Sugarcane 20-40 kg/ha
Rape 20-60 kg/ha
Lucerne 30-70 kg/ha
Cruciferous forages 40-80 kg/ha

The uptake of S by crops depends not only on the S content of the plant
but also on the expected yield level. Thus, doubling the crop vield may also
double the S requirement of the crops. Likewise, increasing the intensity of
cropping will create greater demand for S fro v the soil or from external
sources such as ftertilizers and manures. For example, the S content of rice
may vary front 0.034% under an S deficieney to 0.16% under an S sufficien-
¢y or nonresponsive condition. The rice vields may also vary from 0.75 to
8.0 mt/ha and even more. This may result in S requirements that vary from
0.26 10 12.8 kg/ha, and even higher. Sulfur requirements by various crops
under subsistence (low vield) and commercial (high vield) farming condi-
tions are reported in Figure 4.1,

In field crops it is sometimes ditficul: to distinguish between S deficiency
and N deficieney. In this instance a leaf analysis can be invaluable. In S-
deficient plants the sulfate-S levels are very low, whereas amide-N and
nitrate-N are increased. This contrasts with N deficiency where soluble N
is depressed and the sulfate level is normal. In plants suffering from § defi-
ciency, the rate of plant growth is reduced, Generally the growth of shoots
is more affected than the root growth, I'requently the plants are rigid and
brittle, and the stems remain thin, In contrast to N deficiency, chlorotic
symptoms oceur first in vounger feaves, whereas the older leaves remain
green. This indicates that the younger leaves depend on the S supplied by
the root systemy directly. On the other hand, with N deficiency the N from
older leaves is transferred to vounger leaves, and the older leaves become
vellow,

Plants are comparatively insensitive to high sulfate-S concentrations in
the nutrient medium. When the sulfate concentrations are in the order of
50 ppm, as in saline soils, the plant growth is adversely affected. The critical
coneentration of SO, in the atmosphere, beyond which it may be toxic to
plants, is in the range of 0.5-0.7 mg SO,-S/m'.

Sulfur Application and Crop Quality
Sulfur application increases the S concentration in plants. The S content of

berseem (Trifolium alexandrinum), alfalfa, wheat, maize, groundnuts, soy-
beans, raya (Brassica juncea), and several oilseed crops has been reported
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take.

to increase with the application of S (Dev and Kumar, 1982). It was also
found that in sovbeans the distribution of fertilizer S was 298%, 3304, 17%,
and 20% in grain, leaves, stem, and pods, respectively, Chahal and Virmani
(1974) reported that when S was applied in the root zone of groundnut
plants its relative distribution was 30.0%%, 27.19%, 7.1%, and 35.8% in | Hves,
stem, pegs, and pods, respectively, The pattern of distribution was different
when S was applied as foliar sprays.
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Table 4.3. Effect of sulfur on vield and chemical composition of groundnuts.

S applied Weight of nuts Protein Cysteie acid Mecthionine Oil

(ppm) (g/pot) (%) (mg/g N) (mg/g N) (%)
0—NPK 4.8 29.0 142.0 51.2 45.2
0+ NPK 439 29.7 145.2 §2.2 46.2
50+ NPK 489 30.3 147.3 54.2 48.8

100 + NPK 28 0.6 151.0 §5.0 49.6

Source: Chopra and Kanwar (1966).

Sulfur application affects not only the yield of crops but their quality as
well because of its association with S-containing amino acids such as
methionine, cystine, and cysteine and the quality of proteins. Many studies
have shown that lack of S-amino acids is the main factor limiting the bio-
logical value of proteins. Chopra and Kanwar (1966) reported a significant
increase in the content of eysteine and methionine by the application of S
to groundnuts. Application of N influenced the protein content but not the
content of S-bearing amino acids, whereas S improved both (Table 4.3).
Similar beneficial effects on groundnuts and mustard were reported by
Singh, Subbiah, and Gupta (1970).

Application of 20 ppm S as gypsum increased the protein and methionine
content of groundnuts by 8.4% and 21.0%, respectively, and 50 ppm S in-
creased protein and methionine in mustard grain by 6.3% and 10.7%,
respectively (Kanwar and Randhawa, 1974), Aulakh, Dev, and Arora (1976)
also reported that application of S increased the protein and S content and
decreased nonprotein S in alfalfa; however, higher application of S in-
creased both. Many Indian scientists have reported the increase in S-
containing amino acids in the grains of soybeans,mustard, mung beans, and
peas following the application of S [Chopra and Kanwar, (1966); Arori and
Luthra, (1971); Gupta and Gupta, (1972); Kumar, Singh, and Singh (1981)].

Sulfur fertilization improved the oil content in mustard, groundnuts, and
soybeans {(Chopra and Kanwar, 1966; Dixit, as reported in Dev and Kumar,
1982). The increase in oil content of mustard was about 12% (Pasricha and
Randhawa, 1973). Sultur application also affects some other quality
characteristics of crops. Ruhal, as repored in Dev and Kuniar (1982), found
that S decreased the watersoluble carbohydrates in groundnuts but in-
creased them in wheat, Saroha and Singh (1979) observed a 5.6% increase
in sugar content and a 5.8% increase in recovery of sugar from sugarcane,

On the basis of pot experiments for raya (Brassica juncea), Singh and
Singh (1978) analyzed the role of S in the formation of glycosides, which
on hydrolysis produce higher amounts of oil as well as allyl-isothiocynate,
a compound that is responsible for pungencey in oil. The source of applied
S was potassium sulfate which was labeled with ¥*S at a rate of 0.25 mCi/g
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of S. The allyl-isothiocynate value increas~d with increase in S dose up (o
90 ppm. Sulfur applications of 60, 90, and '20 ppm significantly increased
the allyl-isothiocynate value over the control, whereas lower doses were not
significant,
It can be stated that, besides increasing crop yields, S fertilization has the
following favorable effects on the growth of plants:
1. Improves protein, both in amount and quality, in pulses, cereals, tubers,
and oilseeds, which are staple foods of people in tropical countries of
Asia, Africa, and Latin America.

2. Increases protein content and decreases N:S ratio and nitrate levels in
forages and thus improves their quality,

3. Improves quality of cereals for milling and baking,

4. Increases oil content of oilseeds and other oil-producing crops.

5. Improves quality, color, and uniformity of the vegetable crops.

6. Improves crop management through its favorable effect on drought
tolerance, winter hardiness, control of discases and pests, and decompo-
sition of crop residue.

Sulfur Interactions With Other Nutrients

In order to develop a sound fertilizer use and management policy it is essen-
tial to know the interactions between S and other plant nutrients. Interac-
tions of S with other plant nutrients such as N, P, K, Ca, magnesium (Mg),
boron (B), iron (Fe), molybdenum (Mo), Zn, copper (Cu), manganese
(Mn), and selenium (Se) are of great practical importance in designing fer-
tilizer supply strategies and developing new fertilizer technology: hence, no
agronomic or fertilizer management practice can ignore them.

S und N Interactions

Because of the central role of S and N in the synthesis of proteins, the sup-
plies of S and N in plants are highly interrelated. It is for this reason that
farge doses of N create a severe deficiency of S and vice versa. O’Connor
and Vartha (1969) observed that large doses ol gypsum reduced the yield of
hay when the N status of the soil was unsatisfactorv. [ikewise Eppendorfer
(1971) observed that large doses of N ereated a deficiency of S. Aulakh, Pas-
richa, and Sahota (1980b)also observed a similar effect on mustard in India
(FFigure 4.2).

Application of S in the absence of N decreased the N concentration in-
mustard plants, but when N was added, the effect was synergistic (Dev and
Kumar, 1982). Similar results were reported for amide-N and S in sunflow-
ers (Sharma and Dev, 1980). Sen and Lahiri (1960) found that uptake of N
was considerably reduced under S deficiency in sesame. The relationship of
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N:S ratios to plant health and growth has already been discussed. There is
avery narrow range in the N:S ratio that ensures optimum yield and quality
of the crop, and unbalanced fertilizer use adversely affects crop production.

S and P Interactions

Although S and P are evidently more loosely bound to cach other in physio-
logical terms than are S and N, the uptake of P has been stimulated in some
cases by means of S fertilization. In addition, the P fixation in soils may
be influenced by the acidity resulting from fertilization with S materials.
The magnitude and direction of this influence, however, depend on the pH
ol the soil at the time of the S application.

On heavy fertilization with phosphate, the sulfate ions will be displaced
from the adsorption sites and are apt to be lost in leaching. Liming soils
of low pH will also have the tendency to increase their susceptibility to sul-
fate leaching. Thus in soils of low pH that have received lime and/or phos-
phate, use of NPK fertilizers containing sulfate may be a desirable way of
reducing S deficiency.

Reports of Indian experience concerning the interactions of S and P on
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different crops are conflicting. Pathak and Bhardwaj (1968), Acharya and
Subbiah (1971), Virmani and Gulati (1971), Venkateswarlu (1971), Rathee
and Chahal (1977), Kumar and Singh (1980), and Marok and Dev (1980a
and b) reported a positive interrelationship between the S and P contents
and uptake in cotton, berseem, soybeans, rice, and wheat, whereas Aulakh
and Pasricha (1977, 1979) observed that the simultane>us use of these two
nutrients produced an antagonistic effect on chickpeas, lentils, and mung
beans.

It may be observed that fertilization with P decreased the S content of
the pulses but fertilization with S increased it. However, Aulakh, Pasricha,
and Sahota (1980a) found a positive synergistic effect on P and S content
of the foliage of groundnuts as well as on vield from a field experiment con-
ducted on a soil deficient in both S and P. The source of S and P was SSP,
which was compared with TSP and DAP, ncither of which contained any
S (Table 4.4). [t may be observed that though the authors call it a synergistic
effect actually the S content was lower in the presence of phosphate alone,
indicating antagonism. The S content was increased by the SSP treatment
because of the supply of S from SSP. Thus, the effect of P on S content
is to depress it, which is expected. A similar antagonistic effect was reported
by Aulakh, Pasricha, and Sahota (1977) in brown mustard and Indian mus-
tard where the concentration of P decreased with the application of S, A
negative interaction between S and P owas also reported in berseem by
Marok and Dev (1980b), who proposed a critical S:P ratio of 0.65 in ber-
seen,

Thus it may be concluded that fertilization with phosphates generally
decreases the uptake and concentration of S in the plant because of the an-
tagonism. But this trend can be modified by the application of N, which
stimulates the uptake of S,

Tuble 4.4, EAtect of levels and sources of phosphorus on the vield and sulfur and phosphorus
coneentrations in groundnut foliage.

Source Pod vield (kg ha) Foliage dry matter (")
“' I). e ——— —
20 40 Mean Coneentration of I Concentration of §
20 40 Mean 20 40 Mean

Control - - 1 Y87 ~ - 0.13 - - 0.17
SSp 2935 38 309 0.24 0.26  ().25 0.27 0.3 029
sp 1915 2219 2067 0,28 0.28  0.27 0.20 019 0.20
DAP 2322 2400 2361 0.23 0.27  0.28 019 0.20  0.20

Mean 2391 2 Sy - 024 027 - 022 023 -

ac Levels of PLOCwere 20 and 40 kg/ha,
Source: Aulakh, Pasricha, and Sahota (1980a).
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S and K Interactions

Appliction of S was found to increase the concentration of K in rice, mus-
tard, and groundnut (Singh, 1971; Rathee and Chahal, 1977). A significant
positive interaction between S and K was also observed in rapesced by Au-
lakh and Pasricha (1978).

S and Ca, Mg Interactions

Pathak and Bhardwaj (1968) and Singh (1971) did not find any cffect of ap-
plication of S on Ca and Mg coneentrations of berseem, rice, and alfalfa,
but Aulakh and Pasricha (1978) observed a significant antagonistic interac-
tion.

S and Micronutrient Interactions

Aulakh and Dev (1978) observed that S application increased Zn and Cu but
had practically no effect on Fe and Mn content in lucerne, Kumar and Sing
(1979) observed that in low doses S increased Zn uptake but in high doses
caused antagonism in soybeans. According to Gupta and Mechta (1980), Fe
concentration of berseem was increased by S fertilization.

S and Mo Interactions

Sulfur fertilization generally reduces uptake of Mo (Reisenauer, 1963a and
b). Although phosphate is known to stimulate Mo uptake, SSP because of
the presence of more sulfate than phosphate depresses Mo uptake (Gupta
and Mechta, 1980). On the other hand, S deficiency may induce abnormally
high toxic concentrations of Mo.

S und Se Interactions

The antagonism between S and Se is well known. In fact, as the Se content
of the fertilizer increases, the S uptake and concentration in the plants de-
crease. Considerable evidence is available in India on these interactions,
particularly with oilsced crops. Singh and Singh (1980) observed that the
detrimental effect of 10 ppm Se in soil on vield and concentrations of S in
rape and Indian mustard could be corrected by the application of 60 ppm
S to soil. Because of the importance of both these elements in animal nutri-
tion it is essential to know this relationship.
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Uptake and Recovery of Applied Fertilizer Sulfur

Data on the recovery of S by the crops from fertilizer S applied to the soil
are very scanty. Studies involving the use of **S in India and Africa reveal
that the true recovery of S from S sources applied to the soil depends on
a number of factors such as 5 status and nature of the soils; nacure 7 the
crop; management practices; and nature, dose, and method of application
of the S-containing substance. These recovery values vary widely as is evi-
dent from some of the available information from selected countries in
Asia, Africa, and Latin America.

Most of the results reported in Table 4.5 indicate that no more than 25%
of the S recovered at low and medium application rates comes from the S
source, and the rest comes from the soil. Even the residual effect of S is
rather Tow since not more than 29%-3% fertilizer S is recovered by the sec-
ond crop in rotation,

Sulfur in Animal Nutrition

The end products of animal production, including wool, meat, and milk,
are protein-rich and thus require a high input of N and S in the diet. In this
context S supply has important implications for animal nutrition and live-
stock production,

Adequate plant growth in forage crops requires that the N:S (atio be be-
tween 14:1 and 16:1. However, ruminants seem to perform satisfactorily if
the N:S ratio ic between 10:1 and 12:1. Thus, if the N:S ratio of the forages
is to be made optimum for animal use, fertilization with S would be needed
ata rate that might be above and beyond what is optimum for plant growth.
High-vielding grass clover pastures need fertilization with phosphates, and
it SSP is the source of P, the S needs are also met. However, the situation
is different if TS
organic matter, or atmosphere supplies enough S, because the TSP supplies
no S and the phosphates displace the sulfate.

There is voluminous literature on the responses of pastures and forage
crops to S fertilization, which increases not only yield but also quality of
the forage, and hence animal productivity (Tisdale, 1977 and Metson,
1973). The effect of S application has been studied more extensively in rela-
tion to forage quality and ruminant nutrition. Most of the research on S
in Australia and New Zealand relates to forages and pastures for animal
production. Tisdale (1977), while reviewing the work on forage quality and
animal nutrition, summarized the information as follows:

I. Application of S increases the overall vield as well as the vitamin A con-
tent of alfalfa, the chlorophyll content of red clover, and the protein con-
tent of legumes and grasses. It decreases the N:S ratio of forages and the
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Table 4.5, Fertilizer sulfur use efficiency.

Rate of
S applied
1o soil

S recovery
from
S fertilizer

UWU

keferences

Crop/soil Source of
fertilizer S
Groundnuts
Samrala soil Gypsum
Jaipur soil Gypsum
Mustard
Ludhiana
sandy Joam Gypsum

Alfalfa
Dark brown
Red loam
Medium black
Muaisze
Ludhiana
sandy loam

Ammonium sulfate

Ammonium sulfate

Asia (India) (ppm)

10
20
10

20

121
RN E
10,3«
12,84

1.6
12,94

12,74
.
23,5

7.9
6.6t

Latin America (Brazil) (ppm)

25
S0
100

Africa (kgshay

20
20
20
20
20
20

20
10.7"
s.ot

2.8- 1
I.1- 8.2+
130054
1.6- 6.0
11.0-40.5"
16.5-25.0"

U.S A (North Carolina) (kg ha)

Rice Ammonium sulfate
Maize Gypsum
Sulfur
Beans Gypsum
Sulfur
Maize Gypsum
Sulfur
Tobucco Gypsum
Cotion Gypsum

4.48
8.96
17.92
3584
4.48
8.96
17.92
35.84

17.00
123

7.2"

4.68
73.5"
R7.1*
47.00
RYARL

Subbiah & Singh
(1970))

Pasrichia &
Randhawa (1973)

Shriniwas, Kataria
and Singh (1979)

Pasricha ¢t al.
(1977)

Wang, Liem, and
Mikkelsen (19764,
1976b):

Bromfield,
Hancoek &
Debenham (1982)

Kamprath, Nelson
and Fitts (1957

a. lsotopic recoveries caleulated using radio isotopic techniques.
b. Apparent recoveries caleulated by difference over the control.
¢ Average of two rice varieties and N apphaation rates.

d. Based on caleulations of the authors' (published and un

tained from ODA.

¢ Apparent recoveries caleufated trom the data of the anthors,

published) papers and reports ob-
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nonprotein nitrogen and nitrate content of grasses, and it generally im-
proves the quality of alfalfa.

2. Onsoils that are low in S, the yield and quality of forages are improved
through S ftertilization.

3. Increasing the S content of forages in relation to protein N and reducing
the NiS ratio to about 10:1 or 12:1 results in improvement of quality of
feed, its use, and the performance of ruminants.

4. The total S levels in the ruminant dict should be between 0.18% and

0.25% for best animal performance.

Additional work by agronomists and animal nutritionists is needed to

consider the merits of forage fertilization with S versus supplementation

with S in animal feed.

A}

Sulfur in Human Nutrition

Sulfur deficieney also has serious implications for human nutrition through
its impact on crop vields and on quantity and quality of r tein. Zake(1972)
found that S fertilization increased the methionine content of finger millet
to such an extent that the additional daily amino acid requircment of an
adult was reduced from 1,325 10 725 mg/day.

Rice is the staple food in Asia, and any factor that affects the quality of
rice creites coneern tor human nutrition. Ismunadji and Zulkarnaini(1978)
reported results from experiments conducted in East Java, Indonesia,
in1974 where soil was deticient in S. As reported in Table 4.6, application
ol S through AS slightly improved the crude protein and methionine con-
tent and hence the nutritional quality of rice,

In another study Tsmuadji and Mivake (1978) observed that an S treat-
ment increased the methionine content by 1.7-2.3 times that of the nonsul-
fur treatment. Wang (1978), from studies on rice in the swampy soils of the
lower Amazon Basin, found that S deficieney caused not only drastic reduce-
tions in rice vield but also poor quality of grain, which was evidenced by
reduction in head rice and an increase in chalky grain,

Table 4.6 Nethiomne and crude protem content of brown rice treated with urei of ammoni-
um sultate grown o Neale, Fast Java, Indonesia, 1974 dry season.

Rice vanen Methionme (M) Crude protemn (%)
Urea AS Lirea A

00 0.26 0.30 8.94 K88

Pelita 11 0.27 (.38 7.81 R.62

Pelita | 2 0.24 0.33 7.88 8.28

Source: Bsmunadji and Zulkarnaini (1978).
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In India, Das et al. (1975) observed that S application showed a tavorable
effect on the content of essential amino acids and S-containing amino acids
in the grains of maize, wheat, and rice and thus maintained and improved
the grain quality of these three important cereals (Table 4.7). Pasricha,
Sharma, and Randhawa (1972) observed a beneficial effect of fertilization
with S on the protein and oil content of groundnuts and mustard in Indian
Punjab (Figure 4.3). Similarly, Singh, Subbiah, and Gupta (1970) reported
a significant increase in oil, protein, and methionine content in groundnuts
and mustard by the application of S.

The pulses, such as chickpeas (Cicer arietinum 1), mung beans (Phasco-
lus aureus), black gram (Phascolus mungo L), pigeon peas (Cajanus ca-
jan), and lentils (Lens cultinaris 1), are important sources of proteins and
S-containing essential amino acids in the Indian subcontinent and, to a cer-
tainextent, in Southeast Asia. Sulfur deficiency has been observed in these

Table 4.7, Eftect of sulfur feitdization on protein: Total essential amino acids and sulfur-
contiaining amino acid content of cereals in India,

Crop: Total essential Sultur-containing amino acids Protein
treatment’ amino actds (mg 100 ¢ flour) (%)
(myg 100 ¢ tlour) T s e e
Methionine Cystine Total
Muize
Site 1
Nu S, 1678 249 169 418 8.75§
Nu Su 4o 251 174 425 8.56
N S, 4157 250 200 450 10.50
N S, 4 596 270 209 479 11.00
Whewt
Site |
N S 6 406 229 280 509 17.27
Ny S 6672 197 277 474 18.64
Site 2
N S, 5978 221 203 424 15.16
N S S S92 205 270 475 15.90
Rice
Sute 1
Niw S Soll 284 203 487 .13
Nyw Su Sa2 306 229 538§ 12,14
Site 2
N S, 160} 217 142 KAL) 8.15
N Su., 4412 213 228 438 11.31

a. Values are based on 10T recovery., Reproducibility of the analytical procedure is 3.5%%.
b. Kilogram per hectare of N and S,
Source: Das et al. (1975).
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Frgnre 4230 Brteet of Sultur on Protem and il Content ot Groundnuts and Noustard in Lad-
huana Sands Toam Soil o Punjab, Tondia,

crops in India. Dube and Nisra (1970) reported a highly beneficial effect of
S application on protein as well as on vield of some of these pulses and
grotadnuts, Tt has considerable practical implication for the vegetarian
population of these countries. Pareck, Saroha, and Singh (1978) observed
that an application of elemental S at the rate of 230 kesha increased the S
uptahe by black gram from 3.7 ke ha for a control plot without S 1o 5.2
ke ha on the treated plotin field experiments during 1972, This resulted in
anincrease inovield and improvement of quality of gram. Aulakh, Singh,
and Arora (1977) reported that with potatoes an application of 23 kg of S,
over and above the NPR (N 1 120, L0160, K,0 0120 kg nutrient/ha),
mereased the vield of tubers by about 289, Sultur fertilization also in-
fluenced the Guality of potato tubers and proteins in tubers, which in-
creased from 36.7 ke hato 109 kg ha with 530 kg S/ ha, The corresponding
fevels of protets Noin the tubers increased from 78.7 10 176.3 kg/ha.

Fhese results elearty show that S favorably intluences human nutrition in
at feast two wass: (1) through an increase in production of food and (2)
through an improvement in quality ot the tood, particularly i+ the produc-
fon of more proteir and S-containing essential amino acids. Thus, any
deticieney of S in trapical soils and crops will atfect not only the food
production but also its nutritive value; this has serious implications for hu-
man natrition in these countries since vegetable sources account for a large
share of daily calorie and protein intake.




S Status, Diagnosis, and Determinants of Sulfur Deficiency

The purpose of this chapter is fourfold: (1) to evaluate the S status of soils
in the tropical regions, (2) to discuss various sources and forms of S, (3) to
analyze the appropriateness of various techniques for diagnosing S defi-
ciency, and (4) to critically evaluate determinants of S deficiency in the
tropics.

Sulfur Status of Soils in the Tropics
Delineation of Tropical Regions

The most common delineation of (l.e tropics refers to the geographical area
that extends from 23" :“ north of the equator to 232 ° south of the cqualor.
Itincludes the humid, subhumid, semiarid, and arid tropical regions. Ac-
cording to Dudal (1980), this represents 4.96 billion ha or 38% of the
world’s land mass, which is spread over Africa (43%); South America
(28%0): Asia (20%); Australasia (5%%); and Central and North America
(4%0). Approximately 70.9% of the total land area in Africa (out of 3,011
million ha) and 70.4% in South America (out of 1,766 million ha) falls in
the tropies,

Troll (1965) has used other criteria that consider (1) the mean monthly
temperature of more than 18-233-C and (2) nuiaber of months with precipi-
tation greater than potential evapotranspiration. According to this classifi-
cadon five tropical regions can be identified.

Months with P> PE

Humid 9.0-12.0

1.

2. Subhumid 7.0- 9.0
3. Semiarid, wet-dry 4.5- 7.0
4. Semiarid, dry 2.0- 4.5
5. Arid <2.0

P precipitation;  PE = potential evapotranspira-
tion

The distribution of tropical regions in the world is shown in Figure 5.1,
The most abundant group of soils of the humid tropics is the highly
weathered and leached Oxisols and Ulsisols, ‘They constitute nearly 70% of
the total area of humid tropics, while soils such as Mollisols, Vertisols, Al-
fisols, Andepts, Inceptisols, and Entisols cover the remaining 30% of the

51
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Frgure 5.1, Geographical Distribution of the Humid, Subliunnd, And and Semiarid Tropics
in the World.

arcas (Table 5.1, Swindale (1982), on the basis of FAO maps and Troll’s
classification, has estimated that total arca under semiarid tropics with 2-7
wet months (precipitation > potential evapotranspiration) and 5-10 dry
months equals about 1.8 billion ha (lable 5.2).

The semiarid tropical region, which inchides nearly 49 countries of tropi-
cal Asia, Africa, and Latin America, covers much of the African continent,
stretching in o broad band fream west to cast below the Sahara Desert and
including much of castern and subeentral Africa. In Asia the semiarid trop-
ical region includes most of India, northeastern Burma, and Thailand; it
also includes most of the northern quarters of Australia. Nearly all of Mexi-
co, and farge portions of Venezuela, Guyana, Surinam, French Guinea, Bra-
zil, Paraguay, and Bolivia lic within this region. More than 700 million peo-

Fable 5.1 Estimated area of major soil groups i the humid tropics.

Soil group-order Climate (million ha)
Rainy Seasonal Wet-dry Total

Mollisols and Vertisols 23 56 119 198
Alfisols, andepts, and inceptisols

(moderately weathered) 4 M 90 128
Oxisols and ultisols thighly weathered and

leached soils) 931 1 084 474 2 489
Shattow oils and dry sands and entisols 81 105 170 156
Alluvial soils (entisols) 146 124 71 KB

Total 1 185 1 403 924 s

Source: President’s Science Advisory Committee (1967).
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Table 5.2, Estimated area of major soil groups in the semiarid tropics:.

Soils Sandy Towal Sandy as %
(FAQ-USDA soil tasonomy) (million ha, approximate) of total
Fluvisols (flusents) S.514 91.069 6.1
Arenosols (paamments) 201.731 211,198 9s.5
Andosols tandepts) 5.034 10.783 46.7
Vertisols (vertisols) 2533 132.436 1.9
Solonchaky: 0.458 5.754 7.9
Solonets 2.318 10.905 21.3
Kastinozems' 13.039 32.033 40.7
Phacozems: - 14,457 -
Cambisols (tropepts) 1842 70.469 5.5
Fuvisols altisols) 116.546 282,484 41.3
Planosols” +4.868 37.558 13.0
Actisols (ultisols) 42.082 194.762 21.6
Nitosoly 11.487 107.476 10.7
Lerralsols (Oxisols) 43,122 606.018 7.1

total 452,567 1 807.398 25.0

. Derived from Swindale (1982), originally from FAO/UNESCO soil map of the world.
b. Names in parentheses are approsimate equivalents according to Dudal (1980).

o Includes sandy, silty, and clavey soils,

d. Solonchaks Galorthids and saline phases).

¢. Solonets (nattiboralts, natrabolls, ere.).

to Kastanozems thaplustolls, arguistolls, calciustolls [except salorthids)).

. Phacoszenmis (hapludolls).

h. Planosols talbaqualts, albaquults)

. Nitosols (paleadulis, pateustults, paleadalfs, paleustalfs).

ple are estimated to live in the semiarid tropics, with 55% of them in India.
This is a very important agricultural region, and it has been known to ex-
perience S deficiency. The cases of S deficiency reported from most of west
Africa and the Indian subcontinent have occurred within this region.

Sulfur Status of Tropical Soils

The total S content of tropical soils is generally lower than that of temperate
zone soils because of the lower organic matter content and greater leaching
in the tropics. A summary of the data on total S content of soils from tropi-
cal arcas is given in Table 5.3. Thus, while considering the problem of S in
the tropical agriculture, it is essential to consider all the areas from arid to
semiarid to humid tropics.

[t is evident from Table 5.3 that there is only scanty information about
the S status of soils of the tropical developing countries. Generalization is
not advisable because of the very wide variation in soil S. Some of these
variations may be due to differences in methods of analysis, but others are



Table 5.3. Total sulfur values for a range of soils from tropical regions (ppm in osen-ary soil)e.

Region “location “soil group Total S Organic S Sulfate-S Adsorbed-S Organic Reference
(ppm S) (ppm S) (ppm S) (ppm S) S as %
of total-S
ASIA
India
Andhra Pradesh 112275 - - - - Venkateswarlu, Subbiah, and
Tamhane (1969)
Gujarat (Baroda & Kaira) 42-113 I§- 52 4 =22 - - Reddy and Mcehta (1970a. ¢)
Uttar Pradesh (LU.P.) (Soils of
Tarai, Alluvial, Bundel
Khand. and Vindyan regions
of U.P.) 93 - 189 29-101 9 -2 - - Bhan and Tripathi (1973)
Subsoils of the above soils 102-169 15— 78 5 -42 - - Bhan and Tripathi (1973)
Punjab, Harvana and Himachal
Pradesh
Soil group 1 (climatic zone 1) 193 - 308 106 — 244 1.4~ 5.1 - 72.3 Kanwar and Nohan (1964)
Soil group 2 (climatic zone 2) 9% - 173 32- 60 3.1- 6.3 - 359 Kanwar and Mohan (1964)
Soil group 3 (climatic zone ?) 112-192 26— 50 1.8-18.1 - 22.0 Kanwar and Mohan (1964)
Soil group 4 (climatic 7one 4 128 - 168 2- 43 2.5-15.6 - 21.8 Kanwar and Mohan (1964)
Soil group § (climatic zone ) 102 - 247 25— 34 2.5-41.4 - 18.8 Kanwar and Mohan (1964)
Mean
a. Acid soils 242 175 34 - 72.3 Kanwar and Mohan (1964)
b. Alkaline soils 159 35 11.5 - 2201 Kanwar and Mohan (1964)
<. Overall mean 183 76 9.1 - 41.7 Kanwar and Nohan (1964)
Rajasthan 750 53 76 - 7.0 Ruhal and Pualiwal (1978)
Rajasthan (all soils) 91 - 386 60— 298 22-83 - 222 Shukla and Gheyi (1971)
!. Serozen. 0—16 ¢cm 271 90 20 - 20.9 Joshi, Choudhari. and Jain (1973)
2. Alluvial, 0-15 ¢cm 300 160 40 - S3.8 Joshi, Choudhari. and Jain (1973)
3. Noncalcic brown, 0-20 cm 350 230 50 - 65.7 Jeshi, Choudhari, and Jain (1973)
4. Desert, 0-15 em 449 185 205 - 41.2 Joshi, Choudhari, and Jain (1973)

143



Table 5.3. Continued.

Region ‘location soil group Total 8 Organic S Sulfate-S Adsorbed-S Organic Reference
{tppmi S) (ppm S) (ppm S) (ppm S) S as %y
of total-S

5. Brown, 0- 20 ¢m 350 130 89 - 37 Joshi, Choudhari, and Jain (1973)
6. Red loam, 0 - 10 ¢m 375 150 33 - 0.6 Joshi. Choudhari, and Jain (1973)
7. Hillv, 0-20 ¢m 303 250 23 - 823 Joshi, Choudhari, and Jain (1973)
8. Grevish brown, 0-20 cm 230 140 15 - 56.0 Joshi. Choudhar, and Jain (1973)
9. Mediuni black, 0-15 ¢m 353 170 176 - 47.8 Joshi. Choudhari, and Jain (1973)
10. Yellow brown, 0-15 ¢m 375 320 12 - 67.3 Ioshi, Choudhari, and Jain (1973)
AFRICA
Malawi 35-139 - - - - Laurence, Gibbons, and Young
(66) (1976)
Nigeria 8- 32 - - - - Bromfield (1972)
(43)
Camneroon 18-132 - - - - Watson (1964)
Chad & Ivory Coast 200 - 300 - - - - Dabin (1972)
(70
Zambia and Zimbabwe 60- 100 - - - - Grant et al. (1964)
Zimbabwe
Fersiallitic and paraferrallitic soils
Coarse textured
0-30 cm 30- 60 - 1.7- 9.0 - - Rewell and Grant (1977)
30-60 cm 36— 56 - 3.2-12.4 - - Rowell and Grant (1977)
Fine textured
0-20cm 116 — 144 - 1.3-41.2 - - Rowel and Grant (1977)
40-60 ¢m 93 - 157 - 2.7-49.7 - - Rowel and Grani (1977)
Kenya
Mount Kenya, humic nitosol
Mean 370 359 11 2.0 97.0 Bromfield, Hancock, and

Range (263 -540) (238-1527) 3 -25 (1.27-3.28) Debenham (1982)
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Table 5.3. Continued.

Region/location/soil group Total S Organic S Sulfate-S Adsorbed-S Organic Reference
(ppm S) {ppm S) (ppm S) (ppm S) Sas 0
vi total-S
Kitale. rhodic ferralsol
Mean 154 147 7 14.46 95.5 Bromfield, Hancock, and
Range (105-187) (102 -182) (1 —-17) (1.04-1.59) Debenham (1982)
Lake Victoria, orthic ferralsol
Mean 144 132 12 0.94 91.7 Bromfield, Hancock, and
Range (99 - 225) (92-210) 4 =23 (0.56 - 1.43) Debenham (1982)
Coast, rhodic ferralsol
Mean 85 83 2 0.80 97.6 Bromfield. Hancock, and
Range (33-150) (82~147) (1 - 6) (0.39-1.47) Debenham (1982)
LATIN AMERICA
West Indies
Mollisol 360 - - - - Haque and Walmsley (1974)
Inceptisols 270 - - - - Haque and Walmsley (1974)
Regosols 210 - - - - Haque and Walmsley (1974)
Ultisols 120 - - - - Haque and Walmsley (1974)
Brazi! (Virgin) 40 - 251 - - - - McClung, de Freitas, and Lot
(103) (1959)
Brazil (cropped) 27- 67 - - - - McClung, de Freitas, and Lott
(49) (1959)
Brazil (cropped) 43 - 298 - - - - Neptune, Tabatabai, and Hanway
(166) (1973)
Colombia (Llanos) 394 -405 - - - - Pedraza & Lora (1974)
(400)
Llanos 417 1.9 7.0 28.4 Guerarao & Orjuela (1979)
Savannas of Bogota 407 226 15.5 40.2 55.5 Guerarao & Orjuela (1979)

a. A dash (-) implies that the information was not available.

9¢
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of pedogenic nature. For example, in Rajasthan arid zones, Joshi, Choud-
hari, and Jain (1973) and Ruhal and Paliwal (1978) reported high values for
total S but lower values for the soluble sulfates and organic S. Probably
most of the S appearing in the total S is insoluble sulfates or sulfates oc-
cluded in calcium carbonate. Interestingly, some of these soils are also
reported to be responsive to the application of S.

Dabin (1972), in reviewing the S content of tropical African soils, con-
cluded that the S content of ferralitic and tropical ferruginous desaturated
soils of Ivory Coast, cutrophic brown soils of Cameroon, bottom soils of
the savanna arcas of Chad, bottom soils of the forest areas of Ivory Coast,
and Vertisols or hydromorphic soils of Chad varied from 20 to 300 ppm
with an average of 50-100 ppm, which is an indication of the low S content
of these soils. The highest values were found in organic hydromorphic soils,
whereas the others had low reserves. Mineral hydromorphic sandy soils and
Vertisols are also low in S content. The sulfur:carbon (C) ratio is wider than
1:100, and the S:N ratio is wider than 1:10, which indicates that most of the
S is in organic torms. Some of the typical values are shown in Table 5.4.

The Alfisols, which represent one of the most important soil groups of
the west African region, are reported to be deficient in S, Kang et al. (1981)
reported that S deficiencies were mor acute in the soils of the savanna zones
than in those of the forest zones (Table 5.5). They attributed the greater S
deficiency in the Guinea savanna zone of Nigeria to low S reserves, lower
S retention, and sorption due to the sandy nature of the soils. Even the
cropping pattern and the annual burning of brush and crop residue resulted
in loss of soil S.

There are relatively few data about the soil S staius of other African and
Latin American countries (Do Nascimento and Morelli, 1980; Singh, Uriyo,
and Kila sara, 1979). However, from these data it is evident that the soils
of the tropics are not well supplied with S, and the deficiency of this nutri-
ent can become a problem under intensive cropping. According to Sanchez
and Cochrane(1980), approximately 52 million ha of high-base soils and

Tuble 5.4. Ratio of sulfur to other nutrients in West African soils.

Soil group Country S Ratios
(ppm in soil) —————
C:S NS P:S
Ferralitic soils Ivory Coast 0.38 130 10 1.0
Ferralitic scils Central African Republic .26 150 10 3.9
Eutrophic brown soils Cameroon 0.82 123 10 -
Bottom «oils of forest areas Ivory Coast 0.76 1060 10 1.2
Bottom soils of savanna arcas  Chad 2.40 175 10 4.5
Vertisols Chad 0.54 148 10 3.5

Source: Dabin (1972).
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Table 5.5. Sulfur content in some Nigerian soils (on dry-matter basis).

Soil attributes Chemical composition (ppm)

Guinea savanna Derived savanna Forest zon:

(low rainfall) (medium rainfall) (high rainfall)
Total S 69.0 183.0 273.0
Total N 710.0 700.0 980.0
Organic P 86.0 117.0 185.0
Organic C 8 500.0 9 100.0 13 000.0
Heat-soluble S 2.6 4.3 7.0
Ca(H,PO,),-soluble S 2.8 3.5 59
Ratios of C:N:P:S 122:10:1.2:10 130:10:1.7:2.6 133:10:1.9:2.8

Source: Kang et al. (1981).

745 million ha of acid infertile soils of Latin America have an S deficiency
problem.

Inorganic Sulfur

Sulfur is he 13th most abundant clement in the earth’s crust. Geo-
chemically it is a constituent of many minerals of economic importance. It
is present in most igneous rocks as sulfides (0.05%-0.3%). Its concentration
in soils ranges from 0 to about 500 ppm (Ensminger, 1958; Starkey, 1950).
As a result of oxidation during weathering, these primary forms of S are
converted into sulfates, which may be precipitated as gypsum or many alka-
line metal sulfates; or sulfates may be reduced to sulfides and elemental S
under anacrobic conditions. Part of this may be carried to sea through
drainage waters,

Sulfur in soil is present in both inorganic and organic forms, but the
proportion of inorganic to organic S varies widely, depending on the nature
of the soil, its depth, and the management system to which the soil is sub-
jected. The common forms of inorganic S in the soil are (1) water-soluble
sulfates of sodium (Na), K, Mg, Ca; (2) adsorbed sulfate on the surface of
clay minerals and aluminum and iron oxides; (3) insoluble sulfates of Ca,
barium (Ba), Fe, and aluminum (Al); and (4) sulfides or reduced forms
of S.

Sulfate Forms and Sources
Although the level of soluble sulfate in the soils of humid regions is general-

ly below 10 ppm, considerable fluctuutions may occur. These variations are
the result of mineralization from organic matter, leaching of soluble sul-
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fates, uptake by plants, and sulfate addition from irrigation water and ap-
plied fertilizers.

In the well-acrated soils, inorganic S is present as sulfate. However, under
anacrobic conditions, such as waterlogged marshy swamps, some of the in-
organic S is present in reduced forms. Appreciable amounts of soluble sul-
fates are often found in subsoil horizons, and the occurrence of free gypsum
in the deeper horizons of many semiarid soils is a well-known pedological
phenomenon. Several formis of insoluble sulfates, such as Ca, Ba, and
strontium (Sr), are associated with basic sulfates of Al, Fe, and calcium car-
bonate. Sulfate occurring in calcarcous soils as a cocrystallized impurity in
the caicium carbonate is probably the mot common in some soils of arid
and semiarid regions and may account for ¥5% of the total S (Williams,
19735).

Some of the soil S comes from the primary minerals through weathering
processes, and some comes from secondary sources by the accumulation of
plant residues, roots, and other materials. Other important additions of S
to soils come from the atmosphere, fertilizers, pesticides, and irrigation
water.

Atmospheric Addition — The gaseous forms of S (for example, hydrogen
sulfide [H,S] and SO,) generated from land life, ocean life, sea splash, and
industrial activity become the atmospheric source of S, which enters the S
eyele and contributes to S additions to soil and plants. The amount of S
added from the atmosphere depends n the extent of industrialization, vol-
canic activity, and the generation of gaseous products that are brought
down by rain to the land. Robinson and Robbins (1970) have calculated that
about 66% of the total S generation on the carth is through oxidation of
gascous hydrogen sulfide produced by microbial decomposition of dead
bodies; the remaining 34% comes from combustion of fuels and smielting
plants and is the byproduct of the industry (Table 5.6). Sulfur in SO, form,
generated naturally or artificially, enters the air, soil, rivers, and the ocean
by rain and becomes a main source of S supply to the environment.

The atmosphere is a principal source of S for most soils. Annual sulfate-S
additions in the precipitation of as much as 234 kg/ha and as little as 2
kg/ha have been reported (Reisenauer, 1975). In addition, considerable
amounts of S may be absorbed by both plants and soils as SO, from air.
The annual atmospheric contribution of S from natural gcncralmn to the
land arcas of the world has been estimated to be about 142 million mt; in
contrast, the annual release from weathering of rocks is estimated as 2 mil-
lion mt (Robinson and Robh:ns, 1970). The authors have also estimated that
73 million mt of S is released as SO, from artificial sources, 69% of this
in the Northern Hemisphere and 31% in the Southern. These atmospheric
additions could meet the S needs of the crops, but unfortunately they are
not equally distributed; hence, S deficiencies in certain arcas, particularly
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Table 5.6. Nawral and artificial sources of sulfur generation on the carth,

Sulfur source Sulfur supply
Million nu % share

Natural gcneration 142.0 66
1. HLS from land life 68.0 32
2. HLS from ocean life 30.0 14
3. Sea water splashes 44.0 20
Artificial generation 73.0 34
Coal combustion 51.0 24
QOil combustion 14.3 7
Smeliing copper 6.4 3
Smelting lead 0.7 *
Smelting zine 0.6 *
Total 215.0 100

* less than 10,
Source: Derived from Robinson and Robbins (1970).

those that are landlocked and away from industrialized complexes, are more
common,

The amount of SO, returned to the soil in the form of rain depends on
the location of the industrial activitics, Generally, it is many times higher
within a S-mile radius of the industry than away from it. Thus, the amount
of atmospheric S added to ihe soil in the rural areas in the industrialized
countries varies between 10 and 15 kg/ha/year. Even in the highly industri-
alized countries, however, the total amount of SO, emitted to atmosphere
and returned (o soil in rain will decrease because of regulations to control
air pollution. Kiyoura (1982) has questioned the wisdom of applying very
stringent pollution control measures, which reduce the SO, content of the
atmosphere to such a low level as to reduce the crop yield and quality
through S deficiency. The SO, content of the atmosphere in Japan
decreased almost linearly from 0.06 ppm in 1967 to 0.015 ppm in 1978 in
response to environmental regulations.

In the developing countries of the tropics, the atmospheric SO, is not a
very important source of S because of the low level of industrialization.
However, in some localized areas of developing countries, industrial activity
may contribute to higher production of S, especially nearthe industry. In
some arcas where voleanic eruptions are common, SO2 addition to soil can
become significant. Recently, after the eruption of St. Helens in the state
of Washington (U.S.A.), a significant increase in crop yiclds was observed,
Some of this increase may possibly be attributed to the SO, emission from
the volcano,
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The S content of precipitation in the tropics, unlike that in the temperate
zongs, is usually very low. However, very little published information is
available on this subject. Detailed studies by Bromfield (1974a,b,c) in north-
ern Nigeria indicate that (1) the S content of precipitation at sites 350-880
km away from the sea ranged between 0.49 and 1.89 kg/ha/year and (2) the
total annual accretion of S to soil is 2.35 kg/ha/year, which includes 0.65
kg S recovered as dust, 0.81 kg S as gaseous product, and 0.89 kg S in rain.
The mean amount of S deposited in the rainy scason was 1.14 kg/ha, which
was hardly sufficient to replace the S removed by a typical yield of ground-
nuts obtained by farmers not using fertilizers. On the basis of this observa-
tion, Fox (1980) concluded that groundnuts production in the scasonally
dry savannas of west Africa is being subjected 1o an S constraint.

l'urthermore, Bromfield, Debenham, and Hancock (1980) observed that
in central Kenya the amount of S added by rain ranged from 1.58 to 3.8l
kg/ha (2,47 kg mean). On the basis of 26 years’ rainfall data and a regres-
sion equation for the relationship between rainfall and S deposited, the
mean amount of S deposited came to 1.71 kg/ha, and the range was
1.04-2.76 kg/ha. No such data are available from any other tropical de-
veloping country.

Fertilizers and Pesticides — The addition of S to soil through fertilizers is
dependent on the intensity of fertilization, the nature of fertilizers, and
management. The S content of important fertilizers is given in Table 8.1 and
Appendix I Generally with the introduction of high-analysis fertilizers,
such as urca and TSP, the accretion of S is declining and S deficiency is in-
creasing. Pesticides are also a source of S. However, with the introduction
of more S-free pesticides, the amount of S added to the soil from this source
is becoming less important. Soil amendments such as gypsum, pyrites, and
clemental S, in use for reclamation of alkaline soils, are important sources
of S.

Irrigation Water — Another important source of S addition is irrigation
water, which acts as a source of sulfate supply as well as a means of leaching
S from the soil. Thus, in irrigated arcas the contribution of S through irriga-
tion depends on the quality of water and management of irrigation.

Sulfates in Tropical Soils

In humid tropical regions, 70%-98% of the soil S is present in the organic
form, which accumulates mostly in the surface horizons of the soil. The or-
ganic S must be converted to assimilable inorganic sulfate or sulfurous ami-
no acids before it can be absorbed by plants. Sulfur mineralization is a
microbial process that depends on such factors as moisture, acration, tem-
perature, soil acidity, organic S content, and N:S ratio of the added organic
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material. The S cycle resembles the N cycle in soils, and the mean C:N:S ra-
tio in most soils is 125:10:1.2. However, there is a tendency for a wider ratio
in the acid, lowbase soils, and a narrower ratio in the soils of the arid zones,
calcareous soils and less weathered soils.

In the arid and semiarid regions, surface and subsurface accumulations
of sulfates of Ca, Mg, Na, and K are common. Sulfate concentrations at
some depth in the soil profile are also known to occur in nonarid rezions
where they are associated with horizons high in kaolinite, hydrated alumi-
num and iron oxides, or allophanes; their high capacity for retention of sul-
fate ions prevents the leaching of S from the soil. As much as 21 ppm of
soluble S has been reported from the tropical soils (Fritz, 1972), and 280
ppm of S extractable with sodium acetate-acetic acid buffer has been
reported from many soils of the southeastern United States (Jordan and
Reisenauer, 1957). Sanchez (1976) reported that sulfateS in forms extracta-
ble with phosphate accumulated in Ultisols, Oxisols, and Andepts from Ha-
waii and ranged from 3.3 ppm in Ultisols to 134 ppm in Hydrandepts. The
sulfate retention capacity of Costa Rican soils has been studied by Ramirez
and Oclsligle (1978).

Under anacrobic conditions near the shore of brackish marine and
fluviomarine sediments of total marsh arcas, substantial amounts of S ac-
cumulate as sulfides or pyrites. When these waterlogged soils are draing,
the sulfides, polysulfides, and elemental S are oxidized to sulfuric acid,
which reduces the pH to a value as low as 2 or even lower, with all the conse-
quent deleterious effects on plant growth.

Adsorbed Sulfutes

The surfaces of iron and aluminum oxides and the weathered edges of clay
particles contain ions that are not fully coordinated in the lattice. These
ions complete their coordination shell with OH groups and water
molecules. The presence of hydrogen ions favors the development of posi-
tive charges at the sites. These positive charges attract anions in the same
way that surface negative charges attract cations.

When sulfate is added to soil, much of it is adsorbed. The common site
for adsorption is on positively charged surfaces of iron and aluminum ox-
ides and clay minerals. The sulfate adsorption capacity of soils has been
shown to be affected by various factors as follows:

(1) Decreases with increasing pH (Ensminger, 1954; Kamprath, Nelson, and
Fitts, 1956).

(2) Increases with increasing clay content (Neller, 1959; Chao, Harward,
and Fang, 1962).

(3) Decreases with removal of iron and aluminum oxides (Chao, Harv rard,
and Fang, 1962).

(4) Decreases with phosphate application (Metson and Blakemore, 1978).
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(5) Decreases with organic matter content in the soil, hence, greater adsorp-
tion in subsoils of the tropics (Kamprath, Nelson, and Fitts, 1956; Chao,
Fhvoward, and Fang, 1962).

In arid soils, sulfate retention is commonly a question of gypsum solubili-

ty (Harward and Reisenauer, 1966). In acid soils, however, it is due to ad-

sorption. The sulfate adsorption capacity of soils varies widely and is de-
pendent on several soil properties. The tropical soils because of high iron
and aluminum oxides or L1 clay minerals, or both, adsorb significant
amouns of sulfate, which may be important from the point of view ol stor-
ing S in the soil and thereby preventing its loss by leaching so that it be-
comes available tor use by crops. Many of the low-pH soils of the tropics,
particularly the coarse-textured soils, are low in available S supply and may
need frequent applications of sulfate. But it they are underlain by a heavy-
textured B horizon with higher adsorption capacity, soil S can become an

important source ot S,

Liming of acid soils will also increase the movement of sulfate out of the
limed zone. Leaching by heavy rains may cause loss of' S, but during the dry
season and particularly in the tropics, the sulfate content of surface soil
may increase because of mineralization of organic matier.

The type and amount of clay present in a soil determine the number of
weathered-edge adsorption sites. Harward, Chao, and Fang (1962) found
that the order of the amount of' S retained by the clays was kaolinite > illite
> montmorillonite. Avlmore, Karim, and Quirk (1967) have shown that sul-
fate adsorbed 1o iron and aluminum oxides is held more firmly than that
held by kaolinite. This explains the higher degree of adsorption of sulfate
in highly weathered soils of the tropics. Sulfate ions have a specific alfinity
for adsorption, and their presence almost completely prevents the adsorp-
tion of nonspecific nitrate and chloride.

The amount of adsorption of sulfate is dependent on the amount of the
charge on the surtace and hence on the pH value (Kamprath, Nelson, and
Fitts, 1956). Furthermore, according to Couto, Lathwell, and Bouldin
(1979), sulfate sorption by two Oxisols and an Alfisol of the tropics in Bra-
2ib was dependent on the pH of the equilibrium solution; the amount
sorbed decreased as the pH increased with each soil.

Unlike adsorption of sulfate, the adsorption of undissociated ions such
as the dihvdrogen phosphate ion does not depend on the presence of a net
positive charge; consequently, these ions are adsorbed to surfaces. In addi-
tion, the phosphate ions are very effective in displacing adsorbed sulfate
and in reduocing the capacity of the surtace to adsorb additional sulfate.
Aylmore, Karim, and Quirk (1967) tound that solutions containing
monopotassitim phosphate desorbed seme 20%% more sulfate from clay and
oxide surfaces than did water. Onee the sulfate ions are desorbed and enter
the solution, they are easily leached from the profiles. Thus, in the tropical
soils with high phosphate fixation capacity, the application of phosphates
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results in greater mobility of sulfate and hence a greater tendency to loss
by leaching with water. In soils with low adsorption capacity, added sulfate
may not be retained and thus may move with the leachates (Metson and
Blakemore, 1978).

The adsorbed sulfate is not free to move to plant roots by convective flow
and diffusion. Therefore, in soils where there is not significant moisture
movement throughout the profile, the availability of sulfate is lower in an
adsorbing than in a nonadsorbing soil. Hence sulfate, which is available to
plants, represents a balance between adsorption and leaching losses. Ad-
sorbed S is generally higher in tropical soils than in temperate-zone soils,
Phosphating and liming release sulfate from adsorbing sites and thus in-
crease the possibility of its leaching as well as its availability to plants from
the solution.

Organic Sulfur

The organic S is a part of organic matter and may be in the following forms:
(1) ester sulfates; (2) bonded to C in a form other than amino acids; and
(3) bonded to C as a constituent of amino acids.

Ester Sulfutes

Ester sulfates are believed to be largely of organic sulfates containing ester
linkages, such as choline sulfate, phenolic sulfates, and sulfated poly-
saccharides. These products of S are reducible by hydroiodic acid and alkali
(Freney, Stevenson, and Beavers, 1972). Ester sulfates constituted 20%-65%
of the total S in a group of six Brazilian soils and from 50%-62% in six
soils from lowa (Neptune, Tabatabai, and Hanway, 1975). In a wider range
of soils in thetemperate regions, this fraction is found to vary between
30%-70% of total S (Willizms, 1975). This fraction is generally unavailable
to plants, but plantavailable S is released after breaking the linkage. Drying
the soil breaks the linkage (Barrow, 1961) and can have dramatic effects on
soil test results.

Carbon-Bonded Sulfur Compounds

Relatively little is known of the chemical nature of C-bonded organic S
compounds in the soil (Freney, Melville, and Williams, 1970). However, the
S-containing amino acids ~ cystine, cysteine, and methionine — have been
isolated and may constitute up to 30% of the total organic S (Freney,
Stevenson, and Beavers, 1972). The C:N:S ratio of soils approximates an
average of 135:10:1.25 (Whitehead, 1964; Williams, 1967a, 1967b; Brook,
1979). A narrower C:N:S ratio is indicated in Indian soils because they con-
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tain very low levels of organic C. Norcover, the Walklev-Black method used
in these studies for extracting the organic C underestimates C, Thus, it is
evident that there can be considerable ditferences within each group. Dabin
(1972) found a range of N:S ratios from 4:1 1o 36:1 in soils of Africa, Nep-
tune, Tabatabai, and Hanway (1975) found a variation tfrom 3.4:1 1o 12:1 in
N:S ratios o Brazilian soils, There iy a tendency for wider ratios in acid,
fow-base status soils and narrower ratios in calcarcous and less weathered
soils (Table £.7).

Organic S s a reserve for plants, but it must undergo mineralization be-
fore becoming available to plants. Sultur mineralization rates range from
1% to 10" per vear (Sanches, 1976). Bromtield et al. (1982) have estimated
the rate of S mineralization to be 2.0%-2.3% annually at Zaria, northern
Nigeria. Barrow (1961) found that immobilization occurs at C:S ratios
greater than 200, ard matenals containing Tess than 0.15% S are immobi-
nzed. Andepts and other soils higher in allophane are also high in organic
S. but plants growing on these soils are usually deticient in S because the
association of organic matter with allophane results in low mineralization
of S, Barrow (1961) also observed tlushes of S, like flushes of N, resulting
from minceralization when soils, previousty dried, were wetted, However, the
fate of the mineralized S may be different from that of nitrates because
many soils have a greater capacity for adsorbing sulfate,

Like organic N, the amount of 8 in soils s also decreased by continuous

Table 5.7 NMean carboromtropenssultm ratios i selected soils in the world.

I ocation Sail class C:NGS ratio Reterence
Urmited States Chlinusem Vil 1.6 Whitchead (1964)
Black Praitic soils Y 10:1.6 Whitchead (19604)
Podsolic soils 122:10:1.2 Whitchead (1964)
Notth Scotland Noncalcareous 147:10:1.4 Whitchead (1964)
Calcareous 113:10:8.3 Whitchead (1964)
Australia Podsolic 155:10:1 .4 Whitchead (1964)
Acid soils 152:10:1.2 Whitchead (1964)
Alkaline soils 140:10:1.5 Whitchead (1964)
West Indies Regosols 156:10:1.2 Whitchead (1964)
Mollisols 120:10:1.2 Hague and Walmsley (1974)
Ultisols 117:10:1.1 Haque and Walmsley (1974)
Inceptisols 110:10:1.0 Haque and Walmsley (1974)
Muean of all West
Indies soils 12310:1.1 Flague and Walmsley (1974)
Nigeria Mean ot all non-
fertilized soils 126:1(:1.0 Suanches (1976)
India Alluviat soil ULP, 90:10:0.9 Bhan and Tripathi (1973)
Allusial ~oils Punjab
& Haryana 89:10:1.2 Kanwar and Mohan (1964)

Tea garden soils 99:10:1.2 Kanwar and Takkar (1964)
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cultivation and cropping, McClung, de Freitas, and Lott (1959) observed
that the organic S of virgin soils in Brazil decreased dramatically when the
soils were cropped for 20-30 years (Figure 5.2). Similar results were also ob-
tained by Bromficld (1972) in Nigeria. The results of McClung, de Freitas,
and Latt (1959) also show that in tropical soils greater sulfate accumulates
in the subsoils, where it can be stored and become available for deep-rooted
crops.,

Transformation of Organic Sulfur

Many factors affect the mineralization of organic S and transformations of
S from one form to another. The organic S is mineralized through microbial
processes, and the main factors that affect this transformation are as fol-
lows:

L. Temperature — According to Williams (1975) the optimum temperature
for mineralization of S is 40-233-C. Oxidation of sulfur increases with
a rise in temperature,

2. Moisture —  Optimum mineralization oceurs at 60% of the water-
holding capacity (Chaudhry and Cornfield, 1967). Resecarchers from
Australia have shown that when soils are dried before incubation the in-
crease in mineralization of S is large, which may result in a flush of
sulfate-S and could have an important implication for S fertilization.
After dry periods for most of these soils, the S deficiency in plants disap-
pears because of this flush of sulfate, and addition of S may not be
necessary,

3. S Content of Organie Matter — Stewart, Porter, and Viets (1966) have
shown that S mineralization occurs only when the S content of the straw
is above 0.15%,

4. Presence of Plants — Mineralization is greater in the presence of plants
than in the absence, probably because of the greater number of microor-
ganisis in the rhizosphere.

5. C:S Ratio - Karwasra as reported in Dev and Kumar (1982), observed

1H ,I_i U e a

Figure 5.2. Effect of 20 - 30 Years of Cropping on Forms and Amounts of Sulfur in Two Soils
ol Brasil.



67

that mineralization of native S was greater in soils having wider C:S ra-
tio. With the addition of sulfate, immobilization occurred. The addition
of wheat straw led to immobilization of S, whereas bersecem straw in-
creased mineralization.

6. Soil Properties — The pH and calcium carbonate affect the mineraliza-
tion of native and added S. In Sirsa soil (in the State of Haryana, India)
a rise in pH from 7.4 to 8.2 increased organic S mineralization from
5.6% to 7.7%. Chopra and Kanwar (1968) observed that oxidation of ad-
ded S was low in an acidic soil of Palampur (in the State of Himachal
Pradesh, India) because of its lower pH. Addition of calcium carbonate
enhanced the mineralization of added S. Under anaerobic and waterlog-
ging conditions the S was immobilizedor transformed to sulfide and or-
panic S (Dev and Kumar, 1982).

Diagnosis of Sulfur Deficiency
Plants suffering from S deficiency develop characteristic symptoms, mostly
vellowing of young leaves, which are often confused with symptoms of N,
ke, and other nutrient deficiencies. Young leaves are light green to yellowish
in color with lighter colored veins. However, in crops like tobacco, cotton,
and citrus fruits the older leaves may be atfected first instead of the young
leaves. In sorghum and maize S deficieney is often conlused with Fe and
Zn deficiency. In legumes nodulation is reduced. Sultur-deficient plants are
generally small and spindling with short, slender stalks; they show poor
growth and late maturity,

Soil tests and plant tissue tests are often used to determine the deficiency
ol Sin soils and plants. Because of the difficulties encountered in determin-
ing S and the inadequate data on eritical values of S for different crops, one
ol the tests alone can be used as an intallible guide. A combination of both
soil and plant tissue tests, however, provides a good indication of the availa-
oility of soil S to the crop. There is still a need to correlate the soil and plant
tissue tests with specific crops and soils. Determination of S in soils and
plants is frequently considered a difficult task for three reasons:

1. Converting and isolating the total S or a specific fraction of S into forms
suitable for analysis is often time consuming and leads to S losses.

20 Analysis for S after its conversion to sulfides or sulfates is generally
laborious, particularly at low concentrations.

30 Instrumenial methods of analysis for determination of S in grain and
plant tissues are also not very satistactory.

Several comprehensive reviews of methods for deterwining available S in

soils have appeared in literature in recent years: Beaton, Burns, and Platou

(1968), Reisenaucer, Walsh, and Hoeft (1973), Tisdale and Nelson (1975), and

Brook (1979).
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Soil Testing Methods

The soil testing methods that use chemical extractants can be classified into

the following three groups:

1. Those that extract readily soluble sulfate-S from the soil.

2. Those that extract the readily soluble sulfate and part of adsorbed
sullate-S,

3. Those that extract the readily soluble S, part of adsorbed sulfate, and
part of organic S.
Readily Soluble Sulfare S - The common extractants are these:

1. Cold water.

2. Calcium chloride - neutral 0.15% CaCl, solution.

3. Lithium chloride - neutral 0.1 M LiCl solution,

In all the three methods the soiliextractant ratio is 1:5 and the extraction
time is 30 minutes. These methods have generally given better results in soils
of semiarid tropics and arid regions because of the higher amount of solu-
ble sulfate in these soils.

Readily Soluble + Part of Adsorbed Sulfate S — The important methods

are as follows:

1. Heat-soluble sultur - sequential wet and dry heating of the soil (1:4

soilsolution ratio, pretreatment at 102-233-C for 1 four using 100 ml wa-

ter for extraction).

Monocalcium phosphate - 0.01 M/ Ca(H,P0O,), solution o1 21 ppm P

as Ca(H,PO,), solution (135 ratio).

3. Potassium phosphate - 500 ppim PP as KH,PO, solution (1:10 ratio,
pH 6.5).

4. Neutral ammonium acetate 1N NH ,OAc solation (1:2.5 ratio, 30
minute extraction),

5. Sodium acetate + acetic acid - NaOAc¢ + HOAce solution (pH 4.8,
1:2.5 ratio, 30-minute extraction).

t9

Readily Soluble v Part of Adsorbed Sulfute + Part of Organic S ~ The

extractants normally used are as loHows:

1. Sodium dihydrogen phosphate — 0.03 M/ NaH,PO,-2H,0 in 2 NV acetic

acid (1:3 soil-extractant ratio, 30-minute shaking).

Monocalcium phosphate - 0.01 A/ Ca(H,PO,), in 2 N acetic acid (1:5

ratio, 30-minute shaking).

3. Sodium bicarbonate - 0.5 A/ NaHCO, (pH 8.5, 1:4 ratio, I-hour shak-
ing).

The summary of results available on critical values for available S by differ-

ent methods for difterent crops is reported in Table 5.8, These data show

great variability in - critical values in different crops depending on the

to



Tuble 3.8 Critical levels of sulfur in ~oil tor ditterent crops and in different couniries.

Extractant or methodology

Crop

Critical fevel of' S

m ol (ppm ' S)

Country

Reference

Water
Ammonium acetiate
Calcium chloride

Potassium phosphate (500 ppm P)

Lithium chloride
Monocalcium phosphate (300 ppm P!

Sodium acetate and acetic acid

Ammonium acetate

Sodium bicarbonate

Monocalcium phosphate = 2N\ acetic acid
Sodium dihvdrogen phosphate + 2\ acetic acid

Hydrochloric acid (0.01 An
A values
A values
A values

Lepume grass
NMillet
Legume grass
Sunflower
Groundnut
Pastures
Pastures
Muaize
Brassica
Alfalfa
Maize

Maize
Pastures
Cluster beans
Lucerne
Alfalfa
Maize
Brassica
Maize
Peanut
Cotton
Alfalfa
Pastures
Pastures
Cotton
Alfalfa
Suntlower

Variable
10
8
Kl
K
I

(]
"

12-
6
Variable
Kl
6-7
10
10
10
200
18
10
30

Canada
Bravzil
Brasit
India

india

New Zealand
Australia
Nigeria
West Indies
U.S.AL
LS. AL
Nigeria
Australia
India

India

ULS AL
Nigeria
West Indies
Nigeria
Brazil

Austrana
LS AL
U.S.A.
India

Walker and Doornenbal (1972)
MceClung, de Freitas, and Lott (1959)
McChug, de Freitas, and Lot* (1959)
Marok and Dev (1979)

Chopra and Kanwar (1966)

Cooper (1968)

Spencer and Barrow (1963)

Kang and Osiname (1976)

Hag.e (1971

Fov et all (1965)

Fov et all (1965)

Kang and Osiname (1976)

Andrew (1975

Virmani (1971)

Bansal, Sharma, and Singh (1979)
Harward. Chao, and Fang (1962)
Lnwesor (1976)

Haque (197hH

Kang and Osiname (1976)

McClung, de Freitas, and Lott (1959)
~ilmer and Nearpass (1960)

Hoeft, Walsh, and Keenev (1973)
Cooper (1968)

Andrew (1975)

Nearpass, Fried, and Kilmer (1961)
Harward, Chao. and Fang (1962)
Marok and Dev (1979)
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methods of extraction. This is not unexpected as the type of soil, method
of sampling, extractant used, method and time of extraction, and chemical
method of estimation of S all affect the result.

Dev and Kumar (1982), while reviewing S research in India, concluded
that the suitability of a particular extractant depends on a number of fac-
tors such as soil type, pH, and the test crop. Chopra and Kanwar (1966) ob-
served that heat-soluble S and 0.1 N calcium chloride-extractable S were
highly correlated for groundnuts and berseem, respectively. The 0.15% cal-
cium chloride, 500 ppm P as monocalium phosphate, magnesium acetate,
and ammonium acetate and acetic acid were relatively more efficient than
the other extractants for predicting S availability for berseem, cowpeas, and
maize in India. Virmani (1971) found monocalcium phosphate a better ex-
tractant for predicting the S available to cluster beans, and the critical limit
(i.c., the value above which no response to S additions was noted) was 10
ppm. Using the same method Bansal, Sharma, and Singh (1979) found that
9.3 ppm was the critical value ior lucerne. McClung, de Freitas, and Lott
(1959) reported that the critical fevel of sulfat~-S in Brazilian soils from the
Cerrada was 6-7 ppm extractable with amme nium acetate, and above this
value no responses 1o S were detected. In Costa Rica soils, 8 ppm of sulfate-
S was found to be critical for sorghum (Perez and Oclsligle, 1975).

Couto, Lathwell, and Bouldin (1979) reported that because of the greater
adsorption of sulfate in soils of humid tropics, it is essential to consider the
adsorbed sulfate in the subsoils for interpretation of responses to S, For
tropical soils, extraction with monocaicium phosphate has become popular
because this solvent easily extracts the adsorbed sulfate as well as organic
S which determines the S reserves. Moreover, the extract obtained thereby
is less colore  which facilitates determination of sulfate by turbidimetric
methods. Tabatabai (1982) recommends use of 0.01 M monocalcium phos-
phate solution for extracting adsorbed sulfate in soil and use of the jon-
chromatographic technique (Dionex model 10-ion-chromatograph) for esti-
mation of S,

From the analysis of 30 rice soils, Islam and Ponnamperuma (1982) con-
cluded that the critical concentrations of available S as determined by calci-
um phos phate, lithium chloride, ammonium acetate, and hydrochloric acid
extraction methods were 9, 25, 30, and 5 ppm. Though the soil testing
methods pave different values, ¢« could be used to differentiate between the
S-deficient and nondeficient s #i

Soil Tests and Sulfur Response Correlation

Relatively little work has been done on the correlation of soil tests and S
responses in tropical countries, tisough considerable information exists on
this subject for temperate zone soils (Probert and Jones, 1977). However,
ficld and pot culture studies in Asia, Africa, aad Latin America, as well as
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vield increases due to S treatment, indicate widespread S deficiencies in

many of the developing tropical countries.

The studies relating 1o correlation of soil tests for available S with
responses to S application can be grouped into two categories. i'he first is
those that attempt 1o find a correlation between the degree of S deficiency
and the soil test value for available S. They express the crop yiclds obtained
without S as percentage of yield obtzined with S. Instead of crop yield, S
uptakes with and without S treatment are also compared. The second group
consists of those that aim at establishing critical limits below which a re-
sponse 10 S additions should be expected.

In the first case an attempt is made to determine the degree of S defi-
ciency, where. s in the second case only the likelihood of such a deficiency
oceurring is determined. Most of the studirss are greenhouse studies that,be-
cause o convenience and case of maniputation, are in common use. No
doubkt thev are valuable for some limited purposes such as determining rela-
ti.c efficemey of S-supplying substances, but they have serious limitations
for extending the conclusions to field situations because of the foliowing
factors:

. A smali volume of soil is exploitea = plants.

2. The amouit of water used for watering the pots is many times more than
that used in the field experiments. If distilled and deionized water is
used, it may overeinphasize the S deficiencey, which nornially would have
disappeared because of inadvertent addition of sulfate from irrigation
water. If tapwater or normal irrigation water is used, it may add more
than normal amounts of sulfate, which may mask an inherent S deficien-
cv. Yoshida and Chaudhry £1979) obeerved that when nonsulfur fertiliz-
ers and demineralized water were applied in pot culture trials on rice in
the Philippines, an S deficiency was induced in potted plants on Lipa
clay loam (an upland counterpart of Maalas clay) soil, which is not nor-
mally considered S deficient.

3. The temperature is generally higher in pot cultures than in the field; this
may lead to greater mineralization of organic S reserves of the soil.

4. Greenhouse conditions prevent the aceretion of atmospherie S, which
would occur under normal field conditions.

5. Lack of conformity 1o actual soil profiles seriously limits the utility of
pot culture tests sinee the combined effect of S in surface soil and S in
subsoil may be different from the effect of S in cither of them. In tropi-
cal sos, particularly those that have high amounts of adsorbed sulfates
in the subsoil, pouculture triols with the surface soil niay give an errone-
ous idea about the S status of the soil.

6. Most often in the case of pot culture, crops are not allowed to grow until
maturity. As a result, the full impact of the S deficiency may not he real-
ized. Blair (1979) observed that pot culture studies are of limited value
because they are often short-term studies that fail to indicate the full ef-
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fect of S deficiency on the crop. However, for understanding the relative
but not absolute behavior of the soil and crop, pot culture experiments
are important tools. Andrew, Crack, and Rayment (1974), while review-
ing the experience with pot culture trials in Australia, concluded that use
of pot culture results is limited in that the system may overemphasize the
nutrient needs because of conditions under which plants are growing.
However, these results are valuable when used in conjunction with the
chemical analysis of the soil, full profile analvsis, and consideration of
environments.

Major problems concerning S studies are assoiated with analytical
methods, sample collection and preparation, extraction analysis, and
interpretation of results. Because of the rapid changes that S can under-
go in the soil, it is essential that soil samples be collected immediately
before the analysis is made, and long-term storage should be avoided.
The role that S adsorbed in the subsoil may play in crop nutrition makes
it necessary to rely more on field experiments for studying the need for
fertilization with S in different crops and soils.

Biological Methods

In addition to chemicai extractions a number of biological methods are also
used to determine avaiiable S. According to Beaton, Burns, and Platou
(1968) the biological methods are as follows:

2.

o w

Radioactive S is used to determine the amount of sulfate originally in
the soil that is assimilated by the plant tissue. This is called the ‘A’ value,
The yicld of nutrient curves is extrapolated to obtain the ‘@’ value, which
is closely related to ‘A’ values.

Growth of algae is used to indicate the available 5 status.

Growth of Aspergillus niger is used as an indicator of inorganic sulfate.
Barley scedlings are used to extract available S (Necubauer method).
Soil is incubated to measure its capacity to convert organic S to inorgan-
ic sulfates.

Plant respiration is used to assess the degree of S deficiency by compar-
ing the respiration curves with and without S.

Extractions of S from the root pads of turnips or wheat are used to esti-
mate the short-term uptake of S,

Becausce these methods are time consuming and less practical, they are not
commonly used. But there is much evidence that the methods aiso can serve
as uscful indices of available S. Mehlich (1970), using the Cuninghamella
method, established S responses for tomatoes in Kenyan soils that were
good indicators of field conditions. However, more critical studies of these
methods are needed.
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Tissue Testing for Sulfur Status

The sulfate-S content of plants has been used as a sensitive indicator of
their S status. The various extractants include water, 2% acetic acid, trich-
loroacetic acid, hydrochloric acid, formic and hypophosphorus acids, sodi-
um hydroxide, acetone, and ethanol. A detailed review of all of these is giv-
en by Beaton, Burns, and Platou (1968).

The analytical techniques include chromatographic, colorimetric, gravi-
metrie, microbiological assay, radioactivity assay, spectrographic, titrimet-
ric, and wrbidimetric procedures. By the methylene blue method of John-
son and Nishita (1952) it is possible to determine sulfate-S directly in the
dried plant-tissue samples without ashing.

The sulfate-S levels of 0.029%-0.03%% in alfalfa, 0.02% in coftee, 0.013%
in cotton leaves, and 0.029% in rapesced leaves have been reported (o be criti-
cal fevels (Beaton, Burns, and Platou 1968). Total S concentration of leaves
also has been used as an index of suflicieney or insufficiency of S in the
plant tissue. Kamprath and Jones (In press) have presented considerable
data from the United States indicating that when S content in the tissues
was less than 0159 in maize, 0.329% in sovbeans, 0.20% in cotton, 0.10%
in sugarcane, and 0,049 in wheat leaves, signifreant responses to fertiliza-
tion with S occurred. However, the authors did not call these eritical values,

While reviewing the efficiency of difterent methods for predicting S defi-
ciency by plant and soil analysis, Murphy and Brogan (1981) concluded
that, in over 100 field experiments conducted during the past few years in
Ireland, plant analvsis had not been suceesstul in predicting S deficiency.
However, the sulfate content of herbage at midseason did give a good indi-
cation of the S status of the herbage and could be used to predict late sea-
son S deficiency. Blair (1979) concluded that plant analysis for S appears
to offer some promise. However, problems with the analytical procedures
must be overcome betore useful data can be obtained. The specific issues
that need attention include the tollowing:

Lo Sample Preparation and Analysis ~ Establishing the critical levels of S
without specifying the method of digestion and determination is of little
practical value for setting levels of adequacy. The evidence for this con-
chision comes from the data of Kang and Osiname (1976) who cstab-
lished 0.14% S as a critical level of S in the carleat of maize in Nigeria,
Daigger and Fox (1971) observed this value to be 0.24% S. The differ-
ences in the values obtained by the two groups of scientists could be ex-
plained b the ifferences in the methods of analvsis. While Kang and
Osiname (1976) used the sodium carbonate fusion method, Daigger and
Fox (1971) used a mixture of nitric and perchloric acids. The following
data from Sansum and Robinson (1974) illustrate that, depending on tiie
method of digestion, different results are obtained with respect to S con-
centration,
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Method % S

Dry ashing 0.150
Wet ashing with nitric-perchloric acid treatment 0.207
Nitric-perchloric acid digestion for 1 hour after clearing 0.355

Often critical levels are established on shaky evidence. For example, De
Freitas, Gomes, and Lott (1972) concluded that 200 ppm sulfate-S is the
critical limit for coftee leaves. However, as pointed out by Blair (1979),
the spread of the data indicates that this criterion is too insensitive to
be a useful diagnostic tool.

Sulfate Versus Total S in Tissue — Lott, McClung, and Medcalf (1960)
considered that sulfate-S is a better index of S deficiency in coffee than
is total S. However, according to the observation of Anderson and
Spencer (1950), sulfate may accumulate when there is a molytdenum
deficiency, even though the plant may suffer from S deficiency. Thus,
any criteria based on sulfate-S in plant tissue without consideration of
the other nutrients could lead to erroneous conclusions. Freney, Randall,
and Spencer (1982) were of the opinion that a better index of the S status
of the plant is the proportion of sulfate-S to total S ini the plant tissue.
Very strong correlations exist between this index and yield, and the rela-
tionship is independent of plant age and N level. Grain analysis can also
be used for diagnosis of S deficiency. A staining technique has been de-
veloped that can distinguish between low-S and high-S grain. Grain anal-
ysis for S is of great practical use because of the effect of S on the baking
quality of wheat flour,

Differences in Cultivars — 1t is well established that different cultivars
of the same species do vary in their S contents. For example, Fox, Kang,
and Nangju (1977) observed that cowpeas cultivar Sitao Pole showed a
critical value of 0.032% S and cultivar TV476-2E, 0.064% S. Thus the
cultivar variation makes one value a useless criterion for the other.
N:§ Ratios — Researchers have used N:S ratios also as a diagnostic tool.
The ratio varies from 14:1 tor graminaceous to 17:1 for leguminous spe-
cie sand 15:1 for most of the crops. It is believed that variations in the
amount of N and S fertilizers used do not appreciably change the N:S
ratios of the protein (Dijkshoorn and van Wijk, 1967). Dev and Saggar
(1974), with 12 cultivars of soybeans in India, observed that S applica-
tion at varying levels lowered the total NS ratio and widened the protein
N:protein S ratio. They also observed that these ratios varied from 12 to
16 in different varieties, which indicates great varietal differences. Bansal
and Singh (1979) used NS ratio for diagnosing S status of alfalfa.

Rencau (1981), on the basis of studies on S requirements of maize in Vir-
ginia (U.S.A.), concluded that the critical concentration of total S would be
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0.18%, and the N:S ratio in the leaf opposite and below the ear ieaf at silk-
ing would be 15. Islam and Ponnamperuma (1982) concluded that the criti-
cal N:S ratio was 15 in the shoot of rice at maximum tillering, 14 in the
straw at maturiy, and 26 in the grain. The sulfate-S expressed as percentage
of total S was 15% in the shoot at tillering and in the straw at maturity.
The effects of varietal variations and stage of development or maturity of
the leaf on S content and also N:S ratios make these criteria not very satis-
factory for predicting an S deficiency.

I'rom these discussions it can be concluded that both soil testing methods
and plant tissue testing methods have limitations. However, the soil testing
method may have certain advantages for tropical soils. In fact, the use of
extractants like monocalcium phosphate solutions will give a good index of
the available S in the soil because they will extract soluble sulfates, adsorbed
sulfates, and some fraction of easily extractable organic S. Efficiency of the
soil testing methods can be increased if care is taken in sampling the soil,
processing the sample, analyzing the extract, and extrapolating the results.
Knowledge of soil taxonomy should be used in interpreting the soil analysis.
Tissue testing can turther improve che interpretation of results and better
delineate the S-deticient soils. In the tropical countries very little work has
been done in correlating the results in the same taxonomic group of soils,
and this makes the extrapolation of results all the more difficult.

Determinants of Sulfur Deficiency
Sultur deficiency can be chronic, transient, and induced, depending upon
the soil, climate, crop, and management system. To identify the S-deficient
areas and to understand what causes or accentuates these deficiencies, pres-
entand future, there is a need to analyze (1) soil factors, (2) climatic factors,
(3) crop, cropping system, and crop management, (4) fertilizer use and
management, (5) irrigation, and (6) industrialization and environmental
policies.

Soil luctors

The data available on the S status of the virgin tropical soils, specifically
those relating the S content to the soil taxonomic group, are limited. In re-
cent years, however, efforts have been made to determine the amount, form,
and availability of S in different soil taxonomic groups. Generally the sotls
derived from volcanic parent materials, as are common in Central and
South America, are deficient in S (Fitts, 1970). In these soils the organic
matter is closely associated with the allophane, and the rate of release of
S from this material is rather low. Despite their high organic matter con-
tents, such soils are deficient in' S, and crops planted on them respond to
S application.



76

The coarse-textured soils in the humid as well as semiarid tropics (Table
5.2) are gencrally inherently poor in S and also have low retention capacity
for sulfate added from various sources. Widespread S deficiency has been
observed in light-textured soils in Asia and Africa, and such deficiencies be-
come more evident in oilseed crops, legumes, forages, cotton, and cereals.
Judging from the responses to S reported, it appears that these sandy soils
of the semiarid tropics, which are agriculturally very important, may be vul-
nerable to S deficiency because of their inherently low organic matter, the
high temperatures, and their high permeability. Kanwar (1963) observed
that 75% of the groundnut-growing soils of Punjab are deficient in S and
contain less than 10 ppm of extractable sulfate S. Approximately, 50% of
these are also deficient in P, which makes the use of SSP an ideal fertilizer
for correcting both S and P deficiencies. For correcting S deliciency, howey-
er, gypsum s adequate.

Little work has beeu done i the tropics to relate S deficiencies to soil fac-
tors, and the experience from the temperate zone is not very helptul. Fur-
thermore, its extrapolation to tropical conditions is misleading. However,
the relationship that has been observed in comparable tropical arcas of
Queensland and New South Wales in Australia or Hawaii 1 the United
States could be extrapolated to other tropical conditions. For instance,
Spencer (1966) observed that the color of basaltic sedentary soils in north-
ern New South Wales was correlated with S status, the reddest being most
deficient. However, there was no relationship between pH or redox potential
and S deficiencies. The red soils, probably because of the high amounts of
iron oxide, better acration, and drainage, show greater oxidation of organic
S and higher leaching losses. One could extrapolate this information to Al-
fisols which have been observed to be deficient in S in Africa, particularly
in Nigeria. The research on S in west Africa provides good evidence of this
type of relationship.

Attemipts have also been made to relate S deficiency 1o geochemical infor-
mation about soils, but the information i so scanty that no generalized pat-
tern could be conceived. This makes a strong case for more research studies
of associations of S responses to soil factors. Andrew (1975) observed that
soils with a mean S content of 130 ppm responded to S application in
Queensland, a tropical arca. A large number of soils in the semiarid tropics
have even less than this amount of' S and are likely to benefit from S appli-
cation.

Soil erosion can seriously affect the 5 status of soil. Data on S losses due
to crosion are not readily available, but one can estimate the losses from the
data on loss of organic matter and sultate in the runoff water or windblown
material. Although these losses may be serious in some locations, the erod-
ed material whenever deposited can enrich the soil in' S, Examples of this
type of redistribution are available in all of the semiarid tropics and humid
tropics. For soils that do not adsoio sulfate-S or sorb it weakly, there are
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only two sources of S for ¢crops — mineralized organic S and atmospheric
S. Any surplus sulfate will be leached out.

In a field experiment on hybrid maize at the Indian Agricultural Research
Institute (IARI), New Delhi, Das et al. (1975) observed that the N response
curves in the range 0-80 kg N did not show any effect of the addition of
30 kg S. However, bevond that it had a positive effect which increased as
the N dose increased (Figure 5.3). The soil was highly deficient in N, but
it contained a medium amount of available S (extractable sulfate-S > 10
ppm and total S even more than 300 ppm). It seems that S supply from the
soil became a limiting factor only at high levels of N. Similar N response
curves have been reported by Beaton (1980) which show the synergistic ef-
fect of S on response 1o N, These data indicate that $ becomes a limiting
factor at high levels of N use but the amount of S in the soil is probably
adequiate at low levels of yields and N doses.

Climatic Fuctors
Of the climatic factors rainfall, temperature, and soil moisture have the

most relevance for S. H an, Fox, and Boyd (1970) concluded that S
accumulation and distribu.,on in soil profiles are related to rainfall in three
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Figure 5.3 Effect of Applied Sulfur and Nitrogew on Maize Yield in New Delhi, India.
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ways: (1) the capacity of soils to stabilize organic matter containing S is a
function of reactive products of weathering which is related to rainfall, (2)
the capacity of soils to adsorb sulfate is related to weathering products, and
(3) rainfall is a major source of sulfate extracted from the air. The Aus-
tralian studies in New South Wales show that, although rainfall and sulfate
adsorption capacity have been reated, the relationship varied between soil
types and no direct relationship was found to exist between adsorpiion ca-
pacity and S-supplying power of soils (Blair and Nicolson, 1975).

Fox (1980) has drawn attention to a number of reviews which indicate that
S deficiencies are most pronounced in highly weathered tropical soils. These
are also the soils with high sulfate adsorption capacity, For example, 58%
of readily available S in a group of soils from Brazil came from adsorbed
sulfate, whereas hardly 29 was contributed by this source in lowa soil
{(Neptune, Tabatabai, and Hanway, 1975). It has also been observed that,
though highly weathered tropical soils may contain thousands of kilograms
of adsorbed sulfate per hectare even within the root zone of the crop, the
crops planted in this soil may still respond to apptication of sulfate. This
is because the amount of sulfate entering solution and being used by the
plant roots may not be adequate to meet the plant needs. From numerous
studies reported, Fox (1980) concluded that approximately 5 ppm of sulfate-
S in the soil solution appears to be the critical limit for most of the Crops
in the tropical and subtropical regions though some crops like bananas may
need as little as 2 ppm sultate-S.

Raintall is & major source of S extracted from the atmosphere. Coleman
(1966}, on the basis of a literature review, concluded that rainfall deposition
of S ranges from less than 1.1 kg/ha to over 134 kezha, Low values are in
rural arcas, In the industrialized countries of the temperate regions large
transters of S from the atmosphere to the soil have been observed. However,
in tropical countries the addition of' S from the atmosphere is small. Sulfur
inputs from rainfall are generally higher near the sea than inland. Fox et al.
(1965) recorded 5 ppm S in rainwater 0.5 km away from the sea on the island
of Kawai in Hawaii but only 0.8 ppm 5, 8 km inland. The contribution of
rainfall to soil S supply and the losses through drainage need to be quantita-
tively assessed 10 determine the need for S fertilization,

In the tropices the soil temperatures are generally very high, which acceler-
ates mineralization of organic matter and release of sulfate-S. This process
is further aceelerated during dry periods which are generally very long(5-10
months a vear), especially in the semiarid tropics. Thus, during the dry peri-
od the Targe amount of sulfate in the soil may cause a flush of S (o be sup-
plicd to the crops in the beginning of the wet season, provided most of the
sulfate is not lost through leaching and crosion during intense rains of the
monsoon season. Alternate wetting and drying results in higher than usual
mincralization and buildup of sulfate. Information on this subject 1s virtu-
ally nonexistent; there is an urgent need for studies on seasonal changes in
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the sulfate status of soil since such studies would hold the key to rational
S fertilization,

Crops, Cropping Systems, and Crop Residue

The £ requirements of crops depend on the nature and variety of the crop,
the cropping system, and the expected vield. There are large variations in
the amount of S removed from soils by different important crops of the
tropical countries. While S needs may have been low at low crop vields, the
use of highyielding varicties responsive to higher levels of nitrogenous fer-
tilizers, will further increase the demands for S. Thus the arcas that have
shown & deficiencey in the past may need fertilization with S-containing fer-
tilizers, and other arcas where S deficiency was cither undetected or margin-
al will become more obviously deficient with higher demands for other
nutrients.,

The net amount of S removed by a crop is governad by the amount of
S removed in the product and the fate of the plant residue. Because of nutri-
ent reeyeling and generally fow growth rate of native vegetation, the S re-
quirement of these systems is generally low: when this vegetation is replaced
by an agriculture crop, as is happening in many tropical countries of Africa
and Latin America, the demand for S increases considerably. The increased
S demand puts stress on the supply of S trom the soil, and the soil may or
may not be able to meet this demand. The changes in available S under an
intensive cropping system in the sandy loam soil of New Delhi, as reported
by Subbarao and Ghosh (1981), provide evidence of this process (Figure
5.4). The time period hefore S deficiencies are experienced varies depending
on soil reserves, tur v rates, and the inputs from external sources.

IUis not only a quesi 1ol a particular crop variety but also of a crop-
ping system and intensity of cropping. With higher intensity of cropping,
sequential cropping, intercropping, relay cropping, and companion ¢rop-
ping, the demands on the S reserves in the soil will grow, and without adc-
quate fertilization with S, it will no longer be possible to get good crop
vields. Subsistence farming and shifting agriculture systems are being
replaced with more intensive and market-oriented cropping systems that ac-
centuate the requirements for all nutrients, including S. A specific example
of the impact of a shift from a single crop using traditional technology to
a double crop using modern technology on S requirements is provided in
Table 3.4,

cor comparison, let us assume that the crop production has increased
frorn 2 mt/ha grain (subsistence farming) to 10 me/ha (intensive farming),
In the traditional farming system the grain and straw are generally con-
sumed on the farm. In the case of modern farming systems, let us assume
that all the grain is sold off the farm, rice straw is burnt, and wheat straw
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Figure 5.4. Changes in Sultur Status Under Intensive Cropping and Different Fertilizer Treat-
ments at IARI, New Delhi, India.

is recycled through the animal chain system.! In the intensive farming Sys-
tem, the estimated annual S loss for wheat would be 7.5 kg from straw and
5 kg from grain, making a total annual oss of 12.5 kg S/ha.? In the case
of rice where straw is all burned and grain sold out, all the 15 kg S/ha will
be lost annually. Thus the annual S loss from the farm will be 27.5 kg/ha.
With subsistence farming in the same crop rotation and with low yields at
one-fifth of this level, the annual loss would have been only 5. kg/ha. If
only one crop were grown, the annual S loss would not exceed 2.75 kg/ha.

In case the annual accession of S from the atmosphere through rain is
about 1.5 kg/ha, the net S deficit would be 1.25 kg/ha in one crop and 4.0

1. In the subsistence farming svstem, the annual vield is 2 mt/ha of grain and 3.32 mt/ha of
straw; and total S removed is 7 kg ha, of which 4.6 kp/havis in straw. In the intensive farming
system, the annual vield is 10 mt ha (5 mt wheat and S mi rice) of grain, and 16.6 mi/ha
(8.3 mtof wheat and 8.3 mrt of rice) of straw; and the rotal S removed is 20 kgsha of this 15 kg
in straw) by wheat and 15 kgsha (of this 8 Kg in straw) by rice.

2. Based on Decan (1972): G 50% of S is returned to the soil when cereal grain is sold off
the farm and straw is returned as manure, (b) 60%% of S is returned 1o soil when cereal grain
is consumed on the farm and manure is returned to the field, and (¢) 709 of S is returned
to the soil when forage is consumed on the farm and manure is returned to the field.
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kg/ha in the two-crop subsistence farming; this could have been met from
the soil and sulfate S in irrigation water and the farmyard manure. If the
atmospherie S addition is 3 kg/ha/vear, it would be even more favorable.
But in the intensive farming system with an annual S deficit of 27.5 kg/ha,
the supply ol S from external sources such as S-containing fertilizers be-
comes essential. It has cen assumed that the S supply from soil, the at-
mosphere, irrigation water, and armyard manures, is the same as in a subsis-
tenee farming systeni,

Moreover, there is a long history of nutrient export from this region with-
out appropriate import or application of S to the soil. The removal of S by
atertilized crop of groundnuts (fertilized with 251 kg of SSP/ha) is 5.4 kg
in haulms, 0.8 ke inshells, and 5.4 kg in kernels or a total of 11.6 kg S/ha.
With 1.2 million ha under groundnuts in Nigeria this would amount to a
loss of about 14000 mt ol S annually. A large part of this § may be export-
ed through the export of groundnuts.

The Ludhiana soils are sandy with very little adsorption capacity for sul-
fates thus, S deficiency is likely to be serious. It is no surprise that many
recent studies from the Punjab Agriculture University, Ludhiana, have indi-
cated the acute S deficieney and responses to S (Pasricha and Randhawa,
1973 Kanwar, [963; Dalal, Kanwar, and Saini, 1963; Kanwar and Randha-
wa, 1974 Chopra and Kanwar, 1966; Aulakh, Pasricha, and Dev, 1977; Dev
and Kuriar, 1982). Bromfield, Hancock, and Debenham (1982) have cited
similar cases of inereasing S deficiency in the highlands of Kenya. The long-
term studies that were started by the Indian Council of Agricultural Re-
search in India in 1971 also bring out convincingly the increasing need for
S (Ghosh, 1980). Crops, including wheat, groundnuts, Indian mustard and
rape, berseem, chickpeas, and maize, have indicated good responses to S ap-
plication in these soils. The use o gypsum has becore popular in this state,
not only for reclamation of sodic soils, but also for correcting S deficiency
in normal soils that are cither inherently deficient or are experiencing in-
duced deficieney due to higher vields, intensive cropping, and higher use of
S-tree NPK fertilizers.

Ihe S removal by the product depends on both the S content of the prod-
uct and its vield (Masters and MceCance, 1939). Tt should be pointed out
that the Titerature shows great variation in' S content of grains and other
products (Table 4.2). For example, S in rice grain may vary from 0.034% un-
der S deticieney 1o 0.16% under S sufficiencey, and the vield of grain may
vary from 0.75 mt 1o 8.0 mt of grain. Sulfur requirements will vary from
0.26 1o 12.8 kg ha (Blair, 1979). Another important factor in considering
the' S supply and removal is the rooting depth and zone of exploitation by
the crop. The short-rooted forages and annual crops exploiting the surface
soll may sufter from acute S deficiencey, whereas deep-rooted perennial
crops in the same soil may be able to use the S adsorbed or accumulated
in lower horizons of the soil and may not show S deficiency.
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An evidence of increasing S deficiency in Sudanese savanna > Guinea
savanna > derived savanna > forest zone of the humid tropics of Nigeria
is provided by Kang et al. (1981). The losses of S through loss of organic
matter, through mineralization, or through burning of vegetation or clear-
ing the forests and savanna woodlands, have already been discussed. It may,
however, not be out of place to emphasize that with shifting cultivation and
immediately after clearing the forests, the deficiencies of S in tropical areas
become mos: manifest, Bromficld et al. (1982), on the basis of their ex-
perience in Nigeria and Kenya, have postulated the following (Figure 5.5):

Stage | — Inthe first year after clearing of natural vegetation or cultivation
of fallow lund or old pasture land, less organic S is mineralized because
more organic matter is incorporated in the soil. This may cause a temporary
or transient S deficiencey. The case is similar to N deficiency occurring after
clearance of vegetation,

Stage 2 -~ Atter 2 vears the amount of S released from mineralization of
organic matter and other sources of S provides enough S for the crop. Now
the transient S deliciency disappears and, in fact, an excess of S oceurs.

Stage 3 - With continued cropping the combined sulfate-S supplies exceed
the crop requirement, and the surplus sulfate moves into the subsoil and
gets adsorbed. The depths of movement and adsorption depend on the na-
ture of the soil, the amount of water leaching the sulfate, and the competi-
tion of the crop for removing it. These conditions may lead to a stage of
chronic deficiency.
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Stage 4 — With continued cropping the organic S and the amounts of
sulfate-S released by mineraiization decline. The adsorbed S also declines,
the total S supply to plant becomes less, and a perennial S deficiency ap-
pears, which may be called induced deficiency. Bromfield et al. (1982) called
it chronic deficiency, but we would prefer to call it induced deficiency.

It the crop and soil management systems are based on incorporation of
residues of the previous crop directly into the soil, the S deficiency may not
become so acute. On most of the farms in the developing countries, particu-
larly in the tropical zone, the straw is mostly removed from the system either
through burning or ¢y export, and this accentuates S deficiency problems.
In Punjab (India) rice straw is being burned, which means that more than
three-fourths of its S is lost. Besides creating an environmental pollution
problem and a health hazard, this creates an S deficiency, which will be ag-
gravated with more intensive cropping and a continuance of the practice.
AL present, Punjab is reported to be burning more than § million mt of
straw in the fields.

The beneficial effect of straw will depend on the amount of S incorporat-
ed init. In some instances straw may even decrese the amount of S available
to plants by immobilizing it through bacterial action. Stewart, Porter, and
Viets (1966) found there was a net immobilization of soil S when wheat
straw with less than 0.15% S was added to the soil. Thus application of S
may even improve the efficiency of S provided through crop residues and
straws.

Fertilizer Use and Management

Feriilizer Tipe — One of the primary external sources of S supply is S-
containing fertilizers. The low proportion of S-containing materials and the
use of high-analysis N, P, and K fertilizers, which usually have little or no
S.are creating S deficiencies in modern agriculture. Hignett (1970, 1974) has
drawn attention to this reduction in' S input due to the shift from AS to
ureg, and from SSP to TSP,

With proper selection and use of S-containing fertilizer, the S needs of
a crop can be met, If this is not feasible, the use of materials like gypsum,
phosphogypsum, pyrites, and clemental S has to be considered. There is
also a need for the development of technology for the manufacture of fer-
tilizer products that would supply other nutrients and provide an inexpen-
sive source oi' S, For econoniic reasons TSP, which has 46% P,O, and no
S, has replaced SSP, which hus — 9-18% .0, and 12% S. Trends also in-
dicate greater use of TSP in . .2 ature and thus aggravation of the S defi-
cieney. Greater use of DAP and phosphate rock also would lead to greater
imbalance between P and S supply.

In greenhouse and laboratory studies, Korentajer, Byrnes, and Hellums
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(1983) observed that liming ol acid soils increases the leaching losses of sul-
fate due to several mechanising such as desorption of sulfate from soil col-
loids, increased mineralization, and increased solubility of sparingly soluble
hydroxysulfate compounds. The relative effects of these factors depend on
the soil profiles, the amounts of organic S and adscrbed sulfate, the sulfate
adsorption capacity of the soil, the soil pH, and the temperature. Pertinent
data from their experiments for two soils wre given in Table 3.9. Both soils
tested belonged to the same taxonomic grotp and were hghly acidic.
Mountview soil had higher cation exchange capacity (9 03 meq/100 g) and
Hartsells lower (5.08 meq 160 2). These results show that in the absence of
leaching liming did not materially change the sulia;e content of the soil that
was extractable with water or phosphate, but with continuous leaching there
wats & marked decrease in sulfate-S ext-actable with phosphate or water. The
change was more marked as the level of liming increased, and it was also
greater in the soil with greater sultate ac-orption capacity.

According to these studies, when acid soils that are potentially S deficient
are limed and subscquently leached — which would happen under high
rainfali conditions - they may become S deficient, and expected effects of

Table 5.9. The effect of liming and leaching on sl sulfate, total soil sulfur, and the amounts
of sultate leached:.

Liming pH H.G- H.PO,- Adsorbed Total [Leaching
rate extractable extriactable SO,-8 Sultur loss
(2/hg) SO, S SO,-S (ng S7g) (ne S7g) (ng S/
(ng S/g) (ug S/p) e
' - ¥ +
-t 4 '

Mountview soil

0.0 4.3 44 93 14.2 9.5 0 0 139 114 15
0.5 4.7 156 2.0 18.1 13 2.5 <40 d d 19
1.0 5.0 4.0 0% 18.9 1.3 4.9 0.5 154 125 24
1.5 5.4 185 0.6 2000 2.1 1.8 1.5 149 105 29
2.0 5.6 20,5 05 21.7 1.3 1.2 0.8 151 89 3

Hartsells subsoi!

0.0 4.5 6.6 34 S0.7 4.1 4401 20.7 107 65 4]
1.0 6.3 18.9 1.3 bW 2 M2 1.9 102 57 64
1.8 6.8 29.8 14 759 4.5 46.1 it 98 60 72

2.5 1.0 3.3 1.8 84.2 4.8 0.9 10 107 ky) 71

a. After 2-week liming and incubation at field moisture capacity (20 °C)y and the 10-day leach-
ing period.

b. The * " means not leached, * i ' means leached.

¢ Caleudated as adsorbed SO, - (HLPO-extractable SOy) - (H,O-extractable SO,).

d. Not availati:.

Source: Korentajer, Byraes, and Hellnms (1983),
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liming in increasing yield may not be realized because of lime-induced S
deficiency. Of course, it is also true that many deficiencies in micronutrients
such as Zn, Mn, Fe, and B also become more marked on liming, but liming-
induced S deficiency has been more often overlooked in the past. In the
highly weathered tropical soils this may be a seriou: limitation to crop
production.

Intensive Use of Phosphates — Phosphate fixation and phosphate deficien-
cy in the tropical soils are well known, and any program for crop production
aims at regular and heavy use of phosphates. In fact, efforts are made to
saturate the phosphate-fixing capacity of these soils with heavy doses of
phosphates, which indirectly reduces the possibility of sulfate adsorption
and thereby induces rapid losses of sullate through percolating water under
torrential tropical rains.

The intensive use of phosphates, particularly those that are free of sul-
fate, will aggravate S deficiency in soils by creating an imbalance of S and
P, which will cause the phosphate to displace the sulfate from the adsorp-
tion surtaces. Ensminger (1954) reported that after 18 years of application
of P and S, the soil with the highest rates of P and S was lowest in extracta-
ble sulfate-S. The sultate thus displaced may go into solution and be taken
up by the growing crop, or it may be leached out of the soil. Some sulfate
ions moving with the percolating water may be adsorbed on the surface of
the soil complex in the lower horizons of the soil.

Thus, overphosphating, like overliming without consideration of fate of
sulfate in soils, is gradually making the tropical soils deficient in S, Lime
and phosphate applications are no doubt essential for improving produc-
tivity of acid soils high in exchangeable aluminum. But to avoid the adverse
effect of these applications on sulfate reserves in the soil, the use of coarse-
grade gypsum or other sparingly soluble sulfate-containing fertilizers may
be useful. It is also evident that the problems of S fertilization of the crop
should not be studied without considering the interactions of lime, phos-
phate, and other nutrients in the field. It is doubtful that the single nutrient
apnroach to fertilization is meaningful,

The waterlogged soils of hot and warm tropical regions are extensively
used for growing rice. The effect of the addition of lime, AS, and SSP in
waterlogged rice soils of Assam was studied by Haldhar and Barthakur
(1976). They observed that these treatments increased the formation of
hydrogen sulfide and water-soluble sulfides in the soil. Thus the reduction
of sulfate to S, encouraged by waterlogging and treatments with lime, SSP,
and AS, caused sulfide injury 1o growing rice plants. Sachdev and Chhabra
(1974) reported that after 4 months of incubation with sulfate, under
anacerobic conditions in an alkaline soil, barely 12.1% of the added S could
be detected as sulfate-S, whereas under acrobic conditions 68% was still
present in sulfate form. This represents another type of S loss in lowland
paddics.
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Thus the problem of fertilization and management of fertility through
judicious use of lime and phosphate has practical implication for S availa-
bility in tropical soils, but such studies should be made under the field en-
vironments rather than the laboratory conditions.

Irrigation

Irrigation in arid and semiarid tropics can have two types of effects: (1) it
can add sulfate to the soil and (2) it can leach the sulfate from the soil. De-
pending upon the quality of water, the concentration of sulfate, and the na-
ture of the soil and crop management systems, it will have different cffects.
The lighttestured sandy soils of the semiarid tropics in Africa and India
have shown considerable S deficiency and hence responses (o S. It is interest-
ing that despite application of irrigation water which may contain consider-
able amounts of sulfate (1-5 meq/liter) these soils still respond to applica-
tions of 3. Because of the high rate of movement of water through the soil
and the low retention capacity of soils, there is need for regular application
of S.

Thus irrigation water itself acts as a leaching medium for the sulfate from
the soil and may aggravate S deficiency. Under monsoon rainfall condi-
tions, particularly if there is continuous rainfall for some time, S deficiency,
like the N deficiency, is likely to increase. Attention has been paid to leach-
ing losses of nitrates from soils, but no attention has been paid to reducing
the leaching losses of sulfate. Split application of N fertilizers is advocated
for reducing N losses. Split application of sulfate may prove equally benefi-
cial and also deserves consideration. Use of sulfur-coated nitrogen, potassi-
um sulfate, and sultur-fortified phosphates needs examination.

Korentajer, Byrnes, and Hellums (1983) studied the effect of leaching on
applied S. These authors used 0.87, 1.78, and 4.89 mun leaching/day and S
application rates equivalent to 0, 10, 20, 40 kg/ha. They observed that with
the 10-kg S application rate and the lcaching rate of 4.89 mm/day, which
would be considered normal for coarse-textured tropical soils, 44% of the
S was lost in leaching and 43% was recovered by the plants. The rest (23%)
was retained in the soil. The authors concluded that moderate-to-high per-
colation rates, such as those encountered in many S-deficient soils of tropi-
cal regions, will lead to significant losses of sulfate and decreased fertilizer
efficiency. Rhue and Kamprath (1973) indicated the changes in sulfate sta-
tus in the A horizon of an Arenic Paleudult at various times after applica-
tion of gypsum (Table 5.10).

Yoshida and Chaudhry (1979) suggested that irrigation water with an S
content of 2.7 ppm should be able to supply the entire S needs of a rice
crop, whercas Wang (1978) considered 6 ppm to be the minimum required.
Responses to S were experienced in rice paddices in South Sulawesi, Indone-
sia, despite the sulfate-S content of irrigation water being more than 2.8
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Table 5.10. Changes in soluble suifate in soil at various depths and different periods.

Days after Soluble SO,-S contents

treatment
with gypsum 0-15¢cm 15-30 cm 30-45 cm

(ppm) (ppm) (ppm)

34 22 20 8

91 14 14 18

154 2 7 7

I88 1 2 4

a. Initital SOy ar all depths was less than 1.4 ppm.
Source: Rhue and Kamprath (1973).

ppm. Indian experience suggests that many of the waters from the tubewells
and canals, which are commonly used for irrigation in Punjab, have more
than 6 ppm of sulfate. Yet the crops irrigated with these waters respond to
S application. Yadav (1982) gives the mean chemical composition of ground
waters of Punjab and Rajasthan, which are used extensively for irrigation
(Table 5.11). A survey of Indian literature suggests that even in these dis-
tricts, despite the high sulfate-S content of their soils, responses to S are
common, particularly when these waters are used on sandy or light-textured
soils.

The canal water in Northern India has total salt content of less than 160
ppm, and its S content does not exceed 10-12 ppm. In a recent survey of
ground waters used for irrigation in the Sangrur district in Punjab, Singh

Table 5.11. Mean electrical conductivity (EC) and chemical composition of some ground
waters of Punjab and Rajasthan in India.

State EC > 10} Salt content SO, content
(micromhos/¢m) (approximate)
(ppm) meq/liter S
(ppm)
Punjab
Ferozepur 2.1 1 344 5.8 92.8
Bhatinda 2.7 1728 5.0 80.0
sangrur 1.5 960 10.6 169.6
Amritsar 1.0 640 0.5 8.0
Kuajasthan
Ajmer 5.5 3 520 24.8 396.8
Bikaner 6.3 4032 12.2 195.2
Jodhpur 5.5 3520 8.7 139.2
Pali 5.1 3 264 10.8 172.8

Source. Yadav (1982).
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and Marok (1980) obscrved that, of 446 water samples, 84% contained be-
tween 3.2 and 72 ppm sulfate-S. Aulakh and Dev (1976) have reported S
deficiency in this district. The S needs of the crops on these soils have not
yet been studied. There is a need to examine the role of sulfate added
through irrigation water on crop nutrition. !t is possible that in coarse-
textured soils of high permecability, low organic matter content, and lew ca-
pacity for adsorbing sulfate, the sulfate from irrigation water goes eyond
the reach of the plant. Or perhaps some chemical changes, such as precipi-
tation, make the sulfate unavailable,

Acute cases of S deficiency in rice have been reported in Indonesia and
Bangladesh, especially in arcas where irrigation water is low in sulfate-S, Is-
munadji and Zulkarnaini (1978) and Sakai (1980) have reported the S con-
tent of irrigation waters where rice responds to S application. The cata in
Table 5.12 show that ncarly ali samples had very low sulfate-S content. It
seems that the relationship between the sulfate content of irrigation water

Table 5.12. Sulfur content of irrigation water in Indonesia and Bangladesh.

Country Location S content
(ppm)

Indonesia® Muara Bogor 1.28
Citayam Bogor 1.36
Singamerta Serang 4.04
Cihea Cianjur 2.64
Megalang 6.17
Meguwahargo Yogjakaria 6.17
Ngale Ngawi 1.68
Pacet 20.20
Pusakancgara 19.40

Bangladesh? Joydebpure \ 0.06
Dhaka roadside! 1.22-2.78
Comilla substation? 0.99
Bangladesh Agricultural Research Institute (BARI) farme 0.20
Joydebpure 0.26-0.27
BARI Amanr 0.13-0.54
BARI West Boro! 7.18
Deep water Aus! 3.58
BARI main drainage canal' 7.38
Bansi¢ 3.02
Jamnar¥ 4,59

a, From Ismunadji and Zulkarnaini (1978).

b. From Sakai (1980).

¢. Rain water.

d. Tank water,

e. Tubewell water.

f. Paddy field water.

. River water.

[}
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and the S deficiency in soils irrigated with this water needs to be thoroughly
investigated; some irrigaticn waters have reasonably high sulfate contents,
and vet tne soils irrigated with them still respond to S. The problem has
practical significance since in ali developing countries irrigation is being
gwen high priority for increasing food production. If irrigation water can
mect the S needs of the crop, the need for S fertilizers will diminish.

If the soils are inherently deficient in S, rainfed agiicuiture will experience
an S deficiency earlier than wil! irrigated agriculture partly because it lacks
the inadvertent addition of sulfate from irrigation water. Experience with
groundnuts from Asia and Africa cenfirms this view, since groundnuts are
mostly grown under nenirrigated conditions.

Industrialization and Environmental Policies

The effect of industrialization upon S deficiency in the soil is primarily that
industry emits SO to the atmosphere, and this becomes a source of S 1o
the soil. However, the accession of S thirough this mechanism depends on
the nature of the industry, the governmentai policies regarding clean air, the
distance of the industry from the cropped area, the vegetative cover, and
Crop management systeni,

In tropical countries the level of industrialization is generally rather low.
Therefore, the contribution of industry to S status of soils is not an impor-
tant factor. However, in the vicinity of the industrial units it can become
an important source of S. The effect of stringent measures being adopted
by industry for clean air may also lead to reduction in accession of S to
soils. A detailed analysis of the case of S deficiency being created in Zambia
by such environmental control measures indicates the S deficiency problems
that agriculture will face under such conditions (Kiyoura, 1982). There are
examples of higher crop yields near the copper smelting plants in Zambia.
It thus follows that in the formulation of environmental policies, the benefi-
cial effect of SO, should be given due consideration.

Conclusions and Research Agenda

1. There is a dearth of information about the amounts, forn.., and distri-
bution of S in the soils of the tropical regions, particularly in relation
to typical taxonomic soil groups under different ecosystems and the
changesthat occur under different management systems.

2. Even the meager soil S data available indicate that tropical soils are in-
herently poor in S supply and may become even more impoverished un-
der intensive cropping if proper care is not taken to replenish the S re-
moved by crops.

3. There is a need for standardization of techniques for evaluation of S sta-
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tus of the soils, particularly for determination of avaiiable S for diagno-
sis of S deficiency and S fertilizer needs of the soil for optimum crop
production.

Extraction of soil S with monocalcium phosphate solutions seems to of-
fer greater promise for delincation of S-deficient soils, but for relating
the responses to fertilizer S, a combination of soil test and plant analysis
is desirable. There is a need for establishing critical limits of available S
for different crops and soils. Note should be taken of the relationship
of sulfate-S in tissue to total S as an index of S needs.

Limitations of soil tests have been recognized by many resecarchers, More
emphasis should be placed on field experimentation and soil and plant
analyses to correlate the responses to S in the real world situation.
The laboratory techniques for estimation of S from the soil extract or
plam tissue need to be improved, and instrumental analytical techniques
such as spectrographic techniques should be standardized.
Contribuiion of the subsoil adsorbed S to crop nutrition should be given
duc consideration.

Because SO; from the atmosphere and sulfate-S from the irrigation wa-
ter modify the S needs, due care should be taken in conducting green-
house studies; they should be limited to conditions in which exclusion
of these amounts of' S would not limit the utility of the results.

For comparison of S sources, greenhouse studies on a soil representative
of the region can be conducted, but the limitations of the extrapolation
of these results to ficld conditions should be r cognized. Thus it be-
comes necessary to verify the conclusions derived from the greenhouse
studies under the actual ficld conditions.



6 Crop Respunse to Fertilizer Sulfur in the Tropics

The soils in the tropical countries of Asia, Africa, and Latin America are
facing widespread S deficiency. In many cases S deficiency is localized or
is specific to a crop, soil system, or an agroclimatic region. The application
of sulfur on S-deficient soils generally results in positive crop response. The
primary purpose of this chapter is to evaluate the nature and magnitude of
crop responses to S fertilization in tropical developing countries of Asia,
Africa, and Latin America.

Asia

In recent years S deficiency in many food crops has engaged the attention
of scientists in South Asia, Southeast Asia, and East Asia. Sulfur studies
have been conducted in many countries in these regions. The crop response
to applied S will be discussed senarately for each of the countries.

India

Sulfur deficiencies in Indian soils have been reviewed by Kanwar and Rand-
hawa (1974) and more recently by Dev and Kumar (1982). Sulfur deficien-
cies are widespread in Punjab, Haryana, Himachal Pradesh, Uttar Pradesh,
Rajasthon, Bihar, West Bengal, and many areas of southern India. The
light-textured soils — particularly alluvial (Entisol, Inceptisol), coastal (al-
luvial), laterites (Oxisol), and red (Alfisols) — and even black soils (Ver-
tisols) have been reported to be deficient in S (Naik and Das, 1964). The
S deficiencies have been reported in groundnuts, rapeseed, mustard, tea,
coffee, sugarcane, jute, chickpeas, mung beans, soybeans, wheat, maize,
sorghum, rice, and forages such as berscem and alfalfa.

Wheat — Aulakh, Pasricha, and Dev (1977) reported that in Punjab the ap-
plication of 25 kg S/ha increased the grain yield of wheat by 480, 553, and
888 kg/ha in K 227, PV 18, and S 308 varieties of wheat, respectively.
Differential varicetal responses . S have also been reported by Pasricha,
Bajwa, and Rundhawa (1975) (Figure 6.1). Joshi and Seth (1975) found that
50 kg S/ha was optimun for wheat in Rajasthan but with a highe: dose of
phosphate (100 kg P,O/ha as TSP), the S requirement increased to 75 kg
S/has As reported in Dev and Kumar (1982), Ruhal obtained the highest
vield of wheat with 80 kg S/ha in Rajasthan. Marok (1978) reported that
in Ferozepur district of Punjabs the PV 1§ variety of wheat gave 1,606 and
1,840 kg/ha more vield with SSP than with DAP when compared on
cquivalent P and N basis with urca or CAN, respectively, as sources of N,
The difference was attributed to S added through SSP. In a recent study by

91



5
S Applied
m O kg/ha
25kg/ha
ar (] 50kg/ha
o 32
2 -
= 3r {U 29k
3 | . ;
=] : 25 !
@ -
> 3
5 o }
& 2 l
L'_" 2 I g K ,’g
2 f";; *‘;
5. %
S R4
» .«'
'k '
0 st - gl o .
5308 K227 wG357

Wheat Varieties

Figure 6.1. Effect of Applied Sulfur (Gypsum) on High-Yiclding Wheat Varieties in Light-
T axtured Soils in Ludhiana, Punjab, India, in 197173 (2-Year Mean Yields at Constant Levels
of N, P, and K).

Arora et al. (1983) on wheat that followed groundnuts, typical symptoms
of S deficiency appeared on farmers' fields in Ludhiana district of Punjab.
An application of S from gypsum, pyrite, or AS to a crop 40-50 days old,
produced a spectacular effect on the crop, and the yield increase varied in
the following order: ammonium sulfate > pyrites > gypsum.

Maize — Ruhal found that application of 90 kg S/ha significantly raised
the yield of maize in S-deficient soils of Rajasthan (Dev and Kumar, 1982).
Pasricha et al. (1977) and Dev, Jaggi, and Aulakh (1979) reported significant
effects of S application on maize yields in the Punjab. In their experiment
20-25 ppm of S applied through fertilizers produced the optimum vyield.

Rice — A classical example of S deficiency in rice was reported by Aiyar
(1945). Some uncoordinated work on S responses in rice has been reported
by a few workers (Acharya, 1973) and. in many cases, the apparent superi-
ority of AS over other N sources and of SSP over TSP has been attributed
to the S content.

Groundnuts — Kanwar (1963) reported that 75% of the arca planted to
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groundnuts in Punjab was deficient in S, and 50% was deficient in both S
and P. Dalal, Kanwar, and Saini (1963) observed that the yicld of ground-
nuts was increased over the control by 34% with the application of AS, by
46% with SSPand by 41% with gypsum (Table 6.1). These responses were
much greater than could be attributed to the N, P, and Ca content of these
fertilizers. The soil was extremely deficient in P and S. Pathak and Pathak
(1972) in Uttar Pradesh and Ruhal in Rajasthan (Dev and Kumar, 1982)
reported the highest yvield of groundnuts with fertilizer treatments contain-
ing 5. Aulakh, Pasricha, and Dev (1977) observed that 32 kg S/ha was
cnough for obtaining optimum yield of groundnuts in the Punjab. Aulakh,
Pasricha, and Sahota (1980a) also reported that in a comparison of three
sources of phosphates (SSP TSP, and DAP), SSP produced significantly
higher yields of groundnuts than did the others (Figure 6.2). However, the
differences disappeared when equivalent amounts of’ S were added to the
other phosphate treatments. From a review of results of field experiments
from all of India, Kanwar, Nijhawan, and Raheja (1983) concluded that op-
timum vyields of groundnuts could be obtained by application of S in the
form of gypsum.

Mustard - The unfavorable effect of S deficiency on grain yield and oil
content has been reported from most of the arcas growing mustard in Pun-
jab, Haryana, Rajasthan, and Uttar Pradesh. More scieiific papers have
been published on this crop in the last decade than on any other oilseed
crop (Singh and Mooluani, 1970). Singh andSingh (1977) reported a lincar
response in grain vield with & dose up to 60 ppm S, whereas Pasricha and
Randhawa (1973) found that application of 25 ppm S was adequate for ob-
taining optimum yield of mustard in Punjab. Aulakh, Pasricha, and Sahota

Table 6.1 Eftect of different sultur-containing and sulfur-free fertilizer treatinents on
groundnuts in sandy loam soil of Ludhiana, Punjab, India.

Treatment S content of fertilizer added Mean response over controlb
(kg ha) (%)
Ammonium sulfate 32 kg 34
Ammonium chloride - 21
Single superphosphate 32 ke 46
Triple superphosphate - 32
Gypsum 32 ke 41
Calcium chloride - 26

a. Nitrogenous fertilizers were equated on N basis, phosphates on P basis, and caleium salts
on Ca basis.

b. Based on 3-vear (1959 - 61) average pod yield. The mean pod yield for the contro! was
1 176 kg/ha.

Source: Dalal, Kanwar, and Saini (1963).
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Figure 6.2. Effect of Single Superphosphate in Comparison with Triple Superphosphate and
Diammonium Phosphate on Pod Yield of Groundnuts.

(1977) reported that maximum grain yield was obtained with 30 kg S/ha
supplied as gypsum, along with 120 kg N as urea. Even 20 kg S, along with
N, increased yield of RL18, RLMI98, and RLM154 varieties of mustard by
155%, 167%, and 180% over the control in the Punjab. The effect of S, as
obtained by Dev, Saggar, and Bajwa (1981), on the grain yield of different
varicties of mustard in Punjab was good only up to 20 kg/ha of S. Beyond
this, cither there was no response or response was very small. The average
mustard yield response to 20 kg/ha of S application was 25, 24, and 35 kg/1
kg of S for three different mustard varictics.

Aulakh, Pasricha, and Sahota (1980b) reported the results of 3 years of
field experiments on vellow mustard (Brassica compastris L..) and Indian
mustard (Brassica juncea L.). The soil was loamy sand with pH 8.9 and was
deficient in S. Sources of S, N, and I were gypsum, urea, and TSP. The
results (Table 6.2) show that maximum yields of grain and oil were obtained
when both N and S rates were high, which indicates significant N x S inter-
action. The combined application of N and S had the largest effect on the
concentration and uptake of N and S and on protein and oil content of
grains and their yield. The authors concluded that 60 kg S with adequate
N supply is likely to improve the yield and quality of mustard oil. Singh and
Singh (1978) recommended a dose of 250 kg S/ha for obtaining the good
yield of mustard, whereas Ruhal and Nad, as reported in Dev and Kumar
(1982), found that 90 kg S was adequate. These experiments were conducted
in Haryana, Rajasthan, and New Delhi, respectively.
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Table 6.2. Effect of nitrogen and sulfur rates in trials at Samrala, Punjab, India.

Treatments* N:S ratio® Protein® Oil content® Grain yield® Oil yield®
(") (%) (kg/ha) (kg/ha)
Yellow mustard
NS, 9:6 14.6 40.9 230 100
N.S, 10:7 233 41.5 733 300
N,S, 10:3 27.5 4.4 707 310
NS, 7:4 28.1 47.1 856 450

Indian mustard

NS, H:l I8.8 359 503 180
NS, 10:2 228 6.4 1 486 540
N.S; 9:2 8.9 39.2 1 606 630
N,S, 6:9 0.8 42.0 1570 670

a. 8, Syoand Spare 0,30, 60 kg Sohas Ny 00N, is 758 kg N for yellow mustard and 180 kg
for Indian mustard in the Sirst 2 vears and 90 kg N tor yellow mustard and 150 kg for
Indian mustard during the third vear.

b. Three-vear average.

Source: Aulakh, Pasricha, and Sahoti, 1980b,

Sovheans - A level of 60 ppm S was reported to be optimum for getting
the highest vield of soybeans (Pasricha and Randhawa, 1973). Subbiah and
Singh(1970), Sagear and Dev (1974), and Dhillon and Dev (1978) also ob-
served similar sovbean response to S application.

Pulses — Aulakh and Pasricha (1979) observed that in a soil containing 16.8
kg/ha available S (which implies that soil is not S deficient), S application
did not significantly increase the yield ot chickpeas and lentils but did en-
hance the S content, which has favorable nutritional implications. The ap-
plication of phosphate decreased the S content as well as yield. But with
mung beans grown after chickpeas or lentils the residual effect of S on the
vield as well as S content of the beans was positive. In another experiment
Aulakh, Pasricha, and Dev (1977) observed that in a field deficient in S (8
ppm available S), 47% increase in vield of chickpeas, 27% in the lentils, and
nearly 100% in residual effect on mung beans (planted atier lentils) oc-
curred with an application ot 40 kg S/ha over and above 15 kg N/ha and
40 kg P,O/ha (Figure 6.3). With black gram (also known as urd or mash)
(Phascolus mungo 1..) the application of SSP, because of its S content, gave
10 and 152 kg/ha more grain vield than did DAP and TSP (Figure 6.3).
An appreciable residual effect of S on mung beans grown after cowpeas and
mustard was also reported by Nad (Dev ad Kumar, 1982).

Dube and Misra (1970) reported that in peas (Pisum sativum), black gram
(Phascolus mungo 1.), chickpeas (Cicer arictinum L.), and groundnuts
{Arachis hypogaca L.) S deficiency reduced the yield, quality, and protein
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Figure 6.3. Effects of Applied Sultur on Grain Yield of Pulses in Punjab, India,

content of the seed. Singh (1970) reported a 100% increase in yield of sweet
peas by an application of 250 kg S/ha. Mechta and Singh (1979) observed
that application of 250 kg S/ha to a calcareous soil of Rajasthan increased
the yield of green gram by 95% and the chlorophyl content of leaves by
54%. The soil was very low in S,

Forages — Aulakh and Dev (1977) reperted that alfalfa showed a significant
response to up to 20 ppm of S in an S-deficient soil of Madhya Pradesh.
Bansal, Sharma, and Singh (1979), on the other hand, found significant re-
sponse 1o S up to 50 ppm in another soil. Pasricha and Randhawa (1975)
observed that S applied as superphosphate and gypsum significantly in-
creased the protein coreent of berseem in Punjab. Significant responses of
berseem to S were also reported by Pathak and Bhardwaj (1968) in Uttar
Pradesh and by Sisodia, Sawarkar, and Rai (1975) in Madhya Pradesh. Red-
dy and Mechta (1970b) reported that alfalfa showed a significant response
1o S application in loamy-sand soils of Gujarat.

Cotton, Sugarcane, and Jute - Dev and Kumar (1982) reported that a line-
ar response in dry-matter yield of cotton was obtained with up to 60 ppm
S but that beyond this amount, yield was reduced. Sulfur deficieney in
sugarcane and jute was observed by Dutt (1962a,b). Saroha and Singh
(1979) found that the use of S raised the yield of sugarcane in Vertisol soil
in Udaipur, Rajasthan.

Tea — Tea is highly responsive to applications of S in the form of AS or
SSP. Kanwar and Takkar (1966) reported an increase of 64.5% over control
in yield of tea leaves in Kangra (Himachal Pradesh) by an application of
AS supplying 196 kg N/ha and 224 kg S/ha. Similarly, because of signifi-
cant responses to S and N in the tea-growing arcas of Assam and Nilgris
(South India), AS has become a preferred fertilizer for tea. Where AS is not
available, urea and clemental S are used to supply N and S. Earlier studies
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by Ferguson, Gokhale, and Dutta (1957) and Child (1957) also bring out the
need for S application in tea soils of Assam.

Sources of Sulfur — Most of the ficld experiments to correct S deficiency,
in crops other than tea, have shown the superiority of gypsum as a source
of S. Subbiah and Singh (1970) and Singh, Subbiah, and Gupta (1970)
reported that gvpsum was superior to AS and sodium sulfate on groundnuts
and mustard, provided any N deficiency was remedicd. For tea, however, AS
proved superior to superphosphate (SSP), gvpsum, and sodium sulfate
(Kanwar and Takkar, 1966).

Saroha and Singh (1979) reported that the impact of S in improving the
quality of sugarcane juice was in the order of clemental S > ferrous sulfate
> gvpsum., Aulakh and Dev (1978) found that alfalfa responds to the S in
superphosphate better than to that in gyvpsum, which does not supply P
Swarup and Ghosh (1980) observed that continuous application of SSP in-
creased the sulfate S insoil more than did he treatment with DAP when they
were used on an equivalent P ocontent basis.

Badhe and Lande (1980), trom a study of S uptake by sorghum and wheat
grown on medium black soil (Vertisol) of Maharashira (India), reported
that availability of S, concentration and uptake of S, and dry-matter yields
were higher with gyvpsum than with potassium sulfate.

Sulfur for Soil Reclumation — For the reclamation of sodic soils, gypsum
or pyrites are being extensively used in India. Both substances, besides hav-
ing ameliorating properties tor soils, are also good sources of S and are be-
ing used for dual purposes. The use etficiency of both substances depends
on the fineness of the product and management practices. The results
reported by Verma and Abrol (1980} indicate that, when cempared on a
chemical equivalent basis, gypsum was superior to pyrite on rice and wheat
in sodic soils (Table 6.3). Similar conclusions have been drawn by Singh,
Hira, and Bajwa (1981) who compared gypsum, pvrites, and elemental S in
reclamation of sodic soils, Jagei (1982) reported that in India 195,000 mt
of Amjhore pyrites a low grade of pyrite) has been used Tor reclamation
of 50,000 ha which produces nearly 200,000 mt additional food.

From column leaching studies in the laboratory Hira and Singh (1980)
concluded that the amount of percolating water required for dissolving
agriculturalgrade gypsum depends on the particle size of gypsum and ex-
changeable sodium in the soil. The amount of water required increased
from 2.8 to 15.9 ¢cm as the particle size increased from < 0.1 mm to 0.5 mm
to 2.8 mm. No more than 4 ¢cm ot water was needed o completely dissolve
agricultural-grade gypsum of < 0.26 mm particles. Considerable work has
also been done on the use of elemental S for soil reclamation as well as a
source of the nutrient, but because of its high cost and comparatively low
cfficiency as a nutrient source, it is not used much in Indian agriculture,
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Table 6.3. Comparative aifect of gypsum (G) and pyrite (P) on rice and wheat grown on
sodic soil in Karnal, Haryana, India.

Treatment Grain yield Sulfur content of grain
{mt/ha) b

Rice Wheat Rice Wheat

(kg/ha) (kg/ha) (mg/ 100 g) (mg/100 g)
Control 3 858 19 34 171
Gl7.1 mt gypsum 6707 1 460 45.8 120
G2 142 mt gypsum 6 8SS 3145 55.3 116
G3 21.3 mt gypsum 7 436 3 600 55.0 109
G4 284 mt gypsum 7239 4220 56.3 143
Pl 3.6 mut pyrite 574 146 42.5 169
P2 7.2 mt pyrite 6 038 538 47.0 176
P3 10.8 mt pyrite 6712 I 350 46.0 124
P4 L4 ot pyrite 6914 1 351 52.5 174

Source: Verma and Abrol (1980).

Bangladesh

Deficiencies of S in rice-growing area of Bangladesh have been indicated by
a number of studies in the last 20 years (Karim and Majlish, 1958; Karim,
Alam, and Rahman, 1970; and Alam and Karim, 1972). Sakai (1980), from
an analysis of soils from the upland and lowland rice arcas of Bangladesh,
concluded that lowland rice soils of Bangladesh weie most deficient in S,
Many soil analyses and a special symposium on S have indicated the prob-
lem of S deficiency in the country. However, there are also contradictory
reports. Fleque and Khan (1980) reported that in the autumn season of 1979
the rice cultivar Chandina on farmers' fields did not show any signifi-
cant cffect of S, though the effect of N was most §pectacular,

Hoque and Hobbs (1980) reported that in tests conducted by the Ban-
gladesh Rice Research I=stitute (BRR1) an application of 34 kg sulfate-S as
AS increased the yield of rice by 0.1 to 1.3 mt/ha and on farmers’ ficlds by
0.3 10 2.2 mt/ha over and above that attributed to the application of 60 kg
N/ha. Best results were obtained with AS as a source of S, and the Aus sea-
son rice respondad more to S application than did the Aman season trans-
planted rice. The local varieties responded slightly more to S fertilization
than did the new high-yielding varictics.

Frederick (1983) observed that S deficiency is being increasingly recog-
nized as a factor that limits rice production in Bangladesh. In the last 3
years, 51 field trials using gypsum as a source of S indicated that rice yields
increased by 0.86 mt/ha. In another set of 25 trials, the increase in yield
ranged from 0.22 to 4.2 mt/ha with a mean increase of 1.12 mt/ha. The
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responses to S were also as dramatic in wheat as in rice. BRRI scientists esti-
mate that abeut 2.8 million ha of rice suffers from S deficiency.

Sri Lanke

Deficiency of Sin tea, coffee, and coconut has been reported from Sri Lan-
ka. De Silva, Anthonypillai, and Mathes (1977) observed that the applica-
tion of S increased the total fruit yield and the weight of copra. There are
not many published reports of responses 1o S in other crops; however, this
may indicate a lack of research rather than the absence of S deficiency in
other crops in Sri Lanka.

Indonesia

Blair and Till (1981, 1982) report that S deficiency in Indonesia is very com-
mon, particularly in old, highly weathered soiis and recently formed soils
of voleanic origin. In South Sulawesi, Blair and associates observed a grain
vield increase in rice in 18 of 28 sites, and the average response was 19%,
ranging up to a maximum of 287% (Blair, Mamaril, and Momuat, 1978,
1979, Blair et al., 1979; and Blair, Momuat, and Mamaril, 1979). Besides
increasing grain yieid, S also increased the etficiency of N utilization (Table
6.4). Chemical analvsis of 254 samples of rice plants collected from Java
indicated that 31% were deficient and 42% were marginal in S. Sulfur re-
sponse has also beer: observed in upland crops and pastures (Blair, Paulil-
llan, and Samosir, 1978; Blair and Till, 1981).

The S deficiency results not only in lower crop yields but also in lower
nutritive quality of grain and forage. In experiments on S-deficient soils in
Indonesia, Ismunadji and Zulkarnaini (1978) observed that a change of N
source from urea to AS not only increased the vield of rice, but also in-
creased the crude protein and the methionine content in brown rice (Table
4.6). The authors also observed that rice plant samples containing less than

Tuble 6.1 Rice response 1o sulfur application and relative etficiency of nitrogen utilization,
South Sulawesi, Indonesia.

S application rate Girain yield Relative N recovery in graine
thy hi (mt/ha)

0 KKK 100

7.3 395 Hd

1S.0 4.60 129

30.0 4.93 138

60.0 5.61 155

a. Norecovery relative to S, treatment.
Source: Blar and Till (1981).
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0.1% S indicated an S deficiency; such samples were found in Java (12 loca-
tions), Bali (I location), North Sumatra (3 locations), West Sumat-a (6 loca-
tions), and South Sulawesi (7 locations). The S content of rice plant tissue
ranged from 0.03% to 0.1%.

While studying the effect of source, rate, and tine of application of S on
flooded rice in Sulawesi, Blair et al. (1979) observed that three sources-AS,
gypsum, and clemental S~ were equally effective when applied at trans-
planting time. Elemental S applied 20 days betore transplanting was less ef-
fective than clemental S applied at transplanting time. This observation is
at variance with the observation of Wang, Liem, and Mikkelsen (1976a,b)
and Wang (1978} who found elemental S less effective than gypsum for rice
production in lowland soils of Amazon Brazil. In anoiher study Ismunadji,
Zulkarnaini, and Mivake (1975) reported that sodium sulfate was as effec-
tive a source of S as AS in removing S deficiency.

Malavsia

Sulfate-S content of six Malaysian soils ranged from 3 to 155 ppm com-
pared with 7-1 ppm of lowa soils (Nor, 1981). Responses to S in field crops
have been reported from Sarawak provinee. It has also been reported that
marginal deficiis of S show up when the deficiencies of other nutrients are
removed (Blair and Till, 1981).

Philippines

Lockard, Ballaux, and Liongson (1972) reported responses 1o S in rice on
Luzon soils in two of three experiments. The authors could not find any
correlation with the sulfate-S or total fertility of the soil. Kimpfer and
Zehler (1967) reported that in ficld experiments with rice, full potential of
the crop was only obtained in the presence of S, and the phosphate uptake
by rice was increased in the presence of sulfate.

Thailand

Sulfur deficiencies have been reported in northern Thailand. In one trial,
conducted on granite soil over 2 years, a local ariety of pigeon pea
responded to S and P addition with increases of 75% and 83 %, respectively
(Andrews and Manajuti, 1980). Keerati-Kasikorn (1982) reports that a great
S deficiency is experienced in the highlands and in northeast Thailand but
not in the floodplain soils. The total S in Alfisols, Ultisols, and Oxisols was
less than 100 ppnr. Organic S was a dominant fraction in some northeast
soils. Most soils adsorbed sultate, and the extractable sulfate-S in 68 sam-
ples ranged trom 1 1o 58 ppm. The author also observed that 50 kg S/ha
added as gypsum was leached from the soil to 30-em depth with 225-950
mm rainfall.
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A summary of trials by the International Rice Rescarch Institute (IRRI)
scientists in Thailand shows that there are widespread S deficiencies in wet-
land rice. Besides rice, pasture production is also limited by S deficiency in
some areas of Thailand. A general level of S application for obtaining opti-
mum production of forages appears to be 30-40 kg S/ha (Blair, 1979).

Papua New Guineu

A 50-year fertilizer experiment was conducted on the southeast coast of
Papua New Guinea on coconut, using 1.1 and 2.2 kg muriate of potash
(MOP). The responses to K ceased after 1976 when S deficiency becanie evi-
dent, and potassium sulfate had to be substituted for MOP (Sumbak and
Best, 1976). In another study on coconut nutrition in Markham Valley of
New Guinea, Galasch (1976) reported that the yield of copra increased from
200-500 kg/ha to over 1,700 kg/ha with application of S.

Summmary for Asia

Irom the toregoing it is evident that inherent as well as induced deficiencies
of' S are widespread in many soils and crops in Asia. Several studies dealing
with sulfur in agriculture in Southeast Asian and South Pacific countries
have also been summarized in Blair and Till (1983). These studies also indi-
cate oceurrences of S deficiency in several of these countries. Crop response
to sulfur in Asia and other countries has also been reported in Hoeft (1981).
The stronger evidence is available from India, Indonesia, the highlands of
Thailand, the lowlands in Bangladesh, and in isolated parts of Malaysia
and Sri Lanka. Itis possible that, because of lack of published information
or inadequate research, S deficiency may actually be even more marked and
widespread. Sulfur deficiency affects not only the production of crops but
also their nutritive value, which has great significance for food and nutri-
tion of the Asian population.

Though S deficiency in Southeast Asia is very common, there are some
areas with an exeess of S, Generally these are acid sulfate soils and marshy
lands. They cover 3.72 million ha (Van Breemen and Pons, 1978). Of this,
nearly 2 million ha is in Indonesia. These soils are generally present in the
coastal areas and marshy places where, because of reducing conditions,
larger quantities of ferrous sulfide are formed which, on partial oxidation,
give rise o sulfuric acid. Various methods of reclamation such as leaching,
improved water management, and liming are used for these soils. In such
soils, instead of S deficiency, S toxicity is common.
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Africa

In Africa the carliest recognition of S as a fertilizer came with the cfforts
of the European scientists who had major interests in export-oriented crops,
including tea, coffee, sugarcane, coconut, groundnuts, and cotton. Serious
deficiencics of S were reported from the west and equatorial African coun-
tries by the French and British scientists. The S deficiencies and responses
to application of S-containing fertilizers in groundnuts and cotton and, to
a lesser extent, in cereals are reported from Burkina Faso, Cameroon, Cen-
tral African Republic, Chad, Benin, Ghana, Ivory Coast, Mali, Niger, Nige-
ria, Sencgal, and Togo.

In cast, southern, and central Africa, cotton, groundnuts, alfalfa, le-
gumes, maize, tea, coffee, sugarcane, oil palm, and tomatoes have been
reported 1o respond to S-containing fertilizers. Countrics where crop
responses to S are reported include Congo, Zaire, Kenya, Malawi, Madagas-
car, Zimbabwe, Tanzania, Uganda, and Zambia (Beaton and Fox, 1971).

Some of the important reviews on S are Bolle-Jones (1964); Dabin (1972);
Martin-Prével (1972); and Richard (1972). The papers presented at the Inter-
national Symposium on Sulfur in Agriculture held at Versailles in 1972 sum
up the situation of the past research in Francophone Africa. The Sulphur
1982 symposium held in London provides additional information, particu-
larly about Nigena and Kenya (Bromfield et al., 1982). In the following sec-
tions we discuss some of the important results for selected countries in west
Africa, cast Atfrica, and southern Africa.

IWest Africa

Richard (1972) has reviewed the S experiments on tropical crops in west
Africa. In southern Sencgal the responses to P and S are high, whereas in
the central region responses to N, P, and K are higher than that to S. Howev-
er, in both zones a 159-25% increase in production of groundnuts can be
achieved through addition of S.

Twenty-nine field experiments on groundnuts in Senegal showed an aver-
age response of 71 kg/ha to S and a total fertilizer response of 522 keg/ha
(Bockelce-Morvan and Martin, 1966). There is no doubt that P is the most
limiting factor, and S comes next, followed by N and K. Richard (1972)
reports that S deficiency in groundnuts becomes visible between 30 and 65
days. Average-to-low responses to S were obtained in tropical ferruginous
and ferralitic soils and average-to-high on hydromorphic soils.

Sulfur deficieney in cotton in tropical Africa appeared for the first time
with the application of urea N in 1955 in Chad. Experiments on cotton were
condu:ted in tropical Africa by tive French scientists from 1965-68; on the
basis of their results, Richard (1972) concluded that the S-deficient arcas
could be grouped in three categories:
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1. Areas of high S deficiency Burkina [Faso, Ivory Coast, and
Northeast Benin.
. Areas of medium S deficiency  Cameroon, Central African Repub-
lie, and Central Togo.
Arcas of low S deficieney Mali, Chad, Southern Togo, South-
ern Benin, Senegal, and Niger.
Since then, however, the S problem in Africa has increased. Rihard (1972)
also concluded that the critical S level in cotton leat depends upon its P
content. Three distinet phases in S response were identified: (1) Crop re-
sponse to S is always positive even it S is used alone; (11) crop response to
S appears only in the presence of other nutrients, particularly N, which in-
duces S deficiency; and (1) no response to S oceurs, whatever the condi-
tion of fertilization,

The responses 1o S in tropical soils for various crops in selected African
countries are given in Table 6.5, Sulfur deficiency was observed for the first
time in French-speaking equatorial Africa in 1955 when S-free urea and ni-
trates were used in place of AS. Results of more than 200 trials on cotton
over a4 10-vear period are summarized by Braud (1970 in Table 6.6. It may
be seen that S deficiency existed in $6%% of the trials. Braud (1970) also
reported positive S response for cotton in Ivory Coast, based on perennial

(%)
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Fable 6.5 Crop response to sullur fertilization in selected Atrican countries:.

Country Crop Yield® Dose of Yield
e S applied increase
S, S, (keha) per kg S
(hehay (ke han (kg)
Senepal Groundnuts I 470 | 558 It 29
E'pper Volta Sorghum 1 287 1 464 13 1.8
Cowpei 68K Ys2 10 26.4
Niger Groundnuts 1 Y66 2078 AR} 4.9
Pearl millet [EPRE 1933 29 6.9
logo Groundnuts 1227 1 784 12 46.4
Central Atfrican Republic Rice 2256 2308 46 1.0
Benin Rice 1 707 2924 16 M0
Rice i 6O 2256 16 18.0
Rice MURHN 4476 2 48.0
Groundnut 123 1 967 23 28.0
Crroundnut 2037 2538 RR 21.0
Maize 2030 29315 46 0.0

Miize 62 940 6 8.8

a. Basic fertilizers were NPRs.

b. S s the vield ot control twithout sulfur). S, is the vield with the salfur treatment indi-
cated.

¢ Upper Volta has been renamed Burking Faso.,

Source: Dabin (1972).
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Table 6.6. Number of trials grouped by yield ol minus sulfur treatment on cotton expressed
as % of plus sulfur treatment of NPKs.

Country Number of trials with
Serious S Marked S No statistically  Total
deficiency, deficiency, significant S trials

<70% yield 709 - 90% yield  deficiency,
>90% yield

Cameroon I 9 7 17
Ivory Coast - savanna soit 12 16 9 37
- forest soil - 3 7 10

Benin - northeast 4 3 1 8
- northwest - 4 3 7

- central 7 6 2 15

- south 2 2 12 16
Upper Voltar 7 7 6 20
Mali - 8 8 16
Central African Republic 1 6 12 19
Chad - 4 13 17
Togo - north 2 4 4 10
- eentral | 4 I 6
south - - 4 4

Total 17 76 89 202

a. Upper Volta has been renamed Burkina Faso.
Source: Braud (1970).

trials where balanced fertilization was provided by NPKS instead of NPK
for a few years. It was concluded that, in most cases, S is an indispensable
clement in the cotton-growing arcas of tropical Africa.

It may be observed that all the evidence from French-speaking arcas of
west Africais based on figeld trials on groundnuts and cotton, both ot which
were export commodities. The evidence of S deficiency in food crops like
rice, maize, sorghum, pearl millet, and cowpeas is very scanty, Despite the
fact that cotton and groundnuts were regularly fertilized, they suffered from
S deficiencey. 1t is conceivable that the cercals and legumes, which were not
normally fertilized, would be suffering from incipient or even marked S
deficiency. This should become more evident as the traditional agriculture
is replaced with modern agriculture,

Because ot the serious deficiency ol P in this region and the availability
of local phosphute rock in most of these countries, ground phosphate rock
may be used for direet application, as is done in Mali. This practice can no
doubt supply the P requirements, but not the S requirements. Thus, there
is a strong case for using partially acidulated phosphate rock (PAPR) in or-
der to improve the possibility of supplying more casily available P and S.
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Finally, the paucity of information on available S status of soils in this re-
gion seriously limits the formulation of appropriate strategy for fertilizer
use.

Nigeria ~ The first report of S deficieney in west Africa was made by

Greenwood in 1948 on groundnuts at Kontagora in northern Nigeria

(Greenwood, 1955, The deficiency was also found in Dauro and Kano in

Nigeria. Goldsworthy and Heatheote (1963) reported marked responses by

groundnuts to S-containing tertilizers. Oke (1967), working in southwest Ni-

geria, established that extractable S in these soils was low, in many cases be-
low 0.3 ppm, but in some it was as high as 10 ppm. Oke (1969, 1970) report-
ed responses 10 S by legunies and grasses.

Anintensive research project on S was carried out in Nigeria from 1969
to 1974, Bromtield, who led these investigations, concluded the following
(Bromficld, 1974d):

I There is an annual gain of S at a “amaru, Ahmadu Bello University
farm, of about 2.8 kg ha from ram and dust, and a loss of 0.3 kg/ha
in drainage, leaving a net S gain of 2.5 kg/ha.

20 A groundnut crop producing 600 kg/ha pods removes 2.5 kg S/7ha annu-
ally. Thus, at a subsistence level of production the addition of S from
the atmosphere and loss by the crop could balance, but in many situa-
tions there is evdence of S deficiency.

30 A fertilizer with LO:0.7 ratio of P:S will be suitable for groundnuts on
these soils.,

4 A minture of ground phosphate rock and S is as good as SSP for
groundnuts in Nigeria,

S Annualapplication of S is needed for shallow-rooted crops on soils with
high S-absorbing capacity.

6. Blemental S ovidizes rapidly and is equivalent o sullate-S in availability.

7 Useofunderacidulated superphosphate was suggested for correcting any
serious S deticiency,

8. The apparent recovery of S from the fertilizer sources was 12.105-25.304
atsites having the higher fevel of S, and 16.990-38.70% at sites having the
lower level of S,

Kang and Osiname (1976) conducted experiments on the response of maize

to N tertilizens from the forest savanna to grassland savanna in Nigeria.

Results of these experiments showed that the responsiveness to'S fertiliza-

ton inereased as estractable sultate decreased (Table 6.7). Fov, Kang, and

Nangiu (1977) abserved S responses in cowpeas, but the response viaried

with the variceties.

Bromticld (1973) reports that of 17 experimental locations with ground-
nuts asatest crop and phosphate rock as a tertilizer, only one tailed to de-
selop S-deticieney symptoms within 5 10 7 weeks after gerntination, Fur-
thermore, ander natural vegetation and unfertilized crops, the soil profile
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Tuble 6.7. Responses of maize 1o sulfur in Nigerian Savanna soils.

Location Vegetation zone Lxchangeable Yield response to S
SO,-S in Soile fertilizer in Maize
(ppm) (%)

Ikenne lForest savanna 8.5 + 7

Ibadan Forest savanna 38 +29

Oyo Savanna 2.8 + 34

Ogbomosho Savanna 2.8 + 98

Ikoyi Savanna 2.5 +33

Kishi Savanna 2.8 +15

a. Extractible wirth monocaleium phosphate solution.
Source: Kang and Osiname (1976).

contained little sullate; however, S did accumulate for a time after clearing
it it was not removed by cropping. Almost all the S applied in 19 years could
he accounted for in harvested crops or as residual S in the profile, which
showed that erosion and leaching losses had been minimal.

Ghana - Stephens (1960) has summarized the evidence of S deficiency in
groundnuts and cereals in both the Voltaian sedimentary and northern
groundnut soils, which are generally grouped as ferruginous and ferralitic
and receive more than 1,000 mm rainfall annually.,

Eust Africa and Southern Africa

Numerous cases ol S deficiencies have been reported rom time to time in
Tanzania, Kenya, Uganda, Malawi, and Zimbabwe in the cast, and in south-
ern Africa under the British rule and Madagascar under French rule, In
fact, the classical case of ‘tea yelows' attributed to S deficiency was from
this part of Africa (Storey and Teach, 1933). Considerable work on correct-
ing S deficiencies through the use of elemental S, AS, gypsum, and SSP has
been done in some of these countries,

Sultur deficiencies in tomatoes (Mehlich, 1970), cotton (Dabin, 1972),
sugarcane (Hill, 1963), and wattle (Gosnell, 1964) were reported in Kenya,
Of 133 pot trials, 71" showed vield depression of more than 20% without
S (Mehlich, 1970). Bolle-JTones (1964) has reviewed the results of past studics
on S deficiency in the region most extensively, Bromfield et al. (1982) have
reviewed the research work done in Kenva,

Some ol the important observations about Tanzania, Uganda, Kenya,
Madagascar, Malawi, Zambia, and Zimbabwe are given in the tfollowing
sections. Though there is little published information about S deficiencies
in Ethiopia, the climate and soils, as well as personal discussions with
Ethiopian soil scientists, suggest that such deficiencies are likely.
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Tanzanie — In Tanzania, leaf analysis of finger millet and coffee in the
Bukoba area indicated the possibility of S deficiencies. Tea yellows have
been reported from the Tukuyu area of Tanzania, which were corrected by
S application. Leaf analyses of coconuts and groundnuts in Tanzania have
also indicated the possibility that a lack of S may be a serious constraint
on these crops (Calton, Vail, and Padhya, 1961). There is some evidence to
indicate that S deficiencies now exist for tea near Tukuyu in the southwest
and also at the Maruku Coftee Experimental Station in the northwest of
Tanzania. Both these soils are ferralitic and receive high rainfall (Bolle-
Jones, 1964).

Ueanda — Fertilizer experiments with cotton and pastures indicated clearly
that there was an S deficiency in the Serere soils, which are representative
of a large part of northern and castern Uganda. These soils are also ferralit-
ic and receive more than 1,000 mm of rainfall annually. Bolle-Jones (1964)
further concluded that 50% of the large plateau soils south of Sahara,
which are highly weathered ferruginous and ferralitic soils, are deficient in
S. Groundnuts and cotton are particularly sensitive 1o S deficiency: the zone
with 600 mm annual rainfall is probably the transition zone, with S defi-
cieney inereasing as rainfall increases. Wendt (1970} observed that all pas-
ture species in eastern Uganda responded to P and S, giving yield increases
ol 40%-100% with an application of” 70 ke .0, and 20-40 kg S.

Aenva - Many arcas in the western halt of Kenva are S deficient, as indicat-
ed by experiments on pastures on sandy loam soils at Kitale and from bioas-
say work tor S in the soils of Soctik and Solai (Mehlich, 1970). The soils
of the Songhor region near Lake Nyanza and bottom lands near Machakos
as well as the young voleanic soils near Kilimanjaro are also expected to be
deticient ia S. An extensive investigation on S responses in crops was carried
out from 1974 to 1980 by Bromifield and associates. On fertilizer trials at
I sites, with gypsum and clemental S as sources of S and beans as 4 test
crop, there was marked S responses in 3 sites and in the first harvest, but
the response disappeared in the second harvest. Trial sites carrving natural
vegetation and old pastures showed marked S deficiencies. The field trials
with beans, maize, and groundnuts, which covered a range of soil types and
altitudes, showed only occasional responses to S, and all soils were found
o adsorb S strongly. It was also observed that the eftectiveness of elemental
S as i source of S depends on the soil temperature and decreases with the
altitude.

Ihe researchers concluded that those soils in which deficiencies would be
expected when high-analysis tertilizers containing N and P were used would
be the coastal sands and recent alluvial soils, which have both low reserves
of S and low S-absorbing capacity. Though these soils are in the high rain-
fall arcas, the aceretion of S from atmosphere and the loss of S are balanced
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at present; with high vields and use of high-analysis fertilizers, however, S
deficiencies will appear. Low-cost ground phosphate rock mixed with S in
the ratio of 1:0.66 (P:S ratio) was found to be as good as SSP for all soils
and crops in this region. For sorbing soils S should be added annually.
Bromfield and associates further recommended that when pastures over 3
years old and natural vegetation are broken for cropping, an annual dose
application of 15 kg S/ha or 90 kg gypsum should be applied.

Mehlich (1970) has reviewed the crop responses to S in Kenya and report-
ed that in field experiments on sugarcane 42 kg S as gpsum increased the
cane vield to 73.7 mt/ha as against 52.5 mt in the control. Likewise, Mehlich
(1970) reported that with maize in the central and castern provinees applica-
tion of fertilizers without S at planting time reduced vegetative growth in
the carly stages of development but did not affect the vield, provided the
maize was topdressed with S-containing fertilizers. Similarly, topdressing of
S in star grass and Rhodes grass produced beneficial effeets.

Zimbabwe - Gosnell and lLong (1969) have reported S deficiencies in

sugarcane in Zimbabwe. According to them, three treatments receiving large

amounts ol S (gypsum, magnesium sulfate, or clemental S) produced far
greater yvields of cane and sucrose than did the other treatments The su-
crose production was 25% higher than with the control, which had received

N and PP but no S.

Grant and Rowell (1976, 1978), while summarizing the results of field ex-
periments on maize in Zimbabwe, conctuded that because of the low S sta-
tus ol soils and high degree of weatheiing of the ferralitic and paraferralitic
soils, crops need fertilization with S-containing fertilizer mixtures or gyp-
sum., The experiments on maize at a number of sites in nine districts showed
the following:

1. Significant responses to S were obtained on virgin soils or new sites

where fertilizers had not been applied in the past, and the degree of re-

sponse depended on the variety of the crop, site, or soil and increased
with liming.

Fertilizers containing a minimum ot 6.5% S were recommended for sup-

plving enough S along with other major nutrients.

3o The PiS (P,O:S) ratio in fertilizers recommended for Zimbabwe was
2710 0r 2.0 instead of 3:1 as indicated by Bixby, Tisdale, and Rucker
(1964) in the United States.

4. With an S deficiency, the total S as well as N in leaves was reduced:;
hence, the NiS ratio did not serve as a good indes of S deficiency.

5. The sails that had been heavily fertilized in the past and had built up
large amounts of adsorbed sulfate did not respond to S application. This
was the case with heavily fertilized soils of tobacco-growing arcas of Bin-
dura district.

Vogt (1966) reported results of experiments conducted on corn for 10 areas

189
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at the experiment stations and reported marked deficiency and significant
response to S (Table 6.8). From these studies it is evident that S as a fertilizer
is an important nutrient in agriculture in Zimbabwe and its requirement will
grow in the future.

Muadagascar — Halais and Girault (1973) reported that the fertilizer used
in Madagascar contained no S from 1966 onward. Consequently, an acute
S deficiency in sugarcane appeared by 1972, An application of 42 kg S/ha
increased the S content of leaf sheath from 0.06% to 0.17%, cane vield from
33 to 77 mt/ha, and sugar percentage from 8.5% to 8.9%. Fertilizers con-
taining N, S, and K were recommended for general adoption on these soils.

Malawi — Extensive S deficiencies, along with P deficiencies, have been ob-
served in the central and uworthern provinees, in the south Rukuru and
Kositu River catchment areas, and in the Phazi area of South Mzimba
(Bolle-Jones, 1964). The soils are ferralitic, and most of them receive more
than 650 mm ofannual rainfall. Jones (1977) reported that the central and
northern Malawi soils, because of their sandy nature and highly weathered
condition, have low amounts of total and available S and the crops like tea,
groundnuts, cotton, and maize show wide variations in their responses to
the application of S,

Zambia - In Zambia the soils are acidic, rainfall is high(1,500-2,900 mm),
and yelds of maize are very low. The soils are deficient in N, S, P, and Fe.
Kivoura (1982) reported that corn yield can be 1.2 mt/ha on farms without
fertilizers, 8-9 mt/ha with fertilizers containing S, and 12 mt/ha on ex-
perimental stations in the country. Approximately 25-30 kg S/ha is needed
to maintain adequate S supply for field crops in Zambia. The Government
has placed high priority on attaining self-sufficiency in fertilizer manufac-
ture in the country, and S-containing fertilizers need to be considered as
part of the fertilizer supply strategy. It is interesting to observe that highly

Lable 6.8, Etfect of sulfur-containing fertilizer on the vield of maize in different regions of
northern Zimbabwe,

I'reatment Maize vield, hgsha

Mankoya  Mungwi MPika  Lundazi MSekera

Control 477 135 712 558 297

S (elemental sulfur) 477 153 981 1 089 159
N (urea or ammonivm nitrate) 684 405 972 603 549
NS (urea or ammonium nitrate + S) 981 990 1 647 1 899 892
NS (ammonium sulfate) 1 080 1 287 1 848 2061 1 053

Source: Vogt (1966).
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productive farms are within a radius of 70-150 km from the copper-
producing arcas; their high productivity can be attributed to the addition
of SO, from the copper smelting plants.

Congo - Bolle-Jones (1964) reported that the analysis of groundnut leaves
indicated an occasional S deficiency, but in general the S status seemed to
be satisfactory in the southern part of the country. The soils in the northern
part of the country have not been surveyed, but they are poor soils and may
be deficient in S.

Swnmmary for Africa

The evidence on crop responses to S in Africa makes it quite clear that,

though there is a paucity of published results in scientific journals, S defi-

ciencies are widespread. Field experiments have been conducted on cotton,
groundnuts, tea, colfee, maize, millet, rice, oil palm, and pasture grasses by

French scientists in Senegal, Burkina Faso, Mali, Ivory Coast, Central Afri-

can Republic, Benin, Niger, Chad, and Madagascar and by British scientists

in Nigeria, Ghana, Kenva, Uganda, Tanzania, Malawi, Zimbabwe, and

Zambia. The results provide convineing evidence of S response and inherent

S deficiency in many soils of Africa. The S problem may be accentuated in

the future with use of S-free tertilizers and more exploitive agriculture. The

salient points can be summarized as follows:

I The results indicate the inereasing deficiency ol S due to loss of organic

matter and native vegetation, soil erosion, leaching, and increasing use

ol lime,

Most of the African soils are highly weathered soils, with coarse texture,

low pH, Tow organic matter, and high pnosphate-tixation capacity which

accelerates foss of sulfate.

3. Lack of industrialization, the low rate of addition of S from the at-
mosphere through precipitation, the export of products containing high
levels of' S, such as groundnuts, palm oil, coconut, tea, coffee, and co-
coa, and the import of” high-analysis S-tree fertilizers are widening the
gap between S removals and S additions,

4. Phosphorus is the basic limiting factor in all of this region; S deficieney
is 0o less common, however, and it will be accentuated by the use of
more phosphates unless there is a rational use of sultates.

5. Tooview of the great demand for food and the lack of development of
fertilizer wse programs, rescarch on the use of' S as a fertilizer becomes
most urgent in this region.

to

Latin America

The possibilities of S deficiency in Latin American soils are great because
of the following four factors:
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1. Many of the soils are low in organic matter, hence low in reserve of S.
There is little SO, in the atmosphere because of the low industrial ac-
tivity.,

3. Many of the soils are of voleanic origin or are highly weathered and con-
tain considerable amounts of allophane, kaolinite, and iron and alumi-
num oxides, which bind sulfates.

4. Leaching possibilities of sulfates are high owing to the high rainfall,

The need for S-containing fertilizers has been demonstrated in Argentina,

Bolivia, Brazil, Chile, Colombia, Costa Rica, El Salvador, Guatemala, Mex-

ico, Peru, and Venezuela (Fitts, 1970). Sulfur deficiencies have been ob-

served in maize, sorghum, wheat, cotton, potatoes, bananas, pincapple, cof-

fee, sugarcane, grasses, and forages. Fitts (1970) summarized evidence of S

deficiency and responses to S-containing fertilizers in groundnuts, pastures,

and cereals in Latin America.

Kamprath (1972, 1981) has reviewed the responses o S in Latin American
countries and highlighted the need for S fertilization of crops, At least
30-40 kg S-hacis needed for soils deficient in S. Without application of S,
vield will decrease rather quickly on new lands brought into cultivation
(Kamprath, 1981). NManuel Arrando et al. (1976) have studied the effect of
clemental S on the vield and protein content of wheat.

rJ

Brazil

Many experiments on soil fertility and fertilizer requirements for cotton,
coltee, sovbeans, pasture grasses, and maize have been conducted on Cam-
po Cerrado soils in the State of Sao Paulo, Brazil (De Freitas, McClung,
and Lott, 1960). This research has established that S is one of the most
limiting factors in crop production on the Campo Cerrado soils in the re-
gion from Orlandia to Barretos, MceClung et al. (1962), while summarizing
the fertilizer experiment data on cotton for 1959760, concluded that the
average vield inerease due to S was 3379 at four locations and 21% at seven
locations (Table 6.9). NMikkelsen, de Freitas, and MceClung (1963) reported
aonean inerease ol 23% in corn, and De Freitas, Gomes, and Lot (1972)
observed an increase of 339%-82%% in coflee (Table 6.9). The FCSPONSe was
more marked in the first year after the land was cleared of vegetation, which
indicates @ very low reserve of S in these soils.

Mikkelson, de Freitas, and McClung (1963), while discussing the impor-
tance of S fertilization on Campo Cerrado soils of Bravzil, observed that
corn respense to S was small but significant at Pirasununga and Orlandia,
but there was no response at Matao. Al three soils had low pH (4.9) and
row base saturation and showed high response to Ca, Mg, P, K, and
micronutrients. These soils cover nearly 160 million ha of scrub savanna in
the central plateau of Brazil. On the basis of rescarch, an application of
30-60 kg/ha o S annually was recommended for these soils. Ammonium
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sulfate, single superphosphate, and potassium sulfate types of fertilizers
were considered preferable for use on coffee plantations. McClung, de Frei-
tas, and Lott (1959) reported that the adsorbed sulfate in Brazilian subsoils,
which are highly weathered, become a valuable source of S. The soils con-
taining more than 10 ppm of ammonium acetate-extractable sulfate-S in the
B horizon did not respond to application of S, as is evident from pot cultuse
trials in which millet was fertilized wth S (Table A.10).

Wang, Liem, and Mikkelsen (1976a, 1976b) concluded that S deficiency
is a limiting factor for rice production in the lower Ama.on Basin in Brazil.

Table 6.9, Eftect of sulfur on vields of different crops grown on Brazilian Cerrado soils
(based on field experimenty).

Crop MNumber of S Yield* Yield increase  Reference
locations (kgshay  (kg/ha) over control
(")
Cotton 7 0 1624 - McClung et al, (1962)
30 1 971 21
4 0 1377 -
30 2113 53 McClung et al. (1962)
Corn 2 0 4720 -
67 5909 25 Mikkelsen, de Freitas,
and McClung (1963)
Colffee 0 I 344 - De Freitas, Gomes, and
Lott (1972)
17 2078 55
34 2 384 77
67 2 444 82
134 2212 65

a. Yield is reported as seed cotton for cotton, as grain for corn, and as cleaned coffee beans
for coffee.

Table 6.10. Adsorbed sulfate in cropped Brazilian soils and millet response to sulfur fertiliza-
tion,

Soil Horizon Adsorbed sulfate Yicld of dry matter
(S ppm)
-8 +S
(g/pot) (2/pol)
Barau | AP 2.5 2.5 16.8
B 12.0 18.0 20.9
Barau 5 AP 4.0 4.3 20.3
B 21.7 24.5 19.5
Terra Roxa AP 7.2 12.1 14.8
B 12.3 19.6 19.2

Source: McClunz, de Freitas, and Lott (1959).
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The results indicate that when the Varzea marshlands of the lower Amazon
are reclaimed tor rice production S deliciency develops, which limits rice
production especially where high-analysis fertilizers are used. The field tri-
als confirmed that at least 10 kg S/ha is neeced for rice production. In the
experiments with IRRT varieties of rice and wich gypsum as a source of S,
the levels ot S as high as 1,000 kg/ha did not harm yield. Under field condi-
tions 27 kg S supported two crops, which implies significant positive residu-
al eftect. The rescarchers also concluded that immobilization of S is respon-
sible for reducing the availability of S in residues from previous crops. The
same authors also observed that gypsum and AS were equally good sources
of S for rice, but elemental S was less effective. Wang (1978) emphasized
that fertilizers containing S other than as sulfate are not particularly useful
for rice grown in flooded soils.

It was observed that about 209 of the S from one application of 25 kg
S-ha was recovered by the rice crop (Wang, Liem, and Mikkelsen, 1976b).
The residual effect wacstudied only on 1R22 rice cultivar which was grown
on a field recciving 45 kg/ha residual S. It was observed that only 2.8% S
wis recovered from fresh application ot 10 kg S; the rest came from the
residual ¢e1 of previous applications of 45 kg S.

Venezuelu

As reported by the Sulphur Institute (1975), experiments in Venezuela indi-
cated that the grain sorghum crop did not respond to phosphate without
S (Figure 6.4).

Costa Ricu

According to Fitts (1970), S deficieney in Costa Rica was tound responsible
for low yvield of pincapple, and the yields increased markedly with the addi-
tion oi' S, Valverde, Bornemisza, and Alvarado (1978) observed that, of soil
samples from I8 sites, 13 samples gave responses to S and 2 showed no re-
sponse. For most of the soils sulfate accumulation in the subsoil was noted,
which indicates the possibility of subsoil supplying the S needs of the plants
at carly growth stage. In greenhouse experiments with sorghum, the foliar
5 content was higher tor S-treated soils (1,255 ppm) than for untreated soils
(931 ppm). A foliar content of 1,600 ppm S was considered critical for S
application to sorghum. The rescarchers recommend application of S
through fertilizer for obtaining good vyields of the crop.

Mexico

Mexico, one of the few S-producing countries in the developing world,
produces the largest amount of S of any country in Latin America. Infor-
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Figure 6.4, Interactions of Sulfur and Phosphites on Grain Sorghum Yield in Venezuela.

mation about S deficieney in soils and crops in Mexico is very scanty, but
from recent publications it is evident that there is a growing concern about
S deficiency. Amava (1981), in a recent conference on S in Mexico, drew at-
tention to the § deficiencies in sandy soils and voleanic soils of Mexico. The
evidence for the S deficiency comes from the fertilizer experiments on
maize, pasture grasses, and oats. The observed increase in grain yield of
maize was 5%-14% for sandy soils and 6%-16% tor clay soils in response
to a shift from S-free to S-coataining N and P fertilizers. Huacua and
Cajusre (1981), while reviewing the S status andadsorption in Mexican soils,
reported that S in soils extractable with phosphate solution varied from 4.8
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to 17.9 ppm; the S added to soils was strongly adsorbed. They made a plea
for fertilization with S in the soils deficient in this nutrient.

Colombia

Avala, Guerrero, and Gamboa (1973) reported that in Colombian soils total
S varied from 52 to 120 ppm for surface soils and fro:n 26 to 3,020 ppm
for subsoils. The mean total concentration of S was 2,627 ppm on the Pasto
Highlands (Andepts); 1,766 ppm on the Pacific Plateau (Oxisols); 1,248
ppm on the Tiquerres Highlands (Andepts); 1,204 ppm on the Pulamayo
Arca (Oxisols Alluvials); and 1,105 ppm on the Ipiales Highlands (An-
depts). Andept soils of the warm region had the lowest amount, or 103 ppm
ol' S. The authors have reported 103, 16, 87, 40, and 46 ppm of total, inor-
ganic, organic, exchangeable, and reserve S, respectively, in the surface soils
of warm climate regions of the lower altitude,

In field experiments on cassava, Ngongi, Howeler, and MacDonald
(1977) observed that in Carimagua and Tranquero, Colombia, when the
sulfate-S content of the soil was 4.0-5.0 ppm, potassium sulfate produced
significantly higher yields than did the MOP treatment. The MOP + S
produced vields equivalent to those of potassium sulfate. Centro Interna-
cional de Agricultura Tropical (CIAT) scientists (CIAT, 1981) conducted
field studies in Carimagua to determine the eftect of S fertilization on tropi-
cal pastures under native savanna conditions; resulis showed that S is a key
clement in modifying the soil fertility dynamics as well as the changes in
forage availability, protein quality, tanin content, and intake of the forage
Desmodium Ovalifolium,

Chile

Schalscha, Estrada, and Galindo (1972) reported that the casily soluble S
in soils derived from volcanic ash in southern Chile was rather low, which
indicated an S deficiency. However, substantial amounts of organic S and
adsorbed S were present in these soils. The average amount of total S ranged
from 423 to 1,104 ppm in the surface soil and from 351 to 1,079 ppm in sub-
soils.

West Indies

Messing (1970) reported that bananas respond to S in the West Indies. Ha-
que and Walmsley (1974) concluded that the S status of the soils in this area
was generally low and that all of the soils responded significantly to theap-
plication of S. Over 90% of the S was in organic form which had a mean
C:N:S ratio of 123.4:10:1.08. Sulfate adsorption was significantly related to
the percentage of free aluminum oxide in the soils. The authors further con-
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cluded that with the increasing use of high-grade compound fertilizers and
high-yielding varieties, S problems of the repion will increase.

Ecuador

Tergas (1977) reported the results of greenhouse stuies in Ecuador on
Latosols treated with elemental S and gypsum to promote growth and
nodulation of forage legumes. The authors observed that Centrosema and
Dolichos did not respond to treatments with S but soya and sirato did re-
spond.

Nicaragua

Burbano and Blasco (1975) reported that in soils derived from volcanic
materials and belonging to the Pacific region of Nicaragua the total S con-
tent ranged from 497 to 1,325 ppm and the organic S constituted
7.95%-31.41% of that, which is rather low. Higher concentrations of organ-
ic S are found near volcanoes at a depth of 10 ¢m in the soil.

Summary for Latin America

The available empirical evidence indicates that the status of S in the soils
of the Caribbean, Central America, and South America is generally low.
Both annual and perennial crops appear to respond to S fertilization. Addi-
tional research is needed to identify S-deficient areas and to develop S sup-
ply strategies in the context of existing farming systems and fertilizer
production facilities.

Residual Effects of Fertilization With Sulfur

There is very little published information on the buildup or depletion of S
in soils, particularly in the tropics, with the continued application of S-
containing fertilizer under different cropping systems. A few typical cases
of long-term experiments that give some indication of the S trends for an-
nual and perennial crops are reported in the following section.

Annual Crops

Nigeria ~ One such case relates to northern Nigeria, vhere the experiments
were continued for 19 years using cotton, sorghum, and groundnut crop ro-
tation from 1950 to 1961 and continuous cotton thereafter (Bromfield,
1972). The soil is ferruginous in nature, and the clay content increases with
depth. It corresponds to an Alfisol according to taxonomy classification.
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The soil samples of all plots were analyzed after 19 years of experi-
mentation. Surprisingly, cven after 19 years of continuous cropping,
76%-90% of S added as AS or SSP was still present in the soil profile as
sulfate-S. These results show that little of the applied S was lost by erosion
and leaching. Bromfield (1972) also concluded that an analysis of surface
soil may be very misleading for determining S availability to crops because
the subsoil S plays an important part in S nutrition. On the other hand, for
shallow-rooted crops like groundnuts, it is important to know the available
S in the surface soil.

India — The other, more recent case was started in 1971772 to study the ef-
fect of intensive cropping and fertilizer application on a long-term basis on
crop yiclds and soils in India. The experiments are in progress at 10 research
stations representing different soils, agroclimatic conditions, and cropping
systems. It is too carly to interpret the effect of these experiments, but the
changes in S status from the experiment at IARI, New Delhi, can be dis-
cussed. In a long-term field experiment, involving a multiple cropping sys-
tem (With pearl millet-wheat-cowpea rotation) and using heavy doses of fer-
tilizers in an alluvial alkaline soil at IARI, New Delhi, it was observed that
N and P enhanced the uptake of S; there was also a marked depletion of
S in all the plots except the one where S was supplied every year as SSP
(Subbarao and Ghosh, 1981). The changes in S after 7 years’ cropping are
shown in Table 6.11.

Table 6.11. Changes in available sulfur in soil after 7 years of crop:+ ag at IARI, New Del-
hi+.

Treatmentt Initial Changes in available sulfur
available
S, 1971 1978 Changes over
{ppm in soil) {ppm in soil) initial value

(ppm in soil)

NPK 22.5 7.4 ~-15.1
NP 22.5 8.3 -14.2
N 22.5 8.3 -14.2
NPK+ FYM 22.5 9.2 -13.3
NPK + S 22.5 23.1 + 0.6
Control 22.5 10.2 -12.3

a. Only selected data with comparable doses of N, P, and K are shown in this table. The year-
Iy crop ratation of pearl millzi, wheat, and cowpea (fodder) was fixed.

h. NPK dose for wheat and pearl millet was 120 kg/ha N, 25.8 kg/ha P, and 33.2 kg/ha K
and sources of nutrients were urea, DAP, and MOP. For cowpeas the dose was 20 kg
N/ha, 17.2 kg P/ha and 16.6 kg K/ha In case of S treatment, SSP was used to supply
120 kg S/ha/year. FYM was applied only (o pear] millet @ 15 mt/ha.

Source: Subbarao and Ghosh (1981).
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The authors concluded that there was 54.8% 1o 67.1% depletion of avail-
able S in all the cases except where S was applied. After five annual cycles
of multiple cropping, Swarup and Ghosh (1980) observed that continuous
application of SSP significantly increased the sulfate-S in soil as compared
with treatments with DAP. Ghosh (1980) has also reported the changes in
crop yields under all the 10 long-term experiments; they indicate increasing
S deficiency in some cases.

Perennial Crops

Mualawi — Soils of the Mlange district in Malawi are acid, ortho-ferralitic
sandy loams or sandy cly loams on which young tea gardens show an acute
deficiency of S that disappears after continuous or intermittent use of AS
or other S-bearing fertilizers, Grant and Shaxton (1970) reported the results
of long-term experiments on tea plantations in Malawi and observed that
young plantations require sulfate fertilizers to prevent tea yellows since the
virgin soils are inherently deficient in S to a depth of 4 {t. The standard ap-
plication of AS resulted in a rapid increase in adsorbed sulfate as well as
organic S and enriched the soil to a depth of 2 11 in 30 years, but there was
little accumulation below 3 11, The authors also observed that substitution
of S-free fertilizers resulted in reduction of S whereas use of AS once in 3
years and perhaps once in 6 years could maintain the sulfate at an adequate
level. The effect of various S-containing fertilizers on sulfate-S indicated
that more sulfate buildup oceurred in treatments with AS.

Brazil — Sulfur deficiency in coffee soils was established as carly as 1952
by Malavolta (1952). A number of studics on S fertilization and occurrence
of S deficiency in the commercial coffee plantations have been in progress
in the past. According to De Freitas, Gomes, and Lott (1972), S fertilization
significantly increased the concentration of sulfate-S in leaf samples and
also increased cottee vields by 1296 in the first biennial, 18% in the second,
117% in the third, and 154% in the fourth biennial. For 10 years of experi-
ments, S application increased yield from 1,340 kg/ha 1o 2,444 kg/ha.

Conclusions and Research Agenda

I. The results reported in this chapter are a sample of the range of
responses 1o applied S in selected developing countries in the tropics of
the world. The results of numerous studies that have not been published
are lying buried in local scientific or administrative reports. Some results
have been published in local scientific journals. Unfortunately, the need
for fertilization with S has not caught the attention of many of the
policymakers. Thus, S fertilization for food production has not generally
received its due attention.
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A number of studies have been conducted in greenhouses, and they pro-
vide additional information on the problem of S deticiency and the need
for S as a fertilizer Tor crop production in the tropical countries. Howev-
er, as mentioned carlier, the greenhouse studies have their limitations for
assessing S deficiencies and responses in the field. They can only indicate
a problem and therefore should be followed with tield experimentation.
Ananalvsis of the studies discussed in this chapter indicates that defi-
ciencies of S Asia, Africa, and Latin America are much more serious
than is appreciated. The important crops that have been investigated and
hive shown responses o appired S can be groupad i aine calegorics,
which are summarized in Table 6120 Nost of these crops are imporint
food crops, cither directly or indirectly through the animal chain system
on which most deseloping countries depend to teed their people. The
others are cash crops, some of which are exported to carn foreign ex-
change tor importing food. Al ot these crops suffer from varying
degrees of S deticiencey. The problem of food production in these coun
tries iy intimateds related o balanced fertilizer use, including S as an im-
portant component of multinutrient supply strategy.

Sultur deticiency not onby attects the crop vield and total production,
but it also sertously reduces the nutritive value of the produce, especially
the S-contaming amino acids. Consequently, S deficieney has serious im-
plications for human nutrition. In cereals, pulses, and oilseeds, S deti-
cieney reduces the S content of S-bearing amino acids. Sutfur deficiency
also sertousdy attects the quality of the torage and protein, and that af-
fects ammal production which, in turn, has serious implications for the
nutrition ot the people. In Latin America and, 1o a lesser extent, in Afri-
¢, where ammal mear is an important souree of food, S deficiency ad-
versely attects uman nutrition. An S deticiency in pastures and forages
seriously reduces their vields and atfects animal production.

Al the avardable information on the subject indicates that S deficiencies
evistin the tropies of Asia (10 countries), Africa (23 countries), and Iat-
i America (15 countries). The crops that have shown responses to S and
the soils that have been identified as S deticient as well as the countries
where they are located are summarized in Figures 6.5, 6.6, and 6.7,
Fhe most serious problem is in tropical Asia where, because of the im-
pact ol high-vielding varieties, intensive cropping, and high use of inputs
icluding S-free fertilizers, even the latent S deficiency is becoming ap-
parent. Insome cases it may be that inherent S deficiencies are becoming
acute, inothers it may be the induced deficiency. Severely affected crops
are nilseeds, groundnuis, pulses and cereals, and other crops. The second
region ot concern is Latin America. In addition to large arcas of chronic
S deficiency, many newly cropped areas are experiencing S deficiency,
and the problem is beeoming compounded by modern agriculture. The
more seriousty atfected  crops are soybeans, beans, groundnuts,
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Table 6.12. Sulfur deficiency and response research by crops and countries in the tropics: A
summary.

Region/country Crops/crop groups*

o
>
Z

C R p (0]

Asia
Bangladesh
Burma
India
Indonesia
Laos
Malaysia *

Papua New Guinea * *
Philippines

Sri Lanka * * *

Thailand * *

* * * R
*
*
*
*
*

Africa
Benin
Burkina Faso *
Cameroon *
Chad

Congo

Central African Republic
Ithiopia * *
Ghana *

Ivory Coast *
Kenya * *
Madagascar
Malawi
Mali

Niger
Nigeria
Senegal
Sudan
Tanzania
Togo
Uganda
Zaire
Zambia
Zimbabwe

L R R R IR N
*+ % * *

*
*
*

*
L N R BE BE R I I Y )

*
*

LK R IR IR B 2

Latin America

Argentina *

Brazil * * * * * * *
Bolivia *

Chile *
Colombia * * * *

Costa Rica * *
Ecuador * *

El Salvador *
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Table 6.12. Continued.

Region/country Crops./‘crop groups?

C R P (0] S F T A M

Cuatemala *
Honduras

Mexico * *
Nicaragua *
Puerto Rico * * *
Trinidad and Tobago * *
Venezuela * *

i Crop groups: C - cereals; R = root crops and tubers; P = pulses; O = oilseeds and oil crops;
S sugar crops; F - fiber crops; T = stimulants; A = forages; and M = miscellancous and
fruit crops such as pincapple and banana.

Star (* ) indicates that sulfur research has been conducted. More details and the names of
specific crops are availabe in the test.
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Figure 6.5, Countries in Which Sulfur Deficiency Exists and Crops on Which Sulfur
Responses Have Been Reported in Tropical Asia.

cereals,cotton, pasture legumes, and grasses. In Africa inherent S defi-
ciency is more serious than the induced deficiency, but the latter is be-
coming serious in newly cropped arcas and under modern agriculture
based on high-vielding varieties. In all three regions coffee and tea are
well recognized S-responsive crops, and they need regular applications of
S, inaccordance with the S status of soils and the desired production lev-
els.

7. The S problem is more complex and difficult than those of the conven-
tional N, P, and K fertilizers for the following reasons:
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Figure 6.6. Countries in Which Sulfur Deficiency Exists and Crops on Which Sulfur
Responses Have Been Reported in Tropical Africa.

d.

. The use of both lime and phosphates accelerates S loss from soils;

thus, the conventional soil fertility management programs of tropical
soils are accentuating S deficiency.

Unlike phosphates, S, whether added in sulfate o elemental S form,
is more liable to serious leaching. The S in the organic matter of the
soil is being depleted and lost rapidly in the tropical countries.
Most of the fertilizer response research in the developing countries is
being carried out on NPK products, and S research is not receiving
much attention.

The results of agronomic reserch on S from the developed countries
or temperate zones have very little applicability in the tropical soils
and crops because of the differences in the nature of soils, cropping
systems, and environments.

In some countries the only sources of S for agriculture are gypsum,
pyrites, phosphogypsum, and byproducts of the fertilizer, chemical,
and agricultural industries. The amounts available, the Crop response,
the potendialities for use, and the technology of use for these products
have yet to be seriously assessed.

There is little information on the recovery of S by the crop and its
recycling into the soil fertility management system. Research on im-
proving cfficiency has not received any attention.
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Figure 6.7. Countries in Which Sulfur Deficiency Exists and Crops on Which Sulfur
Responses Have Been Reported in Tropical Latin America.

g.

Many of the developing countries export commodities that are great
users of S, Although serious efforts are being made to correct the im-
balances in use of N, P, and K in fertilizers, little attention is given
to the growing imbalance of S.

. The arcas that have a serious inherent deficiency of S or that are likely

to become deficiert have not been adequately delineated. Coordinat-
ed international and national effort is necessary to stimulate research
on S as a fertilizer nutrient,



7 Estimating Sulfur Requirements, Supplies, and Gaps

The empirical evidence presented earlier indicates that S deficiency has be-
conie a problem in most tropical countries. Unless appropriate corrective
actions are taken, S deficiency poses a threat to national and international
efforts to accelerate food and agricultural production in these countries.
However, in order to design nationally acceptable and economically viable
S supply strategies, there is a need to accurately estimate S requirements,
supplies, and gaps. The primary purpose of this chapter is threefold: (1) to
estimate S requirements for crop production and fertilizer manufacturing,
(2) to deternmine wrends in S supply from fertilizer use, and (3) to estimate
S gaps between requirements and supplies. The empirical estimation of the
mathematical model deals with major crops, sclected countries and world
regions, and S-containing fertilizers trom 1960 to 2000.

Determinants of Sulfur Uptake

The amount of S removed trom soil or taken up by ficld crops depends on
several factors, some of which are still not known. At least tour of these fac-
tors exert major influence on the amount of S removed by field crops; they
are (1) crop and the cropping pattern, (2) average crop vield, (3) the arca
under cach crop, and (4) cropping intensity.

A generalized relationship between crop yield and fertilizer S uptake is
developed in Figure 7.1, Under a subsistence cropping system using tradi-
tional technology, the amount of S uptake at low crop yields is rather small.
Most of this need can be met by the existing soil-crop-environment system.
However, S uptake increases as crop yields increase. The additional S uptake
must be supplied by supplemental S sources. Beyond that required for maxi-
mum crop yield, additional S application will not add to grain yield, mainly
because of a relatively fixed relationship between N and S in protein synthe-
sis.

Sulfur uptake for most countries is gradually increasing because (1) crop
yields are increasing, (2) the cropping pattern is changing, (3) the area under
different crops is expanding, and (4) crop cultivation is becoming more in-
tensive because of an increase in cropping intensity.! However, the refative
magnitude of these changes varies from one country or region to another,

1. Cropping intensity = [cropped area cultivated area) 100, The cropping intensity is an index
of the intensity of land use and is expressed in percentageterms on an annual basis. In this con-
text it accounts for multiple cropping or fallow.

i .
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Figure 7.1 A Generalized Relationship Between Crop Response and Sulfur Uptake.
Determinants of Sulfur Replacement Requirements

The amount of S needed to replace that taken up by the crops is generally
more than the amount removed from the soil, regardless of the S supply
source. The S replacement requirements are determined primarily by the
efficiency with which the crops use the S. The S use efficiency in turn de-
pends on (1) crop and crop variety, (2) soil, (3) irrigation regime, (4) environ-
ment, and (5) S supply source. Various S supply sources include (1) soil and
crop residue, (2) atmosphere, (3) irrigation water, and (4) chemical fertilizer
and soil amendments containing S. The amount of S supplied through soil,
atmosphere, and irrigation water is eenerally beyond the control of in-
dividual farmers.

Relatively little is known about S use efficiency, residual effects, and loss
mechanisms of applied fertilizer S, especially for crops under field condi-
tions in the tropics. According to Noggle (1980) and Beaton et al. (1974),
S use efficiency and loss mechanisms, to some extent, are similar to those
with N. Beaton et al. (1974) have proposed a replacement factor of 1.75
which implies that S use efticiency is approximately 57%. Kivoura (1982),
on the other hand, has indicated that only about 20% of the S applied by
S-containing fertilizers is absorbed effectively by crops, which implies a
replacement factor of 5. The available evidence from tropical countries also
indicates that 'S use efficiency, particularly in sandy soils, is about
20%-30%, which implies a replacement factor between 3 and 5.

Model for Estimating Sulfur Requirements

A simple mathematical model used to quantify S requirements is developed
below. Let
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Lo Uy =r Py,

2 szAm*Ym. and
3.U =5 U,

Where

U.. — Sulfur uptake (mt) for ith crop/crop group (out of several select-
ed crops/crop groups) in jth country/region (out of several
sclected countries/regions) during time t;

r. = Sulfur uptake coefficient for ith crop;

P — Total production (mt) ot ith crop/crop group in jth country/re-
gion during time (;

A, — Total harvest arca (ha) under ith crop/crop group in jth coun-
try/region during time t;

Y . — Average vield (mt/ha) for ith ¢crep/crop group in jth country/re-
gion during time ; and

U, — Total S uptake (mt) for jth country/region during time t.

Since S replacement reauirements are generally more than uptake, an al-

lowance has been made to account for S use efficiency as follows:

4R =8, Um, and

5. R =X R

" 1 nt*
Where

R, — Sulfur repiacement requirements (mt) for ith crop/crop group in
jth country/region during time t;

B, — Sulfur replacement coefficient for kth S use efficiency regime;
and

R. — Total S replacement requirements (mt) for jth country/region
during time t.

Finally, the relative share (%) of individual crops/crop groups in total S re-
quirenments is estimated as follows:

6. SU =[U, /U] 100, and

)t

708K =R /R ] 100.

Where



SY" — Percentage share of ith crop/crop group in total S uptake for jth

country/region during time t; and

Si'lfl — Percentage share of ith crop/crop group in total S replacement
requirecments for jth country/region during time t.

The list of crops/crop groups, the list of countries/regions, the S uptake
cocfficients, S replacement coefficients, and other information used in es-
timating S requirements are developed in the subsequent sections.

Data for Estimating Sulfur Requirements

Most of the economic and technical data used in this study to estimate S
requirements have been obtained from secondary sources. The study deals
with the following set of countrics and regions (referred to as j in the
model):

India

Indonesia

Philippines

w N —

Kenya
Niger
Nigeria
Sudan
Zimbabwe

PN A

9. Brazl
10. Colombia
I1.  Mexico

12.  Far East
13.  Africa
14, Latin Amecrica

15.  World

For cach of these countries/regions, S requirements are estimated for 9 sep-
arate years with S-year intervals in between. The estimates are based on (1)
actual data for 1960, 1965, 1970, 1975, 1980 and (2) projections for 1985,
1990, 1995, 2000. The results for each year refer to 3-year simple averages
centered on yeass shown in order to avoid weather-related variations in crop
product on. For example, crop production in 1980 refers to a 3-year average
of produiction in 1979, 1980, and 198].

Although ferage crops, vegetable crops, and fruit trees were not included,
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25 of the more important crops were used in making S requirement esti-
mates. This does not mean that cach country grows all of these crops. Fur-
thermore, the relative importance of different crops varies from one country
to another. These crops were then grouped into different crop groups de-
pending upon their nature. The list of all 25 individual crops, 7 broad crop
groups and 15 specitic crop groups (referred to as i in the model) is given
in Table 7.1. In most developing tropical countries, almost all of the chemi-
cal fertilizer consumption is generally accounted tor by these 25 crops.
Three sets of data form the core of the information needed to estimate
the model. These are (1) crop production, (2) S uptake coefficient, and (3)
S replacement coctficient. The crop production data for individual crops
were obtained from FAO (1982) for 1959 through 1981, The data were fur-
ther rationalized from other relevant sources. The production data from
1981 to 2001 for specific crop groups were based on projections. These
projections were made by using (1) average annual growth rate in crop
production and (2) crop production in the initial period. The initial condi-
tion refers to production during 1980, which was a 3-vear average centered
on 1980. The average production growth rate was caleulated by estimaling,

Fable 7.0 List of field crops and crop groups used in estimating sulfur requirements.

Broad crop groups Specific crop groups Individual crops

1. Cereals 1. Wheat 1. Wheat
2. Rice 2. Rice
3. Maize 3. Maize
4. Millet 4. Millet
5. Sorghum S.  Sorghum
2. Pulses 6. Pulses and legumes 6. Beans
7. Broad beans
8. Peas
9. Chick peans
10.  Lentils
3. Oil crops 7. QOilseeds . Rapeseed
8. Soybecans 12.  Linseed
9. Groundnuts 13, Sunflower seed
10. Qil palm 14, Safflower sced
15, Sesame seed
16.  Soybeans
17.  Groundnuts
18.  Oil palm
4. Roots and tubers 11. Roots and tubers 19, Potatoes
20, Sweet potatoes
21, Cassava
5. Sugarcane 12. Sugarcane 22, Sugarcane
6. Cotton 13. Cotton 23. Cotton
7. Stimulants 14, Coffee 24, Coffee
1S. Tobacco 25. Tobacco
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using the least-squares method, a regression equation of the following
logarithmic form:

8. Log Pijl =a+ bt +e.
Where

Production of ith crop/crop group in jth country/region during
year t,

a  — Intercept

b — Regression coefficient

t  — Time

¢, — Error term

!

iyt

The cstimated value of b (b = log [1+g]) is used to cstimate g
(g = [antilog b)—1) which is the least-squares estimate of average annual
growth rate. The advantage of this approach is that all the relevant time-
series data on crop production are used to estimate the average growth rale,
This equation is estimated by using time-series data for 12 years from 1970
to 1981. The estimated average annual growth rates were further rational-
ized in view of (1) growth rates used by various international organizations
(including FAO, IFPRI, and World Bank) in their projections, (2) national
government policy with respect to production of a particular crop, (3) land
and other resource constraints, (4) yield expansien potential, and (5) na-
tional and international agricultural research policy. Any negative growth
rate was equated to zero, and any growth rate above 5.0 was cquated to S.
These assumptions were needed to avoid any unrealistic production trends
in the future,

The S uptake coefficients (r) used in the study are reported in Table 7.2.
Most of these estimates were derived from Malavolta (1979). However, some
of these estimates for S uptake by specific crop groups were modified in
view of results from other similar studies. Finally, because of lack of appro-
priate information, two levels of S replacement coefficient (8) were used in
determining S replacement requirements. These were (1) 1.75, which implied
57.14% apparent S use clficiency and (2) 3.50, which implied 28.57% ap-
parent S use efficiency. The actual S use cfficiency, and hence S replacement
requirements, may fall within this range.

Estimated Aggregate Sulfur Requirements
Sulfur requirements are classified into three categories. These categorices in-

clude (I) S uptake, .. amount of S actually taken up by field crops; (2) S
replacement requirements, i.c., amount of S needed to replace the removed
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Table 7.2. Average sulfur uptake and sulfur uptake coefficients for specific crop groups.

Specific crop groups Average Sulfur uptane
sulfur uptakes cocfficient (r)
(kg/mt)
. Wheat 4.0 .0040
2. Rice paddy 3.0 0.0030
3. Maise (corn) 4.0 0.0610
4. Sorghum 5.0 0.0050
5. Miller 8.0 0.0080
6. Pulses and legumes 8.0 0.0080
7. Roots and tubers 0.5 0.0005
8. Oilveeds 12.0 0.0120
Y. Cotton (seed cotton) 15.0 0.0150
10, Groundnuts (with shells) 6.0 0.0060
L1, Sugarcane (cane) 0.3 0.0003
12, Tobacco (dry leaves) 6.0 0.0060
13, Cotfee beans 13.0 0.0130
14, Sovbeans 8.0 0.0080

LS. Oil palm (nuty) 1.5 0.0015

a Caleulated by dividing total sulfur uptake by average crop yield.

S, irrespective of S supply scurce; and (3) S requirements by the fertilizer
industry in the form of S or sulfuric acid needed 10 produce S-containing
fertilizers and phosphoric acid.

The estimated aggregate S uptake from 1960 1o 2000 is reported in Table
7.3 for selected tropical countries, developing tropical regions, and the
world. The estimated uptake from 1960 1o 1980 is based on actual data,
whereas that from 1985 to 2000 is based on projections for crop production,
The highest S uptake is in India for the Far East region, and in Brazil for
the Latin America region. In addition to having the large agricultural see-
tor, these countries are also experiencing rapid technological change and
shifts in established cropping patterns. These changes are reflected in
regional S uptake. The individual countries in Africa as well as the African
region appear to be rather static in comparison with other countries and
reglons as far as S uptake is concerned. There are several reasons for this
situation, including subsistence agriculture, static and in some cases even
declining crop vields, and shitt in the cropping pattern in favor of those
crops that have relatively low S requirements.

The S replacement requirements for the selected tropical countries and
regions, and for the world as a whole, are reported in Table 7.4, The replace-
ment requirements are estimated for two scenarios. In seenario I, the S
replacement coefficient is 175 (implied use efficiency for applied S about
57%0), which may be the case in temperate climatic conditions. In scenario
H, the S replacement coefticient is 3.50 (which would double the S replace-
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Table 7.3, Estimated aggregate suttur uptake by field crops in selected developing countries
and warld resions, 1960 2000, (/000 mt of S)

1960 1965 1970 1975 1980 1YRS 1990 1995 2000

Asia

India 09 24 051 088 784 886 1 008 1 1585 1333
Indonesia i8] 70 87 102 130 159 195 239 294
Philippines 2 24 0 KH 45 30 70 87 108
Africa

Kenva Y 9 13 15 18 16 7 19 21
Niger ) 8 1 9 13 16 19 24 29
Nigeria 56 62 66 59 066 72 S0 88 98
Sudin 29 18 28 3l 30 36 44 RR] 64
Zimbibwe 7 N 12 15 16 19 22 28 29

Latin mnerica

Bravil 157 171 208 284 RED) 412 490 587 708
Colombii 21 22 26 32 I 46 57 70 86
Mexico {8 94 105 1o 137 156 179 200 20
Far Last 776 S5O PO L1400 13300 1S4y 1 799 2100 24603

Africa 224 27 KIE 325 327 REIY 368 N7 411
Latin America H04 488 Sol 087 S44 984 1 153 56 1 603

World 4IRS 5997 6729 791F 9117 10S42 12231 14238

ment requirements), which may be the case in tropical conditions, especially
for sandy soils. Even in scenario 1, the more efticient svstem, worldwide S
replacement requirements have increased from 8 million mt in 1960 to 14
million mt in 1980, and they are expected to increase to 25 million mt in
the year 2000. Except in African countries, S replacement requirements are
expected to increase rapidly in most tropical countries and regions. These
quantitative estimates ot S replacement requirements form a basis for
designing an effective and economical S supply strategy.

In addition to being a plant nutrient, S is used in the fertilizer industry
to manutacture () S-containing fertilizers such as AS and SSP and (2) wet-
process phosphoric acid used to produce TSP and ammonium phosphates.
Although it may be desirable to make estimates of the total S requirements
for cach country, in the fertilizer industry the lack of accurate data
precludes this analysis, In particular, most countries are involved in fertiliz-
er trade, cither as exporters or as importers of certain types of fertilizer
materials. The S requirements of the fertilizer industry are created at the
points where the fertilizer materials are produced, rather than where they
are consumed. The estimated S requirements for the world S industry are
reported in Table 7.5, These estimates include S needed to manufacture AS,
SSE TSP and ammonium phosphates.
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Table 7.4, Estimated aggregate sulfur replacement requirements by field crops in selected de-
veloping countries and regions under alternative sulfur replacement coefficient scenarios,
1960 - 2000,

Scenario 1, § replacement coefficient 1,754 (000 mit of S)

1960 1970 1980 1990 2000
Asia
India 891 1139 1372 1 764 23R
Indonesia 112 152 227 REY] 514
Philippines R 53 80 122 190
Africa
Kenva 15 23 26 30 37
Niger 11 19 22 RE} 51
Nigeria 99 11s 116 139 171
Sudan 51 49 53 76 113
Zimbabwe 12 21 29 38 h]|
Latin America
Bravil 273 359 611 858 1239
Colombia 36 45 67 99 150
Mevico 13 184 239 RIK] 419
Far Fast 1 358 1 843 2 348 RIEEY) 4 310
Africa 92 S49 573 639 720
Latin America 707 982 1477 2017 2 80s
World BOIR 10 394 13 844 18 448 24917

a. Implied S use efficieney S7.1%. In Scenario M (S use efficiency 28.670), the estimated S
replacement requirements will be double those of Seenario 1.

These estimates are based on fertilizer production needed to meet con-
sumption requirements, as projected by FAO/UNIDO/World Bank. The S
requirements for the world fertilizer industry are estimated to increase from
26.5 million mtin 198081 to 41.1 million mt in 1990/91 and to 64.7 million
mtin 2000/01. These requirements are in addition to S replacement require-
ments for agrict.itoral crops. However, S contained in AS and SSP will be
used to satisty part of the replacement requirements, Even at the least
favorable seenario (S replacement coefticient @ 3.50), the projected S re-
quirements in the fertilizer industry are more than the projected S replace-
ment requirements for agricultural crops in the corresponding vears. Clear-
Iy there is need to make cconomic use of 'S which is lost in discarded
phosphogypsum in order to meet part of the S replacement requirements.
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Table 7.5, Estimated sulfur requirements for world fertilizer industry. (*000 mt)

Year Consumption tor' Sulfur requirements for

N .0, AS Ssp ISP-Ap! Total
1980. 81 60 300 M s00 3300 3200 200000 26 500
198586 T3 00 N Son 4300 1900 24400 2000
1990 91 86 000 48 900 S 000 S 000 31100 41100

2000

7 800 48 400 64 700

0} 143 300 6 200 8500

a. Based on tertihzer production peeded to meet projected fertilizer consumption require-
Menis.

b Actual consumption tor 1980 8T s tahen trom FAO (1983, Projections for 198586 and
1990 91 are trom FAO UNIDO Waorld Bank ¢1983); tor 2000 01, they are from UNIDO
(19780 Progections tor TURS 86 are the most recent and henee retfect the current economic
trends. The projectnions tor 20000 01 are the oldest and appear on the high side.

CoSultur contated an ASC Estimates for 1980 8T are based onactual AS consumption, con-

tnniye 210 Noand 247 S Dunne 198081, AS accounted for 9% of N production and

4.7 N consumpnion B the tollosane vears, AS i assumed to account for % of project-

vd N consamprion

Based ona 3avewr averape tor PO capacity and production, the contribution of in-

dividaal matenials was approsumnately 137 by SSP. 239 by ESEP, S0% by ammonium

phosphate CAP), and 10%0 by mirophosphates. Fhese shares are assumed to presail in the
tollowsng vears, Sultur consumpnon is assumed to be 0.68 miomt of PO from SSP;

070 me me ol PO trom TSP 092 me mt ot PO from AP (MAP and DAP); and zero

for nitrophosphates,

.

Estimated Sulfur Reguirements by Crops

In order to design economically viable S rescarch programs and develop S
sapply and S pricing strategies, it is important to determine S uptake by
CTops.

The estimated proportions of S uptake by specific crop groups are report-
ed in Figare 7.2 for four major tropical countries and in Table 7.6 for three
tropical repions and the world. The results reported in the table and dia-
gram are desipned to indicate (1) the percentage share of individual crops
or crop groups in aggrepate S uptake inoa particular vear and (2) shift in
pereentage share for individual crops or crop groups over time from 1960
to 1980 to 2000, The percentage share o individual crops or crop groups
in aggregate replacement requirements may not be the same as in uptake
since it depends on their relative S use efficiency.

In cach of the countries and regions, S uptake is dominated by cereals.
The refative share of cereals during 1980 varied from around 33%% in Brazil
to 81 in Nigeria. For the world as i whole, cereals accounted for 6620 dur-
ing 1980, The relative share of cereals is expected to shift in the vear 2000,
resulting in a decline in Brazil and an increase in Nigeria and the world as
a whole. In Bravil the relative share of oil crops (primarily soybeans) in-
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Frgrre 720 Estmed Proportion of Sultur 1 pliake by Broad Crop Groups in Selected De-
velopimy Countries.

creased from 4% in 1960 1o 32%% in 1980 and is expected to increase 1o 41%
in the year 2000, Furthermore, within cereals the share of individual crops
varies by country and region and over time in a particular country and re-
gion. For example, the pereentage share of rice during 198 was 29%% in India
and almost 689 in Indonesia, The relative share of wheat in India increased
from 8% in 1960 to 18% in 1980 and is expected to be 27% in the year 2000,
The share of pulses is declining, partly because there has been relatively lit-
tle change in their production. Other more profitable crops are replacing
pulses in the cropping pattern. Similarly, for the world as a whole, the rela-
tve share of millet, pulses, root crops, cotton groundnuts, and coflee is
declinme, whereas that for maive, oileeeds, and sovbeans is increasing,
One must be caretul in interpreting these shares sinee they may change
in the futare depending upon (1) the level and impact ol technological
changes for different crops, (2) relative price ratios for different crops, and
(3) poveinment policy with respect to these individual crops or CrOp groups,

Estimating Sultur Requirements From Nitrogen and Phosphorus Use

An alternative approach to the estimation of 'S requirements for crop
production relates S needs to applied N and P,O; from chemical fertilizers,



Table 7.6. Estimated proportion of sulfur uptake by specific crop groups in developing world regions. (%)

Crop.crop group  Far East Africa Laten America World

1960 1980 2000 1960 1980 2000 1960 1980 2000 1960 1980 2000
Wheat 7.82 13.96 19.92 s.22 S.65 1.50 8.84 7.07 6.19 21.04 22.43 22.97
Rice 40.35 40.92 41.75 4.10 5.9 6.8% S.88 .51 $.93 15.48 15.04 418
Maize 3.64 5.55 5.03 12.57 17.21 16.84 2313 22.03 18.43 18.37 21.28 24.82
Sorghum §.34 4.65 6.32 15.42 11,52 10.83 213 7.36 10.30 3.56 412 343
Millet L.61 593 22 27.47 21.97 23.49 0.63 0.24 0.33 6.31 2.89 1.70
Pulses 10.59 5.66 309 3.87 S48 4.36 6.62 4.61 277 5.06 3.77 2.09
Root crops 1.60 211 3.04 6.48 8.30 10.18 3.86 2.66 .40 5.10 315 1.88
Oilseeds 3.83 3.3s 218 1.20 1.73 1.69 549 3.46 5.06 3.80 3.65 4.81
Cotion 7.03 7.26 S.58 6.27 6.55 5.21 14.73 9.04 6.20 10.02 8.21 6.28
Groundnuts 3.18 3.90 244 9.24 7.00 S.57 [.43 0.80 0.42 1.77 1.44 0.58%
Sugarcane 4.88 §5.35 5.06 1.73 311 4.72 15.08 12.87 13.26 2.73 2.87 2.9¢
Tobacco 0.51 0.43 0.30 047 0.44 0.74 0.64 0.52 0.54 0.47 0.41 0.31
Coftee 0.31 0.52 0.75 4.33 1.79 382 10.92 S.20 1.56 1.23 0.85 0.69
Sovbeans 0.62 0.84 1.21 0.07 0.43 0.90 0.56 17.56 24.56 5.02 8.86 13.07
Oil palm 0.01 0.07 0.11 0.55 0.33 0.2 0.06 0.06 0.06 0.03 0.03 0.04
Total 9%+ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
(000 mt S) 776) (1 340y (2 363) (224) (327) (411 (404) (844) (1 603) (4 582) (7911) (14 238)

a. Totals are approximate due to rounding of data.

9t1
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This approach is based on the agronomic results that indicate a rather fixed
relationship between uptake of N and S, and uptake ot P,O¢ and S. Ac-
cording to the available literature, the ratio between N and S upmkcs for the
maximum amount of protein synthesis is about 15:1, and between P and S
itis about L1 (or 2.3:1 when P s expressed as ,05) (Beaton et al,, 1974
Stewart, 1969; Stewart and Porter, 196Y).

On the basis of agronomic studies and atter making appropriate adjust-
ments for nonfertilizer supply sources and nutrient losses, Beaton et al.
(1974) proposed that maintaining a S:1 N:S ratio and a 3:1 1, 0.8 ratio in
applied fertilizer will provide a balanced supply of N, P, 0O, .mcl S. Sulfur
needs for mel nutrient purposes can therefore be esting uul by using these
ratios (N:S -5, PLO:S 23) in conjunction with N or P, O, needed or actu-
ally applied. Ilns nicthod of estimating S needs has also l cen endorsed by
others, including British Sulphur Corporation (1983a), Hig nett qad Stangel
(1982), Mever (1977), and Tisdale and Platou (1981). This method may pro-
vide adequate plant nutrient S 1o attain the maximum efficiencey of applied
Noand PO

I'his .lppmach appears to be appropriate for estimating the S needs of
individual crops under temperate climatic conditions, Even under temperate
conditions, howeser, there is i need for more extensive experimentation un-
der farmers' tield conditions in order 1o establish a realistic ranze ol N:S
and PLOSS ratios 1o be maintained in fertilizer applications. As far as
tropieal countries are concerned, such an approach to estimating S needs
could be rather misleading. Some of the tactors that need to be considered
i establishing these ratios include (1) type of soil and S supplyin the organ-
te matter in thesoil, (2) S supply from the atmosphere and in precipiterion,
(3) S supply from irrigation water, (4) S supply through crop residues and
farmyard manure, (3) magnitade and mechanisms o S losses, (6) cropping
pattern, (7) level of crop vields, and (8) sources and amount of the N,
PO cand S supplies. These factors, which intluence S supply and require-
ments, vary notonly from tropical countries to temperitte countries but also
from one country 1o another. Farthermore, as his been stuggested by
Stewiart and Porter (1969), even the total Nitotal S ratio varies from 4 1o $5
for ditferent crops,

Phe appropriateness of these ratios in determining adequate S needs is
examined by using N, PO and S consumption data from India and Bra-
AL The resalis are reported in Table 7.7 According to estimated N:S ratios,
the S supplyin Brazil has always been more than adequate, whereas in India
S supply was more than adequate until the mid-1970s, On the other hand,
according 1o the PLOSS ratio the S supply was adequate until the
mid-1970s in Brazil and India. At present, the agronomic results indicate S
deficiencies in both India and Brasil,
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Table 7.7, Estimated nitrogen:sulfur and phosphorus:sulfur ratios in aggregate fertilizer con-
sumption in India and Braeil,

Year N:S ratio 2,08 ratio

India Brazil India Brazil
196061 (LY 0.9 0.2 I.1
1965766 1.4 0.7 0.3 0.9
1970/ 71 18 1.1 0.9 1.5
1975/76 8.4 1.5 1.6 3.8
1980 81 4.1 1.8 4.3 4.1

Trends in Fertilizer Sulfur Supply

The purpose of this section is 10 estimate S supply from S-containing fer-
tilizer materials used in tropical countrics. Historically, the general trend in
fertilizer production and use has been away from S- -containing to S-free
nitrogen and phosphate fertilizers (1FDC, 1979).

In the latter part of the nineteenth century and carly part of the twentieth
century, najor sources of N included Chilean nitrate, calcium cyanamide,
and AS. Ammonium sulfate, which contains 21% N and 24% S, was a rath-
er important source of N until the 1960s not only because of its agronomic
effectiveness but also because of the varied sources of its production; it is
a byproduct from coke ovens, a coproduct from caprolactam, and a direct
product from the reaction of sulfuric acid with synthetic ammonia. In the
1960s, however, ammonium nitrate (33% N and no S) became an important
source of N. Finally, in the 1970s urea (46% N and no S) became a domi-
nant source of N worldwide, and particularly in developing countries. In
some developed countries direct application of ammonia and liquid com-
pound fertilizers replaced the use of most straight fertilizers.

As discussed by Jacob (1964 and Slack and Hardesty (1964), SSP (18%
PO and 129 S) was tirst produced commercially in 1842 by Lawes in En-
lend Among commercial phosphate tertilizers, SSP was the most impor-
tant source of P,0, in the latter half of the nincteenth century and the
first half of the twentieth century. Even though phosphoric acid was com-
mercially produced in the 18705, SSP provided over 609 of the world's
phosphate as late as 1955, Triple super ‘phosphate (46% P,0O¢ and 19 S)
became an important phosphate tertilizer in the 1950s. Ammonium phos-
phates (MAP with 550, P SO0 M Nyand 19 Sy and DAP with 46%
P,O. IR N, and 290 S) became popular, especially in developed coun-
tries, in the 1960s. Other sources of phosphate included direct application
of phosphate rock, PAPR, nitrophosphates, and other compound fertiliz-
ers. Other sources of S included gypsum, which was rather popular as
-land plaster - in the cighteenth century, However, the use of gypsum
slowly disappeared with the development and use of chemical fertilizers.
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The world trends in production capacity for N, Os, S-containing fer-
tilizers, and S-free fertilizers are shown in Figure 7.3. While the world ca-
pacity to produce N and P, O fertilizers rapidly nurcascd from 1967 on-
ward, the percentage share ol AS in total N, and of SSP in total P, O,
declined. Tor the world as a whole, the contribution of AS in total N
production capacity declined from 18% in 1967 to 9% in 1982, whereas the
share of urea increased from 24% in 1967 to 46% in 1982. As far as P 204
world production capacity is concerned, the share ot SSP declin d lrom
43% in 1967 to 20% in 1982, whereas the share of TSP increased from 23%
i 1967 to 27% in 1982, The share of AS and SSP declined not only in world
production capacity, production, and consumption but also in world trade.
For example, as was discussed in British Sulphur Corporation (1967, 1972),
the relative share of AS in the world N exports declined from 33% in
1963764 to 17% in 1969/70 while the corresponding share of urea increased
from 220 o 415,

The total world consumption of AS has been rather static, The estimated
consumption of N from AS incieased from 2.7 million mt in 1960761 (o 2.8
million mt in [980/81, while the total N consumption increased almost six-
fold from 10.2 million mt in 1960/61 to 60.3 million mt in 1980/81, resulting
in a decline in the share of AS from 26% in 1960761 to 5% in 1980/81. The
relative contribution ot AS in total N consumption in the world regions is

C 50
100 N Actual {Projected
205
-% N From AS
801 . - % P04 From SSP T - 40
£ 601 ‘\\\-/// - 30
5 T T S
a0 koo
20 - ST - ) - 10
O 1 1 I L o
1967 1970 1973 1976 1979 1982 1985
Year

Prguere 7.3 World Trends in Production Capacity for Sulfur-Containing Nitrogen and Phos-
phate Fertilizers,
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reported in Table 7.8. Asia has always accounted for the largest share of AS
consumption in the world. However, even for Asia, the relative share drop-
pedfrom $2% in 1960/61 to 27% in 1980/81. The Latin American coun-
tries, particularly Brazil, are cmerging as important consumers of AS,

Similarly, the relative share of SSP in total P,O fertilizer production ca-
pacity is reported in Figure 7.4, In 1982, the relative share of SSP wus 7%
in Africa (excluding Egvpt, Libya, Sudan, and South Africa); 21% in Far
East(excluding China and Japan); and 28% in Latin America. Finally, the
relative contribution of AS to total N and of SSP 10 total P,0; consump-
tion in selected developing countries is reported in ‘Table 7.9. With the ex-
ception of a few countries, the world supply of N and P,O; is dominated
by S-free fertilizers. '

The amount of S supplied as plant nutrient by S-containing fertilizers is
estimated as follows:

9.8 =g l:iu’ and

Where

i = Total amount (mt) of S supplied by chemical fertilizer in jth
country during time t,

Tuble 7.8. Relative contribution of ammonium sulfate to regional nitrogen consuniption in
the world. (Y%)

Region Regional share in Contribution of AS 1o regional
AS consumption N consumption
1960. 61 96y 70 198081 1960. 61 1969 70 1980/81

Western Europe 26 20 N 22 1 4
Eastern Europer 13 12 21 22 7 S
North America 1o 12 7 v 8 2
Oceania 1 | 2 [iN 22
Latin America 6 Y 21 37 27 21
Africa 2 2 S 19 11 7
Asiat 42 43 27 68 ] 4
World (%) 1(4) 100 100 26 12 5
N from AS (7000 mt) (2701 (3 459) (2 828)

Total N (7 000 mt) 0212y (28691 (60 336)

i The original figures were derived from British Sulphur Corporation (1972, 1983a).
b. Including USSR,

¢ Continental Atrica, including Lpypt, Libya, Sudan, and South Africa.

d. Including Tsrael, Japan, and China.
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Figure 7.4. Relative Contribution of Single Superphosphate 10 Regional P,O, Fertilizer
Production Capacity in the World.

a; - Sulfur supply coefficient (percent S) in ith fertilizer, and
F. — Consumption (mt) of ith S-containing chemical fertilizer in jth

country during time t,

The chemical fertilizers used in estimating S the supply include AS, ammo-
nium sulfate ritrate, SSP, and potassium sulfate. There may be other fer-
tilizers, especialiy compounds, and soil amendments such as gypsum that
supply S. However, appropriate data were not available to estimate the S
supply from these sources. Consequently, the total S supply is underestimat-
ed in terms of the S supplied by these sources. In any case, the amount of
S supplied by these sources in the tropics may be rather small.

Appropriate data were not available from all the countries and regions
for determination of the S supply; they were available for India and Brazil.
The estimated S consumption for India and Brazil is reported in Table 7.10.
The results indicate that in the 1950s and 1960s both India and Brazil did
consume large amounts of S in comp:,on with N, P »0¢, and K,O. How-
ever, from the latter part of the 1960s onward the consumption of N P,O,
and K, 0 skyrocketed, and the consumption of S did not keep up. The | pri-
mary reason for this pattern was the decline in the percentage contribution
by AS and SSP to total N and P,O¢ consumption, respectively.
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Table 7.9. The relative contribution of ammonium sulfate and s'ngle superphosphate to nu-
trient consumption in selected developing countriess,

Country Year Nitrogen (N) Phosphate (P,00)

Total N N from AS N {rom Total P,0. .0

(000 mt) (000 mt)  AS as %s PO, from SSP from SSP

of tetal N (000 my) ('000 mt) as %
(") of total
P, (Y)

Algeria 198081 89.7 0.4 0.4 114.9 - -
Bangladesh 1980781 266.7 b b 1199 - -
Brazil 198081 886.0 210.0 23.7 1 965.0 350.5 17.8
Chile 198081 52.4 - - 71.0 1.1 1.5
Colombia  1979/80  151.0 4.8 3.2 73.2 - -
India 1980 /81 3 §29.7 103.7 2.9 1 (090.4 170.9 15.7
Indonesia — 1979-80  629.2 41.1 0.5 151.4 - -
Kenya 197879 25.4 7.9 311 16.1 1.3 8.1
Malavsia 198081 BTN 6.3 4.5 118.8 - -
Mexico 198182 1 106.3 RRRN | 0.0 369.8 73.3 19.8
Moroceo 1981-82 hY | 17.9 22.1 78.9 17.4 22.1
Pakistuan 1980 K1 8758.3 20.3 2.3 243.6 20.2 8.3
Peru 198182 101.7 4.8 4.7 21.4 1.6 7.5
Philippines  1980/81 2337 251 10.7 52.8 0.5 0.9

Sri Lanka 1979 80

77.2 228 29.1 23.5 - -

i Original data were obrained from FAO (1983) for Colombia and Kenya and from ISMA
(1982) tor the other countries. The consumption data are first-order approsimations sinee
for some countries no distinction was made between consumption and distribution.

b. A small amount of AS is produced and used on tea plantations.

- None or nepgligible.

Estimated Gaps in Sulfur Requirements and Sulfur Supply

National gaps in S requirements and S supply are estimated as follows;

1. (J]ll} =S ~U. .

12 GJ.'f =S, -R,.

Three types of S gaps are estimated at the national level. These are;
Gap | [G}l"l — Difference between S supply and S uptake.
Gap Hl [Gj'f(l)] — Difference between S supply and S replacement

requirements with S replacement coefficient of
1.75.
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Table 7.10. Estimated consumption of sultur and other primary nutrients in India and Brazil.

Country  Year Consumption of N from P,0¢ from
—— ASas % SSPas %
N P,0. K,0 S+ of total N of total
("000 mty (000 myy  (C000 mt) (000 mit) PO,
India" 1956/57 108 13 10 130 96 99
1960/61 212 83 29 224 69 99
1965766 547 132 78 395 48 81
1970/71 1 310 305 198 346 16 36
1975/76 1 909 374 227 227 8 20
1980/81 1522 1 074 618 250 3 16
Brazil: 1956/ 57 10 56 42 35 37 57
1960/ 61 67 78 106 73 S1 60
1965766 71 87 100 95 64 72
197071 279 177 06 252 52 RK)
1975/76 406 [ NUR 558 266 26 21
1980.°81 886 1 966 1267 482 24 18

i Sulfur contained in AS, ammonium sulfate nitrate, SSP, and potassium sulfate.

b. Original data were obtained from FAL (1983).

¢. Original data were obtained from FAO (1983) up to 1978/79; and from ISMA (1982) for
197980 and 1980781,

Gap 111 [Gj'f(ll)] — Difference between S supply and S replacement
requirements with S replacement coefficent of
3.50.

The estimated S gaps for selected tropical countries during 1980/81 are
reported in Table 7.11. With the exception of Gap 1 in Brazil and Mexico
and Gap I in Mexico, all three gaps are estimated to be negative, which im-
plies that the S requirements are larger than the S supply. With the excep-
tion of Mexico, all the countries listed have no known resources of in-
digenous S.

A more detailed analysis of the S gaps is performed for India. The esti-
mated S gaps are reported in Table 7.12. All the three S gaps (Gap 1, Gap
I, and Gap 111), which serve as guides for developing S supply strategy, are
negative, and the amount of S needed 1o bridge these gaps is rather large.
For example, the estimated S Gap 111 for India during 1980 was 2.5 million
mt, and it is expected to increase to 3.1 million mt in 1990 and 4.0 million
mt in the vear 2000.

The models developed and used in this study provide a systematic means
of assessing S requirements for agricultural crops, S requirements for fer-
tilizer industry, fertilizer S supply, and the potential S gaps that may prevail.
While the results indicate that large S gaps now exist or soon will emerge
in a number of developing countries, we wish to point out that these esti-
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Table 7.11. Estimated sulfur requirements, fertilizer sulfur supply, and sulfur gaps in select-
ed countries during 1980. (*000 mt of S)

Country Sulfur requirements Fertilizer  Sulfur gapst
sulfur
Uptake  Replace-  Replace- supply? | I HI
ment | ment Il
Asia
India 784 1372 2743 250 =53 —-1122 -2493
Indonesia 130 227 454 48 - 82 - 179 - 406
Philippines 45 80 159 30 - 15 - 50 -129
Africa
Kenya 15 26 52 114 -4 -~ 15 - 41
Niger 13 ) 44 < It -12 -2l ~43
Nigeria 66 16 231 17¢ -49 ~-99 -214
Sudan 10 53 107 < < < ¢
Zimbabwe 16 29 58 ‘ c ‘ <

Latin America

Brazil 49 611 1222 482 +133 -129 - 740
Colombia 38 67 134 5¢ -133 -62 -129
Mexico 137 2319 478 318 + 201 +99 - 140

a. Derived from FAO (1983) and ISMA (1982).

b. Fertilizer supply minus sulfur requirements. Gap 1 is supply minus uptake; Gap I is supply
minus Replacement 13 and Gap 111 is supply minus Replacement (1,

c. For 1979/K0.

d. For 1978779,

¢. Not available.

Table 7.12. Estimated sulfur requirements, fertilizer sulfur supply, and sulfur gaps in India.
(000 m1 of 8)

Year  Sulfur requirements Fertilizer — Sulfur gapsh
sulfur
Uptake  Replacement Replacement  supply» | Il 1!
[ I

1960 509 891 1782 224 - 285 - 667 - 1558
1965 524 917 1 833 395 -129 ~522  ~1438
1970 651 1139 2279 RETS - 30§ -793 -1913
1975 688 1204 2407 226 - 462 -978 0 - 2181
1980 784 1372 2743 250 - 534 1122 2493
1985 886 1 550 1101 RER] - 543 1207 - 2758
1990 1 008 I 764 3528 417 - §Y1 IR YA B |
1995 1155 2021 4043 S08 - 647 -1 S1Y - 31538
2000 1333 RRE 4668 618 718 1714 -4 047

v

a. Fertilizer sulfur supply for 1985 and onward is estimated by assuming 4% annual com-
pound growth from a base of 271 000 nu S consumption for 1979, which is a Y-vear
(1978779, 1979780, 1980/81) simple average.

b. Fertilizer sulfur supply minus sulfur requirements, Gap I is supply minus uptake; Gap Il
is supply minus Replacement 1: and Gap 1 is supply minus Replacement 11,
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mates are firstorder approximations. Although the S gap estimates are
based on an analysis of the best available data, much work remains to be
done for further refinements in the context of specific countrics. Recogniz-
ing these limitations, the results have major implications for national fer-
tilizer policy.

The large S requirements and gaps have important policy impli . uions
with respect to S research, S supply, fertilizer material selection, fertilizer
imports, lertilizer distribution, S promotion, investment, and foreign ex-
change allocation. However, unfess something is donc to bridge thesc large
S gaps and to correct the S-deficiency problem,national and international
cfforts to accelerate the domestic food and agricultural production in most
of the tropical countries will be seriously handicapped.



8 Fertilizer Sulfur Sources and Supply Strategies

In order to correct the increasing S deficiencies and bridge projected S gaps,
there is a need to identify, develop, evaluate, and transfer fertilizer S tech-
nology and strategies that would be appropriate, technically and economi-
cally, for tropical countries of the world. Alternative S supply strategies in-
clude  conventional  S-containing  fertilizers, modified S-containing
fertilizers, and indigenous S supply sources such as native S, gypsum, phos-
phogypsum, and pyrites. The purpose of this chapter is twofold: (1) to brie-
fly discuss various S supply sources, including S-containing fertilizers and
soil amendments and (2) to discuss appropriate S supply strategies in the
context of developing tropical countries.

Sulfur Sources

As has been analyzed in the preceding chapters, the S status of the soil is
improved through addition of S from precipitation, atmospheric dust, irri-
gation water, organic material, crop residues, fertilizers, and soil amend-
ments.

Atmospheric Accession

Unlike the situation in highly industrialized areas, the atmospheric acces-
sion of S in the agricultural areas of most of the developing countries is
rather low. According to Jones (1978), most of the atmospheric accession
can be brought down by a precipitation of the first 15 mm of rainfall. Any
more rain only dilutes the concentration of sulfate in leaching water, as has
been shown by Bromfield, Debenham, and Hancock (1980) in Kenya. Most
of the atmospheric S is expected to be added to soil after a prolonged dry
scason and with the first rain of the wet season. The net addition of S to
soil, however, will depend on many factors, some of which have not been
analyzed. The supply of S through dust and gascous deposition on plants
and soils can also be an important source of S, particularly in semiarid
tropics and arid zones, since these areas have more dry periods and dust
storms,

Irrigation Waier

Irrigation water is an important source of S supply to soil. However, regular
monitoring of the quality of water is essential to determine the potential
supply of S from irrigation water. In irrigated areas of semiarid tropics and
arid zones, the S supply from irrigation water can be adequate for heavy
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soils but probably not for coarse-textured and highly permeable sandy soils.
In this context information on the residual buildup of sulfate, S leaching,
and immobilization of S with the organic matter of the soil needs to be de-
veloped. Simulation models in the laboratories are no doubt useful, but
more valuable results on S supply from irrigation water can be obtained
only from field studies,

Organic Material and Crop Residues

The organic residues of the crop are important sources of S, and generally
more S is retained in these residues than is removed by the grain or the mar-
ketable product of the crop. Incorporation of organic residues, farmyard
manures, and other oganic residues in the soil can build up soil S reserves.
However, because of rapid mineralization and excessive leaching inmany
tropical soils, the buildup of sulfate through this mechanism is ratherlow,
expecially in surface soil. Some of the S may move down in the soil profile
and get adsorbed, thus adding to S reserves of the soil. The crop residue
management is a practical problem that should receive adequate attention
in any strategy 1o supply S and build up soil fertility. Approximately 1 mi
of farmyard manure adds about 2 kg of S, and its availability is very low,
Thus, unless a substantial amount of manure is added, the S supply through
farmyard manure will be rather small. Moreover, it may also cause more im-
balance between N and S supply. In most developing tropical countries,
crop residues and straw are generally removed for use as fodder or fuel.

Fertilizers and Soil A\mendments

The most important source of S to soil in the developing countries is
through S-containing fertilizers and soil amendments. Substitution of S-
free high-analysis fertilizers such as urea and TSP for AS and SSP is in-
creasing the gap between S requirements and S availability. For example,
100-kg applications cach of N, PO, and K,O supplied from urea, TSP,
and MOP, respectively, result in a decreased supply of approximately 217
kg of S when a switch is made from the corresponding S-containing fertiliz-
ers such as AS, SSP, and potassium sulfate,

Though the supply of S in the agricultural system of developing countries
is declining, there are few deliberate efforts to reverse the trend through use
of S-containing conventional or modified fertilizer products or by incorpo-
ration of S through other supply sources. In fact, most of the S that would
have gone directly to soil as a part of the fertilizer is being thrown away as
a waste product of the phosphate industry, and little attempt is being made
10 use it as a source of S in agriculture. Somehow the declining trend in S
supply needs to be reversed. It can hardly be overstated that from the point
of view of modernizing agriculture, it is essential to understand the prob-



149

lems and prospects of using S-containing substances to provide S to im-
poverished soils of tropical regions, cheaply and effectively.

Suifur-Supplying Fertilizers and Soil Amendments

The S-containing fertilizers and amendments can be divided into six
groups: (1) dry solid fertilizer products containing sulfate, (2) dry solid fer-
tilizer products containing elemental S, (3) fluid products, (4) organic
products, (5) compound fertilizers and mixtures, and (6) byproducts of in-
dustry. Each of these groups can be further subdivided into sulfate-
containing, clemental S-containing, and complex substances. Table 8.1 and
Appendix I give the S content of the imiportant fertilizer- supplying sub-
stances. However, this is not an exhaustive list as there are numerous other
grades and products that contain S.

The S content of S-containing fertilizers and substances varies con-
siderably in amount and forms of S, i.c., sulfide-S, sulfate-S, and organic
S. Forms of S other than sulfate-S must undergo mineralization or oxida-
tion to sulfate before they become available to plants. Sulfur-oxidizing or-
ganisms of Thiobacillus species bring about such a conversion. The rate of
conversion depends on a number of factors that are very well documented
in textbooks of microbiology. However, the chemical changes in S under
field conditions of tropical soils have not received adequate attention.

Itis bevond the scope of this study to discuss the technology and proper-
ties of the S-containing substances. Bixby and Beaton (1970), Beaton and
Fox (1971), and Hignett (1979) have dealt with this subject in some detail.
However, the technical aspects of S-containing fertilizers need more atten-
tion from fertilizer technelogists, agronomists, and cconomists.

Considerations for Formulating a Sulfur Supply Strategy

Lach developing country must consider its own specific S problems and S

supply sources in formulating a national S supply strategy. There are some

broad considerations that must be kept in mind.
A Targe number of fertilizer products are available in the industrialized
countries, and these countries are also able to manufacture products to
meet specific needs. However, the developing countries generally use
only a limited number of fertilizer products because of lack of availabil-
ity andsor cost considerations. The proportion and total amount of
cach of these fertilizer products varies from country to country. A na-
tional policy to supply S as a nutrient should be developed on the basis
of indigenous raw material, fertilizer response, fertilizer price, and crop
price information.
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Table 8.1. Sultur-containing fertilizers and other substancess.

Sultfur contaiming substances Nutrient content (Vo) N:S P:S
ratios ratios
S N P K

L Dry Fertilizer substances containing sulfate
With S contemt more than 109
Ammonium sultate 24 21 - - 0.9 -
Ammonium sultate nitrate’ 15 26 - - 1.7 -
Ammonm phosphate sultare” 15 6 9 - 1.1 0.6
Potassium sultate 16 - 22 - - 40 - -
Magnesium sultate monohyvdrate 23 - - - - -
Potassium magnesium sulfate 22 - - 18 - -
Gupsum 18 - - - - -
Zine sultate 17-18 - - - - -
Single superphosphate 12 -9 - - 0.8
Wauh S content less than 109
Superphosphite double 9 - 13 - - 1.4
Diammomum phosphate Ie 18 20 - 14.0 15.0
I'nple supcrphosphate 1.0 - 2 - - 20.0
Phosphate rock <1.0 - 4 - - >14.0
Urea ammonia sultare 4130 40 - - 3.0--100 -
Monoammomum phosphate ! 24 - 110 24.0
I Dry fertilizers containing elemental S or sulfide
Elemental S 100 - - - - -
Sulfur bentonite 90 - - - - -
Sulfur-fortified single

superphosphate” 27 -7 - - 0.3
Phosphate rock-S 7-16 -9 - - 0.6-1.3
MOP-nrea-S ¥ - ¥ - - ¥
Suliur-coated urea 14 38 - - 27 -
Pyrites >40 - - - - -
Urea-S" 10 40 - - 40 -
Sultur-fortified concentrated

superphosphater 20 - 18 - - 0.9
H1. Fluid fertilizers containing S
Ammonium thiosulfate solution 26 12 - - 0S5 -
Ammonium polyvsulfide 40-50 20 - -  0.4-0.5 -
Ammonium bisulfate solution 17 85 - - 0.5 -
Ammonium bisulfate

polyphosphate 3- 5 9 8 - 1.8-30 1.6-2.7

Sultur dioxide 50 - - - -
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Table 8.1. Continued.

Sulfur containing substances Nutrient content (%) N:S P:S
ratios ratios

S N P K

IV Organic S-containing substances, manures and COmposts

Sewage sludge 0.4 - - - - -
Bonemeal 0.2 - - - - -
Groundnut meal 0.2 - - - - -
Farmyard manure (wet

8S% moisture) 0.2 0.3 0.2 03 - -

VL Compound tertilizers and mintures containing N, P, K, S, and micronutrients
There are numerous possibilities and, in fact, already many products are available.
VI Dry solid byproducts ot industries or natural ores

Anhydrite 23.5% when pure

Gypsum S content variable depending upon purity - 139% - 18% sulfate S

Phosphogypsum byproduct of phosphoric acid or phosphatic fertilizer industry

Pyrites S cantent ranging from 0% to 60 and above

Brimstone or other S ores S content up to 10%s (ores contain 259% - 100% S)

Pressmud of sulfitation process byproduct of the sugar industry with S content highly
vanable

Pressmud ot paper industry byproduct of paper industry variable S content

Miscellancous byproducts of agricultural industries

a. The conversion tactors for plant nutrients from oxide 1o elemental and from elemental 1o
ovide forms are: Po0.43364 PO P.OC 22914 P, K- 0.8302 K.0, and KO0 =1.2046 K.

h. Other grades are also marketed.

CooAverage 89,

d. Tangbeinite,

1.3%, approsimately.

Average 6%,

. Variable,

o —

9

- Although there are many S-containing fluid substances, it seems doubt-
ful that the use of fluid fertilizers containing S will be practical in the
near future in developing tropical countries.

3. The fertilizers are normally priced only for their N, P, or K content, and

generally no consideration is given to their S content. Table 8.2 gives the

total nutrient content (N + P,O¢ + K,O + S)of a few important fer-
tilizers that contain high amounts of' S, in addition to other major plant
nutrients. The sulfate-containing dry fertilizer substances with high sul-
fate content may become more attractive provided the fertilizer pricing
policy or transportation cost does not outprice them.

For example, AS has 21% N and 24% S, Thus, total nutrient content
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Table 8.2. Estimated toial nutrient content of selected nitrogen and potassium fertilizers: An

example.
Fertilizer S Total plant nutrientse
(%)

Ammonium sulfatet 24 45

Ammonium nitrate sulfare 5 is

Ammonium phosphate sulfate! 15 52

Ammonium sulfate nitrates 12 38

Potassium suffate! 18 68

Potassium magnesium sulfater 22 44

a. N+PO RO+ S,
. 210 N,

30% N.

. 16.5% N and 20.5% P,0,.
. 26% N.

. 50%% K,0.

. 22% K,0.

in AS is 45%, whereas urca has 46% N. If AS is priced on the basis
of N content, taking urea N price as standard, AS is far more economi-
cal than urea if it is used on S-deficient soils. Sulfur in this case is a bo-
nus. However, if pricing policy gives positive value to S, ammonium sul-
fate may be outpriced in comparison with urea as a source of N. There
may be situations where AS could be considered as a major source of
S and N as a bonus. Such decisions can be made only on a sound tech-
nological, agronomic, and cconomic basis. On the other hand, the fer-
tilizer industry will have limited economic incentive to supply S if con-
sideration is not given to S in pricing fertilizers. It is important to point
out, however, that the cost of S if used in producing fertilizers is incor-
porated in fertilizer manufacturing cost by the fertilizer industry.

The importance of & in pricing fertilizers will depend on its response
ratio in comparison with N, P, or K. It is doubtful whether any develop-
ing country has a pricing policy based on the total nutrient content. In
some states in the United States the fertilizer legislation requires that all
mixed fertilizers should contain at least 3% S. Similar policies may be
needed for developing countries faced with S-deficiency problems.

Some fertilizers containing not less than S% (5%-10%) sulfate-S,
ncluding PAPR, can become attractive for certain crops in areas having
S deficiency. Grant and Rowell (1976) suggested a 6,5% S content for
fertilizers and a ratio of P,0,:S of 2.1-2.7:1 for Zimbabwe. Bixby and
Beaton (1970) have suggested a ratio of 3:1. However, the appropriate-
ness of these ratios needs to be investigated in the context of tropical
soils and cropping systems.
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. Of the fertilizer substances containing clemental S, S-coated urea, S-

fortified superphosphate, and phosphate rock S can become attractive
fertilizers and, hence, sources of S for tropical soils.

. Elemental S and pyrites will be preferable for alkaline and calcarcous

soils, provided they are used in such a way that rapid oxidation is facili-
tated and the cost-benefit considerations are favorable. Gypsum is use-
ful on both alkaline and acid soils,

In soils of low pH, the use of elemental S or related substances and AS
may not be so advisable because of their acidifying effeet, but in cal-
carcous and alkaline soils they have an advantage provided the cost:ben-
efit ratios justify their use.

. Undoubtedly, the use of organic sources of S such as crop residues and

other sources is desirable, but it will take a long time to correet the S-
deficiency problem of soil if it can be corrected at all. Morcover, the
amount of manure available for extensive use in tropical countries is
rather limited. Crop residues are generally used as fodder or fuel.

. The use of byproducts of the chemical fertilizer and agricultural-based

industry as S supply sources is very promising and needs intensive re-
scarch. However, sinee this research requires a considerable specificity
ol location, every country has to formulate a research strategy accord-
ing to the availability of these products and their economic value.

In India, for example, the use of low-grade gypsum, phosphogypsum,
low-grade pyrites, pressmud of sugar and refuse from paper factories
offers great promise for correcting the S deficieney in cultivated soils
and ftor reclamation of sodic soils. As the phosphate fertilizer industry
develops, a large amount of gypsum as a byproduct of this industry will
be available. Agarwal (1982) has estimated that by the end of the sixth
S-year plan, India will annually accumulate more than 5 million mt of
phosphogypsum as a byproduct of the phosphate industry. Bangladesh
is also faced with a similar problem of large stocks of phosphogypsum.

There are two possibilities for using phosphogypsum, one in agricul-
ture and another in industry. So far as agriculture is concerned, phos-
phogypsum can be used as a nutrient source as well as a soil amend-
ment. A few developing countries, including Bangladesh, have already
started using phosphogypsum in agriculture but only in small amounts.
Some of the S from this source can be reintroduced into fertilizer
products for enriching them with S. However, this problem needs to be
addressed jointly by technologists, agronomists, and economists. Ulti-
mately, the use of phosphogypsum, whether in agriculture or industry,
depends upon economic considerations.

Sulfur-coated urea, PAPR, S-fortified TSP, double superphosphate,
and S- or sulfate-enriched DAP need to be critically evaluated for use
in S-deficient soils and crops. In fact, S-coated urca may offer an ad-
vantage for supplying S to S-deficient soils, in addition to improving N
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cfficiency. Sulfur may not have been given due consideration in research
on testing S-coated urea in developing countries. Likewise, studies on
the value of PAPR not only as a source of more soluble phosphates but
also as a source of S, particularly for S-deficient soils or for S-
responsive crops, need to be expanded. Ammonium sulfate needs to be
given a fresh look by the technologists, agronomists, and policymakers,
especially in the tropics.

10. The use of zine sulfate, which is increasing in India and other Asian
countries for correcting Zn deficiency, also should be exained from the
point of view of correcting S deficiency. Every S0 kg of zine sulfate,
while supplying approximately 18 kg of Zn, also supplies about 8 kg of
sulfate-S.

Modification of Fertilizers to Supply Sulfur

Fertilizer technologists need to give considerable attention to the modifica-
tion of popular fertilizers to supply S. In fact, there appear to be numerous
possibilities for such modifications. However, the choice will depend on a
number of factors such as case of application, agronomic effectiveness of
products, econonics, need f r multinutrient products, and the availability
of advisory and marketing services in the country,

The S fertilization strategy will vary from country to couniry. However,
any S supply strategy should consider (1) nature of soils, (2) nature of crops,
(3) cropping system, (4) major nutrient deficiencies and their relationship
to S deficiency, () soil fertility management system, (6) use of organic ma-
nures, (7) expected vield level, (8) socioeconomic factors, (9) pricing of fer-
tilizers and crops produced, (10) benefit:cost ratios, and (11) availability o
indigenous raw materials.

For most situations, the following products offer great promise: gypsum,
ammonium  phosphate  sulfate,  ammonium  sulfate nitrates, super-
phosphates, acidulated phosphate rock, and fertilizer mixtures and com-
pound fertilizers supplying S in addition to major plant nutrients. Tisdale
and Platou (1981) consider that the following high-analysis S-containing
fertilizers hold some promise: (1) DAP + S, (2 TSP + S, (3) S bentonite,
(4) urea-S, (5) S-coated urea, (6) urea-AS, and (7) ammonium nitrate sulfate,
Joint efforts of fertilizer technologists, agronomists, and economists are
needed to develop suitable products for different situations in tropical
countrices,

Research on Sulfur Fertilizers

In view of the growing concern about S deficiency in tropical agriculture
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and its implications tor fertilizer technology and management, IFDC in-

itiated a rescarch program on S which has emphasized the following

aspects:

I. Study of the effectiveness of moditied phosphates and nitrogenous fer-
tilizers through incorporation of gypsum and elemental S.

2. Study of the causes and mechanism of losses of S in tropical soils and
means ol correcting them through use of S-containing substances,

Modified Phosphate-Sulfur Fertilizers

The incorporation of gypsum in high-analysis phosphates such as TSP +
gypsum and DAP + gypsum and the use of PAPR have been investigated
under greenhouse conditions using S-deficient soil and corn as a test crop.
The results show that all the phosphates with incorporated gypsum ranked
significantly better than TSP as judged by dry-matter production and S up-
take and compared favorably with SSP (IFDC Annual Report 1981). The
studies also indicate that cogranulation or blending of TSP with gypsum
SO as 1o give a ratio of P:S of 3:1 was best for supplving both nutrients
(Korentajer, Mokwunye, and Hellums, 1982). Collaborative field trials in
Kenya, Nigeria, and Burkina Faso using PAPR also show the effectiveness
of this source tor supply of P and S.

Modified Nitrogen-Sulfur Feriilizer.,

The nitrogenous S-containing fertilizers studied at IFDC were(l) gypsum-
coated urea, (2) gypsum plus urea, (3) powdered urea plus elemental S, and
() urea-clemental S granules. The test material was applied by banding at
8-cm depth or by broadcasting on the surface of the soil. The highest dry-
matter production and S uptake were with gypsum-coated urea ad the
lowest with urea-clemental S (IFD Annual Report 1981).

These studies show that nitrogen and phosphate fertilizers may be modi-
fied by incorporating gypsum to become effective and economical sources
of'S to plants that are suffering from an S deficiency. In order to study the
practical feasibility of these promising products, however, tield experiments
in tropical African, Asian, or Latin American countries are necessary.

Replenishing Sulfur Lost Through Leaching

From leaching experiments it was observed that apparent amounts of gyp-
sum removed by leaching varied from 8% to 58% of the amount added; the
lowest leaching rate was 0.91 mm/day, and the highest was 4.2 mm/day.
To replenish the S lost through leaching, sources such as gypsum, elemen-
tal S, and other S-containing substances are commonly used. A study was
conducted to find the particle size, rate of application, and method of
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application of these substances that would be appropriate for correcting S
deficiency or replenishing S losses.

Three sources of S ~ gypsum, anhydrite, and elemental S - were com-
pared at two rates of application — 10 and 40 ppm. The sulfate particles
were of three sizes: (1) powder (-150 mesh), (2) 1.7-2.4 mm, and (3) 3.4-6.4
mm. They were compared with elemental S powder of one size only
(<0.08 mm).

Before planting corn, the S-treated soil was subjected to a leaching rate
of 1.9 mm/day for 10 days. The S losses were highest with the gypsum pow-
der and decreased as the particle size increased. The amount of S leached
varied from 1.8% to 67% of the amounts applied. In general, the losses
were gypsum > anhydrite > clemental S (Figure 8.1).

These results suggest the use of coarser material instead of powder. Sec-
ondly, less-soluble material is preferable for reducing S losses. Sulfur-
containing substances like anhydrite, pyrites, and elementa! § may be prefer-
able to gypsum in soils subject to high leaching losses; the question is one
of economics, however, so it is desirable to conduet such experiments under
ficld conditions to examine their direct and residual effects and the related
cconomic aspects.

Criteria for Evaluating Fertilizer Sulfur Sources

In developing and recommending any of the S-containing fertilizers, it is ex-
tremely important to keep in mind the climatic conditions, cropping sys-
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Figure 8.1. The Effect of Source, Particle Size, and Sulfur Rate on Sulfate Leaching Losses
From Fertilizer Materials.
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tems, soil types, sociocconomic conditions, and natural resource endow-
ments of those tropical countries that are the target of such technology. All
the existing and modified S-containing fertilizer technologies must be evalu-
ated with respect to the following criteria:

L.

w2 b

+

6.

The technical feasibility of production, distribution, and use of S-
containing fertilizers.

Agronomic cffectiveness under farmers’ field conditions.

Preferences and general attitudes of those involved in production, dis-
tribution, and use of these materials.

Economic effectiveness under free-market conditions.

LEconomic effectiveness under prevailing and alternative government
policies with respect to fertilizer S.

Foreign exchange use, carnings, and savings.

Economic and financial aspects of research, production, distribution,
and the use of these materials.

Existing and suggested government policies dealing with fertilizer S raw
materials, production, distribution, promotion, regulation, pricing, sub-
sidies, trade, and research.

The technology for each proposed S-containing fertilizer needs to be evalu-
ated within an interdisciplinary context from the moment a technology is
conceived until it is ready for transfer and general use by farmers in the
tropical countries.



9 World Sulfur Situation, Outlook, and Public Policy

Results reported in the preceding chapters clearly establish the strategic im-
portance of S in economic development. Sulfur and its derivatives are need-
cd to modernize the agricultural sector and also for industrial growth. The
purpose of this chapter is threefold: (1) to examine the current economic sit-
uation and past performance of the S industry; (2) to analyze the economic
outlook for S resources; and (3) to discuss public policies needed to ensure
that adequate S is available for use by future generations. The analysis will
dcal with supply, demand, trade, and prices of S and its derivatives in the
context of selected countries and regions of the world.

Sulfur Supply and Demand Components

Depending on the supply source, S is broadly classified into three categor-
ies: brimstone, pyrites, and S from other sources. Alternatively, S can also
be considered as (1) natural and (2) involuntary or recovered.

Brimstone or elemental S consists of (a) Frasch — S obtained through
Frasch mining, (b) native — S obtained by conventional mining, beneficia-
tion, and refining, and (c) recovered — S recovered from sour natural gas
and oil where desulfurization units provide hydrogen sulfide to plants that
recover S in elemental form.

Pyrites, on the other hand, consist of (a) mining of pyrite (ferrous sul-
fide) ores and (b) byproduct pyrites derived from the smelting of nonferrous
sulfide ores including copper, lead, nickel, and zinc.

Finally, S-in-other-forms consists of S obtained or recovered in the form
of S ore, sulfuric acid, or other S derivatives. Some of these sources are
SO, recovery from copper, lead, nickel, and zinc smelters; hydrogen sulfide
from oil refineries; gypsum or anhydrite; and unbeneficiated S ore used in
agricultural or industrial sectors.

A major portion of S is used to manufacture sulfuric acid which is con-
sidered the *work horse’ of industry. The S value of sulfuric acid is generally
not retained in the final product. For example, in wet-process phosphoric
acid manufacture, S from sulfuric acid is discarded in the byproduct phos-
phogypsum. The relative importance of various S uses in the United States
is reported in Table 9.1. Agriculture, mainly the fertilizer industry, is by far
the major consumer (62%) of S. The relative importance of agriculture as
an S consumer is expaeted Lo decline to 40% by the year 2000. Potential new
uses of S are expected to be S-asphalt paving and S concrete. At this stage,
however, the economics does not appear to favor the use of S in concrete
and paving material. Furthermore, S-imporing countries may never use S
in building material and construction, unless phosphogypsum is used for
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Table 9.1. Pauterns of sulfur demand in the United States: An examples,

End use of sulfur 1977 (actual) 2000 (forecast)b
"000 mt Y% of 1otal 000 mit % of total

Agriculture (fertilizers) 7216 62.0 12 500 40.3
Plastic and synthetic products 455 39 1200 3.9
Paper products 345 3.0 400 1.3
Paints 324 2.8 - -
Metal mining and processing 701 6.0 1 800 5.8
Petroleum refining 879 7.5 2 000 6.5
Iron and steel production 130 1.1 - -
Otherst 1 607 13.8 3 600 11.6
Potential new ysesd - - 10 000 32.3
Total 11 657 100 31 000 100

a. Derived from Shelon (1979),

b. Forecasts are based on historical date and other economic indicators. The figures reported
are the most probable. The forecast range for total S demand for the United States is
24.3 - 53.0 million mt.

¢. Basically for chemical products.

d. Mainly S-asphalt paving and S concrete.

. Totals are approximate due 1o rounding of data.

g

this purpose in countries with facilities for manufacturing wet-process
phosphoric acid.

Patterns and Trends in Sulfur Production

World production of S increased from 37.8 million mt in 1969 to 53.8 mil-
lion mt in 1981, The implied average annual growth in S production was
3.2% from 1970 to 1979 (3-year averages centered on years specified). There
was a slight decline in S production during 1981 over 1980, mainly because
of a fall in production in Iran and Iraq, large existing inventorics, and slack-
ening demand for S. However, Fertilizer Economic Studies (FERTECON)
projects that world production of S will grow annually at 4% through the
mid-1980s and slow to 3% in the latter part of the 1980s. As a result, the
world S supply is expected to reach 62.8 million mt in 1985 and 73.0 million
mt in 1990. The distribution of S production in individual countries and
world regions and S sources during 1981 are reported in Table 9.2,

First, 101 the v hole world, the share of brimstone (Frasch and recovered
clemental S) in 1981 was 63%, a slight increase over 62% during 1973. The
share is expected to increase to 68% during 1990. This increase is mainly
attributed to an increase in recovered S in response to environmental protec-
tion regulations. The share of pyrite in 198i was 21% and is expected to de-
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cline mainly in response to an increase in recovered (involuntary) S.

Second, the sources of S vary a great deal across countries and regions.
For example, 90% of the S production in Latin America is from brimstone,
61% in Africa is from pyrites, and 40% in Asia is from other sources. These
differences are due 1 several factors, including the existence of local S
resources, fevel of industrialization, government regulations with regard to
S emissions, and the relative cconomics of S production.

Third, the share of North America in total S production has declined
from 40% in 1973 to 36% in 1981, whercas the share of the centrally
planned cconomies has increased from 30% in 1973 to 35% in 1981. The
relative changes in other world regions are rather small. No major changes
are expected in the current production trends,

Fourth, during 1981 four countries accounted for 63.5% of total world
production of S: the United States (23.7%), US.S.R. (18.0%), Canada
(12.6%), and Poland (9.2%). Changes in production in any one of these
countries can have important implications for international S trade and S
prices.

Fifth, with the exception of Mexico, the developing market economics
produce a very small share of the world S output. During 1981 the estimated
share of developing market economies in world S preduction was only
7.8%, and Mexico alone accounted for about 50% of that production. The
oil-producing developing countries, especially in the Middle East, arc ex-
pected to increase their production,

Patterns and Trends in Sulfur Consumption

World consumption of S has increased from 22.4 million mt in 1960 to 35.1
million mt in 1969 and 55.0 million mt in 1980. The average annual growth
in S consumption from 1970 to 1979 (3-year averages centered on years
shown) has been estimated to be 4.4%. The growth in derived demand for
S has slowed down recently, mainly in response to the worldwide economic
recession, high interest rates, and a slump in wet-proces phosphoric acid
production,

Future demand for S depends on (1) S demand for fertilizer and agricul-
tural uses, (2} S demand for current industrial (nonfertilizer) uses, and (3)
S demand for potential new industrial uses. The available projections of
worldwide demand for S-in-all-forms are summarized below:
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Table 9.2. Production of sulfur by countries and world regions during 1981+,

Region/country Production Share Sources of sulfur, % share
('000 mt) in world
production Brimstone Pyriies Other

(%) forms

Western Europe 7 691 14.31 47 32 21
Finland 455 0.85 10 52 38
France 2117 1.94 93 0 7
Germany, F.R. 1832 141 60 14 26
taly 539 1.00 14 47 39
Norway 266 0.50 3 77 20
Spain 1211 2.25 2 8¢ 9
Sweden 290 0.54 14 62 24
Others 981 1.83 36 28 36
North America 19 520 36.13 85 3 12
Canada 6775 12.61 87 s 8
United States 12 745 23.72 83 2 15
Oceania [53 0.28 9 0 91
Australia 153 0.28 9 0 91
Africa 814 1.52 7 61 32
Morocco 26 0.08 0 100 0
South Africa 636 .18 8 71 21
Zambia 81 0.15 0 0 100
Others 71 0.13 14 32 54
Asiu 4 041 7.52 50 10 40
India 195 0.36 3 21 76
[ran® 6 0.01 100 0 0
Irag® 145 0.27 100 0 0
Japan 2 706 5.04 18 11 51
Kuwait 110 0.20 100 0 0
Philippines 70 0.13 0 100 0
Others 809 1.51 89 0 Il
latin America 2699 5.02 90 3 7
Chile 106 0.20 66 3 31
Mexico 2 167 4.03 95 0 5
Venezuela 45 0.08 100 0

Others a8t 0.71 72 17 I
lastern Europe 6215 11.57 72 12 16
Poland 4953 9.22 96 0 4
Rominia 425 0.79 4 82 14
Yugoslavia 341 0.63 2 36 62
Others 496 0.92 26 51 23
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Tuble 9.2. Continued.

Region/country Production Share Sources of sulfur, % sharc
(' 000 nu) in world
production Brimstone Pyrites Other

(%) forms
Other centrally planned 12 596 23.44 3s 50 IS5
U.S.S.R. Y 670 18.00 40 42 18
China 2 591 4.82 18 79 3
Others 335 0.62 4 93 3
Western world M 916 64.99 71 12 17
Centrally plunned! 18 811 35.01 49 38 13
World 53727 100.00 63 21 16

a. Original production figures are obtained from British Sulphur Corporation (1982a,
1982h). However, all the caleulations are by the authors,

b. Sulfur prodection has declined because of war between Iran and Iraq. During 1979
production of sultur-in-all-forms was 244 thousand mt in Iran and 762 thousand mt in
Iraq.

¢ Bacluding Cuba.

d. Sum of Eastern Europe and Other Centrally Planned Econotnies.

¢ Totals are approximate due to rounding of data.

Source Projected sultur Annual growth rate
Demand
(millions mt)

1985 1990 2000

Shelton (1979) 76.0 NA 1385 4.4%
Bixby (1980) 76.1 NA NA NA
BSC (1980)¢ 66.0  76.0 NA 3.5%, 1979 -85

3.0%, 1985-90
‘Markets Newsletter” (1982) 63.5  74.9 NA < 3.0%, carly 1980s
>3.0%, late 1980s

Clearly, there are large variations in' S demand across different projections
depending on the underlying assumption. Given the current state of the
worldwide economy, the § demand in 1985 is expected to be in the neighbor-
hood of 65 million mt." According to Shelton and Morse (1983), total

1. According to Shelton (1979), cumulative worldwide demand for S s projected 1o be 510 mil-
lion mt from 1977-1985 and 2,050 million mt rom 1977-2000.
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world demand for S for industrial uses alone in 1990 is estimated to be 37.6
million mt, of which 84% is for current industrial uses and 16% is for
potential new industrial uses.

Total S consumption in individual countries and regions is reported in Ta-
ble 9.3. During 1980, 70% of the world S consumption was in the western
world and 30% in the centrally planned economies. The share of individual
countries in world S consumption during 1980 was 26% in the United
States, 18% in the USSR, and §%% in Japan, accounting for approximately
one-halt of the world’s consumption. The shire of developing market econ-
omices in total S consumption was only about 12% during 1980, a rather
small amount in the contest of their relative share in world population and
agricultural production.

The percentage share of brimstone in nonacid (for something other
than sulturic acidy uses varies from 3% in Africa to 159 in North America.
During 1980, 129% of the brimstone in the western world was used for
nonacid purposes. The rest of the brimstone was used for manufacturing
sulfuric acid. On the other hand, most of the S trom pyrites and from other
sources was used to manutacture sulfuric acid either as the main product
or as a byproduct. On the average, 88% ol the total brimstone consumed
in the western world during 1980 was allocated to the manutacture of sul-
furic acid. Such information for the centrally planned countries was not
available, but it is thought that the average percentage share allocated for
production of sulturic acid is not much different from that in the western
world.

Patterns and Trends in Sulfurie Acid Production

Depending upon the country, 80%0-90% of S is used to manufacture sulfur-
ic acid. There are at least four reasons for this high figure: (1) sulluric acid
is cheapest among all the mineral acids; (2) sulfuric acid is quite versatile
in its applications and ordinarily there is no satisfactory substitute; (3) the
production of sulfuric acid resubts in net energy export for other uses: and
(4) sulfuric acid is produced as & byproduct {e.g., smelting operations) or
as a useful product from S derivatives recovered in response to government
regulations 1o remose S emissions for environmental protection.

Sulturic acid is produeced by catalvtic oxidation of SO, 1o sulfur trioxide,
The sulfur trioxide is then absorbed in water or sulfuric acid to form sultur-
ic acid.” There are many different sources of SO, and alternative processes
to convert SO, into sulturic acid. Various sources of S tor sulturic acid
production are (1) elemental (Frasch or recovered) S, (2) pyrite (ferrous sul-

2. Funther detuls on the teehmcal and energy-related aspects of sulfuric acid production are
available in 1EDC (1979, NMudahar and Hignett (1982).
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Tuble 9.3. World consumption of sulfur and allocation of brimstone for nonacid uses during

1980+,
Regions Country Total consumption Brimstone consumption %% used
for nonacid uses for
000 mit U share — sulfuric
000 mit Y% of total S acid
consumption
Western Europe 11 016 20.0 1254 11 89
Belgium 822 1.5 80 10 90
Finland 442 0.8 77 17 83
I'rance 1929 R 204 11 89
Germany, F.R. 1701 RN 182 It 89
Gireece 450 0.8 48 t 89
[taly 1263 22 167 13 87
Netherlands sa2 1.0 NA NA NA
Spain 1298 2.4 148 11 89
Sweden 298 0.5 60) 20 80
United Kingdom 1249 23 120 10 90
Others PRN 1.7 NA NA NA
Narth America 15919 289 231y N 85
Canadu 1 899 R 370 19 81
United States 14 020 258.5 1 949 14 86
Oceama 1 054 1.9 70 7 93
Austraha 80S [ AR 7 93
New Zealand 249 0.5 18 6 94
Atrica 192 .8 106 R} 97
Moroceo o681 1.2 NA NA NA
South Atrica 1 356 2.5 65 S 95
[unisia 718 1.3 H 2 98
Others 440 0.8 NA NA NA
A S012 9.1 563 1 89
India 1 076 2.0 150 14 86
lapan 2512 4.6 284 11 89
South Korea 562 1.0 40 7 93
Othets 862 1.6 NA NA NA
fatin America” 2 488 4.5 253 10 90
Brazil 1 044 1.9 100 10 90
Mevico 9s§1 1.7 65 7 93
Others EDR (IR NA NA NA
Centrally planned 16 367 29.7 NA NA NA
Fastern Burope RIRE ) 5.9 NA NA NA
".S.S.R. PIAR 17.9 NA NA NA
Other centrally planned RIRFA] 5.9 NA NA NA
Western world 18 680 70.3 4 566 12 88
Centrallv plunned 16,367 29.7 NA NA NA
NA NA

Waorld:

SS 047 100.0

NA

a. Origmal consumption tigures were obtained from British Sulphur Corporation (19824,
1982h). However, all the caleulations were made by the authors.

b. Facluding Cuba.

coSum ob Fastern Furope, USSR, and Other Centrally Planned Feonomigs.
do otads are approvmate due to oonding of dina. NA

Not available,
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fide), (3) smelter operations (nonferrous sulfides), and (4) natural gypsum
or byproduct phosphogypsum. On the average, 1 mt of sulfuric acid
manufacture requires 330 kg S, all of which is contained in the final product
(33% S in H,SO,). FFurthermore, sulfuric acid manufacture is a source of
uscable energy in the amount of L32 GI/mt of H,S0, (1.25 million
Bu/mt of H,SO,). The amount of useful energy generated, however, de-
pends on the source of raw material S.

Werld production of sulturic acid during 1981 was 137.8 million mt, a de-
cline of 3.8 million mt over the previous vear. On the average, however,
production of sulfuric acid grew at 4.4%/year from 1974 10 1979 (3-year
averages centered on years shown). A detailed analysis of sulfuric acid

Table 4. Production of sulfuric acid by country and world regions during 1981+,

Region:country Production  Share Sources of raw material, All
(7000 mu) in world " share
production
(") Brimstone  Pyrites  Other
forms
Western Furope 25§41 I8.§ SO 27 17 100
Belgium 2018 1.8 66 13 21 100
France 4138 1.0 89 [\] 11 100
Germany, F.R. 4220 11 48 18 RE! 100
Italy 2500 1.8 44 kD) 17 100
Nether lands 1 798 1.3 8S 0 15 100
Spain 2993 22 1] 90 10 100
United Kingdom 2 8RY 2.1 94 0 6 100
Others 4 954 6 18 43 19 100
North America 39 348 28.5 78 s 17 100
Canada 4 030 2.9 42 25 KR} 100
United States RAIRI 25.6 82 1 15 100
Oceania 2515 1.8 83 0 17 100
Australia 1 975 1.4 78 0 22 100
New Zealand 540 0.4 100 0 0 100
A frica 8 903 6.5 75 16 Y 100
Moroeco 2383 1.7 97 3 1] 100
South Africa 3230 2.3 50 38 12 100
Tunisia 2220 1.6 100 0 0 100
Others 1101 0.8 55 12 RR] 100
Asia 12 718 9.2 56 7 RY) 100
India 2780 2.0 90 4 6 100
Japan 6 572 4.4 25 1 64 100
South Korea 1 300 0y 79 0 21 100
Taivan 900 0.7 100 0 0 100

Others 1 166 0.8 93 7 0 100
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production by region, country, and S supply sources for 1981 is given in Ta-
ble 9.4. Approximately 69% of the world-021-s sulfuric acid was produced
in the western worlc. The major producers include the United States (26%),
U.S.S.R. (17%), China (6%), and Japan (5%). Among the developing mar-
ket economies, major producers of sulfuric acid are India (2%), Mecxico
(2%0), Brazil (1.7%), Morocco (1.7%), and Tunisia (1.6%). The developing
marketing economies as a group account for 13.1% of the world’s sulfuric
weid production — Africa 4.2%, Asia 4.4%, and Latin America 4.5%.
The S supply sources for sulfuric acid vary across countries and regions.
For the world as a whole, approximately 61% of the sulfuric acid is based
on brimstone, 21% on pyrites, and 18% on other sources. Among the major

table Y., Continued,

Region: country Production  Share Sources of raw material, All
{000 mr) in world o share
production ——-
(") Brimstone  Pyrites  Other
forms

Latin America 6217 4.5 87 k| 10 100
Argentina 275 0.2 80 0 20 100
Mevico 2750 2.0 87 0 13 100
Bravil 2 400 1.7 91 7 0 100
Chile REN 0.1 71 R} 26 100
Others 407 0.3 77 0 23 100
Fustern Furope Y 561 6.9 59 23 I8 104)
Crechoslovakia 1 350 1.0 100 0 0 100
Germany, DR, 9s0 0.7 74 H IS 100
Poland 2776 2.0 RO 0 20 100
Ronvinia I 835§ 1.3 46 44 10 100
Yugoskivia I 100 0.8 0 41 59 100
Others 1 550 I n 54 i3 100
Other centrally planned 33 060 24.0 39 46 IS 100
1".S.8.R. 24 000 17.4 43 37 20 100
China 7730 5.6 26 71 k) 100
Others 1330 1.0 a5 6 3 100
Western world 9§ 240 09,1 70 12 I8 100
Centrally plunned’ 42 621 RITRY 41 41 16 100

World 137 86l 100.0 61 21 18 100

ac Onginal production figures are obtained from British Sulphur Corporation (19824,
TYR2b). However, all the caleulations were made by the authors,

b. Sum of Fastern Eorope and Other Centrally Planned Economices,

¢ Totads are approsimate due to rounding o data.
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sulfuric acid producers, the contribution of major S supply sources consists
of 82% from brimstone in the United States, 43% from brimstone in the
US.S.R., 71% from pyrites in China, and 64% from other sources in Japan.
Consequently, the average production cost of sulfuric acid varies among
these countries. Primarily, it is brimstone that moves in the international
market. Other sources are either location-specific or too bulky for transpor-
tation.

Patterns and Trends in Sulfuric Acid Consumption

World consumption of sulfuric acid during 1980 was 142.8 million mt. On
the average sulfuric acid consumption grew at 4.3%/year from 1974 1o 1979
(3-year averages centered on years shown). Since demand for sulfuric acid
is closely linked with demand for wet-process phosphoric acid, growth in
future demand for sulfuric acid depends on the technical feasibility and
economic viability of alternative processes for producing water-soluble
phosphate tertilizers.

Regional consumption of sulfuric acid and its allocation to the fertilizer
sector during 1980 are reported in Table 9.5, Almost one-half of all the sul-
furic acid is consumed in Western Europe and North America. North
America, especially the United States, is a major consumer of sulfuric acid,
primarily because of its large and well-established phosphate fertilizer in-
dustry. The only developing countries that consume sulfuric acid in any sig-
nificant amount are those that possess domestic capacity to produce phos-
phate fertilizers, To a large extent, domestic capacity to produce phosphate
fertilizers is determined by the availability of phosphate rock.

The proportion of sulfuric acid used in the fertilizer industry varies from
one world region to another. For the world as a whole, 56% of the sulfuric
acid is used in the fertilizer industry. The percentage share varies from
ashigh as 83% in Africa 1o a low of 44% in the U.S.S.R. and Western Eu-
rope. The rest of the sulfuric acid is used for other chemical industries. A
large share of the sulfuric acid used in the fertilizer industry is used to
manufacture phosphate fertilizers. For the western world, 91% of the fer-
tilizer sulfuric acid is used in the phosphate fertilizer industry. The percent-
age share varies from a low of 73% in Asia to 99% in Oceania. The rest
of the sulfuric acid is used 1o produce S-containing nitrogen fertilizer and
other compound fertilizers.

The proportion of sulfuric acid used in the fertilizer industry has been
changing over time. For the western world as a whole, this share increased
from 51% in 1974 1o 55% in 1979 and 58% in 1980. A major upward shift
has occurred in North America where the share of sulfuric acid used in the
fertilizer industry has increased from 46% in 1974 10 60% in 1979 and 62%
in 1980. As far as other regions are concerned, the share has declined in Lat-
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Tuble 9.5, World consumption and regional allocation of sulfuric acid and sulfur for fertiliz-
er production during 1980-,

Region Total Consumption in the %% share 9% used
consumption fertilizer sector of sul- for
—  fur used  phos-
Million % Million 0 Y allo- in phate
mt share  mt share  cated to fertilizer  fertilizers:
fertilizer  sectort
seetor
Weostern Europe 27.2 v 120 15.0 4 kD) 86
North Amcrica 44.1 Y 278 RE T I 0 hR] 97
Oceanii 29 2.0 23 29 M 7 99
Africa! 8.7 0.1 7.2 9.0 83 81 Y7
RORE 12.2 8.5 6.4 8.0 582 46 73
L atin Americat 0.4 4.5 3.6 4.5 56 S0 76
Fastern Lurope 9.4 6.6 6.4 8.0 68 NA NA
L".S.S.R. 230 16.1 102 128 NA NA
Other centrally
planned 8.9 6.2 4.2 AP NA NA
Western world 101.5 71 590 739 58 St 91
Centrally phinned 41.3 28,9 20.8 26,1 50 NA NA
World 142.8 100} 79.8 100 56 NA NA

a. Onginal dataewere obtuned from British Sulphur Corporation (19824, 1982b). However,
the caleulations were made by the authors.

b. Obtained by mubtiplving the peteentage share of sulfuric avid used in fertilizer sector by
the percentave share of sultar osed 1o manutacture sulfuric acid during 1980,

<o Pereenttentibzer sulturic acid used tor produection of phosphate fertilizers in 1979, Derived
trom British Sulphur Corporation (1981). Such data were not available tor 1980 or 1981,

do At incudes South Atricas Asiaincludes Tapan; and Tatin America excludes Cuba.

coSum ot Lastern Burope, USSR, and Other Centrally Planned Feonomies.

Lo Totals are approvimate due 1o rounding ol data,

NA O Notavalable.

in America and Oceania, has not significantly changed in Asia, and has in-
creased in Africa. The disaggregated analysis by country and region with
respect to suffuric acid consumption and its allocation to the fertilizer in-
dustry is given in Table 9.6. Except in a few countries s, i major share of sul-
furic acid is used in the phosphate fertilizer industry.

A regional summary of S consumption and its estimated approximate al-
location among sulfuric acid, fertilizer, and phosphate fertilizer industries
are given in Figure 9.1.7 On the basis of these results and previous discus-
stons, we can conclude that (1) a major share of the S consumed in the

3o I the regional summary reported in Figure 9.1, Atrica includes SouthAfrica, Asia includes
Fapan, and Latin Amenca includes Cuba.
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Tuble 9.6. World consumption and allocation of sulfuric acid and sulfur to fertilizer sector

during 1981+,

Region/country Total Consumption ol Estimated o %% used
consumption  sulfuric acid by of sultur for
of sulfuric fertilizer sector consumption  phosphate
acid 000 it used in fer- fertilizers

"0 mit %% tilizer sectort
allocation

Western Europe 25 192 10 924 43 K1 NA

Relgium 2378 1128 47 42 66

Finland 1107 533 48 40 100

France 4100 2 060 S0 45 97

Germany, F.R. 3700 400 11 10 70

Greece 952 BR7 93 83 89

Ttaly 2 455 720 29 25 90

Netherlands 1 794 946 53 NA 100

Spain 3045 1 864 61 54 72

Sweden 760 245 32 26 100

United Kingdom 2913 793 27 24 93

Others 1 986 | 348 68 NA NA

North America 40 820 24 695 60 51 NA

Canada 3 800 2200 S8 47 92

United States 37 020 22 49§ 61 52 97

Oceania 2530 1 990 79 73 NA

Austrahia 1 990 1 450 73 68 98

New Zealand 540 540 100 94 100

Africa 9 (09 7249 83 81 NA

Egypt 245 200 82 NA 100

Morocco 2308 2 300 100 NA 100

South Africa 3300 2200 67 64 93

Tunisia 2220 2 180 98 96 100

Others 939 369 kD) NA NA

Asia 11979 S O6YR 48 43 NA

India 2700 1 650 61 §2 77

Japan S 914 1 883 31l 28 68

South Korea 1 298 898 69 64 100

Taiwan 900 522 SR NA 2

Others 167 775 66 NA NA

Latin America! 6 748 4031 60 54 NA

Argentina 275 3l 11 NA 100

Mevico 3 o0 2 000 67 62 60

Bravil 2 600 1 750 67 60 100

Chile 3RS 10 3 NA NA

Venesuela 130 LS 88 NA 40

Others 355 125 15 NA NA
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RegionZcountry  Total Consumption of Estimated % % used
consumption  sulfuric acid by of sulfur for
ot sulfuric fertilizer sector consumption  phosphate
acid 000 mt used in fer- rertilizer:
"000 mi O tilizer sector®
allocation
Centrally planned:
Eastern Europe NA NA NA NA NA
U.S.S.R. NA NA NA NA NA
Other centrally
planned NA NA NA NA NA
Weseern world 96 275 54 587 57 50 NA
Centrally planned NA NA NA NA NA
Waorld' NA NA NA NA NA

a. Original figures were obtained from British Sulphur Corporation 1982a). However, all the
caleulations were made by the authors.,
h. Obtained by muliiplving the percentage share of sulfuric acid used in fertilizer sector dur-
ing 1981 by the percentage share of S used 1o manutacture sulfuric acid during 1980 (1981

data not available).

¢ Derived from British Sulphur Corporation (1981). The share refers to that part of su'furic

acid i the fertilizer sector which was used 10 vroduce phosphate fertilizers.

d. Eacludine Cuba,

¢ Sum oot Eastern Burope, U.S.S.R., and Other Centray Planned Economies,
Totals are approximate due 1o rounding of data.

NA - Not available.

Hegors

Figure 9.0 BEstimated Percent Share of Sulfur Consumption Components in the Western

World During 1980,



172

world is used in the fertilizer industry, especially for phosphate fertilizers;
(2) most of the S used in the phosphate fertilizer industry (with the excep-
tion of SSP) is discarded as byproduct phosphogypsum; (3) one essential
plant nutrient, S, is used to provide another essential plant nutrient, P; and
(4) sulfuric acid will continue to plzy an important role in the phosphate
fertilizer industry in the near future.

Patterns and Determinants of World Trade in Sulfur

Sulfur production in the world during 1981 was 53.8 million mt, of which
16.1 million mt (about 30%) was traded in the international market, Sulfur
which moves in the international market consists primarily of brimstone.
During 1981 brimstone accounted for 96% (15.5 million mt) of all the S
trade. The remaining 4% (0.6 million mt) was S in the form of pyrites, As

Tuble 9.7. Patterns of world trade for brimstone during 1981+,

Importing Total I xporting countries (sources of imports) share
region/country imports® in total imports (%)
"000 n

United  Mexico  Canada  France  Poland  Otherss  Alle

States
Western Europe 3957 17.6 6.5 16.2 18.0 32.7 9.0 100
Belgivm n 618 0 10.7 12.0 5.6 7.9 100
France 569 1.2 0.9 22,8 0 62.7 2.6 100
Germany, F.R, 33y 236 0 25.1 (.6 50.4 0 100
Greece 2582 5.2 0 11.9 18.3 65.1 0 100
Italy 441 (} () 60.1 15.4 17.2 4.3 100
Netherlands 459 329 0 0 21.1 14,4 318 100
United Kingdom 856 1.2 14,1 10,7 0., 33.6 0.4 100
Others 636 0.8 20.6 0 28.6 23.6 2011 100
North Americu 2331 0.4 28.1 71.5 0 0 0 100
United States 2321 0 28.2 718 0 0 0 100
Oceanie 776 0.1 0 99,9 0 () 0 100
Australia 569 0.2 0 949.8 () 0 0 100
New Zealand 202 0 0 100.0 () 0 0 100
Others h (} 0 100.0 0 4} 0 100
Africa 2 39S 34 0.2 67.0 10,1 18.5 0.8 100
Egvpt 81000 0 0 0 0 0 100
Moroceo 877 0 4} 66.0 1.6 30.4 0 100
Niger 53 0 9.4 1] 90,6 0 ) 100
South Africa 573 24 1] 97.6 0 0 0 100
T'unisia 770 0 0 57.5 19.5 23.2 0 100

Others 74 257 0 31 16.2 0 27.0 100
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Importing Total Exporting countries (sources of imports) share
region/country  imports® in total imports (%)
"000 mt
United Mexico Canada France Poland Otherss  Alle
States

Asia 1 991 7.7 4.5 59.6 0 2.9 25.2 100
India 924 15.5 9.7 50.0 0 6.2 18.6 100
Indonesia 93 0 0 94.6 0 0 5.4 160
Israel 147 0 0 100.0 0 0 0 100
South Korea 380 1.3 0 53.2 0 0 45.5 100
Taiwan 254 0 0 78.3 0 0 21.7 100
Others 188 2.1 0 48.4 0 0.5 48.9 100
Latin America 1 091 12.0 1.3 66.1 0 12.4 8.2 100
Mexico 50 100.0 0 0 0 0 0 100
Argentina 88 6.8 0 93.2 0 0 0 100
Braail 801 5.6 1.0 69.2 0 6.9 7.4 100
Chile 100 14.0 0 76.0 0 0 10.0 100
Others 52 28.8  19.2 9.6 0 0 42.3 100
Luastern Lurope 1 477 4 104 0 0 72.1 5.9 100
Czechoslovakia 515 0 0 0 0 88.9 .1 100
Germany, D.R. 173 0 0 (] 0 97.1 2.9 100
Romania 432 350 174 0 0 44.4 3.2 100
Others 357 5.0 224 0 0 69.7 34 100

Other centrally
planned 1 548 0 1.3 35.0 0 52.9 10.8 100
U.S.S.R. 967 0 2.1 15.9 0 82.0 0 100
China 232 0 0 99.1 0 0 0.9 100
Cuta 3Is 1] 0 50.2 0 0 49.8 100
Others 34 0 0 0 0 76.5 23.5 100
Western world 12 540 8.0 8.1 52.6 7.6 15.4 7.7 100
Centrally planned! 3 025 5.6 5.7 17.9 0 62.3 8.4 100
Warld 15 565 8.0 7.7 45.9 6.1 24.5 1.9 100

a. Original trade figures were obtained from British Sulphur Corporation (1982a). However,

all the caleulations were made by the authors.

b. World trade in pyrites during 1981 was S85 thousand mt, which is approximately 3.6% of

total S (brimstone and pyrites) trade.

¢. Thisincludes exports, in "000 mt, from Germany, F.R. (419), Japan (232), U.S.S.R. (203),

and othery (369).

d. Sum of Eastern Europe and Other Centrally Planned Fconomices.

[

. Totals are approximate due to rounding of data.
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far as S production is concerned, the respective contributions of brimstone
and pyrites to world S production in 1981 were 63% and 21%. Clearly, brim-
stone is the main form of S in worldwide trade.

The patterns of world trade, including sources, destinations, andquanti-
ties traded for brimstone during 1981, arc summarized in Table 9.7. Canada
and Poland are the major S exporters, accounting for about 70% of all
brimstone exports and 68% of all S exports (Figure 9.2). Other important
S-exporting countries include the United States (7.7%) from North Ameri-
ca, Mexico (7.4%) from Latin America, France (5.9%) and Federal Repub-
lic of Germany(2.6%) from Western Europe, Japan (1.4%) from Asia, and
U.S.S.R. (2.6%) from centrally planned economies. The emerging S export-
ers include the Middle Eastern countrics. However, given the political situa-
tion in the region the potential production and exports of S are subject to
uncertainties.

The share of Frasch S in brimstone exports may decline in the future,
primarily because of (1) higher energy costs since Frasch mining of S is
energy intensive and (2) an increased recovery of S, necessitated by the more
stringent SO, emission standards in North America and Western Europe.
These trends may result in declining importance of Frasch producers and
exporters in international S trade. The cost of production will continue to
play an important role in determining the export price. The cost of produc-
ing recovered S as compared with Frasch S will depend on the extent to
which the investment and operational costs of S recovery are charged to the
main product.

Although only a few countries play a major role in the S export market,
S imports are diffused over a large number of countries. However, among
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Figure 9.2. Patterns of World Sulfur Production and Exports During 1981,
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Figure 9.3 Market Share in World Sulfur Imports by Different Regions and Countries During
1981,

individual countries, the United States is the largest producer, consumer,
importer, and third largest exporter of S in the world. Other important S-
importing countries include the nited Kingdom, Australia, Morocco, Tuni-
sia, India, Brazil, Czechoslovakia, and U.S.S.R. (Figure 9.3). The amount
of S imported by cach country, of course, depends on the amount domesti-
cally produced and total S needs. Three other factors that determine a par-
ticular ceuntry's financial capability for importing S are the fo.b. price,
shipping arrangements, and the foreign exchange situation. With the excep-
tion of Mexico, most developing countries are net S importers. Despite seri-
ous foreign exchange scarcity, these countries must import S in order to pro-
duce more food and to develop their agricultural and industrial sectors,
The current S trade patterns have evolved over a period of time. Poland
exports mainly to Western Europe, Eastern Europe, and other centrally
planned countries. During 1981, 62% of the S imports in the centrally
planned economies (Eastern Europe and other centrally planned countries)
came from Poland. France exports to other West European and Franco-
phone African countrics. A major share of Mexico's S exports goes to the
United States. The United States exports mainly to Western Europe and
Latin American ¢ountries. Canada is in a unique position and exports S to
almost all the importing countries, except Eastern LEurope. The key factors
that determine a particular country’s relative position in the international
S market include (1) quantity produced and cost of production; (2) f.o.b.
price and other commercial terms of sale; (3) distance from the importing
country and henee the transportation cost; (4) reliability of S supply; and
(5) long-term bilateral arrangements between the exporter and the importer.
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In view of these criteria, Canada is expected to continue to play a dominant
role in the international S market, especially the western world.

Sulfur Trade Policies in Selected Countries

Contrary to the spirit of the GATT Agreement, many S-impoiting develop-
ing ccuntries continue to impose trade restrictions.* Such trade restrictions
include (1) tariffs, (2) import quotas, (3) foreign currency control, and(4)
import licenses. The exact number, nature, and intensity of these trade res-
trictions depend upon the underlying (explicit or implicit) objective of the
government. Most developing countries impose some sort of trade rescric-
tions on fertilizer imports, including S. However, the most common trade
barrier is the imposition of tariffs.

Unlike excise dutv. which is levied as a fixed amount on cach unit sold,
tariffs arc levied ad valorem. In other words, tariffs are levied at some fixed
percentage of the price of commodity. As an example, tariffs on S imports
in selected developing countries during 1971 were 10% to 50% ad valorem.
The specifics of current tariff policies may have changed since 1971, but the
general attitude of developing countries toward import restrictions has not
changed significantly. It is primarily a response to the imposition of various
trade restrictions by the industrialized countries on the commodities export-
ed by developing countries.

Tariffs on S imports are generally imposed to achieve one or more of the
following objectives: (1) to protect the domestic S industry from undue for-
eign competition (infant industry agrcement), (2) to discourage S imports,
(3) to encurage the development of S substitutes, and (4) to raise govern-
ment revenue. Most of the S is imported as brimstone, which is the basic
raw material used to manufacture sulfuric acid. Sulfur and sulfuric acid are
essential for cconomic growth, and they do not have satisfactory substi-
tutes. Technically, nitric acid can serve as a possible substitute for sulfuric
acid in the phosphate fertilizer industry, but its use has no comparative eco-
nontic advantage. Besides, the production of nitric acid is highly energy in-
tensive. For countries with limited domestic S resources, tariffs on S imports
are convenient sources of government revenue,

Tariffs on S may be a good source of revenue, but they can result in high
social costs, especially for a developing country with food deficits and seri-
ous soil fertility problems, including S deficiency (Mudahar, 1978). First,
the immediate impaci of the tariff is to raisc the price of imported S by as

4. The GATT Agreement (General Agreement on Tarifts and Trade) was originally signed in
1959, The stated aims are (1) reciprocal and continuing reduction of tariffs and abolishment
of other barriers of trade and (2) nondiscrimination in commercial trade. In addition to GATT,
there are many regional and muliilateral organizations designed (o achieve simuar aims among
member countrices.
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much as the tariff. Second, the tariffs encourage inefficiency in the domes-
tic S industry and in those industries that use S or S derivatives. Third, in
the absence ol any subsidy, the incidence of tariffs on S imports is passed
on to consumers and farmers who end up paying higher prices. The net eco-
nomic impact of a tarift depends on many factors. However, for a low-
income country, S tarifts may not be in the best interest of the general popu-
lation since they encourage both inefficiency (higher cost of fertilizer
production) and inequity (transfer of income from fertilizer users to fertiliz-
er producers).

Behavior of International Sulfur Prices

For the majority of the S-importing, low-income countries, international S
prices exert an important intluence on national decisions related to S im-
ports, S consumption, and the contribution of S to economic growth.

The international S prices are determined by several factors some of
which may be unigue to the S market. First, the international S market is
dominated by brimstone as the primary produci that moves in the world
market. Second, the Frasch S producers (mainly Canada and the United
Statesy generally maintain large stocks of' S as an essential part of their mar-
Reting strategy in order to ensure long-range supply reliability and o pro-
vide a cushion for shortterm fluctuations in price. Third, the S market can
be broadly characterized as an oligopoly (i.e., a market in which there arc
a few large S suppliers, a relatively homogencous product, and barriers (o
entry). The behavior of the S market wends to be monopolistic under tight
market conditions and competitive under surplus S supply conditions.
Fourth, S demand can be characterized as a *derived” demand that is greatly
influenced by demand for primary products. In the absence of artificial res-
traints, the international S market in the short run can be characterized by
relatively inelastic demsand and elastic supply.

Prior to the 1950s, the United States played an important role in the inter-
national S market. According to Hazleton (1970), the export prices for
Frasch S were determined by the Sulphur Export Corporation (Sulexco),
throuh a cartel agreement with the Sicilian producers. The export prices ex-
ceeded the domestic S prices and were much higher than the level of margin-
al cost of production. The rate of return on average invested capital was ab-
normally high, averaging 23.60% from 1919 to 1953, However, during
periods of S glut, the suppliers intervened in the S market by offering hid-
den incentives (i, freight absorption, price discounts) without changing
the posted S prices. The international S market became more competitive
atter 1955, with the entry of Frasch S from Mexico and recovered S from
Canada and France. This, however, does not mean that the monopolistic
clements ol the international S market have disappeared-they are merely
dormant.
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The behavior of the international S market and prices are reported in Fig-

ure 9.4 by annual price levels and changes.® This diagram is based on S
prices in the United States, which generally reflect levels and trends in inter-
national S prices. IFrom the prices reported in the diagram, we can draw the

following conclusions.

First, S prices expressed in constant dollar terms generally declined from
1955 10 1978 (with the exceptions of two price upswings peaking in 1968 and
1975). The decline in real prices of Frasch S was due to the decline in unit
cost of production resulting from the decline in energy prices end econo-

mies of scale in :uining.

Second, as indicated by current prices, the international S market has not
been as stable as many experts claim. With the exception of the period from
1955 to 1963, average annual prices have indeed been fluctuating a great

deal.

Third, S prices in the export market have generally been higher than the
prices in the domestic market. A large part of this gap may be explained
by the transportation costs. However, as has been indicated by Hazlcton
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Gulf prices are derived trom prices reported in different issues of Green Markets (1984).
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(1970), price discrimination between the domestic and export market was
always there prior to 1960 and that can be partly explained by the cartel
agreements between Sulexco and major foreign producers of elemental S.

Fourth, S prices can be characterized as —administered — prices in the
sense that prices are determined by administrative decisions that partly re-
flect the S market conditions. For example, f.o.b. (U.S. Gulf) prices for dry
S remained constant at $132.50/mt for 12 months from March 1981 to
February 1982,

The historical behavior of S prices, as reported in Figure 9.4, can be
divided into the following eight phases:

I, 1955-04: Stable and declining.

2. 1964-08: Sudden increase, peaking in 1968,
3. 1968-73: Equally dramatic drop.

4. 1973-75: Sellers’ market.

5. 1975.78: Almost constant and stable.

6. 1978-81: Tight market, skyrocketing prices.
7. 1981-83: Very high, but declining,

8. 1983-To date: Very high and rising rapidly.

These price fluctuations are the result of many factors. First, since a large
share of S is consumed in the industrialized countries, the general economic
situations in these countries play an important role in determining S de-
mand and heace S prices. Second, the developments in the fertilizer indus-
try, in terms of demand and price for fertilizers using S, exert an important
influence on' S demand and prices. Third, an increase in energy prices
results in higher cost of production for Frasch S. For example, an increase
in energy prices in 1974/75 and 1979/80 was reflected in higher S prices.
Fourth, because S is a bulky commodity, the logistical problems of moving
S from suppliers to meet sudden spurts in demand create temporary supply
shortages. Sulfur prices, in fact, declined from a high of $135.00/mt in
January 1981 to a low of $88.00/mt in October 1983; since then, however,

Table 2.8 Sultur freight rates and their contribution to .nternational sulfur pricess.

Year Dry sulfur Freight rate for Freight as %
price, f.o.b. sulfur in bulk, of f.0.b.
Canada f.i.0. basis from sulfur price
(5/mu) Vancouver to India

($/m1)

1977, NMay 41.50 2.0 53

1978, May 41.00 20.90 51

1979, February 56.00 21.25 49

1980, April 126.30 59.00 47

[981, June 127.50 $3.00 42

1982, June HO.00 30.00 27

a. Derived from different issues of British Sulpnur Corporation (1983b).
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the prices started rising again to a new high of $145.90/mt in December
1984,

In addition to the f.0.b. price, freight rates play an important role in deter-
mining c.i.f. prices of S (Table 9.8). The freight rate as a percentage of the
f.o.b. price of S for India declined from 53% in May 1977 to 27% in lune
1982. Despite a sharp decline, however, the freight rate in the absolute sense
is still quite high. Both S prices and freight rates have dropped recently, but
the relative drop in S prices is smaller than in freight rates. The S-importing
developing countries need to carefully evaluate not only the f.0.b. prices but
also the freight rates since it is the ¢.i.f, price that matters to them, especially
when foreign carriers are involved.

Suifur Reserves, Resources, and Their Use

Sulfur is known to occur in many different forms and deposits. 1t is consid-
cred one of the more abundant clements on carth, ranking 13th in magni-
tude. It has been estimated that S accounts for 0.052% of the earth’s crust.
However, this does not mean that S in commercial forms is available every-
where in abundance. Only a small fraction of the large S resources is suffi-
ciently concentrated to make the recovery feasible at the current state of
knowledge, technology, and prices.

Depending on the precise knowledge about the location, quantity, chemi-
cal composition, and cost of recovery, S resources could be considered as
(1) identified, (2) probable, and (3) speculative. Sulfur reserves are only a
small subset of S resources. Sulfur reserves include only that part of S
resources that are known and can be recovered profitably at current anowl-
edge, technology, and prices. In response to positive changes in any or all
of these - iakles, both the amount of S reserves and different forms of S
resources wicvease. The S resources are already there: either they become
known through better exploration techniques, or they become profitably
recoverabie through better technology and higher prices.

The known S resources can be broadly classified into the following 1 cat-
cgories:

Evaporites.
Volcanic rocks,
Natural gas,
Petroleum.
Pyrites.

Metallic sulfides.
Tar sands.

Coal.

Oil shale.
Gypsum/anhydrite.
Seawater.
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Table 9.9. Lstimated sulfur resources in the world:, (million mt)

Type of resource ldentified Probable Total
. Evaporites 580 >250 > 830
2. Voleanice rocks 130 >40 >170
3. Natural gas 170 885 I 055
4. Petroleum 265 I 330 1 595
S. Pyrites 650 >40 > 690
6. Metallic sulfides 360 > 440 > 800
Subtotal (A) 2155 >2 985 >5 140
7. Tar sands 50 >1 800 >1 850
8. Coal 33450 199 600 233 050
Y. Oil shale - 281 000 >281 000

10, Gypsum >7200 Vast Vast
1. Seawater - Unlimited Unlimited
Subtotal (B) >40 700 > 482 400 >523 100
Total 42 855 >485 385 >528 240

a. Derived from Bisby (1979, 1980), Horseman (1973). Meyer (1977), and Shelton (1979).

The amount of S contained in each of these resources varies with the loca-
tion, type of deposi, and chemical composition.®

The estimated S resources in the world are reported in Table 9.9. Accord-
ing to these estimates, total S resources are more than 500 billion mt, of
which approximately 10% is considered identified. The share of S reserves
is even smaller, less than 1% of the total S resources. As far as the type of
S resources is concerned, about 98% of known S is contained in coal and
oil shale.” These estimates do not include vast S resources contained in an-
hydrite, gypsum, and secawater. The location and magnitude of known S
reserves are given in Table 9.10. The amount of S reserves in the world varies
between 1.8-2.2 billion mi, rather a small fraction of total S resources. Of
these reserves, the developed countries account for approximately 65%.
About 29% of S reserves are located in China (1.4%), Mexico (5.1%), Iraq

0. The S content of some of these minerals in pure forms is $3.4% S in pyrites, 18.6% S in
natural gypsum, and 23.5% S in anhydrite. The sulfate content in seawater is estimated at 2,760
ppm, whereas total dissolved salt content is 36,000 ppm. Furthermore, according to Meyer
(1977), S content by weight in selected hydrocarbon is 0.05%-14%% in crude oil, 4% in tar sand
bitumen, 1% in shale oil, and 196-14%% in dry bituminous coal.

7. According to the President’s Commission on Coal (1980), the estimated share of recoverable
coal reserves in the world (650 billion mt) is located as follows: 31% in the United States, 23%
in US.S.R., 219 in Europe, 14% in China, 4% in Oceania, 1% in Canada, and the remaining
6% in the rest of Asia (2.9%), Africa(2.6%), and latin America (0.5%).
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(8.5%), and remaining countries in the Near East (14.2%).% The rest of the
developing tropical countries in Asia, Africa, and Latin America account
for less than 6% of the known S reserves.

As reported in Table 9.11, these low-income tropical countries are
known to have S resources in the form of anhydrites, gypsum, and nonfer-
rous sulfides. Some of them are even known to have elemental S deposits
and pyrites. The important questions that need to be answered are con-
cerned with(l) the agronomic effectiveness and techno-cconomic feasibility

Table 9.10. Location and magnitude of identified world sulfur reservess,

Regionscountry

Sulfur reservest

Million nu % share

North America 425 24.1
United States 175 9.9
Canada 250 14.2
Latin America 125 7.1
Mexico 90 5.1
Others 35 . 2.0
Europe 690 39,1
U.S.S.R. 250 14.2
Poland 150 8.5
France 10 1.7
Germany, F.R. 30 1.7
Spain 30 1.7
ltaly 15 0.8
Others 185 10.5
Asia 485 27.5
Japan 10 0.6
Iraq 150 8.5
China 25 1.4
Others n 17.0
Africa 20 I.1
Oceania 20 I.1
World 1765 100

a. Derived from Shelton (1979).

b. These reserves are assumed to include sulfur mainly from evaporites, volcanic rocks, natu-
ral gas, petroleum, pyrites, and metallic sulfides.
¢. About 250 million mt is estimated to be in Near East, excluding Iraq.

8. Figures in parenthieses refer 1o the estimated percentage share of the individual country or

region in question,
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of these S resources and (2) how the indigenous S resources can be used to
meet the S requirements of countries in Asia, Africa, and Latin America.
Any positive technical assistance, financial aid, and rescarch efforts directed
toward these questions can result in a large economic contribution to the
developing tropical countries through alleviation of their food and foreign
exchange problems.

Is there an S resource problem? It depends on how one looks at the prob-
lem, ic., from a physical point of view or from an economic point of view.
The physical view is straightforward and addresses the question, How long
will it take before we run out of known S reserves if we continue to use S
at = postulated growth rate? The cconomic view, on the other hand, ac-
counits for such varizbles as recovery costs, sale price, profitability, and eco-
nomic rent. From this point of view, the S resources may be there, but their
recovery may not be cconomical. The economic view is greatly influenced
by technological change and government policy. From a physical point of
view, the life expectancy of world S resources is 331 vears at 5% annual
growth in production from 1972/74 onward (Tilton, 1977). The new S
reserves are constantly increasing over time. For example, S reserves in 1974
were five times more than in 1950. Furthermore, given current knowledge
about the amount of reserves and resources, current level of depletion, and
a postulated growth in depletion, we may run out of S reserves and
resources before we run out of either phosphate or potash resources, How-
ever, these conclusions may need to be modified once we account for the
impact of other variables such as economics, technical change, and govern-
ment policy,

Another important question that we need to consider is what would be
the S recovery cost, S prices, and their impact on feriilizer prices by the year
2000? It is very important here to make a clear distinction between the pri-
vate costs and social costs. Many factors would influence these costs, future
S prices, and their relative impact on fertilizer prices. Some of these factors
are as follows: (1) quality of new S resources; (2) technological change with
respeet to exploration techniques, mining, and recovery processes; (3) econ-
omices of scale; (4) energy prices and availability; (5) capital costs and its
availability; (6) logistics; (7) environmental concern; (8) impact of mining
on land use: (9) government regulations; and finally (10) discovery of S sub-
stitutes. The respective governments can play a crucial role in modifying any
of these variables with subsequent implications for S demand, supply, and
prices. This includes government policy with respect to (1) education and
training, (2) research and development, (3) economic incentives, and 4)
protection ot environment and health of citizens.
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Table 9.11. Type and location of known suifur resources in individual countries of the
worlds,

Region/country Type of sulfur resourcest

Elemental Natural Petroleum Pyrites Metallic  Gypsum

gas subfides
Western Europe
Austria - - R - C A,G
Belgium - - R - Z -
Cyprus - - - P C G
Finland - - - p C -
France N NG R p - -
Germany, F.R. - NG R P C,Z -
Greece \Y - - P C,L.Z -
[taly N NG R P C -
Norway - - R p NS -
Portugal - - R P NS -
Spain - - - P NS -
Sweden - - -~ p NS -
Turkey N - R P NS G
United Kingdom - - R - - A,G
Eastern Europe
Bulgaria - - R - NS -
Czechoslovakia - - R - NS -
Germany, "R, - - - NS A
Poland N -~ R P NS -
Romania - - R - NS -
U.S.S.R. N NG R P NS -
Yugoslavia - - - - NS -
North America
Canada N NG R P NS -
United States N NG R p NS -
Oceaniu
Australia - - - P NS -
New Zealand N - - P NS -
Latin Americu
Argeitina N - R - NS -
Bolivia N - - - - -
Brazil - - R P - -
Chile \% - - - NS -
Colombia v - R - - -
Mexico N NG R - - -
Peru \% - - - NS -
Venezuela \Y NG R - - -
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Table 9.11. Continuaed.

Region/country  Type of sulfur resourcest

Elemental Natural Petroleum Pyrites Metallic  Gypsum

gas sulfides
Africa
Algeria - NG - - NS A
Angola N - - P - A
Benin - - - - - G
Levpt h - R - - AG
:thiopia N - - - - AG
Kenya - - - - - G
Libyva - NG R - - AG
Malawi - - - p NS G
Mali - - - - . G
Moroceo - - - p NS G
Mauritania - - - - - G
Mozambique - - - P NS -
Niger - - - - - G
Somalia N - - - - G
South Afriza - - - p NS G
Sudan - - - - NS G
Tanzania - - - - NS AG
Tunisia - - - - NS ~
Uganda - - - - NS G
Zaire - - - - NS G
Zamwia - - - - NS G
Zimbabwe - - R p NS -
sia
»fehanisthan N NG - - - G
Burma - - - - NS -
China N - R p - —
India - - R P NS AG
Indonesia N - R - - -
Iran N NG R - - -
Iraq N - R - - -
Japan \Y - R NS -
Kuwait - - R - - -
Pakistan N - - - - AG
Philippines v - - - NS _
Saudi Arabia - - R - NS -
Thailand - - - P - AG

a. Derived primardy from British Sulphur Corpuration (1974). However, other available
sources were also used to develop this table. For example, International Petroleum Ency-
clopedia (19382) was ased to check natural gas and petroleum re:eives.

b. - indicates no known deposits. With iurther exploration ard by improved exploration
technigues, these countries may find sulfur reso wrees that e not currently known. The
abbreviations used in the table refer to the following: N = native evaporites; V = volcanic
rocks: NG = natural gas; R = crude oil refiming based on domestic or imported crude;
P = pyrites; NS =nonspecified nonferrous sulfides; C = copper sulfides: Z = zine sulfides;
L. =lead sulfides; A = annydrite; and G = gypsum.
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Production and Use of Phosphogypsum

Phosphogypsum is a byproduct of wet-process phosphoric acid, a process
in which phosphate rock is reacted with the sulfuric acid. Phosphogypsum
isgenerally considered a waste product, even though all the S from the sul-
furic acid is contained in phosphogypsum. Depending on the location of
the wet-process phosphoric acid plant, phosphogy, sum is either discard:d
into the ocean or river, or stored in ponds or heaps. For those countries that
(1) import S, (2) have no known S resources, and (3) have widespread S defi-
ciency, phosphogypsum provides a potentially economic (accounting for
the opportunity cost of foreign exchange) source of S for the agricultural
sector. On the other hand, if all the phosphogypsum is left unused, it could
result in serious storage and environmental pollution problems.

The economic importance of phosphogypsum cannot be assessed in the
absence ol reliable quantitative estimates of its production in selected world
regions and developing countries. The following simple mathematical mod-
¢l was used to derive quantitative estimates for phosphogypsum production
and S contained in phosphogypsum:

. PGP, = PC, * CUR * PGP/T,

2. SPG, = PGP, * S/TPG,
1985
3. CPGP. = Y PGP
bl 9e7 n
1985
4, CSPG, = Y SPG,, or
) 1= 1967 n
5. CSPGJ- = CPG[’j * S/TPG .
Where

PGPJ.‘ — Phosphogypsum production in country/region j and year
1

Ple — P,Oq capacity in country/region j and year t;

CUR  — Average capacity utilization rate;

PGP/T — Phosphogypsum production per metric ton of P,Oq;

SPGJ.I — Sulfur contained in phosphogypsum in country/region j
and year t;

S/TPG - Sulfur contained in 1 mt of phosphogypsum;

CPGP; — Cumulative production of phosphogypsum from 1967 1o
1985; and

CSPGJ. -- Cumulative amount of sulfur contained in phosphogyp-
sum from 1967 to 198..
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On the average, the capacity utilization rate of wet-process phosphoric acid
plants was assumed to be 80% which implies that CUR : 0.8. Since the
capacity utilization rate is plant specific and varies over time, the phos-
phogypsum production estimates should be considered only as good first-
order approximations (which result in overestimates for some developing
countrics and underestimates for industrialized countries). In the absence
of impurities, 4.62 mt of phosphogypsum is produced for every 1 mt of
P,O.. Phosphate rock is rarely free of impurities, nowever. In this respect,
plméphog_\'psum production will be underestimated. Finally, phosphogyp-
sum is assumed to contain 17% &, on the average, which implies that
S/TPG : 0.17.

The annual (for 1982) and cumulative (from 1967 to 1985) estimates of
phosphogypsum production and S contained in phosphogypsum are report-
ed in Table 9.12. During 1982, the estimated production of phosphogypsum

Table 912, Lstimated production of phosphogypsum and sulfur contained in phosphogyp-
sum in selected countries, regions, and the world+, (million m1)

Countries - regions Phosphogypsum Sulfur in phosphogypsum
Production Cumulative During Cumulative
in 1982 production from 1982 from 1967 to 1985

1967 to 1985

India 2.5 28 0.42 4.7
Philippines 0.3 6 0.05 1.0
Zimbabwe 0.1 2 0.01 0.3
Bravil 24 21 0.42 3.6
Mexico 2.0 37 0.34 6.2
North Amecrica 39.8 (30 6.77 101.9
Western Europe 16.3 279 2,76 47.4
Eastern Europe 8.3 99 1.40 16.9
U.S.S.R. 19.0 201 n 3441
Centrally planned

Asigh 0.1 2 0.02 0.3
QOceania 1.3 17 0.22 2.9
Far Fast, DgMIE- 4.6 57 0.78 9.7
Africa, DpME: 9.5 95 1.61 16.2
Latin America 4.5 63 0.77 10.7
Others! 12.0 144 2.04 24.4
Worlde 115.3 1 556 19.61 264.6

a. Derived from fertitizer capacity data (as of November 1982), originally collected by the Na-
tional Fertilizer Development Center (NFDC, 1982),

b. Includes China, North Korea, Vietnam, and Mongolia.

¢. Developirg market economies in Far East and Afijca.

d. Includes Near East, Japan, Taiwan, and South Africa.

¢. Totals are approximate due to rounding of data.
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in the world was 115 million mt, with approximately 20 million mt of S con-
tained in it. The cumulative world production from 1967 to 1985 is estimat-
cd to be 1.6 billion mt of phosphogypsum containing 265 million mt of S.
Onec can imagine the gravity of the situation in the year 2000. The develop-
ing tropical countries of the Far East, Africa, and Latin America together
produced 18.6 million mt of phosphogypsum in 1982, with over 3 million
mt of S contained in it. These countries cannot afford to waste such an eco-
nomic resource, especiatly when their soils are becoming seriously deficient
in S.

According to Weterings (1982), 92 million mt o gypsum (natural plus
chemical) was consumed in the whole world during 1981, Of this, only 15
million mt (16%) was chemical gypsum, including 10.65 million mt of phos-
phogypsum. Most of this phosphogypsum was consumed in Japan, Europe,
and the US.S.R. A logical question follows: Why cannot phosphogypsum
be used in place of natural gypsum? There are several problems to be over-
come before phosphogypsum can become a substitute for natural gypsum
in current uses. According to Weterings (1982), the current uses of gypsum
or phosphogypsum are as follows:

Use Phosphogypsum Gypsum
Consumption in Consumption
Western Europe in World,
% Share in 1981 % Share

in 1981
Building products 57 61
Setting retarder for cement 23 24
Production of ammonium sulfate 8 4 (approx.)
Sulfuric acid and cement 8 I (approx.)
Miscellancous 4 10 (approx.)
Total 100 100

(2.6 million mt) (92 million mt)

The phosphogypsum cannot be readily substituted for natural gypsum in
current uses because of technological and economic problems.

Phosphogypsum is highly contaminated with phosphoric acid and heavy
metal impuritics that come from the phosphate rock; it also has a slight
amount of radioactivity. These three problems render phosphogypsum
technically unsuitable for use in the building industry. The drying and
purification costs make the use of phosphogypsum uneconomical as com-
pared with natural gypsum, especially in those countries where natural gyp-
sum is rather cheap and readily available.
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According to Agarwal (1982) the use of phosphogypsum as a raw materi-
al (as an alternative to S) for manufacturing cement and sulfuric acid is eco-
nomical, especially when cement and S prices are relatively high. In some
European countries, phosphogypsum has been used as a raw material for
manufacturing AS. As has been indicated by Frederick (1983) and Weter-
ings (1982), contamination problems pose a threat miainly when phos-
phogypsum is used in the building industry. These problems may not be
serious at ail when phosphogypsum is used as a source of fertilizer S in
agriculture. This is where the main challenge and promise lic.

Rescarch needs to be intitated in order to determine (1) the agronomic ef-
fectiveness of phosphogypsum as a source of S; (2) the technica! problems
related to drying, transportation, storage, handling, and conversion of
phosphogypsum into AS or sulfuric acid; and (3) the economic viability of
phosphogypsum as a raw material source for manufacturing AS and sulfur-
ic acid, and direct application of phosphogypsum to the field as a source
of fertilizer S.



10 Summary, Conclusions, and Recommendations

Sulfur — A Neglecterd Fertilizer Nutrient

Sulfur is one of the major plant nutrients. It rivals phosphorus in its uptake
by plants and nitrogen in protein synthesis, and it is indispensable for cer-
tain essential amino acids. Yet its significance as a fertilizer nutrient has not
been recognized, particularly in tropical agricuiture,

There are two primary reasons why sulfur has not received adequate at-
tention: (1) low-yield subsistence agriculture bas exploited the natural
reserves of sulfur in the soil and (2) sultur has been supplied to agro-
ecosysteny; from the atmosphere through rain and dust, through gascous
absorption, and through the use of irrigation water, manures, and fertilizers
like ammonium sultate and single superphosphate, which added so much
sulfur to the soil that the need for sulfur fertilizers was not felc in many
countries.

However, the situation has changed in the last three decades. First, am-
monium sulfate and single superphosphate have been repiaced with urea
and triple superphosphate, respectively, which contain very little sulfur. Sec-
ond, subsistence aariculture is being transtormed through the use of high-
vielding crop varieties, greater use of fertilizers, and intensive cropping pat-
terns. These changes are creating a large gap between the suliur supply and
sulfur requirements in the soil system. Thus, the potential of the modern
agricultural system is not being fully realized.

The primary objective of this study is to analyze the economic impor-
tance of sulfur in the fertilizer industry, food production, and the agri-
cultural sector in the tropical countries. The study is the result of growing
awareness of the significance of sulfur and of continuing ctforts by {FDC
to develop fertilizer technology, improve soil fertility, and identify those
public policies that will facilitate growth in agricultural production in the
developing tropical countries.

Tropics and Food Production — The Target Area of Study

The central theme of the study is the relationship between fertilizer sulfur
and food production in the developing countrics of the tropics. The greatest
problem of these regions is food (both quality and quantity), and the most
serious threat to humaanity is hunger and malnutrition caused by the widen-
ing gap between the demand for food and its production in the tropics.
The study was restricted to the tropics (humid, subhumid, and semiarid
tropics), which is a region covering about 4.96 billion ha of land. Approxi-
mately 95% of it lies in Asia, Africa, and Latin America, and it includes
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arcas like India, Indonesia, Bangladesh, Nigeria, Brazil, and Mexico which
have some of the world’s large populations. Many experts believe that the
future of humanity lies in the tropics.

The common man’s concept of the tropics is limited to humid and sub-
humid tropics; yet the semiarid regions are also an important agricultural
part of the tropics. Morcover, most of the sultur deficiencies that have been
reported in literature in the last 30 years are from these regions. The harsh
environnients and large arca of sandy or coarse-textured soils (nearly 452
million ha) make these regions an important component of the target area
of the study because their soils are inherently low in organic matter and are
highly susceptible to leaching of sulfate sulfur. Sorghum, millet, ground-
nuts, pulses, soybeans, oilsced, and cotton are the most common crops of
the semiarid tropics, and they all have high sulfur requirements.

Sulfur in Plant Nutrition

The role of sulfur as a necessary nutrient for plant growth is undisputed;
less clear, however, is the way in which sulfur performs its valuable func-
tions and how it interacts with other nutrients and chemicals in the soil and
the living matter. Although considerable empirical information is available,
more precise information is needed about these interactions. This is particu-
larly important for tropical countries that consider phosphate and lime the
key factors of sound fertilizer practice but fail to appreciate their effect in
causing leaching losses of sulfate sulfur.

The disproportionately higher use of nitrogen and phosphate in compari-
son with sulfur, which is evident from the cxamples of fertilizer con-
sumption in India and Brazil (Table 10.1), may adversely affect the availabil-
ity of sulfur to plants. The widening ratios of N:S in fertilizers will Jower
efficiency of nitrogen wtilization because of sulfur deficiency; the widening
ratio of P:S will worsen the situation by aggravating sulfur deficiency
through loss of sulfur in leaching.

Sulfur also differs from nitrogen in that it is not transferred from old

Table 10.1. Changes in estimated nitrogen:sulfur and phosphate:sulfur ratios in total fertiliz-
er consumption in India and Brazil over time.

Year N:S ratios P,O4:S ratios

India Brazil India Brazil
1960/61 0.9 0.9 0.2 1.1
1970/71 3.8 1.1 0.9 1.5
1980/81 14.1 1.8 4.3 4.1
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leaves to growing parts or young leaves; nor can it be fixed as nitrogen can
be fixed biologically from the atmosphere. There is a need for collection of
sulfur-uptake data for different crops and especially their high-yicelding var-
ictics in aifferent tropical regions to develop a better understanding of the
problers associated with the use of fertilizer sulfur in crop production.

Sulfur in Food Production and Human Nutrition

A survey of available evidence indicates that sulfur deficiency in soil ad-
versely aftects not only crop yields but also the nutritional quality of the
crop. The data, although scanty, cannot be overlooked becautse of the seri-
ous nutritional consequences of sulfur deficiency.

Some examples of crops and arcas in which sulfur deficiency in the soil
has affected nutritional quality are as follows: Asia — rice in Sulawesi prov-
ince of Indonesia; wheat, oilseeds (groundnuts, rape and mustard, soybeas),
pulses and potatoes in India; Larin America - sovbeans, maize, beans, rice,
and pasture legutaes in Brazil; and Africa ~ millets in Uganda. These ex-
amples are warning signals of potentially serious problems for human nutri-
tion.

Sulfur deficiencies in tropical countries cause a reduction in the amount
of methionine, cysteine, and cystine tvpes of sulfur-containing essential
amino acids in groundnuts, pulses, and cereals that will be disastrous for
cereal-consuming countnies. The gravity of the problem is intensified by the
decline in production of these food commodities and the deterioration in
their quality because of sulfur deficiency. The shortage of oilseeds and
pulses, the widening protein gap, and increasing malnutrition are well-
recognized problems of the developing countries in the tropics, and sulfur
deficiency is worsening the situation.

There is much evidence that sulfur fertlization improves the quality of
pasture fegumes and grasses in all the tropical countries and, thus, directly
affects animal health. Consequently, sulfur deficiency affects the quality of
food for both human beings and animals in the tropical countries. The
magnitude of the problem cannot be quantified accurately because of in-
adequate research data. However, by using the average amount of sulfur re-
moved by the crops and the appropriate growth rate for the production of
cach crop, we have estimated the total sultur removal and hence the likely
gap between sultur supply and requirements hy the year 2000.

The general decline in the percentage share of the wotal sulfur uptake re-
quired for the likely production of pulses, oilsceds, and groundnuts in India
and Migeria during 1960, 1980, and 2000 indicates the potertiai impact of
sulfur deficiency on the nutrition of the people who depend on these foods
as sourcesof sulfur-bearing amino acids (Table 10.2). The phenomenal rise
in production and exportation of soybeans from Brazil is oversiraining the
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Table 10.2. Estimated proportion of sulfur uptake by pulses and oilseeds in India and Nigeria
from 1960 to 2000,

Percentage of estimated total S uptake by 15 crops/crop groupss

India Nigeria

1960 1980 2000 1960 1980 2000
Pulses 14.58 8.26 J4.86 - - -
Qilscedst 4.76 4.57 11l 0.50 1.33 1.36
Groundnuts §.29 4.64 3,40 11.68 5.2 3.45

a. Crops and crop groups included in this analysis of the estimated sulfur requirements are
wheat, rice, maize, sorghum, millet, pulses, root crops, oilseeds, cotton, groundnuts,
sugarcine, tobacco, cotfee, soybeans, and oil palm.

b. Other than soybeans and groundnuts.

sulfur reserves of the soil and creating a greater need for their replenish-
ment. The slow growth or even a decline in production of pulses and
groundnuts is also an indication that less sulfur is available in the food Sys-
tem i many tropical countries.

Sulfur Status in the Tropics — Additions

The supply of sulfur for plant nutrition depends on (1) the sulfur-supplying
capacity of the soil and (2) the addition of sulfur from external sources such
as atmosphere, irrigation water, manurcs, and crop residues, as well as addi-
tions from such chemical sources as sulfur-containing fertilizers and pesti-
cides.

Sulfur-Supplving Capacity of Tropical Soils

There is little information about the amounts, forms, and distribution of
sulfur in the soil, its availability to crops, and the rate of its disappearance
from the agricultural system. However, available information suggests that,
in general, the tropical soils of Asia. Africa, and Latin America have low
total reserves of sulfur because of low quantities of organic matter and the
rapid mineralization as well as leaching losses.

There are some soils with high total sulfur and high organic sulfur but
limited available sulfur. The voleanic ash soils, the Andepts, may have a
high organic matter content and a large amount of organic sulfur, but they
are poor in available sulfur because of the high adsorption and immobiliza-
tion of sulfur. Hence, they respond to sulfur application.

There is another large group of soils that have low sulfur adsorption ca-
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pacity in the surface soil but higher sulfur adsorption capacity in the sub-
soil; they show a high amouni of total sulfur reserves. Yet even in these soils
the shallow-rooted crops generally suffer from sulfur deficiency. Deep-
rooted crops like cotton may also initially experience a setback because of
the low supply of available sulfur; after initial nutrient stress, however,
many deep-rooted crops may be able to partially exploit the adsorbed
sulfur,

Another group of soils, the coarse-textured soils, have low reserves of sul-
fur, low sulfur adsorption capacity, and high susceptibility 1o leaching loss-
es. In such soils, besides determining the amounts of sulfur fertilizers to be
used, the main problem is to reduce the loss of applied sulfur. These soils
e very responsive to sulfur application.

Notwithstanding the limitations of the methods used for determining
available sulfur and the inadequacy of research results from many coun-
tries, it is evident that a significant percentage of the soils in tropical regions
are deficient in available sultur. 1n some cases sulfur deficiency closely fol-
lowsphosphorus deficiency.

As a result of Teaching and lack of replenishment of the nutrients lost,
soils of the tropical region, especially the coarse-textured soils and highly
weathered soils such as Ultisols, Oxisols, Alfisols, and Inceptisols, are ci-
ther inherently deficient in sulfur or are likely to become deficient after
clearing of the land, burning of the vegetation, and continuous cropping.
Sulfur trends in virgin and continua usly cropped lands of Brazil indicate
that induced sultur deficiency will soon become a limiting factor for crop
production. Clearly any futwe strategy for increasing food production in
new tropical areas must include sulfur fertilizers in the research and de-
velopment programs,

Iurthermore, there is evidence that sultur deficiency in tropical soils is
also aggravated by liming, phosphating, and an imbalanced use of NPK fer-
tilizers that exclude sulfur. Thus, to avoid compounding the adverse effects
of the *Green Revolution,® which is synonymous with the use of high-
yielding varieties of cereals and large amounts of nitrogen fertilizers, the use
of sulfur-supplying fertilizers beconmes necessary for such situations,

Contribution of Sulfur From External Sources

Contribution From Annosplere - Swudies from Nigeria and Kenya show
that approximately 2-3 kg S/na is added annually tfrom the atmosphere to
the soil and the amount increases with the rainfall, Such information is not
available from the other tropical countries; however, on the basis of evi-
dence from rural arcas of tropical regions of Australia, central Kenya, and
notrthern Nigeria, one could not expect the sulfur contribution from the at-
mosphere to be any highr than these estimates indicate. Nevertheless, addi-
tional data need to be collected in other developing countries of the tropics.
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Contribution From Irrigation Water — The sulfate in irrigation water could
become an important source of sulfur to crops in irrigated areas. However,
little research has been done on irrigation as a source of sulfar in most of
the tropical countries, particularly in the semiarid tropics where irrigation
is becoming an important part of the strategy for increasing crop produc-
tion.

Frrigation water of satistfactory quality with respect to the salinity and
with enough sulfate sulfur could partially meet the sultur needs of the
crops. However, in spite of many normal waters with high sulfate sulfur
content in India and elsewhere, sultur deficiencies have still been observed.

Sulfur deficiency has also manifested itsell in areas irrigated with waters
of low sulfate content. Thus, the role of irrigation water in contributing sul-
fur to soil cannot be correctly assessed without more in-depth studies. Some
of the contlicting results being obtained from difterent areas could be at-
tributed to the variable sultur content of water and the nature of soil.

Contribution by Crop Residues, Manures, and Fertitizers - In the devel-
oping countries of the tropics, crop residues usually are either removed or
burned. Thus, the addition of sulfur through crop residues is very small.
Likewise the average use of fertilizers and nianures is so low that the contri-
bution from this source is too small 10 be of major consequence.

Thus, with the traditional system of farming and subsistence agriculture,
the estimated annual additions of sulfur through all the external sources in
tropical agriculture for all practical purposes will be no more than
4-5 kgsha,

Sultur Status «n the Tropics — Removals

The removal of sulfur depends on sulfur needs of the crops and cropping
systems, sulfur losses through drainage and immobilization, efficiency of
applied sources of sulfur, and interactions of sulfur with other nutrients.

Crop removal appears to be the major source of depletion of sulfur, and
drainage or leaching losses seem 1o be second. Volatilization loss in sub-
merged soils could be another source of sultur depletion, However, the na-
ture and magnitude of sultur depletion depends upon the crop, soil, and
other factors. The adsorption of sulfur also reduces the amount of sulfur
available 1o the crop. The average sulfur removed in producing | mt of food
grain for important crop groups is as follows: cereals (wheat and rice) —
3-4 ke, sorghum and millet - 3-8 kg, pulses and legumes - 8 kg, and oil-
seeds - 12 ke,

Lstimates of average levels of sultur additions from fertilizer sources and
sullur uptake requirements per hectare of cropped area in India, Indonesia,
Nigeria, and Brazil are given in Table 10.3. These estimates indicate that in
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Table 10.3. Nutrient consumption, sulfur uptake, and sulfur supply in sclected tropical countries during 1970 and 1980.

Year Country Nutrient consumption+ (kg/ha) Total Sulfur uptake Sulfur consumption
cropped
N P.O: K.O Total area® 000 mt kg/ha ‘000 mt kg/ha
(" 000 ha)
1980 Brazil 14.6 321 21.1 67.8 43 700 349 8.0 482 11.0
India 20.8 6.5 3.7 20.9 148 271 784 5.3 250 1.7
Indonesia 444 14.2 4.5 63.0 15 448 130 8.4 18 3.1
Nigeria 3.0 1.8 0.8 5.7 16 064 66 4.1 17 1.1
1970 Brazil 8.2 11.1 9.0 28.3 32052 205 6.4 252 7.9
India 9.0 2.8 1.4 13.2 i41 678 651 1.6 346 2.4
Indonesia 11.1 1.6 0.4 13.1 14 293 87 6.1 . ¢
Nigeria 0.1 0.1 - 0.3 15 849 66 4.2 < <

a. Per hectare of arable land and permanent crops.

b. Total of the 3-year averages centered on the vears shown. The total cropped area includes area under root crops, pulses, oilseeds, wheat, rice, maize,
millet, sorghum. sugarcane, soybeans, groundnuts. oil palm, cotton. coffee, and tobacco.

Not available.

g
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Tuble 10.4. Sulfur acditions, removals, balance and replacement requirements under subsistence and modern agriculture: Likely alternative scenarios.

(kg ha of S)

Sources Subsis- Modern agriculture Assumptions
tence
agri- 1 3 3
culture
1 2
Additions

node

6.

Atmospheric additions
(rain-dust-gaseous)

. Irrigation water

Rainted crop

Irrigated. 30 ¢m water
Irrigated. 90 ¢m water
Irrigated, Y0 cm water

- Fertilizers (N + P.O.+ K.0)

15 K¢ nutrients
120 kg nutrients

240 ke nutrients

. Pesticides and chemicals
. Farmyvard manure (FYM)

I mt 3 vears
2 mt. 2 vears
Crop residues

Total additions

3.0 30 3.0 3.0 3.0

- 2.0 - - -
- - 6.0 6.0 -
- - - - 30.0
1.0 1.0 - - -
- - .0 - -
- - - 16.0 16.0
0.6 0.6 - - -
- - 1.2 1.2 1.2

50.2

kg/hasannum (means for Nigeria and Kenya are 2.35 and 5.21 kg/ha)

Water* containing 2 ppm SO,-S
Water comtaining 2 ppm SO.-S
Water containing 10 ppm SO,-S

India’s mean in 1970 = 13.2 kg/ha

Appronimately equal to mean of Punjab (India) and 2 times that of Brazil
and Indonesia

Approximately equal to mean of Ludhiana district in Punjab, India

Negligible

0.29% Sin FYM
0.2%% S in FYM
All removed or burned®

861



Tuble 10.4. Continued.

Sources Subsis- Modern agriculture Assumptions
tence
agri- 1 3 3
culture
1 2

Removals

1. Crops

L 46 - - - - L,.—vield less than 1 mt ha (mean vield of India 1970)

L., - 6.9 - - - L., —irrigated subsistence with average vield 50% higher than in Ly,

[.,. intensive cropping - - 36.0 - - L, —6 mt ha food grain<year from 2 -3 crops

L., intensive ¢ropping - - - 72.0 720 L.—12 mt ha food grain vear from 2 -3 crops
2. Drainage or leaching loss 06 0.6 - - - ‘2 of estimate of Nigeria and Kenva

- - 1.8 3.6 9.6 Higher leaching because of higher SO, content and higher irrigation
3. Adsorbed or immobilized
S in irrigation water 0.0 0.5 1.5 1.5 7.5 b2 oof S from irrigation water

Total removals 52 8.0 393 77.1 89.1
Balance
Balance (deficity 1 -0.6 -1.4 -21.1 -50.9 -389 Similar share of S in fertilizer as in 1980~ 81 in India (1/15 of nutrients)
Balance (deticiny 11 1.6 -24 -29.1 -66.9 -339  Completely S-free fertilizers used

Keplacement requirements

Fertilizer S required. | 1.1 2.5 6.9 88.1 68.1 S deficit 1 x1.75
Fernlizer S required. 11 2.8 42 30.9 117.1 96.1 S deficit 1 x1.75
Ferulizer S required, 1 2.2 5.0 738 176.2 1362 S deficit [ © 3.50
Fertilizer S required, i 5.6 8.4 101.8 2342 1922 S deficit 1T=3.50

a. Assuming all the SO, remains within the root zone which is not likely.
b. If burned, some SO, may be retained by Ca, K, and Mg in ash. However, empirical estimates are not available.

661
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the transitional stage, as agriculture changed from subsistence to modern
farming systems, the sulfur requirersents per hectare increased and sulfur
additions generally decreased. This is a matter of great concern. Similar
trends exist in most of the other developing countries. In Brazil, for exam-
ple, the aggregate sulfur addition through fertilizers seerms to match sulfur
uptake by crops; yet when one considers the high sulfate-fixing nature of
the soil, the higher ratio of P to S (4.5:1), and higher leaching, one cannot
be complacent about the sulfur availability. Furthermore, it is possible that
not all soils and crops receive sulfur. In order to account for jow use effi-
ciency, replenishment of sulfur through fertilizers should be much higher
than sulfur uptake by the crop.

There are no good estimates of sulfate losses in leaching or drainage wa-
ter. However, the experience in Kenya showsthat the annual loss of sulfur
under very high rainfall is 2.21 kg/ha, whereas in Nigeria it is 0.3 kg/ha.
Thus, for most situations rhe sulfur loss under subsistence farming may not
be more than 0.6 kg/ha.

Sulfur Balance Sheet and Likely Scenarios

On the basis of average sulfur addition and removal estimates, we have de-
veloped a sulfur balance sheet and likely scenarios for subsistence and mod-
ern agricultural Lystems in the tropics. These results are reported in Table
10.4. The balance sheet clearly indicates the serious sulfur deficiency prob-
lems that are emerging in the tropics and the need for realistic sulfur supply
strategies.

Subsistence Agriculture

Under subsistence agriculture the additions and removals of sulfur may
feave a slight deficit (0.6 kg/ha), which can be supplied by the soil provided
itis not inherently deficient in sulfur (Scenario 1). Otherwise the crop yield
will be seriously reduced by sulfur deficiency. The sulfur deficit could in-
crease to 1.6 kg/ha it the fertilizer used is sulfur free.

Even for @ farmer trying to produce 1.5 times more food grain per hec-
tare, under subsistence agriculture the sulfur supply deficit will increase
from 0.6 to 1.4 kg/ha (Scenario 2). The sulfur deficit will become 2.4 kg/ha
if th2 fertilizer apphed in the system does not contain any sulfur. This puts
a great strain on the sulfur reserves in the soil or depresses the crop yields.

Modern Agriculture

Modern agricalture is assumed to be based on high-yielding crop varieties,
intensive cropping, and high inputs of fertilizers and irrigation. In spite of
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all the sulfur added incidentally through fertilizers, manure, and irrigation
walter as caleulated for situations closely maiching the actual situation in
India (N:S ratio of 15:1), the sulfur deficit is estimated to be very high. In
three scenarios under modern agricuiture, the sulfur deficit is estimated 1o
be 211, 50.9, and 38.9 kg/ha, depending upon the level of production, fer-
tilizer use, and sulfate content of irrigation water. The sulfur deficit for
these seenarios will rise to 29.1, 66.9, and 54.9 kg/ha if the applied fertilizers
hawe ne sulfur in then.

The amount of fertilizer sultur required to replenish these amounts is also
indicated in the table. 1 the use efficiency of fertilizer sulfur is only 28.5%
(replacement coefticient 3.50), i.e., one-halt of the assumed use efficiency
of 57.14%% (replacement coetficient 1.75), the amount of fertilizer sulfur re-
quired will be twice as much. 1t may be further observed that with irrigation
water containing 10 ppm sulfate sulfur the sulfur deficit is considerably
reduced but not completely eliminated. H the small amount of sulfur being
incidentally applied were absent, the situation would be very serious. Under
these circumstances, the use efticiency and productivity of tertilizers (NPK)
and other inputs such as irrigation water would be greatly reduced.

Such intensive cropping and exploitive agriculture depletes the sulfur
reserves of the soil and has an adverse effect on crop yields, According to
long-term experiments conducted in India, the available sulfur content of
the soil declined under intensive cropping and continuous ase of sulfur-iee
fertilizers in 7 vears in an alluvial soil. This is an indication of the situation
that will develop elsewhere un' o8 sulfur-containing fertilizers are used to
supply sultur. Such ong-term experiments should be monitored to study
the changes in sulfur supply and requirements and to formulate sound fer-
tilizer management practices for different soils and cropping systems.

Magnitude of Sulfur Deficiency in Tropical Soils

There is general Tack of consistent and accurate data about the extent of sul-
fur deficieney in the tropics, Available estimates indicate that about 52 mil-
lion ha of high-base soils (1% of total) and 745 million ha of infertile acid
soils (719 of total) in Latin America have a sulfur deficiency problem.
Campo Cerrado soils of Brazil, the highlands and castern plains (Llanos)
of Colombia, and the highly weathered voleanic soils of the West Indies and
Central America are good examples of sulfur-deficient arcas. There is evi-
dence that seils of the upland savannas of Africa have low reserves ot total
and available sulfur and are likely to become more deficient in sultur under
the present land management svstem. There is greater likelihood of sulfur
deficiency in the savannas of Nigeria than in the forest zone soils.

There are about 452 million ha of sandy soil arcas in the semiarid tropics,
stretching from Latin America to the savannas of Africa and the alluvial
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soils of Asia, that also are likely to be deficient in sulfur. Evidence from
Brazil and Nigeria confirms that newly cleared tropical lands show sulfur
deficiency after a few years of cropping. Estimates of the rate of disappear-
ance of sulfur in organic matter vary; they range from 2% in Nigeria to
10% in Latin America

There is general consensus that sulfur in organic matter disappears faster
than does nitrogen in organic matter; thus, the problem of sulfur fertility
management is even more ditficult. The lack of systematic studies that
correlate sulfur deficiency with differences in soil taxonomic groups
precludes an accurate assessment and delineation of the sulfur-deficient
areas, but broad conclusions can be drawn about the countries where such
sulfur-deficient soils exist. A total of 48 tropical countries (10 in Asia, 23
in Africa, and 15 in Latin America) have been identified as having serious
sulfus -deficiency problems.

Determining Sulfur Deficiency in the Tropics

National and international fertilizer and agricultural research organizations
concerned with sultur research in the tropies need to consider the following
important conclusions and recommendations,

Firsi, the limitations of the soil tests for determining the availability of
sulfur to the plents have been pointed out by many: a combination of soil
test and plant analysis seems preferable, and the diagnostic techniques need
to be standardized.

Second, most researchers have found monocalcium phosphate solution
preferable 1o other extractants for available suifur in soils; however, the
method for estimating sulfur in the extract needs to be refined, and critical
alues for different crops need to be established.

Third, the usctulness of pot culture and greenhouse tests 1o assess the
need for fertilizer sulfr is limited because the system may overemphasize the
nutrient need as a result of conditions under which the plants are grown.
Field experimentation is most reliable for diagnosis of the need for sulfur
fertilization.

Fourth, for preliminary screening of different sources of sulfur, green-
house studies could be valuable, provided the researchers consider the actu-
al soil environments and crops for which the proposed sulfur fertilizer is to
be used.

Fifth, tysimetric studies under controlled ervironments are, no doubt,
pood fvie anderstanding the principles involved, but for solving the field
problems and for improving sultfur economy of soil it is better to conduct
such studies on the soil in situ where the effect of growing a crop can also
be studied simultancousty.
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Crop Response to Fertilizer Sulfur

Data on responses to fertilizer sulfur from field experiments are rather
limited; the information is mostly confined to areas where, year after year,
deficiencies have been observed or where, under the impact of modern
agriculture, the full potential of inputs is not being realized because of in-
duced sulfur deficiency. Specific examples of sulfur deficiency and response
to applied sulfur are discussed in detail in the previous chapters. Despite the
inadequacy of the data, however, the following seven conclusions cmerge
from results based on field experiments in a number of tropical countries.

First, the deficiency of sulfur in the tropics is widespread, though not so
spectacular as nitrogen and phosphorus deficiency. Significant responses to
application of sulfate sulfur are expected. In some cases significant in-
creases in crop yield have been obtained in greenhouse studies, and they
could be considered as indicative of crop response to sulfur and thus the
need for sultur research in the field. The studies also indicate that responses
to fertilizers, specitically to nitrogen and phosphorus, will increase if the
Himiting factor, sulfur, is supplied.

Second, sulfur as a nutrient has an important place in improving quantity
and quality of food production, and thus alleviation of hunger and mal-
nutrition. This is especially important in the developing tropical countries
in Asia, Africa, and Latin America.

In Asia, sultur responses were obtained in the 1970s with medium-to-high
doses of fertilizers N, NP, or NPK and improved varieties of cereals (rice
or wheat). Marked responses o sulfur were observed in oilseeds (ground-
nuts, soyvbeans, rape, and mustard), legume forages such as alfalla and ber-
seem (Tritolium alexandrinum 1..), and potatoes. It appears that most of the
work was confined to coarse-textured soils and was done after the introduc-
tion of highyielding varicties, Whether the problem is localized or extends
toa larger arca has not been determined; nor has the question of whether
the sulfur application is needed for every crop in the rotation or once for
cach rotation really been studied.

In Africa, most of the rescarch was done betore the introduction of high-
vielding varieties, i.e., before the 1970s, and was concerned with commercial
crops like cotton, groundnuts, and tea. Since the introduction of high-
vielding varicties, or the post-independence period, very little research on
sulfur fertilization seems to have been done on any crops and least on food
crops. In view of the great food deficit in this region, there is a need for
intensive and well-coordinated rescarch 1o assess th need for sulfur fertil-
izers for tood crops in the region.

In Latin America, most of the research reported in literature relates to im-
proved varieties of rice, maize, soybeans, cotton, coftee, beans, and pasture
legumes. Marked responses were obtained in the Campo Cerrado soils of
Brazil, the highlands and ecastern plains of Colombia, and the highly
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weathered volcanic soils of Central America.

Third, at present the sulfur deficiency under high-yielding varieties may
appear 1o be confined to those soils that were inherently poor. As the inten-
sity of cropping and level of fertilization increase, sulfur deficiency may be-
come a serious limiting factor, especially becausc of the decline in sulfur in-
put from high-analysis fertilizers that are free from sulfur or have low sulfur
contents,

There are clear indications that in Asia, particularly in India, Ban-
gladesh, and Indonesia, intensive cropping combined with the use of high-
vielding varieties and heavy applications of sulfur-free fertilizer may be
overstraining the sulfur supply reserves of the soil ecosystem and may be
limiting the full potential of new technology. Evidence of this is provided
by the data ou sulfur uptake and incidental sultur supply through fertilizers
in India and Indonesia. In 1980, the amount of sulfur taken up by ficld
crops in India was estimated to be 784,000 mt, whercas the amount added
through fertilizers was hardly 250,000 mt. In Indonesia the comparable
figures were 130,000 and 48,000 mt.

[t is also possible that irrigation water high in sulfate may counteract this
sulfur deficiency in many situations; in other cases, sulfur-containing fer-
tilizers may be needed. Crops like oilseeds, pulses, legumes, and forages,
which remove relatively larger amounts of sulfur per metric ton of dry mat-
ter than do the cereals, may become more responsive to sulfur fertilizers
with the introduction of their high-vielding varieties. Thus, in the future the
sulfur problem will become much more serious.

Fourth, a comparison of sulfur supply sources indicates that generally
gypsum or other sulfate sources have proved to be effective for most of
thesoils and crops. The moditying effects of time and the method and dose
of application have also been established in many studies. An even less effi-
cient substance can become an effective sulfur source if the cosi:benefit
relatiouship is favorable. However, cconoraic evaluation of sulfur supply
sources has generally been ignored. Thus, the evaluation of alternative sul-
fur supply sources should be based on analytical studies done by interdis-
ciplinary teams of scientists dealing with the technological, agronomic, and
cconomic aspects of fertilizer sulfur rescarch.

Fifth, in most «." the tropical countries the sources of sulfer are gypsum,
pyrite, or sulfur-containing byproducts of agriculture and industry. Tech-
nology needs to be developed for the use of these substances as economic-
sources of sulfur for plant nutrition. The technologists, agronomists, and
cconomists must determine whether to modify the fertilizers to incorporate
sulfur from these sources or to select compound fertilizers and mixtures for
specific situations,

Sixun, Tong-term studies withs tea, coffee, and coconuts have shown that
sulfur-containing fertilizers, if” continuously applied, build up reserves of
adsorbed sulfate in soils which, in turn, reduce the amount of sulfur to be
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added annually. The results of two long-term experiments, one at Samaru
(northern Nigeria) and the other at New Delhi (northern India), clearly in-
dicate changes in sulfur supply from soil under extensive and intensive crop-
ping svstems in Africa and Asia, respectively. Long-term studies and
monitoring of changes in the status of nutrients in the soils through long-
term experiments elsewhere may also be desiraule,

Seventh and finally, the experience with tropical agriculiure also shows
that both phosphate and lime accelerate losses of sulfate suliur in acid soils
that are high i exchangeable aluminum. Thus,the cultivation of such lands
requires lertilizer management practices or fertilizer products that can re-
duce such losses without affecting the usefulness of the lime and phosphate
applications,

Priority Areas for Fertilizer Sulfur Research

Though the data are scanty, the published information about sulfur defi-
cieney suggests that the priority arcas identified in Table 10.5 are of greatest
coneern and should be examined 1o assess the extent and intensity of the
sulfur problem, to determine economic sources of sulfur supply, and to for-
mulate appropriate sulfur programs. Research and development programs
in these arcas would probably have the greatest economic Lenefits.

The arcas where severe subtur deficieney has been observed should be
selected for assessing the magnitude of the problem and the degree of crop
responses to applied fertilizer sultur. A coordinated program of simple
fertilizer triads on tarmers' tields, based on the missing nutrient concept and
using  treatments such as control, N, NP, NPK, NPKS, NPKS +
micronutricnts, might be tried. Soil and plant analyses could be used to
supplement such studies. Where possible, 7S shoutd be used.

Sulfur Strategies for Meceting the Challenge

Identification of those factors responsible for creating sulfur deficiency in
the tropies is prerequisite to designing strategies for solving the sulfur prob-
lem. The more important factors are soil, climate, cropping systems, fertiliz-
er,irrigation, cropping intensity, industrialization, environmental pro-
grams, and extension of agriculture 1o marginal lands.

Although soil and climatic influences are difficult to change, an under-
standing of them is helptul in the management of sulfur fertilizers. Most
serious are the leaching and erosion losses due to rain and adsorption of
sultate under certain conditions. Any strategy for i,nproving the sulfur situ-
ation in tropicat soils should emphasize the management of soil, fertilizer,
and crops.
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Table 10.5. Priority arcas for fertilizer sultur research and policy in Asia, Africa, and Latin
America.

Region Country Arcas within the country Crops
Asia India Coarse-textured sandy soils of Groundnuts, rape
atluvial plains of Punjab, & mustard, wheat,
Haryana, Uttar Pradesh, Rajas- maize, chickpeas,
than, and certain pockets of soybeans, berseem,
Gujarat potatoes
Bangladesh  Lowland rice area Rice, wheat,
mustard
Thailand Plateau of northeast Thailand Rice, soybeans,

pulses, pasture
Indonesia Sulawesi, East Java Rice, pasture

Africa Nigeria Northern Nigeria Maize, sorghum,
roots & tubers,
cowpeas,
groundnuts

Sencgal Central and southern Senegal Groundnuts, cotton,
millet, maize

Kenya (1) Coastal sandy soils Maize, cotton,
{2) Sandy loam soils of Kitale pastures
and Songhor Regions
(3) Voleanic soils near Kilimanjaro
(h) Bottom lands ot Machakos area

Zimbabwe  Sandy soils Maize, groundnuts,
tea
Latin America  Bravil Highly weathered soils of Maize, rice,
Brazilian plateau cotton, pastures,

soybeans, coflee
Campo Cerrado soils of Sao Paulo

Region
Colombia Bogota Highlands Maize, sovbeans,
Fastern plain (f lanos) beans, pasture,

legumes, coftee

In some areas, because of the high sultate content, the irrigation water
could supply the sultur needs of the crop. In other areas, where waters of
low sulfate content are used, sulfates may be leached and the soil im-
poverished. Anatytical studies dealing with the effects of irrigation, ftertiliz-
er application, and cropping system combinations under field conditions
are essential to understand the phenomena,
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Intensification of agriculture, use of high-yielding crop varieties, and in-
creasing use of rertilizers low in sulfur are aggravating th= <ulfurdeficiency
problem. Corrective measures need to be taken through use of fertilizers
with higher sulfur content 1o lower the N:S ratio or P:S ratio in the fertiliz-
Crs.

From the long list of sulfur-containing substances it appears doubtful
that the use of fluid tertilizers will be feasible in any significant part of the
developing tropical countries in the ear future. However, dry fertilizers rich
in sulfate may become more attractive. The need for moditied, economical-
Iy efficient fertilizer technology is of high priority. Sulfur-fortified triple su-
perphosphate, concentrated superphosphate, partially acidulated phos-
phate rock, and sultate-enriched diammonium phosphate may become
more aceeptable. Appropriate technologies need to be developed to supply
them.

Strategies to supply sulfur to soils and crops in every country should be
based on the use of waste produets from the fertilizer industry, chemical in-
dustry, and agricultural industry; on local sulfur resources; or on incor-
poration of sulfur in the popular fertilizer products. Ammonium sulfate
and single superphosphate have important places in the agriculture of these
countries, and strategies can be developed to make their use more efficient
and cconomical. Use of sulfur-coated urea and sulfur-enriched fertilizers on
sulfur-deficient soils and for certain crops needs to be given a fair trial.

Gypsum, elemental sulfur, and pyrites will be preferable for alkaline and
calearcous soils of the semiarid tropics. However, tor highly acid soils the
use of elemental sulfur and other acid-forming substances is questionable,
More emphasis should be placed on the use of phosphogypsum directly or
through incorporation in fertilizers. In fact, there is a need Yor interdiscipli-
nary rescarch by teams of fertilizer technologists, agronomists, and
cconomists 1o develop suitable fertilizer products that supply sulfur for
different soils and cropping systems while keeping in view the locally availa-
ble sulfur resources,

Estimating Sulfur Requirements and Gaps

In order to design nationally acceptable and economically viable supply
strategies to correct sulfur deficieney and improve the production and quali-
ty of food, there is a need 1o aceurately estimate the sulfur requirements,
sulfur supplies, and implied sulfur gaps.

Sulfur estimates are based on simple statistical analysis. The sulfur re-
quirement estimates are divided into two broad categories. These are (1) re-
quirements by field crops for sulfur as a nutrient and (2) sulfur require-
ments i the fertilizer industry. The requirements for sulfur as a plant
nutrient for crops are based on (a) crop production levels, which account
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for the arca under different crops and average crop yields; (b) average sulfur
uptake by crops; and (¢) use efficiency of applied sulfur. In this context the
estimated sulfur requirements do reflect the impact of factors such as
changing cropping patterns, expanding crop yields, and multiple cropping.

The requirement for sulfur as a plant nutrient is further classified into
three categories. These are (1) sulfur uptake; (2) sulfur replacement [ re-
quirements that assume a sulfur-replacement coefficient of 1.75 which im-
plies sulfur use efficiency of approximately 60%; and (3) sulfur replacement
11 requirements that assume a sultur replacement coefticient of 3.50 which
implies sulfur use efficiency of one-half, approximately 30%.

The sultur uptake and the replacement requirements are based on actual
crop production trom 1960 to 1980 and on projected crop production from
1985 to 2000. The results refer to 3-year simple averages centered on years
shown in order to avoid the effect of weather-related variations in crop
production. On the other hand, sulfur requirements in the fertilizer industry
are based on fertilizer production needed to meet projected fertilizer con-
sumption requirements from 1980781 to 2000701, Estimated sultur require-
ments in the tertilizer industry are based on sultur needed to manufacture
ammonium sulfate, single superphosphate, triple superphosphate, and am-
monium phosphtes.

The estimates of suifur requirements are based on production of 25 im-
portant field crops. These crops are then divided into 15 specific crop
groups including wheat, rice, maize, millet, sorghum, pulses, oilseeds, soy-
bcans, grondnuts, oil palm, root crops, sugarcane, cotton, coffee, and
tobacco. Each country under study does not necessarily grow all these
crops. FFurthermore, the relative importance of individual crops varies from
one country to another. These 25 crops, however, account for most of the
chemical fertilizer consumption in developing countries of the tropics.

The estimates tor sulfur requirements are made for 11 tropical countries
and 3 regions in addition to the world as a whole. The 11 countries include
India, Indonesia, and the Philippines from Asia; Kenva, Niger, Nigeria, Su-
dan, and Zimbabwe from Africa; and Brazil, Colombia, and Mexico from
Latin America. The three regions include the Far East, Africa, and Latin
America (as developing market economies). The crop production levels are
specific to each country and region.

However, average sulfur uptike by crop groups broadly represents de-
veloping tropical countries and is assumed to be the same for all the coun-
tries and regions. Finally, the assumed two levels of sulfur use efficiency
(replacement coefTicients) are not specific to any crop, country, or fertilizer;
rather, they represent typical conditions prevailing in temperate and tropical
countries. In this context, the estimated sulfur requirements presented here
are good first-order approximations.

The estimated aggregate salfur requirements by field crops and the world
fertilizer industry are summarized in Tables 10.6 and 10.7. India and Brazil
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Tuble 10.6. Estimated aggregate sutfur requirements for field crops in selected developing
tropical countries and regions, 1960 - 2000.

Country/region

Sulfur requirementst (000 mt of S)

Uptake Replacement 1 Replacement 11

1960 1980 20000 1960 1980 2000 1960 1980 2000
Asia
India S09 784 131} 891 1372 2332 1782 2743 4665
Indonesia 64 130 294 112 227 S14 225 454 1028
Philippines 21 45 108 8 80 190 75 159 379
Atrica
Kenya 9 15 21 15 26 kY) 31 52 73
Niger 6 13 29 t 22 5i 22 44 103
Nigeria S6 66 98 9y 116 171 197 231 343
Sudan 29 30 64 51 53 113 1N 107 225
Zimbuabwe 7 16 29 12 29 b)) 25 58 101
Latin America
Brazil 157 349 708 275 611 123y 550 1222 2477
Colombig 21 38 86 16 67 150 72 134 0
Maevico 64 137 240 113 239 419 228 478 338
Africa 224 327 411 192 573 720 783 1146 1440
Far Last 776 1330 2463 1388 2345 4310 2717 4690 8620
Latin Americé 404 844 1 6em 707 1477 2805 1413 2954 5610
World 4582 7911 14238 24917 16037 27 687 49 835

SOIR 13 844

a. Uptake: Sulfur uptake by field crops; replacenient 1D uptake * sulfur replacement coefti-
cient of 1,75 (implies use efficiency of about 60%); and replacement 11 uptake = sulfur
replacement coetficient of 3.50 @imiplies Lse efticieney of about 30%%).

Table 10.7. Estimated world sulfur requirements as crop nutrient and {or the fertilizer indus-

1y, 1960 - 2000.

Tvpe of sulfur requirements

Sulfur requirements during (million mt of S)

Sulfur as crop nutrient

Uptake

Replacement |
Replacement 1

Sultur for fertilizer industry

AS/SSP
TSP/AP:
Fotal

1980 1990 2000
1.9 10.5 14.2
13.8 18.4 24.9
21.7 369 49.8
6.5 10.0 16.3
20.0 31 48.4
26.5 41.1 64.7

a. AP = ammonium phosphate.
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stand out since the largest sulfur requirements are in Asia and Latin Ameri-
ca, respectively. With the exception of Mexico, all the other countries stud-
ied arc net sulfur importers. The sulfur requirements in the world fertilizer
industry are much more than the sulfur uptake. However, only a small per-
centage of sulfur used in the fertilizer industry is transferred to the agricul-
tural sector through sulfur-containing fertilizers.

The estimated proportion of sulfur uptake by cereal and noncereal food
crops is shown in Figure 10.1. A large share of sulfur uptake is attributed
to cereal crops. However, the share varies not only by country or region but
also over time. A shift in the cropping pattern in favor of those crops that,
on the average, remove relatively large quantities of sulfur would increase
aggregate sulfur uptake and hence the fertilizer sulfur replacement require-
ments. The production of soybean in Brazil highlights such a transforma-
tion.

The estimated aggregate sulfur requirements, supply, and gaps for select-
cd countries during 1980 are reported in Table 10.8 and for India from 1960
to 2000 in Figure 10.2. The results indicate that, except for Mexico, the sul-
fur gaps are rather large in relation to the current fertilizer sulfur supply.
Furthermore, the projected sulfur gaps are estimated to increase from 1980
to 2000. For example, it is estimated that sulfur gap 11 (fertilizer sulfur sup-
ply minus sulfur replacement I1 requirements) in India will increase from
2.5 million mt in 1980 1o 3.1 million mt in 1990, and to 4.0 million mt in
the year 2000.

The models used in this study provide a systematic means for assessing
the sultur requirements for major agricultural crops, sulfur supply and the
potential sulfur gaps that may prevail. While the results indicate that large
sulfur gaps now exist or soon will emerge in a number of developing coun-
trics, the authors wish to point out that these es*imates are first-order ap-

[ 0 e
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Figure 10.1. Estimated Proportion of Sulfur Uptake by Cereal and Noncereal Food Crops in
Selected Countries and Regions in the World,
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Table 10.8. Estimated subfur requirements, fertilizer sultur supply, and sulfur gaps in select-
ed tropical countries during 1980, (1000 mt of S)

Country Sulfur requirements Fertilicer  Sullur gapse
sultur
Uptake  Replace-  Replace-  supply I I 11
ment | ment 11
AAsia
India 784 1372 2743 250 ~534 1122 -2493
Indonesia 130 227 454 48 -- 82 - 179 - 406
Philippines 45 80 159 30 - 15 - 50 -129
Atrica
Kenva 1§ 26 52 H -4 -~ 15 ~41
Niger 13 2 44 <1 -1 =21 - 43
Nigeria 66 116 231 17 -49 -99 =214
Sudan 30 53 107 b b b b
Zimbabwe 16 29 58 b b b h

Latin America

Brazil RAL 611 1222 482 +133 - 129 - 740
Colombia Rh 67 134 S -1 - 62 - 129

Mevico 137 239 478 138 + 201 99 - 140

a. Ferolizer sultur supply minus sulfur requirements., Gap Lis supply minus uptake; Gap 1l
in supply minus Replacement 15 and Gap (L is supply minus Replacement 11,
b Nor available.

proximations. Although the sulfur gap estimates are based on the best avail-
able daia, much work remains to be done for further refinements in the
context of specific countries. Recognizing these limitations, the results have
major implications for national fertilizer policy.

These large sulfur gaps have important policy implications for fertilizer
research, sulfur supply, fertilizer material selection, fertilizer imports, fer-
tilizer distribution, sulfur promotion, capital investment, and foreign ex-
change allocation. Unless something is done to bridge these gaps and to
correct the sulfur-deficiency problem, natienal and international ~fforts to
accelerate food production will be seriously handicapped. This is a real
challenge and a great opportunity for all those involved in fertilizer
policyformulation, fertilizer research, and fertilizer production, distribu-
tion, and use to make a major contribution 1o food production of develop-
ing tropical countries.

Fvaluation of Alternative Fertilizer Sulfur Materials

In order to deal with increasing sulfur deficiencies and projected sulfur
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Figure 10.2. Fstimated Sulfur Requirements, Fertilizer Sultur Supply, and Sulfur Gaps in In-
dist: An Example.

gaps, there is a need to identify, develop, evaluate, and transfer fertilizer sul-
fur technology and strategies that would be appropriate, technically and
cconomically, for tropical countries. Alternative sulfur supply strategies in-
clude the use of all or some of (1) conventional sulfur-containing fertilizers;
(2) modified sulfur-containing fertilizers; and (3) indigenous sulfur supply
sources such as gypsum, phosphogypsum, and pyrites.

In developing @nd recommending any of these sulfur-containing fertiliz-
ers, it is extremely important to keep in mind the climatic conditions, crop-
ping systems, soil types, socioeconomic conditions, and natural resource en-
dowments of those tropical countries that are the target of such technology.
All the existing and modified sulfur-containing fertilizer technologies must
be evaluated with respect to the following criteria:

1. The technical feasibility of production, distribution, and use of sulfur-

containing fertilizers.

Agronomic effectiveness under farmers® field conditions.

Preferences and general attitudes of those involved in production, distri-

bution, and use of these materials.

Economic effectiveness under free-market conditions.

5. Economic effectiveness under prevailing government policy with respect
to fertilizer sulfur,

(e ]

=
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6. Foreign exchange use, carnings, and savings.

7. Economic and financial aspects of rescarch, production, distribution,
and use of these materials.

8. Existing and suggested government policies dealing with fertilizer sulfur
raw maaterials, production, distribuiion, promotion, regulation, pricing,
subsidies, trade, and rescarch.

The technology tor cach proposed sulfur-containing fertilizer needs to be

evaluated within an interdisciplinary context from the moment a technology

is conceived until it s veady for transfer and general use by farmers in the
tropical countries.

Fconomic and Policy Analysis of Fertilizer Sulfur

Despite the need for sultur as an essential plant nutrient and the sustantial
returns expected from its use, very little analvtical or empirical research has
been done on the economic and policy analyses of fertilizer sulfur in tropi-
cal countries. There are several veasons tor this situation, The primary rea-
son, however, is that the cconomic importance of tertilizer sulfur has not
been recognized, T order to formulate appropriate sulfur policy at the na-
tional fevel, there is a need for the following:

. Determination of cconomic returns to sulfur use under different agrocli-
matic conditions and cropping systems,

2. Comparative economic evaluation of existing, moditied, and indigenous
sulfur-containing tertilizers and amendments.

3. Economic evaluation of phosphogypsum as a source of sultur for plant
nutrients and raw material for manufacturing sulturic actd and nitrogen,
phosphorus, and potassium fertilizers.

4. Economic analysis that accounts for the residual effects of sulfur, the in-

teraction of sulfur with other nutrients, and the productivity of fertilizer

sulfur under different crop technologies and cropping svstems,

Determination of the delivered price of sulfur to farmers,

6. Leonomic evaluation of price and the transportation subsidy that must
be paid by the government on sulfur-containing fertilizers and other sul-
fur supply sources.

7. Leonomic evaluation of sulfur-containing fertilizers from indigenous
sulfur supply sources as opposed to imported sulfur or sulfur-containing
fertilizers,

N

Pricing of Fertilizer Sultur

Sulfur is not a free commodity. The international sulfur prices, expressed
in constant dollar terms, generally declined from 1955 10 1978, with the ex-
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ception of two price upswings that peaked during 1968 and 1975. In any

case, the current sulfur prices during this period were less than $50/mt.

However, the market changed in 1978 when international dry sulfur prices

(f.o.b. US. Gulf) staried rising from approximately $60/mt in January 1979

io $135/mt in January 1981 and then declined to $112/mt in January 1983

and to $88/mt in October 1983 and ihen started rising again to $103/mt in

January 1984 and to $146/mt in December 1984, Clearly, sulfur prices play

an important role in Jdetermining the appropriate sulfur supply strategy and

prices for sulfur-containing fertilizers.

Sulfur-containing chemical fertilizers, including popular fertilizers such
as ammonium sulfate and single superphosphate, are rarely priced for their
sulfur content. As long as sulfur in chemical fertilizers is considered merely
a bonus, the fertilizer industry will have little economic incentive 1o
manufacture sulfur-containing fertilizers as main products.

In those nreas facing serious sulfur deficiency, the returns to the use of
sulfur- -containing fertilizers priced for sulfur appear extremely favorable,
both at the farm and national levels. However, sulfur pricing does 1aise ex-
tremely important policy questions that can be resolved only after sound
economic and policy analyses. Some of these questions are as follows:

1. How should the production cosis be allocated and the fertilizer be priced
when the sulfur-containing fertilizer is produced as a coproduct or as a
byproduct?

2. How should the price of sulfur-containing fertilizers be determined at
the retail level in comparison with other competitive sulfur-free fertiliz-
ers?

3. Would the farmers be willing to pay for sulfur in sulfur-containing fertil-
izers?

4. How would the fertilizer industry react to the creation of new capacity
1o produce sulfur-containing fertilizers?

5. How would the costs and benefits of the sulfur-pricing policy be dis-
tributed among producers, distributors, farmers, and consumers?

Sultur Situation, Resources, Trade, and Outlook

Sulfur is considered one of the more abundant elements on carth. However,
only a small fraction of large sulfur resources is recoverable at current levels
of knowledge, technology, and prices. The key points concerning the sulfur
industry as it relates to the fertilizer sector and tropical agriculture are ana-
lyzed below:

First, during 1981 world production of sulfur was about 53.8 million mt.
Four countries (United States 23.7%, U.S.S.R. 18.0%, Canada 12.6%, and
Poland 2.2%) accounted for almost two-thirds of world sulfur production.
Approximately 63% of the estimated production was brimstone, and this
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proportion is expected to increase because of increased production of reco-
vered sulfur, During 1981 the estimated share of developing tropical regions
in world sulfur production was only 7.8%, and Mexico alone accounted for
50% of that production (Table 10.9). However, the oil-producing countrie-,
especially in the Middle East, are expected to increase their production of
recovered sultur,

Second, a large share of sultur (809%-90%) is used 1o manufacture sultfur-
ic acid. The share of developing tropical regions in worldwide sulfur con-
sumption (55.0 million mt) was only about 12.4% during 1980. This is rath-
er asmall amount in the context of their relative share in world population,
agricultural production, and food needs. During 1980, the share of in-
dividual developing tropical regions in world sulfur consumption was esti-
mated to be 3.3% in Africa, 4.6% in Asia, and 4.5% in Latin America,

Third, during 1981 world production of sulfuric acid was 138 million mt.
Four countries (United States 269, US.S.R. 17%, China 6%, and Japan
30 ) accounted tor 349 of world sulfuric acid production, Among the de-
veloping tropical countrics, the major producers of sulfuric acid in 1981
were India 2%, Mexico 2%, Brazil 1.7%%, Moroceo 1.7%, and Tunisia 1.6%.
The developing market economices s & croup accounted for about 139,

Fourth, for the world as a whole, $39% of the sulturic acid was used in
the fertilizer industry during 1981, The share allocated (o the fertilizer in-
dustry varies from 439 in Asia (including Japan) to 67% in Latin America
and 73% in Africa (including South Africa). A large share (909 in the
wostern world) of the sulfuric acid used in the fertilizer industry goes to
manutacture phosphate fertilizers. Most of the sulfur used in the phosphate
fertilizer industry (with the exception of single superphosphate) is discarded
in byproduct phosphogypsum.

Tuble 10°9 Sources of sultur and sultur production in developing tropical regions of the
world during 1981,

Region Production Share Sources of sultur, "y share
€ 000 mru) i world - s

production Brimstone PPyrites Other Total

("o) forms
Africar 178 03 6 27 67 100
Asia’ 1 33§ 2.5 74 8 18 100
I atin America 26099 5.0 90) 3 7 100
Regions toral 4212 7.8 N2 5 13 100

World 53727 1(4).0 63 21 16 100

i Eacluding South Atrica with w total production of 636 thousand mt.
b. Excluding Japan with a total production of 2 706 thowsand mt. Chin is alvo excluded.
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Fifth, durir.: 1981 about 30% (1¢ million mt) of world sulfur production
was traded in e inteinational market, most of it in the form of brimstone.
Carada and Poland accounted for about 70% of brimstone exports.
Among the developing countries, Mexico is thie only net exporter of sulfur.
Potential sulfur exporters include countries from the Middle East, With the
exception of Mexico, most of the developing countries are net importers of
sulfur, which is esential to develop their agricultural and industrial sectors.

Sixth, the amount of known sulfur reserves in the world is estimated o
be between 18 and 2.2 billion mit, which does not include vast sulfur
resources contained in anhydrite, gypsum, and sea water. Of these reserves
the developing tropical countries are estimated to account for about 33%,
including 5% in Nexico, 8% in Iraqg, 149 in other countries in the Near
East, and 6% in other developing tropical countries of Asia, Africa, and
Latin America.

The developing tropical countries are also known to have sulfur resources
in the form of anhydrites, gypsum, pyrites, and nonferrous sulfides, as well
as elemental sultur deposits. The following important questions need to be
addressed: (1) What is the agronomic effectiveness and technoeconomic
feasibility of these sultur resources? and (2) How should the indigenous sul-
fur resources be used to meet the sulfur requirements of developing tropical
countries in Asia, Africa, and Latin America?

Sulfur Trade Policies

Most tropical countries with serious sulfur-deficiency problems are also net
importers of sulfur, usually brimstone. The available information indicates
that most of these countries also impose some form of trade restrictions,
especially tarilts, on imported sulfur,

Tariffs may be good sources of government revenue, but they can also re-
sult in high social costs. The immediate impact of a tarift is that the price
ol imported sulfur goes up and the inciease is vetlected in the price of fertil-
izers such as phosphate fertilizers thar use sulfur or sulfuric acid in their
manultacture. Tarifts are generatly imposed under the pretest of protecting
the domestic industry (infant industry argument), but they also cneourage
inetficiency. For a low-income country with widespread sulfur deficiency,
tariffs on sulfur imports may not be in the best interests of the general
population since they encourage both inefficiency and inequity.

Phosphogypsum: A Source of Fertilizer Sulfur

Phosphogypsum, a byproduct ¢f wet-process phosphoric acid, is generally
considered a waste product, even though it contains all of the sulfur from
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the sulturic acid used in the process. The cumulative world production from
1967 10 1985 is estimated to be 1.6 billion mt of phosphogypsum, which in-
cludes 265 million mt of sulfur; of this amount, 37 million mt of sulfur
cquivalent will have been produced in the tropical countries of Asia, Africa,
and Latin America,

While large stocks of phosphogypsum are accumulating, the crops in
many tropical countries are suffering from sulfur deficiency. Naturally,
these countries can il afford to throw away phosphogypsum, and hence im-
ported sultur, especially when it was bought with scarce foreign exchange.
FFurthermore, the technical and economic problems associated with correct-
ing sulfur deficiencies may not be serious at all when phosphogypsum s
used as a souree of fertilizer sulfur in agriculture, The use of phosphogyp-
sum in agricubture may be a potential source of both sultur and calcium for
increased food production.

There is aneed to initiate research to determine (1) the agronomic effec-
tiveness of phosphogypsum as a source of sulfur; (2) the technical problems
related o drving, transporting, storing, handling, and converting phos-
phogypsum to ammonium sulfate and sulfuric acid and tor upgrading
populin tertilizers with sulfur or sulfur compounds; and (3) the cconomic
viability of phosphogypsum as a raw material source for manufacturing
maoditied nitrogen, phosphorus, and potassium fertilizers, mixtures, and
compounds.

Need for Information Related to Fertilizer Sultur

Appropriate information about sullur supply, use, response, uptake, prices,
and cconomics is extremely vital in the formulation of policies coneerning
fertilizer subfur. Yet most national and international organizations engaged
in collecting and publishing information do not include sulfur in fertilizer-
related statistics, Consequently, most of this information is not available to
cither policymakers or researchers.,

Sulfur dat must be made an integral part of national fertilizer data col-
fection systems. These data must include intormation related to sulfur raw
materials, reserves, and resources; sulfur production, consumption, and
trades sulfur treight and prices; sulfur uptake by crops; and sulfur response,
International organizations such as FAO, IFDC, and UNIDO can play an
important role in stimulating such programs at the national level, particu-
larly in developing countries.

Fertilizer Sulfur Use Recommendations

With the exception of a few isolated examples, fertilizer recommendations
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do not include sulfur as one of the plant nutrients. Only the primary
nutrients are generally included in the fertilizer recommendations. Any ef-
fort directed at correcting sulfur deficiency must involve a set of recommen-
dations that include the use of sultur at the farm level.

It is extremely important to develop sulfur recommendations based on
farm-level data under actual farming conditiens. These recommendations
must be crop-specific and must also specity the amount to use, the time of
application, the method of application, and the source of fertilizer sulfur.
Furthermore, the recommendations must be based on sound information
regarding crop response to applied fertilizer sulfur and economics of sulfur
use.

Fertilizer Sulfur Regulation and Labeling

Lack of use of fertilizer sulfur in countries with severe sulfurdeficiency
problems results in a high social cost in terms of lost agricultural produc-
tion. Under these circumstances, it is economically justitiable to implement
government regulations with respect to sulfur supply. These regulations
should ensure a fertilizer sulfur supply at the retail level through the avail-
ability of popular sulfur-containing fertilizers and/or the requirement that
the different fertilizer materials contain a certain minimum amount of sul-
fur.,

The existing quality control regulations in most countries require labeling
of only the primary plant nutrients, N, P -O¢, and K,0, on fertilizer bags.
This is true even when the fertilizer also contains sulfur, The labeling of fer-
tilizer bags with sulfur contents would provide additional information to
the farmer who purchases the fertilizer. The additional cost for sulfur label-
ing is expected to be rather negligible.

Sulfur, Environmental Protection, and Food Production

In the industrialized countries environmental pollution, partly caused by
sulfur dioxide and acid rain, is at the center of much public debate. These
countries have various laws restricting the emissions of sulfur dioxide to the
atmosphere. However, in most of the nonindustrialized developing coun-
tries environmental pollution, primarily by sulfur dioxide emission, is not
a serious problem. Even in industrialized countries sulfur dioxide is not
solely responsible Tor acid rain although problems may be more serious
around localities with industrial complexes.

Obviously there is i need for soe restrictions on emissions of sulfur diox-
ide and other industrial pollutants in order to protect the environment and
public health, However, sulfur dioxide emission standards that are too strict
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may be counterproductive. Atmospheric sulfur is an important source of
sulfur as a plant nutrient, Further restriction on sulfur dioxide would re-
duce the sulfur supply from the atmosphere at a time when sulfur replace-
ment requirements as a plant nutrient alone are expected to increase world-
wide from 28 million mt in 1980 to about 50 million mt in the year 2000.

Furthermore, extremely restrictive sulfur dioxide emission standards
would add to social costs in four different ways. These added social costs
include (1) cost of enforcing regulations, (2) capital investment in equip-
ment to reduce sulfur dioxide emissions, (3) cost of fertilizer sulfur to sup-
ply sulfur that would otherwise be missing as a plant nutrient, and (4) loss
in agricultural production it the loss from atmosphere is not made up
through alternative sultur supply sources. Clearly, there is a tradeoff be-
tween environmental protection and food production, and environmental
policy must be based on a caretul analysis of costs, benefits, and the distri-
bution of costs and benefits.

Implications for Research and Public Policy

It must be recognized that sulfur deficieney is ecither inherent or being in-
duced. There is a widening gap between the sulfur supplied to the soil and
that withdrawn from it as a result of a changing agricultural system that in-
volves the use of high-yielding crop varieties, intensive cropping, and the in-
creasing use of sulfur-tree fertilizers. The problem calls for a high priority
on research and development programs by the national and international
organizations,

Priorities for National Research Programs

The national research institutions and policymakers should immediately

proceed as follows:

1. Recognize that sulfur deficiency may be limiting crop production and
adversely affecting the quality of agricultural production, as well as the
health of animals and human beings. The sulfur problem is likely to be-
come more seriouns in the future; thus, it calls for an immediate, ap-
propriate coordinated action.

. Identify soils that are deficient in sulfur, using soil and plant tissue test-
ing methods, and give high priority 1o coarse-textured soils, intensively
cropped soils, highly weathered soils, and old voleanic ash soils, i.c., Ul-
tisols, Oxisols, Alfisols, Andepts, and the Incepticais.

3. Organize coordinated simple fertilizer trials on furmers' fields to study
responses to swtur. The sulfur-responsive crops and their improved var-
icties should be used on soils identified as deficient or thought to be
deficient or responsive to sulfur, with or without lime. It should be

to



recognized that correction of the acidity, the use of nitrogen, phospho-
rus, and potassium fertilizers, and other factors affecting nutrient avail-
ability are essential to getting the best results from sulfur application.

- Encourage rescarch on the dynamics of sulfur applied to soils through

fertilizers and manures in long-term experiments for agriculture based
on high-yielding crop varieties and intensive cropping.

. Assess the sulfate content of irrigation water and its contribution 1o the

sulfur status of soil, crops and nutrition, and sulfur losses in drainage
waters.,

. Monitor sulfur accretion to the ecosystem from the atmosphere through

rain, dust, and gaseous deposition at a few selected sites representative
of the major agricultural areas.

. Identify local sources of sulfate sulfur, characterize their chemical at-

tributes, determine their supply status, and develop a strategy for their
use as economic sources of sulfur-containing fertilizers.

Develop a strategy for the use of such byproducts of the fertilizer indus-
try as phosphogypsum to enrich the nitrogen, phosphorus, and potassi-
um fertilizers with sulfur.

- Develop strategies and economice policies for encouraging the produc-

10.

tion, distribution, and use of sulfur-containing fertilizers or soil amend-
ments in order to improve crop vields and quality.

Organize workshops and seminars to collect, assess, and disseminate
information on the problem of fertilizer sulfur and its implications for
increasing food production and improving human nutrition,

Priorities for International Research Progrants

International research organizations should establish the following priori-
ties:
I Recognize that sulfur problems exist and can be solved through timely

9

(58

action by research and development agencies concerned with food
production and nutrition.

- Improve fertilizer teehnology to reduce costs for the production of high

analysis fertilizers that incorporate S%-10% sultur.

. Develop technology tor improving use etficiency ol sultur applied to

crops in tropical environments, using sulfur-deficient soils and sulfur-
responsive crops and crop varieties.

- Standardize the chemical methodology for analyzing sulfur in soil and

plants and standardize the technique used to study sulfur problems of
tropical countries.,

. Realize the serious limitations of greenhouse and laboratory studies of

sultur, and theretore place more emphasis on field studies. The green-
house studies should investigate principles and determine the relative
use elficiencic . of various test materials in order o form the basis for
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field experimentation, but they should not be considered the end point
of research,

Establish an international network of field trials to study the effect of
sultur-containing fertilizers on the yield and quality of tropical crops,
using high-priority areas and selected crops, varieties, and cropping sys-
tems. In this research S may be used at a few selected sites where fa-
cilities for such work provide the necessary support.

. Determine the economic viability and the farmers-021- preferences for

various fertilizer products designed to supply sulfur to major agricul-
tural areas in the tropics.

. Formulate fertilizer sulfur-related economice policies appropriate for the

developing tropical countries in order to aceelerate food production
through judicious production, trade, distribution, and use of fertilizer
sultur,

Arrange international workshops, seminars, and symposiums for ex-
change of information and for planning a coordinated program of sul-
fur rescarch with the scientists in the developing countries ol the
tropics, and provide training tacihties as needed.

Assist developing countries in finding alternative technological options
to beincluded i strategies for improving sulfur nutrition of ¢rops, in-
creasing tood production, and alleviating hunger and malnutrition,
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Appendix ]

Nutrient contents of crops:

Crop Yield Nutrient content (kg/ha)
(mt/ha)
N p K Ca Mg S
Cereals
Maize Grain 5.0 1S 28 1S 2 10 11
Tortal 15.0 170 RN 175 27 39 19
Girain 12.5 168 42 s3 - 20 17
Total 25.0 298 SS 247 - 73 37
Sorghum Girain 2.5 40 6 8 s 6 4
Total 5.0 65 10 48 6 12 7
Grain 8.9 134 29 28 - 16 25
Total 280 44 186 - 50 43
Wheat Grain 1.0 75 15 12 3 Y S
lotul 8.0 128 22 92 16 14 14
Grain 54 106 21 25 - 13 6
l'otal 153 26 150 - 26 23
Rice Grain 3.0 46 8 13 2 S 4
Total 8.0 B4 14 8Y 21 9 9
Grain 7.8 86 R 26 - 9 6
Total 125 30 137 - 16 14
Barley Girain 54 123 20 R - 9 1]
Total 168 27 139 - 19 22
Protein and oil crops

Soybeans Beans 1.0 200 26 57 10 10 6
Total 9.0 300 40 115 70 35 23
Beans 4.0 268 24 78 - 19 13
Total 363 3 132 - 30 28
Suntlowers Seed 19 140 29 16 - 13 7
[otal 197 RE] 120 - 47 18
Grroundnuts Nuts 3.0 142 18 0 S 10 8
Total 9.0 RAR) 3l 170 118 3! 24
Ol pahs 24.6 73 12 92 - 21 -
Total 193 16 RV - 61 -
Coconut Nuts, hush 1S 8 71 | 4 -
Foliage, total 74 16 13 12 18 -
Field beans beans 1.0 37 4 22 4 4 10
Total 3.0 1n Y 93 54 18 25
Peas Peas 28 4 9 4 2 2
Tenal RO 8 60 25 8 15
Peas 2.8 103 12 29 - 7 7

Total 184 17 YR8 - 20 11
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Crop Yield Nutrient content (kg/ha)
(mt/ha)
N P K Ca Mg S
Sugar and starch crops
Sugarcane Stalksh 103.0 76 14 110 30 29 25
Stalks 224.0 179 44 3 - 45 60
Total 403 76 567 - 112 96
Sugar beets Beets 67.0 140 7 232 - 30 11
Total 286 20 St - 89 50
Potatoes Tubers 40.0 80 b 100 3 3 3
Total 200 8 220 52 17 11
Tubery 56.0 194 36 261 - 17 17
Total 302 44 508 - 57 25
Cassava Roots 19.0 39 4 32 12 6 2
Total 113 11 79 62 18 8
Roots 45.0
Total 202 32 286 131 108 15
Sweet
potatoes Roots 336 82 19 157 - 9 -
Total 175 34 290 - 20 -
Horticultural crops
Onions Bulb 37.0 66 14 77 4 5 22
Total 133 22 177 16 18
Cabbage Heads 84.0 140 17 128 - 9 64
Total 280 3 249 - 36 64
Tomatoes Fruit 41.0 72 I8 130 7 7 9
Total 84 21 185 31 8 28
Stimulunts
Cacao Beans 1.0 20 6 30 3 4 -
Coflee Beans 2.0 n 3 52 7 3 3
Total 253 19 232 143 13 27
Forage crops
Grasses 13.0 200 30 200 50 50 20
25.0 300 70 500 150 100 5
Clover
£riss 13.4 336 44 RKR) - KR} M
Alfalfa 2.4 672 S8 558 280 59 57
Lruit crops
Bananas Fruit 30.0 142 18 365 10 - -
Total 627 6y 1 390 278 - -
Papaya Fruit 2.0 74 8 N 10 1 -
Oranges Fruit 6 boxes 150 24 240) 90 24 15
per tree
liber crops
Cotton Lint 1.68 108 43 19 - 12 8
Total 201 71 141 - 39 34
Sisal 122 28 216 266 - -

a4, Originally from Malinolta (1979) and English translation from  Munson (1982).
b. Programma Nacional De Melhoramento Da Cana-De-Acucar, Relatorio Anual, 1976,

Brasil.



Appendix 11

Sulfur-containing fertilizer materials?

Material Formula Plant Nutrient Content (%) Sulfur

content
(Ib/short ton)

Nitrogen P.O. K.O Sulfur Other

Aluminum sulfate AlLSO,-18H.0 0 0 0 14.4 11.4 (AD 288
Alunite K.AlL(OH),,(S0,), 0 0 10.5 14.1 17.9 (A 282
Ammonia-sulfur solution NH;+S 74 0 0 10 200

70.5 0 0 280
Ammonium bisulfite NH,HSO, 14.1 0 0 323 646
Ammonium bisulfite solution NH,HSO, + H.O 8.5 0 0 17 340
Ammonium nitrate-sulfate b 30 0 0 5 100
Ammonium phosphate NAP (crude) 11 48 0 2.2 44
Ammonium phosphate-sulfate MAP, DAP +(NH,).SO, 16.5 20.5 0 15.5 310

13 39 0 7 140
Ammonium polysulfide NH,S, 20.5 0 0 45 900
Ammonium polyvsulfide solution NH,S, 20 0 0 40 800
Ammonium sulfate (NH,).S0, 21 0 0 24.2 484
Ammonium sulfate-nitrate (NH,),SO,-NH ,NO, 26 0 0 12.1 242
Ammonium thiosulfate (NH,).S.0, 18.9 0 0 433 866
Ammonium thiosulfate solution (NH,).S.0.+ H.O 12 0 0 26 520
Apthitalite (K,Na):(NaSO,). 0 0 12.5 15.1 302
Aqua-sulfur solution NH.+ NH,S, + H.O 20 0 0 S 100
Basic slag (Thomas) 0 15.6 0 3 60
Cement flue dust 0 0.6 6 3 3 (Mg) 60
Cobalt sulfate CoS0,-7H.0 0 0 0 11.4 21 (Co) 228
Copper sulfate CuS0,-5H,0 0 0 0 12.8 25.5 (Cu) 256
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Appendix 1. Continued.

Material Formula Plant Nutrient Content (%) Suifur
content
Nitrogen P.0O. K.O Sulfur  Other (Ib/short ton)

Ferrous ammonium sulfate Fe(NH,).(S0.), 6 0 0 16 16 (Fe) 320
Ferrous sultate FeSO,;-H.O 0 0 0 18.8 32.8 (Fe) 376
Ferrous sulfate (copperas) FeSO,-7H,O 0 0 0 1.5 20 (Fe) 230
Glaubers salt Nu:SO,-10H.0 0 0 0 10 200
Guano (Peruvian) 0 0 I 1.1 22
Gypsum (anhvdrite) CaSO, 0 0 0 2315 41.1 (Ca0) 470
Gypsum thyvdrated) CaS0O,;-2H.0 0 0 0 18.6 32.6 (CaQ) 372
Gypsum (byvproduct) 0 2.3 0 17.2 21.6 (CaQ) 334
Gypsum (impure) 0 0 0 13.6 23.8 (Ca0) 272
Kainits MeSO,-KCl-3H.0 0 0 19 12,9 9.7 (Myg) 258
Kalinite K,50,-AlL(S0,),-24H.0 0 0 9.9 13.5 5.7(AD 270
Kieserite MeSO,-H.O 0 0 0 23 17.5 (Mg) 160
Krugite K.50,-MgS80,-4CaS0,-2H.0 0 0 10.7 219 2.8 (Mg) 138
Leonite K.S0.-MgSO,-H.0 0 0 25.5 20.5 7.8 (Mg) 110
Lime sulfur (dry) Cas, 0 0 0 57 43 (Ca) 1130
Lime sulfur (solution) CaSc + Ca,50:-5H.0 +

Cas; + CaSO,-2H.0 0 0 23-24 9 (Ca) 180
Magnesium sulfate MeSO, 0 0 0 30 20 (Myg) 600
Magnesium sulfate (Epsom salt) MgS0O.-7H.0 0 0 0 13 9.8 (Myg) 260
Manganese sulfaie MnSO,-4H.0 0 0 0 14.5 25 (Mn) 290
Polyhalite 2CaS0,-MgSO,-K.S0,-2H.0 0 0 15.6 21.2 4.0 (Mg) 324
Potassium sulfate K.SO, 0 0 50 17.6 352
Pyrites FeS. 0 0 0 53.5¢ 46.5 (Fe) 1 070
Schoenite (Picromerite) K-S0,-MgSO,-6H.0 0 0 23.3 15.9 6.0 (Mg) 318
Sodium bisulfate (Nitre cake) NaHSO, 0 0 0 26.5 530
Sodium sulfate (salt cake) Na.SO, 0 0 0 226 452
Sulfate of porash-magnesia (Langbeinite) K.S0,-2MgSO, 0 0 22 22 11 (Mg) 340
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Appendiv {1, Continued.

Material Formula Plant Nutrient Content (9%) Sultur
content
Nitrogen  P.O.  K.G  Sulfur  Other (!b-short ton)

Sulturic acid (100%0) H.SO, 0 0 0 327 634
Sulturic acid (667 Bé = 93vy) H.SO, 0 0 0 30.4 608
Sulfuric acid (607 Bé = 77.79%) H.S0, 0 0 0 25.4 508
Sulfuric acid (567 Bé= T1.17%%) H.SO, 0 0 0 232 468
Sultur S 0 0 0 100 2 000
Sulfur dioxide SO. 0 0 0 S0 I 000
Superphosphate, concentrated ¢ 0 54 0 1.5 30
Superphasphate, normal h 0 20 0 13.9 278
Superphosphate, 209 normal, ammoniated 1 4.6 19 0 12.0 240
Superphosphate, triple j 0 16 0 1.5 30
Superphosphate, triple, ammoniated k 6.9 42 0 1.4 28
Syngemte K.50,-CasS0,-H.0O 0 0 28.8 19.5 12.2 (Ca) 390
Uea-gvpsum CaS0,-4CO(NH.), 17.3 0 0 14.8 296
Urea-sultur CO(NH.), +S 40 0 0 10 200
Zing sulfate ZnS0O,;-H.O 0 0 0 17.8 36.4 (Zn) 356

a. From Bizby and Beaton (1$70).

b. NH.NO, (397%), INH,NO: - (NH,),80, (4970), using an ammoniator-granulator.
Average content of byproduct from wet-process phosphoric acid plant.

- Average purity of agricultural gypsum (739%% CasS0,-2H.0).
Often has considerable NaCl content, and may have as low as 120 K.O.
Commercial pyrites average 48%0 - 50" sulfur.

- Heat-treated triple superphosphate (i.e.. not made with superphaosphoric acid). Analysis will be that of regular triple superphosphate as affected by
the amount of water removed.

h. Ca(H.PO.).-2H,0, 3%; Ca(H.,), anhydrous, 17%; Caf0;-2H.0, 9%: CaSO, anhydrous, 41%: H.PO,, 8%%: other 230%.
NHH,PO,, 5.5%; (NH,).80,, 17.5% CadPOL).. 28% CaCO,, 37%, other 12%. (Ammoniated at 6 Ibs NH, per unit of P.O.).
Ca(H:PO.);-H.0, 63% - 73%; CaHPO, and other phosphates, 170 - 29%%; CaSO,-2H,0. 3% - 6%, other 69 — 1207,

. CaHPO,, 35%; NH,H.PQ,, 30%: (NH,,HPO,, 10%: CauP0O,),. 8%%; (NH):SO,, 2%, other 157 (ammoniated at 4 1bs of NH; per unit of P,O.).
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