
Flk RAI I I[ R 1)1 f-L(PMUirN T cLf.-I k 

IN
 





e PREFACE 

-Signs of sulfur deficiencies are being reported with
 
increasing frequency in many parts of the world's tropical

agricultures.) This trend can be partly attributed to the 
increasing use of high analysis fertilizers that do not contain 
sulfur, Because many tropical soils contain only minimal reserves 
of sultur, thei importance of chemical fertilizers as a source of 
plant. nirient sulfur is expected to grow during the coming years.
 
Recogftior of these factors has stimulated renewed interest in 
researdh 42imed at expanding our current knowledge of the 
mechanisms controlling efficient.utilization of sulfur. 

This document summarizes much of the previous research that 
his been done in sultur nutrition and highlights some problem 
areas that should merit the attention of agriculturalists 
concerned with improved sulfur utilization for crop production. 
The report was prepared by Dr. Graeme Blair at IFIC during a 
sabbatical leave from the University of New England, Armidale, 
Australia. Preparation of the manuscript was jointly supported by
 

"The Sulphur institute and the International Fertilizer "Development
 
Center. 

MUSCLE SHOALS, ALABAMA 35660
 
March 1979
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Soils of the tropics generally have low levels of organic S,
and often adsorbed S s the major reierve of this elewnt. The 
addition of lime or phosphate to soils decreases 3ulfate 
adsorption and may significantly reduce theii S status. 

Responses C-6' sulfur are widespread in the lropici and have 
been recorded in 40 tropical countries with 23 different crops.
Suggested reasons for the widespread 4ature of the deficiencies
 
are presented.
 

From published information, no association could be found 
between S deficiency and soil or climatic factors that would be
useful for predicting areag of likely deficiency. 

The major problem encountered in examining publlhed data on 
soil apiu tissue tests was that of chemical methodology. While soil 
and tisue tests for sul f-r have been used extensively in 
temperate areas and on some tropical crops, care is needed in
 
deriving accep'able criteria for d,'agnostic purposes, and a
 
suggested approach to this problem is presented. 

4/ 
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I TRODPCTION
 

aAlthough the essentiality of sulfur (S) as plant nutrient 

has been known for more than 100 years, tits element has received 

little attention in laboratory, greenhouse, and !ieldrelatively 
"big three"-research in comparison to that received by the 

nitrogen (N), phosphorus (P). and potassima (P). This is 

in part by the fact that, in many instances, the use ofexplained 
masked det-iciency otN and P fertilizers containing S has a 

art, 	 quitursulfur. 	 Moreover. given the current state of the 

in bitlogical mterial is comparativelv difticultanalysis 

as an avel'ageIn genetal, plants contain as much S P), wi th 
plarta prote incontent of approximately 0-45.. The rati of N:S in 

is generally considered to le re ltively constant It a valute ot 

teca.e clevwtA deficientry of S retards plait. growth t tis 

is required for: 

I . Synthesis ot three ami no atiis--cystI ti-, t Vste li-, and 

are essent ixi COMmponent s if prot ein andmethionine--wh i ch 
910 ot the S f iund in plants,which contain approximatei 

2. 	 Formation of chlorophyll; 

vnzym% .ch as the3. 	 Activation of ce rtairn proteolyt it 

papa inases;
 

thiamine. andi vitaimin4. 	 Synthesis of certain vitamins (|iitin, 


HI), glutathione, an! coenzyme A;
 

of e 	 onaons garlic, andS. 	 Formation the glucosi oils found ira 

cruciferous plants,
 

are ass: ciatid6. 	 Formation of certain disulfide linkages which 

with the structural chatacteristics of protoplasm (the 

concentration of sulfhydryl (-51) groups in plant tOssues has 

also been shown to be related to increased cold and drought 

resisgance in some species); 

7. 	 Formation of ferredoxin, an iron-containing plant protein 
an electron carrier in photosyntitetithat functions as 

; processes;
 



fl. 	Formation of a ferredoxin-like compound which is involved in
 
the f'rxation of N by root nodule bacteria and free living
 
N-fixing soil bacter~a; and
 

9. 	 Activity of ATP sullurylase, an en.jme that functions in the 
metabolism of S. 

Sulfur deti.c.iecies aftect not only plant yield but also 
protein quality through their effects on the synthesis of the
 
amino acids--cystine, cysteine, and methionine. Since methionine
 
is an essential amino acid for humans, decreases in grain

methionine levels as a result of szlfur deficiency may have 
serious implications for human nutrition and health. Zake (1972)
 
found that sulfur fertilization increased the methionine level of
 
finger millet such that the quantity needed to meet the daily S 
amino acid requirement of an adult was reduced from 1,325 g/day to 
725 g/day. 

Sulfur present in soils as the anion S04 "2 undergoes many 
reactions, similar to those of and 112 PO4 , and its strengthN03 

of adsorption to surfaces is intermediate between these two ions. 

Wtile some complete studies of sulfur htave been conducted in 
temprate areas of the world, little research is available on 
sail fur ii the tropics. The purpose of this paper is to review the 
rfesearchbwhic has been done on sulfur ir; tropical agriculture. 

SULFUR i nFiE TROPICS
 

Soil!;' W the flumid-T rqop jp 

There is great variotion in the age and claracter of soil 
parent materials in the tropics, and this gives rise to a wide 
range of soil types. The intensity of weathering is generally 
high under humid tropical conditions because of the high intensity 
rainfall and high and relatively constant soil temperatures. The 
annual variation in temperature at 50 cm depth i s often less than 
50 C (Buol, 1973) and remainii' high (>20°C) throughout the year. The 
effect of weathering on soil depends on the intensity of leaching
which is high throughout the year in the rainy and humid-seasonal 
climatic regions and also Auring Lbe wet season in the wet-dry 
region. As weathering takes place, the silica in the clay 
minerals, being more soluble than the iron and aluminum oxides, is 
lost 	from the minerals.
 



asel and siliCa leaves til exchange ctpex
This leachigg of' 

dooinated by A1 % , ,d a large amount of reactive Fe 0nd 

A] oxides. These have Important ilplications for soil sulfates in 
1954) because of their ability to

tropical soils (Ensminger, 


adsorb this ion.
 

Being highly weathered, soils from the tropics largely 
a low
1:1-type clays (kaol;nite and halloysite) which have
contain 


cation exchange capacity and generally high oxide content. The
 

Oxisols and Ultisols, which cover
majority of these soils arwe the 

humid tropics (table 1). The pt is generally acid some ?1%i of the 
the most acid soils heing found in the rainy regions of the

with 
area. Soils of the low rainfall or wet/dry kreas, in genteral, 

is partly because the organic mitter Is
have higher pH's. This 

%riea, mnd the bases from 
generally higher in soils from the latter 


As croiping depletes
this source help to maintain soil pil levels. 

as
the level of soil organic iatter, the supply of hbses de lines 

does the soil pil. 

are formed under k- inttionsSince soils o1 the htwid tropics 
there is a remdvai i" i'esof high moisture percolation. rapId m 

from the profile. As they are leached tow the protile, fivy 
In the: t anions Cl , NO. , a1d $04 carry with t 

et al. (1962), 90- of the 
e ,periments conducted by Pearson 


were leached as sulfatps from the acid Litoso
water-soluble bases 
and nitraiteand Red-Yellow Podzol profiles, while chlor ides 


respecti vely.
accounted for only about 6' and 1', 

Soil _Suliir 

Soils vary widely -in their total content of S. As with 
show a decline in totalphosphorus, soils of the temperate region 

ot weathering. Jordan and HeisecnauerS content with the degree 

(1957) report average values of 40 ppm total S for KoliiiSol and 

210 ppm for Alfisol surface soils from th. temperate areas. 

Generally, the tota. S content of tropical soils is lower because 
onof their lower organic matter content, A immary of data total 

2,S contents of topsoils from trojiazl areas is given in table 
mean is well belouAlthough the range is very great, the (106 ppm) 


the average values for temperate soils given by Jordan and
 

Reisenauer (1957).
 

variable mixture of theSulfur is round in soils as a 
/following: 
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Table 1. Egtiated Area of ifalor Sol GrouFond in Lh. Humi~d 

Tropical Climtic gins 

Soil Groups 

D1rk-coloreti soils; base rock
 
(Chernozemic, Grumusols, 
Readzina, Brown ?orest),
 

Sol~isols
and Vertisols 


Hoderately weathered and
 

leached soils (Noncalcic--

Brown, Ando), Alfisols and
 
SAndrps - I -- ' 

0ighly weathered and leached
 

Red-Yellow Podzolic),
 
Oxisols and Ultisols 


Shallow soils and dry
 
sands (Lithisols and
 
Regosols) EnLisols 


Alluvial soils, EnLisols 


Total 

Rainy 


-


23 


4 

931 


81 


146 


1,185 


Table 2. Total S-Values for a Range of 

No. Total (ps 
.Locatioti Soils Hean 

Malawi 

Nigeria 

W. Indies 

N. Caseroon,
 

Chad, 
Ivory Coast 


Brazil (virgin) 

Brazil (cropped) 

Nigeria 

Zambia and
 

Rhodesia 

arazil 


Mlean 

14 66 
3 43 
8 248 

31 10 
4 103 
6 49 

-

- -
6 166 

106 

Range 


35-139 

38-52 


110-510 


20-300 

40-251 

27-67 

18-132 


60-100 
43-298 


Humid-
Seasonal We-y Total 

- 00 00----- . --. -

'56 119 198
 

34 90 128 

1,084 474 2,489
 

105 170 356
 

124 71 341
 

1,403 924 3,512
 

Soils fromTropical
 

Reference
 

Laurence et al. (1976)
 
Bromfield-1"72)
 
Haque and Walasley (1973)
 

Dabin (1972)
 
McClung et al. (1959)
 
McClung et al. (1959)
 
Watson (1964Y
 

Grant et al. (1964) 
Neptune-e~t.al. (1975) 

http:Neptune-e~t.al


primary mineral[s 
sufate ions in sollston,
adsorbed, sul fate. 

orgacaiv bound ester sulfates, And 
orgalic -ul tr compounds. 

"' Primary rinerals. 

The orzgkn41 r"o most I I sut Iftte a re tite met-sl 

S I fidtes IItiut onl - ~i ch ox i tttirnt roks undergo t t 
weLther ing. The etrth's rutO1 aoli ,inairg'r~ f (o()oA00 %ulftir 

(Tisdale and Nelsona, 197), bt the dtJ:ribut jiu is variable, 

ra-Ai g i n ( ield m) Is from zero ftismitigei |91) A !C 

100 Jpp (Starkey, 195A3D. 

Sul fate ions in -oniution 

Although the level of soluble sulfate inn thI O I humid 

ri-glons is generally belo 0 ppm, onsitler,,hlt filuctu.lt a<is may 

'cuir, These vhaulges are the net resull , ineral aato |I a 

organi matter, leaching of su I' ,u |plaiIt.Ilt st)ta1Iete,I 
t I I ams , 1968 and sutI fate add i t tr')!-mf r1.1 iIt agal 

irriRati.n 'ater and applied fertilizer. 

Adsorbed Sulfate 

The surfaces (o Fe and A loxides ,ad weatht.rt'd et,'; siu lay 

particle. contain ions Itat are rtcot tI!ly i ,orilI itte iln ti, 

la ttice. These sons complete their t-ordinit I sl!lhell i'th off 
,groups and water 	mu let ules. ind the preuei. e of If tot I avoIs til

net m at .t- 'tslIte's .vuch .tdevelopment of posrtc Iave la res 

positive charge a t t rac Ls ,niosl in thbe s uay s-; urf,a c e 

negative charges , ct kThisisatt ra, I ot;.tT, ia.aiion iwtt 
"i1on tadsorption" 

The silfate adsorption f.apzaty of somis va-at,. wi :Iy id i
dependent on several soil propert ies, the atci!mt importanit 0 Whicth 
are the natUre and exttiL of- acti ,veoxide surf-i (Hai-wr-'irdet 

4
a!., 1962; Barrow, P916), cIay rolitent (Ellsmingtr, 19 t l3y 

type, and pit T'fieads react ion i si reve rsiI ta andrpt iota 1 

concentration dependent. 

The type and amount of clay presetnt tit a, oil detea,mim.s the 

number of weathered-edge adsorption 11ate..I.rw ro 4-t al. f1962) 
fourd that the amount of S retained Iby relfero tne ciays was in tlt-

Ii~. 

http:filuctu.lt
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order kaolinite > illite > montsorillopite. Aylmore et al. (1967)have shown that, 1,ulfate adsorbed to andiron aluminum oxides-isheld more firmly than that adsorbed to kaolinites.
 

Nitrate and chloride anions do not have a specific affinity
for the surface atoms and 
are adsorbed in proportion
concentration in solution. to their
 
Sulfate 
ions have a specific affinityfor adsorption, and thtir presence almost completely prevents the
idsorption o nonspecific 903- and Cl"
 

Since fully dissociated "
anions (S04 2 ) cannot 
adsorb onto
negative or uncharged surfaces, 
the amount of adsorption
dependent on isthe amount of positive charge on the surface and,-hence, pil (Kamprath et al.., 1956). On the other hand, the
.adsorptionof undissociated-ions such as|i 2 PO4 does not depend on
the presence of a net positive charge and consequently they are
readily adsorbed to surfaces. 
 In addition, phosphate
very effective, ions are
both in displacing adsorbed sulfate 
and ,n
reducing the capacity of the surface to adsorb additional sulfate.
This was shown by Aylmore et al. (1967) who 
found that solutions
containing 
KI2P04 desorbed some 20% 
more sulfate from clay and
oxide surfaces than did water. Once the sulfate ions are desorbed
from the surface and enter 
the sail solution, they 
can be easily
leached from the profile.
 

Adsorbed sulfate notis free to tomove plant rootsconvective flow byand diffusion; therefore, in soils where there isntt significant jeqisture movement through 
 the profile, theavailability 
 of su.fate is 
lower in an adsorbing than
nonadsorbing soil. a
Voncc, sulfate in the soil solution, which is
availible to plants, 
is a balance between adsorption and leaching
lesser
 

Org ni ll 
 E, ter Sulfates 

Ester sulfate 
 is believed 
 to consist largely, if not!Kentirely, of organic rulfate-containing ester linkages (e.g.,
choline sulfate, phenolic sulfates, and sulfated polysaccharides).

This fraction of 
soil S can be reduced by hydriodic acid and
 
alkali (Freney, 1967).
 

Ester sulfates 
were found to constitute from 20% to 65% of
the total 
S in a group of six Brazilian soils and from 50% to 62%
in six soils from, Iowa (Neptune et al., 
 1975) (figure 1). In 
a
wider range of soils from a temper te area, this fraction ha"',been
found to 
vary between 30%-70% of total 
S (Williams, 1975). 
 This
fraction of soil S is unavailable to plants, 
but on breaking the
 



PLANT AVAILABLE IMMOBILIZATION 

S:-' L 7;TE NMI_ERALIZATION 

I--SOLUBLE i8) 

ORGANIC S 

COMPOUNDS 

-S iORGANIC 
(62) 

IOWA 

.1.... 

sm~ESTE ,q 

LL 
(131) 
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ester linkage, plant-available sulfate is released. Drying the 
soil breaks this linkage (Barrow, 1961), and this can have 
dramatic efferts on soil test results. 

f)rganic Sulfur Compounds 

Little is known of the chemical paure of soil organic sulfur
 
compounds, but the S-containing amino acids-cystinit, cysteine and
 
m-thionitne--have been isolated and may consitute,-J 
to 30% of the
 
ti~al organic sulfur (Fieney et al., 1972). Although the C:N:S 
ratio of suil approximates an averagr of 108:8:l betwei'n groups of 
soils (Whitehead, 1964; Williams, 1967a), there can he 
considerable differences wi.. each groap. Dabi. (1972) found a 
range Ln N:S ratios of from 4:1 t o 36:1 in soils from Africa, and 
Neptune et al. (1975) found a variation of trom .4:1 to 12:1 itt 
1:azilian soils, 

Evidence that a major portion of 
nulfur in some tropical
soi16 is associated with organic matter is reported by Dabin 
(1972) who studied soi1s of Africa (figure 2) and by Neptune et 
al. (1976) whb found a correlation coefficient of 0.99 between.. 
organic S and total S in six Brazilian soils. 

Organic sulfur is a reservc- for plants but 
mineralization to sulfate before becoming available. 
are 
known to affect the rate of mineralization 
compounds (Freney and Swaby, 1975). Since the 

must undergo 
.,ny factors 

of organic S 
mineralization 

process is primarily microbial, factors that influence b~growth
of the micro-organisms will, influence the rate of conv4'rsibn rf 
organic( 5 to plant available sulfate. The major factors affe-ting 
the mineralization of organic sulfur are: 

Tepeorature--Opt imum approximately 40*C (Will xams.1976).
 

S o tosture--Opti mum at approximately 60% of field
 
capacity (Chaudhry and Ccrnfield, 1967).
 

Presente of Plants--hineralizat ion of S wan found 
to be
 
higher in-t e presence of plants than in bare soil
 
(Freney and Spencer, 1960), presumably because of the
 
greater number -f micro-rtrganisms peesent in the
 
rh izosphere.
 

S-Conten! of Or ic Matter--Stewart ec al. (1966) have
 
shown t h S mineralization occurred only when the S
 
content of the straw was above 0.15%.
 

,! i ~ii'l
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The most obvious differences in sulfur contents between 
tropical, and temperate soils may be summariaed as follows: 

. Adsorbed S is generally higher in tropical soils (figure 1). 
In this state it rank be leached from the profile. 

2. 	 Orpinic S and ester sulfate, which may he thought of as 
"r.serve S," are generally lower in tropical soils. 

3. 	 Environmenta conditions in the tropics are generally 
conducive to a rapid mineralization of organic matter which 
leads to high turnover rates of S. An exteption to this rule 
is this volcanic soils (Andepts) in which adsorption of 
orgaic matter on the particks of allophane retards 
Mineral i zation. 

Sulfur Def iciencies in the Trotpi c 

In his review of sulfur in world crop production, Coleman 
(1966) reported sulfu., deficiencies in 12 tropical countries and 
noted that the incidence of sulfur deficiency was increasing. The
 
major reasons for this increasing iqcidenc, in tropical countries 
Are"
 

1. 	 The increasing use of high-analysis, low sulfur-containing 
fertiI iizers.
 

.	 The increased S demand brought about by increases in yields 
obtained as a result of other technological advances. 

3. 	 A grea'.er nuixber of experiments have been conducted wlere 
sulfur has b, -n studied as a nutrient in its own right. In 
many early experiments, responses to fertilizers such as 
ammonium sulfate, potarsium sulfate, Minc sulfate, and single 
superphosphate have been attributed to the N' K, Zn, and P 
components of the fertilizer, thereby ignoring the potential 
response to S. 

Responses to S have been reported in 40 tropical countries 
(table 3). Table 3 does not give an exhaustive tabulation of all 
responses recorded within a country. Where many responses have 
been reported in a particular country, those on different crops 
have been selected for presentation. In this suary responses 
have been recorded for some 23 different crop species. This 

http:grea'.er


Table 3. CoResponses to Sulfur in Four Regions of the Tropics
 

Field or 
Pot 

Counry rotIExeiiment _ Rernce 

AFRICA 
Cameroon Cotton 	 F Braud (1970) 

F Braud (1970)Cameroor Banana 
Cent. Afr. Rep. Cotton F Dabin (1972) 

F Braud (1970)Chad 	 Cotton 
(1972 )Oahoaey Cot t on 	 F Dabin 

Cereal s 	 F Botle-Jones (1964)Ghana 
Pye (1964)Guinea Pitneapple 

Ivory Coast Oil PalX F Ollagnier g Ocho (1972) 
Oil Palm F Calves et al 1(1976)
Ivory Coast 

mlack lttle F Gosnell (1964)
Kenya 

Tomato P Mehlid-h (1970)
Kenya 


Kenya Cotto F !)Dabin (19 2)
 

Kenya Sugarcane 	 F Hill (.1963) 
F halais & Giratilt (973)fadagascar SugarcHne 

Kadagascar Coconut F OfIgniter f Ocho (I7 

hall Cotton Pabin (97%) 
Tea 	 F Grant , Sblixotl (1970)Kalaw-i 


F W-atson (1964)
Nigeria 	 Peanut 
F Watson (1964)Nigeria 	 Soybean 

SY
Nigeria 	 Rice p Osinaa & K (19 

Peanut F Greenwood (1951)
Nigeria 
Corn 	 P Ertezor (1976)
Nigeria 


Nyasaand Tea F 	 Story & Leich (1933)
 
F
Forbes (942)
Nyasaland Iea 


Mhodesia Corn F Vog'. (1966)
 
F o le-Jones (1904
Rhodesia 	 Coffee, Maize 


(1969)Rho" esia Sugarcane 	 F ;osnell & Lone 

F Brockelee-4orVat. &
Senegal 	 Peanut 
 14artn (1966) 

Child %1975)
ianzania Tea F 


Togo Cotton F Dabin (1972)
 
F Chi d (957)
Uganda Tea 


Upper Volta Cotton F Dabitn (1972)
 

Upper Volta Peanut F Brorkeieorvan &
 
Mat in (1966)
 

C-ETRAL OD SOLTH AERICA 

Brazil Sorghiim McClung et. a_. (1959) 
r flikkelsen et a (1964)Brazil Corn 


Brazil Pasture F cClng & Quinn (1959)
 

Brazil Coffee F DeFreitas et al. (1972)
 

Brazil Rice PF F Wang Ft. a-(1976a, b)
 
F Lott e.t al. (1960)
Brazil 	 Coffee 

P Shenke t al, (1974)ChiLe 

P Pedraza & Lora (1974)
Colombia Ryegrass 


Costa Rica - - artin ( '-$)
 

Costa Rica Pineapple P, F Fitts (1970)
 



-~~--~Tabi 3.~ Cr -Rie*soutes to-Sul fur-iw Faur euionro~t~r-Tvuc 

.. .Country . 

El Salvador 

El Salvador 

Guatemala 

Honduras 
Puerto Rico 

Puerto Rico 

Puerto Rico 
West Indies 

West Indies 


ASIA 

Bangladesh 

Bangladesh 

Bangladesh 

Purma 
Burma 
India 

India 

Indli 

India 

India 
India 

India 

India 

Indonesia 

Indonesia 


Indonesia 
Indonesia 
Indonesia 
Philippines 
Sri Lanka 

Sri Lanka 

Taiwan 

Thailand 


OCEANI A 

Australia
 
(tropics) 


British Solomon 

Fiji 

Papua & New
 

Guinea 


Cr 

-

Coffee 


Banana 
Sugarcane 

Pineapple 

Pineapple 

Brassica 

,,Banana 


Rice 

Rice 

Rice 

Rice 

Rice 
Rice 

Rice 

Tea 

Tea 

Corn 
Sugarcane 

Peanut. 
Jute 

Rice 

Rice 


Rice 

Rice 

Tea 

Rice 

Rice 


Coconut 

Pineapple 

Rice 


Pasture 

Cocoa 

Pasture 


Coconut 


Field or
 
Pot
 

Erient 

-

F 
P 

f 
F 

F 

F 
P 

F 


P 

P 

P 

F 

F 
P 

F 

F 

F 

F 
F 

F 
F 

P 

P 


P 

F 

F 

P 
P 

F 

F 
F 


F 

F 
F 


F 


Reference 

Huller (1965)
 
Fitts (1970)
 
Fitts (1970)
 
Be.ton (1966)
 
Botnet (1967)
 
Cibes & Samuels (1958)
 
Samuels & Diaz (1960)
 
Hlaque & Walusley (1973)
 
Messing (1970)
 

Xarim & Majlish (1958)
 
Karia et al. (1970)
 
Alan & Karim (1972)
 
Sen (1938)
 
Aiyar (1945)
 
Acharya (1973)
 
Saran (1949)
 
Ferguson et al. (1957)
 
Child (197)-

Das & Datts (1973)
 
Dutt (1962)
 
Dungarwal et al. (1974)
 
Dutt (1962T"-

Yoshida & 9haudry (1970)
 
Leiider & Aldjabri
 

(1972) 
Ismunadji et l. (1975) 
Itamaril et al.7(1977) 
Pronk (1955T-" 
Lockard et al. (1972) 
Subbiab &-Ve-nkateswarlu 

(1965)
 
Santhirasegarum (1967)
 
Su & Li (1962)
 
IRRI (1977)
 

Probert (1974) 
Leach et al. (1975) 
Partriige"T1971) 

Sumbak (1972)
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listing does not imply that deficieniwes are limited to those 
but rather reflects the availability of published

countries 
informat ion. 

permit an estimate
There are insufticient data available to 

area that may be sulfur detiient in the tropics or 
of the actual 

The SOn, l amoUnt of 
of the expected 0mg1ilde of ; response. 

is widespreadsuggests that the problem
pIblished dat, however, 


and severe. A sumary of these data il presented belo~w
 

1"1 sho*ed ywld 'prions ottrials; 

Without S (M1ehlich, 197V.
 

Kena--!33 pot 

fl h vitlIlAeldtriats;East AtrLca--2 0 2 

Ieres of >t7301Y without S (bauii 19 01l. 

pot trials; $I h. yld hepresslos4 04tBizil*-2 
.aS ithut S (IcClkng et .tL. I959Y 

o . [7 e rdeid 4tepresstons of! 
\j~i~-4 s eyia ldNiveria'-45 pot 

f)" ithout S (Enwezo r ,I 

g -2 Id evinperimn ts s ll4u rd '311 a erage S 

o 1 71 kg/ha i r ;a tota I 
14e ';4!t inl pea-tut yied 

anld52 k0iha (1roickvIee-lorvaliertitzer res one of 
I'Ur t in, 1966). 

t riaIs rice; ?ep')sesindfnes,--2i fIieH .'ith yielif 


:72Qb ""t c f s, ste 11iair et sl4, 1978a).
 

, i s i tese
ithese sites arfe repir,.se,,at teofe 

ot 50' o the area is responswiwe'to S ,'th yield 
. upwards a S fert iqxzat ion. 

... u . of >204 e xpected as result of 

,here are any reasons uhy a Sotl may be, or may become, 
into threebut these can be grouped broadly

deticient- in sulfur 
initial status; (2) low availability

area.: (1) inherently low S 
and ( ,) sulfur deficiencysoil organic matter;of S-contaioing 


the agricultural praitices.
developed as result of 

Inherent S Status 

of the tropics generally have 
As indicated in table 2, soils 

parent materialsof low S-containinglow total S contents because 

and/or extreme weathering ind leaching losses.
 



Few data are available on the S status of virgin tropical

soils. McClung et al, (1959) found thrt all five soils collected
 
from under virgin hardwood forests vere responsive to S and that 
this deficiency became more severe after cropping. In contrast.,
 
Enurzor (1976) found that two soils collected from virgin lowlbnd 
rain forests in southeastern Nigeria were nonresponsive to S.
 

Low Availability of S-ContaininL.Soil Org Mattera n i c 

Sulfur deficiencies frequently occur in soils derived from
 
volcanic parent materials. Such soils are common in Central 
America (Fits, 1970). In these soils the organic matter is
 
closely associated with aliophane and the mineralizati,0n of the 
allophane-bound organic matter, i.e., the rate of release of 
SO4 - S, is very slow. Plants growing on these soils are often S 
defitcient despite the fact that the soil is high in organic 
sui ur. 

Sulfur Def ic ncy Result fromAgrcult ur.a Practice 

Sulfur deficiencies often develop in the tropics following a
 
period of agricultural exploitation. The major factors that
 
codtribute to th onset of a sulfur deficiency in these areas are:
 
crop removal, organic atter losses, leIching and erosion losses, 
and fertilizer use and management. 

Crop Removal--ln figure 3 the crop S reqirement is shown as 
a variable. The actual crop requirement dependu on the 
productivity of the environment (e.g., moisture supply) and three 
other important factor cropping intensity, crop type, and crop 
management.
 

Cropping intensity affects the amount of a product or 
products removed in a cropping system (e.g., single or multiple
cropping, monoculture, or intercropping); the more intensive the 
cropping system, the g reater the product removal and sulfur 
demand. 

The type of crop grown (annual or perennial) and its total S 
requirement will 
govern the total amount of soil S utilized. The
 
net requirement is governed by the amount of S removed in the 
product and the fate of the plant residue. Becausr of nutrient 
recycling and the generally low growth rate of native vegetation,
the S requirement of these systems is generally low. When this 
vegetatiot, is replaced by an agricultural crop, the demand
 
increases considerably (figuee 3).
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The increased sulfur demand puts, stress on the Foil supply
 
and the soil may or may not be able to meet this dtwand. If it 
can Oteet the dema*nd, the time period before S deficiencies are 
experienced variesdepending on the soil reserves, turnover rates,
 
and the inputs fi,'om external sources. Soils unable to meet the 
increased demand 'which will always require S fertilization are 
hown with dotted':ines in figure 3. 

Since sulfur removal by the product is dependent on both the 
Nultur content of the product (table 4) anti its yield, the'data 
presented in figure 4 should be used only as a guide. For 
example, publi shed grain sulfur contents for rice vary from 0.034 
onder d'ficlency conditions up to 0.16% S in a nonresponsive 
situation, and rice grain yields may vary from 0.75 tons up to 
8 tons. Tis gives a sulfur demand ranging froa 0.26 to 
12A kg/ha. 

A further factor that must be, taken into accout when 
considering the effect of crop removal on S demand is the zone of 
rem3val within the so I. Shown in figure 3 is the basic 
dif ference between the perennial and annual crop in the amount of 
S recovered from the subsoil. The generally deeper pattern of 
rooting of perenni-l crops means that they are able to utilize S 
that has been leached into lower soil zones. This is particularly 
true on soi Is with a clay or oxide layer at a depth within the 
tooting zone. 

Crop HMana ement--The values given in figure 4 represent the 

aterial actually exported from the field and includes residue 
thit m-ty Ox may ot he returned to the field. The removal of this 
residue contrrtbutUzi.& significantly to losses in some situations 
(e.g.. sorghum, mi."let). 

Incorporation of crop residues back into the soil may, in 
some ,istances, decrease plant-available S. Stewart et al. (166) 
found that there was a net imobilization of soil S when wheat 
straw with less than 0.15% S 1ded the soil. In a reviewM to 
of published literature, Blair (1978a) found only two cases 
where the S content of rice su.raw was above this level. This 
aspect of straw manigement re'quires further study. 

The recycling of S io crop residues is important in livestock
 
systems where the residue material is used as an animal feed or 
bedding. Decau (1972) gives a range of returns from various straw 
management systems (table 5) and shows the significance of S 
returns through the animal. 
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Table 4. The Sulfur Content o .ja Selected List of Foods (Edible
 

PotoS' mayFiiters and a e 1939)f 

Food 
Sulfur ?4i Iigrams

10erGrams 

Fruits: 
Apples, Empire, eating 
Avocado pears 
Bananas 
Figs, green 
St rawberries 

3.7 
19.4 
13.0 
12.9 
13.4 

Nuts: 
Almonds 
Brazi Is 
Coconuts 
Feanuts 
Walnuts 

145.0 
293.0 
44A.0 

377.0 
104.0 

Vegetables: 
Beans, baked 
Beetroot, boiled 
Cabbage, winter, boiled 
Carrots, old, boiled 
Onions, raw 
Potatoes, old, bot2zd 
Spinach, boiled 

50.7 
22. 1 
23.4 
5.0 

59.,7 
22.2 
86.5 

Cereals and Starch Products: 
Bread, white 
Flour, white 
Macaroni 
Oatmeal 
Rice 

54.5 
108.5 
95.0 
155.0 
78.5 

Dairy Products: 
Butter 
Cheese, Cheddar 
Egg yolk 
Ice cream 
Milk, fresh, whole 

9.1 
230.0 

30.6 
24.2 

Beverages: 
Cocoa 
Coffee 
Tea 

160.0 
110.0 
177.0 

" " ', " : :i 
 77 
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e -l v l
of the major conseqience S 
Ornic Hatter Losses--Oneim a a tropic -Oi-a of thatcrp Ingrpp c1-. is the loss organic mattet 

occurs The effect of cropping on the soil organic matter levels 

who stidied this isue
data of Enwezor (1916)can be seen from the from acid crystalline 0 

soil derived 
in a brown sandy ferruginous southeasternrain forest area of 

from the lowland
metamorphic rock of this soil 

o- to 15-cm zone 
virgin state, the 

Nigeria. In the from a cropped area
sample

l.35 total C while a 
contained 

contained only 0.91t 

C. 

these 
acts as a reserve of S in soils, 

,Since organic matter power Data 
for their S-supplytig

have serious implications arelosses from cropping
in organic S resulting

decline leadshowing a may eventually to a 
Such declinesin table 6.resented 

sulfur deficiency.
 

of plant matter is

the bur:ingtropics,many parts of the sul fur 

and thisIn 
farming, can be an avenuet for 

an integral part of 
off by uolbititon, there is A
 

carbon is burned that
Joss. Vhen 
the ash. Bromfield {.1974) has shown 

concentration of S in 
10 times 1iigher than that in 

ash can be from 2 to 
the S content of On the ignitionvalues dependThe actual
dried plant, material. in northern

In his sulfur studies 
,and plant species. 0,05

inputs
Nigeria, 
conditions 

Bromfield (1974) found from 
In 

ash 
areas 

ranging 
of prevailio)g

from 

dry season. 
to 0-25 kg/ba during the 

however, in regions of 
of S may he high;lost

winds, the amount One additionial
equal the losses,

the. gains may tovariable winds, S arc converted 
is that organic forms of 

of burning whenconsequence of the rainy seasots 
at the beginning

inorganic forms which, No data are 
to leaching lossea.susceptiblebare, arefields are 

available on this form of 
loss.
 

inis containedwhich
Erosion--Sulf ate
Sand/or 

and which is produced by the 
soluble where,fertilIersreadily the soil solutionentersof organic matter

mineralization leaching. Field
it is subject to 

taken up or adsorned, Bromfieldif not in soil were made by 
of sulfate movementsobservations 5j. The sulfate that was 

(1972) in his Nigerian studies (figure 
the profile anddown 

from the organic matter moved 
atmineralized wasaccumulationThe zone of 


at depth.
accumulated series of trialsbut in another
30 cm in thl s soil,

approximately to about 40S leached cm. 
the sulfate on a sandy soil,conducted 


readily available.
not
to erosion are 
Data on losses of S due 

in the soil is in the 
of the S present

a large proportionSince the soil surface,often accumulated onthis is
organic matter and may he high in some
 
and water erosion 


losses from wind 


circumstances.
 



Table 5. The Rt*yciint
(Decaul 1972) 

o: S rom Crop Re idue. and Forats 

Crop Type 

Ce.reals, 

UtiiiZ.t ii 

Grain soIld and straw 

mainuri nv 

Avrac , Returned 

50 

Grain C( hM. 
nld marniav 

d On 
!eturud 

the farm 
to 

60 

FWrtges coisumed on farrmati 70 

Tatl tb. 	The EIf 'rt ok Cryping on the row S LSevels in Soils 
fram Br.,z ( 4cQ1.un vt a195J)N- iri aa 1I and 
(BrmtMic ,, 1972) 

organic S 
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Fertilizer Use and lhjaaSnt--Direct inputs from sulfur
vat i n riHzrs r- a~--surcs of S~ to ag7fiulWee- and 
major factors determininq the length of time required for a soil 
to become responsive to such fertilizers. Fertilizer S additions
 
are generally made as a secondary component of ammonium sulfate, 
single superphosphate, potassium sulfate, or compound ?JPK
 
fertiliers, but there are some locations in the world where
 
sulfur, applications are made as a primary fertilizer. Use of 
these conventional sulfur-containing fertilizers is declining,
 
however, and this is a major concern of the tropics (see section 
on "Sulfur Usage Trends and Sulfatic Fertilizers of the Future").
 

Since adsorbed sulfur is a major source of plant nutrients in
 
w, athered tropical soils, the use of non S-containing phosphatic 
fertilizers may aggravate the S problem by its replacement with 
phosphate. In this regard there are two aspects of sulfate 
adsorption that are important. 

First, phosphate ions will replace sulfate ions on charged 
surfaces. This effect is shown in the work of Barrow (1969) 
(figure 6). In the soil used in this experiment, there was an 
almost linear decline in sulfate absorption with added phosphate.
 

This means t'at, where phosphatic fertilizers are added to a 
soil, the pnosphate ions would be expected to remove sulfate ions 
from the clay, oxide, or organic surfaces. The displaced ions are 
then free in the soil solution and can be leached into the profilt 
and either lost in percolating water or readsorbed at a lower 
depth. This appeared to be the case in the experiments uA 
Bromfield (1972) where the suhlate level in the 0- to 7.5-cm layer 
declined from 10 ppm, where ammonium sulfate had been applied, 
down to 4 ppm where a combinat.ion of ammonium sulfate and single 
superphosphate had been applied. Thi," ccurred despite the 
addition of an extra 777 kg/ha of S in svperphosphate over the 
19-year period of the experiment. In this work most of the
 
applied S was retuined in the Top 180 cm of the profile, but the 
zone of major accumulation was/ibelow 20 cm.
 

The second major effect of other fertilizers on sulfur 
nutrition is that brought about by pl changes. The adsorption of 
sulfate is concentration- and pH-dependent (Kamprath et al., 1956) 
(figure 7). This means that the application of" fertilizer 
materials (rock phosphate) or soil amendments (lime) which 
increase soil pli may decrease sulfate retention. 
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...'donesia--A New Area of SltrDfcec 

of changing technology
To illustrate the effects on 

a case study is presented from the province offertilizer needs, 

In this part of Indonesia, rite
Sout. Sulawesi, Indonesia. 


changed from using traditional varieties
production methods have 

growing of high-yielding
without chemical fertilizer to the 


and Initially, yields were

varieties fertilized with TSP urea. 


reported to be satisfactory, but after a number of years yields 
to those of
 

began to decline. Plant deficiency symptoms similar 


many Experimentssulfur deficiency were observed in fields. were 
sulfur


conducted to study this problem, and these included 


t reLiments. 

P, and S were determined at six

Nutrient responses to N, 


the tieed for all three
the results highlighted
sites, and 

in the
The fert.ilizer practice in comon use
nutrients (table 7). 


(urea and TSP).
region was equivalent to the NP treatment 


In a wider survey of rice soils, 20 out of 26 field sites had 

g in responses exceeding 20%. The magnitude of the S responses 

278% in grain yield. The average return on 
r ged from 20% to 

In these experiments

i, spet on sulfur fertilizer was 550%.
tal 


those of ammonium sulfate
 responses to elemental S were equal to 


and gypsum under flooded paddy conditions.
 

of Southwith pasture on upland areasResults of studies 
also these soils to be deficient in S.
 

Sulawasi have shown 

to those responses to gypsum

Responses to elemental S were equal 
that some 60%-70% of the
 

(table 8). These experiments indicate 

area ot the province is deficient in S and that
agricultural 


both flooded anduseful as sulfate sources underelemental S is as 
upland conditions.
 

The limited data 

sul(ur deficiencies in 
which are 

the tropics 
available 
and areas 

in
in 
dicate 

which 
widespread 
there is a 

major deficiency of sulfur. 

be deficient in their nativeWhile some tropical soils may 

as a result of
of the deficiencies develop
state, many 


that bring

agricultural exploitation. Technological advances 


and changes in stubble management result in
about yield increases 
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Table 7. The Response a _of[ 4n(SixSites 

Person~ 	 O~i~ipGrain Yield of Ri~ce- in S.-s-uT*-es1. Indonsia ?Iaaril1 

Treataent. Grain Yield (kg/ha) 

Control 
 2,178
 
NW,) 	 3,092 
P 
 3,025
 
S 
 3,084
 

NP 
 3,509
 
NS 
 3,866
 
PS 3,707
 
NPS 
 4,113
 

Table 8. 	RespOnses in Centrosema ?ubescence to Sulfur Surface
 
Broadcast 4 -MonthsEarLer. S. Sula 
 Indonesia
 

(Blar
etaL~978b~ 

Treatzent.ield 
 (k Gun la)
 

Control 
 4,086
 
10 kg P) as single
 
13 kg S) superphosphate 
 10,491
 
10 kg P as TSP 5,054
 
13 kg S as elemental 9,993
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increased S removal, as do the organic matter losses that result
 

from exploitative cropping,
 

The use of phosphatic fertilizers and soil amendments cant 
sulfur problem by reducing the
 

some instances, aggravate the 
in the adsorbed form against leaching.


amount of S retained 


st-called high-analysis.The trend to nonsulfur-containing, 
is a major factor determining the incidence of S 

fertilizers aand this has been illustrated with
deficiency in the tropics, 

SulAwesi, Indonesia.case 	study in South 

Of AREAS DEFICUINT IN STIlE DIAGNOSIS 
USING I FFEREIIT TECHN IQUES 

treas that may be sulfur del cient
In attempting to identify 

it would be areas where the problem may arise,or to indicate 
between sulfur

extremely useful if an association could be tound 

and some factor in the environment. Alternatively, the
 
status 


soil plant samples may be useful. I f such 
analysis of or 

found, this could reduce the necessity of
 
relationships could be 


an *arlierfield experiments and lead to
conducting costly 
recognition of problem areas.
 

Factors and Sulfur StatusEnvironmental 

Rainfall
 

al. (1970) suggested that sulfur accumulations and
Hasan et 

to rainfall in three 
distribution in soil profiles are related 
ways.
 

I. 	 The capacity of soils to stabilize organic matter which 
of weatheringcontains S is a function of reactive products 

which, in turn, are related to rainfall.
 

to adsorb sulfate is related to
 
2. 	 The capacity of soils 


weathering products.
 

can be a major source of sulfate.3. 	 Rainfall 
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Soil Testia for Slfur Status 

Little iInorm,stion is avAilable 6,n the usefulness ol sulfur 
sno I tes.t untifr tropical ronditions whi.e, on th other hand, a 
gr .t 41t-. Of efftort has gone into correlation studies of 
.,viilattle Sulf ate and plant response utter temperate conditions. 
St iviiks in this (if-1d fall into two categories: (1) those where 

allt tempt i% made to find a correlat ion between degree of 
dqe.le it.cy .ind %.sit test and (2) thlos where an attempt is made to 
ftand a soz I test valtse belowwh i.hla response is certain or 
I iakriy. 

Ihe aia~j:" iprobl"em encountered in studites .cT soil sulfur in 
temp-rat, reas is the viriabaility in the size of the sohil sul fur 

I,Js. over short periaods tIf time. T his is brought about by the 
ti t irit ,c t the , f If taItr otf.res present. Sinc(e such a large 
pi upirt iorn of the S i -.iI an orgic at form or asscOiated with 

-it iz.mat.ter, (ester S), it calf undergo rapiW mineralization 
.-!itl/or spli tig to lant-available torms. 'hisi is a major 

roblei in .i, witti marked stho rt-term fluactua tions in moisture 
ind Ir ire c-.ttAi, Itemperature di teretes. In tropical areas 

" shait t e ' te terat t inl sioi m a store flicat ions are- .i 
noit a roaat. It nlav ibe that soii testiang -outd bV of more use. 
IjwItashaoild bwe ravesciag.. tel tfurthaer 

The iilor proloir-tias etcointtered ii su tuir studie. Are those 
,).sot it eft -i at al ytlitA methonld anid simpl' prep.tirat ion. Lrrors 
t i hist' t ages of est imat ion Iltad to gre:at Va'iability in 
tsiits. To mintima e such variatit s precautiaons must be taken in 
eJi(h t tt ,i(ol lowinig steps, sampli ng. sample preparration, S 

l la.act a li ,ilt.ttv- a., :ind iallnterpretatIoin. 

Sal aaa 

1t'r(" ,iru, lii["easpects of samp liig Ihat must be taken into 
tons iderat on; i.lttvrt alld i it , andpa ers i t depth, timing. 

Pattern an,) !nensa.ity--No hard-and-fast rule can be made on 
t tese two fatirs, hut Care must be taken to obtain a 
representati ve sampl, of the area under test. This can best be 
checked by taking several separate bulk samples (made of at least 
20 cores each) from the test area and comparing the results from 
eaeh. Variation amn; samples should be less than 10%. If there 
are different soil types, drainage areas, etc., within the test 
area, separate samples should be taken from each area. 
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The first three methods involve the removal of S by one of
 
several chemical extractants. Not all extractants perform equally 
well on all soils. Those that remove soluble-plus portions of 
adsorbed sulfate tend to be better correlated with S status than 
those removing only readily soluble sulfate. Adsorbed sulfate is 
removed by neutral and slightly alkaline extracts and by 
extractants containing a strong replacing ion su-h as phosphate. 
Exrellent prediction of response in field trials has been reported 
in isolated areas of the temperate zone for extractants that 
remove soluble, adsorbed, and portions of the organic S. Included 
are the acetic acid-phosphate solutions employed by Cooper (1968) 
and loeft et al. (1973) and the pH 8.5 sodium bicarbonate solution 
used by ardsley and Kilmer (1963) which is commonly used as an 
extractant for "available P." Because of the neutralizing effect, 
avlic solutinns should n'er be used ,with calcareous soils 
(Reisenauer, 1975).
 

Solutions containing, phosphate are most commonly used as 
sul fate extractants since the phosphate effectively replaces 
sulfate on the adsorption complex. Of the phosphate extractants 
calcium phosphate is generally the most acceptable because the 
divalent calcium does not cause the clay and organic matter to 
disperse as may occur when potassium or sodium is used. For these
 
reasons, calcium phosphate (500 ppm P) should be one of the 
extractants considered in any proposed testing program.
 

Relationships between total S or organic S and plant response 
have generally been found to be poor or nonexistent in soils from 
the temperate areas. However, one study of tropical soils, where 
the S released on incubation (organic S) was related to plant 
response, should be noted. In a study ot 45 soils from Nigeria, 
lhnwezor (17, ) found that soils mineralizing <6 ppm of $ 
(extracted by sodium acetate) gave responses to S,in a pot trial 
with maize. In this experiment the maize s gpwn for enly 
45 days, and more field work using this method nejiis to be done 
with the condition that the crop is grown to maturi4'y. Perhaps in
 
areas with marked wet/dry seasuns this method, _pplied to samples
 
taken towards the end of the dry season, would be useful.
 

Microbiological method- have never really gained much 
acceptance, allegedly because they are impractical and time 
censuming. Perhaps this is a bias on the part of soil chemists 
rather than a true indication of the worth of these tests. In one 
study of soils from Kenya, HehLich (1970) compared the response by 
greenhouse tomatoes with the growth of Cunnin.ghaela on 28 

topsoils and found good agreement between the growth of 

Cunninahamella and tomatoes. This method requires minimal 
equipment anti is worthy of further investigation in the tropics. 
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AriaI s i s 

The lack of in ccurate, rapid, and un11complicated method for 

sulfate analysis is a mjor factor vontributing to the lack of 
interest in this nutrient. 

The most accurate and sensit ive method for determI " t 

sulfate is that of Johnson and Nishita (1952) which involves its 

reduction to llZS and its -dsorption tn zinc-odium acetate, This 

method. while accurate, is time consumnng and ostly. The 
avi labi ofil i tyequipment r.quired is spec ia I i ed , tld the 

gas limits its ise, It lifs-deveiopedchemi caIs ind nitrogen 

tropical areas.
 

Once the sulfate has been extracted from the oui atd iall the 

sulfur in the platt sample has beet| oxidiztd to ulfate. tho, S 

li dTt -mt I There airt, mARycontent of the sample must then 

methods $vailable for this. Heaton et 19b..I% list some 101 

methods of extract ion and analvsis A sot arlnd bb combi nalt 

of ashing and analvt i ca I methods for plant mate rial. For 

I Imi ted the st1l lat,laboratories with equipment, liari um 

Yteni 105 is the most
turbhimetric method of Ches in and i, 1 

t.nepractical. The ma jr problem of inst sbi itry in IaWO.1 
the
precipitate experiencCed in this method has been overcome by 

80 (Quin itd Woods, 9t )use of' stabilizers, such as Tut-on 
poly-vinyl-alcohol (Rocks et a*., 1972), etc, 

The extraction of soil with NaliCO- aonA digestion of plant 
i the s aitnlelOsmaterial -wivt flg(NOt) 10, al low I 

and, tor thit.,determination of P and S i-v ioi) and pistit materi., 
be evaluated !turther under troptiktlreason, these methods .ihou!a 


conditions.
 

lnteretat ion
 

All of the published sult'ur methods have. in some Way, beev 

correlated with plant response. As &entioned previously, the two 

general methods of calibration are: (I) a relationship between 

percent of maximum yield I(yield without sulfur : yield with 

1001 soil and nel(ection of a valuesulfur) x and test (2) the 

above which I ittle or no resp-onse is likely. The basic 

difference between these two mettiods is that, in the former, au 

attempt is made to define the degree of deficiency while, in the 

latter, a simple presenceiabsence statement is made.
 

experiment data
Correlations are generally better from pot 

than from field data because rooting density is high and there i6 

minimal influence of other factors (ot'*er nutrients, climate, 

0i
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etc.) on the plant growth. These studies are often of limited 
value because they are generally short-term exhaustion studies 
rather than a measure of the soil's ability to supply S throughout 
the entire growth of the crop. 

In general, researchers have listed the "critical values" 
proposed for soi I .. y various extractants (Fnsminger and Freney,
1966; Reisnauer 1975), and their findings, along with other 
published data from tropical soils, are presented in table 9. 
These data come from a wide variety of crops and soil Lypes and 
isidiicite great variability in critical l0vels found among studies. 
This does not agree with Reisenauer (1976) who concluded from his 
somimwry of the data that "the values agree surprisingly well))and
indicate a high level of dtpendability in these tests." 'I 

This variability between results obtiained in different 
stulies Jtoes net render the soil test procedure useless; instead, 
it strves to emphasize tfIe neea for correlation studies to be 
conducted i-,:, crops, soil extractants,lmited areas with specitic 

Tissue Testine for Sulfur Status 

In surveying the literature on sulfur tissue testing, the 
problem of methotd of deterinattion is- immediately evident. This 
is highlighted by the following excerpt freqi Kang and Osiname 
(1976:336) who, in their own study, used the sodium carbonate 
tusion/iC I method. 

From the relationship between grain yield and total S 
content in the ear leaf, the critical S level in the ear 
leat is estimated at about O.14% S. This value is lover 
than the 0.14% S in sweet corn ear leaf as suggested by 
Daigger and Fox (1973). Part of this discrepancy in 
value%, might also be due to differences in the method of 
digestion of Lite plant material. (Daigger and Fox used
 
nitric-perchioric acid procedure.) Sansum and Robinson 
(1974) reported that S recovery depends on the method of
 
digestion of plant material; they demonstrated that dry 
combustion methods give lower S values [see table 101. 

A tabulation of data showing critical levels without a 
specification of the method of digestion and determination, such 
as that ade by Faton (1966), is, therefore, of little value for 
setting levels of adequacy. 
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to oxidize organic sulfur to

Of the methods available 


sulfate, wet ashing, using nitric/perchloric acid plus dichromate
 
beyond color change,
- digestionand metavanadate and 1-hour 


1974. A second
 
appears the most acceptable (Sanswm and Robinsont, 


method worthy of investigation is the magnesium nitrate/perchloric
 

and Woods (1976). Both of these 
acid method proposed by Quin 


trained
 a minimum of equipment and, with

methods require 


rapid and reproducible.
personnel, are 


on shaky evidence,"critical levels" are establishedOften 

frow De Fre-tas et al. 11972)

The example in figure 8 is taken 

these data that "obout 200 ppm SO0 Swho conclude from 


S nutritiol." However, on 
in coffee leaves indicates adequate 


it is -ouni that 10 sImplesthe correlation data,
examination of 

an S content below 200 ppm. and 

had a relative yield of >90% with 
S contezt abOve 20) ppm.

27 samples a relative yield >90% with an 

This spread of data inlicates this cr:terion to he too insensit ive 

for use as a diagnostic tool. 

that tle N:S ratio can be 
Many researchers have suggested 

and Van Utjk (176) matte a 
used as a diagnostic tool Dijkshoorn 

ratios ii; the 
comprehensive study of the literature regarding N:S 

of 15 
protein of leaf material of growing plants. A ratio about 

applicable for a wide variety of parts N for every I part S was 


field crops. The rsti4 differed s.ightly Uith ecies, rangig 
planes to about 1:1 for legumes.

from about 141: for gramineous 

S ertilizers added do tot
Variations t. the amounts of N and 

ratios otf the protein. The composition
appreciably change t0e N:S 

is constant, being controlled by the genetics

of - given protein 
of the plAnc species fikw,. er, environmeltah ta..ttors do int uene 

Data
 
the relative propo:.tions of various cytoplasmic proteins. 

indicate that these
reviewed by Dijksnoorn and Van Wijk (1967) 

great enough to chan-e materially
changes in distribution were not 


the N:S ratio of 15:i
 

The consistency tf the protein N:protein S ratio is shown in 
(figure 9b).


the data of Leggett et '. (1966) on sugar t'eets 

data, whet plotted as in figure

Stewart (1969) suggests - that these 
those falling to the
 

9a, can be used for diagnosis with puiAts 
Wri- its an unsatisfactoryof the line beinA deficient in S.left 

it does not distinguish between S

its as
criterion on own 


The data in figure 9a suggest that tie
 
deficiency and N excess. 

us, of total S alone for the diagnostic purposes is as beneficia. 

as N:S ratio. 

concluded that Sulfote-S was more 
Lott et l. (1960) 

for coffee.total S as an index of defic encysensitive than 
its own as sulfates may

This criterion is not satisfactory on 
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eve" in 
accumulate under conditions of molybdenUm deficiency 

S is deficient (Arderson and Spencer. 1950).
circumstances where 


that the "critical level" of S
Tox et .. (1|17) have shown 

( I.,) Waip) varies hetween i vas
V~aunsilta nt'in ~a - - xp erie1 . the critical value varied

In their solution uitur 
Sitao Pole and 0.064% in 

total S inl cultivarbetween 0.032%1, 113kes the setting of 
T, T7-2E This cultivar-speitfic variatkon 

levels even more diffcult.critical 
- 2 
-
of N:S ratio, 5(4 S, andi 

The use of multiple criteria 
a3t Crotts (1970)

total S in cereals has beef, -iiiggvsted by Blair 
in the single fa. torinherent
the deticiencieto overcome 

system. Thi approach has been extejld0* to
 
classification are
al., 1978a}. The cprteria used 
publishe1 rice data (lBlair-et 

Ilny atte4*pt at setting
and it is suggested that

given in table Ii, 
multiple criteria.

should consider the use ot
critical levels 

.1 ist the eftect of age on S 
Ensminger and Freney (1966) 

Since it is desirahlp'. to select j
in several species.contents 

relatively insensitive to maturit.y. an 
plant part that is 

be made of the efrfett of Wmaturity on the S 
shouldexamination 


part(s) determine the sensitivity to 
content of the plant to 

sampl ing time. 

Summa ry 

data awilable, no relationship could be 
In the published and someof sulfur deficiencyincidence
found between the 


the climate or soil environment. For thisofmeasurable parameter 
to delineate problem
tsLting must be used 

reason, soil and tissue 


-areas. 

not been shown to be very
Soil testing for sul fur has 

but, because of important
successful in temperate 4reas 

itb role should be reassessed in the
 
differences,
environmental 


In doing so, care should be taken in sampling, 
analysis,


tropics. 

and interpretation to evaluate properly the 

tests.
 

to offer more promise, but
for sulfur appears
Plant analysis 

problems with analytical procedures must be overcome before useful
 

required.
More correlation data are 
data can be obtained. 


Ai1 
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60 TOTAL PLANT MATERIAL AWUXMOL INSOLUBLE 0+ 0
 
MATERIAL 0
 

5.0

6.0'2 22 0+ 0 21 l222 0+ 0 
24.0-


2
 
2/
 

3.0 o 

0.15 0.25 0.35 0.50.25 0.35 
%S % 

Figure 9. 	 'the percent N and S In the total plant material (figure a) and alcohoi-insoluble 

residue of plant material (figure b) of sugarbeet leaf blades fro. plants having 

valrious degrees of S deficiency (0--no S deficiency symptoms; 1--chlorotic; 

2--severely chlorotic) (Stewart, 1.969).
 

Table 11. Pre l imina ry lassificaLion of N and S Status of Whole 

Itice Tops Saledo Til?erin- to flowering Stazes of 
GS!h(Blair et al 197aj 

Status 
Kca1n'fl 	 N'SARatio 

> 15 adequate deficientI > 1.6 < 0.10 
10 marginal11 > 1.6 0.10-0.15 > adequate 

11l > 1.6 > 0.15 < 10 adequate adequate 

IV < 1.6 > 0.15 < 10 deficient adequate 

V < 1;6 < 0.10 variable deficient deficient 

http:0.10-0.15


SULFUR USAGE TRENDS AND SULFUR FERTILIZERS OF THE FTRE 

Sulfnr Fertilizers Available
 

As mentioned previously, the major fertilizer sourves of 

sulfur used to date have been single superphosphate and sulfate 
of
 

N and P
 
ammonia. These have generally been used as primary 

sources with S applied incidentally. 

have been recognized and fertilizers
Where S deficiencies 

used to correct the deficiencies, elemental S and gypsum
 

the major sources used. The sulfur
 
(CaSO4.2H12O) have been two of 

content of fertilizers varies greatly, and the form varies 
between 

sulfate, elemental S, and organic S (table 12). The sulfur 
content 

of compound NPK fertilizers is not given because their ccpo.iition 

varies according to the formulation. The method nf manufacture of 

sulfatic fertilizers isgiven inBeaton and Fox (1971).
 

immediately available to
Sulfate sources that are soluble are 

S must first be oxidized to sulfate by


plants, but elemental 

Thiobacillus organisms. Organic forms must also be mineralized to
 

sulfate, before becoming available. 

stIon Patterns 

The proportion of -orld fertikzer prodct.on that is made up
 
is declining. Ammonium sulfate

of sulfur-containing fertilizers 
N usage 1961-66 c,

consumption has 	 fallen from 19.1% of total in 
At the

8.4 	 in 1973-74 and is projected to fall to 6.2% by 1980. 
is increasing in importance throughout the world. 

same time, urea 
an increase in


The British Sulphur Corporation (1974) projects 

world demand for ureP of 9.1 million tons N between 1973-74 and 
inium sulfate production is

1980-81. At the same time, a 

forecast to increase by only 0.53 million tons N. The N:S ratio 
is 41:1, while the crop demand is in aof the projected increases 

In addition, single superphosphate
ratio of approximately 15:1. 

22% of the world


production has 	 declined from 637 down to 

of phosphatic fertilizers in the period


consumption (figure 10) 

1961-72.
 

http:prodct.on


43
 

Table 12. The Sulfur Content of Fertilizer S Sources Presently 
Available 

Source 

Sulfate Containin 
Ammonium sulfate 24 
Potassium sulfate 16-22 
Calcium sulfate (gypsum) 18 
Superphosphate, single 12 
Superphosphate, double 5 
Superphosphate, triple I 
Diamonium phosphate 1-3 
Rock phosphate 0-1 
Ammonium nitrate-sulfate 5-11 
Amonium phosphate-sulfate 14-20 
Ammonium sulfate-nitrate 15 
Amoniated superphosphate 11-13 
Diamonius phosphate-sulfate 10-15 
Magnesium sulfate (Kiserite) 23 
Potassium-magnesium sulfate 22 
Ammonium phosphate-sulfate-gypsum 8 
Ammonium phosphate-sulfate-urea 6 
Urea-asniuu sulfate 4-13 

Elemental Sulfur Containin 
Diamnium phosphate-sulfur 12-15 
Elemental sulfur 100 
Diamsonium polyphosphate sulfur 15 
Diammonium phosphate-urea phosphate-S 5-20 
Urea-sul fur 10 
KC1-Urea-S Varies 
Sulfur-coated urea Varies 
Rock P-S 7-16 
Sul fur-bentonite 90 
Sulfur fortified superphosphate 27 
Ammonia-sulfur solution 10 

Other Inorganic Foms 
Ammoonium thiosulfate solution 26 
Sulfur dioxide 50 
Amonium bisulfite 8-17 
Amnium bisulfite polyphosphate 3-5 
Ammonium polysitifide 40-45 

N44P2S 31 
Polyamides 29-32 
Pyrite and pyrhotite 40-80 

Organic S Containing (partial listing) 
Sevage sludge 0.4 
Bone meal 0.2 
Peanut seal 0.1 
Animal manure (cattle) 0.2 

i J . . r: .' : . .'.- .. : " " : .. ... .. . ..... o ., . ..... ' . : : : .. '. . .'L~i . ! T : 
? ' : 
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on 	 consumption are 
As mentioned previously, data fertilizer 

the
Six countries 	 from

for all countries.
not available 


are used to
 are available
which data
developing world for 	
13, 14). Clearly

trends (table 13, figures 11, 12, and 
illustrate 

into three categories:
these countries fall 


no shift away from S-containinghas beenI. Those where there 
Brazil (figure 11).


fertilizers, e.g., 


production ofbe~n a partial shift trom
2. Those where 	 there has 

e.g., Indonesia 	 (table 13).
lertiltzerv,sulfur-cont4ining 

has not been 
3. 	 Those where the use of S-containing ftrtilizers 


e.g., Korea (figure 12), Egypt (figure 13), and
 
maintained, 

Senegal (f igure 14),
 

on fertilizer production facilities 
Based on data (table 14) new 

P formssulfur-containing1975), the trend away from 	 of 
(FAG, 	 dataThese 

is likely to continue at least unt.l 1980 
fertilizer while 
show thiht P production will increase by 1.19 million tons P. 

These 
S usage in these forms will increase by only :30,650 tons S. 


are a major contributing factor to the
 
changes in consumption 


incidence of sulfur deficietny,
increased 

Stuation.Raw MIaterial_S p. .


world was distributedin the westernin 1974S consumption 
as follows (million tons 5) 

among the various forms approximately 

(Bixby, 1976):
 

23.4
Brimstone 

5.5
Smelter S 
5.0Pyrites 

5.5Other 


39.4
Total 


(1975), the total consumption cf
 
As estimted by Herwin 


tons is well below the industry supply capacity of 
39.4 million at an
will increase
and world consumption
55.0 million tons, 	 a
1973 and 2000. 	 Assuming
3.5% between
rate
annual growth of 
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linear growth rate, consumption would eXpected bebe to 63.1
million tons 
in 1980 which is again below the expected production
 
capacity.
 

There is little or no concern for the adequacy of world 
sulfur reserves. These are estimated at present (table 15) to be
 
approximately 2,000 million tons that 
are recoverable at present

price levels using current technology. In addition to these
 
reserves, Bodenlos (1972) estimates that at least an additional 
1,830 million tons S is available from anhydrite, H2S, petroleum,
pyrite, and elemental S which at present is subeconomic. 

Ge raopaIalistribution 

Sulfur in its 't'Ierent form is prodluced worldwide with no 
one country being a predominant producer or supplier worldto 

markets. In 1974, world production of sulfur in trrns of S 
content of the products amounted to 50.9 million tons. The United
 
States was the leading producer, accounting for 22% of the output.

Together, in descending order of production, U.S.S.R., Canada,
Poland, Japan, Mexico, France, West Germany, Spain, and the
 
People's Republic of China accounted for an additional 61% of the
 
production. 
The remaining 17% of the output was distributed among

57 other countries. 

Insufficient data are available 
to draw up a country-by
country inventory of S reserves. Information is availatle for 
South America (figure 15), and this shows the widespread
 
occurrence of sulfur reserves in this part of the world. 

Future Sulfur Fertilizers for the Trop.cs 

In tropical 
areas of the world, capacity has been established
 
to produce large quantities of urea, TSP, monoammonium phosphate,
and diaumonium phosphate which are devoid of or low in sulfur. 
For this reason it seems that future additions of sulfur in

tropical agriculture will be primarily as admixtures of S to the 
above-mentioned prodJcts. 
Many such products have been developed
 
to date (table 12) and these must be evaluated as multiple

nutrient sources under tropical conditions. 

Elemental S added 
 to the soil as a fertilizer must

undergo oxidation to form plant-available sulfate. This process
results in increased acidity. With modified fertilizers that are 
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to study this aspect of sulfur
 
developed, there is a need 


or minimize long-term detrimental changes
to avoid
fertilization 

in soil pH.
 

The addition of elemental S to TSP and rock phosphate offers
 
to existing fertilizer
 

an attractive, low-cost way of adding S 
are slow under field 

mAterials. Rock phosphate (RP) reactions 
it has been demonstrated (Swaby, 197k) that
 

conditions, and 

RP and elemental S are successful in increasin%\ the Po 

mixtures of 
from RP under tropical conditions. Formulztit'Is of
 

release rate 
 rock sources and
be made with different
this material should 

evaluated as P and S sources under tropical conditions.
 

of TSP with soil constituents are rapid,-and

The reactions 


often the applied P is "fixed" into less available 
or unavailable
 

plant forms before an active plant root rystem 
has been developed.
 

The release rate of P from TSP granules could 
be slowed by the use
 

This type of material would have the
 
of elemental sulfur coating 

advantages of slowing down the initial release rates of P from the
 

This type of
 
granule and, in bddition, supplying S to the plants. 


material should be developed and tested under 
tropical conditions.
 

1978c) have shown
 
Experiments in Indonesia (Blair et al., 


of S for flooded rice.
 
that elemental S is a satisfactory source 


Not enough is known of the transformations of 
S in rice paddies in
 

the presence of plants, and basic studies should 
be conducted to
 

evaluate this source of S for rice and to evaluate its nutritional
 

value ir SCU.
 

of the wide and vari'd range of S-containing

R~cause 
 use of TSP
 

fertilizers available and the problems inherent in ht 


and RP in tropical soil, itmay be anticipated that there will be
 
but rather
in sulfur fertilizers 
no radical new developments 


modifications to existing materials.
 

must
Whatever materials are developed, these be evaluated
 
soils apd with tropical
under tropical conditions, in tropical 

it 02 -15C to 3tudy


Classical incubation stdies
plants. 

of value in these situations


fertilizer reactions are limited 


because of the temperature sensitivity of biological S oxidation
 

reactions (figure 16).
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A wide range of sulfatic fertilizers has been developed but 

these plant nutrient sources has not been Adequatelythe worth of 

3ssessed under tropical conditions. A pronounced trend away from
 

is a major cause of the increasing
sulfur-containing fertilizers 

incidence of sulfur deficiency. World reserves of S are adequate
 

into the future. The problem

to meet anticipated demands well 

No radical
 
seems to be insufficient kise rather than too much use. 

that will be used
fertilizers
changes are expected in the sulfur 

in the future. When f'-rtilizer materials are assessed, account 
to ensure propernutrient coutentshould be made of their total 


comparison.
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