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siiLph5,r in~n:~: : : ;  from the, ahnosphcrc to  s o i t s  and c rops  c a n  b e s t  b e  con- 
. .  S L U ~ ~ C ~ L I  i n  1:iie r : v i i t ~ : < t  u f  the su lphur  cycle i n  s o i l ,  and the s u l p h u r  r e q u i r e -  

:me!il: o f  crop:;. A r i ~ r i e r a l  view o f  t h e  Eie ld  was g iven  by Whitehead ( 1 3 6 4 ) ,  
.ind i;i the book e d i t e d  by McLachlarl (1975) . 
I S U L P H U R  I i J  S O I L  

i )  The soil s u l p h u r c y c l e  

'The main f ea tu res  or̂  t h e  su lphur  c y c l e  are shown i n  F i g u r e  1. The 
small amounts of su tphur  i n  un -Eer t i l i zed  soi ls  have presumably been d e r i v e d  
from rock weatherinrj ,  a l thouqh n a t u r a l  a e r i a l  i n p u t  must also have made a n  
important  c o n t r i b u t i o n  (Goldschmidt ,  1'358). I n p u t s  t o  t h e  system, whether 
from p r e c i p i t a t i o n  or Erom E e r t i l i z e r s ,  are normally i n  t h e  form o f  water-  
soluble s u l p h a t e s .  
c e n t r a t i o n s  a r e  r a p i d l y  lowered by a d s o r p t i o n  o n t o  c l a y ,  hydrous o x i d e  or 
carbonate  s u r f a c e s ,  by t h e  formation o f  gypsum (&SOb 2 H 2 0 )  and/or  l e a c h i n g .  
Decomposition of p l a n t  and animal r e s idues  may r e l e a s e  SOT i n  excess  o f  
microbia l  requi rements  d i r e c t l y  t o  t h e  s o l u t i o n ,  b u t  much of t h e  s u l p h u r  is 
inco rpora t ed  i n t o  s o i l  o r g a n i c  m a t t e r .  
t r o p h i c  microbia1 d e g r a d a t i o n  r e l e a s e s  SO? or S= depending on t h e  oxygen supply .  
Anaerobic environments  encourage r educ t ion  to  S= and formation of hydra t ed  
i r o n  s u l p h i d e  with 'some v o l a t i l i z a t i o n  o f  H'zS, whi le  some so i l  p a r e n t  materials 
may c o n t a i n  p y r i t e ,  FeS2. 
a i r .  

P l a n t  roots absorb  SO, from s o i l  s o l u t i o n .  High SOT con-  

S l o w  m i n e r a l i z a t i o n  o f  humus by h e t e r o -  

These su lph ides  a re  r e a d i l y  o x i d i s e d  on exposure t o  
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Fig. I. Th? s o i l  s u l p h u r  c y c l e  ( s i m p l i f i e d )  
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i i l  Nature  and e s t i m a t i o n  o f  soil s u l p h u r  f r a c t i o n s  

T o t a l  su lphur  i n  so i l s  may be estimated d i r e c t l y  by X-ray f l u o r -  
escence, or  a f t e r  c o n v e r t i n g  it to i n o r g a n i c  s u l p h a t e  by i g n i t i o n ,  carbonate  
f u s i o n  or wet o x i d a t i o n .  The forms i n  which it occurs can  be e s t i m a t e d -  
approximately hy s e l e c t i . v e  e x t r a c t i o n  and r e d u c t i o n  procedures  (Beaton e t  a l ,  
1 9 6 8 ) ,  

The i n o r g a n i c  f r a c t i o n ,  mainly SO; adsorbed  by  c l a y  materials, can be 
e x t r a c t e d  w i t h  phosphate  s o l u t i o n s ,  and w i l l  i n c l u d e  any water s o l u b l e  SOT. 
S u l p h i d e  can  b e  e s t i m a t e d  from t h e  H7S produced on  t r e a t i n g  s o i l s  w i t h  d i l u t e  
a c i d  b u t  it is normally a b s e n t  i n  a g r i c u l t u r a l  s o i l s .  The to t a l  o r g a n i c  S 
component is then  o b t a i n e d  by d i f f e r e n c e ,  a l though the p r e s e n c e  o f  i n o r g a n i c  
s u l p h a t e s  i n s o l u b l e  i n  t h e  phosphate  e x t r a c t a n t  may cause  e r r o r s .  T h i s  o r g a n i c  
f r a c t i o n  i s  thought  t o  c o n t a i n  t w o  main groups  o f  compounds, o r g a n i c  s u l p h a t e s  
and carbon-bonded su lphur  iFreney e t  a l ,  1971: Anderson, 1975). 

The o r g a n i c  s u l p h a t e  f r a c t i o n  is e s t i m a t e d  by  s u b t r a c t i n g  phosphate- 
e x t r a c t a b l e  ( i n o r g a n i c )  SOT from t h e  t o t a l  s u l p h a t e ,  which i s  determined by 
r e d u c t i o n  t o  H7S by h y d r i o d i c  a c i d .  
c u r r e n t l y  u n i d e n t i f i e d ,  b u t  may be compounds such as c h o l i n e  s u l p h a t e ,  p h e n o l i c  
s u l p h a t e s  or  su lpha ted  p o l y s a c c h a r i d e s .  Organic  S which i s  n o t  r e d u c i b l e  by 
h y d r i o d i c  a c i d  i s  assumed t o  be carbon-bonded s u l p h u r .  About h a l f  o f  t h i s  
can  be e s t i m a t e d  d i r e c t l y  by r e d u c t i o n  t o  H 2 S  w i t h  a l k a l i n e  Raney-nickel. 
F a i l u r e ' t o  account q u a n t i t a t i v e l y  for a l l  the a p p a r e n t  carbon-bonded S may 
b e  because of  i n t e r f e r e n c e s  i n  t h e  method or t o  some o f  t h e  carbon-bonded S 
being  r e s i s t a n t  to t h i s  r e d u c t i o n .  The carbon-bonded s u l p h u r  appears t o  be a 
stable and i n t e g r a l  part of humus, c o n s i s t i n g  mainly of the amino a c i d s  m e t h -  
i o n i n e  and c y s t e i n e  and t h e i r  d e r i v a t i v e s .  

I t  c o n s i s t s  o f  s u l p h a t e  esters which are 

iii) Amounts i n  so i l s  

The t .o ta l  S i n  s o i l s  can  be v e r y  v a r i a b l e ,  even w i t h i n  a small 
geographical  a r e a .  The f i g u r e s  quoted by Whitehead (1964) vary  from 2 2  to  
about  8,800 pg/q so i l ,  b u t  marine c l a y s  and t i d a l  marsh soils may c o n t a i n  up 
t o  3 .5% s. Figures  from some rmre r e c e n t  papers are g iven  i n  Table  1, which 
a l s o  i n d i c a t e s  t h e  approximate d i s t r i b u t i o n  between o r g a n i c  and i n o r g a n i c  
forms. AS a major par t  i s  i n  o r g a n i c  combination, there i s  a g e n e r a l  i n c r e a s e  
i n  t o t a l  S a s  o r g a n i c  m a t t e r  i n c r e a s e s  (McLaren and S w i f t ,  1977) .  High pro- 
p o r t i o n s  of i n o r g a n i c  SOT are found i n  c a l c a r e o u s  s o i l s  and i n  volcanic  ash 
s o i l s .  Subsoils u s u a l l y  c o n t a i n  less t o t a l  S than  t o p s o i l s ,  b u t  a h i g h e r  
pr-oportion i s  i n o r g a n i c  ( P r o b e r t ,  1977) . 

i v )  Microbial  t r a n s f o r m a t i o n s  

The decomposition o f  o r g a n i c  matter by t h e  g e n e r a l  h e t e r o t r o p h i c  
m i c r o f l o r a  r e l e a s e s  i n o r g a n i c  s u l p h a t e  i n t o  s o l u t . i o n .  The main s o u r c e  i s  
carbon-bonded S, and a l though i n t e r m e d i a t e s  have been i d e n t i f i e d  t h e  d e t a i l e d  
pathways a I e  complex (Freney ,  1 9 6 7 ) .  Microbial  h y d r o l y s i s  of s u l p h a t e  esters 
i s  a f u r t h e r  component i n  s u l p h a t e  product ion  ( F i t z g e r a l d ,  1 9 7 6 ) .  McLaren 
and S w i f t  (1977) c la im t h a t  p r o t e i n  S may p a s s  through an  ester form p r i o r  t o  
i t s  r e l e a s e  as i n o r g a n i c  SO,, b u t  t h e  i n t e r m e d i a t e s  were not  i s o l a t e d .  

Several  a u t o t r o p h i c  b a c t e r i a  are involved  i n  s o i l  su lphur  t ransformat ions  
( K e l l y .  1 9 7 0 ) .  When a s o i l  i n  a chemical ly-reducing environment i s  exposed to  
a i r ,  the o x i d a t i o n  of i n o r g a n i c  s u l p h i d e s  t o  e l e m e n t a l  su lphur  may o c c u r  by 
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spontaneous chemical r e a c t i o n s  (Breeman, 1 9 7 2 ) .  The f u r t h e r  o x i d a t i o n  of  S to  
HZSO4 proceeds v ia  t h i o s u l p h a t e  and t e t r a t h i o n a t e  (Nor and T a b a t a b i a ,  1977) 
and is accomplished by b a c t e r i a  of  t h e  genus Thiobacitlus a t  lower pH va lues ,  
bu t  he te ro t . rophic  bac te r i . a  may a l s o  b e  involved  a t  pH '*6 .5 .  The reduct ion  o f  
S o l  t o  k l 2 S  i n  waterlogged s o i l s  i s  a l s o  mediated by b a c t e r i a ,  t h e  genus 
P:~::icZphooil,t,.Lo being dominant. 
t o  form h y d r o t r o i l i t e ,  FeS.nH20. 

The H Z S  produced may r e a c t  w i t h  i r o n  compounds 

V) Re ten t ion  of  i n o r g a n i c  s u l p h a t e  by  s o i l s  

Sulphate  is adsorbed by s o i l s  much less s t r o n g l y  than  i s  phosphate 
so t h a t  t h e r e  i s  l i t t l e  SO? accumulation i n  most s o i l s ,  i n  c o n t r a s t  t o  phos- 
p h a t e  where t h e r e  i s  much and t o  n i t r a t e  where there i s  none. I n  ca lcareous  
so i l s ,  SO? i s  adsorbed by CaC03 and presumably m i c r o - c r y s t a l s  o f  gypsum a r e  
formed. I n  non-calcareous s o i l s ,  FeOH and AlOH groups a s s o c i a t e d  wi th  t h e  
s u r f a c e s  of  m i n e r a l s  i n  t h e  c l a y  f r a c t i o n  provide  t h e  m a i n  sites f o r  a d s o r p t i o n .  
T h u s  SO,' s o r p t i o n  t ends  t o  i n c r e a s e  w i t h  c l a y  c o n t e n t ,  b u t  more s p e c i f i c a l l y  
w i t h  c o n t e n t s  of  amorphous A 1  and Fe hydroxides .  The r o l e  o f  haemat i te  w a s  
shown by Sanders  and T inke r  (1975) .  and t h e  formation of  b a s a l u m i n i t e ,  Al, ,  
(OH1 IDSO+, and a l u n i t e ,  KAl,(OH)6(SO~)z,  was sugges t ed  b y  Adams and Rawajfih 
(1977) ' .  

A 1  and Fe su r face  si tes a r e  g r e a t e s t ,  and s o r p t i o n  reduces a s  pH r i s e s  u n t i l  
it is ze ro  a t  pH 7, i n  t h e  absence of  CaCOl (Chao e t  a l ,  1962; Harward and 
Reisenauer ,  1966; S c o t t ,  1976) ;  t h i s  corresponds approximately t o  the e f f e c t  
o f  pH on su lphur  a v a i l a b i l i t y  t o  crops ( E l k i n s  and Ensminger, 1 9 7 1 ) .  

Sorp t ion  maxima occur  between p H  3 and 4 where p o s i t i v e  charges  on 

A s  w i t h  any chemisorpt ion r e a c t i o n ,  the amounts sorbed  vary  w i t h  con- 
c e n t r a t i o n ,  so  t h a t  s o r p t i o n  c a p a c i t i e s  determined wi th  h igh  s o l u t i o n  
c o n c e n t r a t i o n s  may n o t  b e  a r e l i a b l e  i n d i c a t i o n  of f i e l d  behaviour .  Reported 
s o i l  s o l u t i o n  c o n c e n t r a t i o n s  o f  s u l p h a t e  f a l l  w i t h i n  t h e  range 0.2mM to lOmM 
(Rache, 1979) b u t  1 to 2mM a r e  probably mre t y p i c a l  va lues .  These would 
co r re spond  t o  10 - 30ug/g of adsorbed SO: f o r  t h e  s u l p h a t e - r e t e n t i v e  s o i l s  
examined by Chao e t  a 1  (1962) b u t  t o  almost z e r o  f o r  most o f  t h e i r  s o i l s .  High 
a d s o r p t i o n  of  i n o r g a n i c  s u l p h a t e  by n a t u r a l  s u b s o i l s  was r e p o r t e d  by P r o b e r t  
(1977), and b y  s u b s o i l s  on c u l t i v a t e d  l and  f o l l o w i n g  f e r t i l i z a t i o n  by Brom- 
f i e l d  (1972) .  

I1 CROP SULPHUR REQUIREMENTS 

i. ) Sulphur i n  p l a n t  n u t r i t i o n  : d e f i c i e n c y  c o n d i t i o n s  

J Sulphur is  a major n u t r i e n t  element and i s  needed i n  p l a n t s  f o r  t h e  
s y n t h e s i s  of t h e  essent ia l  amino a c i d s  methionine and c y s t e i n e  and t h u s  f o r  
t h e  formation of  p r o t e i n .  I t  i s  a l s o  a component o f  some enzymes, vi tamins 
and o i l s .  

Sulphur  is absorbed by r o o t s  from t h e  soil  s o l u t i o n  SOT, and i n  t h e  main 
is t rans loca t .ed  a s  such t o  s i t e s  of  s y n t h e s i s  o r  o r g a n i c  S compounds. The 
1a t t . e r  seem K O  be r e l a t i v e l y  immobile i n  p l a n t s  so that t h e  t y p i c a l  c h l o r o t i c  
s i .gns o f  S d e f i c i e n c y  i n d i c a t i n g  a shor tage  of c h l o r o p l a s t  p r o t e i n  occur i n  
younger ] . e a v e s .  

I t .  fo l lows irom t h e  role  of S i n  p r o t e i n s  t h a t  the  r a t i o  of N t o  S i n  
p l a n t  tis5ut:s is one i n d i c a t o r  of t h e  su lphur  s t a t u s  of  t h e  p l a n t .  
Thr?Jshc,lil N : S rafios between 1 5  and 2 0  have been r e p o r t e d  for  var ious  c r o p s ,  



a t1iyh.L.c i . i ' : ic  i n d , , : , % t L ! ~ < j  s.,lphur d e f l c l e n c y .  b:it. !.he sLaqc t i E  growth a n d  t h e  
!.yps cE t.iss'ie samp:ed may w e l l  a f E e c t  t h e  app,acenr t h r e s h o l d  N : S ra t io  
i s p e n r e < ,  19. i5) .  Erm;in er. a ?  iL973) c o n s i d e r  t h a t  N : S ratios are  of lim.1ted 
va lue  Ecr ?.he m a z e  c rop .  

Sulphur d e f i r i c n c y  h;>s been a s s o c i a t s d  wi th  t h e  h igh  l e v e l s  o f  amidss  i n  
p1ant.s ( B o l % n  e t  a t ,  1976) and t h i s  has  been sugges t ed  a s  a more re l iable  
d i a g n o s t i c  te*:hn:Lquc t h a n  N : S ra t ios .  Responses cE maize to added S were 
obta ined  when  t i s s u e  amide N exceeded 5 0 0  ppm (Rendiy e t  a t ,  L 9 7 6 ) .  

ToCa: S c o n t e n t s  oE c r o p s  g e n e r a l l y  vary  between 0.05% and 0 .3% by weight  
of dry mat - t t r ,  depsndinq o n  t h e  s t a g e  o f  growth and t h e  p o r t i o n  of t h e  c r o p  
sampled. Thr h ighe r  v a l u e s  are t y p i c a l  c f  s e e d s  w h e r e  p r o t e i n  is concent . ra ted ,  
and lower va:fies o f  str i icturai .  and ca rbohydra t e  storage m a t e r i a l  .. Threshold  
values  for  many c r o p s ,  p a r t i c u t a r l y  g r a s s  and  pastrare legumes, have been 
r epor t ed  (Spencer ,  1975; Bol ton e t  aL. 1976; FOX, 1976; 'Zppendorfer,  1.977; S c o t t  
and Mbnco, 19781 ,. 

The r a t h e r  pcor- m c b i l i t y  o f  S i n  pl .ants  indiCdLes t h a t  t h e  t i m e  o f  sampl ing  
and the  p a r t  of che p l a n t  sampled i s  l i k e l y  t o  b e  Y V O ~  mcre critrcaL f G r  S t h a n  
f o r  o t h e r  nur.rient.s. The s u i p h a t e  con ten t  o f  t h e  y3Unger Leaves may t h e r e f o r e  
provide t h e  most. s e n s i t i v e  i n d i c a t i o n  of i n t e r n a i  S silppLy (Bouma, L975).  
Eppendorfer (1471) found t n a t  su lphur  additions increased y i e l d s  of r y e g r a s s  when 
t o t &  SO; Concencrat ions were l.ess than  0.03% S .  
SO,' concen t r a t ions  i n  t h e  Iea-Jrs  gave t h e  most .  c o n s i s t e n t  d i f f e r e n c e s  between 
normal and  d5fictenr-  p l a n t s  (Gran t  and Powel l ,  1978) .  

Fc r  maize growing i n  Rhodesia ,  

7 ii: Amcu?~.s of s u l p h u r  needed by rcops 

As with  o t h e r  n i i t . r ien ts ,  the a m u n t s  of S taken up by crops depend 
mainly on t.he r.ype o f  crop and I t s  y i e l d .  w h i l e  smal.le1 v a r i a t i c n s  occur  between. 
c u l t i v a r s  and wi th  environmental  c o n d i t i o n s .  Tab le  2 t h e r e f o r e  lists o n l y  
approximare s remi'vai by a v a r i e t y  o f  crops givi .ng th? y i e l d s  i n d i c a t e d .  mnse 
yi.eLds W Y C Y  r y p ~ c j l  ,Q€ 1 n tens iv?  a g r i r u l t u r e  i n  devP;oped couq'lr?.es i n  t h e  ear1.y 

i l .  wds LO y t a r s  agu w i t h  Itiwer crop y i e l d s  Ilorddi ,  aed  E n s m i n g e r ,  1958! aqd I S  
much gredt.c.1 than ~ O L  sUbsLS+.en(:E a g c i c - ~ l . t . ~ i r c  in devnloplng  c o u n t r i e s  which re- 
mwe 1 - 5 kq/ha. .  

.. 1970s. . TI]? d?:l:td1 'apt.ake Cf 5 O f  dbClJt. 20 - 4 0  k.giha i s  rcuqhly  double  what 

20 kg/ha is e q u i v a l e n t  to about. 8 vg /g  i n  t h e  c u l t i v a t e d  
topso1 1 .  

i 1;: Aval.ldble s.i&hur ;n soi!s 

. rnc  ' .mniec. i i i : r .?  x3 . r r . e  of S fo r  m:op n!r!r:L.;on is SOY i n  +:he soil 
sci  iJt..lon.. r!wpi.Ztxrz o f  r.he s o l u t . i c n  #:cncaqtrat.icn by ?cop i?pt-.ske. in:-.j.at.e:s 
deso.rpf i < : l l  G:' dts:.a!*jticn o f  surfare-adscrbed SO;;. T h e r e f c r r  t h o  ino.rgJnic  
SO; fract.ic.r, e ~ 1 : r c c t e d  by phosphate 0: NaHCO, scl!!-ions LS 'he nrst appropriate 
i n d i c j t c r  c:<f t h e  ;IbFLity of sc.i is  r.(: suppiy  S t c  <.r..:p \ R e i s $ n a ~ ~ e x ,  1 9 7 5 ) .  I n  
a ,-..t"p- .- . , I . . .o~I  . , .:, ,of J n u n b e t .  c f  F-xIrdCtignts f u  predici.;v.q t h e  r e s p m s e  of a l f a l l 3  
. i u  €;-:Id p'.;:':S f r o  ;*ppl ied S Cn 49 soI;?,  Hceft. I?' j l  ! :97?' Eo,rnd t h a t  2N HOAc 
con tdLn i .nq  5 0 0  my/'I P as Ca!fI:.PO :. 1 .2H10 wa:: mc,sL. etf~?.: t i , , -?.  Thtc- e x t r a c t a r l t  
may .feitub'e a m a l ?  po1t.ic.n o f  OrganL" 5 ac   we:^ ds j d sc rbed  S O Y .  Prcbecl.. ! l975) 
showtad.,th,li phrJ!:~tllt.e-eAI_rdc'.able SO; came f.cotn t h e  same Jabi .Le pa:, measured 
wi th  ' - S .  t h a t  p1ant.s u se ,  b u t  t ha t  NaHCO. cemoved some 5 t h a t  was n<;t. a v a i l -  
able 7.G p1ant.s.  

, c  
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TABLE 2 

APPROXIMATE AMOUNTS OF SULPHUR REMOVED BY SOME TYPICAL CROPS, PER ANNUM 

c r o p  Yie ld  Approx. Sulphur Content  
tonne/ha kg/ha kg/ tonne 

~ ~ ~ ~ 

Tlmber 5 1 0 . 2  

sugar  cane 100 50 0.5 

Po t  a t.o e s 4 0  20 0 . 5  

Turnips  55 40 0.7 

Cabbage 50 50 1 .o 

Grass  f o r a g e  9 20 2 . 2  

Maize 11 30 2 . 7  

Legume f o r a g e  1 4  40  2.9 

Cereal g r a i n s  5 20 4 .o 

Groundnuts 4 30 7.5 

Rapeseed 2 4 0  20 

Source:  Beaton and FOX (1971) ;  Terman (1978) 

The d e p l e t i o n  i n  t h e  phospha te -ex t r ac t ab le  f r a c t i o n  of soi ls  has  corres- 
ponded c l o s e l y  wi th  t h e  amounts  o f  S t a k e n  up by p l a n t s  i n  g lasshouse  
exper iments ,  a l though a small amount o f  t h e  c r o p  uptake appea r s  to  be de r ived  
from m i n e r a l i z a t i o n  o f  S from t h e  o r g a n i c  f r a c t i o n  ( B a r r o w ,  1967; Jones  e t  al, 
1.972) .  S o i l  l e v e l s  of  i n o r g a n i c  SOY t h a t  are adequate  f o r  crop product ion  vary  
cons ide rab ly .  Jones  e t  a 1  (1972) found t h a t  25 UgS/g was needed f o r  maximum 
produc t ion  o f  r y e g r a s s  i n  pots a t  l o w  N l e v e l s  and 4 5  Ug/g a t  h igh  N l e v e l s .  
These workers t o o k  c a r e  t o  exc lude  a tmospher ic  S supplies, but  one would s t i l l  
e x p e c t  much less than  t h i s  t o  b e  needed i n  t h e  f i e l d .  Thus McLaren (.1975) 
s u g g e s t s  12  pg S/g f o r  herbage i n  S.E. Sco t l and ,  and Reisenauer  (1975) s u g g e s t s  
4 - 8 1>g/g for pas t .u re  g r a s s e s  and 10 - 1 3  f o r  a l f a l f a .  Hoeft  e t  a 1  (1973) 
found 6 - 10 pg/g w a s  a n  adequa te  s o i l  l e v e l  for a l f a l f a .  Fox (1976) found 
tha t .  sugar  cane in pots, supp l i ed  wi th  adequa te  N ,  r equ i r ed  9 Ug S/g i n i t i a l l y ,  
but 5 1ig/g a t  l a t e r  s t a g e s  i n  growth; a g a i n  f i e l d  requirements  can be expected 
r o  bE lower. For maize i n  t h e  f i e l d ,  5 !.Ig/g w a s  suggested by Rehm (1976) and 
8 i q / g  by Kang and Osinawe (19761. 

Inorganic  So.? adsorbed by s u b s o i l s  can be  an important  component f o r  crop 
n u t r i . t i o n ,  and t h e  amounts may n o t  n e c e s s a r i l y  be  c o r r e l a t e d  wi th  t h o s e  i n  sur-  
f a c e  soi!s. Thus P r o b e r t  and Jones  (1977) s tudy ing  t h e  e s t ab l i shmen t  of 
p a s t u r e  legumes i n  ~ u s t r a l i a  found t h a t  some s i tes  conta in ing  less t h a n  10 ugS/g 
i q  t h e  s u r f a c e  so i l s  gave r e sponses  to a p p l i e d  S w h i l e  o t h e r s  d i d  n o t ,  b u t  a 
weighted p r o f i l e  mean o f  4 &/g based on t h r e e  l a y e r s  of t h e  p r o f i l e  t o  a depth 
of  GO cm d i s t i n g u i s h e d  r e s p o n s i v e  s o i l s  much mre  e f f e c t i v e l y .  



I I I  INPGTS A N D  LOSSES 'TO 'THE SOIL-CHOP SYSTEM 

i! Re:?as+: from soil o r g a n i c  m a t t e r  

Orrjanic mar.ter is t h e  main S r e s e r v e  i n  soils  i t  c o n t a i n s  1.0 to 
L.5 p a r r s  b y  w?iqht o f  S fo r  e v e r y  10 o f  N ,  so t h a t  decomps i tLon  might. b e  
expectled t.0 r e l e a s e  m i n e r a !  S and N i n  approximate ly  t h i s  r a t i o ,  b u t  i n  p r a c t i c e  
less S is r e l e a s e d  than  Pxpected ;S tewar t ,  1 9 6 7 ) .  T h i s  slow decomposi t ion i s  a 
sr1fficiep.t source  of  S whsn c r o p s  a l s o  r e l y  on n a t u r a l  r e s e r v e s  for t h e i r  N 
supply .  The annual decomposi t ion  o f  1% of  t h e  o r g a n i c  matter i n  a t.OpSOil con- 
t a i n i n g  5% 0rgan.L: matte1 would r e l e a s e  abou t  10 kg/ha o f  S, and p r o p o r t i ~ n a l  
amounts fcr diffn1en.-  rbtes o f  decomposi t ion and soil c r g a n i c  matter c o n t e n t s .  
Many a r a b l e  s s i t s  i n  c o n t i n u o u s  c u l t i v a t i o n  c o n t a i n  Less t h a n  5% o r g a n i c  matt.er. 
whi.le t h e  tackor3  a f f e c t i n g  S r e l e a s e  are  known (Wil l iams,  1967i ,  a c c u r a t e  
e s t i m a t e s  o f  r .S%ase dc n o t  appear  t o  have been  made i n  t h e  fie: .d.  p a r t l y  because 
o f  t h e  diff ic i i i !y  af  s e p a r a t i n g  t h e  a tmospher ic  component. 

ii! FOKTiLiZers and manure 

The m a i n  scucce  o f  su lphur  f o r  c r o p s  i n  devs loped  a g r i c * l l t u r e  has  
been t h a t  added incidenraLLy i n  NPK f e r t i l i z e r s .  I n  t h e  immediate post-war era 
most of + h i  nirrcgen was 6dded as  ammonium s u l p h a t e ,  most of t h e  phosphorus as 
s i n g l e  si iperphosphate !CI mix tu re  o f a c i u m  phosphate  and gypsum',  and a 
l i t t l e  o f  t h e  ptass:um as  potassium s u l p h a t e .  F e r t i l i z e r  usage i.n t h e  United 
Kingdom i n  t h e  mid-19SOs would have  added a n  ave rage  of 80 kg  S p e r  annum to  
every h e c i a r e  of srrlhle and  g r a s s l a n d  fabout 35 pg/g o f  topsoi l ; ,  1itt.le mor2 
than  a t o n T h  of which wou1.d have been removed i n  crops. By t h e  mid-19?0s. S i n  
high-.N fer t . : i izei .s  was reduced TO p r a c t i c a l l y  z e r o  bPCalJse s c u r r e s  of N and .? 
ca? te in ing  c ? i y  * l a c e  impuc ' t ies  o f  S were used. Hcwever,  I cw-N i e r t ; l i z ? r s  o f  
t h e  ) a r g e  manufa r tu re r s ,  and a i l  mix tures  of t h e  sma l l  companies.  ?t.iI.!. conta . in  
ammonium s u l p h a t e .  Some s i n g l e  superphosphate  and a l i t t l e  potassium smlphate  
i s  st.i:l used. Over t .h i s  p e r i o d ,  t h e  estimated to%al  sulphiir  cont.ent i n  f e r t i -  
l i z e r s  has  drspp.?d ft@m 380 fc 100 t.housand tonne5  S ' pe r sona l  ccmmii.?icatioo. 

psl 3"W:m is :-,..:; b - c n g  idded  t=  dgrLcul tura1  ].and i n  th,+ Llnit.ed Kinnqdom, ai- 
th,;ligh Lt:: d . t ~ : r . b ~ r ; c n  w L i l  b? m e v e n .  

BY;! ;?,to S!i'ph:L!: I."-p ar.iy.l? L t d . ; .  W e  t .herefcre  ebt lm;$t ,?  ?kat.  4kc~i f  20 kg/ha S 

:.'.:". ,~ :. 8,f S is appi  ied  zc. farmland i n  animal  mdn*Jre,  e i t h e r  lFJ.nPd w.Lth 
strdx ;.:I r.he t l . . i d ~ r i o o a l  farmyard manure (FYM! or ,  mcre rerent ' ly ,  appl.i.ed 
dr l -ec t ly  .is s!.urry. From *:he us% o f  t h e s e  materials 1'1 England and Wa1.o~ 
(Cookc. 196'7: ond 1.1 S c o t l a n d ,  w e  e s t i m a t e  a mean input  t , c ~  t h e  arab.1.e and glass- 
l and  of tt,? V i r e d  Kingdcm of about  2 kg/ha S per anpum from t h i s  W-JIC?. 
of t h i s  W C 9 t i : d  D- iir; ? % r a l l z e d  wlt .hin a few y e a r s .  

Mosr 

i . ; i j  l.c,<i:'tting 4c.sjeh 

.The K I ? : : ~ : Y  S i n p u t s  from f e r t i l i z e r s  and rndn1ir.e be-wreo " 9 4 5  ,lnd 
1960 ~ . c u ' l r i  t h  t.xp-.:rrd I.(: supp ly  c r o p  needs f o r  many yea>:s t.c ran?. L,~I* 4:hr:. 

m.':: !F.,;'. +,t\.:. odd,?ri S r e m i l i n s  w i t h i n  t h e  root zone T n  f a r ? .  s.j;,1,:: 1:. .)n- 

.!ik-:ly fr. IC,.-. C I  .?rid mich :.f ! h e  added SO' h a s  probab!y d!reddy b+r) !#..i.r.t~-!d (:SIP. 
' T h w  J r o l w q ; .  b , ' ~ ~ . ? : ' :  f r c m  ,:hi. % , = I  ?-est&? Ished C r a i b s t o n e  l.ysinw+rrr:!. ' r i c t \ r l ~  ,,.k 
and W e l s h ,  iI):H': tr.: r hc  :O y e ~ j r  pe r iod  1927 - 1936 showed an  a w r - a q ?  l o s s  o f  
1 4  kq,'hd c f  S f r c m  p ' o r s  f h a t  had bpen linmanured s . ince 1 9 1 4 ,  b!J+ d I c s s  of  54 
kgiha from p!G+'s r?r:?i.Ving 4 me6n of  7 0  kg/ha S i n  f e r t i l i z e r s  ~ n d  E ' V M .  More 
recent  tesui t.3 ( : f  th?. r:omp;.si'ion of d r a i n a g e  waters from ?arrmandham and wr,burn 
experimentai  f a r m s  ! W I  I ! . i s m s ,  1975) ove r  a 5 yea r  p e r l c d  a r e  very  var ] .ab l?  
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because o f  c o n t r a s t i n g  p a t t e r n s  o f  r a i n f a l l  and u n c e r t a i n t y  o v e r  t h e  area Of 

l and  d r a i n e d ,  b u t  t h e y  i n d i c a t e  a similar c o n t i n u i n g  loss o f  s u l p h a t e  by  l each ing .  
Su lpha te  a p p l i e d  t o  g r a s s l a n d  i n  t h e  s p r i n g  on a sandy s o i l  had leached o u t  o f  
t h e  t o p s o i l  b y  t h e  end o f  t h e  growing season  (McLaren, 1 9 7 6 ) .  Leaching losses 
o f  110 kg/ha were r e p o r t e d  from l y s i m e t e r s  i n  Germany (Kuhn and Weller, 1977) ,  
and between 4 and 8 4  kgjha  from f r e s h  l y s i m e t e r s  i n  A u s t r a l i a  ( T i l l  and McCabe, 
1 9 7 6 ) .  

Where l each ing  l o s s e s  occur ,  su lphur  i n p u t s  have l i t t l e  permanent e f f e c t  
on t h e  a v a i l a b l e  s u l p h u r  s t a t u s  because  t h i s  i s  de termined  mainly by t h e  SO5 
r e t e n t i o n  a b i l i t y  of t h e  s o i l  ( Jones  e t  a l ,  1972) ;  R o w e l 1  and Grant ,  1977) .  

i v )  Losses to t h e  atmosphere 

S i m a n  and Jansson  (1976) q u o t e  a !Jhb a1 estimate by E r m n  f o r  S 
lost  from l a n d  a r e a s  by d i r e c t  exchanoe to t h e  atmosphere,  which is equ iva len t  
to  abou t  7.5 kg/ha per annum. Losses  occur as hydrogen s u l p h i d e ,  methyl mer- 
cap tan  and  dimethyl  s u l p h i d e ,  and t h e  l a t t e r  has  been 'shown t o  form even under 
a e r o b i c  c o n d i t i o n s  (Lovelock e t  a l ,  1 9 7 2 ) .  Losses  o f  2 - 3 kg/ha were r e p o r t e d  
from soil growing c r o p s  t h a t  had r e c e i v e d  S f e r t i l i z e r ,  b u t  very  l i t t l e  from 
u n f e r t i l i z e d  soil  (Siman and Jansson ,  1976) .  Gaseous losses on  r educ t ion  are 
much g r e a t e r  i f  an  energy  s o u r c e  is added to encourage microbial growth (Bloom-  
f i e l d ,  1969) .  The su lphur  l o s t  i n  t h i s  way depends ve ry  much on  l o c a l  cond i t ions ,  
and w i l l  e v e n t u a l l y  be  r e t u r n e d  t o  t h e  l a n d  s u r f a c e  i n  p r e c i p i t a t i o n .  

V )  I n p u t s  from t h e  atmosphere 

5 A 
t? 5 

/ 2.- 

Many e s t i m a t e s  have r e c e n t l y  been  made of S i n  t h e  atmosphere and i n  
These v a l u e s  and t h e  f a c t o r s  a f f e c t i n g  them are reviewed elsewhere d e p o s i t i o n .  

i n  t h i s  symposium. F igu res  c o l l e c t e d  by Whitehead (1964) showed t h a t  t h e  annual  
i n p u t s  of S from p r e c i p i t a t i o n  v a r i e d  from 1 kg/ha i n  r u r a l  i n l a n d  a r e a s  of 
A u s t r a l i a  t o  about  100 kg/ha i n  i n d u s t r i a l i z e d  areas o f  t h e  w e s t .  
e s t i m a t e s  of 14 - 16 kg/ha S i n  bu lk  d e p o s i t i o n  from s i x  f o r e s t e d  sites (Miller 
and Miller,  1979) and 8 - 1 4  kg/ha from f o u r  a g r i c u l t u r a l  s i t e s  (Scott, 1979) ,  
have been  made for  S c o t l a n d .  

Recent 

I V  SULPHUR AND AGRICULTURE - THE PRESENT POSITION 

1) Cur ren t  s o i l - c r o p  su lphur  l e v e l s  

R e c e n t  reports from England and Wales ( Jones  e t  a1 1972) and from 
Scot land  ( M c I a r e n ,  1976; S c o t t  and Munro, 1978) show t h a t  wh i l e  so i l s  have very 
v a r i a b l e  a v a i l a b l e  SO: c o n t e n t s ,  i n  g e n e r a l  t h e y  are reasonab ly  w e l l  supp l i ed  
w i t h  t h i s  n u t r i e n t .  F e r t i l i z e r  exper iments  w i t h  o i l s e e d  r a p e  ( a n  S-demanding 
crop)  on  a number of s i tes  i n  t h e  United Kingdom gave no i n d i c a t i o n  o f  S def-  
i c i e n c y ,  althougti  u n s p e c i f i e d  b u t s i g n i f i c a n t  i n c r e a s e s  i n  y i e l d  were ob ta ined  
on  two s i t e s  (Holmes and Ains l ey ,  1977,1978) .  Neve r the l e s s  it seems t h a t  sen- 
s i t i v e  c rops  on B r i t i s h  s o i l s  w i t h  low humus c o n t e n t s  and low s u l p h a t e  r e t e n t i o n  
a b i l i t y  may b e  a t  r i s k  from su lphur  d e f i c i e n c y  (McLaren, 1975; Bol ton,  1975) .  
R e c e n t  work at .  t h e  Macaulay I n s t i t u t e  (Sco t t ,  1979) on such s o i l s  i n  Scot land  
has  shown  cons ide rab le  r e sponse  o f  o a t s  t o  added S a t  h igh  N l e v e l s  under t h e  
r e l a t i v e l y  i n t e n s i v e  c o n d i t i o n s  of pot exper iments ,  p a r t i c u l a r l y  if p r o t e c t e d  
froin S a d d i t i o n s  i n  r a i n f a l l .  The r e s u l t s  i n  Table  3 i l l u s t r a t e  t h e s e  e f f e c t s .  
F'oi'age c rops  g rwi .ng  @n low-S so i l s  i n  t h e  f i e l d  a re  probably  h e a v i l y  dependent 
u n  the  atnros;>herc t.0 meet t h e i r  S needs if f e r t i l i z e r s  con ta in ing  on ly  t r a c e s  
U T  s a1-e u s e d .  
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TABLE 3 

OVEN-DRY YLELDS (q /po t ,  OF OATS GROWN (a1 EXPOSED TO NATURAL RAINFALL AND :b; 
PROTECTED FROM NATURAL R A i N  BUT OPEN TO THE ATMOSPHERE (From Scc t t .  1979) 

:a, 4 b)  
Ram exposed R a l n  p r o t e c t e d  

so11 E x t r a c t a b l e  S S a d d i t i o n  Grain Straw G r a i n  Straw 
ug/q mg/pot m d p o t  

Loamy sand 0 32.9 32.6 12.6 24.2 
F Luvic - g l a c i a l  
g r a v e l  4 . 4  29 . I  LO 4 1 . 3  40.3 21.3 31.4 

Boyndie series 50 60.9 54.6 46.2 47.9 

Loam 0 47.4 48..4 28.6 36.6 I 
T i l ?  from lower 
ORS marl 7.9 43 .2  LO 46.4 51.2 37.5 42.2 

Laurenceki rk 
s e z i e s  50 53.9 62.8 48.7 49.8 

Loam 0 49.9 46.7 38.6 44.0 
T i l l  from ! c w e r  

ORS marl 12.5 61.8 IO 53.1 48.0 45.2 45.9 

50 50.7 54.8 48.5 52.1 I 
~ 

Ba.sa1 n u t r i e n t s  added per pot: 1.2 g N as NO ? 

0.5 g P and 0.7 g K as K H z p o .  

0.2 g Mg and 0.2 g Na a.s c h l o r i d e  

Es t imat rd  S , :. b d k  d e p o s i t i o n  
over growing seascn: 26 mg S / p o t  

Sii!phu: d e f i c i e n c i e s  in t h e  f i e l d  have been r e p o r t e d  from mcst  other coun- 
t.rie.5. p a r t l c u l a r i y  in i r reas  where a tmospher ic  S s u p p l i e s  a r e  l o w ,  such as 
A ~ ~ , s r . r a l i a .  Western Canada. many p a r t s  o f  t h e  USA, and In  t r o p i c a l  c o u n t r i e s  
(Beaf.on and F G X .  1.971; MiLachlan. 1975; Termaa, 19?8i. In many o f  t h e s e  areas 
S-containing feri.;!. izers a r e  ~n r e g u l a r  use.. 

- ii! BaI=n(:iny t h e  s i ! - c r o p  su lphur  budget. 

I f  t h e  t rend  towards low-S f e r t i l l z e r s  c c n t i n u e s ,  a r e d u c t i o n  I n  s 
emissions t.o thr atmosphere must e v e n t u a l l y  p u t  s t r e s s  on c r o p  su lphur  s u p p ~  ies 
i n  Western Elircpe, s i m i l . i r  to  That. expe r i enced  i n  Other  par ts  o f  t h e  world 
.ahere improved d g C L C ' I l t U l e  is p:.crctised under 1 . 0 ~  a tmospher lc  S i n p u t s .  

The large ?umbel' o f  whys c f  mcorpc , r a t ing  S i n t c  f e r t . i l i z e r  m.ixtures a r e  
d iscussed  by Bixby and Beaton 1L9701 and Beatorl and Fox (1971.1. 
m a t e r i a l s  seem .fo b e  most.  w ide ly  used 1'1 d i f f e r e n t  p a r t s  o f  t h e  wor1.d: 

The fol.lowing 
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Elemental  s u l p h u r  

Ammonium s u l p h a t e  (24%S) 

Ammonium s u l p h a t e - n i t r a t e  (6  - 12%S) 

S i n g l e  superphosphate  (13%S) 

The e x t r a  cost o f  adding S t o  h igh  a n a l y s i s  f e r t i l i z e r s  may not be very 
h i g h .  For i n s t a n c e ,  i n  B r i t a i n  t h e  n i t r o g e n  i n  ammonium s u l p h a t e  costs about  
35% more t h a n  i t  does  i n  urea ,  b u t  t h i s  m a t e r i a l  h a s  an  S/N ratio of 1.15. 
R e l a t i v e l y  l i t t l e  o f  it i s  r e q u i r e d  i n  a mixture  t o  p r o v i d e  t h e  S/N ratio o f  
0 . 2  - 0 . 3  needed by crops, so t h a t  t h e  ex t r a  su lphur  should cost below 10% o f  
t h e  cost o f  t h e  n i t r o g e n .  Sulphur-coated urea ( 1 2  - 20%) i s  a slow-release 
s o u r c e  o f  n i t r o g e n  as w e l l  a s  a source o f  S ,  and t h u s  combines t w o  f e a t u r e s  
l a c k i n g  i n  many f e r t i l i z e r  mixtures. Beaton and Fox (1971) estimate tha t  t h e  
N i t  c o n t a i n s  is o n l y  2 0  - 25% mre expens ive  t h a n  i n  u r e a  o r  ammonium n i t r a t e ,  
and a g a i n  t h e  small amount r e q u i r e d  would n o t  c o s t  much extra.  

iii) Conclusions 

The g r e a t  v a r i a b i l i t y  i n  s u l p h u r  c o n t e n t s ,  s o r p t i o n  properties and 
o r g a n i c  matter turnover  in soi ls ,  combined w i t h  d i f f e r e n c e s  i n  crop uptake and 
t h e  v a g a r i e s  o f  t h e  a tmospher ic  supply,  mean t h a t  it is impossible to g e n e r a l i z e  
about  soil-crop s u l p h u r  requi rements  i n  r e l a t i o n  t o  atmospheric  emiss ions .  I t  
i s  clear t h a t  o n l y  broad t r e n d s  can  b e  predicted, and t h a t  each soil-crop- 
environment s i t u a t i o n  must b e  a s s e s s e d  on  i t s  own merits. 
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