
" l~ 

~'-
, ' 

1 
;, , 
" 

i 
; 

t 
t 
\\' 
~ 

1 
c. 

, 
t 

f, 
ff 

l 
f 
è 
r 

\ 

- (. 
1 

.. 

FORMS OF SULPHUR IN SOILS AND THE EFFECTS OF 
ADDED SULPHUR AND PHOSPHORUS ON GROWTH OF 

BARLEY (HORDEUM VULGARE L.) IN THREE 
QUEBEC SOILS 

'f 

@ by 

P.N.S. Mnkeni 

. f 

, , 

.. 

A thesis submitted to t~e Faculty of Graduate Studies ' 
~nd Research in partial fulfil)ment of the 

requirements for the degree of 
Master of Scie~ce 

Department of Renewable Resources, 
McGill unive,sit~; 
Montreal, P.Q., Canada. March 1980 

,~ , 

- , 

1 
) 

1 



" 

,,' 
" 
" 

, " 
" 1. 

f; 
~ 

( 
..,," .. ,,:, .. ~~,.~-., ,.,.-,-.. ", "-......... """"I("'~--"',r"k,.v"" ,~> ... :~"\-"',II'rt~_~"':J't~." ...... ~".,..~~"~h~~:, 

.1 

/ 

Suggested short title 

SULPHUR IN SOILS AND EFFECTS OF ADDED S AND ,P 
~N BARLEY GROWTH 

P. N. S. MNKENI 

. " 
J 
tt ," 
) 
i 
; 
~ 

~ . 
i 
j 

! 
~ 
<l 

1 
'j 

t 
~ 

@ 

\~ 

! 
,~ 

l J 

1 fi! 



c, 
( 

t 
\ 

" 
L 
~ 
~ 
~ 
~>I 

t: 
l r 

i 
" ~' 

~ . " 

.. 

M.Sc. 

ABSTRACT 

P. N. S. Mnkeni Renewable Resources 
/ 

FORMS OF SULPHUR IN SOILS AND THE EFFECTS OF 
ADDED SULPHUR AND PHO,SPHORUS ON GROWTH OF 

BARLEY (HORDEUM VULGARE L.) IN THREE 
QUEBEC SOI LS r' 

" The study ~as carried out on three' ,Quebec soils belong-

ing to the St. Bernard, Howick and Bearbrook series. The lab-

oratory study revealed that total S contents of soils ranged 

from 0.032 to 0.060010 and were cortelated to total N and organic 

C contents. Extractable sulphate values decreased with depth 

and top soil values were above critical levels reported for 

corn and alfalfa. Mineralizatîon resulted in appreciable con-

tribution to S04- o$ • The top "soils showed negative sulphate ad-

sorption but subsoils adsorbed considerable sulphate. 

The field ~lot study showéd that added S increased barley 

yields only on the,Bearbraok ~oi1 in 1978. Tissue S cantent'was • 

increased with.,added Sand critica1 S cOncentrations in grain 

were estimat~d to be 0.08% and'O.14% for the BearbroQk and st. 

Bernard soils, respectively. ,Added S significantly narrowed 

N:S ratios in grain and critical N:S ratiostwere estimat~d ta be 

24:1 and 15:1 for the Bearbrook and st. Bern~rd soils, respect-

ively'. Added P increased yields, P concentration and uptake on 
" 

,the Bearbrook and Howi9k soi1s. . Rain added sub,stantial amounts 

of S during the grow~ng season at -aIl three sites • 
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RESUME 

P. N. S. Mnkeni Ress'ources 
Renouvelables 

If 
FORMES DE SOUFRE DANS ~ES SOLS ET LES EFFECTS DE 

L'ADDITION DE SOUFRE ET DE PHOSPHORE SUR LA 
CROISSANCE DE L' ORGE (HORDEUM VULGARE L.) 

DANS TROIS SOLS DU QUEBEC 

. L'étude a été menée sur trois sols du Québec appartenant 

aux séries St-Bernard, Howick et Bearbrook. Les résultats de 

laboratoire ont démontré que les teneurs en S total des sols 

varient de 0.032 à 0.060% et qu'elles sont reliéeJY~ux teneurs 
t' V , 

en N total et en C organique. Le contenu en sulfate extractible 

du sol diminue avec la pr0fondeur et 'les valeurs obtenues dans , 

les horizons de surface dépassent les niveaux critiques néces-

saires au mais et ~ la luzerne. Une contribution appréciable 

au éontenu en sulfate est fournie par minéralisation. Les sols 

de surface adsorbent les sulfates négativement, alors que les 

sous-sols révèlent une adsorption considérable de sulfate. 
'-"i 

Les essais ,en parcelles menés en 1978 ont permis de con-

clure que l'addition de soufre n'aug~entait les rendements en 

orge que dans le sol Bearbrook. La teneur en S des tissus 

a alJgrnenté \ et la teneur cri tique en S du grain a été estimée' à 

0.08% J?Ou'r le sb1 Bearbrook et à '0.14% pour le sol St-Bernard. 

Le rapport N:S du, grain a diminl:lé de facon signi~icative par 
/ 1 

l'addition de. soufre. Des rapports N:S critiques ont été 
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estimés à 24:1 et à 15:1 pour les sols Bearbrook et St-Bernard, 

respecti vement. L' addi tion 'de phosphore a provoqué 'une aug-

,; 

mentation des rendements, de la concentration en P 'et de s,on 
\ 

~ 
assimilation 'sur les sols Bearbrobk et Howick. 

" 1 1 l' 

Les précipi~ations durant la saison de croissance ont . 

fourni des quanti tés substanti elles de soufre à tous les si te~·. 
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FO REWO RD 

This thesis is presènted as t~o papers, noted as 

Chapt ers 2 and 3 , respectively, to be submitted for pub-

lication. It contains an overall introduction and lit-

erature review to both chapt ers , and ends with a cornbined 

conclusion for both chapters. 
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INTRODUCTION 

sulphur deficiencies have been reported in many areas 

around the wôrld and sulphur fertilization is now required in 

many places to prevent decreases in crop production (Coleman 
/ 

1966) • 
) l , 

The factors responsible for this widespread occurrence 

~n su1phur defic;ency have also oeen discussed by Coleman {1966} 
'. ~ ", 1 

1 

and include increased use of high analysis fertilizers with 

1ittle or no sulphur, decreased use of'sulphur as à pesticide, and 

1 

measures taken ta limit atmospheri~ pollution from industrial 

and domestic sources. 

In Quebec, 'the trend towards the use of high analysis 

ferti1izers has neen the same as elsewhere. The use of normal 
! 

superphosphates decreased from 68% of aIl phosphaté fertilizers 

used in the Province in 1972 to 28% in 1975 (Quebec Fertilizers 

197'5). Further atmospheric S supplies from local sources hav.e 

"also been on the decline as reported in a city of Montrëal air 

quality report for tJ:e year ,1976. 1 As yet no S deficiency has 

beenob~e~e~ i~~ province; however, Martel and Zizka (1977a, 

b) .worrying with two soil types, recorded significant increases 

'in alfalfa dry matter yields due to S fertilization and signifi-

cant de.creases in barley grain yield due td lack of or low 

lcommunante Urbaine de Montreal. Rapport de Qualite d'Air 1976. 
1 
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level of S- fertilization under greenhouse conditions. These 

rdingS along with the continuing trend towards the use o'f 

high analysis fertilizers" indicate that sulphur cou1d be a 

potential problern a~d suggest that further study covering more 

2 

soils is needed to establish the need of,ctops for S fertitiza- 1 ~ 
tion under field conditions. 

Furthermore, reports of Karnprath et al. (1956), Caldwell 

et al. (1969) and Aulakh and Parischa (1977) indicate th~t sul-

phur and phosphorus interact with one another when supplied 

together to crops. Since phosphate fertilizers already feature 

prorninent1y in Quebec agriculture, ït was of interest to find 

.§ J \ 

out to what extent the sulphur ~nd phosphorus nutrition of the 
l/>"'( 

test crop-would- b~ influen~ed {kt fertilization wi th the, two 
\ " , 

nutrients. 

In response to these concerns, a study was.undertaken in 

1978 witrtne following objectives: 

(i) to deterrnine the distribution of sorne s~lphur.fractions 
1 

in- so~e cultivated surface soils and subsoils in Quebec. 

(ii) to assess sulphate mineralization and sorption poten-

tial of the éXperimental soils. 

(~ii) to determine barley yield response to S fertilization 

and the S-p interaction under field conditions. 

__ ~_(iv) to assess the contribution of sulphur from, precipita-
<J 

tion during the growing .perio~. 

•• 1... , 

:j. 
1 

, 1 

, 
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\ , The information generated :f;rom this s,tudy is presented 

in two chapters. Chapter 2 is concerned with th~ characteriza-

tion of the experimental soils in terms of the ,distribution of.~' . 
. , 

the various S fractions, and their potential for sulphate min-

eralization and so~ption. Chapter 3 deals with the effects of 

Sand P fertilization on the yield and quality of the bar~y 

crop as weIl as the contribution of S from rain. 
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CHAPTER 1 , ' 

LITERATURE REVIEW 

1. Su1phur Status of Soi1s , 

1.1. Sulphur Gains and Losses by Sail . 

The sulphur status of a soil is a result of the inter
( 

play of a number of factor~ including the initial sulphur con-
f / , 

. tent of the parent rnatOerial, the rate at which sulphur is added 

to the soil and the' rate at which it is lost. 

The lithosphere -conta'ins about 0.06% S which is present 
"'l 

mainly as sulphatés in sedimentary rocks or as metallic sul-

phides in igneous r9cks 1 rnuch of which is transformed to sul-

phate 'during the pro cess of weathering (Jordan and Ensminger 

~958). This native sulphur is supplemented by variable addi-, 
, 

tians from the atmosphere and agricultural practices. The prin-

'ciple source of 'atmospheric_S is, S02 released in urban' and in

dustrial areas by burning su1phurous fuels (Coleman 1966). 

Accessions Q~ S from the atmosphere can va~y from less than 

1 kg/ha/year in remote rural areas to more than 13 0 kg/ha/~>ear//,./"".'î 
, -J/ } 

. ' 

near industrial centres. ~gricultural practices such as appli- 1 ( 

L 
cation of sùperphosphates (12% S) or ammonium sulphalte (24%-S), 

manuring, use of sulphurous fungicides and irrigation also add 
1 

1 5 
, 'i 

, 1 
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significant quantities of S ta the sail (M~hring and Bennet 

1950; Jordan and Ensminger 1958). 

Much of the S lost from the sail is accounted for by 

• > 1 . 
- 1eaching an? ... to a rnuch 1ess extent by production of v01,atile S 

gases. Losse~ of S from the soi1 by Ieaching as measured in 

6 

1ysimeter perco1ates ~ave been reporteq by a number of'workers~ 

'" (Driebe1bis 1947; Pratt and Chapman 1961; Volk andl Bell 1945). 
f 

These 10sses were found to vary from insignificant1y smail 

amoun~ to as much as 285 pounds per acre per annum. Produc-

tion of volati17 '~es has been demonstrated both in anaerobic 

fJ (~ 

and aerobic soi1s (Lewis and Papavizas 1970; Banwart ~nd Bremner 

1975). However, Banwart and Bremner (1976) working with 25 

different Iowa soils under aerobic and water10gged conditions 1 

found that where S was volatized, the amounts were so smal1 
1 

« 0.05% of total S) that gaseous 10sses of S from soi1 would be 

. insignificant under conditions likely to be encountered in the 

field. 

1.2. Total S in 80i1s 
Il 

Various1workers have r~ported values for the total sul-. 
j \ 

phur content o~ soi1s (Evans and Rost 1945; Wil1~arns and~tein-

bergs 1955; MacKenzie et al. 1967: Tabatabai and Bremner 1972b: 
• 1 

Bettany et al. 1973 f. Generally it has been found that soi1s 

have a· total S content ranging from 0.002 to 3.'5%· S. In non-

, 
'1 
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calcareous mineraI soils, total S content values range betwee~ 
/ (.~ 1 

0.01 and 0.1% an~ have ~een fo~nd to be clos~ correlated with 

organic matter contents (Tabatabai and Bremner 1972a) • 

• 
1.3. Inorganic S in Soils 

Most noncalcareous soils conta in very little inorganic 
1 • 

S, usually less than 5% of the tota~ S (Freney et al. 1962; 

Tabatabai and Brernner 1972b; Bettany et al. 1973). Su1phate 

·and sulphide are the most cornrnon forms in, soils. Under aerobic 

conditions t,he inorganic S fraction consists almoit ex~lu~ive1y 

of su1phates (Freney.et al. 1962; Neptun~ et al. 1975). Sùl-

phide accu~lation is known to occur only in soils deve1oped-

under strong1y reducing 

soi1s (Whitehead 196~). 

. 
conditions and in poorly drained sub-

I 
Other inorganic sulphur compound~ that 

have been reported include elemental St thiosulphates, tetra-
1 . 

thionates, and other polythionates (Srnittenberg et ·a1. 1951). 

.. 1.
14. Organic S in Soils 

rtF 

Over 9~~ of the total S in most noncalcareous surface 

soils is present in organic,forms (Freney et al. 1962; Lowe 
, 

1964i Rehrn and Caldwell 1968i Tabatabai 'and Bremner 1972ai 
/' 

'Bettany et al. 1973; Neptune et al. 1975; Scott and Anderson 

7 

1976). A1though much of it remains uncharacterized, it has been 

subdivided into broad fractions which are considered to be a 

. usefu1 preliminary for further identification (Apderson 1975). 
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These fractions include HI-reducib1e-S, carbon-bonded Sand 

residua1 or inert s. 

The HI-reducible S fraction contains S compounds t~at are 

not directly bonded to carbon and it is 'thouqht t~ consist pri-

Ît' • • ';'" 
ma~~ly of sulphate esters and ethers in the form of phenolic 

su1phates, sulphat~ polysaccharides, choline su 1pha-te , and sul-
l , 

phated lipids (Freney 1967 ~ Tabata1;lai a:çl.d Bremner 1972b).. In 

most mineraI" soils it is the dominant forrn of organic S consti-

tutinq between 33 and 78% of the total soil orqanic S (Lowe 

1965; Freney et al. 19707, Tabatabai and Bremner 1972b). Sinçe 

the S in this fraction can be readily hydrolyzed to inorganic 

sulphate by ~cid or alkali, HI-reducible S is considered to be 

the most labile fraction of soil organic S (Spencer and Freney 

1960:. Lowe 1965; Cooper 1972). Despite its lability ·it is gen-

era11y considered to be too large a fraction to provide a suit-

able index of plant available S. Neverthelèss, Spencer and 

"r 

Freney (l9GO) reported "significant cor,relation between' this 

fraction and bath S uptake and yield10n several Austra1ian soils.' 

. 
The S directly bonded ta carbon accounts for between 5 tG 

35% of the total soil erganic S (Lowe 1964/ Tabatabai and Bremner 

1972; (Neptune et al. 1975). Orgal"lic soils contain a much higher 

proportion of c-bonded 8(47' te ~8%) (Lowe and DeLonq 1963). 

Based on analyaes of soil hydrolysates it has ~een estimated7 . 

/ 
that about half of the C-bonded S occurs as amine acids (Freney 

.. 
,\ 
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, 
et al. 1972). The nature of the remainder of this fraction is 

unknown. ' 

The presence of an exceptionally stable fraction of 

organic 'S was lSuggested by Lowe (1964) and later supported hy 
, ,../ 

results from other studies (Freney 1967: Bettany ~ al·. l 1973: 

Tabatabai and Bremner 1972b), which indicated that it accounted 
, 

for between 3 to 59% of the total organic S in mineraI soils.' 

According to Lowe (1964) this fraction is 50 stable that ·it is 

unlikely to he of any significancei as a potential source of S 
l ' 

to plants. 

1.5. Organic S Mineralization in Soi1s 

The fact that most of the sulphur in soi1s i6 present in 
• j 

the organic fraction and that the arnounts of sulphaterS in weIl 

drained soils are often too s~al1 to provide adequate su1phur 

for plant growth, points out the importance of the cohversion 

of organic sulphur to inorganic forms. The mechanisms of the 

mineralization of sulphur in soi1s are still largely unknown. 

However;' since rnuch of the soil organic S is present in the fom 

\ 

of sulphate esters, it has been suggested that sulphatases 
\ 

, , 

(enzymes which hydrolyze sulphate esters ~nd release inorganic 

role in the prècesses whereby o~ganic soil sulphur is miner-

alized and made available for plant gr~wth (Freney 1967; Skujins 
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1967). Sorne evidence ta t'his effect was provided by the wo~k 

of Houghton and Rose (1976) in which t1?ey incubated a variety 

of synthetic sulpliate est~rs wi th various soils and found that 

they were"teadi1Y hydralyzed by indil.ri~ous en~ymes. Apparently 

many SOil? are known ta 

releasi;1 j3ulphate from 

(Biederbeck 1978). 

contain sulfohydrolysases capable of 

alkyl- 1 aryl- 1 and sugar-sulpha,tes 

The 'bt"yl-sulphatases hydrolyze sU1p~te esters wi th an 

arornatic radical (phenolic esters of sulphuric acid) and were , 

the first slllphatases to be d~tected in soils (Tabatabai .. !'and 

Bremner 1970a). They have been reported froIn a nurnber of U. S. l ' 

African and Canadian soils '(Tabatabai and Bremner 1970a: Cooper 

1972; Kowalenko and Lowe lQ7S). In the U.S., Tabatabai ànd 

Bremner (1970b) examined 27 Iowa., surface soils and found that 

activity of this enzyme was significantly correlated wi th organic 

,C content but not wi th pH, S content, ~ 10ntent or texture of 

the soils. However, Cooper (1972) working with 20 Nigerian 
1 

,-, 

soils found a significant correlation between aryl-su1phatase 

activity and total C, organic S, and HI-reduciblè-s (r = O.878~). 
" , 

This lattelf correlation was con~idered most i1Jlportant since HI-

reducible sulphate esters are thought to be the natural sub

~trates of sulphatase enzymes in soils. In four ~~ soils 

aryl-sulphatase activi ty declined~1i-t:h~~J14-week 
incuhation period ani! although ~e' ~\SlighUY signifieant 
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correlation l;>etween aryl-sulphatase activity and CaC12!. 

. extractable sulphate (r = 0.49), Kowalenko anÇl Lowe (.1975' ) sug-
').., ~ 

gested' that this enzyme was not a major factor in the release 

'Of sulphate frq,m these soils. 
• 

. 
Despit,e the uncertainty in mechanism, mineralization of 

f..'J • 0 

small amounts of sulphate from soil organic matter has be7n 

c 

reported by severa1 wo rkers (Barrow 1961 i, Freney and Spencer 
o 

1966; Nelson 1964 i H9qUe and Walmsley 1972 i Singh et al. 1978) 1 
l "',-.........,.. 

al-;hough some~rs (Barrow 1961; Whi'te l~) have also re ... 

ported soils in whi~ no mineralization occurred during i,ncuba-

tion. When soils contain very low amounts of sulphate, the 

amounts mineralized may be critical in preventing S. deficiency 
1 

in plants,. Thu's a suryey by Hanun ,gi al. (1973) has shown that 

if the contribUtions of the minerJlized-S are - neglected 53% of 

tl;e soils tested in the Grey Soil Zone and 18% of those from 

" the Blacik Sail Zan _ ~ Saskatchew~n can be consideredas poten-

. tially'\-defici ,i The importance of the mineralized-S has 

~ also been emphasized by Bettany ~ al~ (1974) who found that 
-', 

most of the S taken up by alfalfa from several saskatchewan ' 
\ 

soi1s was ob;tained from S mineralized during plant growth. 

) 

1. 6. Su1phate Sorption 'by Sbils 
~. 

Su1phates 

organic 

to soil or released through 

subject to 10ss by 1eaching. 
( 

, 
\ 

\ ' . '. 

1 , , 

, 
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Lysimet'er studies reported by Lyon a~d Bizze1Ù {19l6), show 

'" that the remova1 in drainage watex was three ta six tirnes as 

J 

12 

mucll as was removed by crops. One of the major factors affect-

o ~ 

, ing the 108s of su1phur"by leaohing is the extent to which i t 

is retained by soi1s. S, in the form of ~ulphate (S04 2-) or 

the bisu1phate (HS04 -) ion, is retained by ?arious co1:loids in 

forms resistant ta leachiilg 'Jby water. The strength of reten-

t:i.on, however, varies in different soi1s and mineraIs (Chao et 

al. 1962a: Gebhardt 1973 ~ Haque and Wa1ims1ey 1973). Su1phate 

sa retaineq is referred to. as 0 "adsorbed" (Ensminger 195~). 

The mechanisrns of sulphate adsorption by soil co110ids 
1 1 

and mode1 systems have been tj.{scussed by various wor~ers (Har-

ward and Reisenauer 196~i Aylmore et al. 1967 i Hingston et al • 

. 1967 /.1968,1972 i Mekaru and Uehara 1972, i Parfi tt 1978). The 
,f 

theory that s~ems to have gained widel acceptance 'is that,devel-

oped by Hingst'on et al. (1967,1968,1972), which identifies two 

types of anion adsorption, specifie and non-specifie. In non-
\ 

specifie adsorption the anions are retained as counter ions" 

f -

1 l , 
in the outer Helmholtz layer or the diff~}'ayer opposite a 

net positively charged surface. Specifie adsorption on the 

. 
other hand, oceurs when the anion 'enters into coordination wi th 

\ an oxide metal ion which invo1ves disp1acement of one anion 

" (ligand) by another. In such systems, the adsorbed anion ex
dP 

changes for O~_ or OH2 + groups in the inner Helmholtz layer 

--- --- ~ - .,., _ ...... , ~"."" .~,,, J ... ~..,.' 
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(Eingston ~ al. 1972). Su1phate and other anions including 
, 1 

f1uoride, phosphate and molybdate are adsorbed, specifica11y 

in this manm=r. Evidence for ligand excha,nge by su1phate wi th 
c 

13 

/ 
surface OH groups cornes from observations that higher pH values 

• 

are obtained wpen K2 S04 is added to soi1 suspensions than 

values obtained wi th KC:). of equal narmali ty (Chao et al. 1965 ~ 

Bornemisza and Llanos 1967; Mekaru and Uehara 1972)., 

Sulphate adsorption 

1 .. 
strongly de?endent on pH. 

in soils has been shown to be 

Most studies have shown that reten-
(?' , 

tion increases with decreasing pH of 'the equilibrating solution 

,withi~ the pH range 6.5 to 4.0 approximately (Chao et al. 1962; 

Kamprath ~ al. 1956; Harward and Reisenauer, 1966). timing 

. 
soils with sulphate retention properties have been shown to' 

r 

desorb sorne of the adsorbed sulphate and reduce the amount of 
(' 

su1phate retained (Vo1k and Bell 1948; Ensminger 1954:' Ay1mbre 

and Karim 1968). This liming effect is considered to be a dir-

ect effect of pH in' which Su1phate is' displaced by hydroxyl groups 

'l_ 
(Harward and Reisena:ue~ 1966). l5Y contrast, Mokwunye (1975), 

working with sorne Nigeriàn soils, reported incFeased re~fIlntion 
/ 

with increase in pH and s'uggested that liming activated sur~ace 
f 

hydroxy-dulninium speeies. ( ... 

Phosphate ions have a1so been shown to affect sulpha~e 

adsoX'Rtion. Kamprath et al. (1956) observed that adsorption of 

sulphate from solution was reduced by th,e presence of phosphate 

\ 1 
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ions dramatically. This was in agreement with findings that the 

drder of adsorption for different anions is phosphate> molybdate 

> sulphate > nitrate = chloride (chang and Thomas 1963). This 

conclusion has been further supported by field and laborator,y 
'4> 

'evidence in which it has been demonstrated that when single 

c 

superphosphate is applied, phosphate tends to be retained in 
, ~ 

, 
the upper top soil while sulphate tends to be adsorbed further 

down in the profile (Ensminger 1954; Aylmore and Karim 1968). 

However, it should be mentioned that while this distribut~ 
" '" ~ 

--------------~, 
, ----

, 
pattern rnay result from the displacemerlt of 'sulphate by phos-

pl1ate, other factor~ may aiso contribute. competition from 

organic ,matter for anion adsorption sites, for instance, is 
1 

thought to limit retention off su1phate by topsoils (Fox 1974). 

Further, in long-terrn field experiments in Po1and, Boratynski 
\" 

and zietecka (1974) found that differences in sulphate retention 

1 

could also be attributed to soil texture. They found that in 'a 

moderately heavy soil, sulphate was retained in.both~topsoil and 

subsoil layers; in a 'medium soil, sulphate was not retained to ' 
1 

a significant extent in the topsoil but large amounts were re-

tained in1the subsoil; in a light soil no sulphate remained in 

1 

the topsoil and measurable retention in the subsoil was observed 

only a t the highest rate of superphosphate application. 
" ' 

The tendency for sulphate to accumulate in sùbsoil hori-

zons has important consequences for plant 'nutrition. In sorne 

;-
1 
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parts of the U.S.A. where topsoils are lighter in te~ure and 

have high pH and phosphate status, sulphur deficiencies have 

been reported in shallow-rooting crops, and in deeper-rooting 

crops during 'establishment, butlnot in established deep-rooting 

crops which have access to subsoil S SUPPl:!de ' mprath ~ al. 

1957: Anderson and Webster, 1959; Stanford and L nc ster 1962). 
" 

However, Metson (1978) cautions that the large accumulations of 

adsorbed sùlphate sometimes found in subsoils may not be neces-

sarily avaitablé to plants, as these high sulphate levelsmay 

be associated with pH levels 50 low that alurninum toxicity may 
, , 

be restricting root growth. 

i' 

, 
- 2. Sul,Ehur in Plant Nutrition 

(' 
2.1. Crop Response te S Fertilization 

• Sulphur plays an important biological role in plant nutri-

tion because _it is a constituent of sorne irreplaceable amino 

~cids and ~is involved in sorne metabolic processes (Coleman 1966). 

Thus addition of sulphur-containing fertilizers to S deficient 

soils increases their yields ~nd'improves their quality. Re-

sponses to direct applications of S have been reported in several 

crops inc1uding cereals which are general'ly regarded as having 

low S requirements. l ' In Canada, S-favourably influenced barley 

yields in Alberta (Bentley et al. 195~; Nyborg l,968) and in the 
1 --

;;-

United Stàtes~similar resportses have been reported in several 
\ 
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states (Conrad 1947i Powers 1923i Anonymous 1964). BeneficiaI 

effects off S to corn and other cerea1s have alsé been reported 
\ , 

and are summarized in a review by Beaton (1966). 
, 1 i 

2.2. su1phur-Phosphorus Interaction 

Interaction between sulphur and phosphorus has been re-
':' 

ported by a numbe~ of workers. Aulakh and parischa (1978) 

reported a.significant negative interaction between Sand P on 
~ 

the yield, grain quality, concentration and total rernoval of 

\1 

su1phur ~nd phosphorus by Moong c~ops. cal,dwell et al. (1969) 

reported consistent decrease in P content in a1falfa and corn 
\ 

tissue with increasing rates of su1phur. Sirni1ar results were 

reported by co).c (1962) who found_ that S deficiency en'couraged 

P absorption in a barley experirnent. Antagonistic ~ffects of 

sulphate sulphur on per cent P have flso been reported in oats, 

by Nielsen et al. (1967). 

2~3. Sulphur Status of crops 

The content of total S in plants has been used as a di-

agnostic criterion for S adequacy in plants by several workers. 

Harward et al. (~962), in greenhouse work with alfalfa, obtained 

highly significant correlation between per cent yie1d and S 

content. On the basis of this relationship, they suggested a 
, 

critical level of 0.22% S for alfa1fa. d wheat 

Gupta (1976) found sulphur concentrations than 0.12% in 

. -- _ ... { .. . , 
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kernels and boat stage tissue (BST) to be associated with S 

deficiency in the two crops, whil'e concentrations greater tran 

0.14% were in the sufficiency range. This was in contrast to 

the value reported by Ward et al. (1973) in which S levels of 

less than 0.15% in wheat and barl~y were considered to be low. 

The N:S ratio has also been suggested as a means of de-

fining the S requirernents of crops (Dijkshoorn 1960). This 

index has been shown to be relatively stable for individual 
;' 

crops because' su1phur and nitrogen forro part of the plant pro-

teins in fixed proportions. Pumphrey qnd Moore (1965) fJund 
1 • 

the N:S ratio in alfalfa to be re1atively constant over a wide 

range of growth stages and suggested a ratio of 15:1 or above 

to be indicative of S deficiency. with a normal nutrient re-
'" 

" 

17 

gime\Dijkshoorn and Wijk (1967) reported N: S ratios of 15: 1 in" 

the 1eaves of many species of field crops, 14: l in grasses and:-

17:1, in 1egumes. 
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4. INTRODUCTION 

, 
Generally sulphur deficiency symptoms have not yet been 

reported in the Province of Quebec. However, the possibili ty 

that sulphur rnight be li mi ting in crop production has been indi-
1 

càted by' recent greenhouse work by Martel and Zizka (l977a, b) 

ip which they reported significant increases in alfalfa dry, . 

, l "'Ii-' 
mattef yields due to S fertilizati'on and significant decreases 

~ 

in barl_ey grain yields' due to lack oi or low level of sulphur ~ 1 
, The purpose of the work reported her, was to provide informa-

ri , 1 

tien on the sulphur status of sorne QUebec soils chosen for a 1 
\ 

field study designed to provide more information on· the poten-) 

-tial nature ofsulphu~ as a soil ferti,li ty problern in South-

western Quebec. Sorne information oh the sulphur status of Que-, 

bec soi1s is already availab1e from sorne early work by Lowe and 
~ .. 

DeLong (1961) and MacKenzie et al. (1967), but was restricted 

to the distribution of the diflferent forms of -sulphur in a few 

soil types. An additional objective of this work was- to obtain 

information on s'Qlphate sorption and rninera1ization potent,ta1 
1 

of the experimE7nta1 soils hi therto unavai1able on any Quebec 

soils. 
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5. MATERIALS AND METHODS 

5.1. Soils 

The soils under study were aIl cu1tivated soi1s from 

kach of three field experirnent sites each located on a differ-

ent soil series. The soils included a St. Bernard sandy loam 
! 

at the Macdonald Co11ege Seed Farm, a Bearbrook clay at/Hudson 

and a Howick silty clay loam at .Riverfield: aIl in the Pro-

vince- of Quebec. Samples ~ere obtained from three sampling 

depths: 0-15 cm, 15-30 cm and 30-45 cm, respective1y. The 

samp1es were air dried, ground and sievedto 1ess than 2 mm 
Il 

before ana~ysis. Samples which were used for total-N, tota1 

t 

Sand HI-reducib1e S analysis were ground to pass a lOO-mesh 

"screen. 

5.~. Chemical Analyses 

5.2.1. Total Sulphur 
. 1 

Total sulphur was determined by the alkaline okidation 

method of ,Tabatabai and Bremder (197D) u~ing hydriodic"acid 

reduction and the bismuth su1phide--.end-point· (Dean 19êp).\ 

5.2.2. HI-Reducible-Sulphur 

This was determined by the method of Freney et al. 
) 

(1969) using the apparatus described by Tabatabai and Brernner 

28 
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(1970) and the bismuth sulphide endpoint (Dean 1966). 

5.2.3. rnorganic Sulphate 

Two forms of'inorga~ic sulphate were extracted. The 

readily soluble-S04 w~s extracted using 0.01 M CaC12' 2H20 in a 

1:2 soil/solution ,ratio (Bettany and Ha1stead 1972). Thè 

readily soluble plus adsorbed sulphate was extra.cted using 
-;, 

0.01 M Ca(H2P04)2 (Fox et al. 1964) in a soil/solution ratio 

of 1:5. KH2P04 was not used because it results in a very tur-

bid extract (Fox et al. 1964). 

Sulphur in the ,extracts was deterrnined turbidi:metri-
" 

cally as outlined by Chensinin and Yieri (1950) but the turbi-

dit Y readings were taken using a"'Zeiss P.M.Q. II Spectrophoto-
1 

meter at a wavelength of 490 nm. 

5.2.4. Total Organic Sulphur and 
Carbon-bonded Sulphur 

Total orgimic sulphur was calculated as the difference 

29 

between total sulphur and sulphur extracted by 0.01 M Ca(H2P04 )2 

solution. 
fI 

. Carbon-bonded sulphur was calculated as the difference 
r .' 

"betwee9 total organic sulphur'and Hlïreducible sulphur. 

5.2.5. General Analytica1 Methods 
1 

Total nitrogen was estimated by the micro-Kjeldahl 

method as described by Bremner (1960). Organic) carbon was 
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1 
1 \ 

estimated by the wet combustion method hf Walkley and Black 

(Allison 1965). Soil pH was determined in a glass electrode 

assembly in a 1:2.5 soil/water ratio (Peech 1965). 

, ' Extractab1e phosphorus was determined by the Bray No. 2 . 
m~thod (Bray and ~urtz 1945). This consisted of shaking 2.5 9 

, ' 

of sail for one minute wi th 25 ml of the extracting solution 
, 

(0.03 N NH4F and.O.l N HCl). The phosphorus in the soil ex-

tracts was measured o~ the "Technicon Il auto-analyzer using the 

~hlor~stannous reduced molybdo-phosphoric blue colour method 

described by Jackson (1962). 

Dithioni te-extractable ,iron and acid ammcmiuIl\, oxalate 

extractable iron were determined following the,methods outlined 

by McKeague a,nd Day (1966) and modified by Raad, Protz and Thomas 
/' 

( 

(1969). A Perkin-Elmer model 303 atomic absorption, spectro-

~meter was used to measure iron in the extracts. 

5.3. Incubation Experiment 

Ten-gram samples of air,dried surface soil were weighed 

into 250 ml Erlemeyer' flasks. oistilled deionized water was 

added to the soils to bring the moisture content to field 

capacity followed br mixing which resulted in a loose weIl aer-

ated sample. The flasks containing, the moistened soils were 

sealed with Saran wrapl and incubated at 3d' C. Flasks were 
lDow Chemical of canada Limited, Toronto, Ontario. j 
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weighed periodica11y and brOUg~t ~o 
incubation period soil samp1es Lere 

field capacity. After each 
, 

extra,cted and ana1yzed for 

sulphate sulphu~ using the same methods that were used for 

inorganic sulphate in soils. 

Two and one-half grams of .J were equilibrated with 

5.4. Sulphate Sorption 

K2S04 solutions (25 ml) ranging in concentration from 5 to 
1 

250 \-lg S ml-l, in 0.0,1 M CaC12 solution. Soil suspensions were 

shaken for one hour, left to equi1ibrate overnight at 25° C and 

shaken for another hour the next morning for a total of 24 
',," 

, 
hours in suspension. Chao et!l. (1962a) found no significant 

,difference between continuou:;; and occasional Ishaking. After 

equilibration the suspensions were filtered and sulphate'de

termined from an aliquot o,f the filtrate usingOthe method of 

Chensinin and Yien (1950). The amount of sorbed sulphate was 

--àeterrnined by diff~rence. 
~ 
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6. RESULTS AND DISCUSSION 

, 1 

6.1. Total Sulphur .. 
The total S contents of the three surface soils studied 

ranged from 0.038 per cent to 0.060 per cent (Table 2 ) and 

were within the range of analyses reported in other studies 

0.013 to 0.094% s' for sorne Minnesota soils (Rehm and Cald-

weIl 1968), ,0.057 t~ 0.062% SI for sorne Iowa soils (Tabatabai 

and Brernner 1972) and 0.0088 to 0.076% S' for sorne Saskatchewan 

soils (Bettany et al. 1973). Theyalso compared very weIl with 

those for two other Quebec soils, a Greensboro (0.044% S) and 
\ 

a Sherbrooke (0.053% s) reported by Lowe and DeLong (1961).' 
! 

The total S content decreasèd appreciably with depth in aIl 

three solls. The Bearbrook soil had the highest amo~nts of 

total S throughout the three sampling d'epths followed by Howick 

and the st. Bernard soil (Table 2 ). There was a strong corre-
1 

lation between total S content and organic carbon (r = 0.96, 

p = <0.01) and total N contents (r = 0.98, P = <0.01), indicat-

ing that rnost of the sulphur in these soils was organically 

boùnd. This is confirmed by the data in Table 2 which show 

that organic S in these soils ranged from 0.03 to 0.OS5 per 

cent and accounted for over 90% of t~e total S in each soil. 

Like'total S, organic S was significantly (P = <0.01) cobrelated 

\ 

1 
1 
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to organic carbon (r = 0.79). Tâbatabai and Bremner (1972a,b) 

and Harilard et al. (1962) reported simi lar resul ts for Iow~ and 
o 

Oregon so~ 1s 1 respecti ve1y.· 

6.2. HI-Reducible Su1phur 

The content of HI-reducible sulphur ranged from 0.017 

per cent to 0.019 per cent for the surface soils .(Table 2 ). 

These values were considerably lower than those of two other 

Quebec soils, Q Greensboro (0.032%) and a st. Rosalie (0.031% 

s) reported by Ww.e (1963) but were within the range of simi-

lar analyses reported by Bettany ~ al. (1973) for sorne Saskat-

f 
chewan soils. The HI-reducible values were significantly P = 

4' <0.01) correlated with total S (r = 0.97) and consequently fol-

lowed a similar distribution pattern in the three soils. 

Although HI-reducible'S values are almost identical for the 

three soils, ,considerable differences 'emerge when tthese values 

J) 
are expressed as a percentage of total S (Tab~e 2). It is 

,. evident that the St. Bernard soil with the lowest! total S con-
L 

1 
r tent had the ~ighest proportion (5~h) of HI-reducible S com-
1 
! 
/,..:. ~ 

pared to the other soils. These differences in proportion were 
t 
'; ;. not related to the levels of organic carbon in the soils~ Never-
~, , 
t 

t 
;, 

(~ t-
'.~ 

theless, these proportions were wi thin the, range (33 to 78%) 
1 1 

norrnal1y encouhtered in mineraI soils (Lowe 1,965-). 

, , 
1 
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6.3. Carbon Bonded Su1phur 

Due to lack of a reliable procedure for estimating'C
! 

bonded Sin soils (Freney et al. 1970i Bettany et al. 1973), 

i t was calculated' by subtracting HI-red,ucible S from total S. 

Consequently the magnitude, proportions and trend of tihe values 

obtained (Table 2 ) are a reverse of those described for HI-

reducible S. The proportions were rnuch higher than those re-

\ . 
ported by Lowe (1963) for three Quebec rruneral soils in which 

C-bqnded S estimated by the Raney-Nicke1 method accounted for 

1 
12, 27 and 32% of total S in the three soils. This finding 

was not entirely surprising because F~eney et al. (1970) found 

that even under optimal conditions, the amount of Raney-Ni!ckel 

reducible sulphur was 5~1o less than theoretical quantities of 

C-bonded sulphur'calculated as above. 

6~4. C:S and N:S Ratios of the Soils 

The data in Table 2 show that the C:S and N:S ratios 

~, 1 
of the three surface soils analyzed ranged from 40!1 to 55:1 

and 4: 1 to 5: l, respecti vely. The c': S ratios were far lower 

than the average of 109: 1. 5 for 3,7 Iowa soils reported by 

Tabatabai and Bremner (1972a). The N:S ratios ,ere also very 
, 

low compared te those reported from other parts of the wo'rld: 

7.2 for' 91 Scottish soi1s (Williams et al. 1960), 8.0 for 90 

Australian soils (Williams and steinbergs 1958) and 9.9 for 16 

-_ t 
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Oregon soils (Harward ,let al. 1962). However, the values com-, 

pared very weIl wi th those reported by' ,Lowe (1963) for blo other 
\ 

Quebec soils. The Grenville had a C:S ratio of 36:1 and N:S 

ratio ofjS.4:I, while the Greensboro had C:S and N~S ratios-

of 62:1 and 5.7:1, respectively. Thus, based on the results of 

1 

these two different studies it~seems logical to suggest that 

narrow C:S and N:S ratios appear to be'a property of most IQue-

bec soils. 
/ 

The N:S ratios rernained virtually constant to the 30 cm 

level but decreased,to less than 3:1 further down in theJpro-

file for aIl three sQils. ,A similar trend has been reported by 

Harper (1959) for six Oklahoma soi1s. ' 

1'1 ' 

6.5. Inorganic Sulphate Sulph~r 
, 

The data on 0.01 M CaC12·2H20 extractable sulphate and 

0.01 M Ca(H2P04)2 e~ractable-S04 (Table 2 ) show that the two 

reagentsi extracted different amounts of sulphate S from the /ex-
1 • 

perimental soils. The phosphate reagent extracted relatively 

more sulphate than the chloride reagent in aIl soils at each 

sample depth indicating tha~ aIl soils contained' considerable 

amounts of adsorbed sulphate unlike sorne Iowa soils which con-

tained virtually no adsorbed sulphate (Tabatabai and Bremner 

1972b). Regardless oi the extraptant used, in aIl soils, the 

surface soils had larger amounts of r extractable sulphate than 

~ \ 

\ 
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Table 1 • Sorne physical and chemical properties of the experiment~l soils. 

Bray Dithionite 
Soil Depth Texture pH ./arganic Total - C:N No.2 Extractable 

Series ,Ccm) Carbon N Phosphorus Fe 
% ,E,Em % 

St. Bernard 0-15 Sandy .-5.4 1.98 0.15 13:1 105.8 0.56 
clay 

15-30 10am 5.6 1.44 0.13 Il:1 78.3 ,', 0.52 

30-45 6.0 1.10 0.09 12:1 94.2 0.38 

_.~~;;;~ ... :".l'';M~'''~'''''''~''''';''''"' ",.- , ~ -'" 

, .. 

Oxalate 
Extractable 

Fe 
~ 

0.55 

0.50 

0.38 

./ ~ 't'!'~;~5;~ 
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Table 2 . Different forms of Bu1phur and C:N:S ratios in the experirnental soils. 

HI- HI- C- C- Extractable-Sb~ 
Soi1 Total Organic Reducib1e Reducible Bonded Bonded 0.01 M 0.01 M 

Series Depth S S S S S S C:N:S Ca (H2P04)2 caC12 
(cm) (%) (%) (%) (% total Sr (%) (% total S) 

~9: SL.9: Soil 
St. Bernard 0-15 0.03,8 0.036 0.019 50 0 .. 017 44.7 55:4:1 24.7 11.3 

15-30 0.034 0.032 . 0.018 53 0.014 41.0 45:4:1 21.3 9.2 , 

30-45 0.032 0.030 0.011 34 0.020 63.0 37:3:1 17.9 6.3 

, 
Bearbrook 0-15 0.060 0.055 Ô.017 -~ 0.039 65.0 51:5:1 41.8 24.2 

15-30 0.048 0.046 0.011 23 0.035 73.0 41:4:1 26.3 13.9 

30-45 0.040 0.037 0.012 30 0.025 63 •. 0 26:2:1 28.9 6.4 

Howick 0-15 0.055 0.052 0.019 35 0.032 58 40:4:1 32.2 5.8 

15-'30 0.039 0.036 0.015 :l9 0.021 54 43:4:1 27.9 5.3 

30-45 _ 0.036 0.033 0.011 31 0.023 64 12:2:1 31.7 4.2 

~~ 

Standa-rd error +0.008 ±0.002 +3.2 _±1.5 
(S.E. ) 4 
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the subsoi1s in contrast with resu1ts fr.om other Eastern Can-

-
adian soi1s (MacKenzie et al. 1967J 1 which showed significant 

accumulation of extractable-S04 in B horizons. 

The Bearbrook soil had the highest phosphate extractable 

sulphate content 'in the surface soil fol1owed by Howick and st. 

Bernard soils (Table\2 ). The same ,arder was followed by the 

organic carbon and total 1 S contents of the soi1s (Tables 1 and 

2 ) indicating sorne re1ationship between extractable sulphate 
, 

and organic matter and total 5 contents of the soils. Harward 

et al. ( 1962) also observed tha t sorne Oregon soi ls wi th high --.-
leve1s of organic matter had high amounts of extractable sul-

1 

phate. The phosphate extractable suiph~te values found in this 

study were aboJe :the critical leve1 of 8 pprn for corn and 10 

/ 

/ppm for alfalfa reported by Fox et al. (1964)" indicating that 
/' 

/ 
these· soils were wel,l supplied with available sulphur. 

6.6. $ulphate Sorption by the Soi1s 

Because of the finding that the experimentàl soi1s had 

considerable amounts of adsorbed su1phate an experiment was done 

to explore the full potential of these soils for sulphate ad-
/ 1 

sorp~ion. 
1 • 

In general the subsoils .adsorbed more sulphate1:han the 

surface soils (Figures 1 , 2 ). Similar findings have been re-

ported by other researchers (Williams and steinbergs ~964, 

, 
, . 
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Ensminger 1954). AIl the surface soi1s showed considerable neg-

ative adsorption and only started to adsorb when,tpe ,equilib-
, 1 

rium su1phate concentratioJ1 was in excess of' 150 J.lg S ml- l sug-

Q 

9'e~1Ti,ng that they had "very weak sulphate adsorbj.ng proper~ies. 

During and Martin (1968) reported very sirnilar results for two 

.. weak1y sorbing New Zealand soi1~s. A number of factors could 

have contributed to these observations; :competi tion from the 

1 ~ 
more adsorbed phosphate iOR (Ensminger 1954, Barrow 1967) can 

probably explain the lack of substantial sulphate adsorption 

in the St. Berna.'rd aAd HOw~ck surface ·soila W~iCh had rela

tively high e~ractable phosphorus contents in the ~~face " 

soils than did the subsoi1;s (Table 1 ). competition from brg-

anic matter for anion ,adsorption sites ~FO~ 1974) is another 

factor which could have limited the retention of su1phate by 

, li l , 1 

the top soils. This is especially true of the Bearbrook soil 

whicn had the highest organi'c carbon content (Table l ). 

Free, iron oxid~s have also been associated with sulpha,te 

f" 
adsorption in soils (Chao et al. 1962b, Scott 1976). In this 

,'9 

study the contents of dithionite and acid oxalate lextract~ble 
Q 

iron (Table 1 ) éould only explain the observed differences in 

sulphate adsorption between surface' and subsoi1s in the Howick 

l ' 

sail which had proportionately high amounts of iron in the sub-

soils relative to the surface soi1s. ~owev1r, if only the sub

soils are, considered, it la evident from the adsorption 

'" 
,< 
cl 
t" 

" 
j 

" 
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isotherms (Figures land 2 ) that the St. Bernard soil wi th 

1 

the least amounts of the two forms of iron (Table 1 ) adsorbed 
1 

less sulphate than the other two soils which had relatively 

high arnounts of iron suggesting that free iron oxides rnay have 

contributed to ~ulphate adsorption to sorne e)xtent. 

Generally, the fac·t that the surface' soils showed such 

weak sulphate adsorption suggests th'e possibility that added 

sulphate could be lost very easily from these soils. This 

could be especially true f~r the St. Bernard soil which is a 

freely draining sandy clay loam. 

6.7. Mineralizabl~ Sulphur 

The net minera!ized sulphate (Tables 3a , 3b) was lower
t 

42 

'with 0.0'1 M Ca(H2P04)2 than with 0.01 M caCl2·2H20 as extract

ing reagents in the St. Bernard and BearbroOk soils. This could 

a 

probab'ly be attributed to the fact that the net sulphate changes 

involved were too srnall to be detected by the procedure at· the 

soil/extractant ratio of 1:5 used in this study. Because of 

-
this inconsistency, the rest of the discussion will be based 

1 

mainl~ on calcium chloride 'e*tractable sulphate data. 1 

The levels of net mineralized sulphate fluctuated through-. 

" 
out the incubation period and generally 90 soil released more 

. ..---" 

tball 6.D ppm of sulphate S (Table ~ On avera,ge each sod 

mineralized about 3 ppm sulphate S th'toughout the seven-week 
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Table 3.9- Changes in 0.01 M CaC12 extractable S04-S with 
.,--/' , 

time during incubation. ,,( 

Net Changes in 1 S04""S I-1g 7g Soil 
( 

Soil Series Days 
7 14 21' 35 49 , 

St. Bernard 3.4 3.0 5.0 2.0 3.,0 
1 

Bearbrook 4.2 3.6 3.6 2.6 1.5 

Howick '4.4 4.0 5.5 1.0 1.5 

Table 3b. Changes in 0.01 M Ca(H2P04)2 extractable S04-S with 
tirne during incubation. 

Net 
Soil Series 

, " 7 
St. Bernard' 0.0 

, 
Bearbrook 5.0 

Howick 12.5 

-------------~ 
, ------ND- not dete.r.-mineâ 

Changes i 

S04-S 1n 

DaYs 
14 21 

-1.5 0.0 
(, 

l 

0.50 0.50 

----', 
15.0 ~4.o.0-

-------------

I-1g 7g 

35 
0.0 

ND 

37.5 

Soi1 

.-
1 

49 
17.0 

9.5 

50.0 

'~ --
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incubation period which converts to 6.75 kg S/ha. This is con

sidered to be a significant contribùtion' fo~,soilS which are 
! 

already relativ,ely high in sulphate sulphur I~s noted before. 
Î"'-----'; 

( '1 

Throughout the incubation period, the Howick soil showed 
"'-. 

substantially greater net mineralizable sulp)(ate extractable by 

calcium phosphate (Table 3b) reflecting a greater microbial 

aptivity probably due in part to its very narrow CoS ratio 

(Table 2). However, ,the C:S ratio of the other soils were 

still far narrower than the C:S ratio of 200:1 which Singh ~ 

al. (1978) found to be associated with n~t S immobilization • 
.1 
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7. CONCLUSIONS 

1. The total S values ranged Ifrom 0.032 to 0.06 per cent and 

were highly correlated with total N and organic carbon indicat-

ing that most of the sulphur was organ~cally bound. Total S 
1 ~, 1 

1 
values decreased with d~pth in aIl three soils. 

2. The C:S and N:S ratios were lower than similar rati~re

ported from other parts of the world but compared weIl ~th 

those reported for other Quebec soils suggesting that narrow 

C:S and N:S ratio could be â property of most Quebec soils. 

3. Extractable sulphate S decreased with depth in contrast to 

reports from other Eastern Canadian studies which indicated 
, . 

sùbstantial accumulations of sulphate in the subsoils. The , 

values were above critical levels r~ported for alfalfa 'and corn 

. d' ~ h h :'1 1" d . h . 1 bl ~n ~cat~ng t at t e so~ s were we 1 suppl~e w~t ava~ a e 

sulphur. 

,4. The surface soils showed very weak sulphate ~dsorption 

properties suggesting the possibility of losses of S from added 

sulphur. ' 

5. The mineralizable S analyses indicated that aIl three soils 
"\ 

had sorne ça~ity to ~neralize sulphur. On average each soil 

â 
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contri~ted about 6.75 kg S/ha during the seven-week incubation 

period which was considered sub~tantial for soils which are 

already relatively high in sulphate S. 

In general, the results obtained in this study show that 

the three soils had total S values which were weIL above those 
( 

reported in S deficient areas. ~e~available sulphate data 
1 

, were generally ~bove critical limits reported for several crops 

and mineralization resulted in substantial contribution of 

S04-S to the soils. Thus the results indicate that the soils 

had adequate reserves of sulphur which could meet crop require-

ments if readtiy available. 

1 
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PREFACE TO CHAPTER 3 

1 

The preceding chapter provided information 6n levels 

of different forros of sulphur in soils and the potential of 

the experimental soil~ to mirieralize sulphate. This informa-

-tion alone is not sufficient to predict the need for S fertili~ 

zation in the area. To be able to draw more reliable conclu-

'" sio,ns, the next chapter reports results of experirnents designed 

to deterrnine crop response to S application under normal field 

conditions and to assess contributions of S from rain • 
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EFFECTS OF SULPHUR AND PHOSPHORUS 
FERl'ILlZATION ON THE YIELD AND 
QUALITY OF B1\RLEY (HORDEUM'y'y!!
~ L.) IN TaREE QUEBEC( SOILS 
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9!, INTRODUCTION 

-, 
Concern over the potential of sulphur as a soil fertility 

1 l' ' 
pro. lem in the Province of Que~ec has already beeti expressed 

"( Ch pter 2). It is based on an apparent trend towards t?e use 

of high ana1ysis fertilizers in the prov,ince and on findings 
f 1 

from studies by Martel and Zizka (1977a,b) which indicated a 

favourab1e response to S ferti1ization by alfa1fa and barley. 

Their findings were based on greenhouse work and presumabiy did " 
u , 

not ~ake into account contributions of S from precipitation, 
C{!\- tI • 

the impor~ance of which has been ~stablished in other studies 
'. ' 

(~riksson 1960: Jordan and Reisenauer 1957; Johanson 1959; 

Walker ~955). Fu rthermore, the effect of S on depressing up~ 

take of P and v~ce versa has been ~oted (Caldwell et~. 1969; 

Jones and ,Ruckman 1972 i Nie1son et al. 1967'; Au1akh and Paris-

cha 1978). Consequently, the work reportéd here was undertaken 
1 

ta provide more informatio~ on tJe effects of S fertilizati~n 

~n barley yield and quality under field~ndi~ions, té assess 

any S-P interaction in the field and to assess contributions 
" \ 

of S fram rain during the grawing seàson. 

., 

j, 
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10. MATERIALS [\ND METHODS 

":,-. 10.1. Field Exper~ments 
'1, • 

The field experiments were carried out in 1978 and 1979 . 

on three soils~ The 1979 plots were located close to the prev-
1 ... 

1 

ious year',s in order to maximize uniformity in soil 90nditions. 
" 1 

The three soils includ~' a St. Bernard sandy clay loam.ilocated 

l, 
at the Macdonald College Seed Farm, La Howick silty clay loam 

near Ri verfield and a Bearbrook clay near Hudson. 

Barley (Hordeum vulgare L.) was seeded wi th a,4-run 
, . 

.;-J '\, 

triictor mounted custom~built drill. Each plot of size 1.,25 m 

x 8 m consisted of four rows spaced 20 cm,apart. The treatments 

were arranged in a factorial cozt!hination of four levels of S 
1 

" (0, io, 40 and' 60 kg S/ha in 1978 and' 0, 101 20 and 40 kg s/ha 

in 1979) with three 1evels of P (0, 75 and 150 kg P2oS/ha) added 

as -gypsum and triple supej'phosphai;e (1.4% S), respecti vely. 

The two fertilizers were placed 'directly wi th the seed. Uniform 
~, 

applications of 75 kg N/ha as NH4N03 and 120 ,kg K2o/ha as muri-

ate of potash~ were broadcast' immediately after seeding. Aran .. 
", 

domized complete black design was used with three rep1icates 
\ 1 

per site. 
\ 

1- The middle six méters portion, of each plot was harvested 

at maturity using a Gra'ITely with a cutting bar attaehment. 
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." After harvesting the cro}> from each plot was weighed, threshed 

, 

and cleaned. The grain obtained was weighed and the st~aw 
\ " 
1 

weight obta.ined by difference. Yieid results were th en adjusted 

to 00;6 moisture content after gravimetric determination of the 
, ", 1 

moisture content in the different sarnples. 

10.2. Rain Water Sampling 
and Analysis ~ 

Rain water at each si te was collecte} in two polyethy

lene 'tubes 2 I~ long and 6 cm in di-ameter,' set into 1;lfe soil' an~ 

'fitt.ed with funnels 'at the open ends. The water collected in" 

each tube was measured 'and sampled at the end of' each month 
(' -</ 

! : ' 

fro~ May to Augt.lst. The samples obtained were filtered and 

analyzed for sulphate-S according to \ the rnethod -of WUrzburger 

(1~70) • 

10.3. Plant Tissue Analysis' 
1) 

Grain 'and straw samples were dried at 700 C and ground to 

less than 2 mm. Plant material was then digested in a 2: l mix-

ture of HN03 and HCI04 for total S and total P determination. 

Sorne plant material was also digested usi..ng conc. H2 S04 and ,30% 

H202 following the procedure of Miller and Miller (1948) for 

.' 
NH4-N determination. 

Total P was rneasured using the vanadomolybdo-phosphoric 

aci~ method (Jackson 1958) and NH4-N was measured ,Oll~Wing the 
~ 

, 
\ 
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alka1ine phenol hypochlorite method as described by O'Brien and 

p,iore (1962). Total S waa, determined turbidmetrica11y fo11owing 
1 

the procedure of'Tabatabai and Bremner (1970). 

, Per cent protein in grain was calculated from the tissue 

N content by mu1tiplying by 6.25 • 

• < 

, ' 
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Il. RESULTS 

Il.1. Grain and Straw Yields 

Added S alone significantly increased grain yields at' 

the 40 kg s/ha rate on the Bearbrook soil in 197B (Table 4a). 

Bowever, in 197~ added S resulted in variable grain yield re-

l' 

$ponse on this sO,il (Table 4b) which showed that added S did 

\ not have a consistent effect on this soil. The Howick and st. 

Bernard soils showed non-significant effects to S fertilization 

'(Tables 4a,b and,16a-c). Straw yields were not significantly 

influenced by added S on aIl soils (Tables Sa,b). 

Added P resulted ~n significant grain and straw yield 

increases on the Bearbrook soil in bath years of study and on 

the Howick soil in 1978 (Tables 4a,b and 5a,b). ,~owever, there il 

was no"significant S ~ P interaction at the 0.05 probability 

level ~bservedlon either grain or straw yields (Tables 16a-c). 

Il.2. S Concentration in Grain and Straw 

The total S concentration in barley ranged from 0.058 to 

0.174 pef cent for grain ~Tables 6a,b) and 0.061 to 0.20g'per 

cent for straw (Tabies 7a" b). Added S increased the S concen-

tration- significantly in grain on the st. Bernard and Bea~brook 
-"'-.$ 1 

soils in 1979 and in straw on aIl three soils in 1978 (Tables 

l6a-c) • 1 

1 
1 
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Table 4a. Sand P effects on yield of barley grain grown on two soïls in 1978. 

Soi1 Added P Added S, kg/ha' 
Series kg P205!ha 0 20 40 60 P Means 

Yie1d, kg/ha* 
Bearbrook 0 1830c 1840bc 2040b l86-0bc 189315-

-
/ 

75 2420a 2550a 2580a 2440a 2498a 

150 2600a 2550a 2490a 2560a 2550a 

S Means 2283 2313 237-0 2287 

Howick 0 1886d l899d 1975cd 1908d 19l7b 
1 

/~ " 

75 2338abc 2034bcd 22l3abcd 2199abcd 2l96a 

150 2405ab 2267abcd 2325abc 2423a 2355a 
~ 

S Means 2410 2067 2171 2177 

*Means in the body of the table, S means or P means, within each soil series, having a 
common 1etter or none at aIl are net significantly different (P = 0.05) according te 
the new Duncan Multiple Range (DMR) test. 
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Table 4b. Sand P effects on yie1d of bar1ey grain grown on three soi1s in 1979. 

Soi1 Added P Added S, kg/ha 
Series kg P205/ha 0 10 20 40 P Means 

.yield, kg/ha* 
-

St. Bernard 0 2260ab 2204ab 2475ab 2067b 2252 
"': , 

75 2057b 2622ab 2096ab' 2748a 23Bl 

150 2455ab 2099ab 2369ab 2526ab 2362 

S Means 2257 230B 2314 2447 

Bearbrook 0 1B52cd IB1Bd 1884bcd 2035abcd IB97b 

75 2119abc 1856cd _ 2170ab 2221a 2·092a 

150 2154ab 2152ab 2307a 2203a 2204a 

S Means 2042ab 1942b 2120a 2153a 

Howick 0 1809 - 1773 1840 1720 1786 

_75 1878 ,1588 1819 1813 1775 

150 2025 1837 1752 1823 1859 

S Means 1904 1733 1804 1786 

*Meàns in the body of the table, S rneans or P rneans, within each sail series, having a 
co~on letter or none at aIl are not significantly different (P = 0.05) according to 
the new Duncan Multiple Range (DMR) test. 
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Table 5a. Sand P effects on yie1d of bar1ey straw grown on three soi1s in 1978. 

'-'1- Added P/1.,.a S01~ kg P2 0 S/ u 0 
Series 

Added S! kg/ha 
20 40 

Yield, kg/ha* 
St. Bernard 0 3160abc 3590ab 3480abc 

75 3720ab 3230abc 3 19 o abc 
150 3890a 2770c 3l10abc 

S Means 3591 3199 3256 

Bearbrook 0 1430b l330b l4S0b 
75 1970a 1990a 1930a 

150 19S0a 1860a 2010a 
S Means 1783 1727 1807 

Hfi)wick 0 l450e l470e 1510de 
75 ~" 1760abc 1690abcde 1640cde 

150 1890ab 1720abcd 1650bcde 
S Means 1700 1627 1600 

*Means in the body of the -table, S means or P rneans, within each 
common 1etter or none at'al1 are not significant1y ~ifferent {p 
the new Duncan/Multiple Range -(DMR) test. 

1 ( 
J -?~ 

t!? 

60 
P Means 

3750ab ~495 

3l90abc 3332 
3030bc 3f99 
3323 

l390b 1408b 
2080a 1993a 
1870a 1923a 
1780 

- 1490de 1480b 
l770abc -1715a 
1910a 1793a 
1723 

soil series, having a 
= 0.05~ according ta 
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Table Sb. Sand P effeets on y~e1d of bar1ey straw grown on three soi1s in 1979. 

Soil 
Series 

St. Bernard 

Bearbroék 

Howick 

,-

/ 

Added P 
kg P20S/ha 

o 
75 

150 
S Means 

o 
75 

150 
S Means 

o 
75 

150 
S Means 

Added S, kg/ha 
o 10 20 40 
-----yield, kg/ha*--~---------

2118 
2165 
2145 
2142 

l171d 
1414abc 
1379abcd 
l32lab 

1118 
1113 
1289 
1173 

233"8 
2498 
1946 
2261 

1217cd 
1241bcd 
1359abcd 
'1273b 

1057 
1199 
1143 
1133 

2258 
1987 
2119 
2122 

1293bcd 
1342bcd-
1471ab 
1369ab 

1321 
1160 
1177 
1219 

1777 
2474 
2229 
2160 

1213cd 
1467ab 
1576a 
14l9a 

958 
1122 
1204 
1095 

P Means 

2123 
2281 
2109 

:J,.224b 
1366a 
l446a 

- 1114 
1148 
1203 

*Means in the body of the tapIe, S means or P means, within each soi1 series, having a 
common letter or none at aIl are not significant1y different (P = 0.05) according to 
the néw Duncan Multiple Range (DMR) test. 

\0' 

~~"'...J,~<_*-:: .. ....:.._...,l.. ~ _~_ ~ ,.,.~~,..- '._ .......... _ 

'" 

Q 

0'1 
..... 

, 
- , 

l 

_, ~~ ~ _ -'- 't<" ::-< ... __ !,-:"!.,._l~~~ 



i 
1 
1 

1 
1 

, 

e 
62 

Added P had a significant depressing effect on S concen-

tration in b~rley grain and straw on the Bearbrook and Howick 

soils in 1978 (Tables 6a,b and 7a,b) which tended to be more 

pronounced in the presence of 4igh levels of added S. A sig-

nificant negative S x P interaction on S concentration in grain 
1 

was observed only on the Bearbrook sail in 1979 (Tables 6b and' 

l61J) • 
A 

Although the yields were not significantly influenced '0 

by added S, an attempt was made to estimate critical S concen-
1 

tration values in barley grain by pldtting grain yields (ex-

pressed as % of· the control treatment) againsn their corre-

sponding per cent total S values (F~gure 3). The curve obtained 

for the Bearbrook soil shows that yields decreased at S content 

values below 0.08% and above 0.11%. No curve could he fitted 

on the St. Bernard soil data but it is clear from the way the 

points a~e spread that S content values above 0.14% were gen

erall~ associated with higher grain yield~. Obviously, accurate 

critical ,S, values cannot be obtained from the graphi however, 

rOugh~ they coùld . be within range of 0.08% and 0.14% for the 
1 

Bearbrook and st. Bernard soils, respective1y. 

Ward et,al. (1973) reported a critical value of 0.15% S 

for barley and wheat which is in fair agreement with the value 

{obtained for the st. 'Bernard soil. \ However, the fact that the 

'two critical levels estimated in this study are not identical 

\ 
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Table 6a. Sand P effects on per cent total S in bar1ey grai'n grown on three soi1s in 
1978. 

,Soi1 Added P Added S! kg/ha 
Series kg P205/ha 0 20 40 _60 P Means 

S, %* 
St. Bernard . 0 0.137 0.132 0.166 0.156 0.148 

/ 
75 0.134 0.149 0.149 - 0.133 0.141 

150 0.163 0.152 0.162 0.155 - 0.158 
S Means 0.145 0.144 0.159 0.148 

Bearbrook 0 0.085ab 0.072ab 0.077ab 0.083ab 0.079 

-D 
75 0.086ab 0.085ab O.O%a 0.095a ~'îa 

150 0.071ab 0.073ab 0.062b 0.058b .066b 
S Means 0.080 O.OT] 0.079 0.079/· 

Howick 0 0.142ab 0.174a 0.148ab 0.113b 0.144a 
75 0.154ab CT.123ab 0.114b ~~{5~b 0:129ab 

150 0.121ab 0.118b 0.-128ab 0.104b 0.118b 
S Means 0.139 0.138 0.130 /0.114 

*Means in the body of the table, S rneans or P rneans, within each soi1 series, having ~-

cornrnon letter or none at aIl arenot sighificantly different (P = 0.05) acco~ding to 
the new Duncan Multiple Range (DMR) test. 
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Table 6b. Sand P effects on per cent total S in barley grain grown on three soiis in 
1979. 

sail 
Series 

St. Bernard 

" 

Bearbrook 

~ 

Howick ~ 

. ~.-

Added P 
kg P20s!ha 

o 

ls'~ 
S;-,Means 
r' 

o 
75 

150 
S Means 

o 
75 

1:50 
S Means 

Added S, kg/ha 
o 10 -20 ,40 - ------~---- ~ ---

_ s, %*"'"".-------
0.130ab 0.169~ 0.145ab 0.137ab 
0.142ab 0.lS4a 0.136ab 0.150a 
O.lllb 0.139ab .0.162a 0.166a 
0.128b 

D.-OS8d 
0 .. 089bcd 
0.087bcd 
O.OiSb 

,. 

0.128 
0.114 . 
0.141' 
0.1'27 

0.IS4a 

0.130a 
O.067cd 
0.118ab 
0.105a 

0.128 
0.096 
0.128 
0.118 

0.147a D.ISla 

0.116àb 
0.109ab 
0.101abc 
0.109a 

0.115 
0.137 
0.140 
0.131 

0.116ab 
0.105abc 
0.09~bc 

0.106a 

0.112 
'0.148 
0.109 
0.122 

P Means 

0.145 1 

0.146 
0.145 

0.105 
0.092 
0.101 

0.120 
0.124 
0.129 

*Means in the body of the table, S means or P means, within each sail series, having a 
common 1etter or none at aIl are not significantly different (P = O.05)'according to 
the new Duncan Mu1tip1e'Range (DMR) test. ' 
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~able 7a. Sand P effects on per cent total S in barley straw grown on three soils in 
1978 • 

.. Sail Added P Added S, kq/ha 
Series kg P20S/ha - 0 20 40 60 P Means 

S, %* 
St. Bernard 0 0.10lc 0.149a1?c 0.l75abc 0.16labc 0.146· 

75 0.125bc 0.133abc 0.17labc O.139abc 0.142 
150 0.125bc 0.179ab 0.209a 0.154abc 0.167 

,'{ S Means 0.117b O.154ab 0.185a O.l5lab 

Bearbrook 0 0.115bcd O.157ab 0.169a 0.165a 0.15~a 
75 O.OSlde 0.06le 0.071de 0.145abc 0 •. 089b 

150 0.103cde O.097de . O.090de O.078de O.092b 
S Means 0.099b O.104ab O.110ab 0.129a 

Howick 0 O.150b 0.173ab O.173ab O.190a O .• 172a 

/ 

75 0.149b 'O.l64ab O.l64ab O.173ab O.163ab 
150 0.149b 0_. 149b 0.157b 0.159b O.154b . 

,S Means 0.149b O.162ab O.165ab 0.174a 

*Means in the body of the tfr1e, S means or P,means, within each soi1 series, having a 
common letter or none at a are not significantly different (P = 0.05) according ta 
the new Duncan Multiple Range (DMR) test. 
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Table 7b. Sand P effects on per cent total S in bar1ey st~aw grown on three aoi1a in 
1979. 

/ 
Soi1 Added P Added S, kg/ha P Meana Series kg'P2oS/ha 0 10 20 40 

1 S, %*, 
St. Bernaxy/ 0 0.203 0?2_~2 0.219 0."217 0.215 

75 0.199 0.231 0.201 0.217 0.212 
150 0.212 0.202 0.208 0.204 0.207 

S Means 0.205 0.21B 0.209 0.213 

Bearbrook 0 0.152a 0.154a 0.133ab 0.158a 0.149a 
.75 O.lllab 0.110ab 0.108ab 0.147a 0.\19b 

150-- 0.138ab 0.149a O.086b 0.145a 0.130ab 
S Means 0.133ab 0.138ab 0.109b 0.150a 

1· \ 

Howick 0 0.110 0 .. 118 0.130 0.133 0.123 
75 0.112 0.119 0.129 0.124 ) 0.1,21 

150 0.123 0.119 0.129 0.124 , 0.124 
S J.1eans 0.115 '" 0.119 0.129 0.127 

*Means in the body of the table, S means or P means, within each soi1 series, having a 
common 1etter.or none at aIl are n6t significant1y different (P = 0.05) according tô 

( the new Duncan Multiple Range (DM~) test. 
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suggests that critical values may vary from soil to soiL- ;~nd, in' 
1 

this case reflects differences on the availabili ty of S from 

the two soils. 

.. 
Il.3. S uptake by Barley Grain 

1 and Straw 

Su1ph,?-r uptake by barley grain (Tables ~a, b) was. oilly: 
• 

inc;reased' significantly by add~ S on Bearbrook soil in 1979 
.. 

(Table 16b f. ~e largest increase was, obta.J.ned by application 

of 10 kg .s/ha. Added P siçni,ficant1y increased' S uptake on the 

Bearbrook soil in 1978 at its low rate of application (7S ~ 

p2oS/ha) buto,had no e,ffect at' i ts high rate (Tables 8a, and l6b). 
, 

Tl)e increase was a consequence of P addition increasing pel:' cent 
"'" 

S in the grain and,' also grain yield (Tables 4a and 6a). 
1. ' 

Addi tion of Sand P had no effect on the uptake of ~ by 

~rley straw (Tables ~a, band 16a-c). 

Il.4. Per Cent protein in Grain 

\ 

: 
1 

.1 
l, 
l 

1 
1 

j 

4 

i 
! 
! 

'1 
j 
j 

1 

~ , 
The per cent pr,otein in grain \ ra'nged from 8.4 to '16'~ ~% 

(Tables lOa, b). Generally the valués fO,r both years compared 

well on the Bearbrook and st. Berl)ard soils ~buj:. showed. marked 

differences on the Howick soil. r 0 

Added S alanè siqnifi'c::antly . 
, (f ~ , I~ 

~ncreased per cent protein in 'grain only on the' Bearbrook soil 
! . 

in 1978, (Tabl~ l'Os.) bUt a positive trend was also observed in 

]:979 I{Table lOb).. These.results suqgest tha1; added S enhanced" 

1. 
1 
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T~bl~ 8~. Sand P effects on S uptake by barley grain grown on tWQ soils in 197~. 

Soil 
Series 

Added P Added -~k97ha-
kg P20S/'ha O' 20 40' ,60 

Bearbrook 0 l.56bc 

75 2. 03 abc 

150 1.86abc 
,/ 

S Means 1.82 

Howick 0 2.70 

75 ~ 2.92 

1:50 3.57 

S Means 3.06 
'\ "l"' 

S, 
1.~5c 

2~17ab 

1. 87abc 

1.80 

3.26 

2.49 

2.67 

2.80 

kg/ha*. 
1. 55bc L56bc 

2.49a 2.33a 

LS6bc L48bc .. 
1.87 1.79 

-.:3.01 2.41 

li 2.50 2.92 

2.50 2.99 
" 

2.83 2.61 

P Means 
... 

" L51b 

2.25a , 

L69b~ 

2.84 

2.87 

2.77 

*Means in the body of the table, S means or P means, within each soil series, having a 
1 :~ommon letter or none at all.are not significantly different (P = 0.05) according to" 

the new,Duncan Multiple Range (DMR) test~ 
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Table Sb. sand P effects on S uptake by barley grain grown on three soi1s in 1979. 

Soil ' 
S e:t;:i es 

st. aernard 

BearbroÇ>k 
li' 

Howick 

Added P \ 

kg P205/ha'' 

0 
75 

150 
S Means 

0 
75 

150 
S Means ~ 

0 
75 

150 
S Means 

0 ,.-

2.99 
3:14 
2.77 
2.97 

1.12b 
1. 78ab 
1.92ab 
1.61 ' 

2.32 
2.14 
2.85 
2.44 

Added S, kg/ha 
10 0 '20 

S, kg/ha*. 
3'.76 .--- 3.56 
4.00 2.79 
2.93 3.68 
,3.56 3.34 

2.36a 2.20a 
1.24b 2.38a 
2.67a, 2.34a 
2.09 2.31 

2.31, 2.16 
1.69 2.60 
2.36 2.15 
2.12 2.31 

0 

40 

2.80 
4'-13 
4.22 
3.72 

2.34a 
2/.35a 
2.16a 
2.28 

2.06 
2.72 
1. 93 
2.~4 

.,;;> 

--
P Means 

3.28 
3.40 
3.51, 

2.01 
1.94 
2.27 

2.21 
2.28 ' 
2.32 

*Means in the body~6f-the table, S rneans or P rnearis, within each soil series,~having a 
cQmmon letter or none at aIl are not significantly different CP = 0.05) ac06rding to 
the new Duncan Multiple Range (DMR) test. 
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Table 9a. Sand P effects on S uptake by barley straw grown on three soils in 1978. 

Soil Added P 0 Added St kq/ha 
;P Means Series kg P205/ha 0 20 40 60 

S, kg,lha* 
St .-"Bernard 0 3.06b 5.44ab ·o.13a 6.02a 5.16 

75 4.6lab 4.30ab 5.39ab 4.50ab 4.70 
150 4.85ab 4.91ab 6.51a 4.79ab 5.26 

S Means 4.17b 4.88ab 5.l0ab _ 6. OOa 

Bearbrook 0 L65bcd 2. 08 ab cd 2. 49ab 2.30abc 2.13 
75 1. 57bcd --1.23d 1. 38cd 3.02a 1.80 

150 1. 99bcd 1. 84bcd 1.8lbcd 1.46cd 1. 78 

~ 
S Means 1. 74 1. 72 1.90 - 2.26 

_ Howick 0 2.85b 3.32ab 3.39ab 3. 63-ab 3.30 
75 3-.50ab 3.35ab 3.67ab 3.78ab ~.58 

150 3.60ab 3.20ab 3.64ab 3.86a 3.58 
S Means 3.32 3.29 ~.57 3.76 

*Means in the body of the t~ble, S meaps or P means, within each soil series, having a 
common letter or none at aIl ,are not significantly different (P = 0.05) according to 
the new Duncan MUltiple Range (DMR) test. 
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- Table 9b. Sand P effects on S uptake by bar1ey straw grown on three,spi1s in 1979. 

Soi1 Added P Added S, kg!ha P Means 
Series kg P20 s/ha 0 10 20 40 

, ',', • ,-,_ S, kg/ha* "', 
St. Bernard 0 4.33ab 5.36ab 4. 96ab 3.84b 4.62_ 

7S 4.33ab S.85a 4.00b 5.38ab 4.89 
150 4.59ab ~.98b 4.46ab 4.58ab 4.40 

S Means 4.42 5.Q6 4.47 4.60 

""'-. 
Bearbrook 0 2.12ab 1.88ab l.73ab l.94ab 1.92

0 

~ 
75 '1.59ab 1.39ab 1.47ab 2. 14ab 1.65 

-j 
1 
! 
i 
" 

r 
3-= 

;? 

1 

150 1.84ab 2. 14ab l.26ab 2.28a 1.88 
S Means 1.85ab 1.80ab 1.49b 2.l2a 

'" 
Bowick 0 1. 21 1. 23 1. 75 1. 26' 1. 36 

75 1.25 1.51 1.64 1.39 1.45 
150 1.58 1.35 1.47 1.50 1.48 

S Means 1.35 1.36 1;62 1.38 

*Means in the body of the table, S means or P means, within each soil series, having a 
common letter or none at aIl a~e not significant1y different (P = 0.05) according to 
the new Duncan Multiple Range (DMR) test. 
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Table 10a. S_and P effects on per cent pr?tein in barley grain grown on three soils in 
1978. 

Soil 
Series 

~- -- -- Added -p-~- - Added S, okg/ha P Means 
kg P205!ba -

St. Bernard 0 13.4 
75 13.0 

150 13-.2 
S Means 13.2 

Bearbrook 0 12.7e 
75 14.5abc 

150 15.4ab 
S Means 14.2ab 

Howick 0 9.1 
75 8.7 

150 8.4 
S Means 8.7 

Protein, %* 
12.1 12.7 
13.1 

\ 
16.3 

15.7/ " 16.2 
13.6'-./" 

/ 

15.1 

0-

14.1abc 14.1abc 
13.3bc , 13.6abc 
13.5abc 14.0abc 
13.6b 13~ 9ab 

9.6 9.1 
9._6 8.6 
9.4 9.1 
9.5 8.9 

14!9 
15.7 
10.6 
13.0-

14.3abc 
15.7a 
15.3ab 
15.1a 

9.4 
8.9 
8.9 
9.0 

13.3 
14.0 
13.9 

13.8 
14.3 
14.5 

9.3 
-8.9 
8.9 

*Means' in the body:Pf the table, -S means or P rneans, within eacn soi1 series, having a 
common"lett'er or none at aIl are not significantly different (P = 0.05) according to 
the new Duncan Multiple Range (DMR) test. 
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Table lOb. 

Soi1 
.--Ê.eries 

st. Bernard 

Bearbrook 

Howick 

o 

/ 

r-, 
\ 

, .~.; 

.' 

Sand P effects on'crude PFotein in barley grain grown qn three soils in 1979. 

Added P 
Q 

kg, P29s/ha 0 

0 14.~ab, 

75 l4.8ab 
150 14.1b 

S Means 14.5 

0 12.5 
75 12.4 

150 12.4 
S Means 12.-4_ 

0 15.8ab 
"- 75 15.7ab 

ISO Is.labc 
S Means 15.5a 

Added Sf k-qLha 
'10 20 

Prètein, %* 
14.7ab 14.8ab 
l4.-8ab 14.7ab 
15.8a l4.9ab 
15.1 14.8 

12.6 12.8 
12.6 12.9 
12.6 12.8 
12.6 12.8 

14.2c 15.6ab 
14.6bc 15.1abc 
l4.9bc l6.0a 
14.6b 15.6a 

40 ' 

14.1b 
14.7ab 
14.6ab 
14.4 

13.2 
12~9 

12.4 
12.9 

15.7ab 
l5.5ab 
l5.labc 
15.4a 

P Means 

14.5 
14.8 
14.8 

12.8 
12.6 
12.6 

15.3 
15.2 
15.3 

*Means in the body of the table, S means or P means;-within each soil series, having a 
common 1etter or none at aIl are not significantly different (P = 0.05) according to 
the new Duncan Multiple Range (DMR) test. 
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uptake and utilization of nitrogen on this soil for protein 

synthesis. The positive effect of added S on protein content 
~- 1 

has also been reported on other crops by Jordan '(1967) and 
~ , / 

, -

Aulakh and Parischa (1978). Added P had no effect, on per cent 

protein in barley grain (Tables l6a-c). 

Il.5. N:S Ratios in Barley Grain 

The N:S ratios in grain calculated ~n this study are 

presented tn Table Il. The average'N:S ratios in the absence 

of added S were 18.1, 36.2 and 19.7 for the St. Bernard, Bear-

74 

brook and Howick soils respectively. These values were aIl 

abov~e critical limit of 16:1 proposed by ni)kshoorn and Van 

Wijk 1(1967) suggesting that the crops were inadequatelY supplied 
1 1 

with S. Application of S significantly narrowed the r'atios on' 

Bè~ard and Bearbrook soils (T~b1es Il and lia, b).i the st. 
1 

Addition of 10 kg s/ha alone decreased the N:S ratio in grain 0 

- from 18. 1 to 141• 2 and 36.2 to l~. 5 on th~ st. Bernard and Bear-

brook soi1slres~ectively, indicating an adequate supply of S at 

this rate of S fertilization. 

An attempt was made to relate N:S ratios in grain with 

grain yields as done for S concentration. The relationship 

, • ,1 

obtained (F1gure 4) was less defined compared to the one ob-
, , 

tained with S concentration (Figure 3). However, it is evident 

1 

that for the st. Bernard soil, graîn yields ~ended to decrèase 

1 ", 

1 

1 

1 t 
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Table Il. Sand P effects on N:S ratios in bar1ey grain grown on three soi1s in 1979. 

Soi1 Added P Added S, kgi'ha P M 
Series kg P2 0 51'ha /.() 10- 20 40 eans 

N:S* 
St. Be~ard 0 lB.lab l4.2c 16.7abc 16.5abc - 16.4 

~ 75 16. 7 abc 15.9bc 18.labc 15.7bc 16.6 
150-- 20.3a l8.2ab 15.3bc 14.5bc 17.1 

~ f 
S Means 18.4a 16.7ab 16.lb i5.5b " 

\ 

... 

Bearbrook _, 0 36. 2a 15. Sc 17. Sc 18-.4c 21. 9 
75 23.7bc 29.8ab 17.6c 19.8c 22.7 

150 22.5bc 19.6c 21.7c 20.4c 21.1 
S Means 27.Sa 21.6b IB.9b 19.5b 

Bowick 0 19.7 -17.9 22.2 28.5 22.1 
75 23.4 -26.4 23.9 17.1 22.7 

150 17 • 2 18. 9 20. 7 22 . 5, 19. 9 
/ S Means 20.1 21.1 22.3 22.7 

*Means'in the body of the table, S means or P means, within each sail series, having a 
common letter or none at aIl are not significantly different (P = 0.05) according to 
thenew Duncan MUltiple Range (DMR) test. 

~, 

tt~':;;e:i'~~':. ~ .~:.:~~.~~, ~ >"~ ~ 

"\ 

-.J 
11I 



;' 

i 

ti 
{ 

(~y 

. \ 

~ 

Q 

~ 110 
,> 

z 
:ë 
~ 100 - 0 

o 

• ST. BERNARD 

o BEARBROOK 

• 
• 

• • 
• 

~ .. 
~ . 
~ e. 
m 90~ _____ ,~ ____ ~ ______ L-____ ~ ______ ~ ____ ~ 

0.05 0.07 

Figure 3. 

\ 

" \ -~130 
0 u 
1&. • /0'120 
~ 0 • -
Q '. ...J 
~ 110 
)-

z • -ct 
CI: 
<!) 100 
)- • LI.! 
..J a: 
ct 
CD 90 o·ro 

Figure 4. 

0.09 0.11 0.13 0.15 0.17 
% SIN BARLEY GRAIN 

Barley grain yikld as relatèd to per 
cent total S in grain. 

0 BEARBROOK 

0 • ST. BERNARD 

°0 
'-

.0 

• 
• 
• 

20 25 
N:S 

30 3~ 40 

Barley grain yield as related to N:S 
ratios in the grain. 

76 

, 

/. 
Il 

') 
0:;; 

,\ 
.\ 
~~ 

~ 
\ 'i; 

\ 
'~ 

, 
'; 

:} 
, 

J 
"1 , 
" ~ 
;~ 

'1 
~ 
'" l! 
,~ 

'\ 
~. 

r ,-

, 
'i 



( 

f' 

() 

77 

at N-S ratios above 15:1 and on the Bearbrook soil 'higher yields. 

were generally associated wi th N-S ratios below 24.: 1. These 

two values would appear to be the approximate critical N-S 

r'atios in barley grain grown on the two soils. The two esti-

mates are not identical which may again reflect differences on 

1 

the ava~lability of N and S on the two soils and caution against 

generalizing one value for qll soil types. 

Il.6. P Concentration in Grain 
and Straw 

/ 

/ . 
Th,e total ,P concentrat~on in barley ranged from 0.036 to 

01.185 per cent for straw (Tables l3a, b) and 0.323 to 0.577 per 
1 

1 

cent for grain (Tables l2a 1 b)., The P concentration" was com-

paratively higher in grain than in straw at aIl levels of added 

-Sand P combimltions. Added S inoreased P concentt'ation in 
1 

grain only on the Howick soil in 1978 (Tables l2a and l6a-c). 
. t 

In straw 1 added S significantly increased P concentratiàn on the 
1 -~ 

Bearbrook and Howick soils in 1978 and 1979 respectively(Tables 

l3a,b and lpb,~). Generally applications of 10 or 20 kg S/ha 

depending on soil and year resulted in relatively' large increases 

in P concentration while smaller increases or decreases werere-
\ . \ 

c:orded. with subsequent S additions. 

Added P resulted in increases in P concentration in bar-

ley grain on the, Bearbrook soil in bath years (Tables 12a,b) 
\ 

and in straw on the Bearbrook and Howick soils in 1979 (Tables 

] 
l , 1 



t , 
1 
\ 
1 
1 
!-
1 
i 
(-

// 

,-.,.. 
( J 
-,;;;.- • 

'~ 

Table 12a. Sand P effects on per cent total P in bar1ey grain grown on three soi1s in 
1978. 

80i1 
Series' 

St. Bernard 

Bearbrook -

// 

Bowick 

,--

Added P 
kg P205/ha 

o 
75 

150 
8 Means 

o 
75" 

150 
S Means 

o 
75 

,150 
8 Means 

Added S, kq/ha 
o 20 40 60 

-------------P, %*-------------------
0.430 
0.437 
0.43'2 
0.433 

0.337cde 
0.350abcde 
0.36Bab 
0.352ab 

0.549bc 
0.546bc 
0.540bc 
0.545b 

0.442 
0.447 
0.448 
0.446 

0.348aDcde 
0.340bcde 
0.328de 
O.339b 

0.565ab 
0,;577a 
0.558ab . 
0.567a 

0.440 
0.430 
0.438 
0.436 

0.323e 
0.365abc 
0.357abcd 
0.348ab 

0.556bc 
0.554abc 
0.562ab 
0.557ab 

0.435 
0.437 
0.420 
0.431 

0.352abcde 
0: 372a 
0.345abcde 
0.356a 

0.564ab 
0.530c 
0.545bc 
0.546b 

P Means 

0.437 
0.438 
0.435 

0.340b 
0.357a 
0.350ab 

0.559 
0.552 
0.551 

*Means in the body of the table, S means or P means, within each soil series, having a 
common 1etter or none at aIl are not signlficantly diffe~ent (P = 0.05) according to 
the new Duncan Multiple Range (DMR) test. 

-...J 
(X) 

... j)""""'~ cw" IQ_i!o;! ~_'t'{;""""~"-'~--_""'''''''''' ~~..-.-....- .... _~ - ,_. ____ o. - "' __ ,._<_"~ __ 
,--:.,,.,. ... j .... ,'..-._,,.(I\o"'-"!;.;I.I~·::·~ 

':--" ; 



-- < ," '-~ .,~ 

la ts t "',Itt;' "Ut ua km ;,444 kA *:; .... ,1"-;;,""" il4Uii wq: lU lL!if "* 'f j 0=* tp~ ~~~·~~~~~"i:"""~~..:t<~-'<:l·rA..-o;..,. ~ ....... ~-. -~"t",... ~ ... '"-

1 
l 
l 
j 
T 
{ 
( 

:~ 

~J 
-i 

1 
1 , , 
1 

o -
~, "--

Table l2~. Sand P effects on per cent total P in Par1ey grain grown on three.soils in 
1979. 

Sail 
Series 

st. Bernard 

Bearbrook 
" 

Added p-
kg P205/ha_ 0 

0 0.460ab 
75 -. 0.457ab 

150 0.417b 
S Means 0.444 

0 0.350c 
75 0.368bc 

Added S, kq/ha P Means 
10 ,20 40 

P, %* 
0.449ab 0.46Dab 0.492a 0.465 
0.468ab 0.43Ç)ab 0.480ab 0.459 
0.48,7a 0.49la 0.456ab 0.463 
0.468 0.461 0.476 

1 

0.367bc 0.373bc 0.350c 
0.372bc 0.377abc 0.385ab 0.375b o.~~~ 

150 0.406a 0.382abc 0.389ab 0.383ab 0.390a ~~, 

S MeansL 0.374 0.374 0.380 0.373 

Howick 0 0.404 0.380 0~404 0.409 0.399 
75 0.390 0.379 0.388 0.405 0.391 

150 0.390 0.391 0.397 0.383 0.390 
S Means 0.394 0.383 0.396 ~0.399 ... 

*Means in the body of the table, S rneans~or P means, within each sdil series, having a 
common letter or none at aIl arenot significantly different (P = [0.05} according to 
the new Duncan Multiple Range (DMR) test. 
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Table 13a.' Sand P effects on per cent total P inbarley straw grown on three soi1s in 
1978. 

Soi1 Added P- Added S, kg/ha P Means 
Series kg P205/ha 0 20 40 60 

P, %*, 
St. Bernard 0 0.147 0.152 0.165 0.163 0.157 

75 0.185 0.-169 0.145 0 .. 150 0.162 
150 0.160 0.259 0.207 0.179 0.201 

"\ S Means 0.164 0.193 0.172-- 0.164 

Bearbrook 0 O.048bcd 0 •. a65ab 0.058bc O.074a 0.O62~ 

75 O.049bcd 0.055bc Q.Q62ab 0.041cd 0.052b 
150 0.036d 0 .. 050bcd 0.062ab O.OS3bcd O.OSOb 

S Means 0.044b 0.057a O.061a -0.056a 

"-

Bowick 0 O.055bc 0.045c 0.0_43c 0.056bc 0.049 
75 o. 052bc~ O.071a 0._045c 0.049bc 0.054 

150 0.062ab 0.051bc 0.053bc 0.057bc 0.056 
S Mea'ns-- O.OS6a O.OSSa 0.047b 0.054ab 

*Means in the boqy of the table, S means or P means, within each soi1 series, having a 
common 1etter or none at al1 are not significantly'different (P = 0.05) according to 
the new Duncan Multiple Range (DMR) test. '#' 
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Table l3b. S and P effects on per cent total P in barley straw grown on three soi1s in 
1979. 

SOi 1 . Added P Added S, kg/ha P Means 
S,ries kg P20S/ha. 0 10 20 40 0 , 

St. Bernard 

-----

Bearbrook ;-

aowick T 

o 
75 

15-0 
S Means 

o 
75 

150 
S Means 

o 
75 

-. 150 
S Means 

-------p, %~'-------
0.167~b 
0.175a 
0.139ab 
0.161 

O.089b 
O.089b 
0.118a 
0.099 

0.070d 
0.08000 
0.07700 
O.076b 

0.172ab O.163ab 
0.169ab 
O.153ab 
0.165 

... 

0.093ab 
0.093ab 
0.109ab 
0.098 

0.077cd 
0.OB9abc 
0.094ab 
0.087a . 

~ 

0.147ab 
0.163ab 
0.lS8 ' 

0.106ab 
O.l~ab 
O.096ab 
0.102 

0.08000 
0.097a 
0.094ab 
0.090a 

0.170ab 
O.143ab 
0.132b 
0.149 

O. 083b, 
0.106ab 
O.097ab 
0.095 

0.088abc 
0.088abc 
O.096a 
0.091a 

O.168a 
0.159ab 
0.147b 

0.093b 
O.098ab 
O.i05a 

0.0'79b 
O.089a 
O.090a 

*Means in the 'body of the table, S means ~r P means, within ea~h soi1 series, havinç a ' 
common letter or none at ail ar~ not ~iqnificantly 4ifferent (P ; 0:05) according te 
the new Duncan Multiple Range (DMR) test. - ~ // 
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13a, band 16b, c). 

11. 7. P Uptake by Grain and Straw 

Add,ed S had no effect on P uptake by grain on '. . 
(Tables l4a,b) but 1ed ta si'C!l~i,fiçaitt increase inlP uptake by 

straw on the Bearbrook soil in 1978 (Tables 15a and 16a-c). ,l':; 

Added P increased P uptakel signïficantay in bar1ey straw ., 
li 

and grain on the.~arbrook soi1 in bath years of study and ,on ',j 
the H0]'lick 'soil in 1978 (Tables 14a, band l5a, b). A positive 

S ,x P interaction was obs~rved on the 13earbrook sail in 1978 
~ ~u 

(Tables l5a and l6b) in that P uptake was increased at aIl 

combinatlons of 5 and P. 

c. ,Q) 

11.8. Contributions of S fro~'Rain ) 
'-.. 

,_' There were only minor variations in the amount of 5 . ' 
• - .0;. 

cpl1ected on the S~ed Farm site but there were appreciabl~ dif-
, 

ferences on the amounts- collected at the Hudson and Riverfield 

sites (Table 17 ). The var;iability cou1d be related ta sources 

whose contribution was dependent on the direction of prevaili~g 

winds. However, i t is Evident from the data that the contri-

butions were substantial and if the trend is maïntained through-

out the year, the contri 
, 

could be in excess of 10 kg s/ha/ 
• , , 

year. 

~/ 

/ 
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~ Table l4a. Sand P effe~ts'on P uptake by barley grain grown on two soils in 1978. 

~~~-.,: 

Soi1 
Series 

Bearbrook 

Howick 

Added P 
kg P20S!ha 

0 
75' 

150 
S Means, 

0 
75-

150 
S Means 

0 

6.15c-
8.'47b 
9.56a 
8.06 

10.34c 
l2.77ab 
13.00ab 
12.04 

Added St kg/he P Means 
20 40 60 

p, kg/ha~ 

6.40e 6.58e 6.54c 6.42b 
8.,69ab 9.40ab 9.09ab 8.91a 
8 .• 52ab 8.86ab 8.81ab 8'.94a 
7.87 8.28' 8.15 

10.70bc 10. 99abc 10.73bc lO.6~b 
11. 72abc 12. 22abè 

\ 

Il. 65abc -12.09a 
12.63abc 13.07ab 13.19a '12.9ïa 
11.68 -12.09 Il.86 

*Means in the body of the table, S me~nâ or ~ans, within eac~ soi1 series, having a 
common letter or none at aIl are not significa~ly different (P = 0.05) according to 
the new Duncan Multiple Range (DMR).test. 
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Table l4b. Sand P effects on P uptake by bar1ey grain grown on three soi1s in 1979. 

Soil Added P, - Added S, k9/ha 
P M~ns kg P2oS/h'a Series 0 10 20 40 -~ 

P., kg/ha* 
st. Bernard 0 10.61ab 9.82al? 11. 43 ab' 10.15ab 10.50 

75 9. 38a]:> 12.27ab' 9.10b 13.23a 10.99 
150 10.38ab 10.28aq Il. 70ab Il. 58ab 10.98 

S Means 10.12 10.79 10.74 11.65~ 

Bearbrook 0 6.48d 6.72cd 7.03bcd 7.l2bcd 6.84c 
75 ?83abc 6.9lcd' 8.2lab 8.56a 7.88b 

lSO 8.76a a.21ab 8~ 98a. 8.49a a.61a 
S Means 7.69ab 7.28b a.08a 8.06a 

Howick . 0 7.37 6.74 7.43 6.98- j'. 13 
~ 75 7.32 5.85 7.06 7~3l 6.89 

150 7.89 7.20 6.83 '6.91 7.21 
. S Means 7.53 6.60 7.11 7.07 

_ *Means in the body of the table, S means or P means. within each soil series. haVing a 
_common letter or none at aIl are not significantly different CP = 0.05) according ta 

the new Duncan Multiple Range (DMR) test. " 
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Table 15a. Sand P effects on P uptake by bar1ey straw grain on three soi1s in 1978. 

Soil 
Series 

st. Bernard 

Bearbrook 

Howick 

Added P 
kg P205/ha 

0 
75 

150 
S Means 

..J 

0 
75 \ 

150 
S Means 

/ 0 
75 

·150 
S Meàns 

- ..... 

0 

4.62 
6.88 
6.32 
5.9~ 

0.68e 
0.96abcde 
0.70de' 
0.78b 

. O.79bc 
O.91bc 
1.16a 
O.95a 

Added S f kg/ha 
20 40 

P, kg/ha*, 
5.44 5.78 
5.45 4.74 
7.00 6.30 
5.97 5.61 

0.85cde' 0.86cde 
1. OSabc 1.20ab 
0.93b-e 1.24a 
0.95a 1.10a 

O.66c 0:64c 
1.18a O.73bc 
0.87bc 0.88be 

'O.90a O.75b 

i 

60 

6.12 
4.72 
5.37 
5.40 

1. 04abc 
O.86cd~ 

0.98abcd 
O.96a 

O.84bc 
O.85bc 
I:07ab 
O.92a 

Pr>Means 

5.49 
5.45 
6.25 

0.86b 
1. 03a 
0.96a 

O.73b. 
O.92a 
0.99a 

!Means in the body of the~table, S means or P means, within each soil series, having a 
'common letter or none at aIl are not significant!y different CP = 0.05! according to 
the new Duncan Multiple Range (DMR),test. 

- \ 

/ 
/ 

," 

CD 
V\ 

-.w._._","_~-.""""""",,_.,.;.::>~~..J_'.M~ ...... '~..!b...w~ .. ~"AI\"""~'-"""'-~---"''''' '-' _fl"itif._Uj;M""''''M .• ,_.,.'''.'\i.,jJ,I •• _.~~·_M<-~~~-- . -~~- ....,-~"--.. -!""~-...~~:....... ... ':;,...:.......~ 
~\ 

...; 

1· 

~ 

---



t 

1 

1 
J 
È , 
t , 
~ 

.-.~ .... 'I:~~ .. -.., ......... -~- .~,...~ ..... - ~,' "~-"-,. ... ,~. "'"'!-"I- ' ...... ~ -"""'" 

1""" ~ ............... i 

, 
. ) ~ 

/ 
Table lSb •. Sand P eff\ects_ on P uptake by barley straw grown on three soils in 1979. ~ 

Soil Added P 
s~ri~~ _____ kg P205/ha 0 

St. Bernard 0 3.58 
75 3.75 

150 3.03 
S ,Means ,3.45 

Bearbrook 0 1.04de 
75 1.30b-e 

,! 150 1.61a 
S Means -1.32 

/ 
Howick - 0 0.76b 

75 0.89ab 
150 O.99ab 

S Means 0.88 

Added S, kg/ha 
10 20 

P, kg/ha* 
4.~7 3.69 
4.33 3.91 
3.02 3.49-
3.88 3.70 

1. 14cde 1.38a-d 
1.l6cde 1.40a-d 
1. 47abc L43abc:, ... 
1.26 1.40 ..... 

0.82ab 1. 05 ab" 
1.06ab 1.13a 
1. 08ab 1.07ab 
0:98 1. 09' 

40 

3\02 
3.55 
2.92 
3.16 

p.9ge 
L56a 
1.54ab 
1.37 

0.84ab 
0.98ab 
1.16a 
0.99 

-' 

P- Means 

3.64 
3.64 
3.11 

1.l4b 
~1.36a 
1.5la 

0.87b 
1. Olab 
1.07a 

*Means in-the body of the table, S means or P means, within each soil series, having a 
common letter or none at all~are not significantly different (P = 0.è5) according to 

) 

the new Duncan Multiple Range {DMR} teét. '6 
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Table ,16a. Probabilities associated wi~h F-statistics for different sources on the st. 

Bernard soil. 

prOba~ility of Greater Value of F 
-"'Source Yie1cf , Total S, Total p' protein N:S 

,; S UEtake P uptake 
Gra1n 1978 

~ -, nd 0.323 nd 0.497 nd 0.442 0.870 
p nd 0.116 nd 0.947 nd 0.815 0.473 ... 

S x P nd 0.497 nd 0.940 nd 0.263 0.290 
1979--

S; 0.680 d.046* 0;218 0~240 . 0.445 0.181 0.035* 
P 0.610 0.991 0.755 0.889 CY. 786 -0.465 0.705 

S'x P 0.082+ ,0 •. 092+' 0.116 0.113 0.19-0 0.396 0.050* 

straw ~ '1978 
S 0.199 " 0.012* 0.099+ 0.696 0.916 
p 0.217 0.265 0.614 0.1,60 0.545 

S X l? (J.052' 0.878 0.537 0.640 0.698 
1979, 

S- 0.857 0.420 0.428 0.400 0.331 
~ 0.458 0.446 0.424 0.055+ 0.215 

S x P -0.257 0.390 0.123 0.350 0.516 , 
\ 

"-

nd = not determined. 

+'*'**Si9nific~~t at the 0.1, 0.05 and 0.01 probabi1ity levels, respectiv~ly. 
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Table 16b. Probabi!itie~ associated with F s'tatistic~ 
soil. 

fo~ diff~rent sources on~the Bearbrook 
'~-~ 

Probabi1ity of Greater'Value of F 
Source ~ Yield Total S . Total P protein 

.S upt_a]{~_ _P Uptake 
Grain -------,-- - 1978:-----------.::-----

S 0.380 0.913 0:969 0.136 
P 0.0001** 0.003** 0.OOO'2~* 0'.045* 

S x P 0.21,4 0.523 0.488 0.020* 

0.476 
0.0001** 
0.223 

O. 076+ ~ 
0.378 
0.955 ______________________________ 1979' __________________ _ 

s 
P 

S x P 

Straw 
S 
P 

- 0.034* 0.014* 
0.0002** 0.301 
0.489, 0.021* / 

0.017* 
0.211 
0.032* 

0.800 
O.OOOg** 
0.202 

0.055+ 
0.0001** 
0.'457 

"f 

------........ -------------1978 ~. 
0.621 ,0.110 . 
0.0001** j).0001** 
0.523 -»0')0 i 0* * 

0.136 
0.208 
0.<)10** 

0.005** 
0.010** 
0.018* 

0.002** 
0.037* 
0.040* 

0.189 
0.628 
0.621 

N:S 

0.963 
0.030* 
0.539' 

0.006** 
0.724 
0.004** 

,~sxP 
----------------------.19799~------------------------------------

S - "" 0.102 ) 0.050* 0.095+ 0.766 0.459 
-P 0.0008** 0.055+ 0~376 0.107 0.0006*'* 1 

S x P 0.444 ' 0.590 - 0.556 0.090+ 0.115 

+, *, **Significant at the 0 .• 1, 0.05 and 0.01 probabi1>ity leve1s;; respectively. 
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Howick s~~l. 
Probabilities assoclated with F statistics for differentcsources on the C -. , Table 16e. 

---- ------- ----- ---- ---------~------ ----

probabi1ity of qreater value· of F 
Source Yie1d Total S Total P protein N.: S 

S Uptake P 1 _Uptake 
Grain 

S 0.105 ) 0.488 6.238 
/-

0.461 ~O. 551 0.008**' 0.889 
"1'978 

p O.OOl*~ 0.008: 0.927 0.381 0.0005** 0.378 ~ 0.355 
S x P 0.856 0.357 0.343 0.128 0.930 0.955 0.590 -1979 

S 0.706 0.90à ' --0.969 0.516 0.484 0.010** 0.878 
P 0.775 0.864 0.935 0.568 0.804 0.915 --~- 0.625 

S x P 0.948 0.648 0.739 0.821 0.881 J.o. 2'62 cO• 435 

St~ " L... __ . ___ --- ---- ... L .. _.1.0"7Cl 

S 0.168 
0 

0.032* 0.107 0.056+ ; 0.166 ' 
p 

S x P 
0.00P1** 0.038* 0.164 0.143 0.02'5* 
0.505 0.8.16 0.797 0.006** .0.lÎ6 'i0 " 

1979 
S 0.658 ;J 0.292 0.4,77 0,.001** 0.261 
P 0.604 0.909 0.795 û.003** 0.068+ "-

S x P 0.697 . 0.976 0.831 0.484 0.892 , , . . -_._------ --------,--- -- -~ ---- ----------------

+ * ** ~ . - . -
" Significant at the 9.1, 0.05, and 0.01 probabi1i~y 1eve1s,' respectiv.e1y.-
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Table 17., Sulphur added to the soil from precipitatidn during 

the growing season (May to August). \" \ 

Soil Series 
(LocatiorO . 

St. Bernard 
($eed Fa~) 

Bearbro_ok 
(Hudson) 

Howick 
(Riverfield) 

.. 

, \ 

Average Amount of S 
Collected (kg s/ha) 
1978 1979 

7.4 6.8 

8.6 3.9 -

7.9 3.0 

» 

\ 
, 1 

f 1 
A'iverage 

7.1 

6.3 

5.S 

z 
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12. DI~CÙSSIO~ 

The yield results showed that added S increased grain 

1 

yield only on the Bearbrook soil in 1978 but had no effect on 

this soil in 1979, and on the St. Bernard and Howick ~oi1s in 

both years 'of study. The gene"ral l~k rf significant response 
, ' 1 

to added S cou Id partly be explained by the fact that the 
li> " ( 

soiis test,ed were high in available ,S as discussed ill ~Chapt/er 

i. It cou1d also be attributed to substantiai contributions of 

S04-8 from rain estimated' to be in'excess of 10 kglS/ha at aIl 

tnree sites. Yie1d responses in Nebraska (U.S.A.) (Fox et al. 
• 1 

1964) and other places (Johanson 1959, Walker 1~55) were gener-

'a~ly,o ained in,areas Feceiving less than 6.7 kg s/h~lyear 

In this study, S inputs from rain during the grow-, ' 

alone were .~oughly équivalent to S"removals by the 
, , 

barley c~op whichJaveraged 8.0, 3.9 and 6.9 kg S/ha for the 

st. Bernard, Bearbrook and Howick soi1s respect~vely, indicat-
,J 

ing that S in tain alone could supply the total requ~rement of 
/ . . 

the barlef" crop. Thus the effect df the decrease in S added 

to' soil due to the growing use of concentrated fertilizers with 
~ 

littla or no S has not been faIt-due to S additions from raine 

Added P inçreased barlay yields on the Bearbrook and 

Howi·clc SOils\but had no effect on the st. Bernard soil., , The . , 

~- ., - - ~ __ ~_-''''_'''J'''''''~I>~ ",,,~,,,,,,,,,,,.,{,<,~,:-,,~,, , 
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greater yield response to added P observed on thé Bearbrook sotl 

was related to lower soil test P on this soil compa~ed tèthe 

other soils (Table 1) and was clearly reflected in the signifi-

cant increases in P concentration and uptake. The lack of P 

effect on the St. Bernard soil could be explained by the fact 

"that t9is soil tes~ed high in ~~ailable P. 

Sulphur concentration in grain and straw was depressed 

by added P on the Bearbroo~ and-Howick soils in 1978. Sï~lar 

results have been reported in other studies (Jones' et al .. lit972: 

Nielson et al. 1967; Aulakh and Parischa 1978) and this effect 
, -- . 

I , 
, 

" 

has generally been attributed to phosphate ~ons being more com- ! 
~ 

petitive than sulphate ions on the root absorption sites of for 

uptake,pathways within the root or stem cells. In this study 

it cduld 'also be partly duè to a dilution effect since added P 

increased grain yields significantly on the two soil~. 
/ 

The consistent incr€ase in P concentration in barley 

,grain and straw observed on the Bearbrook soil was to be ex

pected because as noted before thi~ soil tested lower in avail-

able P than the other soils. However 1 the increase in P co,~-
, .. 

centration with added S observed on tne HOwick soil for barley 

straw and grain was in contrast to results from other studies 

(caldwell ~ sl. 1969; Jones ~ al. 1972~ Aulakh and parischa 

. 1978) in which the P content in plant tissue was decreased wh en 

S was applied to the soil. 

/ 
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The réla~ionships between per cent total Sand N-S ratios 1 

in grain'with grain'yields indicated that bOth parameters could 

serve as good indicesoof S ad~acy in plants. However, per' 

cent 'total S wo~ld be preferable because getting N-S ratios in-

volves two separate time consuming cheItlical "determinations. The 

- re'sults aiso indicated that the range and criticai leveis of 
l , 

the two parameters May vary marR.edly from soil to soil, so be-

,fore any one of'them can be adopted' for evaluating S status of 

crops in the al\'ea more studies ar~ needed to establish the ..:v 
1 

critical levels more accurately and their variab~lity from 

soil to soil. 
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13 • CONCLUSIONS Î " 

/ 1 - -' 

The results'of this study showed that: 
.' 

1. Cha~ges in barley yields due to S fertilization were only 

significant on the Bearbrook soil in 1978'. The generâ1 lac~D of 

significant r,esponses on the other soils was attributéd to sub-

\ 

stantial" additions of S from rain and high soil S status of 

,the soils. 

2. Added S increased S concentration in grain and straw. cri ti-
1 0 

cal S concentratiQns~~n_~~ain were estimated tO,be 0.08% and 
1 

0.14% for the Bearbrook and st. Bernard soils respectively. 

3. 'protein content of grain ,was significantly increased 'hy in- , 

crements of added S on the Bearbrook soil in 1978 indicating 

that.added S enhanced uptake and utilization of N for protein 

synthesis. 

" 

4. The average N:S ratios in grain in the absence of added S 

-V wer '1 18.1. 36.2 and 19.7 for the s;. Bernard. Be1brook and . 

Howick soils ~espectively. Sulphur fertilization'significantly 

narrowed the 

critical N: S 

ratios 'on the St. Bernard and "Bearbrook soils and 

ratios w~re estimated to(~e within' the r~nge of 

15:1 and 24:1 for ,the two soils respectively. 
" 

-, 

5. Ph~sphorus concentration in grain was increa5ed signifi-
. 

cantly by added S on the Howick soil in 1~78 ·'and 1 in straw on 
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the Bearbrook soil in 1978. These results were in contrast to 

findings from other studies which have indicated a depressing 

effect of added S on P content. 
, 

6. Added P significantly increased'yield, 
--~ 

upfâke 0I'L. the. Bearbrook and Howick soils. 
-, -

P concentration an~ 

RelativelY!larg~~ 1 

---------
increases'~ere obtained oh the 1 Bearbrook soil because this soil 

te$ted low in -a:Yjila~le P. , 

Ingeneral the results of the two years field study on 

the èhree soils'showed that S fertilization did,not improve 
8 

barley yield output sign~ficantly te warrant recommending S 

fertilizers. The increasing use of concentrated fertilizers 

with little or no S has 'not resulted in significant yi~ld de
~ 

creases p~obab+y que to substantial S additions from rain. 

Thus if additions from rain should drop substantially, the pos- , 

sibility of S deficiencies cannot be ruled out in future •. The 

• negative S x P interaction effect with respect to yields 're-

ported in other studies was not observed in this study. 
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CONCLUSIONS 

The status of sulphur and the effect of added,sulphur 
/ 

and phosphorus on growth of barley (Hordeum vulgare L.) was 

studied on three'Quebec soils. The results indicated that the 
) 

98 

soils had adequate reeerves of total and available sulphur and '" 

th@t mineralization resuIt~ in' a"substantiâl contri~tion to 

the available S04 pool. AlI surface soils showed consider-

~~ negative sulphate adsorption. 

The results of the field study showed that added sul-
1 \ 

ph~r increased barley grain yield significantly on the Bear7 

brook soil in 1978 only. The general lack of significant re-

sponse was attributed to substantial contributions of S from 

rain and the fact that the available S levels of the soils were 

also high. Added phosphorus influenced yield significantly on 

the Bearbrook and Howick soils. A negative S x P interaction 
~ 

on S concentration in grain was observed on the BearbrQok soil. 
/ 

However, no significant S x P interaction was observed with 
'1 

respect to yi e Ids. 
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