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ABSIRACT
:

A field experÍment, conducted in the sumner of 1967, diseloeed

that total irI:S ratios of plants ln the early stageo of growth can be

used to evaluate their sulfur status. The crltical ratios above

which rape and barley are sulfur deficlent were suggeeted to be t2:1

and 16:\respectively. The critical sulftrr eoneentraiton tn rape at
the flowering stage w6rs proposed to be 0.25% total eulfur. The water

soluble SO4 fractlon of sofls was further evaluated as an lndex of
plant availabl€ sulfur. A critical level of l0 Ib/Ac to the 24 inch

depth at eeeding was suggested for cereals. The corresponding value

for rape was thought to be in the rarge of 2O to 25 lb/Ac.
The relative rates of nitrogen and sulfur nfnerallzation in

soÍls were studfed under ffeld and laboratory condltions. The mean

ratio of No3-N¡s¿-s release in soils cropped to rape and barley at

two sites was found to be 4.3:I. This ratio vÍag eomewhat narrower

than that observed ln the laboratory experitmnt. The ratioe of

release in soils of the Chernozemic and Podzolfc Orders after fncu-

batlon for 12 weeks at I8'C and near fleld capaclty moisture content

were lI.9:I and 28.4:1 respectlvely. Nitrogren was found to be re-

leased faster than sulfur' The amounts of NOS-N and so4's rereaeed

on incubation rrre correlated to the organfc matter content of the

sof Is.
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The role of sulfur in plant nutritlon fs fairly well definecl at
present. Recent research has lncllcated that sulfur and nitrogen are
reguired in relatively constant ratfos by plants. A rimlting supply
of one of these nutrfents has been found to result in the aeqrmulatlon
of the other in soruble forms in the plant as weII as in subseguent
reduction of plant growth. conseguently, total N:S ratios are con-
sidered as a means of evaluating the sulfur status of plants, provided
that nitrogen is not limiting growth.

simirarly, the surfur suppryÍng powêr of a soil can be descríbed
in terms of the ielative rates of nitrogen and sulfur mfneralization.
If the ratios of avaÍIable nitiogen to sulfur released in a soil are
smaller than or correspond, to the ratios of plant reguirement, eulfur
wiII not limit plant growth.

Research on sulfur aÊ a maero-nutrlent in Manitoba solle prevlous
to that reported in this thesis concentrated on defining the regfons
which were possibly deficient in sulfur and on devislng a chemlcal test
for available soÍI sulfur supplies. The water soluble SO4'fraction was

found to be a practÍcal and rerÍable lndex of these supplieo. The ad-
corbed sulfur fractÍon, also readily available to plants, was not found
to be important In Manitoba soils.

The obJect{ves of research described in this thesis were to pro-
vide further lnfor¡cation on the eulfur etatus and supprying power of
Manitoba by:

a) determlnfng the critÍcal total N:S ratios in tr¡o representatlve
crops under field conditions;

b) further evaluating the water soluble SO4 fraction as an index
of plant available sulfur;

c) determinfng the rates of sulfur mlneralizatÍon relative to that
of nitrogen under fleld and laboratory conditions.

I IIüTRODUCÎION
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SuLfur $tatus of Soils :'

Tire increaslrçt awareness in recent years of the essential and

sometimes limitÍng nature of sulfur to plant c¡rowth has prompted a

corresponciing interest in the status and transformation.of soil eulfur,
The chemical nature and forms of sulfur and the pì.ant availability of
these forms as weII as their Ínterconversion in the soil have been

of particular interest. The apparent analogry between the sulfur and

nitrogen eycles has resulted in investigations in sulfur paraliel to

those performed on nitrogren, Total organÍc carbon, nitrogen and sulfur
relationships are well establlshed, but fnformation on thelr relative
rates of transformation to inorganic forms is scant.

The total sulfur content in a surface soil will vary, depending on

â9êr texture, and prevaiting climate; values generally range fr<¡m .006%

to .1207o. Svans and Rost (I8) noted that 73% of the total sulftrr 1n sÍx

Chernozemic surface soils of l{innesota was organic, while only 507' 1n ll
Fodzolic soils was organlc. Total and organic sulfur decrease sharply

with depth in a soil profile. Lowe (3I) ¡roted a mean total. sulfur
content of 435 ppm in eight Alberta Chernozemic Ah horizons. Corresponding

&n horlzons contained'a moan of 273 ppnr. Podrollc soils were found to

contain a mean of 700 pprn for L-H layers and 80 ppm for Bt horizons.

Since L-H horizons are destroyed on clearing it is evident that Podzollc

soils are ¡nost tikely to be sulfur deficient. The.inorganÍc eulfur Ín a

soil occurs large).y as sulphates, sone of which are soluble and move fn

drainage vrater, and to lesser extent as mineral sulfides.'
Organfc C:N¡S ratios in soils reported Ín various agrÍcultural

areas nf the world (lable I) are relatively similar even though methods of
analysis differ. Ratios are consistently wider in Podzolic and acid

surface ooÍIs than Ín Chernozemic anci alkaline soils (18, 54). LimÍted

data avaflable on cultivated soils (25, 56) would lndÍcate that they are

characterized by wider ratios that undisturbed soils. ' .

:

II LITERA'IURA REVIEW
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Variation among soils is greater than the mean valuee re¡rorted

would suggest. C:S råtios ln samples of undisturbed Scottfeh eolls
varled from 62 to 154, while N:S values ranged from 5.9 to 10.6. Evane

and Rost (18) noted thâ,t the mean value for Chernoz€rnic organic N:S

ratlos was 8.?; that for Podzol.ic soils was 17.4. Variation in these

values rtras greatest amongr Podzolic soil.s. Considerable sígnÍfiganco

has been attaàhed to C:S and N:S ratios in recent studies since it is
felt that these may be, used to identify sulfur deficient solls.
Unfortunately most of the studies were done on vÍrgin soils and are not

truly indfcative of relationshfps under cultivation. A project Ín
Oregon indicated that the mean organic N¡S ratio'for a cross section of

agricultural soiLs was I0:1.

lable I

Mean organlc C:N:S ratfos irt sofls of the world.

N. Scotland (561 3

I"finnesota (n$l'

N. Zealand (48')

E. Australia (5a)

N. Australia (5S)

Oregon (25)

I'liss. (36'l

llrea SoiI DescrfptÍon 
'

lNon-calcareous

Podzolic

Chernozem + BIt Prairle
Pastr¡re

2Aci¿

AIkaIine
, Podzollc, paoture

ICross section

Cross section

I
2

3

Cultivated agricultural soils.
C:N non-sulphate ratio calculated.
Bibtiography numbere,

. C:N:S.Ratio.

140 ¡ 10:1.4

135: I0: I.3
Il6: Ì0:1.5
130:I0:I.3
152: I0 : I.2
I40: I0: I. 5

155: 10: I.4
I4S:I0:I.0
126:I0¡l.I



Ths close

sulfur (36, 48,

sidering sulfur
and nitrogen.

intercorrel¿rtion between organic c;rrbon, nitrogen, ancl

56) in soÍls has l¡een one of tha main reason6 for con-

tran.sformations in a soil on a basls simllar to carborr

$ulfur FractÍons

Extensive strrdies (Ie, 19, 3I, 33) on the v¿¡ietts organic and

i¡erganic soil sulfur fractions have been reported, but considerably

Iess information on their ircportance and availabilfty for plant and

microbial uptake is available. The amount of total sulfur {n a surface

soil is Iargely depenclent on climatic conclitions, with h1çfhest levels

occuring under conclitions favourable to the formatlon of Black solls'

Soils occuri.ng fn ôrclas of very higþ and. very }ow rainfa]I, i'e' in the

podzol.ic and Brcwn soil zones resprectively, contain the lowest amounts of

total sulfur.
Research on organic sulfur has indicatecl that a considerable portion

rrf this fr.rctÍon exists Ín an inert and hÍghly resistant forrn. Lowe (3I)

note<l an inert fraction in four of his soils in amounts ranging ftom 2-44o1,

of their total sulfur content. fivans and Rost (lB), in an earller study'

concluded that their determination of 'non-sulfate" sulfur consisted of

an inert form of organic sulfur plus mineral sulficlee. "l{unus' sulfur,

as denoted by the sane workers, consists of the sulfur in organic matter

extracted by dÍlute alkaii soluti.ons. This fraction was noted to be

faÍrIy constant (mean of 58 ppm) in the BLack Pralrie soiÌs of llÍnnesota'

and consistently higher than in PodzoLic types (mean of 12 ppm) ' Humus

sulfur was considered to be in the final stages of decomposition and

hence of considerable importance fn.determining the sulfur supplying povler

of .a soÍI.
r¡Iorkers (Ig, gl, 3;2, 33, 5,5) now agree that a signif igànt portion of

the total sulfur in a soil exists as organically bôund SO4 groups. Lowe

and Delong (32, 33) obtained a release of easily soLuble SO4 on successive

4



extractions with diLute agents and consldared thís as well ae other more

dfrect determinations as evidence of organically bound SOn groups fn
their solls. Covalently bonded SO4 groups ln ester llnkages vrere sugrgested

responsible for this -carbon bonded" sulfur in soÍIs. Simllarly, WiIllams

and Steinbergs (55) concluded that their 'heat-eoluble" SOa extractlon
conslsted of easily soluble SO4 RIus grioups spl.it off from the organic frac-
tion during heating. Anderson (2) found a good correlation (r=.96*+) þ'sf-
r¡een thÍs determinatÍon and sulfur uptake by rape, conflrning the theory
that the organically bound SOn is indicative of soil sulfur reserves.

The inorganic fraetion exfsts rnainly ôs ron-süIfate minerals
characteristic of the parent material ancl to a lesser extent of sulfates. 

.

oceluded in caLcite crystals or precipitated as lnsoluble salts of barium.
Easil,y soluble sulfates, and in a ferc cases adsorbed sulfate are the smal-

Iest but most significant fractions of the inorganic sofl sulfrrr, sÍnce

they are avaflable for plant and microbial use. Sfnce adsoiptlon processés

are not operative in Manitoba sofls suspected to be deflclent in sulfur (21,

it seems apFnrent that easily solubJ.e and. organfcally bound SO4 would be

indicative of the amount of avaflable sulfur Ín Manitoba soils. Lowe (31)

considered 'Ìll-reducible' SO4, an estÍmate of organlcally bound plus lnorganic
S4, to be the most important potentlal forms of sulfur for crop use. He

also noted a clear dichotomy between Gtey blooded and Chernozemic sofls on

the basis of this fractlon as well as easlly soluble, adsorbad, and organ-

ically bound SO4r suggesting that these fractfons are a crlt€rion of sulfur
supply.

Transformations in the Soil and Plant

5

A. Phys ical
The rates and mechanfsms of physical SO4 transformations ln a soll

obscure at present. Thought to be at least simllar to NOg movement,

mechanism is considered as a stepwise adeorptfon--desorptlon procese

,j

I

are

the



analogous to adsorption chromatography. Chao, Harward, and Fang (13)

using S35 tugg.d sulfur in leaching columns, noted a SO4 movement of

20 inches upon the addition of water'egulvalent to eiqht inches of

rainfall. The amount of movement of the anion lrag proportlonal to the

v¡ater added, and was increased by the additÍon of CaCOa and phoephate

compounds.

B. Chenical

Atthough almost inseparable from biologrical transformations fn a

soil, there are sev€ral chemÍcal reactlons involving sulfur which are 
'

independent of mÍcrobial actÍvity. Solution--precipitation reactfons

with calcium infh:enced by moisture, conmon lons, and lonic strength

determine SOn behaviour .in aríd soils. Adsorption phenomena, depêndent

on pH, and clay mineral and sesguioxide eontent, are important in acid

fÍne textured soils where they influence sulfate leachíng rates and plant.

availability. Non-bÍoloqricaÌ oxidation--reduction eyotems, such as that

involving the oxidation of sulfidee by the reduction of Mn4+, are signÍf-
igant fn acÍd soils as weII.

C. Biological

Bioioqical transformatÍons of sulfur by both plant and micro- 
,,

organisms cloninate the soil sulfur systen. The above ground portion of

the "organic sulfur cycle' is relatively well understood (f), Sulfurr, taken

up by p).ants largely as SOnand S0, from the air in smalL amounts (46), is
reduced to the sulfhydryl (S-H-) form an<l incorporated in amÍno acids and

other.compounds characteristic of the ,species involved. AnV SOn not

required to satisfy the relatively constant proteln N:S ratio (38, 40)

accumulates in the cell'sap. The intermedÍates which occur during the

decompooftÍon of plant:''residues are thotprht to follow the sequence:

R-SI¡*RSOTH+RSOTH-+SO.H-SO'* SO{ (5I). Because of structttul 
.,

6



simiLarities between the amine (NHZ-) a¡rd SH- grorrps, mâny workera

feel ttrat the procoss of microbial stabilization of Sl{- groups ln a

soil perallels that of the NH2- group.

l"lineralization Patterus ancl Determining Faotors

OriginaJ. attempts to characterize sulfur mineralization fn a soil
concentrateql on studias of SO4 production from inorganic aources (23).

Mineralization from organic sources, and the factors which affect the

patterns and ratee of SO4 release, have onJ.y recently received siqnificant
attention (6, 19, 2l). Incubation studies (3, 7, 36, 52) over periods.

ranginçl from two to four nronths tndicate that four types of release occur:
(i) a rapid initÍal rate of release followed by gradual decrease inrate
with time, (ii) a gradual clecrease Ín rate, (fii) a linear rate of release,
( iv) an Ínitial negative rate of release followed by graclual increase in
rate with tirne. Several investigators (7, 50, 52) Ìravo notecl that ratios
of nitrogen:sulfur releaseci are grreater than total N:S ratios and that
SO4 is released from a soil at a slower rate than NO3. 'vüÍIlÍams (52)

reported that ratios of N:S release increasecì with time, further supporting

this theory. Many factors app€ar to affect the rates of release of
nitrogen and sulfur since they are usually not closely relatect to total
N:S ratios and. show cons Íderable variatio¡r a¡r.ong soils. I,Jillians (52)

recorded ratios of NOg-N:S04-S released after incubation for two weeks

which ranged from 3.4 to 60.0 for a mean of 12,8. l^Ihite (50) noted

a range of 9.9 to 37.I after four weeks of incubation.

7

A. Effect of Environment During IncubatÍon

Sulfur and nitrogen miner:allzationÐpear to be affected þ environment

in a simil_ar manner. ,t¡'lilliams (52) recordecl IÍttle sulfur mlneralf zatlon
at ternperatures below l0'C, and reported increased rnineralization with an

increase in temperature to a rnaximum of 35'C. OptÍmum moisture conditions



for nrinsralization occurred at or slightly below ffeld capacfty. Additioà
of Caco3 stimuLated s04 anci N03 rerease, possibly due to increased pH

which is beli.eved more favourable for,growth of the bacteria concernecl.
l{igh soil' pH's are also thouçrht to enhance release of $O4 by increasing
chemical hydrolysÍs of organic residues as weII as kry releasing adsorbed
SO4. Alternate vretting and drying of soÍls cluring íncubation h.rve also
been noted to increase SO4 as well as NO3 rolea6e.

Root growth is thought to stimulate sulfur release by some r,¡orkers and
to depress it by others. Freney and S¡rencer (2I) obse:rved not iinmobÍtization
of adcled sulfur in soils incubatecl without plants and net mineralization
in the pres(tltce of plants. Sttlfur r,¡ouLd differ from nitrogen in this respect
since the increased microbial population in the rhÍzosphere grenerally is
thought to immobilize any mineral nÍtrogren released untÍ1 death of the
plant (24,57). Evidence for aay real effect of root growth on surfur
mineralization is small at present.

B. C:S Ratioo in PLant Residues and Sulfur MineralizatÍon

. Recent lnvestigations (J, 4, 6, 20) have lnrplied that :residual C:S

ratios influence sulfur mineraLÍzation in a manner analoçtous to the
:relationship between residual C:N ratÍos and nitroçren mÍneralization.
It is now apprent that the C:S ratio in freshly adcìed organic resÍdues
cletermine^s the r:ates and patterns of inorganfc sulfur release from them (7),
The existence of SOn immòbiLizatíon phenomena have been suggestecl and
supported by several workers (I5, 4g).

Barrow (4, 6) reported that a soil with a C:S ratio of less than 200

would accumulate SO* on incubation. Soils r.¡ith values in the range of 200-400
efther immobilizecl or mineralized snrall amount of. SO4, while those with
values greater than 400 tie<l up $04 in organic matter. He felt that an

interaction between freshly a<ldeci plant residues and soll organic residues
could occur, resulting in enhanced decomposition of the lattor. 'NÍtrogien

suppry during incubation had little effect on sulfatê release.

B



Pl¿rnt Sulfur Requirements ReLative to Nitrogen
':

The srrlfur requirement of a crop, has been defineci as "the minimunr

uptake of this nutrient associated with rnaxfmum yielci of dry môttor" (4I).
The sulfur requirenlents of some cornmon representative field crops baseo

on ì4anitoba fiel.d trials anC a review of the literature âre as followe¡
(i) rape yielding 2,200 pounds of seed/A reguìres 35 pounds of sulfur/4.
(ii) alfalfa yielding ô,C00 Ib/Ä. requires 18 pounds of sulfur/4.
(iii) wheat yielding 2,400 pounds of seed reguires 9 to 12 pounds of sulfur/4.

Diagnostic CrÍterla

Deter:mination of sulfur deficiency by plant analysis is based on a

knowledge of the 'critical level" of this element in tlie plant, Lbove this
level there is oluxury cpnsumption' and below lt there is opoverty adjustment'

until the cornpletely Iimiting concentration is reached (17). lotal sulfur
has long been used as a criterion of plant sulfrrr statrrs; typical levels at

different etages of sufficiency are glven in Tab1e II.
Recent research (38, 40, 471 has indicated that ttre l¡¡$ ratio in the

protein of comrnon fielcl crops is relatlvely constant througrhout the growing

seðson. Stewart and !ùhitf,Íeld (44) varied the Ìevels 'of nitrogen and sulfur
available to ¡¿heat and noted a mean protein N:S ratio of 15.1:1. Pumphrey

and. Moore (38) and Diukshoorn (16) made simllar observations, concludingr

that any excê$s nitrogen'and sulfur taken up accumulates ln the plant as

NO, and SOn, or other non-protein forms. If one of these.nutrients is

limitinq gr:owth, the other accumulates in the plant. The protein N:S ratÍo
of I5:1 has been.observed in other ffelct crops as weII and ôppears to be

an aceeptable constant.
TIte knorvledge of the consta¡çy of the protein N:S ratio has led first to

the consideratlon of SC4 content, and more recently,. total [:S ratios
as criteria for plant sulfur status. Anderson (2) noted an accumulatlon

of SOn in rape when the cróp ceäÊr,:(i to resnond to additional increments

of applied sulfur. Several workers (34, 38, 44) have observed that the

total N:S ratfos Ín ä plant are constant at a given growth stage and



Suggested critlcaL
f ield cro[)s at the

Crop

Plant Par:t, Staqe &

Tabte II

total. sulfur levels anrl N:S ratios for eome colunon

growttr stager; indi cated

Alfalfa
Tops, 1/3 bloom (25)
Tops (9)
Tops, Ì:loom (38)
fops, bloom (40)'

CIover

Whole (28)

Cotton

Whole (44)
!ùhole, early bud (35)

Peanuts

Sugar Beets

Leaves (¿f)

I'Iheat
'tihole (¿¿)

TotaI

ent

Cr it ica I

. l0-.15

A

10

.22
'-'o

conclude<l that this ratÍo is more indicative of the sulfur status of a

plant than sulfur content alone. Table II includes total N:S ratios for

some.corrumon crop6. These ratÍos differ from the protein N:S ratio noted

earlier because of varying non-protein nitrogen and sulfur re'quiretnents.

Dlagnostic criteria in the solL Ínclude a host of extractants too numerous

to mentÍon--atl have been uged in an attempt to estimate the readily

available su1fur ln a soil. A few unique determinatlons such as "heat

soluble SOn' (5S), have been <levised in order to extract the "Iabile' organic

SOn not normally removed by other agents. Water and dilute phosphate solutions

.30-.40

¡ I.J
.15

.12-.I3

:S Ratio

ì c oÉL\r-¿.)

¿T

:
I I,O
r0.6

I4

15.0

13-15

;

17.0



shorv the most promise as standard soil test proceduros. Phosphate solutions

are favoured. by many (3) because of thefr ability to extr:act adsorbed SO4,

as well as theÍr favourable effect on filtratÍon procedures.

Since adsorption processes were found tr> be neqliqtble irL coaree

iexturecl, well drained soil in Manitoba, .1.e. soils most apt to be ,sulfrtr

cieficient, Anderson (2) suç¡gested that the water eoLuble $O4-S content of

theso sgils wculcl l¡e an adequate sulfur criterÍon. He suggested that l0 lb of

water soluh¡Le 5O4-S in the upper 24 inches of sci] are adeguate for most

croprì. SimilarÌy, WaIkerI working on Grey.l,Iooded soils in Alberta has had

considerable success in using the water soluble $O4 content of soils as a

criterion of plant available sulfur. He proposed that the 3 content of

the surface 12 inches only need bs considered. He has suggested that I0 Ibs.

of rvater soluble SO4:S to thfs depth are adequate for legumes. .

I B..kg.ouncl researeh on sul.fur analysis. 1967 Report of the V'lestern

Section of the National Soil Fertility Committee Meeting; and personal

coft'runf cat ion.
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Introdr¡et Íon

The pur.poses <>f a fielcl experiment carried out at four sftes durÍng the

summer of 1967 r{ere tlrreefold. The experÍme¡tt was primarily <iesiqned to

investigate total N:S ratios in rape and barley as affected by varled soil
ancl fertilizer nitrogen and sulfur.supplies, and to provide further irrformatton

on the water soluble SO4 test as a crÍterion of avaflable sofl sulfur. In
aclCition, an attempt was made to characterize nitrogen and sulfur minerallzation
processss in the profitês of fallow and non-fertilized cropped soiLs by

¡neasuring water soluble NOg-ll and SO4-S dur:Ing the growing season.

l4aterials and lfethods

A. SoiIs

The soits for the plot sites w€re selected on the basis of drainage,

texture, and r¡ater soluble SO4 content, with emphasis on the soils which

Anclerson (2) designated as possiL'ly deficient in available sulfur. I\co of
the soils chosen belonged to the Ä,lmasippi association (Armstrongr anci Kitching

sites) with leveLs of vrater soluble S+-S at and above the critÍcal level
(I0 Ib /Ac to 2 feet) sui'gested by Anderson (2). Botl¡ these sÍtes were

moderately welJ. drained, although the Kitching soÍ1 had an impeding clay

Iayer at the 36-48 inch <lepth, aecounting for the higher SO4 eontent. The

other two sites belonged to the $tockton assoclation.
A summary of chemical characteristics for all the sites is given in

Table III. A ¡nore detailed descripti,:n of the Almasippi profiles is given

in Table IA (appendix). The latter provicled an interesting compôrision

since the only measure<l difference hetween then appeared to be the water

soluble SO4-S content.

IIT FIIILD EXPTRIMENT
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Table III

Some chenlicqÌ and phlrsical characteristi.os' cif the' soild seldited'as well
as designatiorf.ancf ipast history.

Assoc ia t ion
Suþroup
Legal Description
Past Ilistory
Seedins Date (1967)

pH (0-6")

NO3-N Content
( Ib/Ac. to 2')
SO¿-S Content
(1,È/Ac to 2')
NaHCO3 Extractable
Phosphorous
( lb/Ac') 0-6o

6- I2'
ExchangeabLe KT
(Ib/Ac) o-6'

6-12"

Almasippi VFS

Reqo BLack

NU- 33-7-5Ì/t

FalIow

May 22'nd

?.5

14.4

AlmasÍppi VFS

Rego Black

sE.- l.8-7 -4
Crop (Barley)

May 22'nd

7.5

13. r

29.8

!2.7
4.2

r98

L?4

lI.3

25.9

15. 6

I1

Stockton SL

Orthic Black

sE- 2I - 13- Is
Crop (Oats)

May 17'th
6.L

l5.I '

6.7.

238

162

Sur¡nins

Stockton LS

Orthic BLack

srd- I5- 10- Ì 2

Crop (Oats)

May 20'th

r.6

20. 3

588

284

13.2

28. I

393

293



B. Experi¡nental Des ign

The trials consisted of five troatments, including one fa11ow,

arrangeC in a randomfzed complete block design with six replicates.
NÍtrogren, phosphorous, and sulfur were applied to rape, Brassica napua

(Target), and barley, Hordeum vulgrare (Conguest) in the amounts and comb-

inations listed in Table W. Nitrogen and sulfur vtere broadcast by

hand, phosphorous r^ras applled with the seed. The carrlers vrere NH4NO.

(33.5-0-0), NH4HZPO4 (ff-55-0), CaSOri2HrO, and a urea plue (NH4)2SO4

blend (34.0-0-0). Sulfur was applied as CaSOn.2HrO in treetment 3 and

as (lIi{ )rSOn in treatment 4. AII experinental unito consisted of plotç

3.5 feet by 30 feet. The 95N + 20P and 95N + 20P + 30S treatmente (#2 and

#3) were applied to acljacent units to enable sampling of plant materlal
during the growing seaaon. A six row 'V-belt' seed,er was used to apply

seed and dritled fertillzers. The fallow plots were tilled perlodically
and kept free of r.¡eed growth. Recomnended ratee of 'T.C.A. wsre applfed

with a hand sprayer to control wild millet Ín raper

C. Sampllng Technigue

Soil samples were taken to a depth of four feet at time of seeding

and at three week intervale during the growing season from the fallow and

non-fertíIÍzed rape and barley treatments on all sítes except Toews. SampLee

were taken wÍth a I$ inch.acrew auger, air dried and ground to pass through

a 2 ¡rm sieve prior to analysÍs. iomposites of correeponding depths for
each treatment and time of sampling were made and strbsampled for water

soluble NO, and SOn determination. Itre samples taken Ín spring were analyzed

on a replicate basis to ,letermine the variability wfthin the plotê.

Regular sampllng prodedurea ¡{€r€ termfnated at harvest¡ fall. samples at

the Kf tching'and Armstro¡¡g locations, and a sp:lng sarnplfng at the ùatter
site rrere taken and prepared in the same ItìGlrinêr¡

Plant samplee of both crops wfth and without added sulfur (#2 and #3)
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were taken at three week Íntervals beginnig slx weeks after seeding and

extending tiII harvest. All samples, including the fÍnaL harvest, lvere

taken as I0 foot cuts of the center two rows of each experimental unít.
Samples taken prior to final harvest were alr dried, weíghed, and ground to

pass through a 2 mm mesh sieve. Composites of the six repllcates for each

treatment at each sampllng date were made in a manner analogous to that ueed

on solls. These composites r^rere then subsampled for total Kjeldahl nitroçren,

total sulfur, and NOa nitrogen determinations. Samples obtaÍned at the final
harvest were threshed and pr:epared ln a similar manner, with the exception

of the rapeseed which was not ground in order to prevent oll losses and to
facilitate Laboratory procedureg.

D. Analytical Proceduree

lhe NO'-N content of the soils was determined colorlmetrÍcatly usirig

the phenoldisulfonfc acid nethod (II). A water extract with a soil to water

ratio of l:a (w/i¡) was used. The color intensities werê measured on a

Coleman Junior ôA colorir¡eter at a wavelength of 4I5 mu. Ïtre readfngs

obtained wÊre compared to a standard curve rangirgr from I to 100 PPr¡.

The SOn suLfur content of the soils r+as determined by a modification

of the turbfdimetric method described by ChesnÍn and Yien (14). Flfty gm

of soil in 100 ml of distilled water were shaken for 30 minutes on a

reciprocating shaker; Lb to 2,0 gm of NaCl and $ teaspoon of washed

charcoal were added, and the shaking continued for an additional 30 soconds.

A 25 mI a).iguot of the flltered extract was placed in a 150 mI beaker.

Ttrree ml of a 100 ,ppm SOn in 6N HCt solution were added to provide precip-

itation centers, Exactly 0.2 gm of BaClr.ZHrO crystals (20-30 mesh) were

then added to the extract and.the solution stfrred for I minute. The optical
density of samples and standards were read agaÍnst distllled water flve
minutes after the barium chloride was added. A Çoleman 6A colorimeter

set at a wavelengtir of 420 mu was used. AdJuetments to all readin€ra vtere

rnade by subtractir¡g the optical density of a chemlcal blank run with each

set of samplea;

L5



Soil pH l{as meôsured in a soil--0.Oil{,CaCI2.2H2O suspenslon using

the glass indicating and calomeL refsrence electrocies in eonjunction with

a Canlab pH Meter 22, type PHMZZp. The electrÍcal conductlvity of soil-
paste extract vras measured wfth a Canlab Model RCI6BZ Conduotivlty Brfdge.

The CaCO3 content of the soils was determined by gravlmetric measurement

of CO2 liberated on digestion with HCI as described by Btack (11).

The total nitrogren content of plant material was determined by the

nacro-KJetdahl method as detafled by Black (II). Total sulfur analysis

of plant måterial consisted of acid digestfon and oxidatíon of eulfur to
SO4 followed by turbidmetrÍc determinatlon of the latter as outlined by

Blancher, Rehm, and Caldwelll. Water soluble NO3 nitrogen was measured

by adaptinçl the method ueed for NO3 deten¡ínation fn soils; 0.5 gm of

plant material ln 50 mI of extraction solutlon vtere allowed to soak ov€r-

night to eneure lysfs of the plant cells. Ths euepenalon was then treated

exactly as descrlbed above for soÍls.

Results and Discussfon

A. Nitrogen-Sulfur Relatlonships in Rape and Barley

Drought conditfons severely reduced the growth of both barley and

rape on the Stockton eoile. Rape did not germlnaie at the Toews site;
yields of barley and rape on the Surmfnsky locatlon were very poorr

Sampling procedures on the latter wer€ performed, but yield data were not

recorded. Observations at the Toews site were li.mited to periodic plant

samples and the final harvest. The Almaslppi soíIs had adeþuate moisture

and good growing conditions throughout; all phases öf'the åtudy were

carried out at these locations.

16
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The ffnal seed yiolds of rape and barley as affècted by nutrient
application are given in Table IV. Total dr:y matter yields, measured at
intervals during the growirçi aeason, ar€ included in Tables 2A and 3A

(appendix). Substantial yield increases drte to applled nitrogen and phoe-

phorous were realized and anticipated at all sites Ín vierr of the avall-
able supplies of these nutrÍents in the soÍI.

Increrses in rapeseed ylelds due to adcled sulfur were noted on

both ltlmasippi sÍtes. A 40% increase in yield due to sulfur (signifigant
at I% level) added as CaSO4.SH2O occured at Armstrong'e and a 15% lncrease

in yieJ.d was noted at Kitching's (not signifigant). Barley yields were not

affected by addition of sulfur, although a visual response was noted at
the Armstrorq site. .Barley plants treated with sulfur at this location
appeared darker in color and more suceulent than untreated plants fn the

early part of the growfng' season. IÌrese observatlono, however, were not

substantiated by differencea ln dry roaight of plant material collected.

'

Table IV

Yield of rape and barley as affectad by different levels of applied

nitrogren, phosphorous, and sulfur.

L7

Treatment

NutrÍents App

I
¿

3

4

0

95

95

95

00
200
20 30

20 30

L.S.D.

.05
; .0I

I Effect due to added sulfur.

955

LS72

2L97

2It5

Kitchi
642

ls23
17 94

L720

381

565

400

593

32. 3

67.0

66.0

66.0

27.9 16.I
57.3 32.1

53.7 . 33.5

57.1 33.9

-N.S' - I



ître total amounts ancl ratios of nftrogen and sulfur utilized by the

rape and bar:ley at various times durfng the growfng season were determinod

for the plant materlal grown with and wfthout added sulfur. The valuos

obtaÍned for rape (TabLe 24, appendÍx) indicate that nitrogen utÍlizatfon
by this crop was not affected by applÍed sulfur (FÍgure la and 2a). The

total N:S ratios of rape grrown wlthout added sulfur were widest on the

Armstrong site, particularly in the early pðrt of the growing season

(Figure Ic, 2c and 3b). The ratio after 40 days growth at the Arnstrong site

was 20.3:1,.0 ¡rs cþmpared to 7.I¡I.0 for rèpe grovln at the Kitching location.

NÍtrogen content in rape decreàsed sharply with timé on aII sites, ae

did sulfur content on the sllghtly responslve (KitchÍng) sfte (Figure Ib, 2b

and 3a). Total sulfur content Ín rape grown with added eulfur increased

with time on the highry reoponoive (Armstrong) slte (Figure 2b) ' The rela' 
.

tionshlps existing betr¡een nitrogen and sulfur contents and ratÍos 1n rape

grovrn at the Surminsky site (Ffgure 3a and 3b) wero sfmllar to those noted

at the Armetronçr }ocation, suggesting that this sofl was also Io!¡ in

available sulfur.
The total nitrogen and sulfur contents of barley grown with and wÍthout

added sulfur (Table 34, appendix) also indicate that nitrogen utilizátion ie
not affected by applied sulfur. Patterns of nltrogen and sulfur absorptlon by

barLey r¡ere similar to those noted for rape (Figures 4a, 5a and 6a).

The N:S ratfos of the plants grown on. the non-sulfur treatment WZI

of the Armstrong site were appreciably wlder than corresponding valuee

observed for the other plots (Flgure 5c). ThÍs wouLd lndicate that ô r€-''

sponse to sulfur may have occurred early in the growing season.

No3nÍtrogenaccumulations(TableV)inrapeandbarleyweregreatest
in the non-sulfur treatment #21 of the Ármstrong slte at the first date

sampled. Concentrations of 11862 and 11016 pprn were detected for rape and

barley respectively. Sulfur deficiencles were viEually apparent in rape on

thfs treatment and resembled the symptoms described and photographed by

Anderson (2). Characteristfc, cupping and purple discoloration of the leaves

were evÍdent. 
,

I
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Water soluble NO3 nftrogen
at dÍfferent times during

Kttch{ng

Table V

(ppm) in rape and

the growing season

Armstrong

JuIy 4

JuLy 26

Augl. 16

Aug. 29

JuIy 5

JuLy 25

Aug. 1ô

Arg. 29

barley wfth and wÍthout eulfur
on two sÍtes..

44

65

86

99

I,FinaI harvest sample.

Since uater soluble SO4 suliur content was the only neasured chemlcal

difference noted between the Kitching and Armstrorç¡ sites, these locations

provÍde a comparatfve study of eulf.ur responsfve and non-responsive soils, re-

spectÍvely" The availble sulfur content of the soil at the Kitching sÍte was

adec¡rate for cereals and almost so for rapê. At the Armstrong site, available

soil sulfur'supplies w€re Just sufflcient for cereals, but definitely lnsuffi-
cient for rape.

Further support for the consideration of the water soluble SO4-S content

in Manitoba soÍls at seedfng tÍme as a criterÍon for plant available sulfur,
particularly Ín coarse textured soÍIs, 1s lent by the following observatÍons:

(i) SO4 adsorption processes are insÍgnifigant 1n Manitoba soils (2), hence it
is apparent that water soluble SO4 and SO4 released fron organic sitee or min-

eralized are the only immedfate and potential ptant avaÍlable forms, (if) de-

ficient soiIs, particularly coarse textured ones, are usuelly gulte
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low in organlc matter.and have Iittle potenti.al for releaoe of sulfuì.
during the growing sêason as indicated by the results of an lncubation
experiment descrlbed in Chapter IV, (fií) the amounts of SO4 whlch are

mineralized in these soils are small relative to SOn movements ln drain-
age water. Therefore, a measure of the amount of water soluble SO4 ln
a soil at seeding time is probably the best indÍcatfon of sulfuri supply

in coarse texturod soÍls.
Several factors, as evident from this experfment and work done else-

where, should be considered ln determlning the depth to which a soil pro-

file should i;e sampled tp estimate the ancunt of water soluble SO4 sulfur
available to a plant. SO4 ions are readily leached from surface so1l
horizons, as indicated by the low SOn contents fn samples obtained in the
faII (Table VII) for the incubation experiment. The changres in SOn dfs-

,trÍbutlon noted Ín the mineralízatlon aspect of the fÍeld study atso

.. srrggest that water soluble SO4 fons are readily leaehed from surface layere.
Alsp, 5Ð4 changes due to mfneralizatfon and capillary movement were noted

to be greatest in the second and third feet of the soils examined in thÍs
study. Plant roots are known to absorb SO4 sulfuq from depths of two feet
and ç¡reater (37). In addition, a qrood relationship has been noted to

'" exlst between uptake of sulfur by rape and the amount of water soluble SO4

sulfur in the upper 24 lnches of eeveral llanitoba soÍls (Table BA). AII
of these factors suggest that soil proflles ahould be sampled to a depth

greater than the plow layer.
If the upper 24 lnches of a soÍI proflle is considered as an adeguate

sample depth, the results of this experiment and the observations of others
(Ð sugrgrest that I0 Ib of water s,2luble SO4 sulfur to thls depth at seeding

time is adeguate for cereal crop production. The sulfur regufrements of
rape are somewhat higher than that of cereals perhaps in the range of 20

to 25 Ib of SO4 sulfur. ff a proflle is sampled to less than 24 inchesr'
the suggested crftfcal levels.t¡ou1d decrease proportionally. SO4 sulfw
supplfes at depths greater than 24 inches are consldered to be of decreaalr€r

importance to crop productfon on the bagÍs of thls study'
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GeneraJ.ly, the well-draÍned coarse textureci sands and Grey l,looded solls
of Manitoba can be suspected of having SOn sulfur levels in the ranges

noted above. The actual soil types h¿ve been discussed previorrsly (2).

The observ¿¡tÍons made on nitrogen and sulfrrr relationshlps in rape

and barley in this expeìfiment are símilar to those re¡:orted by others for
corn¡non f ield crops (40, 44). Nitrogen absorption üra6 not affected by sulfur
supply in this stucþ. It is suggesteri that any excess nitrogen over that
re:¡uired to satisfy the protein N:S ratio of these crops, accumulates ln
tho plant in soluble forms, predomlnantly NO3 and a¡nino compounds, Rapo

has a high sulfur rec¡rirement relative to that of cereals such as barley,
and is considerably more sensitive to avállable sulfurr supplles. The

glucoside and mustard ofls in rapeseecl ar:e high Ín sulfur and account for
thÍs relative dÍfference. the( totat;N:S ratio of this crop 1s relatively
narroll as a result..

The fact that the protein N:S ratios of the dlfferent plant speci.es ,

are fairLy constant at specified growth stages (16) proposes'that total
I'l:S ratios are a better criterÍøof plant sulfrrr status than either total
sulfur or SO4 sulfur content. The additionaÌ analysis required to calculate
this ratÍo ensur€s that nitroqen has not been a limÍting growth factor.
Total N:S ratios clearly ldentify the sulfur deficient rape treatments in
this experÍment and appear to be a good crlterion for evaluating the sulfur
status of plants. .

Frori the observatione on total N:S ratios mad.e ln thÍs study, it ie

suggested that a ratÍo of .Iess than I2:1. at.the four week ctage in rape fs
sufficÍent for normal growth. A óorresponding critical ratio of 16:I is
suggested for barley. If total sulfur eontent is considered as an i¡rcìex

of sulfur supply, the analyses of rape grolrn on sulfur deficient sitàs in
Manitoba (Table 84, appendix) suggest that a contènt of less than 0"25%

at flowarlng Ís indicative of a sulfur deficiency in this crop. ThÍs value

is meaningful only when other nutrients are not IÍmftÍng growth.

':
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B. Field l{ineralization Stttdy

The soils of the non-fartllized rapa and barloy treatments and the

fal-low p)-ots of the Surminsky, Kitching and Armstrong sites were sampled

periodicatly during the growing season ln an effort to characterize water

sol.uble NO3 and SO4 relationships in a soil profile un,ler fielci conciitions.

0f particular lnterest were the times and relatfve amounts of these

nutrients r¡inerali zed.

Considerable variation 1n the amounts of N03 and SO4 accumulated in

the cropped and falloweC soils was noted (Figures 7, Il and 15),

However, the maxi¡nums or minimums ln accun:ulated NO3 and SO4 Ín the solls
of any given treatrnent:occurrecl simaltaneously in many lnstances. The

NO3-N contgnt of all the fatlowed plots reached a maximurn and then

doclined sharply by the nriclclle of Lugust (harvest date), ruith the exception

of the fallow plots at the Armstrong slte.' A net deficit over the entire

sanpling period ¡¡as noted at thls site when NO3: N content to the fourth

foot was considered. The pattern described above for the other plots
vras, however, evident at thís site when NO3-N to 12 or 24 lnches was

considered. The soil NOS-N levels of the fallow and non-fertÍlized crop

treatments l¡rere essentially the sane at harvest tine.
Maximu¡n accur¡.ulations of NOg-N in the unfertilized soils cropped

to barJ.ey. at the Kltchtnçr and Armstrong trials were greater than those

noted in fallow soils. The maximums also occurred earlier in the season

in soils cropped to barley. NO3-N measurements in the unfertilÍzed. soÍI¡i
cropped to rape were not nrade during the lnterval when the taaximums

describecl abovo were noted. However, the apparent similarities dur:ing

the remainder of.thesanpling perÍod would suggest that earLy tnaximums ln
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accumulated NO3 haci occurred in solls cropped to rape as weLl.

the 5O4-S content of the unfertilized-croppnrd soil profiles appeared

related to the NOS-N contents at the Surminsky and Kitching locations
(FÍgures 7 and II). Littl.e resenblance ltas noted between'accunulatcd NO.-N

and SO4-S in soiis of the remainlngi fallow or cropped treatments sampled.



An accumulation of SO4 occurred early in the growlng aeason ln the

Sur:minsky fallow plots. LÍttle or no accumulation of SO4 wðe observed fn ;

the fallow plots of the Kitching and Armstrong sites. The bccurience of

maximums Ín accumulated SO4-S in unfertfllzed soils cropped to barley par-

alleled those observed for NO3'N. Sllght accunulatlons of so4-S ln un-

fertilized soils cropped to rape were noted at the six lteek sampllng date.

The quantitatÍve changesl in NO3-N and SO4-S content to dlfferent
depths 1n unfertilized soils cropped to rape and barley show net galns of

both nutrlents in the top two feet during the interval from spring to

fall (Table VI). Net losses of SO4-S Ín unfertilized-cropr,ed soíls were

noted when changes to 36 and 48 inches ove¡: this same interval were con-

sidered. Generally, both NOg-N and SO4-S contents of falloued eoils de-

creased by harvest tfme rftth the exceptfon of the Surmlnsky site where

llttle change in NO3-N content and an aecumulatÍon of 19.6 lb/Ac of SO4-S

to for¡r feet were noted. The losses of No3-N during the growingr season

?Êre greatest in soils of the Armstrongr site. The lncreases ln N03-N and

SO4-S content of cropped soils after harvest (part (B) Table VI) were con-

siderably greater after barley than after'rap€.
The changes in NOr-¡ and SO4-S durÍng the growfngr season ag dlscussed

above are illustrated more fully by the distribution of these ione in the

soil profile (Figures 9 to I0, 12 to 14, and t6 to l8). the NO3-N ðccü-

mulations in faLlowed soils occurred in the uppef 12 lnches of the profile'
the decrease in l,¡Og-N content of fallowed soils by harvest time appears

to have occurred in sub-surface horizions' I1te maxfmu¡ns-in accumulated

NO3 1n unfertilfzed soils cropped to barley corresponded to fncreases in
the upper 24 fnahes (Plgure I, I3, and 17).
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r N.t changes in
l\

unfertillzed cropped'eolls nere calculated as follorrs:
NO3-¡ o Total Nc - (NO3-N" - NO3-N¡) :

,, lrlhere: c r cropi I = snlfno; h = hêrvest.



The distrÍbution of SO4-S ln the soil profileo v¡ag found to bo more

variabl.e than NO3-l'l and dÍcl not appear to be relatr:cl to it. Some

similarities between the distribution of these ions during the growfr¡g

season were avldent Ín cropped soils (Figures 13, 14 and 17). The

accumulation of S04-S fn the SurmÍnsky fallow plots occurred in the

second, ancl third foot of the profile. Tire maximums in aecr¡mulated SO4-S

in cro¡rped soils at the Armstrong site also occurred at this clepth

(Figures 17 anci LB).

The decreases in N%-!q content of the Almaslppi fallow eoils v¡ere

probably due to leaching processes. these losses w€re greater for the

Almasippi soils than for the Stockto¡r soil. Approximately 27 Lb of
NO3-N originally in the soil was Lost fromthe 0-48" Cepth in one year

at the Armstrong sftè. /tn add,itfonal 27I lb of ![Og-N mineralized during
the sunmer months were also probabty leached out of the profile.
Approximately 8.3 inches of precipitation, dÍstributecl as deaignated in
Table 7A was recèived on the AlmasÍppi trials from seeding to harvest

ti¡ne. Preclpitation at the Stockton site was lnsufflcient for crop

growth.

the effects of thls precipitation were evÍdent in the redistritution
of I'i03 and SO4 in the soils at the Armstrong sÍte (Figures 16, 17 and lB).
A rmrkecl clownward clisplacement of 904 during the interval of the second

and thÍrd sampling dates was evident in the soil at this sÍte.
Approxinately 4.2 inches of rainfalL was ::ecorded in this Ínterval. this
site hacl been fallowed during the prevfous year resulting in a rnarked

27

accu¡c¡rlation of NO3 in the lower horizons ôf ttre profile (Figure l6a).
This accumulation of NO3'N,as well as tire amount mfneralizedrhad been

Ieached from the sampling zone by the end of the second year of fallow
(Flgure 16g). Cropplng of this soil resulted in a greater accumulation of

I Tnis value represents the niean incrh:ase in NO3-N noted in unfertilized
cropped soÍls. It is assumed that minerallzation of nitrogen under

crop and fal}ow are the E¡ame.



both lü3S-N and SO4-S than faLlowingr.

Lfttle evidenee of NO3 or SO4 redÍstributfon in the Stockton soil
(Surminsky) rvas noted., although some.upr{ard mover¡.ent of SO4 was apparent.

rls a result, the data collected from this location represent charges in
situ.

fn view of the NO3 and SO4 redfstribution by water movement in the

fallov,red å,Inasippi soíls, the changes during the year were not consídered

in terms of mfneralization processssr Leaching activities in cropped. soils,
however, rtere not as grreat as suggested by the accumulations of NO3 and SO4

noted early in the growing season. Therefore, mineralÍzation activities
ln these soils are best described by the changes fn NO'-N and SO4-S detected

in the unfertilized-cropped soils.
the general lack of resemblance between NOg and SO4 distributfons Ín

the soil profÍles is in disagreement with the conclusions of some r,¡orkers

sueh as Harward and. Reisenauer (26). their lysimeter studies led them to
belíeve that soluble inorganic nftrogen and sulfur have simflar profile
distributions. rilthough evicience of such a similarity was noteci at the

Armstrong sÍte where leachlng effects were greatest (Fiqrures I6a and l6E,

I?d, 17f and l7g) most of the NO, and $O4 distrÍbutions showed ltttle
resemblence to one another.

There are several possÍble reasons why the dist:ributíon of NO3 and SO4

ln the soil profiles were not símilar: (i) differentlal crop uptake, nineralÍ-
zation and rnovement of the two ions Ínvolved; (fi) the sources of these ions

and the systems in which they are ln equllfbrium with'are not the sanei

NO3 lons are essentially fn equilibríum with an organfe system whereas SO4

lons are in eguillbrÍum r¡ith both an organÍc and an lnorganie system; in
the latter, the factors t¡hich affect the solubÍlfty of sulfates, euch as

CaSO4 and þSO4 as well as sulfatss se-precipÍtated rvith CaCO3, wilL have a

bearfng on the amount of water soluble S04 in a soil under a given conCltÍon;
(fff) aCsorption processes are also consid.erably more important in the sul.fur
system than they are in that of the nitrogen system.

ff the net changes in the arnounts of NO3-N and SO4-S to the 24 inch

depth in the AlmaeippÍ soils cropped wtthbut added fertilizer (Table VI)
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Table VI

Changes in accumulated N03-N and SO4-S during the. intervals from

followlng sprlng (1968); and from harvest to fall, as considered

sofls cropped to rape or barley, or fallorned.

sprins (1967)

to different
to harvest,

depths in the

f aJ.1, and the

unfertilized

(A) Chanses Ín NOa:¡E.and So4-S {,¡Þ/A}
from lnÍtial spring sarnpllng to
oeriods desíonated

lB) Chanses
harvest

!{og-¡l and So4-S (IblA}
fall

in
toTreatment

-and

Lbeations lo 24* to 36" to 48"
Har. Falt Har. FaII Har. FalI Spr. to 24" to 36" to 48"

Fallow
Surminsky NOS-
(stgcktonl SO¿=

KitchÍns NOg-
(Alnasíppi) soã=

Ârmstrong .NOSI
(Almasippi) So;=

Bar1ev Check Plot
Kltchlngr NOg-
(Almasippi) SO4:

Armstçonq NOg-
(Almasippi) SO4=

Rape Clrqck Plot

3.9
4.4

-8.4
-7:7

- 12.9
-1.6

- 19.4
0.4

22.6
4.4

22.L
5.2

18.8
I3.6

- -0.1
- 12.9

0.0 -10.3
-3.0 -43.0
I.6 -23.2

-8 .7 0.6

26.3 17.5
0.8 -15.6

38.4 12.3
l2.r g.g

25,6 27.6
9.7 -8 .g

33.3 8.0
7.4 Il.3

- 3.3
- 19.6

-0.3 -12.5
3.2 -23.3

-5.1 -34.9
-4.6 3.7

24.8 16.4
-g.g -67.9
30.9 -3.2
I4.3. 12.0

26.0 25.7
-g.g -56.i
24.O -6.9
8.8 19.8

-27.4
0.9

2g.8
10.9

7.7
16. 6

.-
_1,4

-23.5

-15.9
-1.3

26.0
-45.6
19.7
L7.4

24.9
-62.3

11.4
ll. g

8.4
._ 4.7

14. 5
-7.L

6.9
0.4

15.8
7.7

-3.5
4.5

14. 5
-5.2

':

1o. o
46.2

18.l
-5.2

7.3
5.8

18.6
5.4

-1.6
0.9

16.0
-2.5

l-r. r
-Q.2

fg. o

-5.0

9.6
22.3

22.9
5.4

-0.8
-6.2
18.2
-7.9

Kltchins Nos-
(Almasippi) So4=

Armstrong NOS-
(Afunasippi ) SO4=

lL)
\o



ôre considered as representatlve of mineralization--immoblllzation relatfon-

shlps in these soils, then 32 Ib of NO3-N and 7 Ib of sulfur were mineralized

in soils cropped to barley. soils cropped to rape released 30 lb of No3-N

and 9 Ib of SO4-S. Since plant uptake of nitrogen and sulfur durÍng the

growing season was not measured on the unfertilized crop treatmente, no

comment as to when this mineralization occurred or hgw important it wae to

plant growth can be môd€. Ho'nrever, the NO3 aceumulatlons under fallow at

the Surminsky site srrggest that nitrogren mineralÍzation activities are

grreatest in the latter perlods of the growtng season and do not eontribute

to the available sulfur supply to the extent as previously has been thouçrht.

The ratloe of l{Og-^ìl:SO4-S released ln cropped eolls were 5.0¡1.0 and

S.S:I.0 for barley and rape, respectiveLy. These ratioe aro Eomelrhat narrower

than the me.:an of Il.6¡I.0 noted for the same solle when lncubated at 18tC

and near ffetd capacfty moÍsture (Chapter IV). the ratloe of releê8€ ln

these soils are adeqrrate for crop growth..

to
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Introductlon
'l

The rates and mechanlsma of nitrogen mlnerallzatfon ln a soil durlng

incubatfon, aE well as the factors which affect thls piocess,,are fûlrly
v¡eLl underÊtood at present, Considerably less fe known about sulfur

mineralizatÍon, although a cloee analogy to nitrogen mineralfzatfon Ía

postulated by many. A great deal of attention (32, 3Ir,I8) has been

devoted to characterizing curface eoÍIs in terms of total sulfur content

and varioug organtc and inorganfc sulfur fractfons. However, relatfvely
IittLe lnformation ls avallable on the contrlbutlon and lnfluence of

these fractions on the rates and amounts of sulfur mineralizaed fn a

coil. .Although organlc nltrogen and sulfur ar€ known to exist ln relatlvely
conetant ratfos ln a soil, llttle ls known about their relâtive rates

of conversfon to inorganlc plant available forms, partfäularly on the

Canadian praÍries.
ConsÍderations such as these prompted a laboratory etudy of the

relative rates of nftrogen and sulfur minerallzation fn cultivated
surface sofls of Manitoba. The effects of temperature and moisture

controL durlng lncubatlon,and chemlcal factors. of the eofl nere aleo

considered.

' ; Materlals and Methods

Surface samþles of 2I cultlvated Manitoba soils wlth physlcal and

chemical characteristics as described ln Table VII were collected for
this experiment. Althorrqh four soll orders ôre repreeented, the solls

selected are not a tru€ crose-s€ction of Manitoba. Consfderable emphasla

was plaeed on solls in the Chernozemic and Podzollc ordero which were

suspected of havinq suLfur!-cuÞþIles in the range llmftlng to crop growth.

these were mainly the,solls of the humid South Eastern, Central, and

North hlestern areôs of Manltoba.' SoiI¡ of the more arfd South lrleetern

iw INCTJBATION EXPERIMENT

43



Desfgnation and_ chemical and

Table VII

physical charêcteristlcs of the soÍls incubated.

Text- pH
ure (0.OLrÍCaCL)

CaCOs Organic Total lotal
NS

Order
and

Su

Association
or

SerÍes
iv. C

lota1
C: i'I: S:
Ratio

126:10:0.8
LZI z].9¡O.5
l-33zl:Ot2.6
118:101 2.1
L23IIO¡O.7
129:10:0.4
136: t0:1.4
130: 10:0.6
13ó:10:0.9
126: 10: 1.0
129: I0:1.4
102: l0:0.3

Non-S0,
S4

1,0 Ni-ic1
So1. S0,

h

Chernoze;oic
Orthic Blaek

Bego Black

Gleyed Rego B1ack

0rihic Dark Gray

Gleyed D. Gray

G1eyed. Salonetzic
D. Gray

Podzolic
Ort,hic D.G. lrtooded. GleyeC D.G. Wooded
0rthic G. lriooCed
So1. G. trIooded
Gleyed G. l.looded

l{irkler
l{eIlwood
Almasippi A
Àlnrasippi B .

Red River
Newdale
Poppleton å,
Libau
PopptLeton B
Poppleton C

Poppleton Ð
Thalberg

0.33 0.026
o.æ 0.014
0.08 0.021
0.10 0.021
O.3l+ O.O24
0.30 0.013
0.09 0.013
o.28 0.0r9o,29 o.on
0.10 0.0r0
0.08 0.or1
o.E 0.009

Erickson A
Þi-ckson B
Granville
Lettonia
Caliento
Clarkesville
Clarkesville

10
2
2
6

10
10
I
I

3z
IO
I

T4

10
I
2
5
5

10
IO

250
138
208
20t+

230
120
L22
]L72
238
90

LO2
76

2l+o
1r_2
1ó8
105
115

5O
6o

58

c
CL

VFS
vFs

c
CL
FS

c
Tù
FS

vFs
sic

A
B

6.3L
5.90
6.85
6.95
?.@
7.46
6.85
6.79
7.55
7.1çO
7.1+5
6.1+l+

7.Ll+
7.1+O
6.o5
6.16
7.25
6.lj
6 !0.

5.88

o.32
0.30
Q.34
o,39
0.30
2.27
o.75
o.39
o.59
0.68
o.6g
o.39

0.80
2.89
o.4r
0.23
0.18
o.h5
0.16

0.30

l+.16
3.67
1.06
1. r8
4.20
3.s/
L.22
3.6t+
3.95
r.26
1.03
2.97

CL
cr
L

V¡'SL
FS
CL
L

Ð

l+.O3
3.1$
4.68
1.96
o.80
l+.56
2.26

o.59

o.32 O.O25
0.30 0.012
o .39 0.0u
0.16 0.011
0.07 0.012
o.35 0.006
0.18 0.007

0.04 0.006

126: t0:0.8
I15:10:0.4
120: I0:0.4
116:10¡ 0. ?
IL4:10:I.7
1J0:10:0.2
125: l0:0./+

14E:10: t. I
Regosol-ic

Cutanj-c Podzo Regosol Sanclilands

Gleysolic
Carbonated Rego_

__ ÉItmie GleysoJ. Osborne . S1CL __2.69_ . 4.41
+-



reçrÍon of tho provfnce are not repreeented ln thie atudy. Sofls were

selected which represented a conslderable range ln texture, orgranlc

matter content, and internal dralnage.

A. Incubatlon Teohnigue

Soil samples were collected late in the fall (October) of 1967 and

stored at or below 0oCwithout drying or alteratlon until February (1968)

when the experiment was started. Samples (at field molsture content) r¿ere

thoroughly mixed and etored ln aealed plastfc bags after slevÍng to
remove extraneous materials and undecomposed reslduee. 1\¡o moieture levele
were employed, one Just below fleld capacfty (F.C. ) and the other Just
above the wflting point (!{.P.), To obtain these levels, the solls were

divfded Ínto three textural groups and brought to the moistures liated ln
lable 94. Thfe groupfng procedure was wal:ranted by conslderatlone ln
the literature (52) whfch fndfcated that snåII dffferences fn mofsture
have tnsignlfigant effects on mfnerallzatfon fn eolls.

1Ìre procádures used in adJusting the molsture contente of the
soflE were sliqhtly dffferent for the two levels. Saurplee held Just
below fietd capaclty were adJusted þ additlons of distllled water 1n a
fine spray ao the soil'lras belng stirred, The amorrnts to be added were

calculated on the baeis of an air-drfed subsample of each eoÍI. Samples

held at the moisture level Juet above wlltÍng poÍnt were air-drled prlor
to adJustrnent, but otherwl¡e were treated ldentically to the other
soÍ ls.

After preparatfon in the manner descrÍbed. above, the soits lrêre
placed in 100 mI beakers, enclosed fn a plastfc bag, and placed ln an

incubator. The bage were opened periodÍcally to permft aeratfon, One of
the ffve replicates of each aoil at aII combfnations of condltions was

taken out at one, three, and six r¡eek fntervalo, afr drled and NO3'N and

SO4-S determlned. The, analysle at 12 ¡veeke were performed on ¡ gub¡ample

of two co¡nbined repllcates.
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Since the maJor obJectÍve of this exp€rfment centered on t he relatlve
rates of nitrogen and'sulfur minerallzatfon in a soil, the observatlona on

temperature and molsture effects ütere. limfted to Éeven:of ther.2llsofla
selected. These were lncubated at the two moisture contente referred to
above and at I0o, l8e, and 30oC ln all possfble cornbinatloru. In additfon,
the remainlng sofls wòre incubated at the lSoC and near ffeld capaclty
condition. Emphasfs during dÍscusslon ïiII be placed on the reeult¡
realiz€d from thie combination.

'

B. Analytlcal Proceduree

'

the water soluble NO3-N and SO4-S contents and chemical characterlatfcs
of the solls were determined as outlined fn Chapter IIL Total nitrogen
was determined by the regular nacro-KJeldahl method adapted to include
NO3-N, using a boric acid plus lndlcator solutlon (lI). Total sulfur rras

determined by the combustion method; employfng a Leco Model 532 Automatic
surfw Titrator. one:gm of sofr was lgníte¿ at lrsOOçc in a pure ox]çren

atmosphere ¡nd the sulfur reduced to SO2 which was then collected ln a

solutÍon of iodine and starch and determfned by titratlon with Kf03 ln
dilute HCl. The method used to determine the S04-S in the 0.1 NIICI eoll
extract Ìta8 aimflar to that used for the water extract except that fron
and aluminum wero removed þ precipitatlon with NaOH and fiLtration (2),
The sulfur fraction described as 'non-sulfate eulfur' ln this thesis
was obtained þ subtractlng the 0.1 NHCI soluble SO4-S from total sulfur
content, aesurnirg that a dflute acfd wfll extract eesentially all of the
SO4 fn a eoll. Mechanfcal.c.analysis waa performed by a modtflcatfon of
the pipette method outllned by Kflner and Alexander'(29).

Results
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coneidsrable varlation nas noted in the amounts of No, nitrogen and

sulfur rel€ased by the solls durln¡ lncr¡batfon (Table IIA and 124).
time course of nlnerallzation uas follored for .aII of the ¡oile



inculrated, Índlcating a consldorable varÍation In time and manner of

mlnerallzation as well (Ffgures 19 to 23). Generally, it wao apparent

that sulfur 1s mlneralized differentLy than nitrogen. SuIfur nlner¡Ifzation
was characterfzed by an fnitlal rapld rate of rolease followed by a
decrease in rate Ín later periods of fncubatfon (Figure 19). Nitroçren

however appears to be released linearly with tlme, an observatfon made

by nurnerous prevlous Ìrorkers. These dlfferencea wer€ moot apparent at I8'C
and 30'C. Moisturo content appeared to affect the mineralÍzatlon of thege

ele¡nents in a simllar,way, The amounts of NO3 and SO4 released after
12 weeks at field capacfty were approxirnately double those releaeed at
wilting point.

lypically, the sands released the emalLest amounts of NO3 and SrQ,.

the Poppleton solla are representative of thie textural group (Plgure 20).

The loam and clay loam textured solls, most of r+hich nere obtaíned in
North I'ieetorn Manitoba, nfnerallzed lntermedlate amountg of nitrogen and

sulfur. One aoll ln thls group balonçfing to the Erickson aasociatfon waa

obtained from upper and lower slope posftions. The amounts of nitrogen

and sulfur released by these sofls appeared to be differentially
influenced by their prevlous moisture reglme and perheps CaCO3 content

(Figure 2I),
Three types of changes Ìter€ noted fn the SO4'8 content of clay

textured soils: (f) no releô6€ - Osborne, (fi) eubstantial release -
ï¡,linkler (Figure 22) and Red Rfver, and (if i)r:net decrêêÉ- thalberg
(Figure 23). NO3'N contentrincreased in all of the scils of thfs group.

the ratÍos of NO3-N:SO4-S released on lncubation, aa summarized 1n

Table VIII, were not constant but tended to increase wlth tlme, f.e. nitrogien

was mfneralized faster than sulfur (Ffgure 24). The ratlos of release

also tended to increase with lncrease fn degradatlon of the origínal soll.
Ratios of reLease in Podzollc soils werie alnost three times as ¡ride as

those 1n Chernozemlc (Black) soils lncr¡bated at the eame molsture content

and temperature (lables IX and X).

A study of the relationshÍps exfoting between the amounts of nitrogen

and sulfur mineralized and varioua eoil fractions indicated that the amount

of NOg,mlnerallzed was.best correlated with the organlc matter content of
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Table VIII

The amounts and ratÍos of NO.-N and SO4-S released by some soils
during Íncubation, aÊ affected by temperature and moisture.

I
3

6

L2

T

3

6

LZ

3.8

4. 0'

6.3

'

0.0

0.5

0.5

0.8

NO3-N

0.0

4.8

8.5

18.6

ffi¿'9

0.0

0.5

I.2
0,6

a ture

lym)
2.9

5.0

9.2

Ig.l
(ppm)

0.6

1.0

1.6
2,O

4B

I
3

6

L2

5.9

11 .8

18.3

3r.9

Where F.C. = moieture content Just
W.P. - moisture content Just ãbove

7.L

'l .5

7.5

Ratios of Release

9.8

18.6

39.8

62.9

n.+

7.L

29.0

r.0
1.3

2.O

2.3

16.0

32.2

53.6

L22.7

6.2

5.I
5.8

9.9

1.5
2.4

2.3

3,1

6.5

9.4

9.0

13.9

L.7

2.5
4.5

5.5

below ffeld capaclty and

wtltinú point,

6.4

7.7

r7.5
20.0

9.3

13. r
12.0

22.6
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Figure 20. Nitrogen and sulfur rnineralized
by a Poppleton C during Íncubation at I8'C
and fleld capacftY moisture'

the soils, particularly under the -¡nost favourable incubation condÍtions'

The correlation coeffÍcient after three weeks ÍncubatÍon at 30'C and

near field capacity moisture Ìta6 r-.82*. Íhe amounts of NO, mineralized

were not related to total nltrogen contents to the same degfree'

The mfneralfzatf.on of sulfur was aLso correlated with the organfc

matter content of the soils lncubated. The coeffÍcient after 12 weeks

at l8,C and near field capacity rnoisture }fôa r=.85** (Figure 25).

Total sulfur and l.O NHCI soluble SO4 sulfur vt€re found somewhat related

to the amount of sulfur minerallzed by the soils. The coefficient for

total sulfur vs. sulfur mfneralized after 12 weeks at l8'C and near field

capacity moistuie was r=.68** (Figure 26). The 'non-sulfate sulfur'

fraction, r¡hfch ls considered as an estf¡nate of organic sulfur, was not

correlated to sulfur mineralization'
. $ne ratios of No3-N:S¿-S released were not related to total soil N¡S

ratio¡. The mean ratios of release (Table X) were essentfally the sarne

as total N:9 ratios {n ChernozemÍc soils and considerably greater':than.

total N:S ratlos ln Podzolfc eoflg. ltre ratlos of release tended to

increase with increase in degradation of the orÍgin¡l soils.
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Nitrogen and sulfur relationships
of release on incubation.

0r<1er and
Association

Chernozemic
i,'tinkler
Irlelllood
AJ,,-nasippi
Llnasippi
Red River
Newdale
Poppleton
Libau
Poppleion
Poppleton
Popp).e.ton
Thalberg

Table Ð(

Ín the'soils

A
B

12.69
20.7L
3.81
4.76

14.17
23.08
6.92

$.56
10.74
10.00
7.27

32.22

12.80
25.OO
22.9h
L4.55

5.83
58.33
25.7r

6.6?

ïnitial. HzO Sot.
N0 3-t[ sor. -s/\..+\

Podzolic
Erickson A
Ericlcson B
Granvill_e
Lettonia
CaIien'bo
C1arkesvi1le
Clarkesville

Regosolic
Sandilands

À

B'
c
D

a6 compared to the ratioe

L7.3
2.0
1.I
1.0
5.7
2.L
aõ

L2.3
oo
3.r
o.5

28.1',

5.2
3.4,
5.5
5.2
4.4

11.7
4.4

1.1

lnnnl

ÃE

Initial
N03;N, go¿-s

lúatl_o

L.3
0.0
0.0
0.0
2.3
3.9
0.8
5.2

n.r
0.7
L.2
oo

1.0
o.7
0.6
0.6
1.8
0.4
0.3

0.3

Gleysolic

*átio of Release
NOs-N:S0r -S4

A
B

12.97

2.52
0.50
2.97
2,37
o.36
4.68
o.39
2.89

5.22
5.01+
9.53
8.70
3.76

28,60
L2.gO

3.26

9. Bo
3.o7

t2.74
I0.l+2
3.76

19.48
11.3I
11.09
12.00
25.60

q:,4e

60.26
r8.54
25.50

27.26
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, fuble X

Summary of carbon, nltrogien and sulfur relationahfps 1n the solle atudled

as related to N and S release.

Grou

AII SoiIs
ChernozemÍc

BIack

D. çrôy
Podzol fc

2.93 .23

2.68 .2L

3.02 .24

2.35 .19

3.09 .25

Content

A very good correlatlon (r-.98**) was found betr¡een organic matter and

total nitrogen content in the soÍls examined. The correlatlons between

organic matter and total sulfur content wer€ not as good. A coefflcient
of r=.72*t was noted r¿hen eolle from the North lfestern region of Manltoba

were omitted from calculations (Flgure 27). Organic natter and "non-sulfate

sulfur' were not found to.:be efgnlfigantly related. lotal nitrogen and

sulfur content¡ were found to be sÍgnfflgantry rerated (¡='70+t) only

when the'sofls of the North lfeetern region were excluded (Figure 28).

Conslderation of the carbon, nitrogen and sulfur fractions and ratlos

in the sofls selected, as llsted in Table VII and summarfzed in lable X,

suggests that the Chernozemlc and Podzolic soils differ conslderably wfth:

respect to those. conetltuents. Carbon and nitrogen contênte were htghest

in the Podzolic soils while sulfur: content was highest in the Chernoze¡r.8.

tþe mean C:N:S ratlo for the soils of these orders was found to be 123:10:0.7

which is comparable to valuee cited ln the lfterature for cultivated solls
(Table I). Total C:S, NrS and inltial NO3-N:S*'S ratioe were highest in
Podzollc solle.

.016

.017

.020

.015

.013

NO3:N:SO4-S C:S
f Release Ra

16.6

11.9

8.0

15, I
28.4

,6

L77

I5B

lsr
ls7
238

N:S
t

L4.4

L2.4

12.0

12.6

19.2

Initial
NO3'N:SO4-S

6.5

3.3

5.3
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10.5
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Dlscuesion

The results of thls experiment indfcate that nttrogen and eulfur
are not mineralized at a constant ratlo in eoll.s. Nltrogen waa mineralfzed

faster than sulfur, an observation which pravfous workere have made as

well (7, 52). The ratfos of releass varied considerably and were not

relatecl to total N:5 rati.os in the sofl. The fact that mean ratloe of
releaso hrero conslderably wider than total ratios in Dark Gray and Podzollc

soils suggests that the sulfur supplying polter. of theee soile ls smaller

than that of Black sofls. The guantitatfve amounts of NO3-N and SO4'S

minerallzed under laboratory condltione indicate potential eupplyirq power

only. The relatÍve rates of relaase 1n the laboratorY môYr however, be

representatfve of rates of reloase ín the field. The dfscrepancy noted

between fleld ratios of release (Chapter III)andi laboratory ratios for the

Almasippi soils places some doubt on this assum¡:tion. Incubation ratios
are quite posslbly yid-er than actual field ratlos of release.

If the ratios of release observed after 12 weeke of lncubation at'
I8'C and near field capaclty mofdture are lndfcative of release under

ffeld conditions, it is apparent that NOg and SO4 1n Chernozemic soils
are released in a ratlo sufflcient to sati.sfy the ratloe of reguirernent in
comrnon flald crops (Table II). A simflar conclusfon could not be made for
solls of the Podzolic orcler as the ratloe of release vtere consíäerably

wider than ratlos of plant requlrement. The results suggest that sulfur
rather than nitrogen is most apt to be limiting crop growth fn PodzolÍc

sofls dependent on mineralfzatfon forthese nutrfents.
Very lfttle signiflgance can be attached io the observations made on

the time course of NO3 and SO4 release, since past htstory, incubatlon

technic¡re and the nature of recently added organlc resfdues fnfluence

mlneralizatlon--immobitization relatÍonships for both these elenents.

Chanqres ln soluble SOO-S content durlng fncubatlon ürere emall and best

reflected these influences. Willtams (52) showed that sampling and

incubatÍon technigue have,a decided lnfluenc€ on the n¡anner and amounts of
SO4'S mlnoralized Ín a soil. Drying and rewetting of solls led to,
enhanced mineralization of sulfuri Èoile collected in eprfng mlnerallzed
greater amounts of SO4 than the same solls collected fn fall.
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Sfnce the most recently added organic reslduee undergo most rapid
decompositlon fn a soll, lt is evldent that the C:S ratlos of these reeidues

wiII influence sulfur release during ÍncubatÍon, particularly in the

initial stages (4, 6). Similarly, the N¡S ratlos of recently added crop

residues and roots influence the relative ratee of NO3 and SO4 release ln
a soiI. Thfs fnflu€nce partÍally explains the lack of correlatlon bstween

total N:S ratios ancl ratlos of release noted in this and sfmllar lncubatlon

exper iments.

The observation of Barrow (4, 6) on the lnfluence of C:S ratlos on

sulfur mineralization and immobilization in a eoil, namel.y that,rsol¡is',wft,h
C:S ratios in the rango of 200 to 400 efther fmrnoblllze or minerallze

small amounts of sulfu¡ oñ incubatÍon, explafns the decrease 1n soluble

S04 noted ln the Tha.Ibarg soil. This eoil had a C¡S ratio of 330:1, widest

of aII the Chernozemlc solls sampled. Decreases in soluble SOn on

incubation havo been noted ln other experiments as well (3). Nelson (3 )

attributed a reductlon fn soluble $O4 in a soÍI on incubation to high N:S

and C:S ratÍos. Freney and Spencer (2I) observed net fnrnobillzatlon of
added sulfur in one experiment, and a decrease of 3.9 ppm r¡ater soluble

SO4 over an eight week perlod ln one of flve soils lncubated ln another

experiment. They attrÍbuted these losees to nrlcrobial converefon of SO4

to organically bound forms.

Adsorption processes may also be Ínvolved ln clay soils, euch as the

Thalberg, Studies on adsorptfon processec in Manitoba soils (21 lndÍcated

that solls 1n the South Eastorn area of the provlnce, ùhere the Thalberg

soil Ís located, have abÍlftlee to absorb small amounts of SOn fron
solutlon. The pH (6.44) of this sofl fs in the range where S04 adsorption

process€s can occur. Slmilar argruments may apply to the lack of change

noted in the Osborne soil, although a more logical reason Íe the relatlvely
Iarge lnitial S04 content of this soil whfch may have masked any changes.

The dífference fn SO4 minerallzedrby the upper and lower slope samples

of the Erickson soil may be attributod to the relatively hlgh CaCO, content

of the latter. Willlams (5e) noted fncreaeed eulfur mineralfzatlon upon

the additlon pf CaCO3 to sofls. Other chemical factors, guch as the degree
I

59



of aeration of the two soils prior to oampling and organfc matter content
may also have fnfluenced sulfur mineralization procesaes.

The fact that both NO, and SO4 releaae trere best correlated wfth the

organfc matter contents of the eoils examined, Bugg€ste that the mechanlsm

of release and sources were eimilar. Total nitrogen and sulfur contents of
the soils r,vere not fndicative of the amounts of these reopective elernents

m{nerali.zed, on incr¡bation. The exÍstence of a constant Labile organically
bound SOn fraction in the orçranic matter of eoile, ae pootulated by many

v¡orkers (32,33r55) expì.ains the good correlation between organlc matter
and SOn release. Chemical release of these 'carbon-bonded SO4 groupe

as well as blologlcal oxldation of SH- çfroups and other sulfur compounds

associated with organic carbon fn a soil were consfdered responeible for
the lncreases 1n SO4-S detected. It ls considered doubtful that minerallzatlon
from prfmary minerale fn weathered surface eoils contlbute sfgniflgantly to
these releases.

The correlation betr¡een organ{c matter and total sulfur content in the
soils of this experiment was considerabLy lower than values reported in the
1Íterature (36). The reasons suggested for thle anomolous correlatfon,
and the improvement noted when soÍls from the North lrlestern regÍon were

excluded, incl,ude theif act that inor:ganic sulfÍdes and sulfates may have

been present in varying amounts. Subtraction of dllute acld soluble SO4

from total sulfur yalues, resultfng in the fraction termed 'non-sulfate'
sulfur, di,d not, however, improve the correlation with organlc matter
content. The most logrfcal explanatlon fs the dlfference ln mean total sulfr¡r
contents observed between the Podzolic and Chernozemfc solls of this study.
the mean of the Chernozemic group of soils is located at .017% total sulfur
whlle that of the Podáol-1c group is located at .013% sulfur. the soils of
the Notth l¡{estern regrion were predominantly Podzolic and included degraded .

sofls wlth C:S ratios considerably higher than those of the Black Great

Group. fn liew of thfs, a llnear correlation betÌreen organic ¡natter and

total sulfur could not be expected.

Mean total sulfur contents, total C:S ratios, total N:S ratlos, initial
N%-NrSO4'S ratlos and ratlos of release all fndicate a distinct dichotomy ln
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the Chernozemic and Podzolic soils investlgated. Ttre relatively wide mean

total N:S ratios observed Ín solLs of the Podzollc Order were reflected ln
wide mean initial NO3-N:SO4-S ratlos and ratios of release. Although

carbon and nitrogren cbntents of both maJor orders sampled ütere similar,
sulfur contents were considerably lower fn the Podzolic Order, aecounti,ng

for their wido mean C:S ratio.
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A fleld experiment was initiated in the gu¡nmer of 1967 with the

objectives of investlgating the total N:S ratioe in rape and barley and

obtaining more lnfornation on tþ water solr:ble SO4 teet aa a criterion
of soil. sulfur supply. An effort was also made to observe the relative
rates of nitrogen and sulfur minerallzation in a soil under fÍeld
conditions. A subseguent laboratory experiment, conducted Ín the winter

of 1967 to 1968, wás designed to further characterize the relative rates

of mineralÍzation under controlled conditions.
the fÍeld experiment disclosed that the total N¡8. ratios of rape and

barley at the four to six r¿eek stage are lndicative of the sulfur statue

of these species. TotaÌ N:S ratios were suçrgested as a means of diagnoslng

the sulfur status of all crops at a research level. A critical ratlo
above which rape is deficient in sulfur wô8 suçigested as 12:1. A

corresponcling value for barley wae 16:1. A sulfur content of less than

0,25% at the flowering stage of rape was described as fnadeguate for

maximum production of thfs crop when other nutrients are not limiting.
Results from the field study also grave further support to the

consideration of water soluble SO4 as an index of soil sulfur supply in

cærse textured soils. A crftical level of I0 lb/Ac of water soluble

SO4-S to the 24 {nch depth at seedlng is suggested for cerealg. A

corresponding critícal value for rape is not suggested on the basis of
thÍs study. However, the value is thought to be in the rang:e of 20 to

25 tb of SOn-S/Ac. It is suggested that dflute phosphate solutions be

used in fine textured soils in order to extract any adsorb€d SO4 ions

as well as to facilfiate filtering procèdtrres.

The observations on nltrogen and srrlfur mineralizatfon rates under

field conditions have limíted application due to the interferences

encountered and the duration of the study. HoweYer, the meôsurements made

in soils cropped without added fertilizer were considered as indicative of

water soluble NO3 and SO4 relationships 1n a soil. NO.'N and SO4-S were

V Summary and Conclusione
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found to be released in a ratío of 4.3:1.0 during the interval of crop

growth. this ratio was somewhat narrower than that observed fn a

subsequent laboratory study. The di,screpa.ncy between the two values

was attributed in part to .inovemenf of S04 ions fn the field experiment.

The general lack of sirnilarity batween NO3 and SO4 distributlon 1n tlla

cropped soil proffles was thought due to differential ratee of release,

leaching and crop uptake. The source and chemical eguilÍbrÍa ôf the

two ions are also vastly different. The guantitative lncrease ln SOa-S

in cropped soÍIs was found to be 5.9 ib/Ac lo 24 inches fn the Alnasíppi

solls. An additionai lncrease of 1..6 Ib/Ac vras noted from harvest to
faII for a total release ol 7.5 lb/Ac during the interval from l{ø.y 22

to October 2I, 1967.

The Ìaboratory study, Ínvo1vÍng the incukntion of 2I Manitoba sofls

at three temperatures and two moÍstures, indicated that water soluble

NO3 and SO4 are not'released from soil organic matter ín a constant ratlo.
Ratios of rel.ease 'hrere found to increase with tine and temperature of

incubation, suggestlng that nitrogen fs mÍneral.ized faster than sulfur.
The ratios for soils from the ChernozemÍc and Podzollc Orders after 12

weeks incubation at IS'C and near field capacity molsture were Il.9:.I
and 28.4:l respectÍvely. The values were cþnsidered to be wider than

ihose expected under field conditions.
The relative amounts of NO, and SO4 released ln Chernozemic soils

were concluded to be adequate for crops dependent on mÍneralization as a

sou:rce of these nutrients. A simllar conclusion for Podzollc soilg was

not warranted on the basis of this study. îhe application of nitrogen

fertilizers would undoubtedly widen the ratio of NOg-N:SO4-S available

to plants, On Podzolic soils such as those sampled, it Ís evident thôt

'nitrogen induced' sulfur deficiencfes could result.
The time courses of minerallzation for the tr.¡o ions were not the

sane. Generally, sulfur mineralization was,rapid-Ín initfal stages wlth a

decrease in rate as tine prgEiresses. Nitrogen appeared to be released

linearly with tirne. i The amounts of NOg and especially SOn released were

found closel.y related to the organic matter content of the sofls. Biological
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oxiclation of organic srrlfur conrpounds as weII as chemfcal and blologlcal
release of organicaliy bound SOn grouRs were considered rasponslble for
SO4 re).eases. No relationshÍp was f<¡und to exfst between total N:S

ratios and ratfos of release. The Chernozemic and Podzolfc eolls eelected
for this study could be separated on the basis of mean total sulfur contente

as weII as C:S, N:S, initial NO3IN:S04-S ratios, and ratÍos of release.
The research reported in this thesfs indicated that totaL N:S ratioe

can be used to accuratedly evaluate the sulfur status of plants, perhaps

more so than total sulfur content. llre critical N:S ratios Ín the common

fieLd crops need to be established in future studÍes. Field experiments

supported a prevlous suggestion, namely that the SO4-S content in a water

extract of Manitoba soils can be used to determine their sulfw ctatus.
Ädditional field trials are required to corroborate this theory. Mineral-
ization experim€nts conducted in the laboratory suggest that sulfur may be

a linitÍng factor in the production of crops on Podzollc sofls, particularly
1f fertilizer nitrogen is added. These results should be verif ied fn the .i..¡

field. :
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, U'' APPENDIX

Tuble lA

Prof iIe characteristics of the Almasippf and Stock,ton

Ín the field mfneraliiation study.I

Depth
aa

.{rmstrong - Almasippi (Rego BLack)

0-6 FS 7.5' 0.53 0.00
6-12 FS ?.6 0.34 0.68

12-24 FS 7.7 0,39 6.48
24-36 FS 7.9 0.39 8.4I
36-48 FS 8.0 o.Se 9.62

'

{itchinq - Almaeippi (Rego BLack)

0-6 LS 7.5, 0.52 0.6I
6-12 LS 7.ô 0.46 3.18

12-24 LS 7.8 0.35 4.9I
24-36 FSCL 7.8 0.48 8.60
36-48 CL 7.7 ' 0,72. 9.35

Texture pH

CaC03
Cond'y Egufv.
mmhos (%)

Organic
Matter

(%)

Surmin.skv - Stockton (OrthÍc BLack)

0-6 LS
6-12 LS

12-24 LS
24-36 'LS
36;48 LS

plot eitss eampl.od

71

2.05
l.14
0.7 4
0. 55
0.50

NO'-N ItrO SoI. SOÁ'S
( IËs/A) '( Ibs/A)

7.O 4.r
2.4 4.0
5.0 (14.4) 9.2 (r1.3) 2

10.8 5. I
15,3 s.CI

6.5
6.6
7.L
7.3
7.5

I NaI{CO3 extractions of
indicated that these

Accumulated total to

2.16
I.45
1.56
L.L2
0.68

0.41
0.30
0.45
0.45
0.41

0.23
0.82
0.73
I .1I
2.54

2.5 5.8
5.2 6.8
5.4 (lg.I)r6.2 (29.8)
2.3 32.4
3.0 111.3

4.00
2.64
I.4T
0.99
0.98

phosphorous and NH4Ac

nutr ients. rnrerê presgnt

2 'feet.

1.0
0.9
0.4 (z.g)
4.4
3,6

4,0
4.0
5.2 (r3.2)2
r.6
5.6

extractions of potassium

1n adeguate,amounts¡
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Table 2A

Rape mean total yields; nítrogen, sulfur, phosphorous and potassium contents and uptake; and

totaL N:S ratfos at different stages during the growing season.

Treat.
No.

1íme Tot. l¿trt.

(davs ) Ibs 1A
Analysls
s %p

Uptâke (lbs/Ác. )

SP
H:S
Ratio

Kitchfng
(Alnastppi)

Arrustrong
(Almaslppi )

( Ifar . )l gg

.44

65' -e0
(Har. ) 99

44
65
86

(Har. ) 99

(Har. )

(Har. )

43
64
87

(Har.) 9g

I
2

2,436

1,325
3, 9,7 5
6,033
5,630

L,440
3,539
6,041
6,115.

31 514

lro37
3,769
5,111
6r 0,1q

L,284
4,27I
6.617
7.440

L.25 0. 56 0.20

3. 04 0.4 3

1.76 0.38
l. 54 b.34 0.22
1.29.0.52 0.19

3.04 0.59
1.86 0.54
1.41 0.46 0,23
I.33 0.57 0.20

0.90 0.44

4.26 0.2I
I.92 0.27
I.54 0.28
l:25 0.30

3,30 0.57
1.73 0.44
1.34 0¡40
0.98 0.47

0.22

0.29
0.23

0.29
0.23

1.44

l. 59
I .40

i. ut
r.41.

l. 53

i,,,
I. 53

:
I .73
r.55

30.4

40.2
70.0
93. 0
72.5

43.8
64.4
85.2
8r:3

.

3I.8
44.2
72.3
7 9.7
75.3

42.4
73.9
88. 6
72.9

13.8

5.?
I5. L

20.6
29.2

8,5
I9.0
21.5
34.9

15.3

2.2
I0.1
I4. 3
L8.0

7.3
I8.7
26.5
35,4

4.9 35.0 2.2

7'L
4.9

13.3 95.9 4.5
I0.4 78.6 ,2.5

s.2
3.4

13.9 99.7 3. I
11.9 86.5 2.3

7.6 53.9 2.9

- - ?.1
r{.3 8?.9 5.5
13.6 92.1' 4.2

5.8
3.9

Ig.2 I14.5 3.4
t7.3 115.3 2.1

L

2

99

43
64
87
99

--¡ ,,

ÎìJ ;:
:

i
'1

I Sarnples taken at harvest time.



Table 3A

Bar:).ey mean total yields; nitroqen and sulfur contents, ratloe and

uptake at different.stages durlng the growing season.

PIot

loe¡+s
(Stocktqn)

lreat.
No.

Time

(davs)

Ì
2

(Har. È e+

42
63

(Itrar. ) a4

42
os

(Har. ) 84

(I{ar. ) 8ô

44
6S

(Har. ) go

'44
65

(llar. ) 86

(IIar. ) 87

43
64

(fiar. ) 8Z

43
'64

(Har.) 87

Kftching
(å,Imasippi )

Treat. Wt. Analysis
(lbs/A) ?"N %S

r, 580

506
2,394
3r 679

487
2.592
3,934

2,7L6

1,597
4,765
5,753

I,416
4,691
51424

3, L52

I, 654
4,609
6,856

l, 687
5r 02g
6r 913

I
2

Armstrong
(Alnasippl )

177

1.20 0.r9
4.20 0.33
1. 63 0. 17
r.33 0.r3.
4.20 0.44
r.7g 0,24
r,44 0.18

1.09 0.I9
2.80 0.29
I.39 0.20
L.27 0.Ig
2.83 0.35
L.47 0.32
L.27 0.25

1.17 0.16.

3.64 0.23
I.60 0.13
r,45 0.12

3.16 0.41
I.49 0.20
1.35 0.25

N:S Uptake ( lbs/A)
RatÍos N S

I
2

6.3

L2.7
9.ô

10.2
o'q
7.4
8.0

5.7

9.7
7.O
7.I
8.I
4.6
5.1

7.3

15.8
1.2. 3

l2. r
7.7
7.5
5.4

18, 9 2.9

2L.2 L.7
39.0 4.0
48.9 4.6

20.5 2.I
46.2 ô.1
56.6 7.2

29.7 5.3

44.7 4.6
66. 3 9.5
73.O 10.3

40.0 4. g
69.0 14.g
6B .7 I4.0

36.8 5.2

60.9 3.9
73.7 6.1
99.5 8.1

53.3 '7.O
74.9 7.O
93.I L7,2

Samples taken at harvest tÍme.



lfator soluble NO3-N and SO4-S

.luring the growing season at

FaLlotu

0.ô
6-12

IZ-24
24-3ô
36-48

0-6
6:I2

12-24
24- 36
36-48

Barlev Check

0-6.
6- r?

t2-24
24- 36
3E-4q

0-6:
6-I2

\2-24
24-36
36-49

Rape Checkæ
0-6
6-I2

12-24
24-36
36-4A'

0-6
6-12

12-24
24-36
36-48

Table 4A

contents in fallowe'd ancl cropped soils
the Surminsky site.

r.0
0.2
0.4
4.4
3.6

4,0
4.0
5.2
1.6
5,6

r.0
0.2
0.4
4.4
3.6

4.0
4.0
5.2
1.6
5.6

:

I.0
o.2
0.4
4.4
3.6

4.0
4.0
5.2
1.6
5.6

No"-N ( Ibs /A)

4.4 8.9
r.0 0.6
2.0 2.0
L.2 1.2
2.0 I.6
SO¿t (Il:s/{L
5.3 7 .O
5.3 3.4
9.2 9.2

r3.2 L1.2
7.2 9.2

Nor-N (Ibs/AL

2.3 3.6
I.0 3.8
1.0 2.0
I .6 2.0
8.0 2,4

so¿Ë ( Ibs/AL

0.0 0,0
3.4 6.3
5,2 7.2
7.2 9.2
2.0 5.2

74

1r .0
1.3
4.4
2.4
0.8

1.0
5.3
5,2

l1 .2
5.2

I, 14
0.0
0.8
0.8
0.4

5.3
0.2
0.0
0.4
0.4

4.4
8.0
5.2
9.2

L3.2

4.8
0.2
1.6
0,4

t0.0

0.0
6,I
3.2
5.2
0.0

I See Table 7A Ïor exact samplir¡g dates.

:
so+-s ( Ibs/À)

0.0
2.5
2.0
2.0
0.0

2.3
0.4.
0.4
0.0
2.4

,5.3
2.5
5.2
7.2
5.2

2,5
r.0
r.6
0.4
3.2

0.0
5.3
4.0
2.0
LZ.4

7.6
0.2
0.4
0.0
0.4

r.5
2.5

10.8
1.2
5.2



l,Iater soiuble NOg-N

drrring the growíng

Table 5A

,dnd SO4-S conte¡tts in
seâson at the KÍtctring

inches )

FaIIow

0-6
6- 12

12-24
24- 36
36-48

0-6
6- I2

12-24
24- 36
36-48

Bar].ev Check

0-6
6- I2

12-24
24-36
3ô-48

0-õ
6-I2

12-24. ,

24-36
36-48

Rape Check

0-6.
6-]2

12-24
24-36
36-48

0-6
6- 12

L2-24
24-36
36-48

2.5
5.2
5.4
2.3
3.0

5.8
6.9

I6.2
32.4

lll.3

2.5
5.2
5.4
2.3
3.0

5.8
6.8

16,2
32.4

Ill.3

2.5
5.2
5.4
2.3
3.0

5.8
6.8

19.2
32.4

III. 3

fallowect and croppecl'so ile
s Íte.

4.I
1.6
6.8
r.7
2.3

5.9
8.4

I0,4
14.4
6I.ô

ú.O
7.4

rl.3
5,1
5.7

4.9
18.2
8.1
5.1

77.5

8.8
2.6
3.6
3.1
3.0

75

SO¿-S (Ibs/A)

ó¡ ()

2.2
3.6
I.7
1.9

8.5 r.4
2.6 6.4
5.9 I.4

32.0 20.3
II7.B 87.4

NoCl¡(Ibs/it)
2.9 2.7
0.6 0.8
r.g 0.9
2.0 0¡8
6.1. 2.3

So¿"S (lbs/A)
7,6 6.7
2.6 2,6
5, g 8.r

67 .g 12.5
229.A 36.9

NOo-N (lbs/A)

4.5
o.2
0.0
0.4
0.8

0.9
5.4
I.4

10.5
I31.5

0.9
r.0
0.9
0.4
1.9

4.I
9.4

10.4
16.4
5B .5

2.O
r.4
I,4
7.8
I.I

1.4
8.4

L0.4
18.3
64. 6

3.I
4.ô
5.4
2.O
I.9

0.5
6.4

18. 9
38.6
85.1

2.9
3.2
.1 .O
0.8
4.2

0.5
13.4
r0.4
2L.8
76.0

2.S
t,
3.6
2.7
1.9

0.9
Ll.2
12.6
12.9
59.3

4.1
0.6
3.2
2.0
3.8

SO,-'S (lbs/A)

0.9
0.6
r.4
7.8
2.3

9.4
L2.4
L2,2
28.I
53.2

4.I
8.4

14.4
12.5
57 .8



i{ater soiuble NO3-}l and SO4-S contents Ín faLLowerl c.rnd-cr:opped eoÍ1g

chrrrng the çrrowrng season at tha Arntsh-rong oite.

inches

Fa1 Iow

0-6
6- I2

L2-24
24- 36
36-48

lable 6A

7.O
tÄ
5.0

I0.8
15. 3

0-6 4.I
6-12 4.0

12-24. 3.2
24-36 5.9
36-48 5.0

Barlev Checkæ
0-6 7 .0
6-12 2,4

L2-24 5.0
24-36 I0.8
3:-48 1s.3

I1".7
2.4
4.5
4.5
4.I

0.0
r.4

I0.4
I0.4
5.4

9.5
4.0

I0.4
10.4
9.9

0,,0
4.6g.l
6tB

I0.4

lr.7
5.0
4.1
2.7
7.7

0.0
0.6
1.4
5.4
B..I

3.4
t;4
1.8
2.4
5.4

0.0
0.0
6.8
3.2
8.r

3.6
1.6
Joó

3.2
6.3

0.0
0,0
8.I

I0.4
L2.2

Periods

5.2
4.8
9.0
1.4
5.0

0-6
6- 12

t2-24
24- 36
36-48

Rape Check

0-6 .

6-12
L2-24
24-36
36,48

0-6
6- 12

12-24
24-36
36-48

0.9
0.6
0.0
0.5
3.ô

76

0.0 0.0
r.6 r.6
3.6 8.1
9, 0 8.1

I4.4 8.1

NOg-N (l"bs/A)

L,4 o.o
l.o or2
0.9 0r0
0.5 0.5
3.6 . . 0."0

S0¿-S ( Ibs /Ã)

4.I
4.0
3.2
5.9
5.0

1.O
2.4
5.0

I0.8
I5.3

4.I
4.0
3.2
(o
5.0

4,0
5.2
6.8
4.Ì
4.5

0.0
I.2
I.4

r0.4
8.I

3.1
4.4

., 8.6
3.2
4.1

0.0
2.4

15.8
8.I
8.L

3.6
4.8
4.5
4.5
2.7

0.0
L.2
2.7
6.8
8.I

r0.7
10.4
6.0
1.8
4.2

2.3
3.6
0.9
5.9

I0,4

?.0
2.3
5.1
8.3

14,8

0.C
2.6
4.5

10.4
L0.4

2.4
1.4
4.2
4,2
4.2

0.4
5.6
5.9
0.9
g.I

0.0 0.0
0,6 2,4
3.6 8.1
3.6 I0.4
9.0 I, I
trtoct (Ibs/A)

2.2 0.7
r.0 0.2
0.9 0.5
0.5 0.0
r.4 0.5

so¿'t (Ibs/4)

0,c 0.0
0,0 0.6

r0.4 9.0
10.4 3.6
9.0 13.5



Tabls 7A

:

Sampl"ing dates for soil and plant material Ín ffeld experlment; and rainfall

received clurÍng the sampling period as recordecl at Grayovllle, vran' by

the Dept. of Transport, Meteorology Branch'

Surminsky (Stockton)

, May 20 June 7

Kttching (Al¡nastPPf )

MaY 22 June 9

Ilrmstrong (AlmasiPPi )

MaY 22 June 9

Precipitation

June 29

77

(inches) between samplfng periods
:

.58 4.18 .89

JuIy 5

July 19 Aug. I

July 4

JuIy 26 Aug. 16 Oct' ZL

JuIy 25 Aug. 16 Oct. ZL l4aY'18(î68)

2.69 2.40



Table BA

ilater soluble SO+-$ contents to different depths, total sul.fur contents, and

l¡Íel.d ìncreases due to added sulfur on Rape triale at 3 Manitoba locatlons.

PLot

Armstrong-I9ô7 ' 8.I
(Almasippi )

IAnd"r"on-1965 7.L
(Stockton)

Kitchinq-1967 12.6
(Almas ippi )

SO¡-S(Ibs/A) to
lrlater soluble

lr. 3

16.6

28.8

Results fron field.trial conciucted by Anderson (?).

Sulfur
lbeatment

2 Nitrosen and phosphorous check treatment.

L7.2

19.8

61,2

Tb /A

7B

30

Tota1 5

r%) @

zo

30

.2L

.29

.43

ó
le

eld

7I.l

g4.l

84,9



lable 9A

Moisture contents to which soils belonging

incubation experÍment were brought prlor to

TexturaL

Course (S-LS)

Medium (LVFS-L)

Fine (Ct-C)

Tab1e 104

'

Designation of soils accordlnçt to conditlons during incubation.

Moist

Above I^I.P..

to tho textural groups in the

Íncubation.

I8

28

38

'l'g'

19'c
30'c

Below F.C

5

I
t8

Laborato

Above W.P

Ìr, 12, 16, 18, 19

11, 12, 16 - 2i.

11, 12,, 16 i 2I

$oi1

1r,12, 16, t9
T-27
11, 12, 16 - 21

f c



NOa nltrogen and SO4 sulfur contents at

Table lIA

intervals durÍng Íncubatíon experlmentl'

Soil NO3-N
Tlme

SO+-S
Time

3

(pp*)
(v¡eaks )

6
Mois-
ture

FC
FC
FC

FC
FC
FC
tc
rE
FC
VJP

rc
t{P
lc
B¡P

tc
l,lP
FC
Ìr{P

FC

WP

FC
FC
FC

tlP
Ì',P

Ì{P
rc
l,IP
Ì'¡P
FC

(ppn')
(weeks)

6
Assoclation
or Serie

Osborne
Poppleton B
Poppleton C

Sandilands
Poppleton A
Poppleton D

Thalberg
Caliento
Libau
AlmasfppÍ A

Almasippi B

Wf nkler
Red Rlver
Erickson A,

I8
t8
18
t8
l8
I8
18
18
I8
IO
l0
l8
I8
30
30
TO

l0
I8
l8
30
30
f8
I8
10
18
30
30
l8
30
30

9. 4 14,0
9.9 29. r
-3.1, 9.9'
1.1 5.7
2.2 9.4
0. s 2.9

28.4 37.4
4.4 10.4

12.3 26.1
1.r
1.1
1.1 1.3
r.r 1.3
1. Ì 4.2
I.l 1r.I
1.0
r.0
I.0 2.3
1.0 3.3'I.0 5.4
I.0 8.0

17.3 26.1
5.7 8.8
5.2
5.2 7.8
5.2 I5.3
5.2 1.1
3.4 6.I
3.4 12.2
3.4 0.9

- .i.,
l. g 1,I
0.3 0.8

- 2.O
9.7 '1.7
1. s 2.O
2.3 7.3
- 0.0
- 0.0
0.0 0,0
I.7 0. I
0.8 0.3
2.3 2.3
- 0.0
0.0 0.5
0.0 0,0
0.0 0.0
0.0 0.3
0,3 1.5
2.7 2.3
5.2 3. 5
- ¿..1
2.0 2.3
- Ì.7
2¿0 2.7
2,0 2.3
2.O 6. 3
l. 5 2.7

3,2 5.7'
4.0 7.3
3.8 7.8

15.4
39.7

ll .7
lB .3
4.0

36. 6
15.9
26.9
o.'l
3.5
1.8

1l .4
10.4
z8,4
'9Q

3.5
3.0
5.2
8.3

13.7
32.8

7.8
9.9

2s.1
30.2
5.7

29,5
38.9

18.3
48.1
26. I
L7.2
33.2
8.9

49.6
19.3
.to. o

I.6
7.4
'l .3

31.2
33.7

2.7
4.9
4.9
9,2

20.7
22.4
47.L
13.7
?.6

':''

10.3
3ô, 3
44.0

25.5
64. I
33.2
28.4
o.8

19.9
61.7
25. s
38.8
3.8

r5.3
Ð0tAb. L

30. 9
34,6
52.4
t.9
7.O

1r.9
17.6
25.9
38. I
52.4
21.0
1I..9
22.4
67.9

rs. s
I04.9
235.4

37.2
27.L

O,7
0.3

t.2
9.9
I.2
s.2
0.0
0.0
0.0
0.0
'0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
1.3
¿.J
1.0
1.0
1.0
I.0
o.7
0.7
0.'l

29.7

-.

2.7
7.3
1.5
6.5
0.3
0.3
0.8

0.8
3.2
0.0
0.0
.0"3
0.7
o.7

5.2
5.5
2.0

:'o

37.2
3?.0

312
1.3
2,3
1.9
7.3
1.5
'ì.5
0.4
1.0
2.3
2.3
1.5
3.3
0.3
0.0
a.2
1.ô
0.9

. 3.2
4.9
6.3
2.3
3.2
3.3

ðl
Þ'

Erfckson B



lable llA (Con't,)

.'

SoiI
Assoeiatlon
or Series

Mois-
ture

Temp.
('c)

NO3-N
'ïime

3

(pp*)
(weeks)

6'

SO4-S (ppm)
Time (weeks )

I3 L2t2

Granvflle

ClarkesviÌle A

Clarkesville B

Ne¡¡dale

llellwood

IO
l8
I8
30
30
1.0

10
18
t8
30
30
18
18
30
30
IB
30
18

l^rP

lrP
FC
WP

FC
l'IP
FC
T{P

FC
Ì'lP
trc
lfP
FC
ï'¡P
rc
i{P
}JP

FC

5.5
5.3 7.8
5.5 9.4
5.5 16.l
5.5 25.8

LL.7
l'r.7
1I.7 18.4
IL.T 18. 1

11.7 33.6
rl.7 34.5'4.4 9.9
4.4 8.8
4.4 19.2
4.4 23.5
2.L 3.7
2.L 7.O
2.O 3.7

8.6 9.2
9.9 -

12.8 23.6
22:O 55.3
45.3
19.g 23.6
2I.3 26.9
26.9 29.2
28.4 46.8
40.8 7 3.2
59.6 106.5
12.8 20 .7
15.4 25.6
33. 6 52.2
42.O 82.4
s.7 5.4

15.9 38.9
- 7.8

10. 5
29.2
34;6
78. I

140.8
27.6
47.3
32. I
94.6

128.5
185.0

26.7
61 .7
59.6

lll .0
20.7
37.0
14.1

0.6
0.6
0.6
0.6
0.6
0.4
0.4
0.4
0.4
0.4
0.4
0.3
0.3
0.3
0.3
3.9
3.9
0.0

i.t
I'o
,-.,

0.8
3.7
4.2
oo

0.3
0.0
0.8
3.0
4.7
<q

I.8

0.8
2.O
1.2
0.3
4.3
0.3
0.3
2.3
2.3
5.2
3.7
0.8
0.3
3.0

:'o

2.3

I.2 2.0
- 2.2
2.7 3.7
1. 5 2,0
- 6.2
L.2 I.2
3.'l 1.3
3.2 3.',1

5.? 5. 2
6. 2 6.7
7 .2 9.0
1.3 1.4'I .3 3.4
3. 0 3.7
5.2 5,2
4.7 4.7
5.7 6.7
2.9 3.9

I The physical structure of soils #8, 16, 17, and 21 at near FC molsture conditions we:e destroyed on

preparetfon, and were elÍrninated from the experiment after the 3'rd week.

e'



Net changes in NO3-N and SO4-S

Table l2A

contents and ratios of release at lntervals during lncubatíon experimentl'

SoiI
Assoeiation

-Osborne
Poppleton B

Poppleton C

SandÍIands
PoppLeton A
Poppleton D

Caliento
Llbau
Alnasippi A

Almasippi B

Winkler
Red River
Erickson A

8.9 16.1
38.3 54.9
23.0 30.1
16.r 27.3
L6.I 31.0
I .4 19.5

14.9 21.1
24.I 26. 5
0. 5 2.2
6.4 L4.Z
6.2 2r.0
- 29.8

30.1 33.5
32.7 5I.3
L.7 r.8
4.0 6.0
4.0 10.9
7 .Z 16.6

19.7 25.9
22.O 37 .7
29.9 35.2
9.0 r5.3
2.4 6.7

10.0 17.2
62.6

7.4 lo.l
33.0 I0I.5
40.7 232.0

0.0 0.0
- :. 4.2
r.2 1.2
0.0 0.5

- 0.8
0. 3 0.8
- 2.2

Mois-
NO3-N
Tirne

3

4.6 6.0
19.2 29.2
6.8
4.6 10.6
7.2
I. B 3.5
6.0 lr. 5

13.8 14.6

charges (ppm)
(weeks)

changes
(weeks)

6

Ratio of
Tirne

13

release2
(weeks)

6L2
SO4-S

Tinre
3

(ppm)

L2

@
s9

FC
FC
FC
FC
FC
FC
rc
rc
WP

rç
.t{P

FC
WP

Ï'c
IJP
FC
hIP

FC
'llIP

FC

FC
FC

WP

}JP

WP

rc
WP

WP

l^IP

18
t8
I8
18
18
18
18
t8
IO
l0
I8
I8
30
30
IO
IO
I8
I8
30
30
18
18
t0
T8
30
30
I8
30
30

:
o.2
o.2
3.1

:'n

L.2
2.3
4.4
8.0
8.9
3.1

2.6
1o.o

2.8
g.g

i.,
o.7

10. 2
9.3

27.3
L.2
2.5
2.O
4.2
7.3

12.7
15.5

2.6
4.7

17.9
25.2 ,

2.4
26.1
35. 5

:
ûr0
t,7
0,9
2.3
0.0
0.0
0.0
0.0

0.3
r,3
2.9

1.0

1.0
1.3
1.3
0.9

:
0.0
0.8
0.3
2.3
0.0
0.5
0.0
0.0
0.3
1,5
Ì.0
1.3
I.3
1.3
0.7
L,7
I.7
5.?
2.0

0.0

:_'

r-5
0.3
r.3
0.3
0;3
0.8

0.8
3.2
0.0
0.0
0.3
o.7.
o.7

3.8
3.2
1.0
1.0

2.5
3.3
3.1

0.0
t 5.0

- 2.5
I.1
1.6
0.8

:.0.4
2.3
0.4
1.0
2.3
2.3
I.5
3.3
0.3
0.0
0.2
1.6
0.9
3.3
3.6
4r9
1.4
2.2
2.3

5.0
6.7
7.2

| î., ti.+ ri.r
é.9 - I2.o
_ ZL.7 - 27.3

I9.5
- 4.3 5.6 25 -6

17.8 13.8 43.8 60.3
- 6.7 18.0 lr .3

1.'5 5.3
I8.7 L4-2
7.5 9.0

0.1 12 .3 - LZ ,7
g.'l 27.4 36.3 22.3
4.2 11.7 I0.3 15.4

- 7.O
- 4.9

Ir.6 64. Ì
- Io.9 lo.4

- 21.4 29.9 28.4
29.4 8.4 - ll.7
6.0 15.5 7.8 9.8
1.1 - 2.5 3.'8

- 1,9 2.4 5.0
2.6 3.5 I0.0 7.9
- 27.2 - 27.8
- I5.0 -
2.I 1.4 3.0 2.0
ô.6 4.6 9.9 15.2
: l?.? I3.0 32'4

Erlckson'B



Table l2A (Con't.)

SoiÌ
Assoclatlon
or Series

NQ.N
Tfne

3

changes (ppm)
(weeks )

612

SO4-S changes (pp*)
TÍme (weeks)

I36T2

Ratio of
Time

T3

release2
(r,,'eeks )

6
Moi s-
ture

Granville

Clarkesville A

Clarkesville B

Ner.¡daIe

h'ellwood

- 3.1 3.7 5.0
Z.g 4.4 - 23.7
3.9 7.3 18.0 29. I

10.7 16.5 49.8 72.6
20.3 3g.B - 135.3
- 8.2 rr.8 15.8
- 9.6 15.2 35.6
6.7 15, 2 17 .5 21. r
6.4 L6,7 35. I 82.9

21,9 29.0 6I.5 116.8
22.8 46.9 94.8 I73.3
s.5 8.4 16.3 22.3
4.4 I1.0 2L;2 57.3

14.8 29.2 47.8 55.2
19.1 37.6 78.0 106.6
1.6 2.6 3.3 18.6
4.9 13.8 36.8 34.9
L.7 - 5.8 r2.1

1.4 - 12,3 6.3 3.5
1.6 2.4 3.1 14.9
3.I 12.3 8.6 9.5
1.4 S3.5 51.I
5.7 9.7 10.6 - 24.2
0.8 15,6 20.8
0. 9 4.6 38. 3

3.3 rô.0 7.9 6,3 6.4
4.5 2.O 8.7 6.7 18.5
6.3 5.8 6.I . lo.7 18.7
9.6 8.2 14.l 14.0 20"2
1.0 II. t 16.3 22.3
2 . 0 21-.2 28 .5
3-3 30.1 10.9 17.8 16.5
4.8 7.1 14.0 16.2 2z;o
0. 8 2.L - 4.4 24.8
2.8 3.9 - 21.0 12.7
3.9 0.9 2.O 3.1

'nlP l0
WP. T8
FC 1.8

wP 30
FC 30
tlP 10
re 10
I{P IB
FC l8
t{P 30
¡c 30

. hrP 18
rc 18
HP 30
FC 30
}ÍP 18
ÞJP .30
FC 18

_ 0.3
0.9 .1.4

0.6

2.L 3.8

0.4 1.9
3,3 I.9
3.8 4.8
2.8 3.3
0.0 0.5
- 0.0
0. 5 2.7
2.7 2.7
0.8
L.2
1.8 2.3

0.6

2.1'
o'9

0.8
3'.3
2.8
5.3
5.8
6.8
1.0'1. 

0
2.7
4.8
0.8
I.8
2.9

lonly soils ln whlch posÍtive changes occured. are risted her-e.

2!th.r" applicable

6òlq'


