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Summary

Sulphur availability and plant yields on Laffer Sand were
examined in a field experiment. Fire gypsum (<300 mesh) applied at
the rate of 224 kg per ha in autumn or late winter disappeared from
the top 20 cm of soil before subterranean clover (Trifolium

subterrsneum, L.) could respond. Downward movement of gypsum

following rain caused increases in the soqz-s content of the 10-20 cm
layer of soil, showing that leaching was occurring. Plant yield
responses to the autumn application of gypsum were small, and no
responses to the winter application occurred. No residual effects

from previous applications of gypsum were evident,

Soil sof-s content of the top 10 cm of unfertilized plots
remained close to 1 ppm throughout the growing period, but the
corresponding plant tops were only moderately deficient, suggesting

that mineralization was supplying S for plant uptake.

Tn an incubation experiment, soil water contents between 6% and
18% had little effect on SOA:—S accunmulation, but at 3%, mineralizat-
ion was limited. At a soil water content of 24% in the presence of
30 ppm of added 804=—S low recoveries of mineral N and S5 were recorded ,
suggesting that losses of volatile forms of S had occurred. The
addition of SO4=—S lowered 804:—3 accumulation at all soil water

contents,

-
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Tn & second incubation experiment, intermittent leachning of soill
samples increased recoveries of 804=-S in the leachates compared with
those from samples unleached until the end of the experiment., Increases
in incubation temperatures from 8.50C to 32.500 led to increased SOA=-S

accumulation in leached and unleached soilse

Two pot experiments tested the effects of soil temperature, plants,
added SOA=-S and soil organic matter accumulation on S mineralizations
Failure to recover significant quantities of S originally present in
the soil and soil/plant systems provided evidence of volatile S losses.

Less S was recovered from the bare pots than from planted pots.

Differences in organic matter contents and C/N/S ratios of Laffer
Sands after periods of topdressing ranging from O to 27 years had
almost no influence on net S mineralization. As the level of organic
S rose a decreasing proportion was mineralized. The pattern of
organic matter accumulation in the six soils examined suggested that
in Laffer sands,under existing cultural practices, an equilibrium may

be nearly reached as early as five years after development.

One soil in pot experiment I was fertilized with 358 sulphate
and increases in the proportion of unlabelled S in plant tops between
harvests I and II, and with increasing soil temperatures, showed that
mineralization was supplying S for plant uptake. Radiochemical

estimates of S in soil SOA=-S extracts were higher than those made
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by reduction with hydriodic acid,showing that some of the added

sulphate had been converted to reduced forms.

The experiments led to the conclusion that in spite of evidence
of S mineralization on Laffer Sands there is a need for regular S
fertilization using material such as fragmented rock gypsunm, that will

maintain S supplies for an extended period.
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1 Introduction

Sulphur is an essential macronutrient for plant growth. Imn
plants it is a component of many proteins, S-amino acids, some
vitamins, and inorganic sulphates. The importance of S in plant
and animal nutrition has slowly been recognized, and throughout
the world widespread areas of deficiency are now known to exist

(Coleman, 1966).

In the agricultural areas of South Australia where most soils
are phosphorus deficient, the use of superphosphate containing up
to 12% S as gypsum (CaSOHZHEO) has masked S deficiency.  Experi-
ments to study the residual effect of superphosphate (Powrie,

unpublished) on subterranean clover (Trifolium subterraneum, )

pastures in the upper south east of South Australia revealed that
the sand plain soils (mainly solédized solonetz soils) of the
region were S deficient. The incidence and severity of the
deficiencies appeared to vary between sites, and with seasonal
conditions, therefore it was decided to investigate the factors

affecting S availability on these soils.

The experiments described were designed to examine aspects
of the S-cycle affecting the supply of soil 804:-8 for plant
uptake., The field experiment was the first step in the invest-

igation and followed changes in the level of soil SOuz-S at
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intervals over a period of one year. Sail water and temperature
measurements made during this experiment were used to select the
ranges of the environmental treatments for the subsequent incubation
studies and pot trials., These experiments examined the significance

of S released from soil organic matter by mineralization.
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II Literature Review

1. Development of Knowledge of the S-Cycle

In the early days of plant nutrition studies, Liebig (cit.,
Russell 1962) recognized that S was an element necessary for plant
growth. The full extent of S requirements was, for many years,
masked by poor analytical methods and the use of superphosphate

fertilizer.

Dry combustion methods of plant analysis used until the late
nineteenth century, gave low recoveries of S and led to low estimates
of plant requirements.  Superphosphate was patented by Lawes in 1842
(cit. Jacob 1964) as a phosphorué fertilizer. Widespread use of this
fertilizer following its introduction led to incidental application of
gypsum, and in some parts of the world delayed the recognition of S

deficiencies for nearly a century.

Early measurements of S additions in rainfall were made by
Smith (cite. Lawes et al. 1881) and by Lawes, Gilbert and Warington
(1883) who, in view of then current estimates of S8 requirements,
concluded that such additions were sufficient for the demands:of
ordinary cereal cropses These views persisted until 1905 when
Dymond, Hughes and Jupe published the results of experiments conduct~

ed in Essex, England, that Jemonstrated the true extent of plant S



regquirements. They cbtained yleld rcsponses in crops to the
application of § both as ammonium sulphate and as gypsulls These

resuits stimulated interest in S in the United States of Americae

Swanson and Miller (1917) examined some soils in the U.S.A., and
recorded disproportionate losses of S compared with other elements,
after cultivation and cropping. They cxamined S, N, P, K and Ca on
a number of cultivated and virgin soils and suggested that the loss
of S from the soil was proportional to the loss of soil organic matters
Tn more detailed work Swanson and Latshaw (1922) confirmed the relat-
ionship between changes in 8, N and C content of soilse They noted

that more S was leached from soils under cultivation than under grasse

Tvidence that reserves of soll S were organic in natire was mount-
ing, and in 1926, by means of pot experiments and incubation tests
Johnston studied some of the factors affecting sohz-s release in soils.
John%%n used sodium bicarbonate fusion to recover total S from soil,
followed by turbidimetric determination as barium sulphate; this is

similar to some methods of soil S determination currently used todaye.

it the same time as these studies were being conducted, Lipman and
his associates (Lipman, Mclean and Lint 19162, Lipman, McLean and Lint
1916, Lipman and Joffe 1920, Lipman, Jaksman and Joffe 1921) were
conducting experiments on biological oxidation of S in composts and

soils for the purpose of producing sulphuric acid to render mineral
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phosphates available for plant growth. Although thelr experiments
did not achieve commercial success they provided an insight into

the mechenisms, organisms, and optimum conditions necessary for S

I TR . 1 i

oxidation in soilse. Tsolation of Thiobac¢ilus thiocoxidans (Lipmen,
A

Waksman and Joffe 1921) was one significant achievement which emerged

from their investigations.

Incubation experiments conducted by Shedd (1928) revealed that
in certain soils immobilization of § could occur. By 1928 much
evidence of the importance of S in agriculture existed, but interest
in the element was spasmodic over the next 20 years, The use of
superphosphate still continued to mask S deficiency. In an address
to the American Society of Agronomy, Alway (1940) described S as A
nutrient element slighted in agricultural research' and may have

stimulated interest in the subject.

Definite evidence that most S present in surface soils was in
the organic form came when Evans and Rost (1945) fractionated the
organic matter from a number of Minnesota soils and measured the S
content of the fractions. They established a relationship for the
C:N:S ratio of soil organic matter. Determinations of C:N:S
ratios, carried out by subsequent workers for different soils, have

been similar to those of Evans and Rost.



S deficiencies occur for verious reasons 1n different
localities. The decline in the use of solid fuels, including coal,
for industrial purposes has reduced the 802 content of air and rain,
Rising freight costs have forced manufacturers to eliminate
unnecessary elements in fertilizer by introducing high analysis
phosphates and anhydrous ammonia to replace superphosphate and
sulphate of ammonia. There has been a resultant reduction in the
incidental application of S04=-S. The desire to use fertilizers
more efficiently has led to studies of residual effects, and in
Australia such studies on superphosphate have frequently revealed

S deficiencies,

It is now accepted that a sulphur cycle analogous to the N
cycle exists in nature (Walker, 1957, Jordan and Ensminger 1958) .«
A diagram of the cycle, summarizing possible S transformations is

shown in Figure 1.

Since plants mainly absorb S from the soil as sof-s, the
transformations and factors affecting the size of this pool are of
prime importance to agriculture., Apart from the placement of
fertilizer, fixation by sesquioxides and the effect of leaching,
the transformations affecting soil S04=-S availability are largely

microbiological.
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Figure 1

The "Sulphur Cyecle'" in nature - summarizing S
transformations. The pathways showmn by heavy

black lines were examined in this projecte
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f)a

Forms of S in Soils,

(a) Inorganic souz-s

S exists in soils is inorganio emd organic forms.  The main
inorganic form present is usually 804=-Sg which represents the stable
oxidation state of S under aerobic conditions. Under anaerobic
conditions reduced forms of S, including metallic sulphides may
accumulate, Sulphates are susceptible to leaching losses and S 1is
retained in the surface of humid agricultural soils largely in

organic matter (Evans and Rost 1945).

Inorganic S is often present in parent materials. Igneous
rocks may contain sulphides and these are released and oxidised to
sulphates on weathering (Whitehead 1964), Sedimentary rocks such
as limestones may contain insoluble sulphates which have been co-
precipitated with calcium carbonate (Williams and Steinbergs 1962).
Sulphates associated with calcium carbonates in this way form a
significant part of the soqz-s fraction of some soils, and are not
readily available for plant nutrition. Other insoluble forms of S
are strontium and barium sulphates, Williams and Steinbergs (1962)
showed the presence of barium sulphate in some Australian soils, but
of 2ll the samples they examined none contained significant quantit-

ies of strontium.
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On acid soils, sulphates are freguently retained in association
with hydrated oxides of ixon and aluminium (Enswinger 1954, Kamprath,
Nelson and Fitts 1956, Berg and Thomas 1959, Chao Harward and Fang
19626}, Hydrated iron and eluminium oxides é::;:coordination com~
plexes with electron~-donating substances such as sulphate (Harward
and Reisenauer 1966).,  The amount of soqz-s retained by this
mechanism is dependent on soil pH, the nature of the soil colloids
and the presence of competing anions such as phosphate (Ensminger
1954, Kamprath, Nelson and Fitts 1956, Berg and Thomas 1959, Chao,
Harward and Fang 1962b), Vhere the soil pH exceeds 6~7 little or

no 504=-S is retained by this mechanism (Williams and Steinbergs

1962, Harward and Reisenauer 1966).

804=—S held to clay minerals by anion adsorption may be readily
displaced by the presence of phosphate in quantities of agricultural
significance (Chao, Harward and Fang 1962a), It is evident that
organic matter is also responsible for the retention of some SOu=-S
by adsorption, but this effect depends on the form of the organic
matter rather than the quantity (Chao, Harward and Fang 1962¢g) «
Ividence also exists that 804=-S can be covalently bound to soil

organic matter as ester sulphates (Freney 1961) .

The ability of phosphates to displace 804=—S from exchange

sites results in accumulation of phosphate in surface soil and



removal of so;-s to subsoils by leaching. Whers acid subsoils
exist retention of 504=—S may be high in the presence of iron and
aluminium hydroxides. The main influence on the retentive power
of subsoils is soil pH (Williams and Steinbergs 1962), and in the
presence of free calcium carbonate, as in many temperate Australian

subsoils, SOuz—S retention is likely to be low.

(b) Reduced forms of S

Under aﬁ%robic conditions microbiological reduction of SOM=—S
leads to the accumulation of sulphides. Conditions favouring reduct-
ion of SOQZ-S include waterlogging in the presence of a source of
decomposable organic matter (Janitsky and Whittig 1964), and frequent-
1y occur in paddy soils (Vamos 1964), Sulphides formed may accumu-
late as insoluble iron or other transition metal sulphides. The
soil pH rises due to transformation of Sth-S to sulphide and of
organic anions to bicarbonate while the balancing catiorsremain

practically unaltered (Abd-El-Malek and Rizk 1963).

In addition to the fully oxidized and reduced forms, small
quantities of S may exist in intermediate states of oxidation as
elemental S, thiosulphate, and polythionate. Such compounds are
transitory imtermediates in the redox sequences In normal
agricultural soils little inorganic S is present in reduced forms

(Freney 1961), since these are rapidly reoxidized chemically and
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biologically. Lven so the loss of HZS from soils during temporary

waterlogging has hardly been studieda
(¢) Crganic S

Organic S is deposited in soils in plant, animal, and microbial
residues and accumulates in various humus fractions. Due to the
complex nature of soil organic matter, analysis of the S compounds
present therein has proved difficult. Evans and Rost (1945) were
the first workers to demonstrate the significance of the § retained
in soil organic matter., They showed,that of the total S present in
39 Minnesota soils of various types,from 16-81% was present as
organic S, Most of the soils contained more than 45% of their S in
organic form and the average percentage was higher for chernozems

and black prairie soils than for podzols.

Indirect evidence has also been collected which demonstrates the
organic nature of S compounds in surface soils. It is well known that
the amount of S in a soil is closely related to the amounts of carbon
and nitrogen present, Somedf the earliest evidence of this was
obtained by Swanson and Miller (1917) and Swanson and Latshaw (1922)
who determined the S, N, C and P contents of three types of soils
after differing cropping treatments. The mean ratio of C ¢ N ¢ S
caleulated from their results is 223 : 10 : 2.03; and, although

they did not express their results as ratios, they noticed that
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losses of S, N and C were proportional from most soils under
cultivation. Following more recent work (Evans and Rost 1945,
Williams snd Donald 1957, Walker and Adams 1958a)the C : N : S
ratio has become a widely used criterion when assessing the potent-
ial S supplies of soils., Tables showing the remarkable similarity
of C: N : S ratios from soils in various parts of the world have
recently been compiled (Whitehead 1964, Freney and Stevenson 1966) ,

and emphasize the organic nature of the S retained in surface soils.

Determinations of organic S in soils are usually made using
indirect methods. Bardsley and Lancaster (1960) proposed using the
term "reserve sulphur" to describe the fraction of soil S determined
by the difference between 804=-S and total S analyses. Such S may
be regarded as being almost wholly organic in nature, since in most
soils the levels of reduced inorganic S compounds, (which iwould be
included in the "reserve sulphur' fraction) are low (Freney 1960).
The highly significant correlation ( R = 0,971 ) between reserve S
and soil N obtained by Bardsley and Lancaster confirms the organic

nature of this fraction.

Some recent studies on the nature of organic S compounds in
soil have been made by Freney (1960)y Lowe and de Long (1961), (1963),

lowe, (1964) and Freney, Melville and Williams (1969). It is
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now known that a large proportion of organie & is readily reducible

and may exist as organic sulphates, while other organic S may be
directly bonded to C, Compounds in which C is directly bonded to

S include the amino acids methionine and cysteine. Yhitehead

(1964) estimated that, based on the results of Stevenson (1956),

11-19% of the total S present in four soils examined was in amino

acid forme Freney and Stevenson (1966) obtained similar estimates
from other data which supported this conclusion. Since estimates

of organic S bonded to C are as high as 58% (Lowe and de Long 1963, Lowe
(1964) much of this must occur in organic compounds other than amino

acids,

Cnly a limited number of organic S compounds have been isolated
from soils and identified. A frequently quoted one is trithio-
benzaldehyde (Shorey 1913) that accounted for approximately one
third of the total S present in the California soil from which it
was recoverede This may not have been important since a significant
quantity of this compound was found in only one other soil of many
examined by Shorey. Hore recently the S~amino acids cysteine
(Putnam and Schmidt 1959) and methionine (Gilbert and Altman 1966)
have been isolated from soils. Even so the levels of free amino
acids in soils are likely to be low since they provide a readily
available substrate component for microorganisms. Root exudates
may be one source of amino acids in the rhizosphere zone (Paul

and Schmidt 1961), although some may be released during the
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breakdown of organic matter. Tt would appear that there is scope
for studies using 358 labelled material, coupled with chromato-
graphic techniques to clarify these points. Acid hydrolysis of
s0il is known to liberate S~amino acids (Sowden 1955, Stevenson
1956), and since thioester bonds play an ilmportant role in nature

it is likely that they too could be hydrolyseds

Speculation about the formation of other organic S compounds
in soils (Whitehead 1964, Freney and Stevenson 1966) has been based
on biochemical reactions known to occur elsewhere. Suggested
compounds include dihydrothiazine and thio-derivatives of aldehydes
including reducing sugarss It has been suggested that such products
forming part of the S fraction of soil humus may be quite stable and
resistant to microbial attacke In spite of their postulated
stability no such compounds have been isolated and treatments
designed to fractionate soil organic S are so severe that drastic
chemical changes occur during extraction (Freney, Melville and
Williams 1969). It seems that speculation must continue until a
satisfactory method of fractionation is founde.

Although the level of organic S may be high in many soils this
fraction is not at all readily available for plant nutrition.
Estimates of total S, which include organic S, are not well corre-

lated with plant growth (Williams and Stelnbergs 1959), It is
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evident that the value of organic S for plant nutrition depends on
factors that effect the decomposition of the soil organic matter

and the resultant mineralization of S compounds.

3 S Balance in Soils

The S content of surface soils changes slowly depending on
cultural practices. Under sound agronomic practices organic matter
slowly accumulates and is accompanied by a corresponding rise in
total N, P and S, (Donald and Williams 1954, Williams and Donald
*1957); Under exploitive systemsthe reverse occurs. Superimposed
on the gradual changes are short term changes due to fertilizer
additions, leaching losses, and utilization of mineral nutrients.
The balance of 8 present in a soil is the resultant of the above
factors, and depends on the various inputs and outputs in a given

situation.
(a) 8 Addition

S is added to soils from the atmosphere in rainfall, in fungicides,
insecticides, fertilizers, animal excreta and plant residues, Returss
of animal excreta sndplant residues are usually part of a recycling

process rather than direct inputs.

(i) Rainfall - Accession in rainfall has long been recognized as a
source of S for plant nutrition, and early evidence (Lawes, Gilbert
and Warington 1881) showed the variations which could occur depend-

ing on proximity to townse. Increments recorded at Rothamsted



varied with the season where up to § kg/ha of S was added in
rainfall in a six monthly period (Lawes, Gilbert and Warington 1883)
Erdman (1222) obtained evidence of wide variations in the amount of

S available from rainfall. depending on the localitye

In the United States amounts of § recorded in precipitation
range from greater than 100 kg per ha per year in industrial areas
(Bertramson, Fried and Tisdale 1950) to mean values as low as 5 kg
per ha per year in south eastern rural areas (Jordan and Bardsley
1958) . Most measurements made in agricultural areas of Australia
have revealed that only small quantities of S are added in rain,
ranging from less than 1 kg per ha per year in inland Western
Australia (Rossiter 1952) to 8 kg per ha per year in coastal
Victoria (Hutton and Leslie 1958).  Whitehead (1964) has tabulated
results from rural and industrial areas in widely separated parts
of the world, and # is apparent that in many localities accession
of sulphur in rainfall can provide significant gquantities for

plant growth.

(ii)  Atmospheric S - In ad@ition to direct accession in rainfall S

may be absorbed by plants and soil directly from SOZ in the atmos-
phere (Thomas and Hill 1935, Alway, Marsh and Methley 1937). DLven
when adequately supplied with SO4=—S in solution plants can absorb
S0, through the leaves from the atmosphere (Olsen 1957). This was

demonstrated by growing plants in a sealed nutrient solution
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containing 358 labelled sulphate and weasuring the ailution of
labelling in the plant material due to intake of SO2 by aerial parts
of the plants. The amount sbsorbed depended on the size of the
plant suggesting that intake was a function of leaf area. Where
plants were grown on S-deficient solutions up to 50% of the S eould

be supplied in this way. Absorption of SO, by soils was demonstrated

2
by Alway, Marsh and Methley (1937). Comparisons with lead peroxide
absorbers showed that soils were less effective and absorption de-
pended on soil type. Direct absorption of SO2 from the atmosphere
by soil may not be very important when compared with the amount of S
added in rain, and it has been claimed (McKell and Williams 1960)
that less than 0.1 kg per ha of S per annum is contributed by this

method.

The three main sources of atmospheric S are HBS from the decompo-
sition of organic matter and reduction of S in marshy areas and
coastal regions (Miller 1961), cyclic sulphates from sea spray, and
products from the combustion of fossil fuels in industrial plants.

The significance of S provided for crop growth in rainfall or as
atmospheric 802 depends on proximity to industrial areas and to the
sea coupled with the direction of preveiling winds (Coleman 1966).
With a decrease in the use of solid fuels and the introduction of

air pollution controls there is likely to be a fall in the atmospheric

8 content in industrial areas,
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Since the major industries in Australia occupy comparatively
few localities they contribute 1ittle to atmospheric S supplies
likely to be of agricultural importance, and .the main factor

influencing S content of the atmosphere is nearness to the sea.

(iii) S pesticide residues - The use of insecticides such as

nicotine sulphate may add appreciable quantities of S to plants

and soil. For many years fungicides including " ime-sulphur' and
"Bordeaux mixture'' contaidng high S contents have been widely used
on horticultural crops. Recently the use of these traditional
inorganic pesticides and consequent incidental application of S

has declined as newer organic formulations have been introduced.
Some of the newer pesticides also contain S (e.ge dithiocarbamates)
but due to their higher toxicities are used in much smaller amountse
Hartley and West (1969) state that dithiocarbamates can undergo
oxidation to thiuram disulphides which on exposure to air yield
mono--sulphides and elemental So In soils, however, oxidation to
sulphate would seem more logical and these compounds could supply
1imited amounts of S to plants. Many of these compounds however,
act against soil fungi and may adversely affect organisms involved
in soil § transformations. Metham sodium (sodium monomethyldithio-
carbamate) one such compound is used at rates of from 50 to 200 kg
per ha for soil sterilization prior to planting high value crops

and would therefore be capable of supplying from 25 to 100 kg per
ha of Se. Much of this could be lost for these substances depend

for their action on the production of volatile S compoundse
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Many new pesticides contain no S a*+ nll and thedir use could
result in a fall of available S, The change to organic pesticides
is likely to have more serious effects because of their persistence

and toxicity, rather than because of smaller additions of S.

(iv) Fertilizer S =~ Fertilizer additions are used to deliberately

control or alter the S balance of soils for agricultural production.
Additions are governed by the economics of the particular situation,
and are aimed at providing sufficient available S in soils for
maximum profit from crop or pasture production. The main forms of
S fertilizers are superphosphate, ammonium sulphate, calcium
sulphate, and elemental sulphur, High analysis fertilizers such

as triple superphosphate, urea, and anhydrous ammonia contain no S,
and their use has necessitated the introduction of specific S
containing fertilizers (Coleman 1966).  The amount of S fertilizer
required to maintain a desired balance in soils depends on the
amount received from the atmosphere and the amount removed by
leaching and crop removals. Details of fertilizer usage are

discussed in section II, 7.

(v) Plant and animal residues - Additions of S to soils will occur

with the return of plant residues and animal excreta, Fresh plant
residues contain a proportion of S that is easily released in
available form provided the S content is high and thé10/S ratlio is low

enough (Stewart, Porter and Viets 1966) o
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Barrow and Lambourne (1962) estimated by means of balance
studies that hzlf of the S intake of animals is excreted in faeces
and slightly less than half in urine, the latter fraction being
more readily available for plant growth. Bray (1969) using 355
labelled sulphide and sulphate demonstrated that the form in which
S was absorbed by the animal from the rumen and duodenum influenced
partitioning between faeces and urines ihen sulphide was injected
directly into the duodenum there was a rapid rise in excretion of
urinary S whereas injection of soq=-s led to a rise in faecal output
of 358. Since most S compounds are reduced in the rumen prior to
absorption these affects may not be as noticeable in partitioning S
between faecal and urinary outputs from animals under normal grazing
conditions. Animals may excrete S as volatile etherial sulphates

that are lost from the grazing system,

A positive approach to the study of nutrient recycling in grazed
pastures using 35S-labelled gypsum has recently been made (May, Till
and Downes 1968). Results showed that recycling of applied S through
sheep continued over a long period (600 days) and that some redistrib- .
ution of S occurred with higher concentrations being excreted on
caup sites. A surprising finding was that although the experiment
was sited on a podsolic soil there were no significant leaching
losses and the application of S had a long residual effect with most
of the applied S remaining in the top 10 cm of the soil over the

first 200 days. There may have been three reasons for this that
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these workers omitted to point out. Firstly, the rainfall of 26 cm
measured over the first 215 days of the experiment would seem to have
been very much below the average of "80 cm uniformly distributed
throughout the year" and leaching intensity would therefore have been
lower than normals Secondly, the stocking raté of "about 20 adult
sheep per hectare" appears to have been abnormally high(under high
rainfall this could have the reverse effect). Thirdly the root

systems of the perennial species (e.ga Phalaris tuberosa, and Lolium

perenne, in the pasture might have been more effective than annuals
in absorbing 804=~S, thereby furthcr limiting leaching. Facts one
and two are supported by the explanation that sheep had to be removed

to avoid supplementary feeding due to adverse seasonal conditionse.

Under such a high stocking rate it is not surprising that much
S continued to be recycled since the greater proportion of plant S
passing through a ruminant is likely to become reavailable more
quickly after excretion than by the process of plant decay in the
s0il. The effectiveness of recycling through animals in this
experiment demonstrates the value of the process in maintaining S

availability.

(b) 8 Losses from Soil

Losses of S from an agricultural system also affect the net
balance in soils. The three main reasons for loss are leaching,

removal in plant and animal products and volatilizatione



(1) Leaching - Swanson and Miller (1917) were among the first to
recognize that S could be lost from surface soils by leaching when
they examinad the effect of cultivation and cropping on a number

of Kensas soils. Erdman (1923), in a pot experiment, and Joffe
(19%3) in a lysimeter experiment, recorded soq=ms losses in leachateso

In receat years more extensive studies on leaching losses have been

made o

Losses of soq=—s applied as gypsum can be high from the surfaces
of coarsely textured soils under moderate rainfall conditions.  McKell
ond Williams (1961) recorded losses of nine tenths of applied gypsum f£rem
lysimeters containing sandy soil after 480 mm of rain. The gypsum
had been applied at rates from 112 to 336 kg per ha, and the percent-
age leached was similar for all rates of application. Even in drier
years significant losses of 804=~S applied as gypsum occurred
(#illiams, McKell and Reppert 1964), but were more dependent on

rainfall distribution and consequent intensity of leachings

Laboratory experiments in New Zealand revealed that substantial
leaching of S could occur from sandy and pumice soils where soqz-s
retention was low (Hogg and Cooper 1964, Hogg and Toxopeus 1966,
Conper and Hogg 1966), but losses were lower from the loamy soils

of higher clay mineral content (Hogg 1965).
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Field experiments in south western Western Australis (Darrow
1966) demonstrated that severe S deficiencies could occur in pastures
due to Jeaching of 804=us. Heavy opening rains were capable of
removing available S from serndy soils before significant plant

uptake could occure

Tt is clesr that S losses by leaching are affected by a number
of factorse. The retention of soqz—s in soils of low pH containing
hydrated oxides of iron and aluminium has already been discusseda
Among other factors which affect leaching losses are rainfall
intensity and seasonal distribution, soil texiure, and the forms of
S used for fertilizer application. Phosphate tends to displace
804=wS from exchange sites and its application enhances leaching

losses Trom potentially retentive soils.

(ii)  Volatilization - S losses may occur from soils by volatiliz-

ation. Such losses are thougat to be signifisant only under
anaerobic conditions where liberation of st takes place. This
effect has been studied in rice paddies (Vamos 1958, 196k, Eghov
1962) o Production of HZS has also been recorded under aerobic
conditions (Bromfield 1953) but this oscurred in the laboratory
in a soil which had becn partially sterilized. Frederick,
Starkey and Segal (1957) found that when methionine decomposed

in soil under aerabic conditions methyi mercaptan and dimethyl

disulphide which are both volatile were released, Losses from



24,

this sourcc are 1ikely to be low since the amount of free methionine
in soils is small., Volatile loss of organic S as mercaptan under
water-lozged conditions is possible but has hardly been studied, and
1ittle is known sbout the size of losses of volatile S from animal

froces and mown pasture durding doying.

.Lé

(iid) Plant uptake - Plant uptake normally removes significant
quantities of S from soils, but as already discussed, much of this
is returned as organic S in plant residues or animal excretas

Hay cutting, where complete removal of top growth occurs, causes
the biggest loss. The amount of S taken up by & crop will depend
on the soil SObr:-S level, the type of crop, the growth rate and
total yield. DMeasurements of plant S uptake have been made in
balance studies, and in attempts to establish diagnostic tests for
S deficiencyo These will be discussed in more detail in section

I11-6,

The S contents of plant tissues vary depending cn available
supply and competition between speciles. On mixed clover grass
pastures where nitrogen supply is adequate grasses remove more S
from the soil than clover (Wlalker, Adams and Orchiston 19563
Walker and Adams 1958W), Vhen the S requirement for protein
synthesis has been exceeded SOq=~S accumtlates in plant tissue
(Digehoorn, Lampe and Van Burg 1960), end is indicative of

adequate supply provided N is non-limitinge S uptake by plants



may frequently exceed requirements, and where maximum yields have
been obtained the actual amount of § removed from the soil may

be variable depending on the extent of "luxury uptake'. Figures
for S uptake based on S requirement are therefore only a guide in

estimating the effect of plants on soil S balance.

S removed in grain by small grain cereals yielding 260 kg per
ha may be between 10 and 13 kg per ha (Beaton 1966), whereas the
quantity removed in clover pasture cut for hay yielding from 5,000
to 7,000 kg per ha is likely to be higher at 17 to 20 kg per ha,
Removal of S by lucerne may be higher still at 22 to 27 kg per ha
for a gtand yielding from 6,000 to 8,000 kg per ha (Whitehead 1964).
From the values quoted it can be seen that the species of plant
grown and the parts of the plant harvested, influence the quantity

of S removed.
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L.  Factors Affecting Soil S Transformations

(a) The Role of Microorganisms, Plants and Animals

The various S fractions in soil exist in a state of dynamic
equilibrium, Transformations between fractions influence the
amount of available S maintained in a soil from less available
reserves, The rates and directions of transformations are

important in assessing the availability of S on a particular soil,

Ample evidence has been amassed to show that micro-biological
activity is largely responsible for S transformations within soils
(Starkey 1950). The earliest studies on microbial transformations
in soil were concerned with oxidation of S by sulphur-bacteria and
much work carried out at the New Jersey Agricultural Experiment
Stations was summarised by Joffe (1922). S is important in the
metabolism of all organisms and other microorganisms besides the

gulphur-bacteria are also involved in soil S transformations,

The main pathway for the incorporation of S into soil organic
matter is through plants (Donald and Williams 1954).  Animals, as
previously discussed, also play a part in this pathway (Barrow
1961, Barrow and Lambourne 1962), but tend to obtain much of their
S in organic forms prior to digestion. Ruminants are capable of

using inorganic S and converting it into organic forms (Bray 1969b)e.
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Evidence has been obtained (Freney and Spencer 1960) which suggests
that the presence of plants stimulates S mineralizatione The effect
was more pronounced where plants had received added S. It is
possible that plants may excrete enzymes capable of catalyzing the
decomposition of organic matter or that root exudates provide a
better environment for rhizosphere organisms (Rovira 1962). Plant

roots may even excrete S compounds which quickly oxidize to sulphate.

(b) Influence of C / N 7 S Ratios

It has already been pointed out that there is a close relation-
ship between the C, N and S content of soils, numerous examples of
which have been tabulated by Whitehead (1964).  Deviations from the
normally accepted range of stable C /N / S ratlos may frequently
jnfluence the availability of all three of the elements. Extensive
investigations have been made into the influence of C / N / S ratios

on sulphur mineralization.

Mineralization of S from mixtures of decomposing organic sub-
stances in sand cultures (Barrow 1960a) depended mainly on the S
concentration of the mixture, variations of which had a large effect
on the amount of N mineralized. Low S levels did not prevent
rapid mineralization of N even at wide C / N ratios, and this tended
to lower the N / S ratio of the residual organic matter. A similar

experiment (Barrow 1960b) using a wide range of plant materials
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showed that the S mineralized depended to a limited extent on the
C/S ratio of the organic matter. Where the C/S ratio was less than
200, mineralization of S always occurred, When the C / S ratio was
greater than about 400, immobilization of S occurred, DBetween the
two limits results were variable. The results from both experiments
were in agreement, and after 12 weeks of incubation at 27OC the C/S
ratios of the residual material were between 50 and 60 often with a
large proportion of the S still not mineralized. Sheep faeces
proved to be more resistant to decomposition,than plant material
(Barrow 1961b), but once again the amount of S mineralized, although
proportionatcly less than in plant material, was related to the S

content of the faceces.

The influence of C/S ratio on mineralization may vary with
differing carbon substrates. Stotsky and Norman (1961) found that
S was a limiting factor in the oxidation of glucose in soils when
the C/S ratio was greater than 900. They also demonstrated that a
number of different S compounds with the exception of two, thiourea
and elemental S, could satisfy the S requirement. On this basis
they predicted that since most plant residues have C/S ratios of
lcss than 900, 5 should not limit the rate of microbial decomposition
of the residues and hence should be mineralized rapidly. Results
such as these obtained using glucose may not be applicable to plant

residues where cellulose is the principle C source. Cellulose



decomposes more slowly than glucose and a much longer period of

decomposition may be necessary before S is mineralized.

Critical C/S ratios for nct S mineralization that have been
determined by most other workers are at the most only a£.halfi?his
value., The reason for the discrepancy is not obvious but in the
presence of the readily available energy source initial rapid
recycling of micpobial protein may have occurred until the C/S
ratio was lowered to about 400 after which rapid release of S
may have occurred. Alternatively if the N/S ratio had been very
low, then N would have limited the rate of breakdown with a resultant
release of CO2 and surplus S above the limited microbial requirements.

Tn contrast decomposition of straw with a C/S ratio of 350
lowered dry matter yields of winter wheat (Stewart and Whitfield
1965) when straw was incorporated into a soil in a glasshouse experi-
ment. This result was supported by later experiments (Stewart,
Porter and Viets 1966) that showed the critical ratio of ¢/S for S
mineralization lay between 370 and 270 when wheat straw was the sub-
strate for microbial decomposition.  Although these results generally
agree with Barrow's original measurements, it is possible that Stewart
et al. failed to consider the toxic effects of many straws on plant

roots, (Kimber 1967) - toxin damaged plants might extract less soq=-s.
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The N/S ratic of orgaric matter also affecta the mineralization
of Ss Nelson (1964) found that the ratio of N to S mineralized
from soll organic matter was approximately constant. By contrast,
Barrow (1961a) recorded simultaneous immobilization of S and
mineralization of N where the average N/S ratio of decomposing plant
material was 14e He had previously noted (1960a) that as decomposit-
ion of organic matter proceeded there was a narrowing of the N/S ratio.
White (1959) and Williams (1967) also found that more N was mineralized
relative to S than would have been expected from the N/S ratio of the

soil organic matter.

Such differences may occur because N and S are present in differ-
ent compounds within the soil organic matter. The incorporation into
soils of organic matter with wide N/S ratios may result in immobilization
of S similar to that observed when organic matter with wide C/S ratios

is added.

The normal &/S ratio of 8 in scil organte.matter is lower than the
ratio of approximately 15 found in plant proteins Because of this
Stewart (1966) suggested that a crop obtaining its N supply solely by
mineralization from soil organic matter should obtain an adequate S
supplys Although the values for N and S contents of plant material
obtained in an experiment where wheat was grown on an unfertilized
soil (Stewart and Whitfield 1965) supported the above idea it need

not always apply. N/S ratios as low as 8 are usually found in stable
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organic matter which is genorally resistant to decomposition because

it is largely humified. The N and S may occur in different fractions;
as demonstrated by Freney et ala (1969) who showed that in a soil with a
total N/total S ratio of 9,4 the N/S ratios extracted by different
chemical methods ranged from 7,8 to 4.5 The other soils tested also
showed wide variations. The distribution of N and S between different
fractions of humified organic matter may contribute to its stability

by preventing simultaneous supply of the two elements to microorganismse

It is clear that C/N/S ratio influences the relative release of
these elements by mineralization from soil organic mattere The
reverse is also true, since a relative shortage of either N or S is
likely to slow the accumulation of soil organic matter. This may
occur due to reduced dry matter ylelds coupled with instability of
the resultant organic matter produced. — Williams and Donald (1957)
suggested that insufficient S applied in superphosphate dressings
limited organic matter accumulation under subterranean clover

(Trifolium subterraneum L.) pastures in the Crookwell district of

New South Wales. Previously they had shown that S was still limiting
yields on improved soils of the area that had been regularly topdressed

with superphosphate for up to 25 years (Donald and Williams 1954 ) «

(c) Heating and Drying of Soils

S04=-S can be released from soil organic matter by drying the

soil (Freney 1958, Barrow 1967a, Williams and Steinbergs 1964), but
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measurement of the amount of S reieased varies with the extractant
used. Williams (1967) extracted large amounts of 804=—S from soils
regardless of the method of drying by using potassium dihydrogen
pkosphate (KH2P04) extractant rather than calcium chloride (CaCla)
solution., In all cases he obtained a significant release of so;-s
on air drying soils, while oven drying at 100°C released even more
SOH=JSQ > Moistening and redrying of soils also gave small addition-
al increases in the extractable SOA=—S, It wms apparent that the

manner and frequency of drying affected the amount of S mineralized,

Mechanisms of S release that are affected by wetting and drying
are not well understood, but in the series of experiments conducted
by Williams it was observed that a drying and wetting cycle prior to
incubation enhanced mineralization of S from soils. Drying may
result in a breakdown of labile compounds and provide a better sub-
strate for subsequent microbial activity, Partial dessication of
the biomass may cause breakdown and release of both labile S compounds
and enzymes such as sulphatase that hydrolyse ester sulphates upon
rewetting., According to Jenkinson (1966) drying a soil kills most
of the biomass which on remoistening mineralizes rapidly releasing
Cy, Ny S and P.

(d) Soil Water Content

Williame found that extremes of soil water content restricted S

mineralization. At low soil water contents (15%) the dry conditions



would have reduced milcrobial activity, wherocas high soil water
contents @40%) would have reduced air space thereby limiting aeration
and creating conditions favouring microbial reduction. The increase
in output of ammonium N which accompanied the decline in net S
mineralization at high soil water content demonstrated the latter
point. Maximum mineralization of 8 from three podsolic soils
examined by Williams occurred at a soil water content of 25% corresp-
onding to a suction of 100 cm. Under such conditions it is quite
possible that both aerobic and anaergbic spots occurred in soil so
that the net mineralization recorded resulted from a combination of
many different transformations, The presence of enzymes such as
sulphatase could also have a marked effect on the hydrolysis of

ester sulphates under these conditions.

(¢) The Influence of Liming and Soil pH

The addition of liming materials to soils influences rates of S
mineralization. MacIntyre (1926) in a lysimeter experiment

recorded increased leaching of NO3

pH 6,4 following the addition of Ca and Mg liming materials. The

=N and Soqz-S from a brown loam of

losses were recorded in the first year of application with no residual
effect thereafter and were attributed to increased biological activity
following liming. More definite evidence of the effects of liming

on mineralization were obtained from soils in lysimeters where

organic matter treatments were applied (Ellet and Hill 1929). 1In



3/.;. N

the prescnce of organic matter, liming increoased the amount- of S
recoverad in leachates, White (1959) measured increased souz—s
levels in acid soils to which Ca(OH)2 had been added in incubation
studiess

The addition of CaCO, to soils which contained S mainly in

3
organic form brought about increased S uptake by plants (Williams and
Steinbergs (964). The soils used were S deficient, and it was con-
cluded that raising the pH increased the availability of S from soil
organic matter. If pH was the factor affecting S mineralization,

other alkaline materials such as NaOH should show similar effects;

this was demonstrated by Barrow (1960b).

Release of SOh=-S ab raised pH may be due to a number of factors.
Firstly, increased microbial activity at more favourable pH may occur.
Secondly, where iron and aluminium oxides are present raising the pH
to 7.0 or higher will result in release of soqz-s bound to these
compounds. Thirdly enhanced activity of sulphatase enzymes may
increase hydrolysis of ester sulphates, and fourthly, alkaline
hydrolysis of ester sulphates may occur 6f the soil pH is raised
sufficiently. Displacement of 804=~S from the anion exchange complex
by OH  ions or HP04= ions at high pH may also be a reason for increased
availability of 8 following liming (Kamprath, Nelson and Fitts 1958,

Chao, Harward and Fang (1962).



Another possibility advanced by Williaws emd Steinberss (1964)
to explain increased so;-s availsbility following liming, was that
sulphates coprecipitated with the CaCO3 became available after the
material had been added to soil. Variable quantities of this co-
precipitatved 804=~S depending on the sources of CaCO3 did prove to
be available, but increased S availability was also observed where

A.R. grade CaCO, was applied to some soils. It was concluded that

3
release of co-precipitated S depended on the reaction of the Gza.CO3
with exchangeable hydrogen and that sulphate in unfeacted CaCO3

remained unavailable, Additions of A.R. CaCO, caused increased S

3

availability only when applied to acidic soils.

It is unlikely that CaCO3, irrespective of the content of co=
precipitated SO,:’-—-S, will cause increased S availability when added

to alkaline soilss



S Chemistry of Soil S Transformations

Klthough the influences of many environmental factors on S~

mineralization have been studied the chemistry of the transformations
involved is not well understooc. Oxidation and reduction of inorganic
3 compounds and biochemical transformations are known to occurs

Starkey (1966), Trudinger (1967) and Burns (1967), have reviewed the
oxidation and reduction of 8 in soils and Freney and Stevenson (1966)
and Freney (1967) have reviewed the biochemistry of organic soil S
compounds. Environmental factors affecting oxidation and reduction
have already been reviewed; in this section mention will be made of

the organisms responsible for these transformations,

(a) Oxidation of Soil S

Most changes in the oxidation states of inorganic S compounds
are caused by microbial action involving sulphur bacteria. S has
long been applied to soils to acidify them with the intention of
rendering other nutrients more readily available to plants (Lipman,
McLean and Lint 1916).,  Studies of this process led to the isolation

of the bacterium Thiobacillus thiboxidans (Waksman and Joffe 1922),

which is a S oxidizer tolerant of low pH levels.

Other organisms responsible for S oxidation in soils include

L
Thiobacillus thioparus, T. dentrificans; T. férroxidans, T. novellus,
A
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(Btarkey 1966), Most of the S bactorin ais antetruyhic organisms
although T. novellus is = facultative btacteria which can also utilize
orgonic redian The survival or autotrophic 8 bacteria in soils
depends on the availability of reduced S substrates; and under normal
conditlions the numbers of thege crganisms present in soil are likely

to be low (Swaby and Vitoldm 1968, VitoXns and Swaby 1969).

Heterotrophic bacteria have also been considered to play a major
role in the oxidation of 8§ compounds in soils (Vishniac and Santer
1957), Starkey (1935) examined 29 soils and found evidence of auto-
trophic organisms in only 2. In spite of this all soils contained
organisms capable of oxidising thiosulphate, Perfusion experiments
(Gleen and Quastel 1953) revealed that tetrathionate was a product of
thiosulphate oxidation in soils. It was shown that the presence of
excess simple organic carbon substrates such as sucrose or glucose
inhibited oxidation and stimulated reduction. Similar results were
obtained by Trudinger (1967) with one of two heterotrophic bacterial
cultures which he studied, In this case reduction of tetrathionate
occurred in the presence of lactate under anaerobic conditions,
Starkey (1965) stated that S is oxidised to thiosulphate and tetra-
thionates by heterotrophic micro-organisms and that in soils these
substances are oxidised to sulphate, Recently Vitolins and Swaby
(1969) have shown tha: heterotrophic micro-organisms are present
in many Australian soils, but are generally poor oxidisers of S

and tulosulphates,-
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(b)  Reduction of Soil S Compounde

As previously explained in section II 2(b), under amaerobic
conditions, reduction of oxidized or partially oxidized forms of S
occurs in soil..  Organisms responsible for these reactions include

3 3 . () . \I a .
members of two dissimilatory bacterial genera, non-sporing Desulfolibrio

A
and sporing Desulfotomaculum. The optimum soil pH for their development

is between 5.5 and 9.0, These bacteria are capable of reducing
sulphate to sulphide and in doing so use a variety of simple organic
substances such as hydrogen donors (Starkey 1966), ‘there metallic
elements such as Fe are present they may be converted to insoluble

metallic sulphides (Janitsky and whittig 1964).

Most soll organisms can utilize 504=—S by assimilatory processes
during which sulphides are formed but not released. SO4=uS can be
absorbed by micro-organisms and converted into cysteine (Young and Maw
1958). Possible pathways for this procegs have been summarized by
Freney and Stevenson (1966), Cysteine readily undergoes oxidation
to the disulphide cystine but in the presence of suitable reducing
agents this reaction can be reversed, Production of methionine from

cysteine is known to occur in Neurgspors crassa and Escherichia coll

(Freney and Stevenson 1966, Young and Maw 1958) and is likely in other

micro-organismsa
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(¢) Biochemical Soil S Transformations

Bacterial oxidation and reduction and assimilatory reduction of
S mainly involve inorganic S compounds as substrates. Before
such conversions can influence the organic S compounds in soils they
must be converted to simpler forms, and, although the conversions
are accepted as being caused by micro-organisms, they are more
complex than those brought about by the sulphur oxidizers and reducers.
The biochemistry of the transformations involved is still largely

speculatives.

The decomposition of the amino acid cysteine in soils under
aerobic conditions has been studied using perfusion techniques
(Frederick, Starkey and Segal 1957, Freney 1958 and 1960).  The
end product obtained in all cases was sulphate. A possible pathway
for this transformation based on the isolation of intermediates from

perfusion experiments (Freney 1967) is:

cystaine cysteic acid
Lo A \
Voo ® i N

cystina. “weewF cysteine et M sulphate
; s sulphinic acid —~._ ‘
\; :’ %/

cystihe- : g-sulphinyl pyruvie acid —3> sulphite

""disulphoxide"



by

s a

On the other hand, the end zcoducts of the aerobic decomposition
of methiouine in sonils =ppear 4o be melhyl mercaptan and dimethyl
disulphide (Fredesrick, Starkey and Segal 1957) 5 There is; however,
soime Goublt about the pathways and end producis of methionine decompo~
sition. Barjac (1952) found that under aerobic conditions the products
of methionine decomposition in soils iancluded sulphate and sulphite as
well as mercaptans. Hessc (1957) found that methionine decomposition

in forest soils of East Africa produced sulphate only.

It appecrs that various organisms are responsible for the de-
composition of some compounds and the breakdown of a particular
compound may therefore lead to the formation of different products.
Under certain conditions methionine may be demethylated and converted

into c¢ysteine which is broken down to release sulphates

Although there is some information available on the breakdown of
S—containing amino acids in soils, the chemistry involived in the
decomposition of the more complex organic S compounds is still obscure.
The number of complex organic S compounds identified from soils is
small. Berore the chemical processes involved in S mineralization
can be studied more information is needed about the chemical nature
of the S-containingorganic matter that provides the substrate for
microbial breakdown, Biochemical pathways are frequently common to
a nunber of organisms and with more basiz knowledge of primary
stbstrates inferences from pure culture studies can be made more

reliably.



6. Plant S Requirements

The recent discoveries of many S deficient areas in the world
by
(for list see review Martin and Walker 1966) have highlighted the
need to examine plant S requirements. Visible symptons occur only

when the deficiency is acute, and growth rate is depressed in most

crops before this stage is reached.

The problem of immediate agricultural importance in a S—deficient
area is to assess the requirement for profitable crop or pasture pro-
duction. The extent of such requirements may not be governed solely
by the achievement of maximum yield of dry matter, since the S content
of the crop or pasture may influence its value for subsequent usee
This is important where fodder crops are concerned, as S=~availability
is likely to affect the amino acid content, and hence the nutritional

value of the material produced.

(a) Field Responses and Plant S Content Measurements

The simplest method of assessing S-requirement is the field trial.
Plant tops and leaves have been analysed by various workers as a
guide to S requirements; tests such as these need to be calibrated
for each species, and time and method cf sampling must be standardized.
ihen correlated with yield response data, plant analysis is likely to

give the most reliable estimate of S requirement. Jones (1962)
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found that subterranean clovexr (T, subterraneum, L.) tons harvested

at the early flowering stage with a 504=-S content of less than 0.17%
were deficients Later he showed (Jones 1963) that the S content in
tops of pasture plants was affected by competition between species,
and as growth proceeded there was a fall in the S content of the plant
tops, Results of New Zealand trials (Walker and Adams 1958b) showed
that grasses absorbed a higher proportion of available S than clovers
in the same sward. Recently Whitehead and Jones (1969) recorded a
decline in the S content of the tops of three pasture species as

growth proceeded, but in the same experiment lucerne (Medicago sativa,

L.) behaved differently and S content in the tops showed an irregular
trend, reaching a peak late in the growth phase. This finding was
inconsistent with the results of Pumphrey and Moore (1965a) who observed
a decline in the S content of lucerne as growth proceededs  The four
species examined by Whitechead and Jones were grown in separate swards

on the same type of soil in the field and differed markedly in 8

uptakes From the results discussed above it is clear that the species,
competition between species, and time of sampling as well as soil

804=—S content influence plant S content.

Jones and Martin (1964) claimed that the best time for sampling
clover tops for diagnostic tests was at flowering and before wilting.
Tests conducted so late in the growing period of annuals are of no

use in deciding whether or not to add fertilizer during the current
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growing season, but they do have a plaece {n research to examine the

efficiency of fertilizer practices.

Most results obtained from diagnostic tests suggest a critical
value of between 0,2% and 0,25% total S in tops (expressed on a dry
matter basis) at flowering is applicable to both lucerne and clovers,
Critical values of S content for individual plant parts of various
pasture species sampled under specified conditions have been

summarized by Martin and Walker (1966) .

(b) Use of N/S Ratiose.

The use of N/S ratios has for diagnostic tests been investigated
(Walker, Adams and Orchiston 1955, Dijkshoorn, Lampe and Van Burg
1960, Pumphrey and Moore 1965 o Using data of Ergle and Eaton (1951)
Dijkshoorn et al. showed that plant S requirements depended mainly on
the utilization of N in protein formationgy since the results indic-
ated an accunulation of NOB:_N where plants were S deficilent it

would appear that the converse also appliess

Dijkshoorn et ale. found that protein S and N within perennial

ryegrass (Lolium perenne, L.) were closely correlated with a ratio

of §/N of 0,027 and since all SOuz—S present in plants on deficient
soil was converted into organic S, where N supply was adequate a

S/N ratio lower than 0.027 (N/S = 37) was indicative of S deficiency.
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The N dsterminaticna were cerrizd out hy the Kjeldshl method and
deemed sufficiently accurate for diagnostic purposes since NOB--N

wes usually relatively low compared with total N. The methed tested
depended on all S being converted into organic (protein) form in
deficient plants, and in view of this useful results might be cbtained
merely by testing for the presence of inorganic SOQ=—S which would

indicate S sufficiency.

Pumphrey and Moore (1965a and b) investigated methods of diagnosing

S-deficiency in lucerne (Medicago sativa, L.) using both total S

content and N/S ratios as criteria. They found that S deficient
lucerne contained less than 0.22% S at the sarly bloom stage and had
a NS ratio greater than 11. By comparing this value of N/S with the
corresponding value obtained by Dijkshoorn et al. it can be seen that
different critical values apply to different species.e The main
advantage of using N/S or S/N ratios is to overcome the changes in
percentage S content of plant material that occur as growth proceeds.
Pumphrey and Moore found that both N and S contents declined as plants
nearcd maturity, and for a given level of S supply the N/S ratio

remained relatively constant during the growing period.

Bouma, Spencer and Dowling (1969) used total plant S and reducible

plant S in an attempt to provide criteria for S deficlencye.  Reducible
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S would consist mainly of inorganic soq=—s accumulated in plant
tissue in excess of plant protein requirement, together with limited
guantities of ester sulphates, Curvilinear regressions of yield
responses on total and reducible S content produced correlation
coefficients as high as 0,947 with none lower than 0,606, These
workers also reported average linear correlations from -0.760 to
-0.800 between N/S ratios and yield responses. Variations in
regression lines from year to year suggest that although the methods
described can be used to indicate S—deficiency or sufficiency
predictions of yield responses based on plant analysis would be

far from exact,

(¢) BEstimates of S Requirement

From the work reviewed it seems that the S content of healthy
leguminous pasture plants should be at least 0,2% to ensure maximum
dry matter yielde This implies that a good pasture of subterrancan
clover producing 9,000 kg per ha of dry matter utilizes at least 18
kg per ha of S per year, Furthermore, since plants accumulate
excess SOQ=-S over that necessary for protein synthesis (Spencer
1959, Dijkshoorn et al. 1960), the S uptake @And subsequent removal
under conditions of excess supply may be higher than critical values
indicates

(d) S-:requirements Relative to Animal Nutrition

Although critical levels of S in plant tops may be used as

indices of deficiency, levals whinh ave adeguato for opbimum plant
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growth may not be adequate for animal nutrition. Rocently it has
been shown (Reis 1965) that the growth rates and S content of
wool are affected by the level of nutrition of sheep, and that
S-containing amino acids fed to the abomasum of a sheep stimulated

wool production,

Evidence of variations in the content of S-containing amino
acids in plants, due to fertilizer application,was noted by Tisdale,
Davis, Kingsley and Mertz (1950). They found that different
clonal lines of lucerne differed in S~amino acid contents when grown
at given levels of applied SOQ=—S. Higher levels of fertilizer
application reduced the differences, but even so the methionine and
cystine contents of the lucerne were too low for it to form a
balanced protein ration for animal production. The actual S-amino
acid content of the diet of ruminants may not be critical if the
level of S entering the rumen is sufficient for microbial synthesis
of necessary compounds, Even so there is great scope for work

relating fertilizer practices to the S-nutrition of livestocke

(e) Soil tests for S Availability

Attempts to correlater soil S tests with plant yield responses
have met with variable success. Most S is present in organic forms

and unavailable so that total S determinations are not reliable
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indicators of total $ availability. Soil sof_s,aj_though available
to plants,is influenced by mineralization, immobilization, leaching
and reduction, Estimates of SOQ=—S content only indicate S status
at the time of sampling. Unless soil samples are handled carefully,
factors such as drying at raised temperatures (Freney 1958) may lead

to misleading estimates of soq=-s content.

Williams and Steinbergs (1959) examined a number of Australian
soils and found that although S extracted by O.1N NaOH, oxidation,
or reduction, was well correlated with total S,the results were
poorly correlated with yield responses. Better correlations were
obtained between yield and SOA=-S extracted by 0.15% CaClZ, total

water soluble S, and "heat soluble" S.

In soils where 804=—S adsorption occurs extracting-solutions
containing phosphate provide - a better indication of S status
(Ensminger 1954; Freney and Spencer 1960). Many other 504=-S
extractants have been used; and these are summarized in a review by
Beatony Burns and Platou (1968). Different methods of extraction
yield different results and the value of any chosen procedure needs

to be assessed for a given soil type and crop.

Another method of assessing S status of soils is microbiological

assay., The use of Aspergillus demonstrated by Spencer and Freney



(1960), and Naijk and De= (1964) provides a relisble measure of
soil S availability. Any method used must be calibrated for a

particular situation and no method could be classed as generally

applicable in all situations.

L8,
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7+  S-Fertilizers and Usage

Tisdale and Nelson (1966) hsve discussed the various S-containing
fertilizers and itheir uses. Gypsum, either alone or in superphos-
phate, elemental S, and ammonium sulphate are the main forms of
fertilizer used in Australia today. Recently the use of elemental
S dissolved in liquid anhydrous ammonia has been introduced, and
investigations (Parr and Papendick 1966) have shown it to be

effectivee

Recognition of S-deficiencies has led to investigation of methods
of application and efficiency of varicus S-fertilizers. The fact
that 804=-S is readily available to plants but is easily lost by
leaching has already been discussed. S applied in superphosphate,
gypsum and ammonium sulphate is susceptible to leaching and the
residual value of such fertilizers depends on rainfall incidence

and soil=type,

(a) Superphosphate

Donald and Williams (1954) found that most of the S from
superphosphate added to soils in the Crookwell district of New
South Wales (Aus.) had been tsken up by plants and/or incorporated
in soil organic matter. Regular superphosphate applications had

led to an accumulation of available P, but the organic S which



had accumulated was no¥t readily evailable to plants. It was
suggested that gypsum would be a useful S~fertilizer when residual

phosphorus was available.

(b)  Gypsum

In other areas the accumulation of the S component of super-
phosphate has not been as marked. Losses of gypsum from light soils
due to leaching under high rainfall conditions (Walker, Adams and
Orchiston 1956, McKell and Williams 1960, Barrow 1966) have, in
some cases, been so rapid that S04=-S supplies were removed from
the soil before appreciable plant uptake could occur. In order to
utilize the available residual P on many soils it is necessary to
provide regular dressings of S-fertilizers in forms which, while

maintaining supplies, are not easily leached.

Crushed rock gypsum of coarse particle size (Powrie 1967) had
a much greater residual effect than elther superphosphate or fine
agricultural gypsum, when used to supply S on sandy soils in high
rainfall areas of South Australia, The factors controlling the
rates of leaching of such materlal wore examined (Millington and
Powrie 1968), and it was concluded that diffusion from the fertilizer
particles in the soil solution limited the rate of dissolution and
hence leaching., With materials like gypsum which are sparingly

soluble it is possible to choose particle sigzes which will



maintain a supply of nutrient in solution for a substantial period

of times

Contrasting results to those of Powrie were obtained by McLachlan
and De Marco (1968) who found that on a clay loam soil very fine
gypsum (<1mm) was a more efficient supplier of S tham coarser
material (up to 5 mm) o It is clear that optimum particle size
depends on the solubllity of the material, soil type and rainfall

intensitye.

(¢) Elemental S

To become available to plants elemental S must first be oxidized
to Sth-S in the soil. The rate of oxidation is affected by the
presence of sulphur-oxidizing organisms, soil moisture, temperature,

pH and the particle size of the elemental S (Burns 1967).

HMany soils contain S—oxidizing organisms which multiply in
response to increases in availnble substrate when reduced S com~-
pounds are added to soils (Rudolf 8 1922, Starkey 1950, Vitolins
and Swaby 1969) . Where the existence of S~oxidizing pacteria is
doubtful, inoculation with desirsble organisms can be effective in
jncreasing 8 oxidation (Li and Caldwell 1966, Vitolins and Swaby

1969) o

Optimum soil-water content for oxidation of elemental S depends

on the type of soil but appears to be close to field capacity (Moser



520

and Olson 1953).  Optimum soil temperature for S-oxidation by micro-
organisms occurs between 27 and 40°C (Burns 1967), but the temperatures
of most surface soils of temperate regions only reach these levels in
mid-summer when the soil is likely to be too dry. Soil pH also
influences the oxidation of elemental S in soils, but within the pH
range normally encountered is less c¢ritical than water content or
temperature. Oxidation is fairly rapid in soils ranging in pH from
4,0 to 9.6 (Burns 1967) although most thiobacilli develop better
under slightly acid conditions. Oxidation of S lowers soil pH,

and on lighter soils of low buffering capacity it may be desirable

or necessary to counteract this effect by liming when elemental S

is used as a fertilizer,

Yeir, Barkus and Atkinson (1963) showed that elemental S had
a useful residual effect, and that selection of appropriate particle
size was important in determining availability. Fine particles
have a larger surface areas exposed per unit mass than coarse
particles, thus presenting a larger surface for chemical and micro-
bial attacks Coarse particles, although remaining in the soil for
long periods, may not be oxidized fast enough to sustain supplies of
804=—S for plant growth, Particle sizes of less than 100u gave

responses in white clover (Trifolium repens, L.) for three years,

by which time two thirds of the applied materials had been recovered

in plant tops (Weir et ale. 1963).
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The main problem asmrediatad with the wes of al emental S as a
fertilizer is the difficulty of handling and spreading the fine
materiale Mixing with ordinary superphosphate or triple super-
phogphate to form S—enriched superphosphate is one method of over-
coming the problem. Bloomfield (1966) has shown that phosphate can
increase the rate of S oxidation in mixed fertilizers. Mention has
already been made of investigations into the use of anhydrous ammonia=
sulphur mixtures, but these require special equipment. "Biosuper"
consisting of a mixture of fine rock phosphate, elemental S and
containing an inoculum of sulphur bacteria (Swaby, Sperber and
Vitolins,1964.  Aust. Plant Nut. Conf. ~ personal communication),
provides another method of altering P/S ratios for particular soil

types.

(4) Prolonging Residual Effects

At the present time the most promising methods of correcting S
deficiency with fertilizer having residual effects are the use of
elemental S or gypsum of suitable particle size. The choice between
the two largely depends on economicsa 4Jhere transport costs are
high and distances from gypsum deposits are large, ejemental S
would be cheaper. On the other hand the ease of handling crushed
rock gypsum and the lack of acidification would favour its use

where local sources of supply exist or on poorly buffered acid soils.
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S-fertilization is becoming increasingly important as
production levels are raised in many parts of the world. To
reduce the degree of empiricism it is necessary to examine and
understand the factors which influence S—availability both from

soil organic matter and fertilizer materials,



II1 Experimental

A. Seasonal Variations and Sulphur Deficiency on Laffer Sand -~

Keith, South Australia

ilg Eptroductiog

Variations in yield responses of subterranean clover (Trifolium

subterrancum Le) pastures during different seasons of the same year

at given sites had been noted by Powrie (unpublished) during a series
of fertilizer experiments conducted between 1960 and 1963, After

some years of regular applications of superphosphate at rates ranging
from 108 to 300 kg per ha (1-3 cwt per acre) per annum, attempts

to utilize accumulated reserves of soil P led to experiments which
revealed the existence of widespread S deficiency (Powrie unpublished).
Powrie's experimental sites were on sandy soils in the Upper South

East of South Australia.

The aim of the present study was to find those environmental

factors causing the observed variations in response to Se

During the field trial, a study was made of soil SOA=—S levels
at intervals over a year. Rainfall was collected and gauged at
weekly intervals, and a continuous record was made of soil temperatures
at 5 and 10 cm (2 and 4 inches) depth. Response of subterranean
clover (cv. Bacchus Marsh) to early and late applications of fine
agricultural gypsum were examined. The results of this study were

used to formulate designs for subsequent experimentse
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Map of south eastern South Australia
showing the location of Keith where the
field experiment was conducteds Mean

annual isohyets are also shown (cm).
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Figure 3
Mean monthly rainfall and evaporation recorded at Keith,
S.A., superimposed on a bar chart of monthly rainfall

recordings at the site of the field experiment from

March 1964 to March 1965.
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The experimental site was located 16 km (10 miles) west of Keith
(see map - Fige 2). Pasture development on the sandy soils of the
area has been made possible by the use of the trace elements copper

and zinc together with regular applicetions of superphosphate.

(a) Climate

The area experiences hot dry summers and cool wet winters, with
s mean snnual rainfall (20 year average), recorded at Keith, (the
recording station nearest to the plot site) of 467 mm (18.4 inches),
two~thirds of this falling from May to October (Fig. %)e The mean
estimated monthly evaporation (Commonwealtn Bureau of Meteorology maps
1963) from a 36 inch open tank evaporimeter rises to a maximum of 200
ma (7.9 inches) in January (Fig. 3) and the calculated average growing
season for shallow rooted annual plants is 6.9 months (Trumble 1948),
Trunble calculated a drought frequency1 of 22% for Keith. Also

shown in Figure 3 is the rainfall recorded during the field experiment,

Air temperatures are lowest in July when the monthly mean is 10°¢
and ground frosts occur occasionally during the colder monthse

During the summer months extreme air temperatures sometimes reach 3800.

1The number of years in 100 in which the season of continuously

effective rainfall is less than 5 monthse
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Figure 4

Profile of Laffer Sand at the plot site showing the sandy clay

domes in the bottom of the pit (30 cm)a

Figure

Laffer sand at the plot site showing development in the A
horizon due to the presence of decomposing organic mattera
Note the variation in depth of dark staining and the
relatively thick (up to 5 em = 2 inches) layer of fresh

organic matter at the surface.






(b)  Soil 60

-y

The soil at the plot site is a weakly solodized solonetiz
(Figure 5) classified as Laffer Sand normal phase (Taylor 1933),
The Ao horizon is formed by a layer of undecomposed organic matter
varying ir thickness up to 2 cm depending on the time elapsed since

the last cultivation. Below this is the A, horizon of grey sand

1
410 cm deep containing appreciable quantities of organic matter near
the surface and becoming lighter in colour with increasing depth.

The A2 horizon is formed by a layer of white sand varying in depth
from 20 to 35 cm overlaying a thin layer of sandy clay showing weakly
developed columnar structure with domed tops (Fig. 4)e Beneath the
sandy clay layer is a deep limestone marl containing lumps of solid

limestones, The limestone prevented satisfactory routine sampling

of this layer.

The top soil (0~10 cm) has a pH of 6,0 (4:1 paste) and the pH
rises to 8.5 at the surface of the sandy clay layer containing free
calcium carbonate, The principle nutrients which limit plant growth
are N, P, S, Cu and Zn, Details of the chemical characteristics of
the soil from the plot site are listed in Table 1, the mechanical
analysis of the 0-10 cm and 10-20 cm layers of the profile is shown

in Table 2.



TABLE 1

Chemical Properties of Laffer Sand from the Plot Site

Depth (cm) 0=10 10~20 20-30 20~30
(sand) (clay)

Organic C (%) 1.30 0.27 0.10 0.50

Total N (%) 0.090 0.031 0,010 0.062

Total S (%) 04013 0.003 0,002 0.005

C:N:S 164:10: 1.4 87:1031,0 | 100:10:2.4 81510:0.8

ol 6.0 6.2 7olt 8.5

TABLE 2

Mechanical Analysis of Laffer Sand from the Plot Site

Percentage Composition
Depth (cm) 0~-10 10=20 20-30 20-30
(sand) (clay)
Clay 3 2 2 19
5ilt 1 0 1 1
Fine Sand 76 82 81 63
Coarse Sand 20 15 16 17

616



2a Keith Field Trial, 1964

The site chosen for the trial had previously been used by J.K.
Powrie for a P x S factorial fertilizer response experiment of
randomized block design, replicated six times, During this
exveriment the plots had been sown to Bacchus Marsh subterranean

clover pasture and had received applications of fertilizer treatments

in both 1962 and 1963 (Table 3)a

TABLE 3

Fertilizer Rates 1962 -~ 1963

Treatment Ca(H2PO4)2H20 Ca0,,2H,0 CaCO3
(kg/ha) (kg/ha) (kg/ha)

Nil 0 0 120

P 125 0 50

s 0 125 70

P+S 125 125 0

No harvests were taken from the site in 1963 and the dry matter
produced was left on the plotse The site was selected to provide a
set of plots of known recent fertilizer history where measurements
could be made of residual S effects. Before being used by Powrie the
site had been under subterpanecan-clover pasture for approximately eight

years, during which it received biennizl dressings of 225 kg per ha of

superphosphate containing the trace elements Cu and Zne
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(a) Site Preparation

on April 1hth, 196k, ia mid autumn, the plots were cleared of plant
debris by mowing and raking. Three weeks later, on May 5th, the area
was rotary hoed to a depth of 7.5 cm and raked smooth. A basal
application of KH2P04 at a rate equivalent to 31.3 kg per ha of P was

spread by hand,.
(b) Treatments

At the commencement of the trial only two treatments, nil and
fine agricultural gypsum (Ca504.2H20) were used. Figure 6 shows the
plot layout and also shows the positions of treatments used in the
1962-63 P x S trial. The original plots measured 4.02 x 8,05 m (20
% 40 1k) and each was divided into two plots measuring 4,02 x 4.02 m
(20 x 20 1k) for the experiment now being described.  CaSO,2H,0 was
applied at a rate equivalent to 41,7 kg per ha of S to one randomly
selected half of each original plot. Subsequently when it was found
that leaching losses had removed most of the applied S from the root
zone by mid winter, a late application of CaSO#ZHZO was applied at the
same rate as the first, This was spread by hand on August 19th, 1964 ,

after the first harvest had been taken.

The effects of P treatments from the previous experiment were
eliminated by the heavy basal application of P made at the commence-
ment of the current study, and the only treatments of the previous

experiments regarded as being effective were the S applications.
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Figure 6

Plot layout showing arrangement of treatments in 1962-63

and in the current (1964) experiment.
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On this assumption the late & treatment was made to randomly
selected half-plots within each replicate to give the following

factorial combinations:
Prior S Darly S Late S
Nil S Nil S Nil S

The locations of the current S treatments are shown in Figure 4
by shading while those of the previous fertilizer treatments are

shown by letterss

(¢) TFertilizer Application and Seeding

The plots were sown on May Gth, 1964, Application of fertilizer
at seeding was made by mixing the material with sand from the relevant
plot and spreading the mixture by hand, Immediately before spreading
a measured quantity of subterranean clover seed (cv. Bacchus Marsh)
equivalent to a seeding rate of 250 kg per ha was added to the
fertilizer sand mixture, Inoculation was considered unnecessary as
the area had previously been under pasture containing the same strain

of subterranean clover which was well nodulateds

After the seed and fertilizer had been spread each plot was raked
lightly to cover the seed, and the whole site was then rolled twice
with a grooved roller (Fig. 7), the second rolling being at right

angles to the first. Fences were erected to enclose the area.



Figure 7
Plots after seeding during the first rolling. A
second rolling was made at right angles to the

first,
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(4)  Emergence
Few seedlings had emerged hofore May 25tk when the firet rainfall
after sowing was recorded. Good emergence of subterranean clover

had occurred by June 5th but much brome grass (Bromus mollis L.) and

silver grass (Danthonia sgp.) had also germinated and this persisted
throughout the experiment. At this stage the plots were sprayed with

D.D.T. to prevent damage by red legged earth mites.

{e) Environmental Measurements

Commencing on May 26th, 1964, when a standard 8 inch (20.3cm)
rain gauge and a twin probe mercury-in-steel thermograph were
installed at the site, rainfall and soil temperature were recordeda
Rainfall measurements were made we€kly by an employee from a nearby
farm and were compared with the sum of daily recordings made at the
farm-house 1.2km (3/4 mile) from the experimental site.  Soil
temperatures at 5 and 10 ¢m depth were recorded continuously on

weekly charts.

(£f) Soil Sampling

Soil samplings were made on nine occasions during a one year
period., Samples were collected using a twin concentric tube sampler
designed by J.K. Powrie (Fig., 8). The sampler was fitted with a
brass protective cap and was driven to the desired depth in the soil,
with a rubber-headed mallets The inner tube containing the soil was

withdrawn and emptied, while theeuter tube which bore the depth



Figure 8

Soi} sampling equipment,showing from left to right, brass
protective car. inner tube for removing cores, outer tube
with depth markings and rubber-headed mallet. The samplers

are 44 cm long with an internal diameter of 3.2 cm.

°89
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graduations remained in the hole to prevent surface soil falling in.
After reinserting the inner tube the sampler was driven down to the

next sampling depth.

At each sampling at least eighteen cores were taken from each
plot and the cores from each layer were bulked, placed in a plastic
bag and packed in dry ice to prevent microbielogical transformations
occurring. The first sampling was carried out on March lth, 1964,
before the site was prepared for seeding, and samples were taken from
0~10 and 10-20 ¢m layers of each plot of J.K. Powrie's original P x S
trial., Subsequent soil samplings were confined to the plots of the
current experiment in blocks I, III and V as the amount of analytical
work involved in a six block sampling would have been too great to
handle. Samples were taken from the 0-10 and 10-20 cm depths at all
samplings while at seeding and final harvest samples were also taken

from the 20-30 cm layer.

(g) S0il Measurements

The frozen soils were thawed and the total weight of each sample
was recorded for bulk density determinations. Sub-samples were taken
for moisture content determinations and part of each original sample
was alr dried at 60°C and stored in a sealed tin to await total S
determination. The remainder of each sample was stored moist in a
plastic bag under refrigeration at 1-2°C until extracts for soqz-s

determination were prepared. The maximum time of storage was 6

monthe o
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Extracts four =oil SO4=-S determinatisns were made by shaking 50 g
of moist soil with 100 ml of 0.15% Ca012 solution for 30 minutess
Where clay was present (samples from 20-30 cm) soqz-s extracts were
prepared by shaking 20 g of moist soil with 100 ml of K112P04
solution containing 500 ppm of P (Ensminger 1954)e After shaking,
the soil extracts were filtered through  Whatmex Lz filter papers
end the filtrates used for the SOu=aS determinations. For total S
determinations the extracts were prepared by fusing 2.5 g of oven
dry soil with 1.25 g of NaHCO3 - Ag20 mixture (Steinbergs et al,
1962) in a muffle furnace at 550°C for 3 hours. A solution of
01N NaH2P04H20 in 2N acetic acid (Bardsley and Lancaster 1960) was
then used to prepare a 1:10 soil solution extract from the fused
materiale. After shaking for 30 minutes the s0lid matter was allowed
to settle and aliquots of the supernatant were teken for S deter=-

minations.

(h) Methods of S Determination

The two methods used for the determination of S in the soil
extracts were the turbidimetric method of Massoumi and Cornfield
(1963) and the methylene blue method of Johnson and Ulrich (1959).
Samples from the first two samplings were analysed by the turbidi-
metric methode, which, in spite of the use of a flask inverter to
ensure uniform handling of batches of 24 determinations, gave in-
consistent results. Many repeat determinations were made and an

excessive number of standards was necessary to ensure satisfactory
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results, A comparison of the twu methods revealed that the methylene

blue method gave comparable results with fewer repeats.

A bank of 12 Johnson and Nishita (1952) stills (Fige. 9) of
modified design (Fige 10) was constructed. The modifications were
prepared after examining apparatus constructed by CuS.I.R.0, at
Nedlands, W.A, Further modifications were made to enable the stills
to be assembled side by side with the nitrogen supply being fed from
the rear through an inlet tube which was permanently mounted below the
condenser water jacket. This arrangement allowed the sample flasks
to be changed without the need to disconnect the nitrogen lines,
thereby minimizing the risk of breakage and reducing the time taken to
change a batch of samples. Cones and sockets replaced the original
spherical joints and the design of the wash columns permitted dismant-
ling for cleaning. The nitrogen supply to each still was controlled
by a needle valve mounted in a manifold at the rear of each bank of
stills. Using this apparatus an experienced operator could perform

72 determinations per day including standards.

The reducing agent used for the methylene blue method of S
determinations was the same as that described by Johnson and Ulrich
(1959), but after use it was regenerated by evaporating the excess
water from the distilled extracts over a bunsen flame in a fume hood.

Nitrogen was bubbled through the reducing agent while regeneration was



Figure 9
Bank of 12 Johnson Nishita stills for S determinations,
The stills were erected in sets of 6 arranged back to back

on a scaffold mounted on an island bench.
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Figure 10

Diagram of modified Johnson Nishita apparatus.
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being carried out and a careful watch was kept to ensure that the
temperature did not exceed 115°C.  Tests (Jonnings 1962) revealed
that each batch of reducing agent was still usable, without further
additions of hypo—phosphof@s acid, after being used and regenerated

twice.

It was found that by increasing the amount of reducing agent from
4L to 6 ml per sample better recoveries of S were obtained. After
being used 3 times the reducing agent was discarded. Where deter-
minations were carried out on nitric/perchloric acid extracts of plant
material during later experiments of the study, the reducing agent was

discarded after being used only once.
(i) Harvests

Four harvests of plant tops were made on the following dates:
Harvest 1 August 19th
" 2 September 16th
" 3 October 14th

2 4 October 27th.

At each harvest quadrats measuring 100 x 50 em (5 x 2% 1k) were
cut from 2 randomly selected positions in each plot. The plan show-
ing the location of the guadrat positions and the arrangement of the

buffer pathways for one plot is shown in Figure 1.
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Figure 11.

Plan of gquadrat cuts, FPrior to harvest 1, two quadrat positions
from each half-plot were randomly assigned to each harvest.
Measurements are quoted in links since the plots were laid out
and harvested using British system measuring equipment.

(1 1k = 20 cm).
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Harvesting was carried out with s portable shearing machine
using a hand-piece fitted with a wide-toothed comb. The moist
plant material was weighed and subsampled for botanical separation.,
The main samples and the subsamples were oven dried and total dry
matter yields were measureda. For harvests 2 to 4 inclusive where
there was a substantial gquantity of plant material to handle,

dry matter yields were calculated by drying sub samples.

Some particles from the hand—gggggﬁ late application of gypsum
had lodged on the foliage and were still visible at the time of the
second harvest., The plant material from this and the subsequent
two harvests, to be used for chemical determinations, was lightly
rinsed with deionized water to remove contamination before it was

driede.

(j) Plant Analysis

Dried samples of clover and grass tops from each harvest were
ground in a laboratory hammer mill and extracts were prepared by
nitric/perchloric acid digestion (Johnson and Ulrich 1959).  The
digestg were filtered and made up to volume with distilled water
(50 or 100 ml where appropriate) and aliquots were then abalysed
for SO4=-S content by the turbidimetric method of Butters and
Chenery (1959). Similar aliquots of blank nitric/perchloric acid
extracts were added to the 3042—5 standards to ensure that the

comparisons were valide



(k) Results

(1)  Yield response and plant S uptake - Responce in total dry
matter yield. to added 804=-S ig shown in Figure12. Statistical
tests were performed by analysis of variance on log transformed
data. The effects of the previous (1962-63) § treatments were

not significant at any harvest and no residual effect from those
applications was evident. In compiling the data from which Figure
12 was drawn the 1962-63 treatments were omitted and only the current

(1964) treatments were considered.

At harvest 1 the yield differences due to the early applications
of gypsum were not significant, and the corresponding difference in
S uptake were small. The small differences in yield were not sur-
prising, as the total dry matter production at that stage was small
and had probably been limited by low soil temperatures (see pot
experiment I) between germination and the harvest data (see soil

temperature range Fig. 15).

The effects of the late application of gypsum for harvests 2-4
inclusive are shown in Figure 12. At harvest 2 it was evident that
the growth rates on all treatments had increased with the onset of
warmer weather (reflected by rising mean weekly soil temperatures -

Fig. 10), and there was a highly significant (P20.01) response in
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Figure 12

Totai dry matter yield responses to S treatments

196 field expsriment).

Figure 13

ety

Total § uptake by plant tops (1964 field experiment).
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yield to the early application of gypsunc However, significant
(P 0.5) interaction between the previous S treatments (1962-63)
and tne early application treatments of 1964 was recorded. This

was the only occasion when such an interaction proved significant.

Althcugh the S uptake and the percentage S contents of both
grass and clover were higher where plots had received a late application
of gypsum, there was no significant yield response due to this treat-

menta

At harvest 3 yield differences due to the late application of
fertilizer were still not significant but those due to the early
application were (P<£0.01). In spite of increased dry matter yields
the actual differences were of the same order of magnitude as those
recorded at harvest 2, and responses to the early application appear
to be due to variations in 804=—S uptake earlier in the season.

The pattern and magnitude of S uptake (Fig. 13) between harvest 2 and
3 was similar for all treatments, suggesting that availability was

similare.

Harvest & was taken at the onset of senescence and no significant
yield differences due to fertilizer treatments were recorded in spite
of a further increase in total dry matter yield from all plots. The

decrease in total S uptake between harvests 3 and 4 may have been due
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to leaching of SOq=—S from scnescent leaves which had teken up excess
S at an earlier stage of growth. Shedding of older leaves would also
have had a similar effect. There was a significant decline in the
percentage S content of both the subterranean clover and grass compons

ents of the pasture during this growth phase.

Table 4 shows the mean % S contents of the grass and clover tops
harvested from each treatment. The values presented in this table
are with few exceptions below the 0.2% that many workers regard as
the critical level for indication of S deficiency (Pumphrey and Moore
1965a; McNaught and Chrisstoffels 19613 Harward, Chao and Fang (1962) «
Those values greater then or equal to 0.2% (underlined in Table 4) occurr-
ed only in material from plots that had received the late application of
gypsun and the higher values persisted only for harvests 2 and 3.
Some of the increase may have been caused by gypsum powder adhering

to the leaves in spite of careful washing prior to extractione

(ii)  Soil SOA=—S changes - The soil SOA=-S levels recorded in the
0-10 cm and 10-20 cm layers of the soil at each sampling date during
the trial are shown in Figure 14, The values shown for treated plots
on the days of application were calculated from the amount present

on the controls (estimated by interpolation) and the fertilizer added.

After both early and late applications of gypsum there was a
rapid decline in the soil SOu=—S levels of the treated plots. At

the first sampling after each application there was a significant



TABLE &4

- ——

#*

S Content of Tops

53

S Content %

i S
l Treatmant Species  frmseeme s
! Harves® Harvest Harvest Harvest
! 1 2 3 b
P SE—— = -
Nil Grass 0,16 Os 14 0,20 0,10
Clover 0,15 0.17 0.16 0,15
Rarly Grass 0.18 0.15 0,20 0.10
Clover 0.17 0.16 0.17 0014
Late Grass = 0,28 0,28 0.13
Clover - 0,36 0622 0,19
Farly Grass - 0,26 0.27 0413
+
Late Clover - 0,36 0,20 0.20

* Bach value is the mean of

6 replicate samples.
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rise in the So,f-s levels in the 710-20 cm layer of the treated plots g
indicating that loss from the surface had been partly due to leaching.
By August 5th the 8042—8 levels of the top 20 cm of soil of both
untreated and early application plots were lower than the levels
recorded on March 5th at the end of the summer. Since no samples
were taken between May 26th and August 5th, the rates of decline in
soil SOH=—S could have been much faster than indicated. By the

date of the first harvest (August 19th), the applied 804=-S had
disappeared from the surface 20 cm of soil; as mentioned previously

very little growth had occurred at that stage.

Following the late application, made on August 5th, there was
an initial rapid decline in the soil soqz-s levels, but this slowed
down between harvests 2 and L. The weather during this period was
warmer, and at no stage did the mean weekly minimum soil temperature
(Fig. 15) fall below 10°C; although the rainfall (Fige 3) was still
well above average,evapotranspiration would have been higher than
that experienced immediately after the early application of gypsume.
At this stage of growth there was complete canopy development and

ground cover.

Another period of high rainfall occurred in late November and
early December, and the sampling taken immediately afterwards,on

December 7th, revealed that a further reduction of Sth—S had occurred
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Figure 14

Fluctuating soil soq=~s contents in the 0~10 cm and 10-20 cm
layers of Laffer Sand measured on 9 sampling dates over
a period of 1 year from March 1964 to March 1965. Note the
rapid fall of soil sof-s after each application of fine

gypsum.
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Figure 15

Variations in mean weekly soil temperature at 5 cm depth
recorded during 1964 and 1965 at the site of the field
experiment. Harvest dates are indicated by H1, H2, H3

and Hb,
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from the plots that received the late applications of gypsum. The
subsequent summer months of January and February 1965 were extremely
dry, and the last sampling of the trial taken on March 5th revealed
that a slight rise in soil sohz-s hed occurred in the 0-10 cm layers
of all treatments. At this stage there was still a residual effect
from the application of gypsum, but the rise of SOu=—S on all
treatments was similar. During the period between samplings 8 ahd 9
the highest mean weekly maximum and minimum soil temperatures for the

year were recorded (Fig. 15).

(iii) soh=-s in clay - Samples from the sandy clay layer, normally
encountered between 20 and 30 cm deep, were collected at samplings 2
and 7 made on May 25th and October 27th respectively. Variations in
depth to the surface of the clay caused variable amounts of clay to be
obtained from each sampling hole and plot and may have led to some
variability in results.

TABLE 5

$0,, -8 in Clay

s soq=-s (ppm) LSD
Treatment
Sampling 2 Sempling 7 5% 1% 0.1%
Nil 7.6 11.8 - = -
Early 15.6 114 3.0 - -
Late - 16.6
Barly + Late - 1841
L.S.D. 5% - 4,36
1% - -
0.1% 2.2 -
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Table 5 summarizes the measurements chtained for extractable
sof-s at the two samplings. Values for sampling 2 are the means
of 12 duplicate determinations and those for sampling 7 are the means
of six duplicate determinations. A highly significant (P»<0.001)
increase in SO4=—S due to addition of gypsum was recorded at sampling
2 made only three weeks after the first application. This rise
indicated that some of the gypsum had already been leached at least
as far as the sandy clay layer in a relatively short time and after
only 20 mm of rain had fallen. Most of the rain fell in showers
lasting for several hours on the day before sampling. By
sampling 7 differences due to the early application of gypsum had
disappeared, but there was a rise in the SOA=-S content of the nil

treatments and a fall in the corresponding +S treatment.

The late application of gypsum caused an increase in 304=—S
in the clay layer of plots that received this treatment but the effect
was not as large as that observed in sampling 2. A longer time (10
weeks) had elapsed between the second application and sampling 7

than was the case with the early application and sampling 2.

(iv) Total soil S - Total S determinations were made on soil samples
collected on five sampling dates during the trial. The intention
was to subtract values obtained for SO4=-S and thereby obtain
estimates of organic S and organic S changes., However, it was

found that detection of small changes (of the order of 5 ppm) in

the relatively large quantity of total S (up to 150 ppm) was



impracticable. Results obtained by the methylens blue method of S
determination were multiplied 10 times to give the total S content
of the soil samples. The 2.5 g sub-sample of oven dry soil used to
prepare each extract was small relative to samples of 1 kg or more
collected in the field, and subsampling was complicated because
organic matter tended to separate from the dry sand. Both of these
factors contributed to unreliable results, and the tolerance of & 5
ppm for the chemical determination was of the same order as likely

changes in total soil S.

A summary of total S results is presented in Table 6 with LSDs
applicable to significant differences.s Only when additions of
readily mobile 504=-S had been made prior to the sampling (e.ge
samplings 2 and 4) were differences in total S between treatments
significant. By comparing the results in Table 6 with those presented
in Figure 14, it can be seen that rises and falls in total soil S were
mainly due to variations in SOu=-S content, but the method of total S
determination limited the accuracy with which these changes could be

followed.

An important feature of Table 6 is the fall in total S content
of the top 20 cm of the profile gbserved at sampling 9, made after
the dry summer period of early 1965. This fall was significant

(P <0.001) compared with S content of the top 20 c¢cm measured at



TABLE 6

Total Soil S

Sampling Date Depth S content (ppm) LSD
How (em) Nil S| Barly s| Tate s| E+1 | 5% 1% 0.1%
1 4,3,64 0-10 124 - ~ - _ _ _
10-20 27
2 25.5.6Mk 0-10 113 153 _ _ _ 278
10-20 30 b - 10.4
L} 19.8.64 0-10 113 125 _ _ _ 10.0
10-20 35 Lz ' -
7 27.10.64 0-10 124 120 132 130 = -
10-20 36 36 23 38 - - -
Total 16Q 156 165 168
9 5.3.65 0~10 108 110 117 112 - = -
10-20 31 33 31 30
Total 139 143 146 142
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sampling 7 Since there was a rise in SOM:—S content of the top

20 cm of soil over the same period (Fig.1Y4) the decline was accompan-
ied by ne: mineralization invelving a fall in organic S content. The
faii in %ctal & may have beecn due to leaching of some mineralized
soqzmq or volatilization. During the peiriod between samplings 7

end 9 there were two factors that could have contributed to the fall,
Firstly heavy rainfall in November and December 1964 would have

caused increased leaching at a time of the year when leaching was
normally low; and secondly removal of dry plant debris by mowing

and raking prior to sampling 9 would have reduced the amount of

fresh organic S normally added to soil reserves in this period.

5inoe~S0, -S levels in the top 20 cm of the soil of the nil treatment

reimmained close to 3. approx. 3.0 kg per ha) for most of the

growing period, a net uptake of 7.5 ha of S by plants suggests

that some might have been supplied by mineralization

Ir'eservesSe

(v) Estimation of S mineralization - Since SOAZ-S levels in the
top 20 cm of the soil of the nil treatment remained close to 3.0
ppm ( approx. 3.0 kg per ha) for most of the growing period, the net
uptake of 7.5 kg per ha of 3 by plants in this treatment suggests
that some might have been supplied by mineralization of soil
organic reserves. Using values of soil so4=-s (corrected for
bulk Gensities measured on the dates of samplings) the mean net

change in soil S0, -S between sowing and lervest calculated for
& A



906

the nil S treatment was 0.2 kg per ha. The calculation is shown

below:
Soil soql'zms (top 20 cm) sb sowing = 3.6 kg/ba
i " 1 " at harvest 4 = B4 moom
Net Giffercnce in 0y, -8 =0.,2 " "

Assuming that the fall of 0.2 kg per ha was due to plant uptake a
further 7.3 kg per ha of S was supplied to plants either by
mineralization, accession from the atmosphere or from depths greater
than 20 cm, If all of the 7.3 kg per ha of S was supplied from the
soil organic S, initially calculated at 150 kg per ha in the top 20 cm,

the effective mineralization during the experiment was 4, 0%,

Measurement of S accession in rainfall made at a nearby site in
1965 (Powrie, personal communication) suggests that less than 2 kg per
ha per year of S is added by this method. Much of this fell in the
winter when leaching rates were high and this would minimize any
beneficial effect. Soil sampling showed that few plant roots were
deecper than 20 cm at harvest 4, but nevertheless uptake from the
surface of the sandy clay could have provided S for plant growth
and caused an overestimation of mineralization. Continual leaching
losses on the other hand would lead to the underestimation of

mineralizatione.

In view of the possible errors in the estimate it is presented

here only as an indication of the value that could be ascribed to



mineralization; it will be seen in Sectlons TIIB, C and D the value

was similar to those obtained in potse

(3) Liscussion

Firstly there were no signs of residual effects from previous 8
applications; secondly the rapid losses of applied gypsum from the
s0il rendered this fertilizer ineffective; and thirdly there was a

rise in the soq=-s content of the surface soil during the summer,

Neither plant yields nor surface SO4=—S determinations gave any
indication of residual effects from previous applications of S
fertilizers. Tven so the total S content of 124 ppm in the top 10
cm of soil at the start of the experiment was much higher than the
30 ppm found in the top 10 cm of a similar virgin soil used in pot
experiment II (Section IIIC). It appeared that the only residual
effect of S due to the superphosphate and gypsum previously used on
the site was a gross increase in organic S. No residual effects

were evident from the previous trial.

The lack of residual effects is not surprising in view of the
losses of Soq=-s applied as fine gypsum in the current experiment.
Similar material was used to supply S in the previous trial and
therefore would have been lost, presumably by leaching, without

leaving any significant residual effect. In the current experiment



rises in the souzms content of tre 10-20 cm and 20~30 om layers
following losses from the 0-1C cm layer where gypsam had been
applisd suggest that much of the S was being leached below the root
ZONE ¢ The firet sign of the downward movement occurred after only
20 ma of rain, further suggesting that on these soils soq=ms is

readily leached.

Vield responses to gypsum application were small. Values of
plant S content in Table 4 confirm that in nearly all cases the
plants were either S~deficient or bordering on deficiency levels
below which some reduction in yield would be expected. The late
sowing contributed to reduced yields but low yield is unlikely to
account for the low S content; rather the reverse is likely tec be

true.

Rapid removal of SOA=-S from the root zone in the early stages
of development reduced the effectiveness of the +3 treatment, and
suggested that under moderate reinfall fine gypsum is an unsatis-
factory method of S fertilization on the sandplain soils. Even
the late application of S was rapidly lost, and no yield response
was observed in spite o slightly increased uptake. To be
effective a continuous supply of S appears to be required during

the first half of the growing period.
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A small percentage of the lzte application persisted in the
soil until the harvest 4, but this was ineffective in increasing
plant growth at this stage. There was, however, a measursble
increase in the sof~s level in the soil following the hot dry
summer perioda. This rise in 5042_% may have been due to several
factors. Firstly the soil was moist in early December when the
warm pericd commencecd, as in shown in Sections III B and C,; and
conditions would have been favourable for mineralization of organic
S Secondly the prolonged rainless period (Fige 3) when soil
temperatures were high (Fig. 15) dried the soil to low water content
(e.g. 1.4% in the top 10 cm in December at sampling 8 and 1.5% in
March at sampling 9)e. Williams (1967) among others has shown that
drying a soil at moderately high temperatures (eago 25—30°C) increases
the amount of extractable 804=—Sn The increase in SOh=~S observed
over the summer period is in agreement with findings of Joffe (19333
1940), In view of the losses of souz-s that were observed in
May 1964 before pasture establishment, the value of 3 mineralized
over the summer-autumn period depends on the amount and intensity
of rains falling at the start of the growing periad. Any S mineral-
ized during summer is likely to be lost by leaching before plants are
able to utilize it, The findings of this experiment and those of
Barrow (1966), McKell and Williams (1960) ,Hogg and Cooper (1964), and
Hogg (1965) show that caution should be used when interpreting the

results of experiments using fine gypsume.
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Since this experiment was carried out, Powrie (1967) has
demonstrated that the particle gize disbribution of the gypsum
intluences its resistance ic leaching and hence its value as a
fertilizer.  Millington and Powrie (1968) showed that particle
size can be varied to control availability and resistance to

leaching.



Be Factors Affecting Soil Sulpuvr Transformations on Laffer Sand

1o Introduction

From weasurements male during the field experiment it was
appareat vhat plants on the nil S treatments were able to obtain
significant quantities of SOQ=-S from the soil in spite of the small
guantity present throughout the growing period. To examine the
importance of mineralization on plant S supply, a series of pot

and incubation experiments were carried out.

Incubation experiments by Barrow (1960a, b, ¢, 1961a) examined
the effect of C, N, S content on the decomposition of soil organic
matter. Williams (1967) studied factors affecting the mineralization
of soil organic matter. Both of these workers used incubation
temperatures of 27 - SOOC and the measurements made during the Keith
field experiment indicated that such high temperatures occur in the
top 5 cm of temperate region soils only in mid to late summer.

There is little doubt that the high soil temperatures experienced
during this period are partly responsible for increases in SOA:eS
release by mineralization. However, under the influence of autumn
rains S mineralized in summer is likely to be leached from the top-

s50il.

In order to examine the importance of S mineralization during

the growing season, tests were conducted at appropriate temperatures
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and the experiments to be described were designed to cover the

temperatures that would be enccuntercd during the growing period.

- . , -1
2. Pot SBxperiment T. 1005

-

This experiment was designed to cxamine the influence of soil
temperature, plants, and added soqzws on S transformations in Laffer

sand.

(a)  Scil Preparation

A bulk sample of the top 10 cm of soil was taken at the site of
the field experiment. The soil had a gravimetric water content of
5% when collected and was air dried (to less than 0.5% soil water
content) and stored, Before use the soil was s%%ﬁed in a rotary
screen (6.5 cm) to remove plant debris and to ensure a low initial
SOHZ-S content was leached using deionized water. This was done by
placing samples of the soil in stainless steel Buchner funnels of 10
kg capacity and leachins with 30 1 of water. After leaching, the
samples were dried by suction to a gravimetric water content of 5 to

10% and stored under refrigeration at 1-2°C until sufficient soil had

been prepared.

1
A report of this experiment, entitled "Soil Sulphur balance studies

in the presence and absence of growing plants" has been accepted

for publication in "Soil Science'.
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The soil was brought to a gravimetric water content of 10%
by the addition of de-ionized water and thoroughly mixed in a cement
mlxer. Fifty two 1 kg samples (oven dry basis) were then taken and
each was mixed with 20 ml of the required fertilizer solution using
an electric mixer, bringing the soil samples to a final water content

ok 12%. Properties of the leached soil are summarized in Table 7.

TABLE

Soil Properties

Coarse sand (%) 20

Fine sand " 76
pH 6.0
¢ (%) 1.50
N it 0.09
S . 8.912

80,78 (ppm) 1.2

(b) Design of Experiment

The following treatments were applied in factorial combination:
(1) Soil Temperatures - 10, 15, and 20°¢c
(ii) Suwlphur - Nil and 30 ppm S (as Naaso4)

(iii) Presence and absence of plants.
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Each treatment was replicated bx, Replications of SoqsmS

and plant treatments were made within individual témperature tanks.

(e) Fertilizer Application, Potting and Sowing

A basal applicaticn of potassium dihydrogen phosphate (KH2P04)
equivaient to 30 ppm of P was made to all pots. A solution contain-
ing sodlum sulphate (Naasoq) supplying 30 ppm of S was added to
twenty six of the potse. Each mixed soil sample was placed in a
metal pot 11 ¢m deep and 10,0 om diameter, which had been coated
internally with bitumen paint and lined with a polythene bag, The
soil was compacted to a bulk density of approximately 1.3 g per cc by
tapping each pot gently on a concrete floor while it was being filled.
Immediately after filling, on 6th August, 1965, fourteen seeds of

subterranean clover (Trifolium subterranean L. cve Bacchus Marsh)

were sown in twelve pots of each fertilizer treatment. Before sowing
the seed had been freshly inoculated with a suitable strain of

Rhizobium trifolii.

The pots were kept indoors at temperatures between 7 and 10°¢
while the seeds germinated prior to imposing the temperature
treatments. After seven days the seedlings were thinned to eight
per pot and the temperature treatments were commenced. A thin
layer of washed gravel was placed on the surface of the soil to
minimize evaporation losses, and to bring each pot to a constant

weighta The pots were placed in randomized blocks in controlled
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temperature tanks withkin the g)asshousse (Figure 16). The pots were
divided into three groups of 16, each of which was subjected to a

temperature treatment.

Four pots of soil, two with, and two without added so4=-s,
were stored under refrigeration throughout the experimental period.

These were used to check S recoveries at the end of the experiment.

(d) Soil Temperature Control

The temperature tanks were insulated, thermostatically controlled
copper water baths, equipped with heating units and circulating pumps.
Two of the tanks (10O and 1500 treatments) were also fitted with
refrigeration coils. A steel frame inside of each tank supported
the pots so that the top of the soil in each pot was level with the
surface of the water in the tanke A 0.5 cm hardboard shield with

holes to admit the pots covered each tank.

Tank temperatures were monitored continuously with mercury-
in-steel recorders which were checked daily against mercury-in-glass
thermometers placed in the potse The temperature of the tanks was
maintained within & 1°C of the desired figure except on very hot
days when fluctuations were as high as £ 2Pes Soil temperature
was within O.5°C of tank temperature at all times. A continuous

recording was kept of air temperature and humidity within the
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Pot experiment I - showing the tanks used to control

soil temperature.
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glasshouse. The air temperature,measured with mercury-in-glass
thermometers 3 cm above the soil within the clover canopies, was

indepcendent of tank temperature.

(e) Watering

The moisture content of the pots was maintained by the daily
addition of de-ionized water to constant welght. On hot days
towards the end of the experiment when transpiration losses were
high the pots were watered twice daily. The pots in each replicate

within each temperature tank were randomized weekly.

(f) Harvesting anl Analyses

The experiment was terminated sixty days after the soil temperature
treatments were imposed. The plant tops were harvested and oven dried
at 60°C. The soil core from each pot was fragmented carefully after
first removing the gravel from the surface, and the roots were separated
from the soil by dry siéving. Soils were sealed in preserving jars
under refrigeration at 1-2°¢ pending analysis, Roots received a
light washing with de-ionized water and were oven dried at 60°C.

The dry matter ylelds of the roots and tops were recorded and the

plant samples were ground for analysis.

Digests of plant tops and roots were prepared by oxidizing 250

mg of plant material in 8 ml of a 3 : 1 mixture of nitric and
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perchloric acids. The digests were filtercd and made up to 100 ml.
S0il extracts for total S and SOA=-S determinations were prepared
using the methods described for the field experiment. All deter~
minations were performed using the methylene blue method (Johnson

and Ulrich 1959). Organic S in the soil was obtained by subtracting
the so0il SOL+=-S from e total soil S; S balance calculations were

made to obtain mineralization and immobilization estimates.

(g) Resqizﬁ

(1) S recoveries - The results presented in Table 8 show the

calcium chloride extractable 804=—S content and the total S content
of the soils in the four pots which were stored under refrigeration

at 1-2°C for the duration of the experiment. The soils were analysed
before and after storage and the values for the duplicate extracts

are showne

From Table 8 it can be seen that satisfactory recovery of added
SOL}=—S was achieved in both total S and SO4=—S determinations before
and after storage. No apparent transformations occurred between S
fractions during storage of the samples in the refrigerator, The
mean base levels of 1,2 mg/pot of SOI‘_:-S and 120.4 mg/pot of total

S were used in all subsequent calculations.

(ii) Summary of significance tests = All tests for significant

differences due to treatment effects were carried out by analyses
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Soil Sulphate-S and Total S Contents

TABLE 8

103,

— . . 1
Treatment 80, - S (mg/pot) Total S (mg/pot)
ldded Before cold ~ After cold Before cold After cold
504_—8 Noe storage storage storage storage
(prm)
1 1.3 162 11848 120.5
o] 2 1e1 140 121.8 1274
2 1.0 141 121.0 121.0
Mean 1.2 1.2 120, 120.6
3 314 32,1 148,9 150,7
3 314 3149 149,9 150,7
N N 3047 30,5 15147 150 o4
4 31.Q 30,6 151.5 15041
| Mean 31,2 3142 %1 150.2 1504
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of variance and are summarized in Table 9. ©Prior to analysis all
data concerning soil S and S balance measurements were transformed

to natural logarithms,

(iii) ©Plant yields and S uptake - At harvesting, plants from the
nil S treatment were showing visible sympt&gs of S deficiency,
Petioles were reddish and the leaflets pale green to yellow w;th the
severest symptoms occurring at the highest temperature. Figu&e A7
shows the type of growth response due to S additions at the tﬁree
femperatures while Figure 18 shows the mean dry matter yields of tops
and rootss Soil tempeQatures had a marked effect on the dry matter

yields of the tops, but the effect on root growth was less manked.

Highly significent (P£.001) responses in the dry matter yield
of tops due to added S04=-S were recorded at each soil temperature,
but the responses in root yield although significant (P$0.5) were
small,  Where SOu=-S was added significant responses in the yields
of tops (P £.001) were observed with each increase in soil temperature.
Where no S was added there was no yield response when soil temperature
was raised from 1500 to 20°C and in this range S supply appeared to

be the sole limiting factora

Table 10 shows that the percentage S contents of the tops or

roots of plants were similar within each of the S treatments, The



Pot Experiment I - Significance of Treatment Effects

TABLE 9
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Troatment
Component

. -

S oil SOL’. -3

1 Loss of Soil
Orgenic S

Loss of Soil/
Flant &

Recovery of Soil/
Plant 8

Plant S Uptake
(Tops)

Plant S Uptake
(Roots)

Plant S Uptake
(Total)

Dry Matter Yield
(Tops)

Dry Matter Yield
(Roots)

Dry Matter Yield
(Total)

% § Content
(Tops)

% S Content
(Roots)

ns

ns

ns

ns

LE X

* %

ns

ns

uns

EE

*x %%

* % %

* ok %k

* %k %k

"ok

kK %

k%

* % %k

P TxS D SxP | TxSxP
LA ns & ns ns
o *i ns ns x ns
i * ns ns ns
IS L ns ns ns

- ns - - -

. ns - - -

- ns - - -

- ns - - -

- * - - -

- us - P =

e ns - - -

Significance levels:
ns ~ not significant

***x - P 0.001
** - P 0.01
* - P 0005

(1

H
!

S - Sulprhur
Plants.

L)
1

Soil temperature

Treatment Symbols:
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Figure 17
Pot experiment I, showing pots ready for harvesting from left to right

Nil 8 +3 (30 ppm)

Soil temperature

10°¢ 15°¢ 20°%¢ 10°%¢ 15°¢ 20°¢
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Fignre 18

The influence of soil temperature and added so;-s
on the dry matter yield (in g/pot) of subterranean

clover tops and roots (pot experiment I)e
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TABLE 10

*

Plant 8 Analyses

Treatment S content (%)
soq"_s
0 30
(ppm)
Temp e Tops Roots | Tops Roots
10 0,08 0.10 0.h42 0.64
15 0.09 0.12 0,41 0,62
20 0,06 0.11 0,39 0.55
TABLE 11
Total S Uptake
804=-S S uptake (mg per pot)
(ppm) 0 30
Temp ° Tops Roots Total Tops Roots Total
10 0,82 0.86 1.68] 7416 6.31 13,47
15 1.53 1.20 2.73] 9460 7 42 17.02

* A1]l figures are the means of four replicates.
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levels in the topes from the nil § trcatmont are indicative of severe
S deficiency at all temperatures based on standards for clover
summerized by Ensminger and Freney (1966). Table 11 lists values
for total S uptake by plants, and in view of the similarity of % S
contents within each S treatment (Table 10) total S uptake for each

S treatment was closely related to plant yield.

(iv) Soil S measurements and balance calculations - Balances were
prepared for total S and souz-s using total soil S values, soil
SO4=—S values and plant uptake data according to equations (1) and
(2). S added in the seed was negligible and no S was detectable
in the de-ionized water used throughout the experiment. Levels

of total so0il S and soil 804=-S at the start of the experiment that

were used for balance calculations are shown in Table 8.

AS = (SH + SP) - <SI + SO4 == SA)-vofooconno.oooc---ou.uoo(1)

AS0,7-5 = (80,7= §; + Sp) ~ (80,7~ 8; + S0, - SA)........(Z)

Where H content of soil at harvest

P - content of plants at harvest
I - initial content of soil

A - added.

Values for total S balance (AS) and log AS are shown in
Table 12 together with the mean values of soil S content (SH)

and plant S uptake (SP) measured at harvest. Appropriate values
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of LSD for the log transformed datas are given in the attached sub-table.
In all treatments there was a net loss of S from the soil/plant systems
S losses were greater where SO4=-S had been added (P<0,001), Less S

was lost from the planted than from the bare pots (PL0.001),

For the purpose of calculating net changes in the soil SOI:'-S
fraction, plant S uptake was regarded as occurring in the form of
8042—8. The initial soil SOuz—S levels are shown in Table 8 while
final soil sof-s, plant § contents and net sof-s balance values

(ASOQ=—S) calculated using equation (2) are shown in Table 13

Positive values of ASOA=-S show that net mineralization of
504=-S occurred and negative values show that soq=-s was either
immobilized or lost from the system. Where souz—s was not added
a small net amount of S was mineralized in the planted pots. #lhere
SOQ=-S was added between one sixth and one third of the added sou=-s
was either immobilized or lost, the change being smaller in the

planted potse

By subtracting soil SO,:-S values from the corresponding total
g0il S values an estimate of the soil organic S content was obtéined.
The initial organic S content of the soil was 119 ppm and Table
14 lists mean organic S contents and organic S balance at

harveste. Neither S nor temperature treatments influenced the



TABLE 12

Total S Balance

Treatment soh=-s o 30
(ppm)
Temp (°C) 10 15 20 10 15 20
Soil S (sH)
(mg/pot) 111.4 114.0 11242 130.9 12743 12547
No plants Change (4S)
(mg/pot) -9.0 ~6.4 ~8.2| =19.5 2341 2447
log,, AS 2.22 1.90 2.1 2.98 3.16 3,22
Soil S (sH)
(mg/pot) 1153 116.4 11249 12345 123.8 12145
Plant S (Sp)
Plants (mg/pot) 1.7 2.7 2.1 Ek5 17,0 19.0
Change (4S)
(mg/pot) =34 =143 Sk =134 -9,6 -9.9
log, 4S 1.27 0441 1.67 2.56 2.29 2431
5% 1% 0.1%
L.S.D, logeAS shown
above (applicable to [0.51] 0.69 0.91
plant or S treatments).

‘Lii



TABLE 13

so4=-s Balance

1126

Treat- 80, ~~S
ments b < 30
(ppm)
Temp (°C) 0 |15 |20 0 |15 |0
Soil sou=-s at
harvest (SH)
(mg/pot) 1.3 | 1.2 | 1.4 22.5 | 20,7 |22.0
No loge SH 0,19 0.,15] 0,30 3.11 3,03 3,08
Plants
Change in
S0, -8
(A 0 _-S) 001 0.0 002 -8.7 -10.5 -9-2
(mg/pot)
Soil SO, =S at
harvest (S.,)
(mg/pot) 0.9 | 0.6 | 0.1 1145 7.6 | 6.6
Plant S (SP)
(mg/pot) 1.7 | 2.7 | 2.1 13.5 | 17.0 |19.0
Plants | Sy + Sp 2.6 | 3.3 | 2.2 25.0 | 2.6 |25.6
log, (sH + sP) 0,95| 1.18| 0.74 3,22| 3.20| 3.2b4
Change in
SOLI.-_S 1.}+ 2.1 1.0 -602 "'6.6 -5.6
st | 1% [0.1%
L.5.D. log, Sy ) (applicable to
) plant or S 0.56] 0.75| Q.99
" log, (SH + 8 ) treatment
differences
only).

NOTE:

L.3.D. not obtained for SO *~S as not possible

to apply required log transformation to values
of differing sign.




changes in organic @ and the IS8Ds listed cpply to differences due

to plant treatmsnts only.

(h) Digsussion and Conclusions

-

(1) S lcsses « The most interesting result was the apparent loss of
significant quentities of S from the soil and soil/plant systems.
Recovery tests (Table 8) suggest strongly that the loss was real

and not due to analytical errors. Volatile S compounds may be lost
from plant material during drying, but recent work by Grundon and
Asher (personal communication)suggests that such losses would be far
too small to account for those of the size found in the current
experiment; moreover losses occured from the bare as well as from

the planted potse

Mechanisms to explain the loss are a matter of conjecture, but
volatilization due to the activity of soil micro-organisms is one
possible explanation. Production of Has in soils under strongly
reducing conditions has been discussed in the literature review,
but at no stage was the average air space in the sand less than
39% (corresponding to a soil water content of 12%)s  Nevertheless,
the possible existence of local sites of veduction should not be

overloocked.

Barjac (1952) and Frederick, Starkey and Segal (1957) have



TABLE 14

Soil Organic S Halance

114,

treatment comparisons only).

20, T_§ =
Treatments S0, -8 0 29
Terp (°C) 10 15 20 0 1 15 20
Pingl Organic
S (mg/pot) 110.1 | 112.8 | 110.7 108.4 | 106.5 | 103.7
No Loss of
Plants Crganic S
i (mg/pot) 49.1; 6.4 1 8.4 +10.8 1 +12.7 | 415.5
; log, change 2,19  1.84 2,06 2,29 2.59 2.69
Final Crganic
S (mg/oot) 1144 1 115.8 | 112.8 112,0 1 116.2 | 114.9
Piants Loss of !
Orgznic § i
1oz change 147 1,90y  1.80 1.8% 0.95 1.00
L : - 'z
Sy 1| 0.1%
L.8.Ds log, Change in organic S ( plant
ir 0.7 1.0  1.36

B —
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observed the emission of volatile S compounds including methyl
mercaptan and dimethyl disulphide from soils under anaerobic
conditions. These volatile compounds are products of methionine
decompositions Micro-organisms capable of producing methionine
from cysteine are known to exist (Young and Maw, 1958), and, since
sulphate can provide S for cysteine synthesis, it is possible that
volatile S losses under aerobic conditions may occur via the

following pathways:

SOu=-S —>» cysteine ——> methionine %?volgtile
T // compounds
Organic S

In an experiment of Freney and Spencer (1960) the disappearance

of 304=~S measured in a similar balance study was attributed to
immobilization, but since no measurements of total S were reported
such an interpretation is open to doubte Their results,

reproduced here in Table 15, are consistent with the present studys
more immobilization appeared to occur as larger quantities of sou=-s
were added in soils and the presence of plants reduced the apparent

S immobilizeflon or in some instances resulted in net mineralization,
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TABLE 15

—_ *
Mineralization nr Immobilization of 804~~S

(Freney and Speacer 1960)

Soii No. | ! Plants No Plants
TS0, toom) | 36 | 108 | 36 | 108
1 C:S = 6331 1.9 | =12.5 1747 ~55+2
2 85:1 2.0 -10.8 -12,9 -19.6
3 8421 6.1 ~7.7 -13.7 41,7
4 11231 0.5 =134 ~31.2 -70.6
5 13921 2.5 ~4a5 -10.2 ~32.8

* 711 values in the body of the table are in ppm,

~ ve values indicate "immobilization'

The C/S ratios of all soils shown in Table 15 were less than
200:1 and, therefore, according to Barrow (1960c) would have
favoured mineralization of S. In view of the current results
Freney and Spencer may have confounded immobilization and volatiliz-

ation of S.

The results of both experiments show that plants reduce S
losses, and this may occur in two ways. Firstly, by competing
with micro-organisms for available §, plants may limit the amount

of 8 which is converted into microbial products. Secondly,
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frequent replacement of water lost by transpiration improves the
oxygen suvply in soil and winimizes the occurrence of reducing

corditions favoursble for the production of st.

(ii}) Soil temperature and minerglization - An unexpected result
of the experiment was the lack of influence of soil temperature on
net S mineralization. By contrast, Williams (1967), in incubation
experiments observed increases in S mineralization with increasing
soil temperature, He incubated three different soils at 10, 20
and BOOC for 64 days and recorded little or no S mineralization at
10°c,  However, at 20°C and 30°C variable quantities of S were
mineralized from each soil. Even though different quantities of

S were mineralized in the different solls it can be shown that

the same percentage (1.3% at 20°¢) of the total S present was

mineralized from each of the 3 soils.

In the current experiment very little net S mineralization
occurred in the bare pots, but the mean net S mineralized in the
planted pots of the nil S treatment was 1.25% of the total S
originally present. The C/S ratios of the soils of Williams'
experiments and the Laffer Sand of the current study were all
between 105 and 1256 This ratio would in general favour S

mineralization, Barrow (1960¢).
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The awount of S mineralized al each temperature was too small
to correct the S deficiency of the subterranean clover plantse
In winter sad spring, when temperatures in the top 10 cm of Laffer
Sand under pasture are close to 10°C and always less than 2000i
similar low rates of mineralization may be expected., However, as
plant growth rates in the field are lower than in the glasshouse
the contribution of § supplied by mineralization is likely to be
higher relative to plant requirements. Even so, mineralization of
S on these soils will still be insufficient to permit maximum
economic yields, and field experiments (Powrie, personal communic-
ation) have shown a continuing need for 8 fertilizers on these

s0ils,



2o Incubation Experimeni 1.

The Influence of Soil iater and sof.--s on Net S Mineralizations

(a)  Introduction

The gravimetric water content of the top 10 cm of soil measured
at each sampling date during the field experiment varied from as low
as 1.4% after a dry summer period to as high as 15.7% in winter,
Low soil water contents may prevent soil microbial activity while
high scil water contents cause poor geration and favour the develop-
ment of anaerobic organisms, Moser and Olson (1953) demonstrated
that optimum conditions for oxidation of S occurred at soil water
contents slightly above field capacity. Recently, Williams (1967)
has shown that soil water contents affect microbial transformations
responsible for S mineralization. The experiment to be described
was desighed to examine the effect of soil water content on S
mineralization in a Laffer Sand from an area of developed pasture.
The object was to assess the optimum conditions of soil moisture for

S mineralization likely to be encountered during the growing period.

Througtout the incubation experiments the terms 'net mineraliz-
ation' and 'net immobilizati-n'! have been used to discuss increases

and decreases respectively in the concentration of inorganic SOA=—S
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and (N03” + NHZ)nN in the soil, Eyidence of & losses from scil plant
systems by volatilization shows that a measured galun or loss in
SO4:wS is not necessarily an indication of actual mineralization or
immobilization. In the sections which follow the terms 'net
mineralization' or net immobilization denote net positive or negative
balance rather than implying that total mineralization or immobilization
has been measured. Other workers have used the terms in a similar

manner without qualification.

(b) 80il and Soil Prevaration

The soil chosen was from the same sample collected for pot
experiment I. Soil properties are shown in Table 7, the only
difference in this experiment being that SOA:-S (at 1.0 ppm) was
slightly lower initiallye A soil water content/suction curve for
low suctions between O and 136 cm of water is shown in Figure 19,
This curve wais prepared by draining a sample of the soil on a
sintered glass funnel using a variable height manometer. Four
samples drained on a tension plate at one third of an atmosphere
(approx. 340 cm of water) retained a mean gravimetric water content

of 5.8%,

Preparation of the soil was carried out by air drying, sieving,
and leaching with de-ionized water as for pot experiment I. If a
soil is air dried there is an increase in extractable sulphate,

and such treatment may be likened to the effects of the dry summer



and aubumn periods on eoil sulphwe availability (Williams 1967).
In order to assess potential mineralization during the winter-
spring growing period, the soil was leached after being air dried

to remove any 504:—3 releasicd during drying.

After leaching the soil was again air dried to 1.5% water
content. The initial SOA=—S analysis was made after this drying
and showed a 804:~S content of 1.0 ppm indicating that any further

release of soqzus due to the second drying was minimal.

Two hundred and forty samples of leached soil each weighing
250 g were individually prepared for incubation by hand mixing
with appropriate aliquots of fertilizer solution and de-ionized
water to bring them to the required moisture content. A basal
addition of KH2P04 equivalent to %0 ppm of P was mixed with each
soil sample. No trace elements were added, since the field from
which the sample was taken had received regular dressings of copper

and zinc sulphates.,

(¢) Design of Experiment
(1)  Treatments:
(i) Gravimetric soil water content: 3, 6, 9, 12, 18, and 24%

(ii) Sulphur: nil and 30 ppm S applied as Na2804 in solution.

(2) Replication and Sampling:
Four replicates were prepared and each replicate contained

five similar samples for destructive sampling at 12 day intervals.



Eiaure 19

Scil water content (gravimetric) suction curve for
Laffer Sand used in the incubation experiments.
The curve was prepared by draining the soil on a

sintered plate at the tensions shown.
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(&) Potting

After mixing, each sample was placed in a container (Fig, 20)
made by removing the neck from a 225 ml polythene bottle. All
contairera were trimmed %o a constant tare weight to simplify the
task of checking water contents by weighing. The soil in each
container was packed to a bulk density of 1.3 g/cc by gently
compressing successive layers with a pestle, Sets of five similar
samples were placed in large ( 4.5 1 capacity) high density poly-
thene jars fitted with screw top lids. In each jar was a
polythene bottle containing 50 ml of 5% NaCH solution to absorb 002

evolved frem the soils

The bottom of each jar contained 5 ml of 0.1N HC1l to maintain
humidity without absorbing 002. To obtain blank values for 002
determinations four incubation jars containing no soil samples were
prepared, and the absorbers from all incubation vessels were changed

at appropriate intervals.

(e) Conduct of Experiment

The incubation jars were placed in a constant temperature room
which was maintained at 20°C for the duration of the experiment.
Fach day the 1ids were removed for five minutes to allow replenish-

ment of the air within the Jars, The CO2 absorber bottles were
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Figure__g(_)_

Incubation apparatus — from left to right -
soil container, incubation vessel with lid and

"O" ring seal, and CO, absorber bottle.
2
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initially changed at 6 day intervals but changes were reduced to
coincide with the 12 day intervals between samplings from day 36

s
to day Sl

One soil sample was removed from each incubaticn jar at
intervals of 12 days after the commencement of the experiment.
Samples were placed in plastic bags and stored under refrigeration

at 1-2°C until extracts were prepared for analysis.

During the experiment it was intended to maintain a constant
soil water content for each treatment by the addition of water to
constant weight, but it was found that water losses were low and

additions were only necessary at 6 day intervals.

(f) Chemical Analyses

The soqz-s content of all soil samples were determined after
the incubation period and net mineralization or immobilization
calculated. Since the experiment was only intended to examine the
effect of soil water content on SO4=—S no measurements were made of

total S changess.

Sth-S extracts were prepared by extraction with 0.15% CaCl2
snd determinations were carried out by the methylene blue method

described in sections III A 2 (g) and (h).
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The 002 content of the absorvers was determined by taking 10 ml
aliquots of each absorber solution and adding a slight excess of 3N
Ba012 solution to each aliquot to precipitate the carbonate as BaCOB.
Several drops of phenolphthaleln were then added to the samples and
they were slowly titrated to a colourless end point using N HCl.

Aliquets from the blank absorbers were treated in a similar manners

The amount of 002 evolved from each incubation vessel was
calculated from the difference in titre between the blank and the

soil sample absorbers (Stotzky 1965).

Soils from samplings 1, 3, and 5 were analysed for NO; + NH4+-N.
The determinations were made using aliquots of CaCl2 extracts prep-
ared for the sulphate determinations. Steam distillation with MgO
and T12(304)3 (Bremner 1965) followed by collection of the distillate
in boric acid indicator, and subsequent titration with standard acid
was used for NOB— + NH4 ~-N determinations. Distillations were

carried out in a Hoskints still as described by Bremner (1965) ¢
(g) Besults

(i) Net rnineralization of & - A1l results are expressed as ppm of
S in oven dry soil. There was a net increase of 804=4§ in soils
of all treatments after 60 days incubation with one exception (Fig.

21). The exception was the soil of the +8 treatment at 24% water



content where a consistent pattern cof decreasing SOAEMS content

was observed.

ATl soil. samples of the nil S treatment regardless of soil water
content showed a het gain in 804=*Sw Although the amounts mineralized
between sampling intervals were rather erratic there was a slow
jincrease in mineralization over the 60 day period. The maximum net
mineralization observed occurred in soil of the nil S treatment at
18% water content resulting in an increase of 4 ppm in soq=-s. This
represented a net mineralization of 3,3% of tle original organic S

(119 ppm) present in the sample.

The presults from the +3 treatments were more variable and the
net mineralization lagged behind that of the nil treatments. Added
sou=-s appeared to suppress net mineralization until after the second

sarpling at 24 days.

Although the net mineralization of S in soil of the nil treatment
at 24% water content was relatively high (3.4 ppm), the pattern of
release at this moisture level differed from other treatments in that
nearly all of the S was mineralized within the first 12 day sampling
periode For the remaining 48 days the soil sohz-s level remained

constants



Figure 21

Changes in the concentration of soil 304=~S in Laffer
Sand at six different soil water contents incubated at
20°C, in the presence and absence of added 804238. The
+5 treatment received 30 ppm of applied S and all values
shown have been corrected to show changes and not absolute
804=-S content. All measurements are expressed on an

oven dry soll basis.
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Since the prime aim of the experiment was to examine the effect
of soil water content the results obtained for S mineralization
together with corresponding results for N mineralization from
samplings 1, 3 and 5 are presented plotted against soil water

content in Figure 22.

As far as the nil treatments were concerned the results show that
the highest soil water content used (24%) gave consistently high net
S mineralization valuess It has already been explained that after
the initial release very little further mineralization occurred at
this soil water content. The fall in soil 804=-S levels at this
water content when SOA=-S was added to the soil suggests that
reducing conditions favouring the production of volatile products
such as HBS arose in soils of this treatment. Support for this
theory is provided by the corresponding reduction in N mineralization
which accompanied the rapid lowering of SOM=—S levels between days
48 and 60. A similar effect was not evident in the nil treatment

but this may have been due to shortage of souz-s substrate for

reduction.

(ii) Nitrogen mineralization - The pattern of N mineralization
shown in Figure 23 was more consistent than that for S mineralizatione.
Low soil water content (3%) retarded N mineralization quite markedly

during the first 12 day incubation period, There was a slight
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Figure 22
Changes in the concentrations of (No; + NH4+)4N and
80, -8 in Laffer Sand incubated at 20°C at various
soil water contents in the presence or absence of added

SO4=-S. All measurements are expressed on an oven

dry soil basis,
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Figure 22

The influence of soil water content and added SO4=-S on
net mineralization of N from Laffer Sand incubated at ZOOC.
The +3 treatment received 30 ppm of added SOA=-S. Al

measurements are expressed on an oven dry soil basis.
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decrease in mean N mineralization rates between 36 and 60 dayse
Additions of 8042—8 had no influence on N mineralization at soil
water contents up to 18%. At 24% soil water content there was a
sharp decreasze in N mineralized after 36 days,and during the last
24 day period there was a decline in the mean mineral content of

the soil of the +S treatment.

Tigure 22 shows that optimum soil water contents for N mineraliz-
ation occurred at the comparatively high soil water content of 18%,
There was, however, very littleincrease in N mineralization between

12 and 18% soil water content,

(iii) Carbon dioxide release ~ The amount of CQ2 released depends
on the respiration rate of soil micro-organisms, and as such gives a
crude index of soil microbial activity. The graph of cumulative
CO2 release in mg per g of soil (Fig. 24) shows that 002 output
increased with increasing soil water content. Separate values for

nil and +8 treatments are not shown since there was no significant

difference between them,

It can also be seen from Fig, 24 that the rate of CO,
production at each soil water content remained approximately constant
for the duration of the experiment, indicating that microbial activity

had reached a steady stateo
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Figure 24

The evolution of CO2 from Laffer Sand at different soil water

contents during incubation at 20°c. All quantities are

expressed on an oven dry basis.
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(h) Discussion

The constant rate of CO_ evolution observed during the experiment

2
differs markedly from the effects observed when fresh organic residues
with large C:N or C:S ratios are added to soils. Constant rates of
002 emission show that the soil microbial population is in a state of
equilibrium and that relatively stable ratios of C:iN:S exist in the
soil organic matter, as one would expect to find in a field soil

which has been under pasture for a long period of time. Under
permanent leguminous pastiire small additions of organic matter occur
continuously with shedding of leaves and the decay of senescent roots.
Such a gradual aécumulation of organic matter of relatively high N

content would presumably give rise to a steady state of microbial

activity.

Increased additions of organic matter following senescence and
destgcation in summer would occur, resulting in a flush of mineraliz-
ation following the autumn rains. During the winter growing period,
when leaching intensities are high, (as shown by the field experiment)
organic matter decomposition would be likely to occur at steady rates
similar to those measured in this experiment. However, rates of
mineralization in the field will differ due to lower soil temperatures
and the effect of plant stimulation. Leaching, by continually

removing soluble breakdown products, may also influence the rate
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of mineralization and'if excessive may remove newly released Souz-S

before uptake by roots can occur,

The soil moisture determinations made during the field
experiment showed that for most of the normal growing period soil
water contents remain beiween Fand 15%,and as such would not
impose drastic limitations on soil microbial activity. From this
experiment,it seems that the rate of S-mineralization likely to be
encountered under developed pastures would be of the order of
3% of total S in 60 days. Since the growing period lasts a little
more than six months,9% or 10 ppm of total S from a soil containing

120 ppm of S might be released.
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Lk, Incubation Experiment II

The Influence of Soil Temperature and Leaching on Net S Mineralization

(a) Introduction

Conditions simulated in the previous incubation experiment were
representative of a soil held at a constant water content without
the influence of leaching normally experienced in the field. It
was thought that removal of soluble end products of microbial activity
by leaching might enhance the rate of net S mineralization., A

further incubation experiment was carried out to test this theory.

(b) Soil and Soil Preparation

A sample from the same batch of soil used for pot experiment I
and the previous incubation experiment was passed through a 2 mm sieve,
and 75 g sub-samples of the sieved material were placed in plastic
incubation vessels. Unlike the previous experiments the soil was
not leached and air dried before being placed in the incubation

vesselse.

(¢) Leaching Apparatus

The incubation vessels were made by drilling a number of 1.0 mm
diameter holes in the bottom of polystyrene vials. "Porvie" filter

discs were cut to fit the inside of the vials and were placed over
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the holes in the bottori. e vials were fitted with polyethylene

SCrew CapSe

The vessels were designed to permit leaching of the soil to
be carried out without disturbing the samples. Initial leaching
was carried out by free drainage followed by removal of excess
water by suctione. To accomplish this process, a series of vacuum
trap vessels were made using glass preserving jars of approximately

1 kg capacity.

A hole was cut in the tinplate inner seal 1id of each jar,and
a ring,made from copper tubing of suitable size to hold a vial fitted
with a Gooch grommet was soldered to the seal to surround the hole.
A piece of 5 mm copper tube to enable evacuation was also passed
through the seal and soldered in place. To collect the leachate ,
a 100 ml polyethylene bottle fitted with a small funnel was placed
in the preserving jar below the viale Figure 25 shows a soil
sample on the assemhly, ready for evacuation following initial free

drainage.

(d) Design of Experiment

The experiment was to compare S-mineralization from unleached
and intermittently leached samples of the same soil. At the same

time the effect of temperature of incubation was also studied using
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Apparatus for leaching soil samples without disturbing

them during incubation experiments,
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a multi range incubator.

The following treatments were imposed:
(i) Leaching -~ Unleached and leached every 10 days

(ii) Temperatures — 8.5, 1245y 16.5, 21.0, 245, 29.0 and 32.5°C.

Duplicate samples of leached and unleached treatments were
incubated at each temperature in a multi-range incubator.  The
incubator was housed in a heated room where the temperature remained
about 20°C during the experiment. Variations in room temperature
above 20°C caused increases of up to 1,5°C above the desired incubat-
or temperatures. The values quoted for temperature treatments are
therefore nominal, but there was sufficient interval between each
temperature to prevent overlapping of treatments even on the hottest
of days. For most of the time the temperatures were maintained to

within 0.5°C of the desired value.

(e) Conduct of Experiment

A preliminary test revealed, that after three successive leach-~
ingg the SOH=—? content of the leachate fell to barely detectable
levels, The test was conducted using four 75 g (0.D. basis)
samples of soil similar to those used for the main experiment.

Each sample was leached with four 75 ml aiiquots of de-ionized
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TABLE 16
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water and the results of the test are shown in Table 16,

Sample 804=—S Removed (ppm)
No. T7s% Leaching |[2nd Leaching |[3rd Leaching [“th Leaching
6,7 Te 163 0
2 6.0 0.9 o7 0
3 7.6 Te1 Okt 0s2
L 6.7 0e¢5 0,2 0

To ensure that all samples used for the main experiment contained
a uniformly low basé level of SOuz-S‘they were leached with three
consecutive 75 ml leachings. The soil in each vial was then brought

to a gravimetric water content of 12% by addition of de-ionized water

and all vials were placed in the incubator.

The incubation period commenced on 14th October 1967 and the
experiment was terminated on 23rd December 1967 after eight 10-day

sampling intervals,

At each sampling, the vials of the leached treatment were leached

with 75 ml of de-ionized water. After leaching’the soils were re-

stored to the correct gravimetric water content and replaced in the

incubator. The process took about two hours to complete. The
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vials were weighed before and after leaching and the volume of

leachate calculated by difference,

Daily checks were made on soil water content and additions were
made as necessary., To reduce evaporation losses the lids were
loonsely fitted to the vialsg and were removed once daily to permit

aerations

When the experiment was terminated, the soils of the leached
and unleached treatments were all leached with 3 x 75 ml aliquots

of de-ionized water to ensure an almost complete removal of soh=-s.

(f) Chemlcal AnalysesS..

The soq=-s contents of the leachateswers determined by the
methylene blue method (described in Section III A2(h)) and results

were expressed as SOuz—S leached in ppm of oven dry soil.

(g) Results

(1)  Release of soq=-s from leached soil - Apart from the variable
values obtained for release of SO4=—S at the early samplings, a
clear-cut picture of cumulative S-mineralization was obtained (Fig,
26). The graph indicates that a slight lag phase occurred during

the first sampling interval after which a uniform release of SOA=—S
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Figure 26

The influence of soil temperature on SOL+=-S extracted

from Laffer Sand by intermittent leaching.
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took place. An increass in temporature from 8.5 C to 32.5°C

aporoximately doubled the so4=~s output in 80 days.

(11)  Release of SO4=-S from unleached soil - Total Sohz—S,leqched
from soils of the unleached treatment by three successive leachings
at the end of the incubation period, was lower than that obtained
from soil by regular leaching throughout the incubation period
(Fig. 27). A difference in total SOA=-S removed between leached
and unleached soils was present at all temperatures used. Values
for total SOu=—S removed from the leached soil, shown in Figure 27,
include the additional quantity removed in the second and third

successive leachings made at the final samplinge.

The #all in SOA=—S removed from the unleached samples at 32.500
is an unexplained feature of the pattern of S mineralization in the
experiment. Although the results obtained from the unleached soils
were more variable than those from the leached soils;the increase in
S-mineralization with temperature was roughly parallel up to the 29°C

temperature treatment.
(h)  Discussion

(1) Leaching effects - It is clear from this experiment that
periodic leaching enhanced the relecase of SOA=-S from soil organic

matter, Many reasons could be advanced for this enhancement.



Figure 27

A comparison of soh=-s removed from intermittently leached and

unleached samples of Laffer Sand incubzted at various temperatures

for 80 days,

“hl
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Removal of toxic end products mzy have helped to maintain soil
microbial activity at a higher level in the leached soil.

Periodical leaching and draining would have replaced soil air
favouring the development of aerobic organisms; and the population
of anaerobic organisms capable of reducing S compounds may have been

higher in the unleached soils.

The depth of soil in the vials was 5 cm with a surface area of
12,5 cm. In the field an equivalent leaching intensity on the
same depth of soil would have required the application of 60 mm of
water to an already moist soil, no allowance being made for evapo-
transpiration or retention of water in the leaching zone. Even
in the wettest years it is doubtful whether such a leaching intensity
would occur in areas of Laffer Sand on as many as eight occasions
during the growing period. However, evidence from the field
experiment indicated that at certain times substantial leaching of
souz-s did occur, and although the effect may not have been as
drastic as that in the present study, leaching could increase the
amount of S mineralization. Such stimulation of mineralization
would be of limited value to surface rooted annuals,including
subterranean clover,due to leaching of Sth-S so released below

the root zone.

(ii) Soil temperature - The most clear cut influence of temperature

on net S mineralization so far observed in the project was seen in
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this experiment., There was an increase in 804:~S release with
each increase in temperature,but an unusual feature was that the
increases became larger at higher temperatures. Williams (1967)
showed that the extractable SOA=—S removed by either KH2P04 or
CaCl2 was increased by approximately 50% by extracting a soil

sfiter vacuum drying at 3500 compared with extraction after air
drying at 20°c, Increasing temperatures of incubation may increase
the release of more labile forms of organic S besides increasing
microbial activity, and this could be one explanation for the

larger increases in 5042-8 output at higher temperatures.

Variations in soil temperatures within the range recorded in the
field during the growing period of subterranean clover (1.en 10~15°C)
had a small effect on SOu=-S released from both the leached and un-
leached soils. In summer soil temperatures as high as 25 to 30°C
are recorded, and Williams (1967) has shown that such conditions
cause increased S-mineralization which may enhance S supply for

autumn sown pastures.

The low recovery of SOA=—S from the unleached samples at 32.500
may have been caused by two factors. Firstly, increased release
of Sth—S at the high soil temperature may have provided a high

concentration of substrate for S~reducing micro-organisms.



Secondly, because leaching was not carried out,poor aeration may
have quickly resulted due to increased microbial activity at high
temperature thus providing ideal copnditions for sulphate reduction
and volatilization. An objection to the theory, is that this was
the orly soil of the series to break the trend of increasing SQ4:—S

release and a more gradual effect might be expected.
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Q

The Influence of Pasture Development on Soil/Plant Sulphur
o N ~ Balance

Pot Experiment IT

T Materials and Methods

———

(a) Introduction

The experiments previously described were conducted using soil
from the site of the field trial and of similar organic matter
content, Barrow (1960c) has shown that the quantity and chemical
composition of the organic matter present in soil affects the
mineralization of 8, Fertilizer and pasture history affect the
total accumulation and quality of soil organic matter (Williams and
Donald 1957)3 and so the final majof experiment of this project was
designed to examine the influence of topdressing history and resultant

organic matter accumulation on potential S-mineralization.

Subterranean clover was again used as the test plant. Use of
a nodulated legume avoided the need for N applications which would
have interfered with stable G/N ratios in the soil organic matter,
A wider range of soil temperatures (10—3000) was used to cover the
extremes used previously by various workers in incubation experiments,
Incubation experiment II showed that so4=-s accumulation doubled over

this range.
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(k) Soils and Soil Preparation

Samples of the top 10 cm of six soils of known pasture history
were collected from profiles of Laffer Sand (Taylor 1933) near
Keith, South Australia. A1l the soils,with the exception of
the virgin samples,had been under subterranean clover pasture from
the time of development and had received regular annual or
biennial applications of superphosphates. The developmental history
and approximate total superphosphate applications, together with

relevant chemical details of each soil are shown in Table 17.

All soils,except No. 5,carried subterranean clover dominant
pastures. The pasture on soil 5 was sparse and contained much

capeweed (Cryptostemma calendula, L.). This soil had been under

pasture for longer than any other in the series and showed the
characteristic symptams of water repellent sands (Bond 1968)

frequently encountered beneath older degenerate pastures.

The soil samples were collected in September 1967.  The water
content of all samples was low (between 3% and 7%) The general
appearance of the pasture on all soils was poor, following the
driest winter ever recorded in the area. Pastures had been heavily

grazed due to shortage of feed caused by the drought.



History and Properties of Soils -

TABLE 17

Pot Experiment II

1504

Soil No. 1 2 3 L 5 6
Years of Pasture 0 1 2 3 27 10
Total Superphosphate

(kg/ha) 0 270 405 s40 |4,000 1,450
Organic C (%) 0,54 | 1.24 0.90 1,46 1.02| 1.50
Kjeldahl N (%) 0.022| 0.035 | 0,052 0.098 0,072 0,094
Total S (ppm) 30 38 55 116 95 139
C:N 2k,5  |35.4 1743 14.9 | 1.2 | 16.0
C:S 180 223 164 126 | 107 108
N:S 73 942 9,5 8.4 7.6 648

TABLE 18
Basal Fertilizer Solution and Equivalent Application Rates
(50 ml added per 1 kg of soil)
Substance Concentration Concentration of 804=—S
(Solution) element in Soil '
(ppm) (ppm)
KH,PO,, 3.514 g/1 P = 40 -
Cus0,, «5H,0 49,9 mg/1 Cu = O.64 0432
ZnS0), . 7H,0 100,0 mg/1 Zn = 1.14 0.56
Na2M004.2H20 2453 mg/l Mo = 0,05 -
000126H20 0.26 mg/l Co = 0.013 -
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Samples were air dried and sievod through a 1.0 cm screen to
remove coarse organic matter such as wpody roots. A1l samples
were leached with de-ionized water, Leaching was carried out by
placing 10 kg samplesof soil in 10 1 plastic buckets. Gauze~
covered holes in the bottoms of the buckets allowed the water to
drain through without losing the soil. Each 10 kg sample was
leached with 30 1 of water. The wet soil was then spread on
plastic sheets on a cement floor and air dried to approximately

6-7% water content.

(¢) Design of Experiment

(i) Soils:- 6 soils of differing pasture history (Table 17).
(ii) Fertilizer Treatments:~ Nil and 40 ppm of S applied as
sodium sulphate (Nasoq).

(iii) Soil Temperature Treatments:-— 10°¢, 17°¢, 24°C and 30°C.

Four replicates were provided within each temperature treat-

ment making a total of 192 pots for the experiment.

(d) Potting and Fertilizer Application

The water content of each soil was determined by oven drying
subsamplese As each pot was prepared the soll water content was
brought to 12% by the addition of fertilizer solution plus de-

ionized water. Appropriate S applications were included in
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fertilizer solutions which contained P and a basal mixture of trace
elements (Table 18). Trace elements were added in this experiment
because the virgin soil had not received any previous fertilizer
anplication. The trace element mixture was made using sulphates
of copper and zinec, so a small basal application of S (0.9 ppm)

was made to each soil, All base values of soil S were corrected

for this additione.

The pots used in the experiment were the same as those used for
pot experiment I and were described in Section IIIB 2(c). Samples
of soil (1 kg 0.D, basis) were hand mixed with 50 ml of appropriate
fertilizer solution and addition de~ionized water. The soil in the
pots was compacted by gently tapping them on the concrete floor until
the bulk density was approximately 1.3 g/cCe

1

#hen all soils were potted ten seedings of subterranean clover
A

(Trifolium subterraneum, L. c¢v. Bacchus Marsh) were sown in each

pot, The seedlings had been germinated on a wire mesh screen in a
bowl of de-ionized water. A suspension of an appropriate strain

of Rhizobium trifolii had been added to the water to ensure satis-

factory inoculation. The sown pots were then placed in controlled

temperature tankse
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(e) Temperature Tanks

Tanks of 3 new and improved design were used for this
experiment (Fﬁgure 28) ., The internal lining was of stainless
steel surrounded by insulating material in an external steel
cabinet. Bach tank was self contained and was equipped with a
% hepe refrigeration unit located underneath. Heating was provided
by reverse cycle refrigeration thereby eliminating the need for
separate heating elements. A narrow compartment at one end of
ecach tank housed the refrigeration coil and water was circulated

through this compartment and the main tank by an electric pumpe

Fach tank was fitted with a steel frame to support the pots.
The frame was adjusted so that the tops of the pots were level with
the rim of the tank, The surface of the water in the tank was at
the saime height as the soil surface’in the potsa Thin aluminium
covers ,with holes to admit the pots,covered the water in each tank
to 1imit evaporation and heat transfer, The tanks were located
along the centre-line of an open-sided glasshouse,  Tank temper-
atures were maintained within R 1dC of the desired value. Pot

temperatures were within 1°C of the tank temperatures,
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Pigure 2_§_

Pot experiment II ~ The arrangement of the temperature
tanks within the glasshouse, showing the pots immediately
after sowing. The circulating pump, control box, and
refrigeration coil compartment, are seen at the end of the

tank in the foreground nearcst to the camera.
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(f) Management

The pots were sown and placed in their respective temperature
treatments cn 18th Nov. 1967, A few plants did not survive
transplanting and were replaced from a fresh supply of germinated
seedlings, maintained for several days after the pots were placed in
the tanks. By the end of the first week all pots contained 10
successfully established secedlingse The pots were watered daily
by adding de-ionized water to bring them to a constant weight

corresponding to a gravimetric soil water content of 12%.

To minimize positional effects between and within tanks,
rerandomization was carried out at ten day intervals. Each
temperature was allocated to another tank and the pots were removed
from the tanks while the temperatures were changed. Changeover
took @bout five hours to complete. Positioiis of replicates were

also changed.

During the experiment two infestations of aphids occurred and
all pots were taken outside the glasshouse and sprayed with 'Bhell"
"Phosdrin'", a S-free systemic insecticide of short residual effect
(2~3 days). On each occasion a complete kill of aphids was

achieved.



(g) Harvests

To ensure depletion of the 504=—S supply of the soils it
was decided to make two harvests. The first harvest was made
by removiug the clover tops at the soil surface after which regrowth
was allowed to occur. The second was made at the conclusion of

the experiment when roots were also harvested.

Harvest I was made on the 26th December 1967 after 39 days of
growth, At this stage the canopies of the plants at 24°C were
beginning to overlap causing mutual shading (Figure 29). ifter
cutting, the tops were placed in "manilla'' envelopes and dried at

60°C. The dried material was ground in a laboratory hammer mill.

Harvest II, the final harvest, was made on 31st January 1968
after a further 35 days of regrowth. Mutual shading had again
become a problem. Cutting of tops took a day to complete and

root harvests a further seven days.

To minimize damage to roots and to prevent regrowth of tops
while harvesting was in progress, the pots awaiting root separation
were covered with aluminium discs and kept in the tanks at a
temperature of 4%, ‘e soil from each pot was carefully dismantle-

ed by hand and the major parts of the root system removed intacte
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Figure 29

Pot experiment II ~ showing plants immediately before
harvesting. Note that while canopies of subterranean
clover plants at high soil temperatures (24°C in fore-
ground) were mutually shading each other, those from plants
grown at low soil temperatures (10°C in second tank from

rear) were still completely separated.
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Remaining roots were separated by dry sieving,and the roots were
rinsed by placing them on a sieve .and dipping them gently in clean
de~ionized watera Washed root material was allowed to dry on
sheets of hlotting paper before being placed in "manilla'' envelopes
and oven dried at 60°c, After oven drying, tops and roots were
weighed to determine dry matter vield and were ground for analysis

in a laboratory hammer mill.

The soil samples from which the roots had been separated were

placed in plastic bags and stored moist at 1-2°C in a refrigerators

(n) Chemical Analyses

Plant S uptake and soil S determinations were made using the
methods described for pot experiment I. Due to the lsrge number
of samples duplicate extracts were not prepared, and single
determinations only were carried out, except where the results were
erratic, when repeat determinations were performed. As expected,
total S determinations were variable and not as reliable for balance

calculations as those of the previous pot experimenta.
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2a Results

(a) Statistical Analyses

Basic measurements from this experiment were punched on cards
and all calculations for derived data and statistical analyses were
performed by computers Statistical tests were carried out by
anslysis of variance on untransformed data because the legarithmic
transformation could not be applied to S balance values of

differing signe

Analyses of variance were carried out on complete sets of
data incorporating the treatments of sulphur, soils, and soil
temperature, These tests frequently showed significant first order,
and sometimes second order interactions. Table 19 lists the quantit-
ies analysed andsignificance levels of factors affecting them.
Interpretation of the results was difficult due to the large number

of significant interactions,

The F ratios for S treatments were large relative to those
obtained for other treatments. By separating the data into sets
for nil and +S treatments many interactions were removed, providing
a clearer picture of soil and soil temperature effects. A summary

of significance tests on the iwo sets of data is shown in Table 20.
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TABLE 19

Pot Experiment II - Significance of Treatments

REffects from Ahalyses of Variance Including all Treatments

Treatments and Interactions

Quantity Measured Sulphur | Soils | Temp | SxSo | SxT SoxT | SxSoxT
1 (8) (s0) | (D)
Total Dry Matter
Yield % ¥ % % k% &k K NS * ok k % %k %k NS

Dry Matter Yield

TOPS HI - % ok sk %k ok * %k %k L ] * k% % %k % *
Dry Matter Yield

Tops HII % % ¥ % ¥ %k * k¥ NS ¥ kM L2 2 NS
Dry Matter Yield

Roots * Wk * Xk % * ¥ % NS L E 34 * NS

% S Content, Tops HI| *** NS | *** | ** i * NS
%S Content, Tops HIT | *** % | k%% | NG i NS L3
% S Content, Roots bl L LI IS * % NS NS
S Uptake, Tops HI %k * %k Aok kA k% " *
S Uptake, Tops HIL I *% | ¥x¢ | NS il NS NS
S Uptal{e' Roots ok K ¥ % R 22 *ok R * ok NS NS
Total S Up-take * ¥ % % ok % EE 30 % XKk % %k ok NS NS
Total S0, -5

Recovery %%k % % % % L X * NS * NS
Net S Balance s NS | ®** | ** NS g NS

«#% PS0.001
** P£0.01
* P¢0.05

NS Not significant.



TABLE 20

Pot Experiment II - Significance of Treatment

1615

Effects from inalyses of Variance Excluding Sulphur Treatments

Sulphur Treatment Nil + 4O ppm

Quantity Measured Soil| Temp |SoxT | Soil |Temp | SoxT
Total Dry Matter Vield i+ ke ** e % x*
Dry Matter Yield, Tops HI | *** kA & L * ok *¥
Dry Matter Yield, Tops HIL| ** = ** *w *EF NS
Dry Matter Yield, Roots N NS NS *x I NS
% S Content, Tops HI bl e * i L NS
% S Content, Tops HII i Lk NS NS kK *
% S Contenty Roots i’ (s NS o ke NS
S Uptake, Tops HI #ok % 1] * aEE * %% * %k
S Uptake, Tops HII bk’ (s u kg e NS
S Uptake, Roots ! ik g NS wEE s NS
Total S Uptake * %k L] * %k * %k * k% NS
Total 804=—S Recovery bl g i e *EH NS
Chal’lge in SOL}—_S L] * % %k * L RS EL 2 NS
Total S Recovery iy * NS B L NS
Net S Balance NS g NS NS * NS
Change in So0il Organic S % £ NS NS NS NS

*x% P<0.001
** Ps0.01
* P<04,05

NS Not Significant.
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(b) Plant Dry Matter Yields

(i) Total dry matter yield - Total dry matter yields (Fig. 30)

were obtained by summing yields of the three components:

Harvest I tops + Harvest II tops + Roots

Effects of various factors on each of these components are discussed

in parts (ii) to (div)e

Additions of SOH=—S significantly (P€0,001) influenced yields
of total dry matter from all soils, but the strongest affe cts were
observed at soil temperatures of 17 and 24°¢c, At a soil ¢emperature
of 300C there were no significant differences in total dry matter
yield due to added S on any soils There was a decline in total
dry matter yield at a soil temperature of BOOC compared with yield
at 24°C and the decline was highly significant (P¥0,001) on all soils
for the +S treatment. 4 similar but smaller and less signhficant
(P%0,05) decline in dry matter yield was observed on soils 1, 24 3
and 6 of the nil S treatment, but on soils 4 and 5 yields at 24°¢
and BOOC soil temperatures were similar. At 3000 soil temperature
only small differences in dry matter yields were observed between

different soils.

(ii) Dry matter yields of tops (harvest I) - it harvest I the

differences in dry matter yields due to soil or S treatments were
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Figure 30

Pot experiment II - The influence of soil temperature,

soil, and sulphate sulphur on total dry matter yields of
subterranean clover from harvests I and II (including

roots) measured in g/pot.
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Figure 31

Pot experiment II = The influence of soil temperature,
soily and sulphate sulphur on the dry matter yield of

subterranean clover tops at harvest I measured in_g/poto
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Figure 32

Pot experiment II - The influence of soil temperature,
scil, and sulphate sulphur on the dry matter yield of

subterranean clover tops at harvest II measured in g/pots
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Figure 33

Pot experiment II - The influence of soil temperature,
soil, and sulphate sulphur on the dry matter yields of

subterrancan clover roots at harvest 1II measured in

g/pote
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small or non existent at 10°C and 3000 soil temperatures. However,
at 1700 and 24°C variable responses to both soil and S treatments were
obtained (Fig. 31). Highest yields at this stage (5 weeks from
transplanting) occurred at 24°C (Pe0.001) but on most soils the best
responses to added 804=—S were measured at 17°C. Yields from soils
2, 3 and 4 were better than those from soils 1, 5 and 6 but the
significance of the differences varied with both S and soil temperat-

ure; hence the significant interactions between these factors (Table

19).

(i1i) Dry matter ylelds of tops (harvest II) - At harvest II
responses to added soq=-s were observed at soil temperatures of 10°C,
17°C and 24°C (Fig. 32). The effect of soil temperature on yield
was greater in the +S treatment. Highest yields on the +S treatment
occurred at soil temperatures of 17°¢ and 24°C (P20.001). The only
significant effects of soil temperature in the nil é treatment were
Jower yields at 10°C and 30°C compared to 24°C (P€0.05). Not all
soils followed this general pattern and there was a significant

(P0.01) interaction between soil and soil temperature in the nil S

treatment,

Soils had a sipgnificant effect on plant yields from both S
treatments (P€0.01). As for harvest I, soils at an early stage of
pasture development gave slightly better yields than soils that had

been under continuous pasture for longer periods (P£0.05 to P&0.01).
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(iv) Dry matter yields of roots - Root yields for all treatments
are shown in figure 33. Soils, soil temperature and S all
significantly (P:0,001) affected root development but significant
interections between soils and soil temperatures (P£0.05) and soils
and 8 (P£0.001) occurred. Separate analyses of variance for the
two S treatments removed theinteractions and revealed that soil was
the only significant factor influencing root growth in the nil S
treatment.s Zven so,examination of results showed no definite trend
in response; soils 4 and 6 yielded better (P%0,5) than soils 1, 3
and 5, while soil 2 gave an intermediate yield not significantly

better than any other.

iWhere 304=-S had been added, soil temperature effects were
more pronounced (P£0,001), 17 and 24°C being the best for root
development. Again soils had a significant (P£0.01) effect on root
growth, but the trends were still not clear, soil 4 being the only

one to yield significantly better than the others.

The roots were not sampled at harvest I, and differences in
development at that stage may have disappeared by harvest II. The
longer growth period, compared to tops,could have allowed slower
growing roots at high and low temperatures to overtake those grown

at 17°C and 24°C,
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(c) Plant S Measurements

Heasurement of % S content and plant uptake were made to
enable preparation of S balance sheets and to relate yield responses
to factors affecting S supply. The plant S contents indicated
the severity of any S-deficiency or the presence of excesses of

available S.

(1) Percentage S content of tops (harvest I) - There were highly
receare
significant (P{0.001) responses in the S contents of tops at harvest
I due to S and soil temperature treatments, but soils had a less
m™ean
significant effect. In the +5 treatments the S content of tops
A
(Table 21 at a soil temperature of 10°C was higher (Pg0.001) than
at any other temperature, while minimum S contents occurred at 1700,
On the nil S treatment minimum S contents occurred at soil temperat=~
ures of 17°C and 24%¢, Increased S contents were measured at both
10°C and 3000. Soil 3 of the nil S treatment yielded tops with
a marginally higher § content than the other soils.s The S contents
of tops from the nil S treatments (Table 21A) ranged from a low
of 0.08% indicative of severe deficiency to a high of 0.19%% which

should have been almost adequate for plant growth. The corresponding

range of values from the +8 treatments (Table 21B) was from 0.36%

adequate
to 0,53% indicating e*eegséve S supplye
A
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TABLE 214

*
S Content of Tops - (Harvest I, Nil S Treatment)

SoiloTemp. S content (%)
e
10 17 2k 30 Mear
Soil No. 1 0,172 0,107 |0.,085 0.106 0.118

0,130 0.088 {0,084 0.139 0.110

3 0.160 0.1 10.111 0.192 00151

4 0e122 0.104 } 0,108 0,161 0.124

5 0,158 0.118 {0,139 0.126 04135

6 0,132 0e.112 | 04138 0.153 0.134
Mean 0,146 0.112 {0,111 0.146

L.S.D, soil temp. means -~ 5% = 0,014

001% = 0.02"-}
L.S.D, soil means - 5% = 0.020

* All values in table are the means of four replicates,



™
S Content of Tops ~(Harvest I, + 8 Treatment)

TABLE 21B

171

Soil Tempe

S Content (%)

(°c)

10 17 2k 30 Mean
Soil No. 1 0.385 0.407 Oeltli2 04528 0.490
2 0.486 0.362 0,406 0.528 0446
3 0514 0.362 O.lth2 0,408 O.432
4 0.486 0,400 0.406 0,419 0.428
5 0,467 0.369 0,468 0.456 0.440
6 0,404 0,360 0,488 0.314 04391

Mean 0.490 0,377 O.l42 0.442

L.S.D. soil temp. means - 5% = 0,042

LsS.Da soil means

1% = 0.056
04l% = 0.073
- 5% = 0,052

* A1l values in table are the means of four replicates.
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(11)  Percentage S content of tops (karvest II) ~ At harvest II
differences in the % S content of tops (Tables 22A and 22B) due to
Sy soils, and soil temperature treatments were more clearly defined
than at harvest I, In the nil S treatment soils markedly
influenced (P:0,001) the S content of tops, whereas in the +S
treatment soils had no significant effect, due no doubt, to the

presence of large quantities of available S,

The S contents of tops from the nil S treatments were indicative
of acute § deficiency at 10°, 17° and 24°C, At a soil temperature
of 30°C there was a significant (P<0.001) increase in the % S
content of tops over that measured at 24°C. A1l tops from the
+5 treatments were apparently well supplied with S and most mean S
contents exceeded 0.2%, the level normally indicative of adequate
S supply (Bouma et al. 1969). Significantly higher values at
soil temperatures of 24°C (P<0.05)and 30°C (P<0.001) showed that

these increases in soil temperature resulted in "luxury" S uptake.,

(iii) Percentage S content of roots = In most cases the % S

contents of the roots {alles 234 & B) were much higher thah the correse
ponding values for the tops. ..In some samples small pariiéles of organic
matter were entwined in the roots and these may have caused contamin-
ation. Where top growth was limited by low or high soil temperat-

ures (10°C and 30°C) significantly higher (P<0.001) S contents
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& TABLE 22A

%
S Content of Tops - Harvest II, Nil 8 Treatment )

Soil Tempe S Content (%)
e

10 17 24 30 Mean
Soil Nos 1 0.074 0.064 0.064 0.098 0.075
2 0,077 0.055 0,058 0.092 0.070
3 0.062 0.044 0,052 0.112 0,068
b 0,097 0.078 0,090 0.155 0.105
5 0.086 0.052 0,097 0,161 0.099
6 0.064 0,071 0.063 0114 0.077

Mean 0.077 0.061 0,071 0.122

L.S.De 50il temp. means ~ 5% = 0,014

L.S.D. soil means

1% = 0.019
0,1% = 0,025
- 5% = 0.018

1% = 0,023
0.1% = 00031

* A1l values in table are the means of four replicates.




| ]
S Content of Tops -~ (Harvest II,+ S Treatment)

TABLE 22B

Soil Teups S Content (%)
e)

10 17 24 30 Mean
Soil Noe. 1 0o.2k3 0.233 0.264 | 04,362 06276
2 0,209 0,238 0,194 | 0,334 0.244
3 0.178 0.217 0239 | 04377 04253
4 0.247 06193 06293 | 04252 0,246
5 02k 0.267 | 00325 |0.311 | 04285
6 0.176 0e229 0.243 0,302 0.238

Mean 0.216 0,228 0.260 | 04323

L‘S.D. SOil temp. means = 5% = 09029
1% = 0,039
0:1% = 0,050

* All values in table are the means of four replicates,

174
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TABLE 234

%
S Content of Roots = (Harvest II, Nil S Treatment)

So%%c§empe S Contént (%)
10 17 24 30 Mean
Soil No. 1 0.111 0,086 0.079 0.124 0,100
2 0,074 | 0,084 04071 0:113 | 0.085
3 0.105 | 0.102 0.092 0,180 | 0.120
b 0.104 | 0,123 0,129 0.158 | 0,128
5 0,141 0,107 0.4k 00176 | 0.142
6 0.139 | 0.7111 0.115 0.217 | 0,146
Mean 0.112 | 0.102 0,105 0.161
L.S.D. soil temp, means - 5% = 0,017
1% = 0,023
0+1% = 0,030
L.85.D, s0il means - 5% = 0,021
1% = 0,028
0J% = 0,037

¥ All values in table are the

means of four replicates.




TABLE 23B

*
S Content of Roots ~ (Harvest II;+ S Treatment)

Soi%ogimp S Contgnt (%)
10 17 24 30 Mean
Soil Nos 1 14011 | 0.515 | 0.254 | 04,551 0.583
2 0.635 | 0,44k | 0,421 | 0,499 0,500
3 0.705 | 0,660 | 0.596 | 0.802 0.691
4 12170 | 0,797 0,497 0.818 0,820
5 0,780 | 0.43h 0.567 0.691 0.618
3 04690 | 0.474 | 0455 | 04595 0.554
Mean 0.832 | 0.554 | 0.465 0.659
L,S.D. soil tempe. means - 5% = 0,109
1% = 04145
0.1% = 0.189
L.S.D. soil means - 5% = 0,134
1% = 0,178
01% = 0.231

* Al]l values in table are the

means of four replicates.

176.



177

were recorded in roots. In the nil 8 treatments the differences
due to soil temperature were not as marked except at 30°C, where

a highly significant (P<0.001) increase in the S content of the

roots was observed.

(iv) Plant S uptake - S uptake values of tops tended to reflect
total dry matter yield production,particularly from the +5 treatment.
At harvest I maximum yield and S uptake from both S treatments
occurred at 24°C soil temperature but at harvest II the maximum
yields on the +3 treatments occurred at 17°C and 24°C, S uptake
being slightly higher (Pi0.05) at 24°C,  Results from the nil S
treatment at harvest II deviated from this pattern, and the yields
at 24°C were only slightly better than those at other soil temperat-
ures., By harvest II 804=~S on the nil S treatments had become

more limiting, and at this stage maximum S uptake occurred at 3090

s0il temperature.

S uptake of roots differed markedly between the two S treatments.
In the nil treatment where S was limiting, maximum S content in the
roots occurred at 30°C, whereas in the +S treatment, maximum S
content occurred at 10°C. In spite of 400% to 700% increase in
root S uptake in the +S treatment, only small differences in total

dry matter yield of roots resulted between the two S treatments.
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Pigure 34

The influence of soil temperature on plant S uptake

in the presence and absence of added SO4=-S,
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Total S uptake values were obtained as follows:

TSU = SUT1 + SUT2 + SUR

where TSU Total S uptake

n

SUT1 S uptake tops harvest I

il

SUT2

SUR

S uptake tops harvest II

S uptake roots

i

Patterns of mean total S uptake (Fig. 34) were quite different for
each of the two S treatments. On the nil S treatment S uptake
increased with soil temperature and the increases were larger at
higher temperatures. Total S uptake values from soils of the +§
treatment were much larger than those of the nil treatment, and fo
an exaggerated extent reflected growth responses at the various soil

temperatures.

(a) Soil 8 and S Balance Measurements.

Total S recoveries and total 804=-S recoveries were computed
and analysed. From these quantities it was possible to calculate
net S balance or change in S content of the soil/plant systems, and
net SOA=-S balance. Complementary to the two latter quantities
was a calculation of change or net balance of soil organic S.

Table 2l summarizes the quantities presented in this section and

their method of calculatione



x(so4=«<)H
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TABLE 24

Formulae for Caleculation of S Balances

1

SP +CSOI+=.S)H oooaoo.‘gacl-an-’ooco-o----0---.-.'(1)

£(80,7-8) = 2(80,"~8)y -_(soqz—s)I..,,....,....................,(2)
ISy = 8p + Sgercerrcrcaciiiiiiiiiiieiitiiiiiiiiaiaicaniany(3)
AS T T N 3
AS, = [sy - (80,7-8),,] - s - CURES) I RN )
Where:

2(304=-S)H = Total recovery of so4=-s at harvest

SP = Plant S uptake

(80,™-8); = Soil 50,7-S at final harvest.

A(SO4=—S) = Change in soh=-s for soil/plant system,

(50,7-8); = Initial soil 50, -S.

zSH = Total recovery of S at harvest.

Ss = Total soil S at harvest,

S = Change in S for soil/plant system.

AS = Change in soil organic S.

0
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(1) Net S balance = This quantity is dealt with first since most
of the other items to be presented are components of it.  Although
only single determinations were made of each constituent quantity,
an attempt was made to confirm the findings of pot experiment I

regarding S losses from soil and soil/plant systems, Computations
using equation (4)(Table 24) were made for each pot and mean values

for all treatments are presented in Tables 25 A and B.

S (P<0,001) and soil temperatures (P<0.01) both affected S
balance, but interpretation of the results was complicated by the
significance of the interactions between soils and soil temperatures

(P<0.01) and soils and sulphur (P<0.01).

Under most treatment combinations, net S losses occurred from
the soil and soil/plant systems. A few net S gains were recorded
in the nil S treatment, but these were small in size compared with
the total S involved in the analyses. Since duplicate determin-
ations were not carried out it is possible that these gains were

due to analytical or sampling errors.

Where 8042—5 had been added the mean S losses were much
larger and in several treatments amounted to half of the applied

Se In only one treatment to which S had been added was a net
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TABLE 25A

*

Net S Balance (AS)--(Nil S Treatment)

Soil Temp. mg per pot
e - .
10 17 ok 30 Mean
Soil Nos 1 | ~0.82 +3.84 0,67 ~3,06 ~ 0,18
-2.18 ~1429 -2.77 =l 643 - 2,72
"7025 +3.‘+9 “3.43 -‘Oo"!‘g, - 1.91_.
.b el 7.52'

2

3

b i k65 | -1.29 |-h.64 | -~9.50
5 | -6.28 +3.00. | +1.01 +0.63 - Dokl
6

~1.59 ~1626. | =9.91 ~2.08 - 3,71

Mean ~3.79 +1.,08 =5.07 -3,19

L.S.D. s0il temp. means -~ 5% = L4.14

* All values in table are the means of four replicates.
Positive values indicate net gains and negative values

net losses.
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TABLE 25B,

Net S Balance (AS) - {+8 Treatment)

So%%c§emp mg per pot

10 17 2k 30 Mean

Soil No. 1| =~12.89 | -8,21 = Oh | =22,54 | -1k 42
21 -21.39 | -9.40 ~-14,08 | =21.85 | -16.68:
31 -23.72 | -10.15 | -10.41 |- 8,56 |-13.20°
bi -5.97 | +0.52 |-13.55 | =154 |- 8,39
51 =17.09 | ~13,22 - 8.,55. 1~ 8.74 | -11.89
6] =17.53 | -10.17. | -23.60 | -10.40 |~-15.43

Mean =16,43, | - 8.4h | -14.0h, | -1 b4

L.S.D. soil tempe means = 5% = 5.22 .

* Al) values in table are the means of four replicates,
Positive values indicate net gains and negative values

net losses.
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gain recorded, and this was very small. Smallest losses of S

occurred at 17°C s0il temperature,

(ii)  Change in SO4=-S - These changes were calculated using
equation {2) (Table 24) and for this calculation plant S was
regarded as recovered soq=~s, Mean changes in soqz-s are shown
in isble 26 A and B and it is clearly seen that net accumulatidn
of SO4=—S (indicated by +ve values) occurred in soils of all nil
S treatments, whereas either immobilization or net loss of S

occurred for all +S5 treatments.

Soils significantly affected accumulation of Sth—S in the
nil S treatments, with most SO4=~S being released from soils 4,
5 and 6o Soil temperature had a pronounced effect on accumul-
ation of 804=~S, which increased in both size and significance with

temperature.

Net loss of SO4=-S from the +S treatments was significantly
influenced by soils (P£0.001) and soil temperatures (P<0,001).
Lowest 504=nS losses occurred from soil 4 while the largest losses
measured were from soil 6, Maximum mean SO#=-S loss occurred at
the lowest soil temperature (10°C). There were no significant

interactions between treatments,
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TABLE 264

= = *
Changes in S0, -S (ASQ, "-S) ~ (Nil S Treatment)

(te)

10 17 2k 30 Mean

Soil Nos 1 | +2,96 +4,01 43,73 +5.06 +3.94
+3.20 +3,38 +3468 +6.03 +4,07
+2 .40 +3,46 +3.47 +6.62 +3,99

2

3

L | +3,30 +3.43 +3.86 +8453 +5,03
5 | +3.17 +3.33 +6,08 +8,68 +5.32
6

+2.51 +3.66 +4 .84 +7652 .63

Mean +2.92 +3.55 b +7,07

L.S.D. soil temp. means = 5% = Q.64

1% = 0,84

0,1% = 1.10

L.S.D. soil means., 5% = 0,78
0J1% = 1.04

* A1 values in table are the means of four replicates.
Positive values indicate net gains and negative values

net losses.
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= = *
Changes in S0, =S (AS0, " =8) ~ (48 Treatment)

186,

Soi%ogﬁmp. . mg per pot

0 |- 17} 24 30 Mean
U 80AL  Noe 1| =13.42 | =10.78 | =104k | ~12.44 | ~11.77
21-15499 | = 9495 | -10.74 | =10.83 | ~11.88
31 -15.8% | =10,85 |~ 5.71|~ 846 | -10.21
bi-b,22 § =354 |~ 7.02]~ 767 |~ 5.61
5115469 |-11.80 |~ 8.,40|~ 8.24 | -11,03
6| =17.58 | -12.47 | ~10.30] -12.83 | -13.30

Mean =13479 |- 9.90 |~ 8.77| -10.08

L.S.D, soil temp. means = 5% = 2.46

1% = 3.27

Qe1% = 4,24

L.S.D. s0il means - 5% = 3,01
1% = 4.00

0¢1% = 5.20

* All values in table are the means of four replicatese.

Positive values indicate net gains and negative

values net losses,
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(iii) Total S recovery ~ This quantity was calculated using
equation (3) of Table 24 and the values obtained reflect the total

S status of the soil. As expected both soil and S treatment
significanily (P<0.001) influenced total S recovery. An interesting
result was that there was a significant effect of soil temperature
(P£0.05) on total S recovered from the nil S treatment where best

8 recovery occurred at 1700. This result was indicated previously

by the net S balance valuese.

(iv) Total soil souz-s recovery - Equation (1) (Table 24) was used
4o calculate this quantity which consists of two components, soil
S0, -S and plant S uptake. This quantity was used to calculate

net changes in soil/plant SO#S—S and any variations in it were

reflected in the results discussed previously,

(v) Changes in soil organic S -~ The above quantity was calculated
using equation (5) (Table 24) and since four separate chemical
determinations of soil S were involved in its calculation, the
summation of errors, e¢specially from total S analyses, led to
variable results. Even so, highly significant differences (P<0,001)
due to S treatments were recorded, Added SO#=-S reduced the .size
of changes in the organic S fraction compared with thcose measured

in soils of the nil treatment. Many soils of the +8 treatment,

particularly those at a temperature of 1700, showed slight increases
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TABLE 274

Change in organic sulphur (ASO) - Nil 8 Treatment*

Soil Tempe. ' mg per pot
(%c)

10 17 24 30 Mean

Soil No. 1 -348 -0.2 -t o4 -841 4.1
2 =S5kt 4,7 6.4 | -10.7 -6.8

3 -9.6 o) =6.9 | - 7.1 -5.9

L -840 4.7 -19.5 ~18.0 ~12.6

5 -9.4 0.3 - 5.1 - 8.0 - 5.7

6 <o ~4q9 -14,8 - 9.6 - 8.3

Mean ~647 -2.5 - 955 | ~10.3

L.S.D. soil temps. means - 5% = 4.1
1% = 5.1"‘

L.S.D. soil means ~ 5% = 5,0

* A1l values in table are the means of four replicates,
Positive values indicate net gains and negative

values net losses,




TABLE 27B

x
Change in Organic Sulphur (AS0) ~ +8 Treatment

189.

So%%c?emp, mg per pot |
10 17 24 30 Mean
Soil No. 1 + 045 + 2,6 - 3.6 -10.1 ~2.6
2 -5 | + 0.6 - 3.4 | -11.0 ~4,8
3 - 7.9 | +0.7 - 47 | «0.1 - 3,0
4 -~ 1.8 | + 4.0 - 6.5 | = 6.9 - 2.8
5 - 1.4 | - 1.n - 0,1 | - 0.5 - 0.9
6 0 + 2.3 -13.3 + 2.4 - 21
Mean - 2.7 + 1.5 - 5.3 - L4

* All*values in table are

Positive values indicate net gains and negative

values net losses.

the means of four replicates,
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in organic 8 content, providing an indication that immobilization
was occurring. By contrast, the relatively large reductions

in the organic S contents of soils from the nil § treatment
showed that S--mineralization was occurring, thereby supporting
the total 804=~S recovery results, The lowering of organic S

in the nil treatments was less marked (P<0,01) at 17°C soil
temperature. The biggest loss of soil organic S came from soil
L (P<0.05) but no other differences between soils were found.

Mean changes in soil organic S are presented in Tables 27A and B.

(e) Pasture Development and S Mineralization

Table 17 shows that there was a rapid increase in soil organic
matter following several years under pasture. Even so, soil 5,_i
after 27 years of regular topdressing contained less organic matter
than soil & or 6. It was decided to compare effective S mineraliz-
ation (i.e. SO4=~S accumulation in plants and soil) with total S
accumulation, using this as an index of organic matter accumulation.
Only slight increases in effective mineralization occurred with
increasing organic S content, and the S mineralized was expressed as
a percentage of the total S present, Figure 35 shows percent S
mineralized plotted against total S present in the soil and clearly
demonstrates that as soil S accumulates on Laffer Sand a decreasing

proportion of it is readily mineralizable.



191

_ Figure 35
Proportion of S mineralized from Laffer Sands of
differing organic matter content (expressed as a

percentage of the total S present), assuming no

S lost by volatilization,
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1 Discussion of Results

(a) Soil/plant S Balance

Evidence of S losses from the soil/plant system again
appeared in this experiment. Although, for reasons previously
noted, total S analyses were variable, statistically significant
losses of S occurred from most treatments in the experiment.

The main exception was the nil S treatment at 17°C soil
temperature where a small mean net S gain (1.0 mg/pot) was

recorded,

As in the previous pot experiment, additions of SO#=-S led to
increased loss of S, and for all +S treatments the mean net loss
of S was 13 mg per pot, amounting to one third of that added.

Soil temperaturesother than 17°C had little or no effect on the
size of S losses from either S treatment, but at 17°C there was a

significant.decrease (P<0,001) in the loss.

It was suggested previously, (pot experiment I), that plants
reduced S losses either by dompeting with micro-organisms for
availgble S or through drying and improved aeration. ' Maximum
plant yields occurred at soil temperatures of 17 and 24°C,-

Where scq=-s had been added the percentage S content of plants
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was lowest at these temperatures, suggesting that competition for
available S may have been a reason for increased recoveries of S

at 17°C. However, to be consistent a similar effect should have
been observed at 24°C,  Soil micro-organisms responsible for losses
of S may have optimum temperature ranges different from subterranean
clover. At 24°C they could be more active than at 17°C, thereby
hecoming more competitive, At BOOC the total S uptake was still
high in spite of declining plant yields and losses were similar to
those noted at 24°C.  Plant yields suggest that optimum soil
temperature for subterranean clover growth lies between 17°C and
2400, and an optimum range for soil micro-organisms responsible for

S losses between 24°C and 30°C would explain the effects observed.

(b) Mineralization and Immobilization of S

In view of evidence of S losses, measurements of mineraligation
and immobilization were not possible., Net accumulation or loss of
804=—S were the quantities measured and as such are only indicators
of mineralization or immobilization. The variability of total 8
determinations and their size relative to changes in SOA=-S render
them of little use for these measurements, The use of 353 to
enable the fate of applied S to be traced is described in the

next section.
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Addition of SOQ=—S caused net loss of S, while in all cases
where no S was added, sohz.s accumulation was observed. This
finding is consistent with the results of pot experiment I. A
puzzling result from pot experiment I was the lack of tesponse
in 804:—8 accumulation to soil temperature; over the wider range
of this experiment 5042—8 accumulation increased with increasing
temperature. There was no significant difference between
accumilation at soil temperatures of 10°C and 1700, so it is not
surprising that no response was detected in the previous pot
experiment where the soil temperature ranged from 10°¢ to 20°cC.
Most S0, -S accumulated in the three soils that had been under
pasture longest, but within this group there were only small
differences between the soils in spite of the fact that soils 5
and 6 had been under pasture for 27 and 10 years respectively,
while soil 4 had been under pasture for only 3 years. Those
three soils contained the highest organic carbon contents and
yet had the lowest C:N ratios. This suggests that the organic
matter was closer to a stable equilibrium condition than in the

other three soils,

so4=-s accumulation though significantly higher frow these
soils, than from séils 1,285, was only marginally so in terms of

supplying plant S requirements, and it was shown (Fig. 35) that
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there was a marked decline in the percentage of total S mineralized
as organic S levels rose with lengthening top dressing history.

A logical explanation of this is that the unstable proportion of
recently incorporated organic matter decomposes leaving the
resistant lignified and humified material behind. Over the years
the material resistant to microbial attack accumulates, while .
ennual increments of organic matter containing the easily decomposed
fraction remain relatively constant., The build-up of a large reserve
of resistant material slightly increases the amount of mineralizable
S present, but at the rates of mineralization observed in the
experiment, very large increases in total organic matter content
would be needed to guarantee adequate supplies of soil s04=-s

by mineralization. Furthermore, it was noted that soil 5 with 27
years of pasture history had a lower organic matter content than
either soil 4 or 6, This might be an isolated example, but from

the present experiment, it appears that on these soils there is a
factor limiting organic matter accumulation beyond that corresponding
to a carbon content of about 1.5%, and that soil organic matter may

decline after prolonged periods under pasture.

Inspection of Table 17 shows that the C:N ratios of all soils
were wider than 14:1 in spite of the soils having been under cloyer

pasture. Nitrogen losses by leaching may be one factor limiting
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organic matter accumulations. Limited S supply in superphosphate

coupled with high leaching losses may be another.

It is interesting to note that in this experiment the mean
SO4=—S accumulation from soil 6 (the soil from site of the field
trial and similar to that used for all previous experiments) at
10° and 17°C soil temperatures over 74 days amounted to 2.9% of
the total S originally present, The two soil temperatures chosen
for this calculation covered most of the range measured in the top
5 cm of soil during the field experiment, The equivalent accumu-—
lation over 60 days is 1.8% of the total S present. This may be
compared with values of 1.3% and 1.7% obtained from results of pot
experiment I and the field experiment respectively, Removal of
coarse organic matter containing some relatively fresh material
during the preparation of soil for pot experiment I may be the
reason for the lower value of SOQ=—S accumulation in that
experiment, More of.the coarse organic matter was incorporated
into the soil used in the current experiment, and the initial

total soil S content was higher than for pot experiment I.

(¢) Plant Responses

Plant yield response and S uptake differed between harvests.

In the nil S treatments compensatory effects appeared to operate



between harvests. Yield differences due to soil temperature at
harvest II from the nil S treatments were small. Depletion of
the limited quantities of available S at soil temperatures of

170 and 2470 by harvest I led Vo small yield differences at
harvest II, Presumsbly, having established a root system, plants
at lower soil temperatures were able to utilize the S comserved
during the period of slow development, whiie plants at higher
soil temperatures were dependent on supply by mineralization,.

On no soils examined in this experiment was S mineralization
capable of supplying the S requirement of plants growing at their
optimum soil temperatures. Percentage S contents in the plant

tops of the nil S treatment, regardless of soil or soil

temperature were indicative of S deficiency at both harvests.
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D, Experiments Using -°S Labelled Sulphate

Ts Introduction

Durirg the latter part of the project access to a liquid
scintillation counter made possible the use of radioactive S.
In view of the difficulties in measuring small changes in various
S fractions relative to large backgrounds by chemical methods, the
opportunity was teken to conduct two smsll experiments using 355
labelled sulphate, One experiment was conducted within pot
experiment IT described in section C, and the other was a perfusion
experiment. Both experiments were carried out to test the
possibilities of using labelled S for further studies of this

nature as time did not permit major experiments.

2. So0il/Plant S Balance Using 2280, =S

(2) Scil Preparation and Fertilizer Labelling

The experiment was carried out within pot experiment II.
Soil 6 was chosen for the test since this came from the site of
the field experiment and had been used in all previous experiments.
The soil was prepared as were the other soils in pot experiment II,
except that the fertilizer solution added to the +S treatment
contained approximately e per ml of 353 in the form of sodium

sulphate. This solution was prepared using Na2 35804 from carrier
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free solution containing 10 mec/ml supplied by The Radiochemical
Centre, Amersham, England., A dilute sbtock soluticn was prepared
from the carrier free solution, and an appropriate aliquot was
added to *he fertilizer solution which was then made up to 1 i

In pot experiment II the 50 ml aliquot of fertilizer solution
added to each 1 kg sample of soil contained 40 mg of S as NaESGh,

in this case the aliquot contained 50..c of 35S as well,

(b) Treatments, Management, Harvesting and Chemical Methods

Soil temperature treatments of 10, 17, 24 and 30°C were
replicated four times. Methods of management, harvesting, and
chemical analyses for soils and plants were as described in pot

experiment IT,

(¢) Measurement of Radioactivity

All activity measurements were carried out by liquid scintill-
ation counting using a '"Packard" Liquid scintillation counter
fitted with automatic external standardization. The scintillation

fluid used was prepared by dissolving 100 g of napthalene, 7 g of
PPC G5

BeROP |, and €35g of ROPCP in 1 1 of dioxan. The mixture was
N A

filtered and stored in an amber glass dispensing bottle. In all

cases 0.1 ml aliquots of the samples to be counted were placed in

10 mi. of scintillation fluid.  All counts were made using the 140
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counts

channel and were terminated abt a preset level of 1,000 or 10
A

minutes, whichever came <iz<ie

Counts were carried out on lotal soil S extracts, soil‘SO#g-S
extracts. and digests of plant tops from harvests I and II and
vlant roots. The activity of the fertilizer solution was
determined at the same time as the activities of the soil and
plant extracts. A quenching curve was constructed from counts
obtained using increased volumes of blank extract added to
scintillation bottles containing similar amounts of 355
labelled sodium sulphate. A curve relating automatic external
standardization (A.E.S.) to efficiency was obtained by using a
set of prepared standards yielding 100,000 cpm on the 140 channel
at zero quenching. All experimental countg were corrected from

this curves Results obtained by radiocisotope measurements were

compared with those obtained by chemical methods.

(d)  Results

At the time of counting the specific activity of the SO4=—S
added to the soil was 33.5 cpm per g of S, This was lower
than planned because several previous attempts to obtain counts
had failed, and the extracts had to be held for six months until

a faulty scintillation counter was replaced.
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Since the counts were carried out on samples of extracts
prepared for chemical analysis, the problem of sampling errors
and large dilution factors in the total S extracts was again
apparent when attempting to measure 358 extracted by this method,
Very low count rates, in many cases near to background level,
were obtained from total S extracts and the results from this

section were of no use.

Results from plant material digests and soil s04=-s extracts
were consistent between replicates, and in most cases followed
the same trends as corresponding chemical analyses. Table 28
shows the mean values obtained for the S content of plant material
by chemical and radiochemical methods of measurement respectively.
The complete sets of paired data for tops from harvests I and II
were tested for significant differences using the Wilcoxon signed-
rank test for matched pairs (Siegel 1956). There was no
significant difference between the S uptake of tops at Harvest I
measured by chemical or radiochemical methods. By harvest II
there was a highly significant (P<0,001) difference between the
results of the two methods, and it was apparent that the proportion
of 358 to total Sthat accumulated in tops between harvests I and II
was lower than the proportion of 358 in the SO4=—S present initially

in the soil. Figure 36 shows the mean total S uptake and the
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Figure 36

Total S and 35S contents in tops and roots of
subterrancan clover grown on Laffer Sand

fertilized with 39s04=..s‘,
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proportions of labelled and unlabelled S present in the plant
tops and roots Jor each harvest at each soil temperature.
Roots contained the highest proportion of unlabelled S (mean

value of 40%) found in the plant material.

Soil Sth—S measurements (Table 29) provide an interesting
contrast since all measurements by the radiochemical method
exceeded those made chemically on the same extracts. VWhen a%l
fractions of each set of data (plant and soil) were summed (Table
29) to estimate total 804=—S recovery from the soil/plant system
there was no significant difference (Wilcoxon test) between results
obtained by the two methods. The "overestimate' of soil SOu=fS
obtained radiochemically balanced the corresponding '"underestimate!
of plant S uptake. In spite of internal discrepancies, both
methods failed to recover a quarter of the SO4=-S initially applied.
The proportion of unlabelled S in the plant material provides a
means of calculating the "effective" mineralization (i.e.. that
which supplied S for plant uptake) on this soil. Basing the
calculation on mean results obtained at soil temperatures of 10°
and 17°C, since these cover the range experienced in subterraneen
clover pastures on Laffer Sand during the growing period, it can

be seen that 4.6 mg of unlabelled S/pot (equivalent to 4.6 ppm
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from soil) were taken up during the exporiment. This is 3.3% of

the organic 8§ initially present and it was released over 74 days.

(e) Discussion

Since the S contents of tops at harvest I by radiochemicnl
measurements were similar to those measured chemically, the S
taken up by plants was labelled with a level of activity similar
to that in the applied soh=-s. It follows that the S uptake pn%or
to harvest I came almost entirely from added 804=-S. A small
quantity of unlabelled S was present in tops grown at soil temperatures
of 17, 24 and BOOC indicating that a little mineralization had occurred

at these temperatures.

At harvest II the proportion of unlabelled S present in the tops
grown at all soil temperatures had increased. The proportién
increased with increasing soil temperatures. This confirmed results
previously obtained by chemical measurements on the nil S treatments
(Pot Experiment II), that showed increased mineralization at higher
soil temperatures. At soil temperatures of 17°C and 20°¢c uptake to
the tops at harvest I was two and three times that at 10°C, but at
harvest II, when the 504=-S remaining in the soil of these treatments

was lower, there was a decline in uptake, particularly of 355.



This may be regarded as a compensatory effect due to early
depletion of S supply where high soil temperatures permitted
faster initial growth rates. The large proportion of unlabelled
S found in the roots at the end of the experiment may have been

an artefact due to contamination. The roots were entwined around
small pieces of organic matter, and contamination would have led to
high values of unlabelled S. Error due to contamination does not
change the conclusion from pot experiment II that losses of SQ#=-S
occurred from the scil/plant system, since such an error over-

estimates the final S content of the plant.

Chemical methods measured less SO4=-S in the soil than radio-
chemical methods. This is one of the more important findings of
this experiment, for it shows that not all of the S extracted by
CaCl2 was present in reducible form (i.e. sohz-s). A proportion of
the SOQ=-BSS originally applied to the soil was apparently incarpor-
ated in non-reducible forms. Compounds containing S not deteétable
by reduction with hydriodic acid, including cystine, cysteine,
methionine, vitamin B1, taurine, and glutathione (Freney 1958).
Freney showed that many inorganic compounds containing S in
partially reduced forms yielded low values of S when reduced with
hydriocdic acid. Adsorption of sohz-s to so0il colloids did not

prevent its measurement by the methylene blue method, so that
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adsorption by soil organic matter would not account for the

lowered recoveries of S in this experiment. The evidence suggests
that a proportion of the 35S04==S added to the soil in this experi~
ment had become either fully or partially reduced and may have been
incorporated in aminc acids and microbial protein. Very 1ittle of
the 353 in microbial protein or partially reduced S compounds present
in the Ca012 extracts would have been measured by the methylene blue
method, but it would have been detected radiochemically. The §
present in non-reducible forms at the time of extraction might re-
present only a small proportion of the amount converted since tye
processes involved are likely to be of microbial origin and to have

been continuous in their operatiocne.

The ultimate fate of reduced S is unknown. Reduction to HZS
or the production of volatile organic S compounds leading to losses
of 8 from the soil/plant system or incorporation in soil organic
matter are possibilities., One quarter of the so#z-s originaliy
present was not chemically or radiochemically detectable at the end
of the experiment, showing that transformations to organically bound
unavailable forms or to volatile forms had occurred. Total §
balance measured chemically (pot experiment II) showed that a mean
net loss of 9.5% of the total S originally present, occurred in

this experiment.



The valve of 355 for further studies has been demonstrated
in this experiment, and its use in completely enclosed soil/plant
systems provided with means for trapping volatile products would
enable direct verification ¢f S losses. Using 358 together with
tecimigues such as chromatography and elecirophoresis, identif;c-
ation of intermediate compounds involved in so0il S transformations

should be possibles
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3s  Perfusion Experiment

(a) Materials and Methods

A series of 11 perfusion units similar to those of Audus (1946),
but with ground glass joints throughout, were fijled with 75g (oven
dry basis) of Laffer Sand and 100 ml of test solution. The
compositions of the solutions used are shown in Table 30.  Sulphate
solutions provided a gravimetric concentration of 30 ppm of SO4=-S
in the solls at any instant during perfusion. Solutions containing
SOA=—S were labelled by the addition of a small quantity of Na235804
(to a final activity of approximately O.4 i/.¢c/ml), obtained by
diluting carrier free Naasoh solution from the Radiochemical Centre,

Amersham, England. Sucrose was added to some solutions to test

the influence of readily available energy on microbial transformationse

TABLE 30

Perfusion Experiment Treatments

Perfusion Unit Solution
No.
14 6, 11 Distilled H,0
2,7 Na SO, (112 ppm S)
3, 8 Na80, + 0.2% sucrose
b, 9 0.5% methionine

5, 10 0.5% methionine + sucrose
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Radioactivity was measured by liquid scintillation counting
using the method dessribed previously. Since the counter broke

down the experiment ended earlier than planned,

Three absorber towers (Stotzky 1965) containing 1N NaOH, 3%
mercuric cyanide, and 4% mercuric chloride were connected in that
order to the cutlet of each perfusion unit. All inlet air was
passed through NaOH absorbers to remove S compounds. The units
were loaded and perfusion took place from 29th August 1967 until
2nd October 1967, During this period 9 samplings were taken:
from the perfusate of units containing Na235804, and the activity

remaining in the solution was determined and compared with that

from a reference sample of the original solution stored at-45°C.

On two occasions samples were tsken from the absorber towers
connected to perfusion units containing labelled sulphate. Before
taking these samples the reservoirs were shaken to suspend any
precipitate present. Activities of these samples were determined
in the same way as activities of the perfusates, but breakdown of

the counter prevented analysis of the final sampling.

S compounds likely to be precipitated by mercuric cyanide and

mercuric chloride include sulphides that sublime on heating, thereby
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causing volatile losses and preventing oxidative preparation
é%ranalysiso S—-recovery tests were made on mercuric sulphide
using the oxidation method of Steinbergs et al. (1962) followed
by extraction and determination by the methylene blue method,
Between 90 and 99% of the mercuric sulphide S was recovered

suggesting that the method could be used to measure S compounds

precipitated in the absorbers.
(b) DResults

Only those results of immediate significance to the rest of
the project are presented. Activity measurements showed that little
change in the level of labelled S occurred in perfusion units to
which 35804 alone had been added, but where a metabolizable energy
source (sucrose) was present there was a fall in the activity in
the perfusate (Table 31).
TABLE 31

Recovery of 358 in Perfusates

Mean 354 Recovery (%)
Time (days) Na,S0,, Na,50, + Sucrose

1 100.5 98,2
3 98'9 90«1
5 101.2 92.1
9 95.6 93,7
12 98. 90.1
19 1013 72.2
25 93.5 70.0
30 1011 68.3
24 103.6 69.5




213¢

The falle in activities of perfusates containing sucrose
were not accompanied by increased activities in the absorbers of
thece treatments except in unit 3, In this unit activity from
0.1 ml of mercuric cyanide absorber of 242 cpm was approximately
six times that from a similar blank absorbers Unfortunately no
further counts were obtained and conclusions drawn from this

isolated example would be unreliable.

Wherever methionine was perfused, results similar to those
of Frederick, Starkey and Segal (1957) were observed. Dense white
precipitates appeared first in the mercuric cyanide and later in
the mercuric chloride absorbers. The presence of sucrose hastened
the process. Analyses of the precipitates indicated that between
56% and 75% of the S added in methionine was recovered in the
absorbers after 34 days. Furthermore only traces of S were
detectable in the NaOH absorbers indicating that most of the

volatile S compounds produced were not absorbed in this solution.
(¢) Discussion

Although few significant results were obtained from the
experiment, it was clear that perfusion methods offer possibilities

of examining S transformations in Laffer Sands, Disappearance of
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labelled SO#=~S from the perfusate was demonstrated by a decline
in activity in the presence of sucrose. Volatilization of S
from perfusates containing methionine was demonstrated by the
formaticn of S containing mercurial compounds, when gases from the
perfusion units were passed through mercurial absorbers. NaOH
was shown to be an ineffective absorber of volatile S compounds
that are precipitated by mercuric cyanide and mercuric chloride.
The method of Steinbergs et al. (1962) offers possibilities for
the recovery and determination of S compounds precipitated by
mercury, but further tests need to be carried out using other
materials besides mercuric sulphide. The use of labelled S
compounds together with chromatography and electrophoresis may
enable separation of intermediates from pathways involved in the

production of volatile S compounds in soils.



Iv General Disnussion

Teo types of £ Jeficient soils were proposed by McLachlan
and De Marco (1968). In the first type, S is lost from the sgil/
plant system, mainly by leaching (e.g. Powrie 1967, Barrow, 1966,
Hingston 1959), in the second type, S is not lost, but accumulates
in soil organic matter and is not readily available to plants
(Donald and Williams 1954). Losses of S, applied as fine gypsum,
from the topsoil in the field experiment suggest that Laffer Sand is
in the first category. However, increased organic S contents in
developed soils compared with undeveloped soils in pot experiment II
showed that some applied S is incorporated in organic matter. Both
processes limit S availability in Laffer Sand, thus placing these
solls between the two extremes proposed by McLachlan and De Marco.
The position of any S deficient soil in this classification depends
mainly on soil texture and rainfall, although plant cover and g?azing

(May, Till and Downes 1968) also have some influence.

Leaching of soq=-s from these soils leads to low S uptake by
plants and may limit organic matter accumulation. When phosphate
dressings are lowered to post~development levels of 2 kg per ha
applied bienially, S supply is further restricted. Limited input
of S may be one reason why the accumulation of organic matter seen
in the soils of pot experiment II reached an equilibrium in only

four to seven years after development.
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Balance studies (pot experiments I and II) showed that 8
may be converted to volatile forms and lost from the soil and
soil/plant systems. Many workers have reported disappearance of
504=uS applied to soils (Bollen 1925, Freney and S?encer 1960,
Williams, McKell and Reppert 1964), and the losses not accounted
for by leaching or plant uptake have generally been attributed tc
immobilization. Without total S determinations, it is impossible
to say whether or not immobilization occurred. Results from the
present study suggest the loss of volatile forms of S, as well as

immobilization contribute to the disappearance of SOA=-S from soils.

Losses of volatile S, analogous to denitrification, have long
been accepted, but it is is generally supposed that they occur only
under anaserobic conditions. Frederick, Starkey and Segal (1957)
showed that losses from soils perfused with methionine involved
reduced compounds such as dimethyl disulphide and methyl mercaptan.
Conditions in the soils perfused did not necessarily favour reduction,
for in a similar experiment cysteine was oxidized to sulphate.
Assimilatory processes for the utilization of soh=-s by plants,
animals and micro-organisms involve S reduction and incorporation
in amino acidse Decomposition of amino acids may produce volatile
end products including sulphides and mercaptans. The pathway

postulated for the conversion of SOh=-S into volatile products



(Secticn TIIR 2h) includes only +he main intermediates, but should
be possible in the pressnce of arproprinste micro-~organisms and energy

S0 cese

Barrow (1960a, 1960c, 1961a) was awsre of the possible losses
of volatile S compounds from incubated soils, Using NaOH as an
absorber (Barrow 1961a), he found that small quantities of HZS were
released from all soils examined in an incubation experiment.,

The perfusion experiment in this project showed that where losses
of S8 from soils treated with methionine occurred, most of the §
volatiles passed through NaOH absorbers and were preciptated in

mercuric cyanide and mercuric chloride. st is more likely to be

produced by soil sulphur-reducing bacteria such as Desulfovibrio

and Desulfoto-maculum under anaemebic conditions, whereas organig
disulphides and mercaptans may be released during organic matter
breakdown under aerobic conditions. It is possible that many
attempts to recover S lost by volatilization have been aimed at
the wrong compoundse

As only half of the -8 extracted from soil 6 by CaCl. at the

2
end of pot experiment II was reducible, the applied SO4=—S was

probably being assimilated by micro-organisms and reduced to form
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microbial. protein. Since not all of the added SOq=~S was
recovered from the soil/plant systems, the non-reducible 358

may have been in intermediate compounds involved in immobilize
ation or production of volatiie S compounds. Early termination
of the perfusion experiment prevented conclusions being reached
about the fate of labelled 804=—S added to soils, and further

work using 353 and biochemical techniques is suggested.

In view of evidence of volatile S losses, apparent mineraliz-
ation or immobilization measurements really measure either positive
or negative net S accumulation. Similar implications are involved
with regard to N mineralization, since volatile losses of N occur
following denitrification. Pot experiment II showed that increasing
soll temperatures favoured mineralization of S. While there was
little effect of temperature in the range from 10° to ZOOC? there
was a larger effect at 30009 It appeared that two processes were
involved., Firstly, at lower temperatures normally experienced in
the field, responses were chiefly due to the influence on microbial
activity. Secondly, at higher temperatures, breakdown of labile
organic compounds may have occurred, providing more substrate for
microbial activity oxr even direct release of soq=-sa Increased

extraction of 804:-8 following heating has been noted by Williams



and Steinbergs (1959), The maximum soil temperature recorded
during the field experimert was 2500, and this occurred in 1ate
summer and was accompanied by a rise in Ca012 extractable SO4=-S.
The effset may have been due to drying (Freney 1958) rather than
enhenced micrchial activity. since the soils were dry during this

period,

Plant responses to added S were lower at soil temperatures
of 10°C and 30°C than at 15°C, 17°C and 24°C (pot experiments
I and II), showing that factors other than S supply are likely
to limit field responses during the winter growth period, when
soil temperatures in the root zone are close to 10°¢ (Section
ITIA 2(k))e Temperature may influence subterranean clover
responses through effects on N fixation by Rhizobia and low
metabolic rates within the plant. The results of the pot
experiment suggest that while soil temperatures remain close to
1000, mineralization of S can supply a greater proportiogiélant
S requirements than at higher temperatures. At soil temperatures

from 15°C to 20°C plant growth rates were higher relative to

mineralization than at 10°Ce

Removal of suluble products by leaching increased the

recovery of mineralized S (Section IIIB 4) and this cast doubt
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on the validity of conventional incubation tests. Increased
recoveries may have been due to removal of SOA=~S before
volatilization occurred; this would have been consistent with
findings in the balance studies. Removal of end products of
reversible reactlon, or toxins, could be equally valid reasons
for enhanced § mineralization. The effects of leaching, and
plants, have been shown to influence S transformations and if
these factors, and others, are ignored, erroneous conclusions
may be mades The results of incubation tests at 30°C cannot

be realistically applied to soils under subterranean clover in
the field, SO4=-S release at such high temperatures may be due
to effects other than enhanced microbial activity. The main
value of incubation tests has been to define the chemical and
physical factors affecting S transformations, Extrapolation of

results to field situations is not easye.

There is scope for the study of soil S transformations in
dynamic systems., The use of 358 and biochemical methods should
prove rewarding as little work apart from that of Freney (196Q)

has been undertaken in this field.

Throughout this series of experiments, S mineraligation

has been unable to supply sufficient S to completely alleviate
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plant 8 Jeficiecuncies. Low mineralization rates, and the
apparently small. amount of accumulated organic matter at
equilibrium, coupled with leaching and other losses of 804=—S
keep the S status of Laffer Sands at a low level. Under

current cultural. and fertilizer practices there will be a
continuing need for regular applications of S fertilizer. The
material used should be sparingly soluble and become slowly
available to ensure continued supply during periods of leaching.
Elemental S and gypsum of appropriate particle sizes are the most

promising materials presently available, but further work is

needed to formulate practical recommendationse
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