AN ABSTRACT OF THE THESIS OF

Gary L. Kiemnec

for the degree of

Doctor of Philosophy

in

Soil Science

Title:

Diagnosis of Sulfur Deficiency and Sulfur Fertilization

presented on

October 19, 1983

.

Trifolium subterraneum L.

Redacted for privacy
Abstract approved:

Thomas L. Jackson

Sulfur (S) fertilization of Nangeela subclover (Trifolium
subterraneum L.) was carried out on hill pastures in Western Oregon
to determine the response to different particle sizes of elemental S
and to evaluate indices of S status as they were affected by plant
maturity. At the Roseburg, Oregon site elemental S and gypsum were
applied annually during a four year period beginning in fall, 1974
at 0, 11, 22 and 44 kg S/ha.

Single applications of elemental S

having particle size diameters (mm) of <0.25, S(f), 0.5-0.59, S(mf),
0.70-0.83, S(mc) and 1.00-2.00, S(c) were applied at 88 and 176 kg
S/ha were applied in September, 1974.

All single applications were

evaluated for residual S availability during the following four
years.

In 1975 dry matter yield responses to S fertilization were

small or non-existant.
1977.

All treatments increased yields in 1976 and

Total four year yields for all single applications at 88 or

176 kg S/ha were not significantly different (P=.05).

Coarser

particle sizes (S(mc), S(c)) of elemental S were more effective in
increasing S accumulation in the last two years than in the first
two years, while the reverse situation held true for S(f).
Application of S(mf) resulted in the most constant plant accumulation of S (3.88 kg S/ha/yr) of any particle size.

The S concentra-

tion of subclover leaves and petioles sampled at flowering was only

increased by higher application rates of gypsum and S(f) in 1975.
Coarser materials (S(c), S(mf), S(mc)) were more effective in
increasing S concentration of subclover in each succeeding year.
Chemical analysis of subclover leaves and petioles to determine
indices of S deficiency were successful in identifying certain
indices as being less dependent upon plant maturity than others.
Total soluble S and sulfate-S/total S were least affected,
sulfate-S, total nitrogen (N)/total S and non-protein organic
N/non-protein organic S ratios moderately affected and total S most
affected by plant maturity.

The trichloroacetic acid (TCA) soluble

N fraction was composed mainly of organic N.

The TCA soluble S

fraction was composed of organic S and sulfate-S with the percentage
of organic S increasing with S fertilization.
Nitrogen:S ratios of the protein fraction, (N :S)

,

P

affected by

1) the method of sample handling and extraction and

S fertilization.

The trend towards a decrease in (N:S)

2)

with

increasing S fertilization was demonstrated for all methods of
sample handling and extraction.

It was observed that the (N:S)

of oven-dried plant material was greater than that of freeze-dried
material when both were extracted with TCA.
fresh plant material resulted in lower (N:S)

Ethanol extraction of
ratios than either

TCA extraction.

Oxidation of plant material in a combustion flask followed by a
turbidimetric determination of sulfate-S resulted in higher S
concentrations than dry asking followed by either turbidity or
methylene blue determination of sulfate-S.
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DIAGNOSIS OF SULFUR DEFICIENCY AND SULFUR FERTILIZATION OF
TRIFOLIUM SUBTERRANEUM L.

INTRODUCTION

Subclover (Trifolium subterraneum L.) is a legume commonly
grown on western Oregon hill pastures.

Having originated in the Med-

iterranean area, it is well adapted to the hot, dry summers and
cool, wet winters in western Oregon and provides high quality forage
for cattle and sheep.

Fertilization is critical to maintaining high

levels of forage production.

The amount of soil sulfur (S) is gener-

ally low in western Oregon hill pastures and responses to S fertilization are generally expected.

Before 1970 applications of ordinary superphosphate (0-20-0-10)
generally provided sufficient S; the change to higher analysis phosphorus fertilizers has resulted in an increasing possibility for
widespread S deficiencies, a search for other S sources, and a need
for more precise definition of S requirements.

Sulfur deficiency symptoms in subclover occur as a light green
to yellow coloration of the younger leaves and a general reduction
in top growth; this is essentially a nitrogen (N) or protein deficiency since S deficiency limits metabolism of S-containing amino
acids.

Nitrogen fixation in subclover as measured by N or protein

concentration is substantially reduced by S deficiency (Anderson and
Spencer, 1950; Walker et al, 1956).

Subclover has shown yield responses to gypsum and elemental S
both in Oregon (Jackson, 1972; Drlica and Jackson, 1979) and elsewhere (Metson, 1973; Jones and Ruckman, 1966).

In Oregon the choice

of elemental S is based on the economical advantage of elemental S
over gypsum.

Before plant uptake of S occurs elemental S must oxi-

dize and the rate of oxidation is particle size dependent (Li and
Caldwell, 1966).

Larger particle sizes of elemental S oxidize

slower, thus producing available S at a rate less than that produced
by fine elemental S.

The advantage of larger particle sizes may be
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less frequent applications for adequate fertilization.

The longevi-

ty of S availability of larger particle sizes must be evaluated to
determine adequate but not excessive application rates. Knowledge of
the S availability of different particle sizes would provide a basis
for predicting response from 150 to 200 kg/ha applications of commercial elemental S material that contains a range of particle sizes.
Jones and Ruckman (1969) in California have provided information on
the duration of S availability of larger particle sizes of elemental
S but did not evaluate smaller particle sizes.

Soil analysis (Ensminger and Freney, 1966; Reisenauer et al,
1973) has been used to determine the need for S applications but
suffers the disadvantages of 1) low levels of sulfate
sulfur(S0 -S) in soils and the difficulty of accurate determina4

tion at these low levels and 2) the lack of complete knowledge of
the contribution of the amounts and release rates of SO - S from
4

soil organic S fractions.

An evaluation by Freney and Spencer

(1967) concluded that soil testing was inferior to plant testing.
Determination of plant critical concentrations through plant
tissue analysis can be used to diagnose nutrient conditions (Munson
and Nelson, 1973), but factors influencing these concentrations need
to be evaluated (Bates, 1971).

Plant tissue analysis has been used

to diagnose S deficient situations (Ensminger and Freney, 1966;
Metson, 1973).

Total S concentration, used as a diagnostic indica-

tor by researchers (Jones, 1962; Seim et al, 1969; Spencer, 1978;

Drlica and Jackson, 1979), often varies with plant maturity
(Ensminger and Freney, 1966; Pumphrey and Moore, 1965b). This may
account for the range of values reported in the total S critical
level for subclover. To circumvent this problem other measures of S
deficiency have been investigated.

Sulfate S, SO4-S:total S

ratios and total N:total S ((N:S) ) ratios have been used as diagt

nostic indicators (Jones et al, 1980).

Critical (N:S)

ratios of
t

legumes have been reported to average 17.5:1 (Dijkshoorn and Van

Wijk, 1962) and for subclover to range from 16:1 to 19:1 (Spencer,
1980).

However, (N:S)t values of 25:1 for subclover at adequate
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plant S levels have been observed under Oregon conditions (Drlica
and Jackson, 1979).

The use of (N:S)
t

assumes a constant protein

N:protein S ((N:S) ) of plants which is independent of plant mature

ity and S status.

Investigators have used a variety of chemical procedures to
quantitatively determine S concentrations in plant samples and to extract S fractions from plant samples.

The large number of different

chemical procedures for both oxidation and determination of S is one
indicator of the difficulty of obtaining accurate numbers in S analyses of plant tissue (Beaton et al, 1968).

Additional complications

arise when comparing S fractions which have been derived from different extraction procedures.

Incomplete extraction of nonprotein S in

the determination of (N:S)

has been discussed as a possible

source for discrepancies in reported (N:S)
1977).

ratios (Freney et al,

The small number of papers published in American Society of

Agronomy publications since 1980 is probably a good indication of
the frustration associated with trying to improve these technologies.

This study was undertaken to:
1)

determine critical levels for different S fractions,

2)

evaluate the effect of sample handling techniques on S
fractions,

3)

measure the response of subclover to S applications,

4)

extend the work of Jones and Ruckman (1969) in evaluating
the availability and longevity of different particle sizes
of elemental S and

5)

determine the effectiveness of S fractions in identifying S
deficiency.
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LITERATURE REVIEW

Sulfur Availability in Soils

Organic S comprises the largest reservoir of S in most soils
(Whitehead, 1964).

Organic S is oxidized to SO4-S befbre it be-

comes plant available.

This is accomplished by the combined actions

of a number of organisms: heterotrophic bacteria, actinomycetes and
fungi (Gray and Williams, 1971). The release of SO4 -S from organic

matter is a complex phenomenom and release rates are not well defined (Freney and Stevenson, 1966; Freney and Swaby, 1975).

Sulfur

mineralization has some similarities to N mineralization, but the
C:N:S ratio of the organic fraction of soils does not always indicate that the

released nitrate to released sulfate ratio will cor-

respond to the C:N:S ratio.

If a soil is initially low in SO -S
4

and organic matter low in S content is added, SO4- S will be incor
porated in humus production.

This can occur under pasture condi-

tions where organic matter is accumulating (Walker, 1955).
Inorganic S is the initial source of all S in the soil system.
Inorganic S found as sulfides of iron, copper and nickel in igneous
rocks can be oxidized through natural chemical weathering processes.
Under appropriate environmental conditions, members of the genus
Thiobaccilus are a more important pathway of oxidation of sulfides. Sulfates are found in sedimentary rocks and availability is
controlled, in part, by solubility.

Potassium, magnesium and sodium

sulfates are readily soluble, calcium sulfate is poorly soluble and
barium sulfate is very insoluble.
Sulfate retention in soils is a function of kaolinitic clay mineral content, aluminum and iron oxide content, soil solution ionic
strength and soil pH.

Retention may be a result of 1) electrostatic

attraction (ordinary anion exchange) due to positive charges on silicate minerals or 2) a ligand exchange of SO
4

for hydroxide (or

H 0) on aluminum or iron oxides or edges of silicate minerals
2

(Gast, 1977).

Organic matter may have some influence on the reten-

tion mechanism in soils (Chao et al., 1962).

Lowering the soil pH
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results in greater sulfate sorbtion (Ensminger, 1954; Harward and
Reisenauer, 1966).

Phosphate has greater retention in soils than

SO4 -S and is able to displace SO4 -S from soil colloids (Mehlich,
1981).

Metabolic Requirements of Sulfur
Sulfur had been shown to be an essential element by Sachs and

Knop in Germany in the middle of the 19th century, but its specific
biochemical functions in cell metabolism as a constituent of organic
compounds is a more recent discovery.

After entering the plant as

the sulfate ion, S is consecutively incorporated into amino acids
and proteins

(Kirkby and Mengel, 1978).

Quantitatively, the main

amino acids are cysteine and methionine; homocysteine and cystathionine are present in smaller amounts (Giovanelli et al, 1980;
Thompson et al, 1970).

The ferredoxin proteins are important com-

pounds in the transfer of electrons in the light reactions of plants
and as a reducing agent in the nitrogen fixation process.

They con-

tain S as cysteine and as part of a proposed iron-S linkage (Hughes,
1972).

Another protein, coenzyme A, has a thiol group (-SH) which

reacts with carboxylic acids to form thioethers which are critical
reactive forms in processes such as amino acid synthesis and the tricarboxylic acid cycle.

Other compounds are important S-containing metabolites.

Gluta-

thione, lipoic acid, biotin, sulpholipid and thiamine pyrophosphate
perform essential functions in various cell reactions (Anderson,
1978).

Protein synthesis requires N and S.

Each plant protein has a

genetically determined chemical structure and thus a specific
(N:S)

ratio.

If there is no relative change among different

plant proteins as the plant ages, a constant (N:S)
rial should result.

for plant mate-

When available S is insufficient for plant

needs, non-protein N, mainly in the form of amino acids for legume
species, accumulates and the (N:S)t ratio increases in comparison
to (N:S)

.

When the S supply is in excess, SO4 -S and/or S-amino
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acids accumulate and the (N:S)
t

(N:S)

ratio is lowered in comparison to

.

p

Sulfur Applications and Plant Responses

Acknowledgement that S had been overlooked as a necessary fertilizer was made over forty years ago by Alway (1940).

Although S

fertilizer usage has increased, the importance of S as a fertilizer
is still not universally recognized (Amen and Dixon, 1979).

However, as early as 1923 Powers (1923) noted response of clovers to
S applications on Western Oregon hill pastures.

The responses were

associated with soils derived from basaltic parent material.

More

recent work (Pumphrey and Moore, 1965b; Dawson, 1969) has shown a
variety of Western Oregon soils to be S deficient in a pasture situation.

Basaltic soils in Australia have also been shown to be S de-

ficient (Spencer, 1966).

Applications of S have become more critical as a result of several factors:
1)

Combustion of low-S fuels in place of high-S fuels and
increased pollution controls on low-S fuels.

2)

Decline in the use of S as a fungicide.

3)

Increased yields extracting more S from soils.

4)

Increased use of high-analysis fertilizers and less use of
fertilizers such as ordinary superphosphate (13% S) and
ammonium sulfate (24% S).

Gypsum (CaSO4) has been commonly applied as a source of S.
Although low, the solubility of gypsum is adequate to provide available S for growing plants.

The availability of sulfate from gypsum

may be lost through incorporation into organic matter or via
leaching. The rate at which sulfate is lost through leaching would
be influenced by rainfall and the retention capacity of the particular soil.

Yield responses of legumes to applications of gypsum have been
noted in various parts of the United States (Metson,1973), in
Ireland (Murphy, 1978; Hanley and Murphy, 1970) and responses in
Australia and New Zealand have been summarized (McLachlan, 1974;
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McLachlan, 1975).

In Oregon, responses to gypsum have been observed

on subclover (Jackson, 1972; Drlica and Jackson, 1979) and alfalfa
(Pumphrey and Moore, 1965b).

Annual application rates of gypsum to

achieve maximum yields have been reported for grass/clover pastures
and generally fall in the range of 22-45 kg S/ha (Spencer, 1963;
Bentley and Green, 1954; Jones, 1964; McLachlan and DeMarco, 1968a;
McLachlan and DeMarco, 1968b; McLachlan and DeMarco, 1971; McLachlan
and DeMarco, 1973; McNaught and Chrisstoffels, 1961). Often, these
or higher rates give variable residual responses resulting in increased

yields from one to six years after application (Jones et

al., 1970; Walker and Adams, 1958; McLachlan and DeMarco, 1968;
Bentley and Green, 1954; Spencer, 1963; McLachlan and DeMarco,
1971).

Elemental S has been successfully used to supply S to S deficient legumes (McLachlan and DeMarco, 1968; Bentley and Green, 1954;
Fox et al., 1964; Jones et al., 1970; Jones and Ruckman, 1966).
Oxidation of elemental S is required before accumulation can occur.
The rate of oxidation is dependent upon surface area and in turn,
upon particle size (Attoe and Olson, 1966; Li and Caldwell, 1966;
Burns, 1967; Fox et al., 1964).

Larger particle sizes with smaller

surface area/unit weight have slower oxidation.

This effect of par-

ticle size has been translated into yield differences with application of coarser sizes (particle size diameter = 0.84 - 2.00 mm) in a
field experiment resulting in small or no yield increases in the
first one to three years (Jones and Ruckman, 1969).

Elemental S

having particle sizes of 0.25 - 0.61 mm (diam.) was not as effective
as particle sizes of 0.15 mm or less in increasing the DM yield of
white clover (Weir et al., 1963).

The initial disadvantage of using

larger particle sizes can be offset by a substantial residual value
in later years (Jones and Ruckman, 1969).

Direct comparison of gypsum and elemental S have generally
shown gypsum to be more effective as a S fertilizer than coarser particle sizes of elemental S in the first year of growth, but less effective in subsequent years (Jones and Ruckman, 1966; Jones and
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Ruckman, 1969).

Where more than 70% of the elemental S had a parti-

cle size diameter of 0.25 mm or more, applications of elemental S resulted in less lucerne production than gypsum applications (Ludecke,
1965). If applied early (approximately 6 months before planting or
resumption of rapid pasture growth) elemental S in a flour form or
fine enough to pass a 100 mesh screen is equivalent to gypsum in supplying available S (Jones and Ruckman, 1966).
Rainfall is a complicating factor in field studies comparing
the effects of gypsum and elemental S.

If moisture is too limited

oxidation of elemental S could be restricted (Attoe and Olson,
1966). Under such conditions gypsum is superior to elemental S as a
S fertilizer in the first year (Williams et al., 1964; McLachlan and
DeMarco, 1968a).

Under higher rainfall conditions gypsum and elemen-

tal S perform equally well in the first year (Jones, 1966); succeeding years often show less effect from gypsum due, at least in
part, to leaching of the gypsum (Jones, 1966).

Determination of

what constitutes a leaching environment is difficult.

Sinclair and

Saunders (1982) assigned a value of zero to a rainfall leaching
index if the rainfall was less than 500 mm.

Studies where rainfall

was greater than 760 mm experienced leaching of SO4 from gypsum
(Powrie, 1967; McKell and Williams, 1960).

McLachlan and DeMarco es-

tablished that 410-690 (1971) and 460-690 (1968) mm of rainfall were
non-leaching situations. Western Oregon,

with an average of 1020 mm

or more of annual rainfall, would generally be considered a leaching
environment.

In a grass-clover pasture the effect of added S is different
for each component.

Since grass has a competitive advantage for a-

vailable S (Walker, 1957), situations of S deficiency result in
grass-dominated pastures (Walker and Adams,1958; McLachlan and
DeMarco, 1973).

Sulfur Deficiency - Plant Analysis

Sulfur is present in the plant as sulfate, amino acids, and/or
proteins.

Any of these S fractions or total S may be analyzed to
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diagnose S deficiency.

And as the levels of these S fractions are

subject to change with time and location in the plant (Spencer et
al., 1977; Metson and Collie, 1972), sampling and interpretation of
plant analysis results must recognize these variations.
Total S concentration in plants has been related to yield for a
variety of crops and critical levels or ranges have been established (Ensminger and Freney, 1966; Eaton, 1966).

Plant analysis

for total S has the advantage of being a single analysis, but
suffers from being dependent on plant maturity.

There is apparently

no consistent pattern to changes in S content over time; some
species increase, some decrease and others remain stable in S concentration as they mature (Ensminger and Freney, 1966; Eaton, 1966).
Sulfate-S has been used as a diagnostic indicator of S deficiency (Ulrich et al., 1967; Jones and Martin, 1964; Spencer et al.,
1977; Ensminger and Freney, 1966).

Sulfate-S accumulates in the

plant under conditions where S is more than adequate to meet plant
growth requirements and is incorporated in amino acids and proteins
under S deficient conditions.

The yield of various forage crops has

been related to SO4 -S levels (Metson, 1973; Martin and Matocha,
1973).

However, as with total S, the plant level of SO4-S varies

over a growing season (Jones, 1963; Spencer et al., 1977; Metson,
1972).

Over a shorter time period (0-32 days) SO4-S concentration

is more constant (Jones, 1962; Smith and Dolby, 1977).

The disadvan-

tages of using SO4-S for determining plant S status are generally
low concentrations of SO4 -S for analysis, difficulty in
determining whether all SO4 -S has been extracted (Freney et al.,

1977), or elaborate equipment (Johnson and Nishita, 1952).

If the

Johnson and Nishita procedure (1952) or a similar technique involving reduction via hydriodic acid is used for SO4 -S detection, the

S so reduced is often referred to as "reducible S."
Nitrogen to S ratios have shown promise in the diagnosis of S
deficiency.

Correlations of (N:S)

with yield have been as good
t

as or better than other measures of S deficiency (Smith and Dolby,
1977; Stewart and Whitfield, 1965).

Total N to S ratios appear to
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be less dependent on plant maturity than other measures of S deficienCy (Spencer et al., 1977; Pumphrey and Moore, 1965a).
ing (N:S)
t

to (N:S)

be obtained.

By compar-

ratios an indication of plant S status may

An excess of S would lower the (N:S)

ratio below
t

the (N:S)

ratio thereby indicating adequate S nutrition.

A high

N concentration in the plant would result in a higher (N:S)

ratio
t

thus indicating a false S deficiency.

Excess N would not accumulate

in a legume where N is being provided mainly through N fixation, but
could lead to erroneous conclusions for grass species (Smith and
Dolby, 1977).

As discussed earlier, the theoretical basis of using (N:S)t
is based on the concept of a constant (N:S) . Average (N:S)
ratios of 17.5 for legumes and 13.7 for grasses have been obtained
from a survey of literature data (Dijkshoorn and Van Wijk, 1967).
Other work has supported the concept of a constant (N:S)

ratio

(Freney et al., 1977; Stewart and Porter, 1969; Kelly and Lambert,
1972; Stewart and Whitfield, 1965).

Conversely, there is evidence

that this ratio will decrease with time (Leggett et al., 1966) and
increasing fertilization level (Metson and Collie, 1972; Jones et
al., 1971; Gaines and Phatak, 1982).

In addition to possible ef-

fects of S fertilization, it is conceiveable that many of the discrepancies in reported (N:S)
ent extraction techniques.

ratios are a consequence of differThis has been a problem for researchers

in determining whether the differences in reported (N:S)

ratios

were real or due to incomplete extraction, protein degradation or incomplete precipitation of protein. Several different extraction
methods are:
1)

0.5 gram oven-dried material boiled for 9 minutes with 33ml
of 70% ethanol (ETOH), filtered and washed with ETOH until
100 ml of effluent is obtained (Westerman, 1975).

0.3 gram oven-dried material extracted with 10 ml 0.5%
acetic acid (80°C) for 20 minutes and centrifuged (5 min
at 2500 rpm); tissue was re-extracted with the procedure
(Gaines and Phatak, 1982).
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3)

oven-dried material extracted with 2% acetic acid to obtain
SO4-S; separate sample extracted with 5% TCA to obtain
protein S. No mention of quantities, time or temperatures
(Cairns and Carson,1966).

Variations in extraction times have shown an effect on the
amount of extractable S (Freney et al., 1977).
The effect of plant sampling and handling could influence the
magnitude of S fractions through conversion of protein S to
non-protein S.

Work with phosphorus (P) has demonstrated changes in

phosphate-P values from oven-drying as compared to freeze-drying
(Mayland et al., 1978).

Dry matter can be lost through oven-drying

(Mayland, 1968) or air-drying (Handreck, 1972) and this would affect
the value of any S fraction which is normally expressed on a dry
weight basis.

Using ratios eliminates effects of dry matter loss

(assuming no volatilization of the element in question), but would
indicate any conversion between fractions.

Unpublished results

quoted by Mayland et al. (1978) showed no effect of oven-drying on
SO4 -S/total S ratios.

Determination of S content of any fraction generally consists
of two steps:
1)

oxidation of organic-S to SO4 -S and,

2)

measurement of SO4 -S.

Step one is generally accomplished by either dry ashing, wet
ashing or using a combustion flask (Beaton et al., 1968).

Wet

ashing with nitric and perchloric acids has resulted in underestimation of S content when compared to the combustion flask method of oxidation (Randall and Spencer, 1980).

As with wet ashing, dry ashing

may be critized for being an open system, thus subject to volatilization losses, but problems have also occurred due to incomplete oxidation (Butters and Chenery, 1959).
Most determinations of SO4 -S have employed one of four

methods: gravimetry, turbidimetry, titrimetry or colorimetry (Beaton
et al., 1968).

The methylene blue colorimetric procedure of Johnson
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and Nishita (1952) and various turbidimetric techniques (Beaton et
al., 1968) have been commonly used in plant analysis.

Measures of Sulfur Deficiency in Subclover
Sulfur deficiency in subclover has been observed in Australia
(Spencer, 1978), California (Jones, 1962; Jones, 1964) and Oregon
(Jackson, 1972).

To accurately diagnose the deficiency situation,

plant analysis has been employed.

Total S, SO4-S,

SO -S/total S and (N:S)
ratios have all been used to evaluate
4
t

the S status of subclover (Jones et al., 1980; Spencer, 1978;
Spencer et al., 1977).

Total S concentration has the advantage of a single step analysis and has been used as a diagnostic indicator by researchers
(Bouma et al., 1969; McLachlan and DeMarco, 1968b; Spencer and
Bouma, 1970; Spencer et al., 1977; Jones, 1962).

The range of criti-

cal levels determined by these investigations is rather large, 0.07
- 0.25%.

Comparisons are complicated by differences in environment

(greenhouse versus field), plant part (old and new leaves, petioles, whole plants) and plant maturity (pre-flowering to harvestable).

In field situations levels of total S may increase, decrease

or both in the same season (Spencer, 1978).
independent of S fertilization.

And this is apparently

Different plant parts contain dif-

ferent levels of S (Spencer et al., 1977), thus sampling procedures
should be defined.

In greenhouse studies whole plants are usually

analyzed (Jones, 1962), while field studies generally use whole
plants (Bouma et al., 1969; Spencer, 1978) or leaflets and petioles
(Drlica and Jackson, 1979; Jones and Martin, 1964).

Although field

critical levels may have more practical applicability, variations in
weather can be a problem in identifying critical levels.

A differ-

ence of 0.04% in critical concentrations was noted for two consecutive years by Bouma et al. (1969).

With the advantages of a single analysis and elimination of oxidations problems, SO4 -S has been investigated as a possible indi-

cator of S status (Jones, 1962; Jones, 1963; Bouma et al., 1969).
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Critical concentrations of 140 mg S/kg DM (Jones et al., 1980) and
170 mg S/kg DM (Jones, 1962)

SO4-S have been 'reported for sub-

clover at the flowering stage of growth.

An early season value of

300 mg S/kg DM was given by Bouma et al. (1969).

Sulfate-S concen-

trations generally decrease until flowering (Spencer et al., 1977;
Jones and Martin, 1964), but appear to be more constant during flowering (Jones, 1962).
High levels of SO4 -S in the plant might indicate a luxury con-

sumption situation if the plant had a large amount of total S, but
could be indicative of other nutritional problems if it represented
a large proportion of the total S.

Thus the ratio, SO4 -S/total S,

has been used as a diagnostic indicator for subclover (Jones et al.,
1980).

A critical range of 0.08 to 0.11 for this ratio was as con-

stant or more constant over a 133 day growing period than other
measures of S deficiency (Spencer et al., 1977).
The (N:S)
t

ratio is another measure of S status for subclover

(Jones et al., 1980; Spencer, 1978; Spencer et al., 1977).

A green-

ratio was depen-

house study demonstrated that the critical (N:S)
t

dent on the time of sampling and ranged from 18 to 23 (Jones et al.,
1980).

Clipping also affected the ratio in this study.

A field

study found the critical ratio to lie somewhere between 16 and 19
(Spencer, 1978).

Under the assumption of a constant (N:S)

a simple comparison of (N:S)
ciency/S deficiency.

would indicate S suffi-

to (N:S)
t

ratio,

P

This assumption has held up in one greenhouse

experiment (Freney et al., 1977).

It was noted in this same study

that variations in extraction techniques produced differences in
amounts of extractable S and N compounds.
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MATERIALS AND METHODS

Field Experiment - Roseburg Site
Sulfur was applied as either elemental S or gypsum to an established subclover-grass pasture near Roseburg, Oregon.

This pasture

was composed of Nangeela subclover (Trifolium subterraneum L.) and
several grass species.

This pasture had previously received single

superphosphate (0-20-0-10) at 200 kg/ha in alternate years for approximately ten years.

Under these conditions the pasture would not

be expected to be severely S deficient, thus avoiding the incorporation of large amounts of S into organic matter production which
occurs in severely S deficient pasture situations.

The soil was a

complex of the Nonpareil (member of the fine, loamy, mixed, mesic,
shallow family of Dystric Xerochrepts) and Oakland (member of the
fine, mixed, mesic family of Ultic Haploxeralfs) soil series, both
developed from sedimentary parent material located on lower elevations in the Roseburg area.

Soil depth varied from 40 to 60 cm.

Soil chemical properties are summarized in Table 1.

Rainfall for

the experimental time period is presented in Appendix C-1.

The 1.8

x 6 m individual plots were arranged in a randomized block design
with 5 replications.
listed in Table 2.

Rates of application and particle sizes are
The 11, 22 and 44 kg S/ha rates were applied

annually beginning in fall, 1974. The 88 and 176 kg S/ha rates were
applied in September, 1974 only.

All plots received molybdenum at

1

kg/ha and boron at 2 kg/ha in the first year; phosphorus at 29 kg/ha
was applied each year.

Potassium (K) deficiency symptoms occurred

in the first year and were confirmed by plant analysis.

K was applied annually at 100 kg K/ha.

Therefore,

Annual harvests were taken

for a four year period using a mechanical harvester cutting a 1 m
swath from the center of each plot. Moisture samples were taken to
determine dry matter content.

Dry matter yield data was analyzed

using a split plot in time design and also a randomized block design
for each year.
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Table 1.

Soil chemical properties of the Roseburg site.
Location

Soil

pH

SMP

CEC

Ca

Mg

meq/100g
NonpareilOakland

Table 2.
site.

SW 1/4, Sec 28,
T 26 S, R 4 W

5.8

6.3

PPM---

14.1

7.9

2.2

250

16

Treatments applied to subclover plots at the Roseburg

S source

1

Rates

2

Particle diameter

kg S/ha
gypsum, S(gyp)

11, 22, 44, 88, 176

fine S, S(f)

11, 22, 44, 88, 176

mm

less than 0.25

medium fine, S(mf)

88, 176

0.50 - 0.59

medium coarse, S(mc)

88, 176

0.70 - 0.83

coarse, S(c)

88, 176

1.00

2.00

1 - 11, 22, and 44 kg S/ha applied annually; 88 and 176 kg S/ha
applied in fall 1974 only.
2 - S(f) passed a 60 mesh screen; S(mf) passed a 30 mesh screen but
not a 35 mesh screen; S(mc) passed a 20 mesh screen but not a 25
mesh screen; S(c) passed a 10 mesh screen but not a 18 mesh
screen.
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Plant samples (approximately 25-50g fresh weight) were collected at random from plots at flowering (subclover leaves and petioles) and at harvest (total forage) for each of the four years.
These samples were dried at 70°C for 48 hours analyzed for total S
using a dry ash for oxidation and a turbidimetric technique for
determination (Appendix A).

Sulfur accumulation was calculated for

the four year period and analyzed in the same manner as dry matter
yield.

In 1978 in addition to those samples taken at flowering,
samples were taken approxomately 2 and 4 weeks prior to flowering.
Separate samples from all 3 dates had the following disposition:
1)

placed in paper bags at 25°C for 12 hours, then
oven-dried at 70°C for 48 hours.

2)

o

immediately placed on dry ice (-78 C) for 6-8

hours,

then cooled in a dry ice-acetone mixture and freeze-dried.
3)

five to 20 grams of fresh material was immediately placed
in approximately 25 mls of 70% ethanol and boiled for 5
minutes; 48 hours later the plant material was captured on
filter paper and washed with two 25 ml aliquots of 70%
ethanol.

Residue was oven-dried (70°C).

For oven-dried and freeze-dried material a sample was taken
from each of five replications; for ethanol extraction, samples from
four replications were taken and combined into two samples per treatment.

Oven-dried samples from all 3 sampling dates were ground in a
Wiley mill to pass a 40 mesh screen and were analyzed for total N
via a Kjedahl technique (Jackson, 1958) and for total S via a combustion flask (Appendix A).

A 0.3 gram sample was shaken for 30

minutes in 10 ml of a 5% (w/v) trichloroacetic acid (TCA) solution
after which the solution was filtered and the residue washed with 10
ml of 5% TCA solution and 2 10 ml aliquots of distilled water.

The

residue (protein) was oven dried for 48 hours and ground to pass a
40 mesh screen and analyzed for S using oxidation flasks and turbidity and for N using a micro-Kjeldahl technique (Appendix A).

The ex-
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tract was brought to 50 ml in a volumetric flask.

A 2 ml aliquot

was analyzed for SO4 -S using a methylene blue technique (Appendix
A); a 5 ml aliquot was analyzed for NO3 -N (Appendix A); a 5 ml

aliquot was analyzed for total soluble N (non-protein organic N)
using a micro-Kjeldahl procedure; a 35 ml aliquot was analyzed for
total soluble S (non-protein organic S) by evaporating to near dryness before dry ashing.

The freeze-dried material was treated simi-

larly but only the residue was analyzed for N and S.

Prior to each

extraction for oven-dried and freeze-dried material, the filter
paper was dried in a dessicator for a minimum of 7 days and weighed.
Following the extraction the oven-dried paper plus residue was
weighed to determine loss of dry matter.

The residue from the alco-

hol extraction was analyzed for N and S.

These procedures are

summarized in a flow chart (Figure 1).

Analyses of variance were

computed for all fractions using a strip block in time design
(Appendix B-6).

Sulfur Methodology

Plant samples from the April 27, 1978 sampling at the Roseburg
site were analyzed for sulfur using four different techniques
(Appendix A):
1)

combustion of plant material in an oxidation flask and
sulfate determination via turbidity,

2)

combustion of plant material in an oxidation flask and
sulfate determination via methylene blue,

3)

dry ash combustion of plant material in an oxidation flask
and sulfate determination via methylene blue and

4)

dry ash combustion of plant material and sulfate
determination via turbidity.

Results of comparisons among the four methods led to the selection of method (1) for all subsequent S analyses.

Figure 1.

Flow diagram for sample disposition in 1978.

placed in plastic
bag on dry ice for
12 hours

cooled in dry
ice - acetone

5-20 gr in boiling
70% ETOH for 5 min

fresh tissue

placed in paper
bag for 5-6 hours

filtered and
washed with 2-25m1
aliquots 70% ETOH

Y

Ifreeze-dried

oven-dried at 70°C
for 48 hours

ETCH-insoluble
fraction ovendried at 70°C

placed in dessicator
for 1 week minimum

v
sample analyzed
for total N & S

sample leached
with 5% TCA

protein N and S

sample leached with
5% TCA

TCA insoluble fraction
oven-dried at 70 C

TCA insoluble
fraction

TCA soluble
fraction

11
[protein N and SI

protein
N and S

47r

4
SI

nonprotein
organic N

nonprotein
organic S
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Field Experiment - Corvallis Site
Plots measuring 2.1 x 6.1 m were established near Corvallis,
Oregon on an established subclover-grass pasture and had seasonal S
treatments as gypsum applied for 2 years beginning in fall, 1978.
The treatments are listed in Table 8.

The treatments were replica-

ted 4 times in a randomized block design.

Severe winter kill in 1978-1979 resulted in a grass dominated
pasture with little or no clover.
not taken in 1979.

Plant samples and yield data were

Subclover resumed growth in 1980 from seed natur-

ally present in the soil and a good stand was achieved.

On May 1,

1980 a 50 cm swath was harvested from the center of each plot and
moisture samples taken to determine dry matter yield.

Plant samples

from 3 dates in 1980 were analyzed for total S using oxidation
flasks and turbidity (Appendix A).
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RESULTS

All S applications resulted in increases in four year cumulative dry matter (DM) yield and S accumulation.

Within specific

years the increases in DM yield were variable, whereas S accumulation data were more consistent.

Therefore, S accumulation provides

a better evaluation of the S availability of different particle
sizes of elemental S. Subsequent sections deal with each topic individually - DM yield, S concentration and S accumulation - with a
special focus on S accumulation in comparison of the effects of different particle sizes of elemental S on the availability of S.

In

these sections all references to 88 and 176 kg S/ha refer to single
application in September, 1974 and are not the sum of annual treat
ments.

The plant analysis results for 1978 (Roseburg site) demonstrated an effect of S fertilization on all indices of S status.
However, the effects of plant maturity were not the same on all S
measurements.

Protein N:S ratios were dependent upon method of

sample handling and extraction technique, but regardless of method
were influenced by plant maturity.

All indices and extraction tech-

niques are discussed in detail in later sections.

Field Experiments

Yield - Roseburg Site
In 1975 dry matter (DM) yield increases occurred with application of gypsum at 11, 44, 88 and 176 kg S/ha; application of S(f)
resulted in increased DM yields at 44, 88 and 176 kg S/ha (Table 3).
Coarser particle sizes of elemental S did not affect DM yield.
1976 all treatments were effective in increasing DM yields.

In

Annual

applications of gypsum or S(f) at 44 kg S/ha resulted in the highest
yields, 7.94 and 8.11 metric tons/ha, respectively.

Again in 1977

all treatments were effective in increasing yields.

Highest DM

yields were achieved at 88 kg S/ha of gypum and 176 kg S/ha of S(c).
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Table 3.
Total dry matter forage yield over a four year
period at the Roseburg site as influenced by rate, source
and particle size of sulfur applied annually or as a single
application.
Source

1

Rate

1975

kg S/ha
check

1976

1977

1978 cumulative

metric tons/ha

0

5.11

5.46

3.68

4.88

19.13

11

44

5.80
5.19
5.87

7.52
6.78
7.94

4.99
4.38
5.05

6.77
6.95
7.11

25.08
23.30
25.97

88
176

5.97
5.66

6.41
7.14

5.73
4.99

6.13
6.28

24.23
24.07

11

44

4.81
5.30
5.68

7.06
6.88
8.11

5.52
4.15
5.43

6.17
6.33
7.62

23.55
22.67
26.84

88
176

5.52
5.68

7.35
7.56

5.21
5.39

5.27
5.97

23.35
24.60

S(mf)

88
176

4.68
5.09

7.28
7.29

5.29
4.66

6.18
6.89

23.43
23.92

S(mc)

88
176

5.28
5.18

6.79
6.76

4.98
5.46

5.95
5.91

23.00
23.31

S(c)

88
176

5.45
5.43

7.37
6.47

4.97
5.70

5.22
6.89

23.01
24.48

0.37

0.25

0.26

NS

gypsum

22

S(f)

22

LSD(.05)

2.99

1

11, 22 and 44 kg S/ha applied annually; 88 and 176 kg S/ha
applied in Sept., 1974 only.
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The overall yields in this year were low due to the extremely low
rainfall during the winter period (Appendix C-1).

The clover experi-

enced moisture stress early in the following spring growing season.
The F-test for treatment differences was not significant in 1978.
Gopher infestation adversely affected yield during the last year
this experiment was maintained; plant destruction and dirt mounds
introduced variation in the yield data.

Elemental S at 44 kg S/ha

produced the greatest yield, 7.62 metric tons/ha.
Cumulative data show all single applications to be equal in
their effect on DM yield.

Annual applications of S(f) at 44 kg S/ha

increased cumulative yield more than any other treatment.

At the 5%

probability level, there was equal response within the three annual
rates of gypsum; for elemental S, the highest annual rate was
superior to the two lower rates.

Sulfur Concentration - Roseburg Site
In the first year, sulfur concentration of subclover leaves and
petioles was only increased significantly (P =0.05) by application
of S at 88 or 176 kg S/ha (Table 4).

After 1975 all annual rates

except for 11 kg S/ha in 1976 were effective in increasing the S concentration.

The lack of response in 1975 may have been due to a

moderate K deficiency or less than optimum S applications as evidenced by the increase in S concentration at 88 kg S/ha.

Response

from annual applications of S(f) was similar to response from annual
applications of gypsum.

Single applications of gypsum increased S concentration of
plant samples for the four year period; however, the annual applications were more effective during the third and fourth years.

During

the first year applications of S(f) produced the largest increases,
0.08 and 0.13 per cent for 88 and 176 kg S/ha respectively.
Coarser materials were not effective in increasing S concentration in 1975, but did result in increases in S concentration in 1976
and later.

The largest gains in S concentration from coarser parti-

cle sizes (>S(f)) occurred in the last two years.

In these years
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Table 4.
Total sulfur concentration of subclover leaves and
petioles at flowering over a four year period as affected by
rate, source and particle size of sulfur applied annually or
as a single application.
Source

'Rate

1975

1976

kg S/ha
check

S,

1977

1978

%

0

0.16

0.20

0.13

0.14

11

44

0.17
0.17
0.18

0.20
0.23
0.23

0.15
0.20
0.25

0.18
0.21
0.21

88
176

0.20
0.20

0.22
0.22

0.15
0.16

0.18
0.19

11

44

0.16
0.16
0.19

0.22
0.23
0.24

0.15
0.18
0.26

0.19
0.19
0.23

88
176

0.24
0.29

0.24
0.26

0.17
0.21

0.19
0.22

S(mf)

88
176

0.16
0.16

0.22
0.24

0.18
0.23

0.19
0.25

S(mc)

88
176

0.16
0.16

0.21
0.25

0.17
0.20

0.22
0.20

S(c)

88
176

0.17
0.16

0.22
0.21

0.15
0.17

0.17
0.21

0.03

0.02

0.02

0.03

gypsum

22

S(f)

22

LSD(.05)
1

11, 22 and 44 kg S/ha applied annually; 88 and 176 kg S/ha
applied in fall, 1974 only.
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the S concentration from the S(mf) application was greater than or
equal to any other particle size material.

The S(mf), S(mc) and

S(c) treatments were generally as effective or more effective in
increasing S concentration in 1978 than annual treatments that
hadreceived the same amount of S over 4 years.

Sulfur Accumulation - Roseburg Site
Treatment effects on S accumulation are presented in Table 5.
Cumulative data show that all treatments increased S accumulation,
but distribution of this accumulation over the four year period was
not the same for all treamtents as is evidenced by a significant
treatment by year interaction (Appendix B-2).

In 1975 rates of S(f)

or gypsum above 44 kg S/ha were statistically significant in increasing S accumulation. Except for S(mf) at 176 kg S/ha none of the
coarser elemental S materials were effective (not statistically
significant at P = .05) in increasing S accumulation.

By 1976 and

continuing through the two remaining harvest years, the coarser
particle size materials resulted in increased yields and S removal.
In 1975 the response to application of gypsum the previous fall
was a rate response; application of 176 kg S/ha gave the highest S
accumulation.

In subsequent years the 88 and 176 kg S/ha rates were

less effective than annual rates of gypsum in increasing S accumulation.

Sulfur accumulation in 1975 with application of S(f) was also a
rate response.

Although uptake at 88 and 176 kg S/ha was the

greatest of any treatment in 1975, this represents luxury accumulation.

In each of the three remaining years annual application of 44

kg S/ha of S(f) resulted in the greater S accumulation than either
single S(f) application.

In terms of S accumulation, the single

application of S(f) at 88 kg S/ha was statistically equal to the 22
kg S/ha rate in 1977 and to the 11 kg S/ha rate in 1978.
Of the single applications of elemental S at 176 kg S/ha, S(f)
had the greatest S accumulation in 1975, but the lowest in 1978
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Table 5.
Sulfur accumulation of forage over a four year period
as affected by rate, source and particle size of sulfur applied
annually or as a single application.
Source

'Rate

1975

1976

kg S/ha
check

1977

1978

Cumulative

kg S/ha

0

5.25

2.56

2.74

5.27

15.81

11

5.27
6.12

44

6.73
6.66
8.14

9.84

4.98
7.17
9.10

6.95
6.75
11.77

23.92
26.70
38.85

88
176

10.85
11.19

5.31
7.51

4.95
5.36

7.56
7.94

28.68
31.99

11

22
44

4.91
6.61
7.82

6.08
7.02
12.69

5.29
5.69
11.43

7.24
10.04
15.11

23.52
29.37
47.06

88
176

13.25
17.26

9.10
9.93

6.34
10.47

7.13
9.42

35.83
47.08

S(mf)

88
176

5.85
8.43

6.30
10.43

6.37
7.29

9.55
12.73

28.07
38.88

S(mc)

88
176

6.73
6.66

5.63
5.58

5.31
7.38

12.15
11.39

29.82
31.01

S(c)

88
176

6.77
5.96

4.30
4.24

4.01
5.38

7.89
15.00

22.98
30.58

1.55

1.66

1.61

2.28

3.96

gypsum

22

S(f)

LSD(.05)
1

11, 22 and 44 kg S/ha applied annually; 88 and 176 kg S/ha
applied in fall, 1974 only.
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while the reverse was true for S(c).

The two coarser particle sizes

had their greatest effect on increasing S accumulation in 1978.
Total four year data indicate equal S accumulation for annual
applications of S(f) and gypsum at 11 kg S/ha, but S(f) providing
for greater S accumulation at 22 (not statistically significant) and
44 kg S/ha.

Sulfur accumulation from gypsum application at 176 kg

S/ha was less than the 44 kg S/ha annual rate; however, at 88 kg
S/ha S accumulation was statistically equal to the 22 kg S/ha rate.
A single application of S(f) at 176 kg S/ha was equivalent to 4
years of an annual application of S(f) at 44 kg S/ha.

This treat-

ment showed the largest S accumulation of any single application of
S.

At 88 kg S/ha the 4 year total S accumulation was greater than

the 22 kg S/ha annual rate.

The two finer fractions of elemental S

at 176 kg S/ha resulted in greater S accumulation than the two
coarser fractions.

Statistical evaluation of the single application sources found
there existed a significant source by year interaction (Appendix
B-2). This evaluation of single S applications is more easily visualized by subtracting the check plots and preparing a cumulative
graph (Figure 2 for 88 kg S/ha).

At 88 kg S/ha application of S(f)

resulted in less accumulation in each succeeding year.

Sulfur as

gypsum resulted in a more constant accumulation of 2.42 kg S/ha/yr
averaged over the 4 year period.

Sulfur(mf) also gave a nearly

constant accumulation of 3.88 kg S/ha/yr, large enough that
accumulation was almost equal to that from gypsum in 1978.

Both

S(mc) and S(c) produced linear S accumulation until the last year
when response from both particle sizes increased, especially in the
case of S(mc) which gave the largest response in the fourth year.
The average accumulation for S(c) was 1.88 kg S/ha/yr.

Excluding

1975 the general pattern of S(f) > S(mf) = S(mc) > S(c) for

cumulative S accumulation at 88 kg S/ha emerged.
At 176 kg S/ha (Figure 3) the pattern for S accumulation was
similar to that at 88 kg S/ha with the greatest increase from coarse
particle size during the third and fourth years.

The similarity in
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rate response is demonstrated by the absence of a significant rate
by year interaction (Appendix B-2).

The response from S(f) was

linear until the last year when a decline in the increase over check
occurred.

The single application of gypsum had its greatest effect

in the first two years.

Elemental S(mc) and S(c) produced increas-

ing S accumulation in each succeeding year with the last year resulting in the greatest increases over check.

Excluding 1978 a compari-

son of cumulative S accumulation for elemental S demonstrated the
pattern S(f) >

S(mf) > S(mc) > S(c).

At both 88 and 176 kg S/ha in 1978, the increase in S accumulation over check had decreased or remained constant for S(f) and
S(gyp), while an increase had been noted for S(mf), S(mc) and S(c).

Yield

Corvallis Site

Yields were not statistically influenced by the treatments, although the highest mean yields corresponded to the largest amount of
applied S (Table 6).

Sulfur Concentration - Corvallis Site
Total S concentrations for subclover leaves and petioles in
1980 are presented in Table 6.

The highest rate of fall-applied S

significantly increased percent S over the check plot at the March
third sampling but not at the two later samplings.

The spring

applied S (44 kg S/ha) was broadcast on March 18 and this resulted
in a large increase in S concentration at the later samplings.

This

probably was responsible for the significant treatment X sampling
interaction.

The S concentration after spring S application

remained high for this treatment as compared to other treatments
where the S concentration decreased or remained the same.
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Table 6. Total forage dry matter yield and S content of subclover
leaves and petioles at three dates prior to flowering at the
Corvallis site as influenced by rate and timing of gypsum
applications in 1980.
S level

Fall

Sampling

Spring

March 7

---kg S/ha---

April 15

April 30

DM yield

-mt/ha--

S, %

0

0

0.243

0.267

0.248

4.87

22

0

0.278

0.263

0.262

4.87

44

0

0.283

0.268

0.276

5.21

22

22

-

-

-

5.15

22

44

0.260

0.349

0.365

5.63

LSD
LSD

LSD

.05

(S level

(S
.05

.05

- same or different date): 0.035

level x date): sign. at 0.05 level

(yield): NS
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Chemical Analyses - N and S Determinations

Chemical Methods of S Determination
Sulfur concentrations obtained from three different methods of
analysis are presented in Table 7.

Oxidation by flask or dry ashing

followed by turbidity gave similar results at the two lower rates of
applied S but the flask oxidation method resulted in better S recovery at the high rate of S.

A dry ash oxidation followed by the

methylene blue procedure gave noticeably lower S concentrations when
compared to the other two methods.

The oxidation flask procedure

followed by methylene blue determination of SO4 -S was attempted as

a fourth method but results were inconsistent with approximately 75%
of the samples registering abnormally low S values.

It was suspec-

ted that NO3 -N was present in these samples resulting in low S

values (Johnson and Nishita, 1959).

Since recommended procedures

for eliminating NO3 -N had been followed (Appendix A), this method

was abandoned.

Preliminary work showed that the oxidation flask in combination
with turbidity gave 98% recovery of methionine S; therefore this
method was chosen for further S analyses whenever adequate S was
present.

For total soluble S where a low S content (<0.07% S) was

encountered dry ashing was employed.
is shown in Table 8.

The precision of these methods

The values presented are for individual

samples and, in general, total S is equal to the sum of insoluble S
plus total soluble S.

Insoluble S was corrected for dry matter

losses and is expressed on a per cent of dry matter content before
extraction.

Soluble Fractions

The effects of sampling date and S fertilization on trichloroacetic acid soluble S and N fractions are summarized in Table 9.
Soluble N concentration was not affected by S level but was affected
by sampling date (P=0.05, Appendix B-6).

Average soluble N concen-

tration decreased from 0.72% at the March 30 sampling to 0.55% at
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Table 7.
Sulfur concentration of subclover leaves and petioles on
April 27, 1978 as influenced by method of determination and S
application as gypsum.

Oxidation flask
S level

Field
Replication

and

turbidity

turbidity

kg S/ha
0
0
0
0
0

01
0
0

1

2

3

4
5

1

2
3

4
5

Average:
22
22
22
22
22

1

2
3

4
5

Average:
44
44
44
44
44

Dry ash
and
methylene blue

S, %

Average:
0
0

Dry ash

and

1

2
3

4
5

Average:

0.156
0.134
0.165
0.188
0.155
0.160

0.124
0.160
0.145
0.190
0.164
0.157

0.125
0.117
0.126
0.134
0.135
0.126

0.155
0.146
0.149
0.218
0.120
0.158

0.106
0.140
0.166
0.238
0.090
0.148

0.113

0.217
0.204
0.243
0.202
0.213
0.216

0.162
0.208
0.226
0.206
0.214
0.203

0.168
0.168
0.187
0.180
0.200
0.181

0.252
0.241
0.225
0.231
0.285
0.247

0.172
0.177
0.222

0.202
0.192
0.179
0.154
0.190
0.183

1

S application on this plot by error.

0.246
0.238
0.211

0.144
0.171
0.127
0.139
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Table 8. Comparison of total S, total TCA-soluble S and
TCA-insoluble S at the March 30 sampling, each fraction independently
analyzed.

Field
Total
S level replication soluble S(1)

insoluble
S(2)

kg S/ha
0

1

3

4
5

1

2
3

4
5

44

Total S

0.231
0.227
0.230
0.241
0.210

S, %

2

22

(1)+(2)

1

2
3

4
5

0.025
0.027
0.036
0.023
0.026

0.202
0.196
0.222
0.214

0.227
0.238
0.232
0.245
0.240

0.061
0.050
0.067
0.036
0.059

0.225
0.246
0.232
0.227
0.248

0.286
0.296
0.299
0.263
0.307

0.283
0.282
0.300
0.283
0.304

0.070
0.061
0.064
0.055
0.073

0.226
0.219
0.220
0.240
0.217

0.296
0.280
0.284
0.295
0.290

0.306
0.289
0.290
0.303
0.304

0.211
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Table 9. TCA-soluble N and S fractions of subclover in 1978 as
influenced by sampling date and S fertilization as gypsum.

Sampling date

S level

March 30

kg S/ha
0
22
44

Avg.

April 12

April 27

soluble N, %
0.70
0.72
0.73
0.72

0.51
0.55
0.58
0.55

0.49
0.56
0.51
0.52

soluble NO3 -N, %
0

0.001
0.001
0.002

22
44

total soluble S, mg S/kg DM-0
22

44

270
550
650

650

soluble SO
0

40
240
270

Soluble N:
LSD
(S level): NS
05
LSD
(date): 0.05
LSD
(S level x date): NS
.

Total soluble S:
LSD
(S level): 70
05
LSD
(date): NS
LSD
(S level x date): NS
.

Soluble sulfate-S:
LSD
(S level): 40
05
LSD
(date - at same S level): 35
LSD
(S level x date): NS
.

mg S/kg DM

S

4

22
44

280
510
610

260
480

'

40
160
250

60

180
280
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the April 12 sampling.

The average N concentration on April 27 was

statistically equal to that on April 12.
Nitrate -N was analyzed on the April 27 sampling date and levels

were below 0.003% N and could be disregarded as a significant contribution to the total N present in subclover.
Total soluble S increased with higher S applications.

The sol-

uble S concentration was not statistically influenced by sampling
date (Appendix B-6).
Soluble SO4 -S concentration increased with S application at
each date.

Sampling date had a significant effect on SO4 -S concen-

tration (Appendix B-6) but was significantly different only at the
22 kg S/ha rate.

This was evidenced as a drop from 240 mg S/kg DM

on March 30 to 160 mg S/kg DM on April 12. At 0 and 44 kg S/ha, the
SO4 -S concentration was virtually unchanged over the sampling
period.

Nitrogen Concentrations

Total N concentrations generally increased with increasing
rates of S and decreased as the plants matured (Table 10).

From

March 30 to April 12 the largest decrease, 1.23%, occurred at 22 kg
S/ha.

Nitrogen concentrations for all insoluble fractions also

followed this trend.

The N concentrations of insoluble fractions

were greater than total N concentrations due to loss of soluble components.

This loss reduced the dry matter by approximately

one-third of the original sample in the case of the TCA-insoluble
fractions.

Total N and N

contrations for oven-dried and ethanol
p

insoluble material were affected (P=0.05) by S rate and date of
sampling (Appendix B-6).

Protein N for freeze-dried material was

significantly influenced by sampling date but not by S fertilization.

It should be noted that protein N and S concentrations in

Table 10 and associated analysis of variance tables in Appendix B-6
are based on the percentage in the dried insoluble material.

Table 10. Nitrogen and sulfur concentrations and N:S ratios of subclover and subclover fractions as
influenced by sulfur applications, sampling date, drying procedure and extractant.

TCA insoluble
Total
S level

N

S

freeze-dried

oven-dried
N:S

N

S

N:S

N

S

ETON insoluble-fresh
N:S

N

kg S/ha

S

N:S

X

March 30
0

4.32

0.217

20.0

5.99

0.304

19.8

5.64

0.285

20.0

5.30

0.263

20.2

22

5.12

0.290

17.6

6.54

0.336

19.5

5.95

0.319

18.7

5.73

0.308

18.6

44

4.93

0.298

16.5

6.56

0.339

19.3

6.06

0.318

19.1

5.90

0.349

17.0

0

3.72

0.183

20.4

5.55

0.273

19.9

5.08

0.266

19.0

4.44

0.249

17.8

22

4.01

0.226

17.7

5.99

0.308

19.5

5.14

0.285

18.0

4.90

0.288

17.0

44

4.23

0.263

17.4

6.03

0.323

18.6

5.49

0.312

17.6

5.14

0.304

17.0

0

3.41

0.151

22.8

4.82

0.232

April 27
20.8
4.69

0.230

20.4

4.30

0.218

19.8

22

3.82

0.209

18.2

5.31

0.281

18.9

4.95

0.251

19.8

4.80

0.268

17.6

44

4.12

0.247

16.8

5.80

0.305

19.1

5.33

0.299

17.8

5.03

0.303

16.6

LSD(.05)

0.22

0.020

0.35

0.024

0.40

0.026

0.14

0.018

April 12
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Sulfur Concentrations

Total S concentrations increased with higher S applications and
decreased with time (Table 10).

This was a significant effect

(Appendix B-6).

Insoluble fractions had S concentrations which followed the
same pattern as total S.

Protein S for all extractions were highly

significant for date of sampling and S fertilization (Appendix B-6).
For TCA-insoluble fractions, S concentrations for oven-dried
material were greater than that for freeze-dried.

Sulfur concen-

trations for ethanol insoluble material were less than those for
freeze-dried at 0 kg S/ha for all three dates, but varied in the
same manner as the other fractions at the other two S levels for the
three dates.

Critical Ranges

The variation in 1978 yield data made it difficult to relate
yield increases from application of S to a specific critical level;
therefore, critical ranges were related to yield increases.

These

ranges were obtained by using the value of the particular index at 0
kg S/ha as the low end of the scale and the value at 44 kg S/ha as
the high end of the scale.

The plants at 0 kg S/ha were definitely

deficient (Table 5), thus values near the low end of the range would
be considered S deficient while values at 22 kg S/ha would be considered marginally adequate and values the high end of the range
would be considered S sufficient.
summarized in Table 11.

These critical ranges are

Total S and SO4 -S were were significantly

affected by sampling date; total soluble S was not significantly
affected by sampling date.

For total S the largest drop, 0.08%, occurred at 22 kg S/ha
from March 30 to April 30.

On April 30 the range from low to high,

0.10%, was larger than the range on the other two dates.
Sulfate-S remained relatively constant over time for 0 and 44
kg S/ha; however, a decrease occurred from March 30 to April 12 at
22 kg S/ha.

The range from low to high S status was similar for
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Table 11. Critical ranges of various sulfur diagnostic indices of
subclover leaves and petioles as influenced by sampling date in 1978.

Diagnostic index

Sampling date

Critical range
(low to high)
S, %

Total S

March 30
April 12
April 27

0.22 - 0.29 - 0.30
0.18 - 0.24 - 0.26
0.15 - 0.21 - 0.25
--mg S/kg DM--

Sulfate-S

March 30
April 12
April 27

40 - 240 - 270
40 - 160 - 250
60 - 180 - 280

Total Soluble S

dates NS

270 - 510 - 640
ratios

SO4 -S/total S

March 30
April 12
April 27

0.02 - 0.08 - 0.09
0.09
0.02 - 0.08
0.03 - 0.09 - 0.11

(N: S)

March 30
April 12
April 27

20.0 - 17.6 - 16.5
20.4 - 17.7 - 17.4
22.8 - 18.2 - 16.8
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each date.

The ranges of the ratio, SO4-S/total S, was not drastically
altered by date of sampling and showed S deficiency when SO4 -S was

2-3% of total S and definite S sufficiency when the percentage
reached 9-11%.
The (N:S)
t

ratios increased with time for plants at 0 and 22

kg S/ha, but showed no consistent trend at 44 kg S/ha.

The range

from low to high was wider on April 27 than on the previous two
dates.

Total soluble S at 270 mg S/kg DM represented the low end of
the critical range and 510 mg S/kg DM the high end.

Nitrogen to Sulfur Ratios
Total N:S ratios (Table 10) decreased with increasing rates of
applied S.

At each date the difference between the check and either

rate of sulfur was larger than the difference between the rates of
sulfur.

A highly sifnificant relationship existed between N

and
t

S
t

at all three dates (Table 12).

Protein N:S ratios from oven-dried, TCA-insoluble material, in
general, showed a small decline with added S (Table 10).
tude of this decline increased with plant maturity.
difference between (N:S)

On March 30 the

for 0 and 44 kg S/ha was 0.5, while on

April 27 this difference had increased to 1.7.
material there was a general decline in (N:S)
levels.

The magni-

For freeze-dried

with increasing S

As with the oven-dried fraction, the degree of decline

increased with time.

Ethanol insoluble (N:S)

varied inversely

with increasing S levels for all dates except 44 kg S/ha on April 12
and had the largest decreases in (N:S)
dried or oven-dried material.
showed a decline in the order:

as compared to freeze-

For the most part the (N:S)

ratio

TCA-oven-dried > TCA-freeze-dried >

ethanol insoluble-fresh for all 3 rates and dates except 0 kg S/ha
on March 30.

The relationship between N

and S

was highly

significant for all extractions except TCA on freeze-dried material
on the April 30 sampling (Table 12).
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Table 12.

Linear regression equations relating total N (Nt) to

total S (Sr) for oven-dried subclover leaves and petioles, protein
N (N ) to protein S (S

)

for the TCA insoluble fraction of

oven-dried and freeze-dried subclover leaves and petioles and N
and Sp for the ethanol insoluble fraction of fresh subclover leaves
and petioles at three dates in 1978.

coefficient of
Treatment

determination

equation

March 30

oven-dried

N
t

oven-dried

N

freeze-dried

N

ethanol

N

= 2.54 + 8.40S

0.74
t

= 1.14 + 14.22S
P

**

p

0.70

**

= 1.52 + 11.78S

0.69

= 3.58 + 6.73S

0.84

P
p

**

**

April 12
**

oven-dried

N

oven-dried

N

freeze-dried

N

t

= 2.35 + 7.50S

0.71
t

P

0.76
P

= 0.78 + 14.10S
P

ethanol

**

= 1.04 + 13.60S
P

= 1.48 + 11.92S

N

**

0.74

P

**

0.72
P

April 27
**

oven-dried

N

oven-dried

N

freeze-dried

N

ethanol

N

= 2.42 + 6.72S
t

p
p

t

**

= 1.14 + 12.76S

0.87
P

= 1.70 + 9.46S

p

= 2.36 + 8.90S
P

** - significant at the 0.01 level
* -

0.74

significant at the 0.05 level

*

0.48
**

0.86
P
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Protein N and S concentrations for oven-dried and freeze-dried

material have been corrected for dry matter loss, thus N

and S

relate to concentrations in the original dried tissue before
extraction; N

and S

for ethanol extracted material relate to

concentration in the ethanol insoluble fraction.

See Appendix B-3

for analyses of variance of regression lines.

Total N was plotted against total S for each separate date
(Figure 4).

There are two lines on each graph for each date, one

representing the best fit regression line (points plotted) relating
N

t

and S

for oven-dried material and one representing the best
t

fit regression line for (N:S)

for oven-dried material (points not

plotted).

It can be seen that there is a shift in points from a more
grouped arrangement on March 30 with little separation between the
two S levels to a more scattered arrangement on April 12 and April
30.

line with the (N:S)

The intersection of the (N:S)

line

t

would be the situation of (N:S)
level.

The (N:S)
t

i.e. the critical

= (N:S)
t

P'

ratios at these intersections are 19.0, 18.4

and 18.1 for March 30, April 12 and April 27, respectively.
The ratio of TCA-soluble non-protein organic N to non-protein
organic S was calculated and the effect of sampling date and S fertilization on this ratio is presented in Table 13.

Nitrate-N concen-

tration was extremely low and therefore non-protein organic N was
considered to be equal to total soluble N (Table 13).

Non-protein

organic S was calculated as total soluble S minus SO4 -S.

A large

drop in the ratio occurred from March 30 to April 12 for all rates
of applied S; the decrease was greatest for 0 kg S/ha and the
smallest for 44 kg S/ha.

There was little change in the ratio from

April 12 to April 27. As the level of S fertilization increased, the
ratio decreased at all dates. The difference between 0 and 22 kg
S/ha was greater than that between 22 and 44 kg S/ha for all
sampling dates.
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SULFUR CONCENTRATION, %
Figure 4.

Relationships between total N (N ) and total S (St)
as compared to the relationship between protein N (N )
and protein S (S ) for 3 sampling dates in 1978 from
the Roseburg sitg. Points plotted are for total N and S;
regression lines for N and S are those of Table 12
for oven-dried materia?.
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Soil Reaction

The soil pH of selected treatments was determined in March,
1978.

These results are presented in Table 14.

The greatest reduc-

tion in soil pH in the top 5 cm occurred with S(c) at 176 kg S/ha
(0.3 pH unit).
kg S/ha.

Smaller reductions occurred with S(f) at 88 and 176

Deeper samples showed a diminished effect of S additions

on soil pH.

The ratio of TCA-soluble non-protein organic N to

Table 13.

TCA-soluble non-protein organic S in subclover leaves and petioles
as influenced by sampling date and S fertilization.
Sampling date

March 30

April 12

April 27

0

30

23

22

22

23

17

17

44

19

15

15

S level

kg S/ha

Soil pH values in 1978 as influenced by S application in

Table 14.

1973 and depth of sampling.
Depth (cm)

Sulfur
Source

Rate

0-5.1

5.1-15.2

kg S/ha

0

5.7

5.8

S(f)

88

5.7

5.8

S(f)

176

5.6

5.8

S(c)

176

5.5

5.7

check
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DISCUSSION

Field Experiments

Roseburg Site

The yield responses in 1975, although statistically significant, were small.

Potassium deficiency and/or a moderate S deficien-

cy may have been responsible for the small response.

Except for the

88 and 176 kg S/ha rates of S(f) and gypsum, S concentrations (Table
5) also showed little effect from S treatments in 1975.

For the

remaining three years annual applications of S(f) and gypsum
produced increases in yield with no discernible advantage between
sources.

The F-test for annual sources was non-significant

(Appendix B-1).

While some research (Jones and Ruckman, 1966 and

1977; Jones, 1970; Lobb, 1962; Bentley and Green, 1954) has shown
these sources to be equally effective in increasing grass-legume or
alfalfa yields in the first year after application, other research
(Ludecke, 1965; Weir et al, 1963; Fox et al, 1964; McLachlan and
Marco, 1968) has demonstrated gypsum to be superior.

Work by Fox

(1964) has shown a different response between field and greenhouse
experiments with gypsum increasing yields over elemental S in field
trials, but showing no advantage in a greenhouse study.

Comparison

between studies is made difficult by differences in particle sizes
of elemental S and distribution and amounts of rainfall.

Since it

is known that particle size is critical for oxidation (Burns, 1967;
Attoe and Olson, 1966) it is not surprising to find variable results
with different particle size applications.

In fact, gypsum particle

size may also be an important factor (McLachlan and DeMarco, 1968).
Where rainfall is limited oxidation of elemental S would be restricted but the solubility of larger particle sizes of gypsum would also
be reduced. Where limited rainfall came in the cooler months gypsum
was superior to elemental S in the first year (Conrad, 1950).
Yield results from single applications were erractic and no con-sistent pattern emerged.

All F-tests for sources, rate and
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interactions were non-significant for single applications (Appendix
B-1).

It is interesting to note that gypsum at 88 or 176 kg S/ha

was still effective in 1978.
greater than the check.

Both yield and S accumulation were

This indicates a residual value for gypsum

four years after application.

It was noted that grass had become

more prevalent in the plot area in 1978. Since grass is more
competitive than clover under S stress conditions and is able to
make better use of residual S, the increase in the grass component
may have contributed to forage yield in 1978.

Walker and Adams

(1958) reported increased grass and decreased clover content with an
overall increase in forage yield four years after gypsum applications.

Other investigations (Walker and Adams, 1964; McLachlan and

DeMarco, 1971) have also shown a residual effect from applied
gypsum.

Even if a grass influence was present it should be noted

that the S concentration of subclover was still significantly
increased by gypsum at 88 or 176 kg S/ha in 1978.
Fine elemental S provided more available S than other single
applications over the four year period.

This is supported by the S

concentrations data where a more consistent increase was evidenced
by S(f) and by the S accumulation data where S(f) was as good as or
better than other applications in three out of four years.

Only in

1978 did S(f) fall below other particle sizes in supplying S.

This

may represent the time limit of S(f) to supply adequate S for plant
needs.

The cumulative S accumulation was also the highest for S(f)

at 88 or 176 kg S/ha.

The average accumulation for S(c) was 1.88 kg

S/ha/yr which was between the 0.5 kg S/ha/yr for 44.8 kg applied
S/ha and 5.0 kg S/ha/yr for 448 kg applied S/ha for a similar particle size range reported by Jones and Ruckman (1969) for a subclovergrass pasture in California.

Visual observations in 1980 verified that all single applications showed residual value.

Both S(c) and S(mc) were expected to

have residual value beyond the four year study period.

Maximum

uniform S availability over a four year period from a single
application would be acheived with a mixture of S(f) and S(mc).
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An analysis of variance for S accumulation resulted in several
interactions for annual sources being significant (Appendix B-2).
The source x rate interaction was significant and both annual rate x
year and source x year interactions were highly significant.

Due to

the limited response in 1975 the only significant differences were
within rates for S(f).

Table 15.

Data from 1976 is presented in Table 15.

Sulfur accumulation of forage for 1976 as affected by

rate and source of sulfur applied annually.

Rate
Source

11

22

44

kg S/ha

S(f)

6.08

7.02

12.69

gypsum

5.27

6.12

9.84

LSD (0.05) = 2.00

From this table it can be seen that the rate x source interaction is
a result of a significant difference at 44 kg S/ha only.

Data from

1977 is similar while data from 1978 showed significant differences
at both higher S rates but not at the lowest S rate.

The fact that

significant differences between sources occurred at different rates
for different years underscores the annual rate x year and source x
year interactions.
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Corvallis Site

Yield were not significant but there is an indication that
spring rates are more effective than fall applications.

This can be

seen at 44 kg S/ha in the increased S concentration from 0.260% before S application to 0.349% after S application.
Samples from check plots had high S concentrations, substantially beyond reported critical levels under Oregon conditions (Drlica
and Jackson, 1979).
expected.

At these S levels a yield response would not be

Yields were not as high as those from the Roseburg site

(Table 5 vs Table 8), but the Corvallis site represents a cooler
environment and maximum yield potential would be less than that of
the Roseburg site.

Sample Handling and Chemical Methods

Sulfur Determination
Comparisons of results derived from different S analyses can be
complicated when considering the reliability of various chemical procedures.

Volatile losses associated with dry or wet ashing tech-

niques are minimized or eliminated with the use of oxidation flasks.
In S deficient plant material the use of oxidation flask plus turbidity have approximately equal values with that of dry ash plus
turbidity (Table 3).

At 44 kg S/ha there was incomplete recovery

with dry ash as compared to the oxidation flask.

The dry ash

oxidation in combination with methylene blue determination gave
consistently lower results than those for the other two methods.
The reason for this is unknown.

Critical Ranges

Critical ranges for total S of subclover encompass values for
critical levels at similar growth stages found by other authors
(Spencer and Bouma, 1970; Drlica and Jackson, 1979).

To accurately

assess S status, total S would seem to be a less desirable measure
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due to variation with time and difficulty in interpretation of
growth stage.
The level of SO4 -S, although affected by stage of maturity,

had its only significant drop at 22 kg S/ha from March 30 to April
12 (Table 9).

This may have been the result of an luxuriant S

supply at an early growth stage but as temperatures warmed and plant
growth increased the S supply at this rate was not able to keep pace
with plant growth.

For the same time period the SO4- S level did

not show as dramatic a decrease at 44 kg S/ha.

Sulfur accumualtion

was significantly higher at 44 kg S/ha when compared with 22 kg
S/ha. If SO4 -S is to be used as a measure of S status, an early

sampling may not give an adequate assessment for the entire growing
period.

Jones (1963,1964) found sampling subclover at the flowering

stage to be a better indicator of S status than earlier samplings.
In a greenhouse study (Jones, 1962) a critical level for subclover
was reported to be 170 ppm SO4-S.

Another greenhouse study

(Spencer et al.,1977) demonstrated that 61-day-old plants
(pre-flowering) needed 30 ppm SO4 -S in young leaves and 500 ppm
SO4 -S in young petioles to provide for 90% of maximum yield at 133
days.

In this same study Spencer suggests field critical levels may

be higher than those obtained in the greenhouse.

Comparison of

critical values between field and greenhouse studies must be done
with the understanding of the large and sometimes sudden variations
in the field environment as opposed to the more constant conditions
of the greenhouse.

The environmental effect could be directly on

the plant or indirectly through the N fixation process. Under field
conditions grazing can also be a complicating factor.
Total soluble S was not significantly affected by sampling
date, thus being a good choice for an indicator of sulfur status.
This S fraction was of similar magnitude to values found for alfalfa
and alsike clover by Walker and Bentley (1961).

They indicated that

this fraction was as good as SO4 -S in determing the need for S
fertilization.

The practical disadvantage is the additional step of

extraction before oxidation.
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The TCA-soluble organic S fraction calculated as total soluble
S minus soluble SO4 -S is presented in Table 15.

Comparing these

numbers with those of SO4 -S it can be seen that under conditions
of S deficiency (0 kg S/ha) SO4 -S drops to one sixth to one third

of its level at 22 kg S/ha depending on sampling date while the
organic S fraction decreased only to two thirds of its value for a
similar comparison.

Other work (Spencer, 1959) has also shown

SO -S to be more sensitive to S deficient conditions than the
4

organic S fraction. The relative insensitivity of the organic S
fraction to S status suggests a pool of organic S which must be
satisfied before a similar size SO -S pool can exist.

This pool

4

is likely to consist of cysteine and methionine, two S-containing
amino acids which have been shown to decrease under S deficiency
(Bardsley and Jordan, 1957).
fected by sampling date.

The organic S fraction was not af-

The lack of change with time of the organ-

ic S fraction and its size relative to SO -S resulted in total
4

soluble S being independent of plant maturity for the time period in
this study.

The critical range of SO4 -S/total S was fairly constant as
the plant matured.

Jones (1980) found the SO -S/total S ratio for
4

subclover to be a relatively stable indicator of S status over a 133
day growing period.

In this study 90% of maximum growth was

obtained when SO4 -S represented 8 to 11% of total S.

This is very

close to the range obtained for the 22 to 44 kg S/ha rates in the
present experiment.

The insensitivity of this ratio to plant ma-

turity would make it a good candidate for a diagnostic indicator.
The ratio of organic non-protein N to organic non-protein S,
(NPN/NPS)

org'

has been suggested as a possible indicator of S

status (Metson and Collie, 1972).

If (N:S)

is relatively

constant, changes in (N:S)t which consists mainly of protein N and
protein S would not be as sensitive as (NPN/NPS)
tions in S supply.

org

to fluctua-

Comparing 0 kg S/ha to 22 kg S/ha it can be seen

that a greater sensitivity to S deficiency existed with
(NPN/NPS)

org

(Table 13) than with (N:S)

(Table 10).
t

Since
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Table 16.
Trichloroacetic acid soluble organic S fraction of
subclover leaves and petioles as influenced by sampling date and S
fertilization as gypsum.

Sampling date

S level

March 30

April 12

April 27

kg S/ha
0

230

220

220

22

310

320

330

44

380

400

330
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organic NPS was relatively constant, the drop in (NPN/NPS)

org

from
The

March 30 to April 12 was mainly due to the drop in organic NPN.
organic NPN was insensitive to S fertilization.

Since NPN would be

expected to increase under severe S deficiency, subclover in the
The fact that

check plots experienced only moderate S deficiency.

organic NPN decreased from March 30 to April 12 while organic NPS
did not may be indicative of a lag period of nodulation and N fixation in supplying fixed N during a period of increased growth while
the S supply was increasing at a rate similar to growth.

Nitrogen to Sulfur Ratios
The critical ranges for (N:S)

obtained in this experiment

were similar to values in the literature.

Subclover (N:S)

values
t

of 16:1 to 19:1 under field conditions were given by Spencer (1978)
and 16:1 to 23:1 under greenhouse conditions by Jones et al (1980).
A critical range for (N:S)t of 17:1 to 19:1 for white clover was
A value of

reported by McNaught (1970) under field conditions.
19.3:1 for (N:S)

of subclover was obtained by Freney et al

(1977). For legumes in general, 17.5:1 was the critical value
arrived at by Dijkshoorn and Van Wijk (1962).

In a greenhouse study

Spencer (1978) found the critical (N:S)t to decrease during the
vegetative phase of growth.

This is in agreement with the decrease,

19.0 to 18.1, obtained for the (N:S)t critical level in the
The decrease in the (N:S)t critical level with

present study.

time as determined by (N:S)

= (N:S)

does not follow the

t

increasing pattern with time of (N:S)t for 0 kg S/ha.

Where no S

was applied S concentration decreased faster than N concentration,
thus raising the (N:S)

ratio.

At 22 kg S/ha the declines in N

t

and S concentrations were not as widely different resulting in a
slight increase in (N:S)t.
critical (N:S)

t

A comparison of (N:S)t with the

- 19.0, 18.4, and 18.1 for March 30, April 12, and

April 27, respectively - demonstrated that only plants at 0 kg S/ha
were deficient on March 30 and April 12, but that plants at 0 and 22
kg S/ha were deficient on April 27.

Although there is this slight
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discrepancy between these two methods, both methods do indicate that
S fertilization at 22 kg S/ha is becoming marginal at the latest
sampling date.

The constancy of (N:S)

is a necessity if it is to be used as

a reference point for comparison with (N:S)t.
a highly significant relationship between N

Although there was
and S

(Table 12)

at each date for all three procedures except freeze-dried on April
30, the relationship was not constant.

The F-test for determination

of a difference between regression lines for freeze-dried and
oven-dried material was highly significant for all dates (Appendix
B-5).

Since the sampling procedure was different for ethanol extracFor

ted material a comparison for this material was not attempted.
the (N:S)

ratios obtained via different extraction methods to be

equal and unaffected by S fertilization, all equations would be
This is

required to have equal slopes and pass through the origin.
not the case for the equations obtained here (Table 12).
methods of determining (N:S)

demonstrating

resulted in (N:S)

an inverse relationship to S fertilization.

All

This is in contrast to

some work (Stewart and Porter, 1966; Leggett et al., 1966; Stewart
and Whitfield, 1965), but in agreement with others (Jones et al.,
The decrease in

1971; Westerman, 1975; Metson and Collie, 1972).
(N:S)

could be a result of changing proportions of different

plant proteins.

Work by Mertz and Matsumoto (1956) showed that rela-

tive proportions of cytoplasmic proteins were affected by S deficiency.

Byers (1971) demonstrated that changes in chloroplastic protein

content could occur with age while cytoplasmic protein content
remained relatively constant.

Freeze-dried plant material is more closely related to fresh
tissue than oven-dried material (Smith, 1973), thus a comparison between ETOH and TCA as extractants for (N:S)
be appropriate and informative.

determination would

Protein N:S ratios from the

freeze-dried TCA insoluble fraction were generally
(N:S)

ratios from the ETOH insoluble fraction.

this was a result of a decrease in N while S

greater than the

Mathematically
decreased little
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or none at all when comparing the TCA insoluble fraction with the
ETOH insoluble fraction.

Averaged over all treatments and dates

this decrease equaled 5.9% for N
reasons for this discrepancy in N

and 0.7% for S
values are 1)

precipitation of all protein by ETOH and 2)
of NPN by TCA.

.

Two possible
incomplete

incomplete extraction

Plant proteins have been shown to be hot, ETOH

soluble (Gaines, 1976) while TCA has been considered to be a better
protein precipitant than methyl alcohol (Greenwald, 1915).

Slow

heat coagulation has also been disadvantageous to protein precipitation recovery (Singh, 1960).
(N:S)

In contrast, Byers (1976) reported

ratios of 15:1 for lucerne and 16:1 for lupin when

extracted with 5% TCA - results similar to those obtained using 80%
ethanol as an extractant.

If the (N:S)

ratios obtained by

ethanol extraction were, in fact, the true (N:S)

values a

comparison with (N:S)t should indicate S deficiency and coincide
with yield data.

It can be seen (Table 10) that on April 12 and 27

S deficiency would be predic- ted for 22 and 44 kg S/ha, i.e.,
(N:S)

> (N:S)

.

t

This result appears incongruous and leads to

uncertainty in (N:S)

ratios obtained from ethanol extraction of

fresh tissue.

Oven-dried plant material and freeze-dried material were
handled similarly and were amenable to statistical analysis.

The

result of this analysis showed a significant effect of drying proce-

dure (P=0.05 level) on N
N

and S

and S (Appendix B-7).

The increase in

with oven-dried material as compared to freeze-dried

material was, for the most part, probably due to losses in dry
matter content of the TCA-insoluble fraction.

Incomplete extraction

of NPN and NPS in the oven-dried material could also be responsible
for the increase.

Since the percentage increases (averaged over all

treatments and dates) in N

(8.8%) and S

(5.3%) were not equal,

loss of dry matter cannot be solely responsible for this increase.
If the 5.3% increase in S

represents dry matter loss, then

oven-drying affected the plant material in such a way as to impare
NPN extraction with TCA or directly alter the NPN fraction.

Danley
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and Vetter (1971) found freeze-ground samples to have more water
soluble NPN than oven-dried samples.

Much of the research involved

in extraction of NPN has been done on fresh tissue (Bisset, 1954;
Lewis and Pate, 1973; McKee et al., 1955).

A comparison of fresh

and dried subclover tissue showed equal amounts of extractable NPS
(Freney, 1977); however, the amounts of extractable NPN and NPS have
been shown to be dependent on extraction techniques (Freney, 1977;
Metson and Collie, 1972).

From the significant N interactions of

drying procedure with S rate and sampling date as compared to no init would appear that the protein N fraction is

teractions for S
P'

more susceptible to changes in extraction techniques (Appendix B-7).
The lack of significance for S rates of protein N for freeze-dried
material as compared to that for oven-dried also supports this view
(Appendix B-6).

If dry matter loss occurred to the extent of

causing an 8.8% increase in N

,

may have been hydrolysis and

P'

loss of S

to the TCA-soluble fraction.

Although proteolysis and

amino acid decomposition has been suggested (Handreck, 1972) as a
possible source of confusion for SO4 -S determination, definitive

data is yet forthcoming on protein hydrolysis resulting in a transfer of organic S from protein to an amide fraction under drying
conditions normally encountered in plant analysis.
To observe the relative changes in plant S fractions, the
levels of SO4-S, organic S, and protein S were calculated as
percentages of total S (Table 16).

soluble S and protein S, and S
total soluble S and SO4 -S.

Total S was the sum of total

equaled the difference between

org
For each rate SO4 -S percentages did

not change over time. At 0 and 22 kg S/ha the organic S percentage
increased while protein S decreased with plant maturity.

At 44 kg

S/ha organic S showed no definite pattern over the three dates.
Apparently there is a need for an organic S fraction which will be
fulfilled, even at the expense of protein S.

Soil Reaction

Soil application and oxidation of elemental S results in a
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Table 17.
Sulfur fractions of subclover leaves and petioles as a per
cent of total S as influenced by S fertilization as gypsum and date
of sampling.

S level

SO4 -S

TCA-soluble S
(organic S)

TCA insoluble S
(protein S)

kg S/ha

March 30
0

2

11

22
44

9

10

10

13

87
81
77

April 12
0
22

2

12

86

7

44

9

14
15

79
76

April 27
0

3

22

8

44

11

13
15
13

84
77
76
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decrease in soil pH.

A large reduction in soil pH would have a

negative effect on plant growth.

The lowering of soil pH with

additions of elemental S were not of sufficient magnitude to adversely affect plant growth.

Over four years soil pH decreased only

slightly at the highest rate of S(f), 176 kg S/ha.

In 1978 the

depression of soil pH at 176 kg S/ha was greater with S(c) than with
S(f).

Plant S accumulation with S(c) indicates that oxidation of

this particle size occurred to the greatest extent in 1978 which
corresponds to the decrease in soil pH associated with this
treatment.
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CONCLUSION

Applications of S as gypsum or different particle sizes of elemental S were responsible for increasing DM yields and S accumulation of a subclover/grass pasture during a four year period (1975 Sulfur concentration in subclover leaves

1978) at Roseburg, Oregon.

and petioles were also increased during this period.

An annual

application of S(f) at 44 kg S/ha resulted in the greatest amount of
total DM yield for the four year period.

Single applications of

different particle sizes of elemental S at 88 and 176 kg S/ha in
1974 showed no advantage of any particle size for the four year
total of DM yield.

Particle size did, however, have a large influ-

ence on S concentration of subclover leaves and petioles and S accumulation of forage over time.

Sulfur accumulation at 88 kg applied

S/ha occurred most rapidly in the first two years with S(f), but
with S(mc) in the last year; S(mf) resulted in a constant S accumulation (3.88 kg S/ha/yr).

At 176 kg applied S/ha, S accumulation

occurred most rapidly with S(f) and S(mf) in the first two years,
but with S(mc) and S(c) in the last year.

The S concentration of

subclover leaves and petioles only responded to high S applications
rates (88 and 176 kg S/ha) of S(f) and gypsum in 1975. The greatest
increases in S concentration with coarser materials came in 1977 and
1978.

The overall effect of larger particle sizes having less S

availability than smaller sizes in the first year or two years after
application was observed.

This relationship diminished, and in most

cases, inverted with time.

All 88 and 176 kg S/ha rates were still

effective in increasing yields in 1978.

To avoid yearly applica-

tions in supplying adequate S for a four year period, a single
application of a mixture of S(f) and S(mc) at 88 kg S/ha would be
recommended.

Chemical analysis of subclover leaves and petioles to determine
indices of S deficiency were successful in identifying certain
indices as being less dependent upon plant maturity than others.
Critical ranges were established for all indices.

Total soluble S
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and the SO4 -S/total S ratio were least affected, SO4 -S

(N:S)
t

moderately affected and total S most affected by

and (NPN:NPS)

org
plant maturity. Total soluble S was shown to contain an organic

fraction which constituted >50% of this soluble fraction and was not
influenced by plant maturity.

Total soluble N consisted primarily
This N fraction was

of organic N with virtually no NO3 -N present.

not influenced by S fertilization, but did decrease in concentration
at the second sampling date.

Protein N:protein S ratios of subclover leaves and petioled
were influenced by S fertilization.

This effect was demonstrated

for three different methods of sampling handling and extraction.
Ethanol extraction of fresh tissue was the method which resulted in
the greatest decrease in (N:S)

with increasing S fertilization.

In general the magnitude of (N:S)

ratios followed the extraction

relationship of: TCA oven-dried > TCA freeze-dried > ethonal-fresh.
The difference between TCA oven-dried and TCA freeze-dried (N:S)
ratios was a consequence of a differential increase in N

versus

for oven-dried as compared to freeze-dried residue.

A compari-

S

P

son of N

and S

values for TCA freeze-dried and ethanol-fresh

insoluble material showed the major difference to be in the N
concentrations, thus identifying a difference in NPN extraction or
protein precipitation between the two extractants.

Since (N:S)

was affected by S fertilization and plant maturity the concept of a
constant (N:S)
experiment.

ratio does not apply under the conditions of this

There was a statistically significant (P=0.05) rela-

tionship between N

and S

for all extractions and the relationFor oven-dried mater-

ship was not constant between sampling dates.
ial a regression equation relating N

and S

was used to obtain

critical levels of 19.0, 18.4 and 18.1 for March 30, April

(N:S)
t

12 and April 27, respectively.

Three different chemical methods of determining S concentration
in plant tissue were evaluated with the results demonstrating oxidation in a combustion flask followed by SO4 -S determination via a

turbidity procedure to give the highest S concentration values.

Dry
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ashing followed by a reduction technique for SO4 -S resulted in the
lowest reading for S concentration.
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APPENDIX A
Dry ash oxidation
A 0.5 gram plant sample was placed in a 50 ml beaker to which 2
ml of 70% ETOH and 3 ml of saturated magnesium nitrate solution were
added.

Ethanol was driven off with low heat.

Only 2 ml of

magnesium nitrate solution were added with aqueous samples.

The

o

samples were then ashed in a muffle furnace at 550 C for four
hours.
ash.

After cooling, 10 ml of 3N HCL was added to dissolve the
This solution was filtered into 50 ml volumetric flasks and

brought to volume with distilled water.

Oxidation flask
This method is based on that of Iismaa (1959) with certain
changes as noted below.

The sample size was 50-100 mg.

The

trapping solution consisted of 17 ml of 0.4N KOH and 1.0 ml of 50%
H 0
2 2

and the flask was shaken prior to ignition to coat all

inside surfaces.

After standing one hour after ignition, 2 ml of

7.5N HCL was added and the flask was shaken to coat all inside
surfaces.

An aliquot of this solution was taken for further

analyses.

Turbidimetric procedure for sulfate-S determination
From a dry ash combustion a 10 ml sample aliquot was added to
1.0 ml of a 50% conc. HCL, 50% conc. acetic acid solution and
allowed to stand one hour.

To this was added 1.0 ml of turbidity

solution (0.6 gram gelatin dissolved in 200 ml distilled water to
which was added 4 grams of BaC12), mixed for 15-20 seconds and,
after 30 minutes, was swirled for 5 seconds and read for absorption
at 500 nm.

From combustion in an oxidation flask, a 2.5 ml sample was
taken and spiked with 2.5 ml of an aqueous K SO
2

S/L).

4

solution (5 mg

For blanks, 2.5 ml of blank solution was diluted with 2.5 ml

of distilled water.

For standards, 2.5 ml of blank solution was
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added to 2.5 ml of standard solution.

The same procedure as for dry

ash was then followed except for using 0.5 ml of the HCL:acetic acid
mixture and 0.5 ml of the turbidity solution.

Methylene blue procedure for sulfate-S determination
The method used was based on the technique of Johnson and
Nishita (1952) as modified by the Soil Testing Laboratory at Oregon
State University (1978).

When this procedure was used in conjunc-

tion with dry ashing, aliquots were taken directly from the ashed
solution. When this procedure was used in conjunction with the
oxidation flask combustion, one ml of 1 N HCL was added to a 2.0 ml
sample aliquot in the reduction flask and heated to dryness to drive
off any NO3 -N present.

Two ml of distilled water was then added

to the reduction flask.

Nitrate-N determination
The procedure paralleled that of Technicon (1973) with the
following modifications: 1) the NH C1 reagent was not made with
4

alkaline water, but 0.1 gram of Na EDTA/liter was added to the
2

NH C1 reagent and 2) the column was conditioned with 100 ppm
4

NO3 -N solution for five minutes.

Micro-Kjeldahl technique
Five ml or 100 mg of sample was combined with 1/8 tsp digestion
mix (1000 g Na2SO4, 25 g CuSO4, and 10 g Se powder), 1/8 tsp
thiosulfate and 5 ml conc. sulfuric acid and pre-digested on low
heat for 15-20 minutes.

Then the digestion mixture was refluxed at

high heat (approx. 450 C) for 3 hours or until clear.
the solution was brought to volume.
a Technicon (1976) procedure.

After cooling

Ammonium-N was determined using
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APPENDIX B
Table B-1. ANOVA for dry matter yield of forage for Roseburg site for
four years.
Source

df

Total
Block
Year
Block X Year

Treatment
annual rate Car)
source (s)
ar X s

single rate (sr)
source (s)
sr X s

339
4
3

12
16
2
1

2

1.1889
71.3965
0.5349

3.8171
11.4282
0.8254
0.5549

F-test

**
133.47

**
4.26**
12.75

0.92 ns
0.62 ns

1.2478
0.3501
0.2793

1.39 ns
0.39 ns
0.31 ns

1.2439
1.3430
0.7319
0.4247

1.50 ns
0.82 ns
0.47 ns

12
12

1.2757
1.0967
0.9763

1.42 ns
1.22 ns
1.09 ns

256

0.8963

1

4
4

Treatment X Year
ar X year
s X year
ar X s X year

48

sr X year
s X year
sr X s X year

3

Error

Mean square

6
3
6

** significant at the 1% level
ns
not significant at the 5% level
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Table B-2. ANOVA for S accumulation of forage at the Roseburg site
for four years.
Source
Total
Block
Year
Year X Block

df
339
4
3

12

Treatment
annual rate (ar)
source (s)
ar X s

16

single rate (sr)
source (s)
s X sr

1

2
1

2

4
4

Treatment X Year
ar X year
s X year
ar X s X year

48

sr X year
s X year
sr X s X year

3
12

Error

6
3

6

Mean square

7.4961
174.313
0.7299

238.80

85.906
254.029
22.700
11.931

**
33.75**
99.77**
8.92**
4.68

145.672
76.668
12.501

**
57.22**
30.11**
4.91

23.206
10.373
13.200
3.472

12

3.646
57.178
11.235

256

2.546

** significant at the 1% level
ns
not significant at the 5% level

F-test

**

**
9.11**
4.07**
5.18
1.36 ns

1.434s
22.46**
4.41
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Table B-3. ANOVA for regression of total N on total S and protein N
on protein S for different drying procedures for 3 sampling dates.

Comparisontreatment

Source

df

Mean square

March 30
total
regression

N

vs S

(Even -dPied)

N vs S
(?reeze2dried)

19

residual

18

total

19

regression
residual

18

total
regression
residual

19
18

0.15096
2.24431
0.03467
0.12032
1.76015
0.02921
0.09540
1.30956
0.02795

April 12

1(lOv:n-ied)

vs S
(gven-gied)

N

vs S
(preeteedried)

N

total

19

regression
residual

18

total

19

regression
residual

18

total

19

regression
residual

1

1

18

0.11497
1.58880
0.03291

0.13552
1.95929
0.03421
0.10071
1.42401
0.02720

April 27

N

vs S

(gmen-gied)

vs S
(?ree.e2dried)

N

total

19

regression
residual

18

total

19

regression
residual

18

total
regression
residual

1

19
1

18

0.23535
3.38212
0.06053
0.13486
2.23420
0.01823
0.09969
0.90803
0.05479
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Table B-4. ANOVA for regression of protein N on protein S of the
combination of oven-dried and freeze-dried data and the regression of
N concentration on S concentration of the combination of oven-dried
and TCA insoluble material data for 3 sampling dates.

Combination

df

Source

Mean square

March 30
N vs S
(?reezeE + ovendried)

N vs S
(total + TCA
insoluble)

total

19

regression
residual

18

total

19

1

regression
residual

1

18

0.13659
4.01436
0.03455

0.17380
5.30981
0.03865

April 12
N vs S
(?reeze2 + ovendried)

N vs S
(total + TCA
insoluble)

total

19

regression
residual

18

total

19

1

regression
residual

1

18

0.13902
3.98543
0.03780
0.16328
4.71856
0.04341

April 27
vs S
(?reeze2 + ovendried)
N

N vs S
(total + TCA
insoluble)

total

0.12199
3.37674
0.01364

19

regression
residual

18

total

19

1

regression
residual

0.28294
8.85944
0.05724

1

18

Table B-5. Values of the F-test for comparison of N vs S regression
lines for 3 sampling dates. Mean square values were calculated
according to Neter and Wasserman (1974).

Comparison

March 30

April 12

**

**

* *

freeze-dry (protein) vs
14.23
oven-dry (protein)
**
14.09
oven-dry (total) vs
oven-dry (protein)
significant at the I% level
**

April 27
17.13

13.85

**

**
13.18

11.73

Table B-6.

Source

ANOVA for N and S fractions of subclover.
df Mean square F-test
Total N conc.

block (B)
4
S rate (S) 3
S X B
12
2
date (D)
8
D X B
S X D
6

SXDXB

24

5.796
175.593
6.780
504.415
1.624
8.832
2.371

Mean square F-test
Soluble N conc.

25.90 **
**

310.58

**
3.71

Total S conc.
block (B)
4
S rate (S) 3
12
S X B
date (D)
2
8
D X B
S X D
6

SXDXB

24

0.02443
2.69470
0.05387
2.17132
0.06020
0.04414
0.01840

50.02

**
**

360.68
2.40ns

Protein S (oven-dry)
4
block (B)
S rate (S) 3
S X B
12
2
date (0)
8
D X B
S X D
6

SXDXB

24

0.0008976
0.0111443
0.0006621
0.0167740
0.0001056
0.0005097
0.0003316

**
16.83
**
158.81

1.54ns

ns - not significant at the 5% level
* - significant at the 5% level
significant at the 1% level
**

27.775
35.261
106.664
2470.400
41.712
11.978
29.568

0.33ns
**
59.22

0.41ns

Mean square F-test
Soluble S conc.
1.0602
52.5151
0.8852
0.0447
0.4480
0.6351
0.5007

**
59.32

0.10ns
1.27ns

Protein N (fr-dry)

Protein N (oven-dry)

0.20705
0.80702
0.32027
4.33661
0.04823
0.08895
0.05151

0.39068
1.78362
0.15828
5.88212
0.17492
0.18403
0.06298

2.52ns

**
89.91
1.73ns

Protein N (ETOH)
0.32805
0.72105
0.02885
1.56465
0.03702
0.00256
0.00777

**
24.99
**

42.27
0.33ns

**
11.27

**
33.63
2.93

Protein S (ETOH)
0.000018
0.008675
0.000163
0.002722
0.000021
0.000176
0.000240

**
53.32

**
128.60

0.74ns

Mean square F-test
Total S conc.
2423.33
185698.
2820.00
5180.00
882.08
1871.11
928.75

**

65.85
**
5.87

2.Olns

Protein S (fr-dry)
0.0006572
0.0086195
0.0008413
0.0123662
0.0001285
0.0006722
0.0003610

**

10.25

**
96.24
1.86ns
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Table B-7. ANOVA for protein N and S for the combined data for ovenand freeze-dried material.
Source
df

block (B)
S rate (S)
S X B
date (D)
D X B
S X D

SXDXB

4
3

12
2
8
6

24

drying proc.(DP)
DP X S

3

D P X D

2

DPXSXD
error

1

6

48

Protein S
Mean square
F-test
0.0012606
0.0194141
0.0012449
0.0289322
0.0001684
0.0010113
0.0004962
0.0054675
0.0000035
0.0002077
0.0000171
0.0001983

ns - not significant at the 5% level
* - significant at the 5% level
** - significant at the 1% level

**
15.59

**

171.86
2.04ns

**
27.57
0.02ns
1.O5ns
1.42ns

Protein N
F-test
Mean square
0.52057
2.44231
0.44704
9.97812
0.14894
0.24890
0.07286
5.63333
0.14828
0.24059
0.02410
0.04752

*

5.46
**
66.99
*

3.42

**
118.60**
3.12**
5.07
0.51ns

Table C-1.

Year

Jan.

Rainfall distribution for the Roseburg site for four years.

Feb.

Mar.

Apr.

May

June

July

Aug.

Sept.

2.84
8.38
4.39

0.00
0.33
2.26
8.00

Oct.

Nov.

Dec.

4.65
10.57
0.76
3.71

8.79
11.40
2.77
12.19

16.28
15.47
2.13
14.25

Cm

1974
1975
1976
1977
1978

13.23
14.73
4.01
9.07

13.46
6.91
6.17
9.32

14.15
9.68
8.41
3.61

5.99
3.86
2.24
6.88

2.31
1.73
6.78
1.93

0.38
0.66
1.30

1.88
1.27
0.00

