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Sulfur is a major limiting fac- 
tor in forage production on many 
range soils in California (Martin, 
1958). Leaching loss of available 
sulfur in the form of sulfate 
from slightly acid, coarse tex- 
tured soils has been recognized 
as a problem in fertility manage- 
ment. Gypsum (calcium sulfate) 
is a source of sulfur readily 
available to plants, but is highly 
susceptible to leaching loss 
(McKell and Williams, 1960). 
Elemental sulfur is more slowly 
available since it must be oxi- 
dized, usually microbially, to sul- 
fate before becoming usable by 
plants. Elemental sulfur also is 
less susceptible to leaching. 

A series of lysimeter studies 
was started at the San Joaquin 
Experimental range in the Sierra 
Nevada foothills 25 miles north 
of Fresno, California, in 1957. In 
the first year of study, various 
rates of gypsum labeled with sul- 
fur-35 were applied, and the 
subsequent distribution of na- 
tural and applied sulfur was de- 
termined in the plants, soil, air, 

1Contribution of the Department of 
Agronomy, University of California, 
Davis and Riverside, with the co- 
operation of the Pacific Southwest 
Forest and Range Experiment Sta- 
tion, Forest Service, USDA. 

rain and percolate during a sea- 
son of above-normal rainfall. 
Percolating water carried 77 per- 
cent of the applied sulfur out 
of the root zone by the end of 
the season (McKell and Wil- 
liams, 1960)) most of it being lost 
before rising temperatures per- 
mitted appreciable growth of the 
seeded clover (McKell and Wil- 
son, 1963). 

Lobb and Bennetts (1957) have 
recommended the use of elemen- 
tal sulfur in preference to gyp- 
sum in sulfur-deficient soils of 
New Zealand in which excessive 
leaching occurs. Hence, an ex- 
periment was initiated to com- 
pare elemental sulfur and gyp- 
sum as sources of sulfur on an 
annual-range soil in an environ- 
ment typical of much of Califor- 
nia’s foothill range country. Sul- 
fur-35 was used to distinguish 
the applied sulfur from naturally 
occurring sulfur. 

Methods 

The lysimeters, soil, and gen- 
eral procedures used in this 
study were the same as those 
described in detail for the first 
experiment (McKell and Wil- 
liams, 1960) . In brief, the experi- 
ment was conducted on Vista 
sandy loam soil in lysimeters six 
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feet in diameter and two feet 
deep. Major soil characteristics 
were pH 6.2, cation exchange 
capacity 4.16 me./lOOg., and or- 
ganic matter 0.6 percent. At the 
conclusion of the first experi- 
ment the lysimeters were di- 
vided into three stratified groups 
based on their residual sulfur 
content, with each replication of 
the treatments assigned to a 
group of lysimeters and the 
treatments randomly assigned 
within the replicate. The treat- 
ments comprised control, finely 
ground elemental sulfur applied 
at the rate of 60 pounds per acre 
and gypsum at 300 pounds per 
acre to obtain equivalent sulfur2. 
The treatments were applied, 
and the lysimeters seeded to rose 
clover (Trifolium hirtum All.), 
in October 1958. Yield, percolate, 
and precipitation were sampled 
over a three-year period. 

Results 
Clover Response 

During the series of relatively 
dry years in which this study 
was conducted, clover produc- 
tion was influenced greatly by 
the amount and distribution of 
rainfall. No yield response to sul- 
fur or gypsum application was 
detectable in 1959 or 1961 when 
rainfall was very limited (10.42 
and 12.36 inches in the respective 
seasons, Figure 1). Dry-matter 
production was 1,000 pounds per 
acre or less regardless of treat- 

2The authors wish to express grati- 
tude to the Fertilizer Investigations 
Research Branch, ARS, USDA, for 
preparing the radioactive sulfur 
carriers and to J. E. Ruckman, As- 
sociate Specialist in Agronomy, 
UCD, for aid in the chemical and 
radiological analyses. 
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Table 1. Yield and sulfur content of rose clover following application of 
elemental sulfur and gypsum in autumn 1958. 

Treatment 1959 1960 1961 

Control 
Elemental S 
Gypsum 

Control 
Elemental S 
Gypsum 

Control 
Elemental S 
Gypsum 

---_ (Pounds per Acre) - - - - 
340 3,120’ 620 
410 4,490 990 
580 4,240 1,040 
---_ (Total sulfur percent) - - - - 

0.09 0.05” 0.06” 
.lO .lO .ll 
.26* .lO .ll 
- - (Sulfur from fertilizer percent) - - 

0 0 0 
40 51 26 
55” 56 26 

*Value significantly different (five percent level) from other treatment 
means in the same year (zero values were excluded from the analysis of 
variance). 

ment (Table 1). In 1960, the sec- 
ond year after application of the 
fertilizer, both the elemental sul- 
fur and gypsum increased yield 
by approximately 1,000 pounds 
per acre over the control yield of 
3,100 pounds per acre. Substan- 
tial rain the previous September, 
along with adequate rain in 
March and April 1960 (seasonal 
total 15.54 inches, Figure l), 
made moisture conditions more 
favorable than in 1959 and 1961, 
thus permitting the expression of 
a sulfur response. 

During each year of the ex- 
periment, the sulfur percentage 
in the rose clover at harvest time 
(bloom stage) was influenced by 
treatment. In 1959 the clover 
grown on the gypsum-treated ly- 
simeters contained almost three 
times as much sulfur as either 
the control or elemental sulfur 
treatments (Table 1). In the re- 
spective treatments the propor- 
tion of total sulfur derived from 
gypsum was significantly greater 
than the sulfur obtained from 
the elemental sulfur applied. In 
1960 and 1961 the sulfur per- 
centage in the clover produced 
on lysimeters treated either with 
gypsum or elemental sulfur was 
nearly double the sulfur percent- 
age in the controls. The propor- 
tion of sulfur in the plants from 
the two sources was not signifi- 
cantly differ en t , but declined 

from a range of 48 to 56 percent 
in 1960 to 24 to 26 percent in 1961. 

Loss of Sulfur by Percolation 
Percolation of rain water 

through the soil columns 
amounted to 2.5, 2.4, and 1.7 
inches in the first, second, and 
third seasons, respectively. The 
only major loss of sulfur during 
this period occurred in the first 
year when 16.0 pounds per acre 
appeared in the percolate of the 
gypsum treatment (Figure 2). Of 
this loss 65 percent came from the 
gypsum, but this amounted to 
only 17 percent of the total of 61.1 
pounds of sulfur per acre applied 
in the gypsum. The loss from the 
elemental sulfur treatment due 
to leaching in the first year 
amounted to only 3.9 pounds of 
sulfur per acre, of which less 
than one pound was from the ap- 
plied total of 59.7 pounds per 

acre. The loss of sulfur from the 
controls amounted to 3.5 pounds 
per acre for the same interval of 
time. 

Sulfur Balance Sheet 

A sulfur balance sheet was 
constructed for each treatment 
using the data collected for addi- 
tions to and losses from the soil 
columns (Table 2). Additions 
considered were from the fer- 
tilizer treatments and from rain. 
Previously it has been shown 
that additions of sulfur from air 
contact and seed are negligible 
(McKell and Williams, 1960). 
Losses were from clover re- 
moved and deep percolation. 

Total sulfur addition from 
rainfall over the three-year pe- 
riod was 8.7 pounds per acre. 
Sulfur removal in the clover for- 
age amounted to: control 2.3, ele- 
mental sulfur treatment 5.1, and 
gypsum treatment 6.0 pounds per 
acre. Sulfur lost in percolating 
water amounted to: control 4.7, 
elemental sulfur treatment 9.5, 
and gypsum treatment 22.0 
pounds per acre. It was calcu- 
lated by difference that sulfur 
was retained by the soil in the 
amount of: control 1.8, elemental 
sulfur treatment 53.3, and gyp- 
sum 40.9 pounds per acre. 

The absorbed sulfate in sam- 
ples from the soil columns was 
extracted with sodium acetate at 
pH 4.8 at the beginning and end 
of the experiment. The sulfate- 
sulfur content of the soil de- 
clined in all treatments in the 
following amounts: control 28, 

10.42 IN. 15.54 IN. 12.36 IN. 
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FIGURE 1. Monthly and seasonal-total rainfall at study site (mean seasonal 19.9 inches). 
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FIGURE 2. Amount and source of sulfur in percolating water from soil columns treated 

with elemental sulfur and gypsum. 

elemental sulfur 17, and gypsum 
18 pounds per acre (Table 3). 
The sum of the respective values 
and the calculated sulfur-reten- 
tion value for the treatment is 
the amount of sulfur “apparently 
immobilized” in the soil. These 
amounts are control 30, ele- 
mental sulfur 71, and gypsum 58 
pounds per acre. 

Discussion 
During the first growing sea- 

son (1958-59)) a drier one than 
normal, some sulfur from the ele- 
mental sulfur application was 
taken up by the clover plants. 
However, the amount was not 
sufficient to increase their total 
sulfur content relative to the 
controls. Neither did appreciable 
amounts of sulfate ion percolate 
through the soil columns. The en- 
vironment (mainly low soil 
moisture) was not conducive to 
microbiological oxidation of ele- 
mental sulfur to sulfate, the 
form most readily taken up by 
plants (Starkey, 1950). However, 
clover took up a sizeable amount 
of sulfate from the gypsum, as 
indicated both by higher total 
sulfur content and by the sub- 
stantial fraction of labeled sul- 
fur present. Also an appreciable 
amount of labeled sulfur ap- 
peared in the percolate. Al- 
though the initial response to 
elemental sulfur was markedly 
slower than to gypsum, the mois- 

ture limitation was so extreme 
that no yield response was ob- 
tained from either treatment in 
1959. 

At another location with more 
favorable precipitation Walker 
and Williams (1963) observed 
that elemental sulfur caused in- 
creases in forage yield equal to 
that produced by gypsum on an- 
nual-type range during the sea- 
son the application was made. 
Presumably moisture conditions 
favorable to microbiological oxi- 
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dation of elemental sulfur are 
concomitant with moisture con- 
ditions favorable to vigorous an- 
nual-range plant growth and vice 
versa. 

In the second season (1959-60) 
the rainfall total, although again 
subnormal, was more favorable, 
especially as regards distribu- 
tion. Clover production improved 
greatly. Significant and approxi- 
mately equal yield responses 
were obtained from the ele- 
mental sulfur and gypsum treat- 
ments. Thus the sulfur not lost 
nor removed in plant tissue in 
the first season was effective in 
the second season. Uptake of sul- 
fur, both labeled and natural, 
was about the same where either 
source of sulfur was used, but 
much enhanced relative to the 
control. Walker (1958) also ob- 
served a carry-over effect of gyp- 
sum after a dry year, although 
with substantially smaller appli- 
cations (rates equivalent to five 
and 15 pounds of sulfur per 
acre). 

Unfortunately in the third 
growing season (1960-61) rain- 
fall shortage again imposed a 

Table 2. Sulfur balance sheet for Vista sandy loam freafed wiih elemental 
sulfur and gypsum. 

Sulfur disposition 
Elemental 

Source Control Sulfur Gypsum 

--- (Pounds per acre) - - - 
Sulfur added from: 

Fertilizer 1958 0 59.7 61.1 
Rain 1958-59 3.2 3.2 3.2 

1959-60 4.1 4.1 4.1 
1960-61 1.4 1.4 1.4 

Total sulfur added 8.7 68.4 69.8 

Sulfur removed in: 
Clover 1959 0.3 0.4 1.5 

1960 1.6 4.2 4.3 
1961 0.3 1.0 1.1 

Clover total 2.2 5.6 6.9 
Percolate 1959 3.5 3.9 16.0 

1960 .8 1.3 1.6 
1961 .4 4.3 4.4 

Percolate total 4.7 9.5 22.0 
Total sulfur removed 6.9 15.1 28.9 

Calculated sulfur retention by soil: ~~ 
(sulfur added-sulfur removed) 1.8 53.3 40.9 
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Table 3. Extractable sulfur confenf of Vista sandy loam ireafed with 
elemental sulfur and gypsum, and apparent immobilizafion of sulfur. 

Extractable sulfur Calculated retention Apparent 
immobilization 

Treatment 1958 1961 Decrease (from balance sheet) (decrease -I- 
retention) 

------- (Pounds per acre) - - - - - - - 
Control 47 19 28 1.8 30 
Elemental S 41 23 18 53.3 71 
Gypsum 41 24 17 40.9 58 

very low ceiling on clover pro- 
duction, but sulfur uptake con- 
tinued at an enhanced level from 
both sulfur sources, indicating 
that the applied materials were 
at least somewhat available to 
the plants at that time. 

The approximate equivalence 
of uptake of sulfur from the two 
sources in the second and third 
seasons after application is at 
variance with the observations of 
Jordan and Baker (1959) in a 
field experiment with alfalfa. 
Their results showed an in- 
creased uptake of sulfur from 
gypsum relative to elemental sul- 
fur persisting over a three-year 
period after application. The 
mean uptake of fertilizer-sulfur 
as a percent of total plant uptake 
was 15 percent from gypsum and 
4 percent from elemental sulfur. 
The peak uptake from both ma- 
terials occurred in the second 
year of their experiment. 

The inference that can be 
made concerning the fate of the 
applied sulfur remaining in the 
soil at the conclusion of the pres- 
ent experiment is worthy of note. 
The sulfur balance sheet calcu- 
lations show that a very high 
proportion of the applied ele- 
mental sulfur and a somewhat 
lesser, yet substantial, amount of 
gypsum-sulfur was retained by 
the soil at the end of the three- 
year period. Extraction by so- 
dium acetate at pH 4.8 (Ens- 
minger, 1954 and 1958; Kamprath 
et al., 1956 and 1957; and Bards- 
ley and Jordan, 1957) demon- 
strated that the adsorbed sulfur 
content of the soil columns was 
low, even lower than at the be- 
ginning of the experiment. It is 

hypothesized, therefore, that 
either immobilization through 
biological activities, reduction to 
metallic sulfides, or reduction to 
hydrogen sulfide occurred. The 
two reduction processes seem to 
be unlikely possibilities in view 
of the limited rainfall of the pe- 
riod, the well-drained character 
of the soil profile, and the con- 
sequent low probability of the 
existence of reducing conditions 
during the experiment. 

Immobilization appears to be 
a more likely possibility. Walker 
(1957) has pointed out that sul- 
fur may be immobilized through 
the activities of microorganisms 
in a manner similar to the im- 
mobilization of nitrogen and 
phosphorus. Some sulfur might 
have been immobilized during 
decomposition of root tissue re- 
maining in the soil from the 1957 
experiment and from the size- 
able clover crop produced in the 
second season of the experiment 
reported here. The supposition 
that substantial immobilization 
occurred in the second season is 
supported by leaching evidence 
of the gypsum treatment. Very 
little of the applied sulfate ap- 
peared in the percolate in the 
second season, although about as 
much percolation occurred in the 
season as in the first, and about 
80 percent of the applied gypsum 
remained in the soil at the be- 
ginning of the season. 

Since (1) only small amounts 
of sulfur were removed in the 
clover, (2) relatively small 
amounts occurred in the perco- 
late, and (3) adsorbed sulfate 
sulfur in the soil declined in the 
course of the experiment, it was 

deduced that substantial immo- 
bilization occurred in all treat- 
ments. The apparent immobiliza- 
tion was greatest for the ele- 
mental sulfur treatment, inter- 
mediate for the gypsum treat- 
ment, and least for the control. 
It is evident that sulfur immo- 
bilization is a factor requiring 
further study, especially as it is 
influenced by rate and frequen- 
cy of application of various sul- 
fur sources under various cli- 
matic and soil conditions. 

Applicafion of Results 
Under excessively deficient 

moisture conditions response of 
clover to sulfur fertilization on 
a sulfur deficient soil may be nil. 
Even so, some sulfate from gyp- 
sum may be lost through deep 
percolation, as demonstrated by 
the results in 1959 in this experi- 
ment. However, in contrast to 
the great loss of gypsum in a 
high rainfall season shown pre- 
viously (McKell and Williams, 
1960,) loss in percolating water 
in a series of dry years was low. 
Percolation loss from elemental 
sulfur was inconsequential. 

Sulfur carried over to the sec- 
ond year either as the elemental 
form or as sulfate may be util- 
ized in the event of more favor- 
able moisture conditions for the 
enhancement of forage produc- 
tion as was illustrated by the 
1960 results. 

No significant difference in 
yield response to the two forms 
of sulfur was detected in this ex- 
periment. 
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habitat described by Albertson 
(1937). The physical character- 
istics of the area and vegetative 
composition under light grazing 
are discussed in a previous re- 
port (Launchbaugh, 1957). 

Burned and unburned vegeta- 
tion were protected from grazing 
and yield measurements were 
made in late summer each year 
during 1959, 1960, and 1961 us- 
ing ten 3.1 square-foot, clipped 

BUFFALOGRASS-BLUE GRAMA MIXTURE 

1960 1961- 

BUFFALOGRASS WESTERN 

AND BLUE GRAMA WHEATGRASS 

subsamples per treatment in 
each of the two grass mixtures. 
The central unburned strip and 
nearby burned area made up one 
replication. The nearest un- 
burned margin and adjacent 
burned area were considered an- 
other replication. Yields were 
measured separately in the 
shortgrass alone and in the west- 
ern wheatgrass-shortgrass mix- 
ture. Weeds were separated from 
the subsample clippings and 
composition estimates were made 
of the remaining plot material 
into categories of buffalograss 
and blue grama combined, west- 
ern wheatgrass, and old growth. 
The harvested material was 
oven-dried at 170 O F. for 72 hours 
prior to being weighed. Plant 

WESTERN WHEATGRASS-SHORTGRASS MIXTURE 

WEEDS EJ OLO GROWTH 

FIGURE 1. Vegetation yields in two native grass mixtures on a clay upland range site dur- 
ing three growing seasons following a March 18, 1959, wildfire. U-unburned; 
B-burned. 


