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Abstract:
Acidification of the soil through band applications of elemental sulfur (S) has been shown to increase
the solubility and plant uptake of phosphorus as well as some micronutrients on alkaline high calcium
soils. Sulfur is oxidized to sulfuric acid by specific soil microorganisms. This process often involves a
lag phase, between the time of application and actual soil acidification, which may limit the
effectiveness of S as a soil acidulent and P solvent.

The following study was conducted to test the effectiveness of band applied S at increasing the
phytoavailability of fertilizer P, residual soil P, and native soil Cu, Fe, Mn, and Zn for use by spring
wheat (Triticum aestivum L.) and corn (Zea mays L.). We also tested whether inoculation of S with an
acidophillic Thiobacillus sp. would increase the rate of acidification.

Corresponding greenhouse and field studies were performed with spring wheat on three alkaline
Montana soils: Typic argiborolls, Borollic calciorthids, and Ustollic haplargids. A similar field study
was conducted with corn at the Ustollic haplargid site. Using application rates of 100 kg S/ha
(0-0-0-99), 25 kg P/ha (0-45-0-0) , and 0.5 kg inoculum (I)/ha (96 hour culture of Thiobacillus
thioparus), the following treatment combinations were applied in liquid suspension: check, check +I, S,
S+I, P, P+I, S+P, and S + P + I. The effectiveness of the treatment applications was measured by
analysis of greenhouse soils, plant tissue samples taken at eight weeks for chemical analysis from both
field and greenhouse studies, and yield data taken at the conclusion of each study.

Results of soil analysis from the greenhouse suggested that S applications increase the solubility of
residual and applied P. Phosphorus concentrations were generally increased in both wheat and corn
tissue by S applications. Inoculation of S with T. thioparus increased soil acidity over its corollary
control, but generally reduced levels of plant available P. Grain yield and protein production were not
increased by S applications and micronutrient concentrations in plant tissue were not consistently
affected by any treatment applications.

Significant S by I interactions occurred for extractable soil P, P concentrations of corn tissue, and grain
yield and protein content of wheat at one field site. This interaction suggests that the use of one
autotrophic organism as an inoculum source may temporarily tie up P while the organism oxidizes S. 
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ABSTRACT

Acidification of the soil through band applications of elemental 
sulfur (S) has been shown to increase the solubility and plant uptake of 
phosphorus as well as some micronutrients on alkaline high calcium 
soils. Sulfur is oxidized to sulfuric acid by specific soil micro
organisms. This process often involves a lag phase, between the time of 
application and actual soil acidification, which may limit the effec
tiveness of S as a soil acidulent and P solvent.

The following study was conducted to test the effectiveness of band 
applied S at increasing the phytoavailability of fertilizer P, residual 
soil P , and native soil Cu, Fe, Mn, and Zn for use by spring wheat 
(Triticum aestivum L.) and corn (Zea mays L.). We also tested whether 
inoculation of S with an acidophillic Thiobacillus sp. would increase 
the rate of acidification.

Corresponding greenhouse and field studies were performed with 
spring wheat on three alkaline Montana soils:. Typic argiborolls, 
Borollic calciorthids, and Ustollic haplargids. A similar field study 
was conducted with corn at the Ustollic haplargid site. Using 
application rates of 100 kg S/ha (0-0-0-99), .25 kg P/ha (0-45-0-0) , and 
0.5 kg inoculum (I)/ha (96 hour culture of Thiobacillus thiopafus), the 
following treatment combinations were applied in liquid suspension: 
check, check +I, S, S + I ,  P, P + I ,  S + P ,  and S + P + I. The effec
tiveness of the treatment applications was measured by analysis of 
greenhouse soils, plant tissue samples taken at eight weeks for chemical 
analysis from both field and greenhouse studies, and yield data taken at 
the conclusion of each study.

Results of soil analysis from the greenhouse suggested that S 
applications increase the solubility of residual and applied P. Phos
phorus concentrations were generally increased in both wheat and corn 
tissue by S applications. Inoculation of S with T. thioparus increased 
soil acidity over its corollary control, but generally reduced levels of 
plant available P. Grain yield and protein production were not 
increased by S applications and micronutrient concentrations in plant 
tissue were not consistently affected by any treatment applications.

Significant S by I interactions occurred for extractable soil P, P 
concentrations of corn tissue, and grain yield and protein content of 
wheat at one field site. This interaction suggests that the use of one 
autotrophic organism as an inoculum source may temporarily tie up P 
while the organism oxidizes S.
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CHAPTER I 

INTRODUCTION

Phosphorus is frequently a major yield limiting factor for small 

grain production. Though much native and residual P exists in the soils 

of the plains and semi-arid west, it is often found in forms unavailable 

for plant use. The majority of these soils are naturally alkaline and 

high in calcium; thus the lack of available P is due to the formation of 

sparingly soluble calcium phosphates. These compounds form readily upon 

application of monocalcium P to the soil thus limiting the presence of 

the orthophosphate ion.

Acidification of the soil through.the use of sulfuric acid (HgSOy) 

or elemental sulfur (S) will increase the solubility of the calcium 

phosphate compounds. Sulfur is oxidized by soil microorganisms to form 

HgSOy. This process often involves a lag phase between the time of 

application and actual soil acidification, dependent on soil and 

environmental factors. Sulfuric acid will readily acidify the soil; 

however, the corrosiveness of this acid limits its usefulness. On a 

weight basis, S is the most efficient soil acidulent, and inoculation 

with Thiobacillus bacteria has been shown to increase this acidification 

efficiency.

We hypothesized that acidifying a band in the rooting zone with S 

would increase the phytoavailability of fertilizer and soil P , and 

micronutrients. We also examined whether "seeding" the sulfur oxidation
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by inoculating the S with Thiobacillus thioparus would increase the rate 

of acidification and subsequent rate of solubilization of these 

nutrients.

To test our hypothesis we performed studies on three alkaline high 

Ca Montana soils. Sulfur, inoculated S , and triple superphosphate (TSP) 

were studied in factorial combinations to determine their influence on:

(1) soil pH,

(2) plant available P , Cu, Fe, Mn, and Zn,

(3) dry matter yield of spring wheat (Triticum aestivum L.) in the 

greenhouse, and

(4) grain yield of spring wheat and corn (Zea mays L.) in field 

experiments.

The following reports the previous work done in this area of study, 

the materials and methods employed in this study, the results of this 

study, and a discussion of the results and their implications.
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CHAPTER 2 

LITERATURE REVIEW

Phosphorus Fixation in Alkaline High Calcium Soils

Soils whose chemistry is dominated by the presence of calcium car

bonate (CaCOg) are characterized by high pH, high levels of extractable 

Ca, and reduced levels of plant available P and some micronutrients.

Such soils are frequently found in Montana (Sims, 1985) as well as other 

semi-arid and plains locations. Though levels of total soil P are 

frequently high in these areas, the amount of plant available P is 

limited by the interactions of P with Ca under alkaline conditions 

(Tisdale, 1985).

The reaction products of P and Ca are described in depth by Lindsay 

(1979). The primary precipitates formed upon addition of fertilizer P 

(as moncalcium P) to alkaline high Ca soils are given in order of 

decreasing solubility:

(1) Ca(HgPC)^)g —  monocalcium phosphate —  MCP

(2) C a ^ P C ^ ^ ^ O  —  dicalcium phosphate dihydrate —  DCPD

(3) CaHPO^ —  dicalcium phosphate —  DCP

(4) Ca^H(PO^) g*2.5^0 —  octacalcium phosphate —  OCP

(5) Ca3(PO4)2 —  3-tricalcium phosphate —  3.-TCP

(6) Ca3(PO4)3OH —  hydroxyapatite —  HA

(7) Ca3(PO4)3F —  fluoroapatite .—  FA
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The solubility of these compounds declines with increasing pH (Lindsay, 

1979).

Work by Terman (1958) on three acid soils and two alkaline soils 

showed that DCP, OCP, and B-TCP were all soluble under acid conditions 

and that MCP was less available for plant use than DCP on the acid 

soils. Benne et al. (1936) treated phosphoric acid with several Ca 

sources (CaClg, CaO, and CaCO^) to determine the effect of Ca on the 

solubility of P . They found that the Ca ions would not precipitate P 

until the solution pH was higher than 5.6.

Racz and Soper (1968) studied the reaction products of soluble 

orthophosphate ions with various amounts of Ca and Mg on 22 different 

soils. They concluded that under neutral to alkaline conditions DCP and 

OCP will form readily but are metastable and may undergo further 

precipitation to form apatite. In support of this, Murrman and Peach 

(1968) studied the availability of applied P on 20 limed soils. After 

five years of incubation, with sufficient fluorine present, fluoro- 

apatite was the final reaction product.

Larsen and Widdowson (1970) studied different application rates of 

P on a soil that was 1% CaCO^ equivalent and pH 7.9. The upper limit of 

solubility of P in such a soil was DCP and the lower limit was FA. 

Similarly, the efficiency of P fertilizers was limited by the precipita

tion of P and not the specific adsorption of P to the surfaces of CaCO^ 

(Cole et al., 1953). Olsen et al. (1954b) compared the availability of 

P fertilizers with that of P from a fresh P resin in alkaline soils.

They found the efficiency of TSP to be approximately 26-30% in a loam, 

31-38% in a silty clay, and 40-56% in a fine sandy loam.
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Wagar et al. (1986b) studied changes in P fractions of an alkaline 

soil following one large broadcast application of P fertilizer. After 

eight years only 55 percent of the P had been recovered.

It is well accepted that the availability of An, Fe, Mn, and Cu 

decline with increasing pH (Tisdale, 1985). The phytoavailability of Fe 

and Mn are limited by the insolubility of Fe and Mn hydroxides under 

alkaline conditions.

Phosphorus Uptake

Phosphorus exists in the soil solution as either the monovalent or
-I -2divalent orthophosphate ionic species (HgPO^ or HPO^ ) and moves in

the soil system primarily by diffusion (Barber, 1984). In soils whose
-2pH exceeds 7.2 the dominant ionic species present is HPO^ (Lindsay, 

1979). In solution culture studies with barley, Hagen and Hopkins 

(1955) showed that plants do absorb both of the orthophosphate species;

however, the monovalent form is preferentially absorbed.
\

Boatwright et^al. (1962) studied the productivity of spring wheat 

with varying lengths of time that P was available for plant use. Spring 

wheat required that P be available for 10 weeks to maximize dry matter 

and grain production. Sutton et al. (1983) found that winter wheat 

required that sufficient P must be available for five weeks to.maximize 

dry matter production and 14 weeks to maximize grain. Fertilization of 

winter wheat in the fall may result in fixation of P prior to fulfilling 

P requirements for grain production.
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Solubilizing Soil Phosphates

Since the early 1900s attempts,to acidify the soil and increase the 

levels of plant available P have been made (Lipman et al., 1916). Many 

different acidifying agents exist and have been reviewed in depth by the

Sulphur Institute (Stromberg and Tisdale, 1979).' The most effective
\

abidulents are S and HgSOy.- I
Ryan et al. (1975) reviewed the use of H2SO2t as a beneficial soil 

amendment for southwestern agriculture. They described H2SO2t as an 

effective soil acidulent for solubilizing P , Mn, and Fe in alkaline 

soils, for reclamation of saline-sodic soils, controlling weeds and 

certain plant diseases, and to improve soil structure. Applications of 

H2SO2t can be broadcast, banded, or applied through irrigation; however, 

they suggested that banding of the acid was the most effective applica

tion method for increasing the levels of plant available P and Mn. 

i Ryan and Stroehline (1979) demonstrated that very large applica-\tipns of H2SO2t would increase the solubility and uptake of P , Mn, and Fe 
on calcareous soils without toxicity to tomatoes (Lycopersicon 

esculentum L.). This work was performed to test calcareous soils as a 

sink for the disposal of industrial byproduct H2SO2t. Cates et al.

(1984) also studied the effectiveness of byproduct H2SO2t to increase the 

phytoavailability of P and other nutrients. Comparing yield and nutrient 

uptake data from two salt affected sites, they were also able to demon

strate that H2SO2t would increase the phytoavailability of P , Mn, and Fe.

Problems associated with the use of H2SOjt include the fact that it 

is highly corrosive to equipment, hazardous to the applicator, and
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applied as a liquid it is rapidly absorbed by the buffering capacity of 

the soil.

Elemental sulfur is oxidized by soil microorganisms, primarily ' 

bacteria, to HgSO^ and is thus frequently used as a soil acidulent 

(Burns, 1980). On a weight basis, S is the most efficient soil acidu

lent (Tisdale, 1985). As a soil amendment, S has been used to reclaim 

saline sodic soils, solubilize native or residual soil P , and increase 

the solubility of applied P.

The efficacy of banding S to acidify the soil and increase the 

solubility of soil P was first studied by Lipman et al. (1916). Incu

bating S in two different soils, they showed that acidity accumulated in 

the S band and the levels of soluble P were greatly increased both from 

residuum in the soils and from applied rock phosphate (RF).

Working with lettuce (Latuca sativa L.) on a calcareous soil, 

McGeorge and Frazier (1939) tested whether S would increase the effic

iency of TSP as a P fertilizer on calcareous soils. Their work showed 

that application of 200 Ib/a of S alone would increase the lettuce 

yields over that of the control group, but not approach that of TSP.

With sufficient NOg-N present, S plus TSP greatly increased lettuce 
yields over that of TSP alone. Tennessee Valley Authority, and later 

J.R. Simplot Company, developed a method to incorporate elemental S with 

TSP, as it had been a proven source of both P and S (Achorn and Bixby, 

1971). However, the use of this product to maintain the solubility of 

the P fertilizer on alkaline soils was neither suggested nor

demonstrated.
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Clement (1978) compared band applications of TSP, S, and H2SO1J in 

terms of lettuce yield, P uptake, and NaHCOg extractable P on calcareous 

soils. Initially H2SOy and TSP were similar in that both increased P 

uptake significantly greater than S applications. After 272 days of. 

incubation and three crops of lettuce, S applications were equivalent to 

TSP and H2SOy in terms of P uptake. This suggests a lag phase for 

microbial buildup, acidification and subsequent P solubiliization. 

Kittams and Attoe (1965) showed that this lag phase can be reduced by 

inoculating the S with acidophillic S oxidizing microbes. Other factors 

affecting the rate of oxidation were reviewed by Attoe and Olsen (1965).

Inoculation of Sulfur

Kittams and Attoe (1965) studied the recovery of P by rye grass in 

soils amended with S-rock phosphate (RF) fusions. They showed that 

inoculation with a collective of S organisms increased the amount of S 

oxidized after four weeks by 31/6 over that of uninoculated S.

Lipman et al. (1921) tested the efficacy of inoculating S with 

acidophillic S oxidizing microorganisms (Thiobacilli sp.) to increase 

the rate of acidification and rate of solubilization of RF. Their study 

compared yields of both barley and potatoes on plots amended with RP, RP 

plus S,. and RP plus S plus inoculum, among other treatments. They 

showed that inoculation of the S-RP fusion greatly increased yields over 

that of RP or S-RP alone.

Swaby and associates have reported similar work over the last 20 

years and have developed a product known as "biosuper phosphate," an 

inoculated S-RP pellet. The production and use of this fertilizer was
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reviewed by Swaby (1983). Vitolins and Swaby (1969) demonstrated the 

need for S inoculation in many Australian soils which lacked acido- 

phillic S oxidizing microorganisms. The efficiency of "biosuper" as a P 

fertilizer has compared similarly or favorably to triple superphosphate 

in several studies (Partridge, 1980; Rajan and Edge, 1980; and Schofield 

et al., 1981).

Lee et al. (1986) observed differences in P uptake by tomato and 

soil extractable P upon application of S and RP inoculated with a 

specific (unnamed) Thiobacillus isolate. They found that inoculated S 

treatments had reduced the solubility and uptake of P as compared to S 

receiving no inoculum.

A review article by Burns (1980) has questioned the need for inocu

lation of S, suggesting that there are generally sufficient S oxidizing 

microbes present in the soil. However, S oxidation is not always 

accompanied by acidification (Wainwright, 1984) which thus makes the use 

of inoculants beneficial, perhaps necessary, under many soil conditions 

to maximize soil acidification.

Sulfur Oxidation in Soil Systems

Sulfur oxidation is performed by both heterotrophic and autotrophic 

soil microorganisms. The final metabolic products vary with the 

organism. Two recent review articles by Burns (1980) and Wainwright 

(1984) give detailed descriptions of S oxidation in soil systems. The 

following section briefly describes the autochemolithotrophic oxidation 

of S by Thiobacillus thioparus and gives reasons why this organism was
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chosen as an Inoculum source over other S oxidizing microorganisms in 

the present study.

Wainwright (1984) cites several reasons why the chemolithotrophic 

Thiobacillus species are generally associated with S oxidation rather 

than other S organisms:

(1) Sulfur is the organism's only source of energy; thus 
it is obvious that they will oxidize it.

(2) The' numbers of Thiobacilli in the soil increase as S 
is added to the soil and this correlates with SO^ 
production.

(3) Inoculation of S with Thiobacilli leads to increased 
numbers of these organisms and the rate at which the 
S is oxidized.

(4) Heterotrophic oxidation appears to dominate under 
alkaline conditions. As pH decreases, T. thioparus 
becomes most active down to pH 5, below which ' 
thiooxidans becomes most active.

Heterotrophic organisms do not obtain their energy from the oxidation of 

S, but rather oxidize S for nutritional needs or to avoid the toxicity 

of S (Wainwright, .1984). These heterotrophic S oxidizers include a wide 

range of microorganisms from Pseudomonas sp. to Bacilli sp. to a range 

of fungal organisms. Though other products and metabolic pathways are 

known to exist for the various heterotrophs, originally the following 

alkalizing reaction was accepted for heterotrophic S oxidation:

4Na2S203 + 2H20 + O2 --- > ZNaS4O6 + 4NaOH
The thiosulfate ion is an intermediate product formed from chemolitho

trophic S oxidation (Wainwright, 1984).

The chemolithotrophic organisms which oxidize S are collectively 

labeled the Thiobacilli. The autochemolithotrophic Thiobacilli utilize 

much of the energy acquired from S oxidation to reduce carbon dioxide 

(CO2) for cellular synthesis. The reactions carried out by all
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Thlobacllll sp. are given below; however, T. thioparus catalyzes only 

reactions (I) through (4).

(I) 2S + 30« + AIIIIIIOCM
WCM 2H2S04

(2) Na2S2°3 + 202 + H2O -----> Na2SO4 + H2SO4
(3) ZNa2S4O6 + 702 + 6H20 — ---- > ZNa2SO4 + SH2SO4

(4) 2KSCN + 402 + 4H2° ---- ~> (NH4)2SO4 + K2SO4 + 2C0
(5) 5S + 6KN03 + ZH2O ----- -> SK2SO4 + 3N2 •+ 2h Z804
(6) SNa2S2O3 + SNaNO3 + H2O ----- > QNa2SO4 + H2SO4 + ■
(7) 12FeS0. + ; 4 302 + 6H20 — — > W a 2(SO4)3 + 4Fe(OH)3

Work by Starkey in 1966 described the selective environments for 

different Thiobacilli species. He reported that Thiobacillus 

thiooxidans (catalyzes reactions 1-3) develops best at pH 2 to 3, but 

can reduce pH to below I and is generally associated with acidification. 

T. thioparus is known to grow in a pH range of 3 to approximately 8, but 

is most active from pH 5 to 7. Both organisms are strict autotrophs and 

must have a reduced S source present to survive (Starkey, 1966). T. 

thioparus can tolerate anaerobic conditions if NO^-N is present, and has 

been found to inhibit nitrification of NH^ compounds (Wainwright, 1984).

Postgate (in Kelley, 1980) suggested that heterotrophs and 

Thiobacilli act in a cascading manner. As S oxidation occurs and pH 

declines, the dominant species of organisms present change from S 

oxidizing heterotrophs to acidophillic Thiobacillus species.

McCready and Krouse (1982) performed a study comparing the relative 

abilities of two Thiobacillus sp. to oxidize S and reduce the pH of an 

alkaline sodic soil. Over a period of six weeks, T\_ thioparus had 

reduced the pH of the soil from 8 to 3.5, whereas T. thiooxidans had
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reduced the pH to only 6.8. T. thlooxidans is a more active acidophile; 

however, the alkaline conditions most likely inhibited its activity.

Past studies involving inoculation of S have involved the use of 

different organisms and different methods of inoculation. Lipman et al. 

(1921), Kittams and Attoe (1965), and Swaby (1983) have demonstrated the 

use of an inoculum containing an assortment of S oxidizing organisms 

produced from incubation of natural soil enriched with S. Schofield et 

al. (1981) and Vavra and Frederick (1952) used an inoculum composed 

strictly of T\_ thlooxidans. Rupella and Tauro (1973) applied inoculum 

of only novellus in a sodic soil reclamation study. McCready and 

Krouse (1982) inoculated sulfur with either Tjl thlooxidans or T. 

thioparus.

It has been demonstrated that acidification of calcareous and 

alkaline soils will increase the solubility of both residual and fertil

izer calcium phosphates. Sulfur is an effective soil acidulent but is 

limited by the rate of microbial oxidation. Inoculation of S with 

Thiobacilli sp. has been shown, in many instances, to increase the 

efficiency of the S as an acidulent. Thus the following study was 

conducted in an attempt to determine whether band applications of inocu

lated or uninoculated S will aid in the P fertility of spring wheat on

alkaline soils of Montana.
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CHAPTER 3

MATERIALS AND METHODS 

General

Greenhouse and field studies were performed on three alkaline high 

calcium soils from: (I) Southern Agricultural Research Center, Huntley,

MT (Fort 'Collins-Thurlow clay, Ustollic haplargids), (2) Central 

Agricultural Research Center, Moccasin, MT (Danvers clay loam, Typic 

argiborolls), and (3) Farmer Cooperator Site, Toston, MT (Brocko silt 

loam, Borollic calciorthids). Bulk soil samples for the greenhouse 

study were taken from 0-20 cm and air dried. Subsamples were analyzed 

for physical and chemical properties given in Table I. The soil 

analysis procedures were performed according to the methods employed by 

the Montana State Soil Testing Lab (see page 19). Field samples were 

also taken in the spring, prior to seeding the experiment, through use 

of a hydraulic probe to determine soil NO^-N at several depths and 

extractable K and P from the surface 15 cm.

Type cultures of Tj_ thioparus were obtained from the American Type 

Culture Collection (ATCC #8158) and maintained on Postgate’s thiosulfate 

medium S (Postgate, 1966). Serial dilutions were performed on modified 

Postgate medium S agar plates to determine approximate cell counts of a 

96-hour culture following a 0.5 ml transfer from a 50 ml erlenmeyer 

flask of one week old culture. Cell counts averaged over five separate 

trials were 2.3 x IO^ cells/ml. Agar plates were modified by adding one



14

Table I. Selected chemical and physical properties 
to a depth of 30 cm.

of each soil sampled

Analysis Ft. Collins Danvers Brocko

Texture . C CL SiC
NOg-N, ppm 18.5 1.8 4.5
Bray-P, ppm . 65.7 69.8 48.8
NaHCOg-P, ppm 8.8 29.2 20.3
K, ppm 209.0 435.0 561.0
Ca, ppm 3886.0 4253.0 7960.0
Mg, ppm 563.0 209.0 833.0
SO^-S, ppm 23.9 5.3 21.5
Cu, ppm 1.2 1.3 1.5
Fe, ppm OO 12.4 6.2
Mn, ppm 10.7 9.4 8.0
Zn, ppm 0.5 0.8 2.3
pH 8.0 7.8 8.2
E.C., mmhos/cm 0.7 0.3 0.7
CaCOg equivalence, % (w/w) 1.5 0.3 6.7
Moisture at 1/3 bar, % (w/w) 32.0 27.0 31.0
CEC, meg/lOOg 29.2 28.6 39.0

Spring, pre-seeding samples from 0-15 cm
NOg-N (0-120 cm)* kg/ha 68.0 8.0 141.0
NaHCOg-P, ppm 11.6 ' 23.0 22.0
K, ppm 630.0 340.0 530.0
Organic matter, % 1.7. 2.7 4.1
pH 8.3 7.9 8.4
E.C., mmhos/cm 0.5 0.5 0.7

*TotaL in entire root zone.
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part per hundred of bromocresol purple indicator to the liquid and 

adjusting the pH to 7.0 prior to autoclaving. Acidification of the 

plates by the oxidation of the thiosulfate results in a color change of 

the indicator from purple to yellow (transition range 6.8 - 5.2). The 

inoculum for greenhouse, field and lab studies was carried in Postgate's 

medium S.

The fertilizer materials employed in this project were as follows: 

70 mesh suspendable S (0-0-0-99.5) (courtesy of Montana Sulfur and 

Chemical Company), triple superphosphate TSP (0-45-0) ground to approxi

mately 20 mesh, ammonium nitrate (33-0-0), and potassium chloride 

(0-0-63). Results were analyzed through the use of analysis of variance, 

and orthogonal contrasts using MSUSTAT (Lund, 1985).

Greenhouse Study

Treatments were applied in a deionized water and 0.5% guar gel 

suspension. Application rates were 25 kg P/ha, 100 kg S/ha, and 0.5 kg 

I/ha and were applied in a two by two by two by three (three soil types) 

factorial arrangement:

(I) check (5) I

(2) S (6) S-J-I

(3) P (7) P+I .

(4) S+P (8) S+P+I

The soils collected from the three sites were air dried, ground, 

and thoroughly mixed with 20 grit pure silica sand (to bring the soils 

to approximately 65% sand) to improve soil physical properties for the 

pot study. The bottom of a 15 cm pot was layered with 500g of the
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silica sand to prune roots and eliminate the leaching of salts out of 

the soil by forming a perched water table.

The pots were constructed in layers with 500g of the soil-sand mix 

placed over the sand layer and brought approximately to field moisture 

capacity with solutions of N and K to provide desired rates of these 

nutrients. The above treatments were applied on top of the soil through 

a 25 ml syringe. A second layer of 250g of the soil-sand mix was placed 

over this and immediately wetted. Twenty spring wheat seeds (cultivar 

Pondera) were placed in the pot and a final layer of 250g of the soil- 

sand mix were placed on top and wetted. The total additions of N and K. 

were 100 and 50 kg/ha, respectively. The experiment was replicated five 

times in a randomized complete block design. Plants were thinned to 15 

per pot after emergence and allowed to grow for eight weeks, at which 

time the entire aerial portion of the plant Was harvested, dried, 

ground, and analyzed for P, Cu, Fe, Mn, and Zn concentration. The upper 

and lower 2.5 cm of the soil-sand mix were removed (because of a pH 

gradient within the pot) and the remaining portion of soil was analyzed 

for NaHCOg extractable P and pH.

Wheat Field Study

Field sites were prepared by fall plowing followed by spring till

age prior to seeding. Nitrogen and K were broadcast applied according 

to soil test and crop yield goal. The Brocko site was irrigated wheat 

recrop, Danvers was dryland fallow, and the Ft. Collins was irrigated

fallow.
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Treatment combinations were the same as those used in the green

house Study. Application rates were also the same with the exception of

application rates of 15 kg P/ha at the Brocko site and only 5 kg P/ha at

the Danvers site. The experiment was designed as a randomized complete 

block, split plot with five replications. Bacterial applications were 

the main plots with the four S and P treatments randomly assigned within 

the main plots.

Sulfur, P, and bacterial suspensions were applied in the seed band 

through the use of a modified grain seeder which applied the separate 

suspensions at the desired rates. The viability of the Thiobacillus 

suspensions was checked before and after treatment application by 

plating a dilution of the suspension onto Postgate's medium S agar

plates. Certified spring wheat seed (cultivar Pondera) was seeded in 30

cm rows at a rate of 70 kg/ha. Tissue samples were obtained from each 

plot eight weeks after seeding by collecting the complete aerial portion 

of 12 randomly selected plants. Samples were.dried, ground, and 

analyzed for P, Cu, Fe, Mn, and Zn concentration. Tissue samples from 

only three and one-half of the five blocks were available at the BrockO 

site, due to an accidental tillage operation by the cooperator.

Grain was harvested with a small plot combine from the four center 

rows of each plot. The Fort Collins site was harvested on September 8 

and Danvers on September 15. ,No grain was harvested from the Brocko 

site. Grain was cleaned arid analyzed for yield, test weight, and

protein.
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Corn Field Study

A field experiment was performed at the Southern Agricultural 

Research Center at Huntley on no-till corn using the same treatments as 

those used in the wheat study. The study was conducted on a furrow 

irrigated site (Ft. Collins-Thurlow, clay) which had been cropped to 

corn the previous year. Soil analyses revealed the site to have a P 

level of 8 and 6.2 mg/kg in the 0-15 and 15-30 cm depths. Zinc "levels 

in this soil were 0.35 and 0.31 within the 0-15 and 15-30 cm depths. 

Approximately 60 kg/ha of NO^-N were present in the upper 120 cm of this 

soil.

Treatment applications were the same as those in the wheat field 

study. Fertilizer P, S and inoculum were band applied approximately 10 

cm below and to the side of each ridge top. A tool-bar equipped with 

fertilizer knives and squeeze pumps was used to inject the suspensions 

at the desired rates. Corn (cultivar Pioneer 3953) was planted on top 

of the ridges at a rate of 70,600 seeds/ha on May 10, 1986. Treatment 

combinations were replicated four times in a randomized complete block, 

split plot design. Prior to seeding, 200 kg N/ha as NH^NO^ was broad

cast applied across the site area.

Tissue samples were collected from four random corn plants per plot 

(leaf opposite and below principal ear) at 50% silking. Tissue was 

dried, ground, and analyzed for Cu, Fe, Mn, and Zn. The crop was 

harvested when field ripe and analyzed for grain yield, stover produc

tion, and shelling percentage.
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Physical and Chemical Methodology

The different analyses performed throughout this study are as

follows:

(1) particle size distribution by Bouyoucos method ,(Bouyoucos, 1939);

(2) moisture determination at 1/3 bar by pressure membrane (Peters, 

1965);

(3) percent CaCO^ by gravimetric loss (U.S. Salinity Lab, 1954);

(4) soil sulfate by acetate soluble SO^ (Bardsley and Lancaster,

1960);

(5) extractable Cu, Fe, Mn, and Zn by DPTA extraction and atomic 

absorption analysis (Lindsay, 1969);

(6) extractable Ca, Mg, and K by NH^OAc extraction and atomic 

absorption analysis (Bower, 1952);

(7) soil pH and conductivity by 2:1 dilution (U.S. Salinity Lab,

1954);

(8) available phosphorus by NaHCO^ (Olsen, 1954a) and by modified Bray 

#1 (Smith et al., 1957);

(9) extraction of NO^-N in soils (Sims and Jackson, 1971) and analysis 

by Cd reduction (Willis, 1980);

(10) plant tissue P, Cu, Fe, Mn, and Zn by 8:3 nitric-perchloric digest 

(Lott et al., 1956), analysis performed on ICP spectrophotometer;

(11) cation exchange capacity (Polemic and Rhodes, 1977) ; and

(12) percent organic matter (Simms and Haby, 1970).
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CHAPTER 4

RESULTS AND DISCUSSION

Greenhouse Study

Treatment Effect on Soil pH

Soil pH values are higher than those initially measured for the 

three soils. A gradient of low pH at the top of the pot to high pH at 

the bottom was observed for each of the soils and was possibly due to 

the downward leaching of salts with the daily watering of the pots. The 

pH values given are from the center layer of the pot.

Inoculation of S resulted in a significant decrease in pH below S 

treatments receiving no inoculation (Figure I and Table 2). The pH 

reductions were small due to the limited area affected by the banded S, 

dilution of acidity from the unaffected soil around the band, and due to 

the buffering capacity of these soils. These results are consistent 

with past findings which showed that inoculation of S increased the rate 

of soil acidification (Lipman et al., 1921; McCready and Krouse, 1982).

The application of P with S significantly decreased soil pH below 

that of S alone for both inoculated and uninoculated S treatments when 

averaged across the three soils (Table 2). This pH response to P plus S 

may be due in part to the added acidity of the monobasic form of P 

fertilizer; or perhaps P additions increased the activity of the S 

oxidizing bacteria, as their requirement for P is very high (Peck and 

Fisher, 1962) and P alone did not reduce soil pH.
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Table 2. Soil pH prior to and following 8 weeks of growth in the 
greenhouse study.

Treatment

Soil

Mean
Ft. Collins 

C
Danvers
CL

Brocko
SiC

Original ■8.00 7.90 8.20 8.00
CK 8.49 8.16 8.57 8.43
S 8.45 . 8.05 8.48 8.29
P 8.41 8.08 8.58 8.49
S+P 8.33 7.97 8.50 8.27
LSD (.05) 0.07 0.08. 0.06 0.05

I 8.43 8.17 8.55 8.38
S+I 8.29 7.93 8.48 8.23
P+I 8.49 . 8.14 8.60 8.41
S+P+I 8.29 7.84 8.41 8.18
LSD (.05) 0.07 . 0.08 0.06 6.05

Treatment Effect on the Phytoavailability of P

Extractable soil P was determined prior to the experiment and 

following eight weeks of plant growth; thus, the latter values represent 

an index of P which was available for plant use at the conclusion of the 

greenhouse experiment (Table 3). When averaged over the three soils, 

extractable soil P was significantly increased by P plus S applications 

over P alone, S alone, and the control group. On the Danvers soil (a 

high P soil), S alone significantly increased extractable soil P over 

the control group and P alone. This suggests that crop P requirements . 

on high P soils might be sufficed by S alone. Sulfur plus P resulted in 

a soil P value significantly higher than P alone on this same soil.

Inoculation by S interactions for extractable P were significant at, 

p = 0.05 on the Danvers soil, Brocko soil, and when averaged across all
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three soils, and at p = 0.10 on the Ft. Collins Soil (Table 5). Inocu

lation of S reduced the levels of extractable soil P, whereas S alone 

increased it (Figure 2) in spite of the significant decrease in soil P 

when S was inoculated.

Banding of S has previously been shown to increase P uptake in 

calcareous soils (Clement, 1978) . In support of this, S alone, increased 

the uptake of P over that of the control group, when averaged over the 

three soils (Table 4). Phosphorus uptake was maximized by P and P plus 

S additions. Inoculation of S had no significant effect on P uptake on 

any of the three soils (Table 5, Figure 3).

Sulfur plus P applications resulted in a significant increase in 

"total available" P over that of P alone (Table 6). When averaged 

across the three soils, total available P was decreased by the 

inoculation of S with T^ thioparus as compared to uninoculated S. This 

significant interaction is illustrated by Figure 4 and analysis of 

variance. Table 5. These interactions might be explained by the high P 

requirement of T^ thioparus over that of other Thiobacilli or acidifying 

heterotrophic organisms which naturally occur in these soils. T. 

thioparus esterifies approximately I urn of P for every I urn of SO^ 

produced (Peck and Fisher, 1962). These results were supported in 

recent work by Lee and Bagyaraj (1986) which showed that inoculating a 

S-KP combination with an isolate of a Thiobacillus sp. would signifi

cantly reduce both P uptake and soil extractable P.

The application of S with TSP evidently maintained the solubility 

of the P fertilizer, which is demonstrated by.the high levels of 

extractable soil P and total available P achieved by the application of
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Table 3. Extractable soil P (NaHCOg-P) prior to and following 8 weeks 
of growth in the greenhouse study.

Soil

Treatment
Ft. Collins 

C
Danvers

CL
Brpcko

SiC Mean

Original 6.8
- (mg/kg) -----

21.0 10.4 12.7
CK 5.5 12.9 7.0 8.5
S 5.2 14.6 7.0 9:0
P 5.3 13.8 7.6 8.9
S+P 6.3 16.3 7.9 10.1
LSD (.05) 1.0 1.4 NS 0.9

I 5.2 14.6 7.0 8.9
S+I 5.0 14.9 6.5 8.8
P+I 6.2 14.4 8.4 9.7
S+P+I 5.6 15.3 7.5 9.5
LSD (.05) 1.0 NS 1.3 NS

Table 4. Total P 
study.

uptake following 8 weeks of growth in the greenhouse

Soil
Ft. Collins Danvers Brocko

Treatment C CL SiC Mean

^mg/pot;— —
CK 2.6 4.9 3.3 3.6
S 3.0 5.4 3.8 4.1
P 4.0 6.5 4.3 5.0
S+P 4.5 5.8 5.0 5.1
LSD (.05) 0.8 1.0 1.1 0.8

I 3.1 4.9 3.6 3.9
S+I 3.3 5.8 4.2 4.5
P+I . 3.9 6.2 4.6 4.9
S+P+I 4.0 6.1 4.3 4.8
LSD (.05) 0.8 1.0 NS 0.8
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S with P (Figure 4). This is consistent with the work of McGeorge 

(1939). Consequently, applying S with TSP may allow for lower P 

fertilizer application rates.

Table 5. Analysis of variance across soils (P values) showing the 
effect of treatments and inoculation on soil pH, NaHCCL 
ext. P , total available P, P uptake, and dry matter 
production of spring wheat.

Source of 
Variation

Soil
PH

Soil
P

P
Uptake

Total
P

Dry Matter 
Prod

Soil 0.01 0.01 0.01 0.01 0.01

Inoculation 0.01 NS NS NS NS

Phosphorus 0.01 0.01 0.01 0.01 0.01

Sulfur . 0.01 0.05 NS d . o i 0.06

Ck vs Rest 0.01 0.04 0.01 0.01 0.01

S - vs P 0.01 NS 0.02 0.03 NS

P vs S+P 0.01 0.03 NS 0.04 NS

TRT x Soil 0.07 NS NS - NS 0.01

TRT x I 0.01 0.06 NS • 0.05 NS

S x I 0.01 0.01 NS 0.02 NS

P x I NS NS NS NS NS

S x P 0.10 NS NS NS NS

S x P x I 0.07 NS NS NS NS

C.V. % 0.93 .14.30 0.23 10.90 10.90
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Table 6. Total available P (soil extractable P + plant uptake of P)
over 8 weeks of growth in the greenhouse study.

Soil
Ft. Collins Danvers Brocko

Treatment C CL SiC Mean

-(mg/kg)----
CK 8.1 17.8 10.6 12.1
S 8.3 20.0 10.9 13.0
P 9.3 20.3 10.8 13.5
S+P 10.8 22.1 12.9 15.2
LSD (.05) 0.7 1.1 0.7 0.6

I 8.2 19.5 10.6 12.8
S+I 8.3 20.7 10.6 13.2
P+I 10.1 20.5 12.8 14.5
S+P+I 9.6 21.4 11.8" 14.2
LSD (.05) ' 0.7 1.1 0.7 0.6

Treatment Effect on Dry Matter Production

Dry matter production was significantly increased over the control 

group by both P and S applications on the Brocko soil and by P applica

tions on the Ft. Collins soil (Table 7). Dry matter on both of these 

soils was maximized by S plus P application's. However, dry matter 

production differences were small and rather insensitive to treatment 

applications. A significant treatment by soil interaction exists for 

dry matter production (Table 5).

Values for treatment effects on micronutrient uptake in the green

house study were inconclusive and thus are not presented in this 

section. Data are given in Appendix C.
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Table 7. Dry matter produced during 8 weeks 
study.

of growth in the greenhouse

Soil
Ft. Collins Danvers Brocko

Treatment C CL SiC Mean

—  Vg/pot;---
CK 1.6 1.8 1.8 1.7*
S 1.7 1.8 2.2 1.8
P 1.8 1.8 2.1 1.9
S+P 1.9 1.8 2.2 2.0
LSD (.05) 0.2 NS 0.3 0.1

I 1.6 1.8 1.9 1.8
S+I 1.7 1.8 2.2 1.8 .
P+I 2.0 1.8 2.1 2.0
S+P+I 2.0 1.8 2.1 2.0
LSD (.05) 0.2 .NS 0.3 0.1

*Significant treatment by soil interaction.

Wheat Field Study

The responses of spring wheat to treatment applications in the 

field appear to parallel those observed in the greenhouse study with 

respect to P uptake and the S by. I interaction. Determination of plant 

response to the treatments was measured by the differences in tissue 

- concentrations of P, Cu, Fe, Mn, and Zn, as well as differences in grain 

yields and grain quality (Tables 8-11).. Tissue analyses for the Brocko 

site are also listed; however, no statistics are given as a portion of 

each block was destroyed.



31

Treatment Effect on Nutrient Tissue Concentrations

Plant tissue concentrations of P were maximized by the P plus S 

applications on the Ft. Collins site for both inoculated and uninocu

lated treatments (Table 8). On the Danvers site tissue concentrations 

of P were significantly increased by both inoculated and uninoculated S 

over their respective control groups. The negative effect of inocula

tion on P availability seen in the greenhouse study did not appear to 

exist in the field study. This is perhaps due to a more natural collec

tion of microorganisms in the field soils, compared to that of air-dried 

greenhouse soils. The larger soil to root ratio in the field may also 

partially account for this discrepancy. Tissue concentrations of Fe 

were significantly increased by inoculated S applications at the Danvers 

site; however, the high variation for the Fe tissue concentrations at 

both sites eliminates the statistical significance of these results.

Both inoculated and uninoculated S applications led to increases in 

the tissue concentrations of Mn over P applied without S and the control 

group at the Danvers site (Table 9). This is consistent with the work 

of Miyamoto et al. (1975) and Cates et al. (1982) which demonstrated 

that soil acidification with HgSO^ would increase plant uptake of Mn. 

There were no significant increases in Mn concentration at the 

Ft. Collins site, though both S and P applications did give slight 

increases in Mn concentrations over those of the control group. The 

difference between these two sites might be explained by the difference 

in the soil's natural buffering capacity. The Danvers site, having 

notably lower CaCO^ and clay content, may have been more affected by the 

S applications. Sulfur applications resulted in maximum tissue
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applications resulted in maximum tissue concentrations of Mn without a 

significant treatment by site interaction when averaged over both sites.

Table 8. Plant tissue concentration of P following 8 weeks of growth at
the Ft. Collins, Danvers , and Brocko field sites.

Soil .

Treatment
Ft. Collins 

C
Danvers

CL
Brocko

SiC Mean*

CK 3000
(mg/kg)-----

3420 2590 3220
S 3010 3750 2570 3380
P 3290 4030 2860 3660
S+P 3460 3720 3120 3590
LSD (.05) NS 310 — 265

I 2850 3420 2350 3180
S+I 3090 3730 2830 3400
P+I 2990 3610 3070 3480
S+P+I 3200 3930 3020 3580
LSD (.05) NS 310 — 265

LSD (.05)** NS- 450

*Mean across only Danvers and Ft. Collins sites.
**LSD value for comparison of subplot means of different mainplots.

Applications of S alone at the Ft. Collins site significantly 

increased tissue concentrations of Zn over that of both the control 

group and P alone (Table 9). Phosphorus applications evidently had an 

antagonistic effect on tissue concentrations of Zn at the Ft. Collins 

site. Phosphorus applications alone reduced tissue concentrations of Zn 

below that of the control group and the P plus S applications reduced 

the Zn concentrations below that of S alone. These results support the 

P-Zn antagonism which has been reported widely for soils with marginal



33

levels of Zn (Wagar et al., 1986b). This response was not repeated on 

the Danvers site in spite of high initial levels of soil P. The Danvers 

site had higher levels of soil Zn than the Ft. Collins site; however, 

the tissue concentrations of Zn at the Danvers site were lower. This 

may be a function of the irrigation water at the Ft. Collins site.

Table 9. Tissue concentrations of micronutrients following 8 weeks of 
growth at the Ft. Collins and Danvers field sites.

Site
Ft. Collins _______Danvers

Treatment Cu Fe Mn Zn Cu Fe Mn Zn

- (mg/kg) --
CK 24 2430 79 24 7 2120 42 10
S 36 2730 92 30 7 2010 53 10
P 30 2260 94 19 13 1640 51 11
S+P 29 3800 92 23 9 2090 58 9
LSD (.05) NS NS NS 6 NS NS 14 NS

I 26 2080 73 23 9 1630 45 9
S+I 27 2690 79 27 6 4640 54 10
P+I 28 1610 80 19 15 1740 48 11
S+P+I 23 1890 ' 85 21 ' 7 1970 54 12
LSD (.05) NS NS NS 6 NS 1925 NS NS

LSD (.05) NS NS ' NS 8 NS 2125 NS NS

Treatment Effect on Grain Yield and Quality

Grain yields and protein content responded positively to P ferti

lization at both sites in spite of the high levels of soil P at the 

Danvers site (Tables I and 10). Grain yields appeared to have been 

reduced by the application of S at the Ft. Collins site. This effect 

was lessened by inoculating the S with T^ thioparus which, based on 

the greenhouse results, suggested that the yield reduction at the
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Table 10. Analysis of variance across treatments (P values) for the 
Danvers and Ft. Collins sites showing the effect of treat
ments and inoculation on plant tissue concentrations of P, 
Cu, Fe, Mn, and Zn, grain yield, and grain protein produced

Source of 
Variation

Tissue Concentrations Grain
.Yield

Grain
Protein
ProducedP Cu Fe Mn Zn

Ft. Collins:

Treatment NS NS NS NS NS 0.01 0.01
Inoculation NS NS NS NS NS NS NS
Phosphorus NS NS NS . NS • 0.01 0.01 0.01
Sulfur . NS • NS . NS NS 0.01 0.06 0.01
CK vs Rest 0.10 NS - NS NS NS NS NS
S vs P NS NS NS NS 0.01 NS 0.01
P vs S+P NS NS NS NS NS 0.03 0.01
S vs CK NS NS ■ NS NS 0.02 NS NS

TRT x I NS NS NS NS NS NS NS
S x I ' NS NS NS NS NS NS NS
P x I NS NS NS NS NS NS NS
S x P NS NS NS NS NS NS NS -
S x P x I NS NS NS NS NS NS NS

C.V. % 14.0 37.0 62.0 22.0 17.0 3.1 3.3

Danvers:

Treatment 0.01 0.04 0.03 NS NS 0.01 0.06
Inoculation NS NS NS NS NS NS NS
Phosphorus 0.01 0.06 0.08 NS NS 0.01 0.01
Sulfur 0.09 0.04 0.03 0.01 NS NS NS
CK vs Rest 0.01 NS NS 0.02 NS NS 0.04
S vs P NS 0.01 0.01 NS NS 0.01 NS
P vs S+P NS 0.02 NS NS NS ' NS NS
S vs CK 0.02 NS 0.02 0.03 NS 0.08 NS

TRT x I NS NS . 0.04 NS NS NS NS
S x I 0.10 NS 0.08 NS NS NS NS
P x I NS NS NS NS NS NS NS
S x P 0.10 NS NS NS NS NS NS
S x P x I 0.08 NS 0.04 NS NS NS 0.08

C.V. % 7.6 64.0 57.0 19.0 25.0 7.0 7.8
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Ft. Collins site was not due to localized acidity at the roots but 

rather to an antagonistic effect of the S on N uptake (illustrated in 

Figure 5). This is also reflected in the grain protein production 

values which are presented in Table 11. Inoculation of S resulted in a 

reduction of grain yields at the Danvers site. This is a significant S 

by inoculation interaction illustrated in Figure 6 and Table 10.

Grain protein yields are presented as total protein produced (given 

in kg/ha) to avoid a dilution effect of lower protein percent for the 

higher yield. The response of grain protein to treatments somewhat 

parallels that of grain yield at both sites. Protein production was 

maximized by P applications at the Danvers site. Sulfur applications, 

alone or with P, had no significant effect on grain protein, though the 

trend was to reduce protein. Bacterial inoculation of both S and P evi

dently had a negative effect on grain protein at this site (Table 11). 

Grain proteins reacted negatively to S applications at the Ft. Collins 

site as the soil is fairly high in S. Phosphorus applications increased 

protein production over the control group and S alone. This increase 

was notably reduced by application of S with P . Surprisingly, this 

effect was lessened by the inoculation of the S application. It is 

quite possible that the application of S had an antagonistic effect on N 

assimilation by the plant which would be reflected in grain yield as 

well as protein production.

Sulfur applications resulted in grain proteins significantly lower 

than that of P applications when averaged across the two sites (Appendix 

B). However, it is possible that the quality of the grain increased 

with the S applications by increasing the cysteine and lysine content of
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the grain. Significant S by site interactions exist in this study which 

demonstrates the inconsistency of the results with respect to S applica

tions on different soils (Table 11).

Table 11. Grain yields and protein production for spring wheat at the 
Ft. Collins and Danvers field sites.

Treatment

Grain Yields 
(mg/ha)

Protein Production 
(kg/ha)

Ft. Collins Danvers Ft. Collins Danvers

CK 5.55 1.90 760 240
S 5.42 2.13 740 255
P 5.77 2.23 790 280
S+P 5.59 2.22 755 270
LSD (.05) 0.26 0.22 40 30
I 5.52 1.88 760 245 '
S+I 5.58 1.88 755 240
P+I 5.79 2.03 795 _ 245
S+P+I 5.61 2.04 760 255
LSD (.05) 0.26 NS 40 NS

LSD (.05) 0.34 NS 50 NS

Corn Field Study

The results of the corn study support the earlier findings of the 

wheat study with respect to tissue concentrations of P, P uptake, and 

soil available P . Tissue concentrations of micronutrients at 50% 

silking showed no significant response to any of the treatments 

(Appendix C). Sulfur applications, with and without P, increased corn 

tissue concentrations of P. Though P alone appeared to have no influ

ence on the tissue concentration of P, the P treatments had the highest 

stover yields at the end of the growing season. This might suggest that 

tissue concentrations of P are diluted by the higher amounts of dry
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matter produced. The inoculation of S with T. thioparus reduced the 

levels of tissue P resulting in a significant S by I interaction 

(P=0.06) . This interaction is similar to that found in the wheat study 

in terms of grain yield (Danvers) and extractable soil P (greenhouse 

study). This is clearly illustrated in Figure 7. Grain yields were not 

significantly affected by treatment applications. Shelling percentages 

were increased slightly by both S and P applications and were maximized 

by the S plus P plus I applications (Table 12). Inoculation plus S did 

not appear to have depressed this positive response to S application.

Stover yields were significantly increased by P applications and 

were maximized by S + P. Inoculation had a negative effect on stover 

yields when applied with S and P, but had a positive effect when applied 

with S. alone. This inconsistency accounts for a significant S by P by 

I interaction (p value = 0.05).

Table 12. Tissue concentration of P at 50% silking, shell percentage, 
stover yield, and grain yield of corn at field ripeness.

Treatment

Response
Tissue P 
(mg/kg)

Shell
(%)

Stover Yield 
(mg/ha)

Grain Yield 
(mg/ha)

CK 2420 85.4 5.8 10.1
S 2651 85.4 5.2 9.8
P 2451 85.5 6.1 10.3
S+P 2780 85.4 6.5 10.5
LSD (.05) 340 NS 1.0 NS
I 2492 84.6 5.5 10.5
S+I 2524 . 85.6 6.1 10.3
P+I . 2479 85.5 6.5 10.4
S+P+I 2466 86.1 5.8 10.9
LSD (.05) NS 0.9 1.0 . NS

LSD (.05) NS NS 1.1 NS
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The primary objective of this study was to test the effectiveness 

of band applications of S (with or without an inoculation of T. 

thioparus) in increasing the solubility and subsequent plant availabil

ity of both residual and applied P . The results indicate that banding S 

with monocalcium P (as TSP) will increase the solubility and plant 

uptake of P by both spring wheat and corn. Increased plant P uptake did 

not always result in significant improvements in grain yield or protein 

production. This is probably due to the fact that the three sites were 

not severely deficient in available P. Tissue concentrations of 

micronutrients were inconsistent, both within and between field and 

greenhouse studies.

Inoculation of S with thioparus aided in the reduction of pH of 

the greenhouse soils, and applications of P with S appeared to further 

increase the activity of the S oxidizing organisms and thus, further 

decrease the soil pH. Inoculation of S with T. thioparus, however, 

actually reduced the levels of plant available P in both greenhouse and 

field studies. Thiobacillus thioparus has. a very high P requirement and 

may have fixed fertilizer and soil P while it oxidized S. It is likely 

that this is a biological rather than a chemical interaction, as appli

cations of both HgSO^ (Ryan et al., 1975) and S inoculated with a
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collection of S oxidizing organisms (Swaby, 1983) have not shown this 

type of negative response.

Applications of S plus P and S alone proved to increase the levels 

of soluble P over their corollary control in the greenhouse soils 

following eight weeks of plant growth. Sulfur also increased the levels 

of P uptake over the control group in the greenhouse. As none of the 

three soils were appreciably low in P, differences in P uptake at eight 

weeks were small. This corresponds to the results of the field study, 

in which tissue concentrations of P were increased only slightly by the 

application of S (when averaged across inoculated and uninoculated 

treatments). Corn plants seemed to respond well to S applications in 

terms of tissue concentrations of P . However, when the S was inocu

lated, P tissue concentrations were reduced. This inoculation by S 

interaction is consistent with the work of Lee and Bagyaraj (1986).

Micronutrient uptake in the greenhouse study was inconsistent with 

the field data and not conclusive. The Ft. Collins soil did respond to 

S application with respect to Zn uptake, in both greenhouse and field 

studies. The Danvers soil responded similarly in both greenhouse and 

field studies with respect to Mn uptake. Tissue concentrations of Zn 

were reduced by P applications to the Ft. Collins soil in both green

house and field studies. This demonstrated a negative interaction of P 

with Zn which was partially overcome by applying S with P and completely 

avoided by the application of S alone.

Dry matter and grain yields did not respond to any of the S induced 

increases in nutrient uptake, probably because none of the soils were 

severely deficient in any of the nutrients studied and because dry



43

matter differences following eight weeks of growth are inherently small. 

The Ft. Collins soil responded to P with respect to grain yields; 

however, these were inhibited by S application. The Danvers soil 

responded to increased P uptake (S and P applications) in terms of grain 

yields being maximized by the S plus P application, in spite of the high 

levels of residual soil P.

Though the results of this study are not conclusive, they are 

strong enough to warrant further work in this area. Studies might be 

performed to determine minimal application rates of S and P which would 

satisfy the needs of the crop. The work should be done on soils more 

severely deficient in P and the inoculum source should be altered. A 

natural collection of S oxidizing microorganisms should be applied with 

the S, similar to the inoculum used in biosuper phosphate (Swaby, 1983).

The implications of this work go beyond the simple idea that S may 

increase nutrient uptake. Sulfur is a common industrial waste product 

which poses an environmental hazard when not dealt with properly. When 

left in large piles, the S may severely acidify the soil resulting in 

the leaching of heavy metals and other pollutants into the ground water. 

If the S becomes airborne it may be inhaled by animals or redeposited in 

undesirable areas. This is a particular problem, as S will acidify its 

environment. Thus, the use of this biproduct as an amendment for 

alkaline soils may both reduce fertilizer P requirements and rid the 

environment of this troublesome waste product.
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APPENDIX A

Table 13. Micronutrient concentrations of wheat tissue following 8 
weeks of growth in the greenhouse study.

'________ Micronutrient Concentration__________
Treatment Cu Fe - Mn Zn

(mg/pot)
Ft. Collins:
CK 0.005 ■ 3.730 0.065 0.010
S 0.009 4.250 0.088 0.007
P. ■ 0.016 5.250 0.126 0.008
S+P 0.019 5.160 0.119 0.014
LSD (.05) 0.004 NS 0.039 NS

I 0.004 3.110 0.073 0.007
S+I 0.011 4.950 0.101 0.009
P+I 0.015 . 5.330 ' 0.102 0.007
S+P+I 0.012 5.470 0.117 ■ 0.021
LSD (.05) 0.004 NS 0.039 0.014

Danvers: 
CK 0.015 4.080 0.125 0.012
S 0.022 4.340 0.147 0.010
P 0.034 5.310 0.179 . 0.015
S+P 0.028 ' .4.280 0.174 0.011
LSD (.05) 0.011 • NS 0.041. NS

I 0.018 3.500 ' 0.135 0.010
S+I 0.022 3.380 0.163 0.020
P+I . 0.021 4.-030 0.155 . 0.011
S+P+I 0.025 4.520 0.178. '0.010
LSD (.05) NS . NS 0.041 NS .
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Table 13— Continued.

__.________ Micronutrient Concentration__________
Treatment Cu Fe Mn Zn

-(mg/pot)
Brocko: 
CK 0.010 3.340 0.115 0.035
S 0.020 • 3.820 0.150 0.039
P 0.031 4.820 . 0.173 0.048

- S+P 0.027 4.220 0.154 0.038
LSD (.05) NS NS 0.031 NS

I 0.023 3.850 0.140 0.049
S+I 0.024 4.820 0.158 0.035
P+I . 0.034 4.820 0.180 0.040

. S+P+I 0.020 4.520. 0.154 0.038
LSD (.05) NS NS 0.031 NS
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APPENDIX B

Table 14. Grain yield and protein of spring wheat averaged across the 
Ft. Collins and Danvers field sites.

Treatment Grain Yield 
(mg/ha)

Response_____ _________
Grain Protein 

.(kg/ha)

CK 3.72 500
S 3.78 500
P 4.00 535
S+P 3.90 ' 510
LSD (.05) '0.12 . 20

I 3.70 . . . 500
s+i 3.73 500
P+I 3.91 . 520
S+P+I 3.82 • . 510
LSD (.05) • 0.12 ' 20
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APPENDIX C

Table 15. Micronutrient concentrations of corn tissue.

.Micronutrient Concentration
Treatment Cu . Fe Mn Zn

•---------- (mg/kg)-

CK 27 1720 99 17
S , 26 . 1920 99 16
P • 26 2060 91 14
S+P .26 2080 112 19
LSD (.05) ■ NS NS NS ' 5

I' 23 1640 . 88 16
S+I 25 .1940 91 15
P+I 24 1725 88 14
S+P+I 21 '1810 87 13
LSD (.05) ■ NS NS NS NS
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