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ABSTRACT

Reduction in sulfur deposition from power plant emissions has resulted in lower amounts
of soil sulfur and, perhaps, in inadequate sulfur availability for corn. The objective of this study
was to determine if corn (Zea mays L.) grain yield was responsive to S fertilization in Indiana and
what soil and cropping system factors contributed to the likelihood of a response. Field scale
experiments were conducted at 28 sites from 2017 to 2020, the majority in corn-soybean (Glycine
max (L.) Merr) rotation. In-season measurements included soil sulfate-S concentration and soil
texture from 0 to 60 cm in 20 cm increments, plant nutrient concentration in the whole plant at
V3-V7, in the earleaf, and in the grain. Additional measurements were 1,000 kernel dry weight,
total kernel rows per ear, and kernels per row. Sulfur treatment rates ranged from 0 to 34 kg S ha'*
as ammonium thiosulfate, and were applied as starter, sidedress, and both combined. Fertilizer S
increased grain yield by 0.2 to 3.0 Mg ha at 10 of 28 Indiana site-years, approximately a 36%
frequency of response. When a response to S fertilizer occurred, the lowest sidedress rate examined
in that site-year, which ranged from 8 to 17 kg S ha*, was enough to maximize grain yield. On
soils with 26 to 31 g kgt OM, S fertilization increased yield 0.2 to 0.3 Mg ha! at 2 of 10 site-years.
Response to S fertilization at 8 of 10 site-years with soils with lower OM, 10 to 25 g kg, had
higher yield increases ranging from 0.7 to 3.0 Mg ha*. Grain yield responses occurred in both
coarse- and fine-textured soils and were consistent and large at 2 sites. Sulfate-S concentration in
the soil and S concentration in the whole plant (V4-V7) were not good indicators of response to S
fertilization. For the majority of the site-years where grain yield increased with S fertilization, the
grain S concentration, earleaf S concentration, and earleaf N:S were respectively <0.9 g kg, <1.8
g kgl, and >15:1 without S treatment. These parameters improved with the addition of S but some
site-years with these values did not have a yield response. These earleaf S and N:S “critical values’
may serve as reference for potentially S responsive sites, but more observations are necessary to
validate these critical levels. Sites with higher basal values (without fertilizer treatment) for earleaf
and grain S concentration and lower earleaf N:S still showed increased tissue S concentration upon
S fertilizer application, albeit with no increase in grain yield. We encourage farmers to consider S

fertilization at rates ranging from 8 to 17 kg S ha* applied at sidedress. this recommendation for

10



fields showing S deficiency symptoms or where R1 earleaf S concentration and N:S are below 1.8
g kgt and above 15:1, respectively.
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CHAPTER 1. LITERATURE REVIEW

1.1 Sulfur dynamics

1.1.1 Total soil sulfur

Sulfur in the soil exists in both organic and inorganic forms, with organic S being the
dominant form. Oxidation states of both organic and inorganic S compounds range from -2 to +6,
in order from the most reduced to most oxidized sulfide>disulfide>thiol>thiophene> sulfoxide>
sulfonate>sulfate (Huffman et al., 1991). In soils, organic S is found in proportion to organic C
and N, and C:N:S ratios varies with vegetation and soil properties (Eriksen, 2008; Solomon et al.,
2009; Tabatabai & Bremner, 1972). In the Great Plains of North America, the C:N:S ratios ranged
from 52:5:1 to 84:8:1 in native grassland and in cultivated soils slightly lower, ranging from 32:4:1
to 72:7:1 (Wang et al., 2006). In New Zealand, C:N:S in young well-drained soil averaged 79:9:1,
lower than 100:8:1 in waterlogged gley soils (Ghani et al., 1991, 1992). Sulfur is a constituent
element of soil organic matter (OM), therefore OM is a source of S for plants and microorganism.
In addition, cultivation of soils and well-drained conditions reduces the C:N:S ratios.

Total S in the soil is usually greater in fine-textured soils (loam, silt loam, and silty clay
loam) than in coarse-textured soils (loamy sand, sandy loam, sandy clay loam). In lowa, total S
ranged from 174 to 580 mg S kg in soils with loam, silt loam, and silty clay loam textures, and
was greater than 79 mg kg™ total S measured in a loamy sand soil (Neptune et al., 1975; Tabatabai
& Bremner, 1972). Total S in tropical soils with clay texture ranged from 209 to 398 mg S kg™,
whereas loamy sand, sandy loam, and sandy clay loam soils ranged from 43 to 72 mg S kg*
(Neptune et al., 1975). Regardless of the climate, coarse-textured soils usually have a lower total
S concentration than fine-textured soils, increasing the likelihood of S being in short supply for
plants in coarse-textured soils.

In a temperate climate, total S varied with differences in vegetation, decreasing in this
order: grassland (190 to 405 mg kg?t)>transitional zone forest-grassland (105 to 285 mg
kg)>forest (106 to 170 mg kg™) (Bettany et al., 1973). In contrast, total S in a tropical climate
were highest in forest soils (~273 mg kg?), then derived savanna soils (~183 mg kgt), and lowest

in savanna soils (~69 mg kg™) (Kang et al., 1981). Forest soils in temperate climates and savanna
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soils in tropical climates have a reduced pool of S compared to soils in temperate grassland and
tropical forest soils.

Tillage of previously undisturbed soils caused total S to decline over time, unless periodic
addition of S-enriched material were made in amounts that compensated for S leaving the system
(Blum et al., 2013; Kirchmann et al., 1996; Solomon et al., 2009; Spratt, 1997). Sulfur levels in
the soil eventually stabilized with time, although this process took 10 to 40 years, depending on
initial OM levels and weather conditions (Knights et al., 2000; Solomon et al., 2009). To
substantially increase soil organic S over the long-term required a concomitant application of
organic C. In a 153-year experiment in the United Kingdom, farmyard manure was applied at 35
Mg hatyr? (7 Mg ha™ dry matter, ~ 33 and 5 kg S ha! organic and inorganic S, respectively), and
resulted in total soil S of 521 mg S kg™ compared to total soil S of 194 mg S kg™ for the inorganic
S treatment (82 kg S ha! the first 124 years, ~34 kg ha™ the following 18 years, and 17 kg ha* the
last 11 years) (Knights et al., 2001). Total S in the soil that received fertilizer S had only 23 mg S
kg™ more than the soil that received no manure or fertilizer S for 153 years. In a shorter study
conducted over 35 years in Sweden, an Entisol was fertilized with ammonium sulfate (91 kg S ha*
yr) and 1 of 4 organic amendments (total S in kg ha* yr): sewage sludge (67), animal manure
(18), green manure (11), and peat (5) (Kirchmann et al., 1996). Soils to which sewage sludge and
animal manure were applied had total S of 440 and 310 mg S kg, respectively, compared to 210
mg kg? for the soil receiving inorganic fertilizer and 230 mg S kg for the untreated soil
(Kirchmann et al., 1996). Sulfur fertilizers do not usually increase total S in the soil unless S is
added together with C, which increases total S in the soil in the long-term. Addition of organic

materials to agricultural fields would help maintain or increase S levels in the soil.

1.1.2 Soil organic sulfur

Soil organic S is the most common form of S in the soil accounting for 90 to 96% of the
total S in Brazilian soils (Costa, 2020), 93 to 98% in Japanese soils (Tanikawa et al., 2014), and
91 to 99% in Canadian and United States soils (Tabatabai & Bremner, 1972; Wang et al., 2006).
Plant, animal, and microbial tissues are important sources of organic S compounds in the soil and
are classified in two major groups: organic sulfate (S bonded to C through O (S-O-C)) and
C-bonded S (Blum et al., 2013; Schoenau & Malhi, 2008). While C-bonded S is more stable,

13



organic sulfate is more labile and easily converted to inorganic sulfate via extracellular enzymatic
hydrolyzation (McGill & Cole, 1981; McLaren et al., 1985). This rapid process makes organic
sulfate an important source of immediate S for plants compared to C-bonded S that is more stable.

Carbon-bonded S is the dominant form of organic S in organic soils and exist in reduced
fraction in mineral soils (Ghani et al., 1992; Neptune et al., 1975; Stanko-Golden & Fitzgerald,
1991; Xiaetal., 1998). Field measurements from organic soils in Canada (Lowe & DelLong, 1963)
and the United States (David et al., 1982; Landers et al., 1983) found that C-bonded S accounted
for approximately 47-58% and >69% of the total S, respectively in these locations. Other studies
found that the C-bonded sulfur fraction in mineral soils from Canada (Lowe & DelLong, 1963) and
Ghana (Acquaye & Kang, 1987) was lower when compared to their fraction in organic soils and
accounted for ~12-35% of total S. Organic soils and mineral soils with high organic matter
concentration have a vast pool of S in the form of C-bonded S compared to mineral soils with low
organic matter in which this form of S is less prevalent.

Previous studies reported that C-bonded S from microbial biomass S represented a small
fraction of the total organic S, <3% (Saggar et al., 1981; Maynard et al., 1983). However, the rapid
cycling of microbial biomass makes it a sink and a source of S to be accounted for when
considering plant-available S. Soil from a native grassland and a cultivated field, both with
negligible amounts of microbial S at the beginning of the experiments, where incubated at constant
temperature and moisture (Gupta & Germida, 1989). In native grassland, wetting of the soil
increased microbial S and reached a maximum of 11 mg kg after 7 days. Whereas in cultivated
soil, the maximum microbial S was 7 mg kg™ and occurred after 14 days (Gupta & Germida, 1989).
Under field conditions in cultivated soils in Oregon, microbial S was lower than measured in
incubation experiments and changed with the seasons (Castellano & Dick, 1991). Microbial S
increased from 2.0 mg S kg* in March to 5.5 mg S kg™ by May (Castellano & Dick, 1991) which
is equivalent to ~5 and ~12 kg ha of microbial biomass S, respectively (assuming ~2,240 Mg soil
ha! at 17 cm depth). Although microbial S accounts for a minimal fraction of total C-bonded S, it
can be an important source of S during spring and summer in temperate climates.

Ester sulfate fraction is usually low in organic soils and high in mineral and cultivated soils.
Studies on organic layers of a Puerto Rican tropical forest found ester-sulfate was as low as 34%
of the total S (Stanko-Golden & Fitzgerald, 1991) and even lower in Ethiopian highlands ranging

from 16-26% of total S (Solomon et al., 2001). In contrast, in a cultivated soil in Oregon with no
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previous history of S fertilization, the ester sulfate fraction ranged 58 to 79% of the total S in the
0-15 cm depth (Castellano & Dick, 1991). A study was conducted at 19 forest sites in the US to
measure S forms in organic and mineral horizons (Autry & Fitzgerald, 1990). In this study, ester
sulfate was the main S fraction (43-77% of total S) in only 4 of 18 organic horizons. Ester sulfate
was more common in mineral horizons, and was the dominant S form in 8 of 14 A/B horizons (20-
40 cm depth), and in 7 of 17 B/C horizons (40+ cm depth) (Autry & Fitzgerald, 1990). Ester sulfate
is the most common form of S in agricultural fields and mineral horizons, the least common in
undisturbed soils, and can be easily mineralized to plant-available S.

Field measurements from previous researchers have shown the proportions of organic S
compounds change with differences in land use and soil properties. For instance, forest soils in
Ethiopia had both reduced and oxidized S in similar proportions, whereas ester sulfate was
predominant in cultivated soils (Solomon et al., 2003). The proportions of S compounds in humus-
extracts for forest and cultivated soils were respectively 26% and 15% sulfides-thiophenes, 15%
and 3%, sulfoxides, 33% and 36% sulfonates, and 28% and 47% for sulfates (Solomon et al., 2003).
Forest soils from Minnesota also had a significant portion of reduced S, and the humus extract
composition was 31% sulfides-thiophenes, 7% sulfoxides, 18% sulfonates, and 44% sulfates (Xia
et al., 1998). Whereas, in cultivated soils from Wisconsin, the proportion of reduced states of S
was low and more highly oxidized S was present: 15%, 2%, 29%, and 54% for sulfides-thiophenes,
sulfoxides, sulfonates, and sulfates, respectively (Xia et al., 1998). In forest soils, organic S
compounds exist in reduced and oxidized forms of S. In contrast, oxidized S is the major fraction

in cultivated soils and is therefore readily available to plants.

1.1.3 Soil inorganic S

Inorganic S is much less abundant than organic S in the soil and it represents <10% of the
total S in the surface layers (Costa, 2020; Knights et al., 2000; Landers et al., 1983; Solomon et
al., 2003). Inorganic S is found in the form of the gases hydrogen sulfide (H.S) and sulfur oxides
(SOx), and in ionic compounds such as sulfides, polysulfides, elemental S, thiosulfates,
tetrathionates, polythionates, sulfites, and sulfates (Bohn et al., 1986). In aerated soils, S gases are
short-lived and last just minutes before being oxidized to sulfuric acid, therefore their fraction is
negligible (Bohn et al., 1986). Sulfate is the main form of inorganic S and is found in the soil
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solution and adsorbed to soil colloids and is commonly labeled extractable sulfate-S (Bohn et al.,
1986). The latter is the most immediately available S in the soil for plants, therefore plant growth
and development rely on it.

Previous field studies have observed that the sulfate adsorbed to soil colloids and in the
soil solution changes with change in land use and management. Adsorbed S and soil solution
sulfate were respectively 3.3 and 15.9 mg S kg in awoodland, 3.0 and 7.2 mg S kgt in a cultivated
field with farmyard manure applied, and 1.7 and 3.9 mg S kg™ in a cultivated field fertilized with
inorganic S (Knights et al., 2000). Cultivated soils had ~50-75% less adsorbed sulfur than forest
soils (Knights et al., 2000), and higher concentration of soil solution sulfate than adsorbed S
(Knights et al., 2000; Spratt, 1997). Introduction of undisturbed soils to cultivation reduced the
overall soil extractable sulfate-S, however, additions of C and S in form of farmyard manure helped
maintain higher levels of extractable S compared to using inorganic fertilizer alone.

In field studies of agricultural fields, soluble sulfate-S was less stable than adsorbed sulfate-
S, increasing with warm temperatures due to increased OM mineralization and decreasing in
winter and spring due to leaching (Castellano & Dick, 1991; Schoenau & Malhi, 2008). Other
factors that increased sulfate-S in solution include application of sulfate-containing sources (e.g.,
manures and fertilizers), atmospheric S deposition (Castellano & Dick, Costa, 2020; 1991; Knights
et al., 2000;), liming, and phosphate in the soil. The addition of liming increase hydroxyl groups
that replace sulfate anion sorbed to colloids and phosphate competes for sorption sites with sulfate;
in both scenarios sulfate in soil solution increases (Kamprath et al., 1956; Qian et al., 2017). Soil
soluble sulfate-S concentration is usually higher during the growing season compared to winter;
however, this S may or may not be enough to sustain crops growth requiring supplementation with
S in some cases.

In acidic environments the sorption sites for sulfate-S are Fe and Al oxides and 1:1 silicate
clays which sorb more sulfate than 2:1 clays (Bohn et al., 1986; Kamprath et al., 1956; Scott, 1976).
Iron oxides sorb more sulfate than Al oxides (Scott, 1976; Johnson & Todd, 1983; Tabatabai,
1996), and at pH >6.5 where Fe and Al charges are neutralized S sorption is negligible (Tabatabai,
1996). Fe and Al, whether complexed with OM or not, hold phosphate more tightly than sulfate,
greatly reducing sulfate sorption (Bohn et al., 1986; Kamprath et al., 1956). Johnson & Todd (1983)
reported the highest sulfate accumulation in the B and C horizons on Ultisols and Inceptisols from
the United States and Costa Rica. Another study in 12 cultivated fields in the Coastal Plain of

16



North Carolina, the B horizon had higher amounts of extractable sulfate ranging from 26 to 142
mg kg* compared to the A horizon which ranged from 2 to 7 mg kg (Camberato & Kamprath,
1986). Sulfate in the B horizon would be sufficient to sustain crop growth if roots had access to it.
For field experiments on lowa soils between 2006 and 2010, extractable sulfate-S in the 0 to 90
cm profile ranged from ~24 to 105 mg kg, well above the range ~1 to 14 mg kg in the 15 cm
surface layer (Sawyer et al., 2015). In Indiana, soils extractable sulfate-S was similar or decreased
through 60 cm depth at 5 locations, while sulfate-S increased with increased depth at 1 location
(Moser, 2016). Sulfur below the upper 15-20 cm of soil is a potential source for crops if accessible
to roots, and it is particularly important in soils where sulfate-S accumulates in deeper soil
layers - acidic subsoils with pH <6.5 containing Fe and Al oxides.

Mineral sulfates in dry environments are coprecipitated with Ca, Mg, K, and Na (Bohn et
al., 1986); whereas in acidic soils with poor drainage S is reduced to sulfide and precipitates with
Fe forming pyrite (Clark et al., 1961; Thode-Andersen & Jgrgensen, 1989). Other mineral sulfides,
such as greigite, mackinawite, and marcasite, are much less common (Bush & Sullivan, 1997,
2000), stable in anaerobic environments, but quickly oxidized under aerobic conditions (Ward et
al., 2004). When sulfate and sulfite minerals are present, weathering and oxidation of these sources

make S available to plants.

1.1.4 Microbial oxidation and reduction

Oxidation of S is important to make S available in soils fertilized with reduced S sources
(e.g., elemental S, thiosulfate), in parent materials high in sulfides, and in flooded areas (Eriksen,
2008). Microbial oxidation of reduced inorganic S (e.g., sulfide, elemental S, thiosulfate) is
performed by bacteria (e.g., Thiobacillus, Paracoccus, and Xanthobacter) (Friedrich et al., 2001,
Kelly et al., 1997) and archaea (Kletzin et al., 2004; Schonheit & Schafer, 1995). Both autotrophic
and heterotrophic bacteria are involved, but the latter is predominant (Lawrence & Germida, 1988).
The oxidation of S produces intermediate products in the process, but in incubation conditions
these intermediate products from oxidation of sulfide in acid sulfate soil materials were relatively
short-lived - thiosulfate and tetrathionate were present during the first 2 and 4 days after initiation

of oxidation and were not detected in the following 34 days (Ward et al., 2004). The ability of the
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soil microbial community to oxidize reduced S determines the availability of S from these sources
to plants.

Previous studies observed oxidation of S was positively correlated with increased
rhizosphere biomass. In a controlled environment, wheat (Triticum aestivum L.) and canola
(Brassica napus L.) rhizosphere soil (compared to bulk soil) had 19-32% and 8-10% more
thiosulfate- and sulfate-producing organisms, respectively (Grayston & Germida, 1990).
Rhizosphere soil from corn had greater abundance of enzymes associated with microbial cycling
of S, ~30% more sulfite oxidase and ~50% more sulfite reductase compared to bulk soil (Li et al.,
2014). The plant rhizosphere increases the oxidation of S and therefore the availability of sulfate-
S.

In poorly aerated or flooded soils, sulfate is reduced primarily by the bacteria,
Desulfobacterales with some reduction by less common species, Desulfovibrionales,
Syntrophobacteraceae, and Clostridiale (Eriksen, 2008; Sitte et al., 2010). Oxygen from sulfate is
used for bacterial respiration after oxygen from hydroxyl and nitrate has been depleted (Eriksen,
2008). In two separate incubation experiments, it was observed that sulfate was reduced to H,S
and immediately formed sulfide minerals in combination with Fe, Co, Ur, and heavy metals
(Burton et al., 2014; Sitte et al., 2010). The maximum sulfide accumulation (reduced S) observed
in laboratory conditions occurred at day 10, same time lapse for treatment with 100 mg S kg* and
without S (Connell & Patrick, 1969). Horizons A and B constantly affected by the water table had
higher sulfate-reducing bacteria and mineral sulfide content compared to negligible activity in the
A horizon with better aeration and less water accumulation (Sitte et al., 2010). Agricultural soils
with poor aeration or temporally flooded had higher risk of S reduction and hence diminished
availability of sulfate-S.

Degradation of methionine-, cystine-, and cysteine-containing substrates produces volatile
S compounds that inhibited nitrification when measured in incubated soil under control conditions
(Bremner & Bundy, 1974). For instance, in a closed-system incubation, volatile-S compounds
introduced as gases successfully inhibited nitrification when measured on day 7. The inhibition of
nitrification from volatile-S compounds decreased in the order carbon disulfide (96%)>dimethyl
disulfide (42%)>methyl mercaptan (19%)>dimethyl sulfide (14%)>hydrogen sulfide (8%)
(Bremner & Bundy, 1974). Carbon disulfide (2 mg kg™?) was the only gas effective through day

14, and nitrification inhibition was 56% compared to 11% with the commercial inhibitor (2 mg
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kg™). Under field conditions, volatile S-compounds are sorbed to the soil, therefore their inhibitory
effects would be less likely under field conditions than in a laboratory incubation (Banwart &
Bremner, 1975; Bremner & Bundy, 1974).

Agricultural soils with and without previous S fertilization were incubated in aerobic and
anaerobic conditions, volatile S was <0.05% of total S after 60 days at 30°C, and only 4 of 25 soils
released volatile S compounds under anaerobic conditions (Banwart & Bremner, 1976). In addition,
higher volatilization occurred from soils with OM >5.7% than with OM <2%, suggesting that
volatile S compounds may mainly be formed from microbial decomposition of organic matter.
Concentrations of volatile S compounds sufficient to inhibit microbial activity under field

conditions may be unlikely.

1.1.5 Sulfur mineralization

Organic S mineralization to inorganic S through biochemical and biological processes
involve bacteria and fungi (McGill & Cole, 1981). Mineralization of S in 48 forest and savanna
soils during a 10-week aerobic incubation averaged 1.7%, with a maximum of 7%, (Acquaye &
Kang, 1987). In prairie soils, 3 to 5% of total S was mineralized in 17 weeks (Maynard et al., 1983).
Under field conditions, mineralization of S over 2 years was estimated at 1.7 to 3.1% of organic S
per year in pots filled with soil from Danish agricultural fields under spring rape (Brassica napus
L.)-ryegrass (Lolium multiflorum Lam.) rotation (Eriksen et al., 1995). The pots were kept exposed
to field conditions and most of the roots were isolated from the soil (Eriksen et al., 1995). Under
22°C constant temperature and soil moisture, the estimate of organic S made available for 75 days
was 2 to 3 kg S ha'! for each percent OM, but it varied with soil temperature and moisture (Kaiser
& Vetsch, 2020). The capacity of the soil to mineralize soil OM determine the S made available
from this source.

Enzymatic hydrolysis of organic sulfates is carried out by bacteria and fungi and is affected
by pH, temperature, soil depth, phosphate, and inorganic sulfate. Optimum incubation pH for
maximum enzymatic activity in 3 soils was 7.5, 7.0 and 5.3, respectively, suggesting enzymes may
be adapted to different soil pH (Lou & Warman, 1992). Enzymatic activity was positively related
with pH across soil types in long-term continuous corn — alluvial and volcanic soils, and non-

cultivated soils in mid and south Europe (Gianfreda et al., 2005). In volcanic soils, 35°C increased
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total S mineralization compared to 20°C and it was attributed to increased hydrolysis (Tanikawa
et al., 2014). Enzymatic activity measured in incubation experiments at 35°C using p-
nitrofenylsulfate as substrate, reported degradation of substrate at 50 to 65 mg kg soil h™* in long-
term continuous corn (Gianfreda et al., 2005), 33 to 35 mg kg™ soil h! in rotation crop sugar beet
(Beta vulgaris L.), wheat, rye (Secale cereale L.), potato (Solanum tuberosum L.), wheat, and
barley (Hordeum vulgare L.) (Marschner, 2003), and 5.5 and 11.5 kg* soil ht in an lowa clay soil
and a Michigan sandy soil, respectively (Taylor et al., 2002). Bacteria and fungi populations in
cropland were higher in the surface 0-30 cm depth than deeper depths in both clay and sandy soils
(Taylor et al., 2002). While bacteria were present at all depths, fungi were not found below 2.3 m.
Exogenous sulfate and phosphate (due to displacement of sorbed sulfate into the soil solution)
inhibited hydrolysis of ester-sulfate (Lou & Warman, 1992; Blum et al., 2013). Ester sulfates is
the form of organic S most rapidly converted to sulfate-S by bacteria and fungi providing S for
plants, however its mineralization is inhibited by fertilization with sulfate and phosphate.
Carbon-bonded S is desulfurized by bacteria as they consume C as energy or S as nutrient
and in the process CO> and sulfate are released as by-products, however any other C-containing
substrate can be used in absence of C-bonded S to satisfy the microbial demand for energy (McGill
& Cole, 1981). Time for complete mineralization of sulfonate, a C-bonded S compound, was
evaluated in incubation experiments using activated sludge (Pakou et al., 2007). Five days were
needed for intermediate products to mineralize into sulfate, and 7 days for 98% mineralization of
the initial sulfonate (16.5 mg L) (Pakou et al., 2007). Release of S from OM depends on microbial
demand for C, therefore favorable conditions for microbial activity would increase S made

available from OM mineralization.

1.1.6  Sulfur and immobilization

Mineralization of S is expected with C:S<200:1 and immobilization with C:S>400 (Eriksen,
2008). This was consistent with findings in incubation experiments (Tabatabai & Chae, 1991) with
crop residues (cornstalk, soybean, and sawdust) and animal manure (chicken, hog, horse, and cow)
with C:S >400 and alfalfa (Medicago sativa L.) with C:S<200:1 incorporated to the soil. All
treatments except alfalfa had net immobilization of S over a 26-week period - net S immobilization
ranged 15-53% for cornstalk, 15-47% for soybean, and 10-62% for sawdust. Mineralization from
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animal-manured soil was not different from the control at pH 5.1, whereas at soil pH 6.5 S was
immobilized ~8-11%, and at pH 7.6 mineralized ~27-63% relative to the check soil (Tabatabai &
Chae, 1991). Immobilization of S was accentuated with the addition of cellulose which
immobilized ~6.1 mg S kg*, or in combination with sulfate ~8.9 mg S kg™, compared to the control
~1.4 mg S kg* (Saggar et al., 1981). Although immobilization of S is not expected with C:S ratios
<200:1, it was nonetheless observed in incubation experiments in 18 of 48 soils from Ghana
(Acquaye & Kang, 1987). Incorporation of crop residue and animal manure with C:S >400 can
reduce availability of S for crops temporarily if planted at the same time. Although immobilization
of S is not expected at lower C:S ratios, it has been shown to also occur.

Immobilization of S increased as microbial activity and biomass increased with the
transition from winter to spring, due to increased temperature (Castellano & Dick, 1991; Schoenau
& Malhi, 2008) and rewetting of the soil (Castellano & Dick, 1991; Gupta & Germida, 1989).
Microbial activity in incubated soils showed an exponential increase for the first two weeks (Ghani
et al., 1991). In another experiment, the exponential increase continued until week 4 to 6 of the
incubation (Saggar et al., 1981). After the exponential phase immobilization continued to increase
linearly at a slow rate. In contrast, drying periods and microbial decay mineralized S (Castellano
& Dick, 1991). Immobilization of S by microbes reduces availability of S during the first few
weeks after winter as the microbial population regenerates. However, S availability would increase

following stabilization of the population.

1.1.7 Sulfate leaching

Sulfate-S in the soil solution is susceptible to leaching. Risk of sulfate-sulfur leaching is
higher for coarse-textured well-drained soils and in wet climates (Dick et al., 2008). Risk of sulfate
leaching decreased in the presence of Fe and Al with little impact of OM, and removing Fe oxides
from the soil had more impact on soil retention capacity of sulfate than removing Al oxides
(Harward et al., 1962). In acidic conditions (pH >3.5 to 6.5) sulfate losses by leaching were
influenced by anion exchange capacity of crystal edges of clays. In addition, the risk of S leaching
decreased with clay type, kaolinite > illite > montmorillonite (Harward et al., 1962). The retention
capacity of S in acidic soils is lessened with increased pH and coarse-textured soils are more

susceptible to S loss by leaching.
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Both phosphate and lime additions increase S leaching, and the magnitude is dependent on
the sulfate adsorption capacity of the soil. For example, in a soil with low adsorption capacity
(predominantly mica and illite clays) 67% of the initial S added was leached from the soil after 40
days of incubation (Bolan et al., 1988). When phosphate or lime was added, sulfate-S leaching
increased to 75 and 85%, respectively. In contrast, in a volcanic soil with high adsorption capacity,
sulfate leaching as a proportion of the total S added was <2, <4, and 7% in the control or with
phosphate or lime added, respectively (Bolan et al., 1988). The greater effect of lime on increasing
S leaching in both soils was related to increased pH increasing sulfur mineralization from OM,
desorption from exchange sites, and increased solubility of S-oxides (Bolan et al., 1988). Soils
with low adsorption capacity are more susceptible to S loss by leaching, reducing potential S for
crops utilization.

Fertilizer with oxidized forms of S are more prone to be lost by leaching than sources with
less oxidized S. In laboratory conditions, maximum S leaching from sulfate-S containing fertilizer
was in week 2 to 4 of incubation, while little sulfate leached from elemental S (Dijksterhuis &
Oenema, 1990). In a wheat field experiment, application of 52 kg S ha® as ammonium sulfate
resulted in 60 kg S ha* leached, well above the 14 kg S ha* lost from farmyard manure that applied
38 kg S hal, and the 9 kg S ha lost from the treatment receiving no additional S (Knights et al.,
2000). Adding crop removal and atmospheric deposition of S to the equation, net sulfur balance
was -3, +28, and +4 kg S ha! with fertilizer S, manure, and the unamended soil (Knights et al.,
2001). Fertilization with oxidized S provides readily available S to crops, but are also more
susceptible to leaching compared to fertilization with reduced S. On the other hand, reduced S
sources need to be oxidize to sulfate-S to become available to plants.

1.2 Atmospheric sources of sulfur

1.2.1 Biogenic sources

Sulfur is released to the atmosphere from water bodies, land surfaces, volcanoes, and
anthropogenic activities. Emissions of H>S have been detected in large water bodies such as the
Black Sea in southern Europe (Yang et al., 1996) and Salton Sea in California (Reese et al., 2008).
Tidal flat sediments released both SOx and H>S to the atmosphere, emissions averaged 7.1 and 28
mg S m2 h' for muddy and sandy sites, respectively (Azad et al., 2005). Concentration of H2S in

surface sediments in fall and summer ranged <0.1 to 4 mg S L™* with none detected during winter
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and spring (Asaoka et al., 2018). Sulfur dioxide and sulfuric acid are the main S compounds
released from water bodies and sediments to the atmosphere, and in temperate climates emissions
are higher during warmer months compared to winter and early spring.

Volatile S compounds in incubated soils originated from S reduction in anoxic conditions
(Farwell et al., 1979) and from microbial decomposition of S-containing amino acids methionine,
cystine, and cysteine (Banwart & Bremner, 1975). Carbon sulfide and carbonyl sulfide were the
main volatile S compounds detected from forest and cropland soils (Banwart & Bremner, 1975;
Melillo & Steudler, 1989; Meredith et al., 2018), and the former was 2.3 times higher in light than
in the dark (Meredith et al., 2018). Hydrogen sulfide emissions from soil have not been detected
(Banwart & Bremner, 1976; Meredith et al., 2018), perhaps because it is immediately converted
to metallic sulfides in the soil preventing volatilization (Banwart & Bremner, 1976). Volatile S
compounds have been detected under laboratory conditions, but not under field conditions, hence
S emissions from soil surfaces is unknown.

Emissions of H>S and SO, from volcanoes were much less than from anthropogenic
activities, but this difference has narrowed as anthropogenic emissions of S continue to be reduced
(Figure 1.1). The spatial distribution and altitude make volcanoes an important source of S to the
atmosphere (Oppenheimer et al., 2011). Annual global emissions from continuous S degassing are
estimated at 15 to 21 Tg SO, and from eruptions at 7 to 12 Tg SO> (Berresheim & Jaeschke, 1983;
Andres & Kasgnoc, 1998), and emissions of HS alone ranged from 1.4 to 35 Tg SO year™
(Oppenheimer et al., 2011). In Nicaragua, volcanic emission was estimated to be dispersed across
1,250 km? downwind from the source (Delmelle et al., 2002). In Redoubt Volcano in Alaska 1992,
a volcanic plume detected at 14 km aboveground had moved ~5,000 km away from the volcano
2.5 days after the eruption (Heffter & Stunder, 1993). Using satellite imagery, the volcano plume
was detected at much further distances - 18,000 km away from the source 23 days from the eruption
(Prata et al., 2007). Volcanos are the main natural source of S to the atmosphere and emissions
reach long distances from the original source, at least 5,000 to 18,000 km.
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Figure 1.1: Global sulfur dioxide emissions from anthropogenic sources: oil and gas, power plants, smelters, and
volcanos. Adapted from data obtained from: https://so2.gsfc.nasa.gov/measures.html (NASA, 2021).

1.2.2 Anthropogenic sources and global fluxes of S

Coal and other fossil-fuel combustion and smelting are the main anthropogenic sources of
sulfur to the atmosphere - in excess of emissions from volcanos most of the years from 2005 to
2019 (NASA, 2021, Figure 1.1). Both H.S and SO are volatilized, but the latter is the main source
of S. Global fluxes of S have declined ~46% from 2007 through 2019 (NASA, 2021; Figure 1.1).
Since 2005, S emissions from fossil-fuel burning and smelting have not change significantly,
compared to emissions from power plants that declined by half during this time period (NASA,
2021; Figure 1.1).

From 2007 through 2014, China was the world largest contributor of SO to the atmosphere
(NASA, 2021; Figure 1.2). Since then, emissions from China have decreased (Klimont et al., 2013),
and in 2015 Russia and India became the world largest contributors of S to the atmosphere (NASA,
2021; Figure 1.2). In contrast, emissions from the USA have consistently declined since
implementation of the 1990 amendments to the Clean Air Act. For example, S emissions were 94%
less in 2019 than in 1990 when emissions were as high as 16 Tg SO. (EPA, 2015). Coal combustion
for power generation continues to be the main contributor of S in the USA accounting for >96%
of the emissions from 1990 to the present (EPA, 2015). Since 2010 to the present, the global

tendency for anthropogenic S emissions is to decrease, reducing the concentration of S in the air.
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Figure 1.2: Annual sulfur dioxide emissions for India, China, Russia, and the USA, and the globe. Adapted from
data obtained from: https://so2.gsfc.nasa.gov/measures.html (NASA, 2021).

1.2.3 Sulfur deposition

Sulfur particulates and gases are deposited back to terrestrial and aquatic ecosystems
(Zannetti, 1990) by both wet and dry deposition (EPA, 2015). With wet deposition, sulfur gases
react with water and other chemicals forming sulfuric acid that reach the ground with rainwater,
whereas dry deposition occurs by sedimentation, diffusion, and wind turbulence (Beckett et al.,
1998). In arid regions and coastal zones, dry deposition accounted for >70% of S deposition, while
in other ecosystems dry deposition is 50 to 70% of total deposition (Vet et al., 2014). Dry
deposition of S was the main source of deposition in winter, while dry and wet deposition were
similar in magnitude in summer (Chen et al., 2020). In the USA, dry deposition was slightly greater
than wet S deposition (Zhang et al., 2018). Sulfur is deposited back to the earth surface through
rainfall or dry deposition, in the absence of rainfall dry deposition is predominant and vice versa.

Global S deposition in 2001 ranged from 4 to 50 kg S ha* year? equivalent to 91 Tg S
worldwide (Vet et al., 2014), whereas in 2021 estimated S deposition ranged from 2 to 30 kg S
ha! year? (Qiao et al., 2021). However, the 2021 data likely underestimated maximum deposition
(30 kg S ha! year™) since it did not include data from India and Russia and these countries are the
largest contributors of S to the atmosphere (Qiao et al., 2021). Sulfur deposition in the USA is
historically concentrated in eastern states (Figure 1.3) and has decreased over time. For instances,
S deposition in 2000 ranged from <4 to >23 kg S ha* year™ and in 2019 from <2 to <12 kg S ha*
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year (EPA, 2021; Figure 1.3). In summary, during the last two decades, reduction in S emissions
translated to a decline in S deposition by nearly half worldwide and in the US.
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Figure 1.3: The amount of sulfur deposited on the land is much less in 2019 than in 2000. Red colors indicate high
deposition and green low deposition. Adapted from images accessed at:
https://gaftp.epa.gov/castnet/tdep/images/s_tw (EPA, 2021b) (URL accessed May 2021)

Excessive deposition of S and N altered natural ecosystem functioning and caused
acidification of soil and water, and weathering of cultural infrastructures (Burns et al., 2016). In a
Canadian forest, sulfur and nitrogen deposition increased the rate of organic matter decomposition
by stimulating microbial activity and extracellular enzyme activity (Wang et al., 2018). In contrast,
elevated acidity due S and N additions, slowed organic matter decomposition in soil from
coniferous and broadleaf forest in incubation experiments (Ruzek et al., 2021). A study in semi-
arid tropical Australia found ant richness was negatively correlated with sulfur deposition levels
(Hoffmann et al., 2000). In a boreal forest in Canada, long-term deposition of S and N was
associated with increased number of root pathogens (Wu et al., 2021). Early in 21% century, the
northeastern US showed negative effects on forest species due to acidification followed by lower
basic cation concentrations (Duarte et al., 2013). Nevertheless, a study in a watershed of the
Catskill Mountains of the US monitored fish communities was conducted from 1991 to 1993 and
from 2012 to 2019 (Baldigo et al., 2021). This study found that fish diversity and population has
continued to recover as water pH increased 0.16 to 0.34 units and sulfate concentration decreased
from 60-65 pmol SO4-S Lt in 1991 to 25-30 pmol SO4-S Lt in 2019 (Baldigo et al., 2021). In a
study conducted in Illinois for 22, 18, and 6 years in three agricultural tile-drained watersheds, S
fertilization was not correlated with S concentration changes in the water stream (David et al.,
2016). Instead, in 2 of 3 watersheds monitored, the decline in S deposition (~14 in 1994 to <5 kg
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S ha! in 2014) better explained the decline of S in the water (David et al., 2016). The positive
effects of reduced S deposition have been noticeable in the water ecosystem with the reduction of
S concentration and species communities recovering.

1.3 Sulfur uptake by plants

Sulfur uptake is mediated by carriers in root cell membranes (Leggett & Epstein, 1956),
and is translocated to the stele and root xylem through the symplastic pathway (Grossman &
Takahashi, 2001). Carriers of low affinity regulate S uptake in S-sufficient conditions, where high-
affinity carriers are highly expressed at low S availability (Cacco et al., 1980). In corn, high
yielding hybrids had greater expression of low-affinity carriers than inbreds and this characteristic
was positively correlated with more S in the roots and higher yields compared to those of inbreds
(Cacco et al., 1980). In Arabidopsis, mMRNA of high-affinity sulfate transporters (Sultrl;1 and Sultr
1;2) were found in the cortex of mature parts of roots and in the epidermis and root hairs
(Yoshimoto et al., 2002). Expression of Sultrl;1 was 10 times higher under low-S than in high-S
and its suppression resulted in reduced accumulation of S in the roots. In contrast, expression of
Sultr 1;2 was doubled under the same conditions and was unaffected by the suppression of Sultr
1;1. Although Sultr 1;1 is more responsive to limiting-S, it is less abundant that Sultr 1;2, and its
function may be of importance only under very low S levels (Yoshimoto et al., 2002). Low-affinity
carriers were also identified in the root cortex of Arabidopsis that increased S uptake to some
extent, but not as much as Sultrl;1 and Sultr 1;2 (Maruyama-Nakashita et al., 2015). Plants obtain
S mainly though roots and its uptake is regulated by low affinity carriers when S is sufficient and
by high affinity carrier in S deficient conditions.

Sulfur uptake has been shown to be co-transported with H* into the root. As a result, higher
S influx from nutrient solutions was observed at more acidic pH in barley (Leggett & Epstein,
1956), and rapeseed (Hawkesford et al., 1993). Studies with a wild-type legume (Lotus japonicus
L.) found that the expression of S transporters increased in the absence of mycorrhiza (Giovannetti
et al., 2014). Further research is necessary to understand the mechanism involved, but it is
suggested that S in the area of root-fungus is higher and independent from S fluxes in the bulk soil
or other unidentified transporters are involved (Giovannetti et al., 2014).

Sulfur uptake is regulated by plant S status (de Kok et al., 2005), however, the control
mechanism is not fully understood. In canola, the increase of glutathione in the phloem exudates

decreased S uptake (Lappartient & Touraine, 1996), and in Arabidopsis downregulated the
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expression of Sultr 1;2 responsible for S uptake (Maruyama-Nakashita et al., 2004). Cytokinin
was also associated with downregulation of both Sultr 1;1 and Sultr 1;2 decreasing S uptake and
S concentration in the roots of Arabidopsis (Maruyama-Nakashita et al., 2004). In contrast, another
study found that overexpression of SLIM1/EIL3 genes stimulated activation of Sultr 1;1 and Sultr
1;2 increasing S uptake under S-limiting conditions, whereas in the mutant plant with no SLIM1
gene S uptake declined ~60% (Maruyama-Nakashita et al., 2006). Recent studies found that an
epigenetic protein in the nucleus named “more sulfur accumulation1” (MSA1), controls responses
under S-starvation and S-sufficient conditions in Arabidopsis. With S-starvation, MSA1 mutants
accumulated and assimilated more S than MSAL knockout mutants, but when S was adequate
accumulation did not differ between mutants with or without the MSA1 gene (Huang et al., 2016).
There is not complete understanding on how plants regulate S uptake, however, several
mechanisms involving gene expressions and accumulation of S-compounds in the phloem have
been associated with regulation of S uptake.

Inadequate S levels caused the root to shoot ratio to increase (Huang et al., 2016), and the
plant developed longer roots and a greater number of lateral roots (Hopkins et al., 2004; Kimura
et al., 2019) while shoot growth was stunted (Hopkins et al., 2004). In another study, corn was
grown aeroponically under S-deprivation conditions (Hopkins et al., 2004). Corn in S-deprivation
increased root to shoot ratio by 20% compared to corn with adequate S (Hopkins et al., 2004).
Plants respond to S starvation conditions by increasing root length therefore accessing a greater
soil volume for nutrient uptake, while the aboveground biomass is diminished compared to plants
grown in S-sufficient conditions.

Sulfur dioxide is absorbed through stomates and the leaf cuticle in plants (Buchner et al.,
2004; van Hove et al., 1989). However, S absorbed through leaves are small in comparison to that
from root uptake, therefore leaf S absorption could not maintain plant growth in the long term.
Brassica seedlings exposed to sulfur dioxide as the only source of S, grew normally for 10 days
but deficiency symptoms appeared thereafter (Buchner et al., 2004). Absorption of atmospheric S
in the leaf surface of bean (Phaseolus vulgaris L.) and poplar (Populus euramericana L.) was
positively correlated with humidity, but was not significantly affected by temperature variation
between 15 and 25°C (van Hove et al., 1989). Plant uptake of S through leaves occurs in low
amounts that cannot substitute for S uptake by roots.
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High concentrations of atmospheric S can damage guard cells, impairing stomate closure
(Gerini et al., 1990; Winner & Mooney, 1980), increasing transpiration (Gerini et al., 1990), and
decreasing photosynthesis (Dhir et al., 2001; Gerini et al., 1990). Concentrations of SO> ranging
from 0.25 to 0.5 pL L™* caused severe injury in younger leaves, but less severe injury in mature
leaves of tobacco (Nicotiano tabacum L.) (Craker & Starbuck, 1973). Chicory (Cichorium intybus
L.) exposed to 1 puL L had 82% reduced number and size of leaves, compared to nonexposed
plants (Dhir et al., 2001). Different levels of injury from SO, occurred among trees species
established around an active volcano in Hawaii (Winner & Mooney, 1980). Where atmospheric
SOz ranged from 1 to 100 pL L™ most of the trees died, except one species that responded by
closing stomates and reducing SO2 absorption. Older leaves on this species were less injured than
younger leaves, similar to what was observed with tobacco (Winner & Mooney, 1980).
Atmospheric S ranging 0.04 to 0.1 puL SO2 L did not cause visible injury in maize, and the
maximum decline in photosynthetic rate was ~20% from plant exposure to 0.07 pL SOz L™ with
no effect from the lower or higher concentrations (Gerini et al., 1990). The reasons of the responses
to one concentration and not to the others was not understood. Sulfur concentrations in the
atmosphere above tolerable levels for plants are detrimental, and younger leaves are more
susceptible to damage than older leaves. Severe exposure to S can cause plants to die.

1.4 Sulfur interactions

Sulfur interactions during plant uptake occurs with selenate (Se), molybdenum (Mo), and
zinc (Zn). Wheat fertilized with Se and Mo, but not S, showed overexpression of S transporters
and increased tissue concentrations of Mo and Se, indicating that S, Se, and Mo shared a common
carrier transporter in roots (Shinmachi et al., 2010). Selenate and sulfate competition for adsorption
sites was also observed in barley (Leggett & Epstein, 1956) and onion roots (Allium cepa L.). In
the latter species, increasing the rate of Se from 1 to 8 g SeOs m™ decreased plant S uptake from
5.1 to 1.2 mg plant? (Barak & Goldman, 1997). In barley and rice (Oryza sativa L.), the
antagonism effect of S on Se uptake was stronger at high S concentrations, but the same effect was
not observed from high Se rates on S uptake (Mikkelsen & Wan, 1990). Sulfur-Mo antagonism
has been reported in the literature for soybean (Kumar & Singh, 1980), Stanleya pinnata (Pursh)
Britton (Harris et al., 2014), and burley tobacco (Sims et al., 1979). Zinc and S are antagonistic in

pepper (Capsicum annuum L.) (Kaya et al., 2018). Transporters for S, Se, and Mo in the root cortex
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are the same causing competition for adsorption sites among this nutrients, and high concentrations
of S reduces Se and Zn uptake.

Oxidation of reduced S releases acidity which influences availability of other nutrients. In
pot experiments, maize grown in acid (pH 5.7), neutral (pH 7), and calcareous soil (pH 8.1) was
fertilized with 50, 500, and 5,000 mg S kg* of ground S (Hassan & Olson, 1966). At 45 days after
planting, the highest S rate in the acid soil reduced pH from 5.7 to 3.1 and caused excessive
increase in concentration of S (1.9 vs 16.8 g kg™*) and Mn (81 vs 1,022 mg kg™?) in the tissue, but
increased P concentration (Hassan & Olson, 1966). Sulfur applied at 5,000 mg kg™* increased Ca,
Mg, Mn, Zn, Fe, and Cu concentrations. However, plant dry matter decreased in all 3 soils with
elemental S addition. For example, for the neutral soil, tissue concentration without and with S,
respectively, was Ca (4.4 vs 19 g kg™), Mg (3 vs 9 g kg), Mn (60 vs 944 mg kg?), Zn (23 vs 91
mg kgt), Fe (147 vs 450 mg kg™), and Cu (7 vs 23 mg kg™?), and dry matter yield (1.5 vs 0.4 g
potl). The lower S rate (50 mg kg™) in calcareous soils significantly increased tissue Cu (10
without S vs 13 mg kg™ with S) at 45 days after planting. Fertilization with reduced forms of S
has the potential to increase micronutrient availability, and can be beneficial in calcareous soils at
rates adequate for plants.

Sulfur interaction with N and P has been previously observed. Fertilization of wheat fields
with N and S increased N use efficiency (NUE) by nearly 50% due to greater recovery of N, but
when N was limiting there was no effect of S on NUE (Salvagiotti et al., 2009). Soybean sowed in
sand and fertilized with both P (80 mg kg™ soil) and S (80 mg kg™ soil), resulted in maximum S
uptake of 48 mg pot* (Kumar & Singh, 1980). The S uptake from applying both nutrients was
greater compared to the uptake from P alone (20 mg pot™) or from the control (9 mg pot?) (Kumar
& Singh, 1980). Ensuring an adequate supply of S for plants improves the efficiency of N use
which might result in reduced N input requirements and nutrient losses from agricultural fields.

15 Sulfur assimilation

Plants’ assimilation pathways have been studied mainly in Arabidopsis, but findings are
likely applicable for other plants species. Sulfur assimilation is facilitated mainly by low-affinity
transporters expressed in all plant tissue, but mostly in leaves. These transporters in Arabidopsis
were classified in 4 groups and a similar classification applies to transporters in other plants. The
first group correspond to the Sultrl-type carriers previously discussed in nutrient uptake by roots,

the second group are the Sultr2-type carriers accumulated in both root and leaf tissue and enable
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S transport from root to leaves (Takahashi et al., 2000). Group 3 or Sultr3-type carriers have not
shown a direct connection with S assimilation, but did appear to increase S-uptake by of Sultrl;2
(Kataoka et al., 2004). Group 4 integrated for Sultr4-type carriers mediate S translocation from
vacuoles to cytoplasm (Kataoka, et al., 2004b). The only high-affinity carrier identified to have a
role in S transport is Sultrl;3, responsible for beginning the loading process from the companion
cells to the phloem (Yoshimoto et al., 2003). Assimilation processes of S in plants are facilitated
by transporters of low affinity found in all plant tissue, but mainly in roots and leaves.

Sulfur assimilation takes place in the mitochondria (Haas et al., 2008), chloroplast (Lunn
et al., 1990; Saito et al., 1994), and cytosol (Lunn et al., 1990). Assimilation begins with the
activation of sulfate into adenosine phosphosulfate (APS) a process catalyzed by ATP sulfurylase
(Hawkesford, 2000). APS is then reduced to sulfide by APS reductase and sulfide reductase, and
finally incorporated into cysteine (cys) in a sequential process catalyzed by serine acetyl-
transferase and OAS (thiol) lyase (Hawkesford, 2000). Accumulation of cys inhibits the activity
of serine acetyl-transferase autoregulating the incorporation of S into amino-acid cys (Kredich &
Tomkins, 1966). During assimilation of S, sulfate is reduced to amino acid cys through several
reactions catalyzed by enzymes, and accumulation of cys inhibits the incorporation process of
sulfate.

Amino acid cys is the precursor of methionine (met), glutathione, proteins, and other
essential S compounds for plant metabolism (Droux, 2004). Proteins containing S have a myriad
of functions in plant growth and survival. Cys-containing proteins function as electron donor,
metal-binding, and protein catalyst; where met-containing proteins of hydrophobic nature, play a
role in protein binding (Droux, 2004). Methionine by itself is essential for cell division in apical
meristems (Ravanel et al., 1998), for building proteins, and as a substrate for derivates of this
amino-acid (Droux, 2004). Glutathione functions as antioxidant (Wise & Naylor, 1987), enzyme
cofactor (Yadav et al., 2005), and is essential for root growth. Addition of S for growing pepper
(Kaya et al., 2018) and lettuce (Freitas et al., 2019), increased activity of antioxidative enzymes,
e.g. peroxidase and catalase, both associated with reduction of Zn-stress and membrane damage,
and stimulation of root and shoot growth. Likewise, toxicity caused by excess Mn was reduced
with increasing S, due to enhanced antioxidant mechanism of response and reduction in Mn
translocation from roots to shoots (Sheng et al., 2016). Sulfur in the plant is essential for protein

formation, adequate growth development, and tolerance development to oxidative stress.
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1.6 Grain yield and S fertilization

1.6.1 Corn

Based on previous corn field experiments, a hectare producing 22 to 25 Mg ha™* of above-
ground biomass contains from 24 to 28 kg S and around half of that S (13 to 16 kg) is removed
with the grain (Bender et al., 2013). In addition, one megagram of grain dry mass contains 0.9 to
1.2 kg S (Bender et al., 2013; Kim et al., 2013). Sulfur removal is expected to increase with
increased yield. Corn grain yield has increased annually on average ~0.11 Mg ha* (Nielsen, 2020),
which equates to increased grain S removal of ~0.0935 kg S ha* yr! (assuming grain at 1.0 g S
kg grain dry matter). In lowa, S fertilization of corn in sandy soils increased grain yield around
1.7 Mg hat, which was greater than the grain yield response (~0.9 Mg ha?) to S fertilization in
fine-textured soils (Sawyer et al., 2015). Grain yield increases from S fertilizer in the Corn Belt
Region ranged from 0.8 to 3.2 Mg hat in lllinois (Fernandez et al., 2012; Hoeft & Fox, 1986), 0.4
to 0.9 Mg ha! in Ohio (Chen et al., 2008), 0.3 to 2.4 Mg ha! in lowa (Sawyer et al., 2009; 2015);
0.3t0 0.9 Mg hatin Minnesota (Rehm, 2005; Kim et al., 2013), and ~0.5 Mg ha! in Kansas (Husa
& Ruiz Diaz, 2020). These responses were achieved from 7 to 34 kg S ha*. With an increased
removal of S from the field and increase in corn response to S, it is important to monitor for crop
response to S and ensure an adequate supply of S to achieve maximum yields.

Sulfur deprivation not only limits grain yield, but it is also detrimental to grain quality.
Corn grain growth in S-limited conditions decreased the concentration of cysteine and methionine
25-30%, free amino acids were 3-fold higher, and glutelin (a S-rich protein) was decreased 36-71%
compared to plants supplied with S (Baudet et al., 1986). This study is the only one available
showing negative effects of S on corn grain amino acids and protein as most of the studies have
focused on corn grain yield since corn is not a high protein crop. Soybean and wheat quality have
been more frequently affected by S deficient conditions, reducing protein content in soybean
(Borja Reis et al., 2021; Salvagiotti et al., 2012; Sexton et al., 1998) and wheat (Guerrini et al.,
2020; Li et al; 2013).

Critical dilution curves of S in corn determined that S rates ranging from 5 to 13 kg S ha*
were needed to achieve optimum vyield (Bullock & Goodroad, 1989; O’Leary & Rehm, 1990;
Rehm, 1993; Weil & Mughogho, 2000). Biennial S rates for maximum yield response were

recommended in lowa for fine-textured (19 kg S ha™) and coarse-textured soils (28 kg S ha™)
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(Sawyer et al., 2015). Application of S is recommended early in the season and there was no
apparent benefit from split applications of S (Bullock & Goodroad, 1989; Kurbondski et al., 2019;
Rehm, 1993).

Supply of N and S are essential to ensure adequate levels of these nutrients in the plant and
achieve maximum yield. In Minnesota, the addition of S increased earleaf N concentration by 3%
when N was limiting in the soil, likewise N fertilization without S increased S concentration in the
tissue by 9% (Sutradhar et al., 2017). In long-term unfertilized fields in Malawi, deficient in N and
S, corn grain yield was unaffected by S fertilization and adding N fertilizer alone accentuated S-
deficiency symptoms in the plant, but N and S combined increased yield (Weil & Mughogho,
2000). Adequate supply of both nutrients N and S are necessary to achieve potential maximum
yield and an efficient use of N and S fertilizer by plants.

Different research studies have used plant tissue S at different stages to identify crop
responses to S. Some studies found plant tissue responses to S to be a good indicator of yield
response, and others did not. Field experiments in Argentina found S concentration in the 6™ leaf
sampled at the V6 stage correctly predicted grain yield in 3 of 5 situations (Carciochi, et al., 2019b).
Tissue S at the V6 stage was responsive to S at 5 of 8 site-years, and ranged from 1.3 to 2.4 g kg
without S and 1.6 to 2.6 g kg™ with S. Three of 5 leaf responsive sites also had increased yield
with S fertilization. Where leaf S was unaffected by S fertilization the leaf ranged from 2.2 to 2.6
g S kg*. In another experiment, tissue S concentration at the V10 stage was considered deficient
at 1.2 g kg and increased in proportion to increased S rate, resulting in increased grain yield
(Bullock & Goodroad, 1989). Nitrogen to S ratio was not better at predicting yield responses
(R?=0.76) than S concentration (R?=0.93) when measured in the 12" leaf at the V12 stage at 8 site-
years (Carciochi et al., 2019b). The N:S ratio narrowed as the plant went from V6 (16.7:1) to V12
(15.1:1) (Carciochi et al., 2019b; Pagani & Echeverria, 2011). Where grain yield response to S
fertilization occurred, tissue S concentration at V6 and V12 also responded. However, tissue S
responses to S fertilizer also occurred at sites where grain yield was unresponsive.

Earleaf S concentration at R1 has also been used to diagnose corn response to S. In two
field experiments, earleaf S concentration and grain yield were responsive to S fertilization
(Bullock & Goodroad, 1989). Earleaf S averaged 1.9 without treatment and increased to 2.1 g kg™
with S. In another ten experimental sites, the earleaf S responses to S fertilization predicted yield

response half of times (O’Leary & Rehm, 1990). At 3 sites where earleaf and grain yield were
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responsive to S fertilization, earleaf S ranged 1.6 to 2.2 g kg without S and increased ~0.3 g kg
with S fertilization. At the other 3 sites where no yield increase with S fertilization occurred, earleaf
S increased 0.2 to 0.5 g kg™* with S above 2.4 to 2.5 g kg without S (O’Leary & Rehm, 1990).
Very low levels of earleaf S were reported for corn in 14 on-farm trials in Malawi, earleaf S site
means ~0.9 to 1.5 g kg™, where grain yield responded to S fertilization in all but 2 trials (Weil &
Mughogho, 2000). In this study earleaf N:S (R?>=0.41) was a better indicator of yield response than
tissue S concentration. In contrast, earleaf S (ranging from 1.3 to 1.9 g kg™) showed no correlation
with grain yield response across 47 site-years. (Sawyer et al., 2015). Increase of S concentration
in the earleaf with S fertilization does not always result in grain yield increases, but is may be
useful to monitor for possible S deficiency. In some field studies, optimum yield responses were
achieved with earleaf S concentration in the range 2.0 t0 2.3 g S kg (Bullock & Goodroad, 1989;
Rehm, 1993; Sawyer et al., 2015; Sutradhar et al., 2017), within the sufficiency range for S, 1.5 to
6.0 g S kg™ (Campbell, 2013). Nevertheless, this range for S sufficiency does not fit every situation.

Nitrogen to S ratio (N:S) assess both N and S status, and a suggested critical threshold in
the tissue for optimum yield is N:S<18:1 (Campbell, 2013). A wide array of N:S in the earleaf has
been reported for optimum yield responses ranging from 12:1 to 18:1 (Carciochi et al., 2020; Kim
et al., 2013; Stecker et al., 1995; Sutradhar et al., 2017). Nitrogen to S ratio should be analyzed
together with N and S tissue concentration to ensure the sufficiency of those two nutrients.

Grain S concentration increases from fertilizer S have been observed at both grain yield
responsive and nonresponsive sites. For example, in Minnesota, all 3 of 3 site-years increased grain
S from S fertilization, but only 2 site-years increased grain yield (Kim et al., 2013). Grain S
concentration without S ranged from 0.5t0 0.9 g S kg™ and increased to 0.9 to 1.0 g S kg™ with
28 kg S ha*. Grain yield response to S fertilization also occurred without grain S responses to S.
In field studies at 2 of 4 site-years, grain S was unresponsive to 33 kg S ha? but grain yield
increased (Chen et al., 2008). The grain S concentration ranged 0.9 to 1.1 g kg™ at all site-years.
In another study conducted at 47 site-years, treatments with S fertilizer increased grain S and grain
yield at 6 and 3 site-years, respectively (Stecker et al., 1995). Where grain yield increased with S
fertilization the grain S concentration was unresponsive. At all site-years, the grain S ranged from
0.8t0 1.1 g S kg* (Stecker et al., 1995). Not many studies have reported grain S concentration as
affected by S fertilization but based on the few studies available, sites where grain S and grain
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yield responded to fertilizer S, grain S concentration without S fertilization was <0.9 g kg, and
grain yield responses were not common above that grain S concentration threshold.

1.6.2 Soybean

In soybean total biomass accumulation is ~9.5 Mg ha™ and uptake 17 to 20 kg S ha*
(Bender et al., 2015). The grain removes over one third of that biomass ~3.5 Mg ha* and contains
~11 kg S. Indiana has reported soybean yield increases of ~94 kg ha* with 27 kg S ha?, averaged
over 65 locations (Joern, 2020). However, higher yield responses ranging from 0.2 to 0.8 have
been reported from application of 17 to 28 kg S ha'* (Casteel, 2018). Responses in Minnesota were
less frequent occurring at 1 of 4 site-years and with OM <20 g kg™ (Kaiser & Kim, 2013). The
yield increase was 0.3 Mg ha* from 28 kg S ha* over 1.7 Mg ha* without S. A review study for
8 states in the US emphasized that soil OM was an important determinant for yield responses to S
(Borja Reis et al., 2021). Grain yield increased ~1.9% from fertilizer S, in soils with OM ranging
from 25 to 32 g kg*. At sites with soil OM below 25 g kg2, grain yield was unresponsive to S
fertilization. In Argentina, increases in soybean grain occurred at 11 of 20 site-years and ranged
from 0.3 to 0.8 Mg ha! above 2.0 to 4.5 Mg ha without S (Salvagiotti et al., 2012). In the last
decade, more states in the Corn Belt and in Argentina have observed soybean yield responses to
S, and responses were more common in soils low in OM <32 g kg™. Approximately 3.1 kg S is
removed from the field for each megagram of soybean grain dry matter.

In field-scale experiments with soybean, tissue responses to S occurred more often than
grain yield responses. While 4 of 4 site-years increased tissue S concentration from fertilizer S at
V5 stage, only one site-year was grain yield responsive (Kaiser & Kim, 2013). The grain yield
responsive and unresponsive sites were in the same range for tissue S, 2.7 to 3.1 g S kg* without
S and increased to 2.8 to 3.4 g S kg! with S. Sulfur concentration was analyzed in trifoliate leaves
with petioles between R1-R3 stage at 14 site-years, tissue S concentration ranged 1.6 to 3.6 g kg™
without S fertilizer (Divito et al., 2015). At 10 site-years, the tissue S concentration increased S
0.3 to 0.9 g kg with the addition of S compared to zero-S and only half of these sites increased
grain yield with S fertilization. At 3 of the 10 site-years where yield increased with added S, but
leaf S did not, leaf S ranged from 2.6 to 2.8 g S kg™. Although soybean tissue S responds to S
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fertilization when grain yield is not responsive to S, yield responses are most likely to occur when
tissue S at R1-R3 plant stage is <2.6 g kg and N:S is >14:1.

Soybean seed S concentration may be better for assessing S status in soybean than plant
tissue S concentration (Panthee et al., 2006). Suggested critical values for grain-S concentration
range from 2.0 to 2.3 g S kg (Hitsuda et al., 2005; Kaiser & Kim, 2013). When seed-S
concentration was <1.5 g S kg, plant tissue showed S-deficiency symptoms and yield diminished
40% (Hitsuda et al., 2004, 2005). Nitrogen to S ratio suggested as adequate for soybean grain is
~22:1 N:S (Salvagiotti et al., 2012; Sexton et al., 1998) and sufficiency for plant tissue ranged
from 12 to 15:1 (Stewart & Porter, 1969).

In soybean production an adequate S supply is a determinant for seed quality. The amount
of protein in soybean grain range 330 to 351 g kg (Kaiser & Kim, 2013), and 1.0-1.6% of the
seed dry weight correspond to S-containing amino-acids (Panthee et al., 2006). In severe S-
deficient conditions, S-rich proteins declined as much as 30% and S-poor proteins increased 15-
40%, resulting in grain with lower quality (Sexton et al., 1998). In field studies conducted in 8 US
Corn Belt states, S fertilization increased seed protein 0.3% averaged over 72 field studies (Borja
Reis et al., 2021). It has been widely observed that S-containing amino acids, and grain S
concentration are the most responsive parameters to S fertilization in soils limited in S, and
inadequate S reduces grain protein (Borja Reis et al., 2021; Salvagiotti et al., 2012; Sexton et al.,
1998).

1.6.3 Wheat

Sufficient supply of S for wheat ensures optimum grain yield and grain quality. Wheat
grain yield with S fertilization occurs in a wide range from 2.3 to 9 Mg ha, greatly differing
among cultivars and environments (Guerrini et al., 2020; Salvagiotti et al., 2009; Thomason et al.,
2007). Fields showing high grain yield responses to fertilizer S in combinations with N, increased
grain yield 3-fold compared to no S and no N fertilizer (Zorb et al., 2009). Grain N:S ratios at these
sites were >32:1 without S and decreased to 22:1 with addition of S. Sites showing moderate
responses to S produced 11-14% more grain than without S (Tao et al., 2018). Wheat grain yield
is severely reduced with inadequate supply of S during crop development.
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Wheat grain quality, hence baking properties, depends on adequate supply of S. In field
experiments with 3 old varieties known for their poor baking qualities, fertilizer S increased grain
gluten (12%) and glutenin (4 to 6%), which improved flour elasticity, desirable for better baking
properties (Guerrini et al., 2020). Sulfur is also important for starch quality, which in fact
represents a large fraction of grain dry weight, 60-70% (Li et al., 2013). B-type starch, preferable
for better pasta quality, was highly sensitive to S availability, where A-type starch was unaffected
by S fertilization (Li et al., 2013). The latter starch-synthesis started 3 days before flowering, where
the former 10 days post-flowering; this physiological mechanism was associated with higher grain
quality and starch synthesis from high S rates early in the season and late-season applications (Li
etal., 2013; Zorb et al., 2009). Adequate S in the grain was crucial for reducing free asparagine, a
precursor of carcinogen acrylamide, free asparagine in the flour went from 4.8 g kg at low-S to
0.2 g kgt at sufficient-S (Granvogl et al., 2007). The quality of wheat flour is diminished when S
is not sufficient, further affecting baking properties and increasing the risk of asparagine
accumulation.

Wheat tolerance to oxidative stress seem to improve with adequate supply of S. The effect
of S on wheat response to heat stress was evaluated in pots experiments (Tao et al., 2018). At 20
days from flowering, plants were exposed to heat stress for 5 hours each day for 2 days. In pots
fertilized with S, reduction in grain yield and starch concentration from heat stress was 25 to 50%
less than losses in unfertilized pots. The positive effect of S on enhancing wheat tolerance to heat
requires more research for a better understanding of the extent to which S is involved and the

effects in other crops.

1.6.4 Fertilizer sources of sulfur

Inorganic sulfur fertilizer sources are categorized in four groups: elemental S-containing
fertilizers, sulfate-containing fertilizers, the combination of elemental S and sulfate, and liquid
fertilizers. Organic sources of S include crop residue, and solid and liquid manure. Fertilizers
containing reduced states of S or organic sulfur must be oxidized or mineralized, respectively,
before sulfate can be utilized by plants.

Elemental S is the most concentrated source of S, 50 to 100% S. However, the oxidation

of S to sulfate can be slow ranging from 0.07 to 0.45 um per day depending on oxidation rate and
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particle size (McCaskill & Blair, 1989). Complete oxidation of 0.075 to 0.15 mm particle sizes
was estimated at 400 days or more and varied with environmental conditions (Boswell & Friesen,
1993). A grazing field in Australia fertilized with agricultural grade elemental S, fortified
superphosphate with elemental S, and single superphosphate, showed that 99% of the S from the
latter source was released after 72 days, where the fortified superphosphate and elemental S took
a year to release 54 and 23%, respectively (McCaskill & Blair, 1989). A canola field fertilized
with micronized elemental S (60 kg S ha™) produced maximum seed yield compared to S-bentonite
(120 kg S ha) that resulted in little yield increase (Karamanos & Janzen, 1991). Elemental S was
more effective providing S during the second year in perennial crops like alfalfa, the effectiveness
of this source in providing S during the first year was 20% compared to gypsum, and increased
with each cutting from 12 to 52% (Fox et al., 1964). In terms of application method, better
outcomes were observed from mixing elemental S with the soil, when flour S was applied in band
it was not accessible for the crop unless accompanied with lime (Fox et al., 1964). Authors inferred
that lime neutralized acidity that deprived roots and oxidizing-microorganism from accessing the
nutrient in the absence of lime. The relatively slow oxidation of elemental S to sulfate, requires
application ahead of plating and small particle size for readily available S for crops.

Thiosulfate must be oxidized to sulfate-S before being available to plants. In incubation of
four different cultivated soils, thiosulfate oxidized to tetrathionate 3 to 7 days after addition
(Barbosa et al., 1998). The final step of oxidation from tetrathionate to sulfate took 20 to 30 days
usually. Similar observations from another incubation experiment with two soils, where 56-70%
of the S applied as thiosulfate was oxidized to sulfate-S after 24 days (Janzen & Bettany, 1986).
Most of the initial thiosulfate oxidized to sulfate-S at 74 days. The oxidation of thiosulfate releases
acidity, thiosulfate equivalent to 300 mg S kg™ reduced soil pH by 0.05 to 0.15 units 30 days from
incubation, compared to unamended soil.

Thiosulfates inhibit nitrification and urea hydrolysis. Ammonium thiosulfate at rates
>2.500 mg kg* significantly reduced urea hydrolysis, comparable to the effect from 1 mg kg of
a commercial inhibitor (McCarty et al., 1990). Inhibition effects were also observed with lower S
rates. Sulfur at 32 and 320 mg kg™ as sodium thiosulfate reduced nitrification >55% and >82%,
respectively (Goos, 1985). Under field conditions, corn fertilized with urea ammonium nitrate and
ammonium thiosulfate yielded significantly more grain than urea ammonium nitrate plus single

superphosphate (Graziano & Parente, 1996). The authors hypothesized that it may be an effect of
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thiosulfate inhibiting nitrification and urea hydrolysis, therefore reducing the risk of N leaching.
Thiosulfate successfully inhibited nitrification and urea hydrolysis under controlled conditions.
However, S rates used are significantly higher than those used in agricultural fields, therefore the
inhibition effect from thiosulfate under fields conditions may be unlikely depending on the method
of fertilizer application.

Sulfate-containing fertilizers are available in solid and liquid forms. The sources
commonly used in crop production and their average sulfur concentration are ammonium sulfate
(24%), single superphosphate (11 to 17% S), and potassium sulfate (17 to 18% S) (de Kok et al.,
2005). Ammonium sulfate provides readily available S and N, however this fertilizer produces
acidity from nitrification of ammonium to nitrate, and this acidification was reported to be 1.4 to
2 times higher than that produced from ammonium nitrate or urea, as measured with different
techniques (Chien et al., 2008). Hence, this source is preferable for soils with pH above adequate
for the crop of interest. Acidification is expected to be lower with increased clay content and
organic matter (Chien et al., 2008). Another source is single superphosphate, it was estimated to
release >99% of the sulfate in 72 days, where release was slower from superphosphate fortified-
with elemental S (45% S), only half of the total S was release after one year of application
(McCaskill & Blair, 1989). Potassium sulfate, providing P and S, has been used as an alternative
to potassium chloride in crops sensitive to chloride, e. g., tobacco, turf grass, and some legumes
(de Kok et al., 2005). Sulfate-containing fertilizers are most commonly used for annual crops as
they provide readily available S and can be applied in combination with other macronutrient
fertilizer sources.

Gypsum (17 to 24% S) is less commonly used as a source of S because of its relative slow
release of sulfate compared to other sulfate sources. In controlled conditions, ryegrass fertilized
with gypsum yielded 9 g pot™ of dry matter in the first cut, and increased dry matter was higher
for the second and third cut. This indicates a relatively low release of S from this source
(Dijksterhuis & Oenema, 1990). Under control experiments in cultivation vessels with soil, soil
sulfate availability from different S fertilizer decreased in the order urea+ammonium
sulfate>ammonium sulfate>gypsum (Dijksterhuis & Oenema, 1990). Gypsum provides both Ca
and S, S from this source remain longer in the soil compared to sulfate-containing fertilizer but its

use required a planned application to ensure release of S on time to satisfy crop demand.
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1.6.5 Soil testing for sulfur

Extractants and determination methods has been proposed to measure S in the soil available
for plant uptake. The extractants available measure inorganic S, fractions of organic S, and total S.
The ideal extractant would include S in soil solution and adsorbed S according to Warman &
Sampson (1992), but Blair et al. (1991) emphasized the importance of considering a fraction of
organic S as it would be potentially available for plants.

Inorganic S solution extractions include water, CaClz, KH2POs, Ca(H2PO4)2, NH4OAC,
Bray!, Mehlich-3, and Morgan solution. Extractants containing P were more effective in acidic
soils with pH <6.5 compared to CaCl, because P displaced adsorbed S from soil colloids that CaCl.
did not (Ketterings et al., 2011; Warman & Sampson, 1992). However, CaCl, was a better
extractant than P-containing extractants when soil pH >6.5, where adsorbed S was negligible
(Ketterings et al., 2011). Phosphorus-containing extractants, NHsOAc, Mehlich-3, and Morgan
solution extract inorganic S, but also more fractions of organic S than CaCl, (Ketterings et al.,
2011; Zhao & McGrath, 1994). There is not ideal extractant for all soils, one would be more
suitable than another depending on soil pH and soil OM.

Several techniques to measure S in extractants have been developed, and among them are
reduction, turbidimetric spectrometry, chromatography, and inductively coupled plasma atomic
emission spectrometry.

Determination of S by the reduction method is similar to that described for total S, where
S in the extraction solution is reduced with hydriodic acid (Johnson & Nishita, 1952). Although
this method is considered accurate to detect very small amount of S in extracts, the complexity of
the methodology is not feasible for S determination (Warman & Sampson, 1992). For the
turbidimetric method, sulfate in solution needs to be precipitated with Ba for measurement of
turbidity by spectrophotometry. Given than OM interferes with sulfate and Ba precipitation, it can
be removed with activated C (Ketterings et al., 2011). However, this method had been found
inconsistent and offer challenges for replicability (Ketterings et al., 2011). The anion exchange
chromatography method has been comparable to results obtained by the reduction method, and
allows determination of other nutrients (N, P, F, Cl) simultaneously (Warman & Sampson, 1992).
Another method largely used in laboratories nowadays, is the inductively coupled plasma atomic
emission spectrometry (ICP-AES), it uses plasma at very high temperatures that atomized organic

and inorganic S forms, these atoms fluoresce emitting a spectral line that can be determine through
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spectrometry. The atomization process occurs in an acid environment to prevent precipitation of
metals, and the efficiency of this process relies on maintaining a consistent mean acidity
(McQuaker et al., 1979). The limitation of the ICP-AES is the detection of small amounts of the
element, for instances the limit of detection for S is 30 pg L* (Manning & Grow, 1997).
Nevertheless, the ICP-AES it has the capacity to measure nearly 70 elements including S and is
widely used for nutrient analysis (Manning & Grow, 1997).

The performance of techniques to test for S-availability in the soil has been evaluated under
field conditions for crops. Corn grain yield (soil pH 4.1 to 6.7) was better related with sulfate-S
extracted with KHPO4 (R?=0.71, 0.79), Ca(H:POs) (R?*=0.75 and 0.76), and heat-soluble S
(R?=0.79 and 0.76) than CaCl, most likely because of the acidic nature of the soils (Kang et al.,
1981). Sulfur extractions with KH,PO4 measured by ion chromatography (R?=0.92) and ICP-AES
(0.85) were better related to spring wheat S uptake than sulfate measure by ion chromatography
and ICP-AES after extraction with Ca(H.PO4), (R*>=0.85, 0.81), water (R?=0.82, 0.84), or CaCl;
(R?=0.78, 0.82) (Zhao & McGrath, 1994). The first R-squared correspond to ion chromatography
and the second to ICP-AES. In field experiments both techniques to measure nutrients in
extractants, ion chromatography and ICP-AES correlated with yield responses, and the extractants
containing P are desirable in acidic soils.

In alfalfa fields with soil pH ranging 6.3 to 7.2, the best correlation of available-S with crop
growth was obtained with CaCl, extractions compared to KH2POs4, Ca(H2POs), NH4OAc,
Mehlich-3, and Morgan solution; however, the authors indicate this extractant may not be suitable
for acid soils with pH <6.5, because of its limited performance extracting adsorbed S (Ketterings
et al., 2011). Quantification of S with ICP-AEM measured more S than the turbidimetric
measurement of sulfate in most soil samples, which is preferable because ICP-AEM measures total
S in the sample rather than inorganic S only with the turbidimetric method (Ketterings et al., 2011).

Sulfur availability in the soil depends mainly on soil OM concentration when atmospheric
S deposition is not enough to meet the crop demand for S. Sulfur from soil OM becomes available
after mineralization. The latter process is dependent on temperature and moisture conditions. Soil
testing for S is not a good estimate of S potentially made available for plants. The best indicator

of S status is likely the plant itself.
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CHAPTER 2. CORN YIELD RESPONSE TO SULFUR FERTILER IN
INDIANA

2.1 Introduction

The primary sources of S for corn include S in soil OM and atmospheric S deposition.
Since the Clean Air Act in 1990 (EPA, 2020), emission of S to the atmosphere has diminished
gradually, resulting in reduced S deposition from the atmosphere over time (Nopmongcol et al.,
2019; Vet et al., 2014). Historically, eastern states in the US including states in the Corn Belt had
the highest levels of atmospheric S deposition. Consequently, this region has had a substantial
reduction in S deposition within the last three decades. The deposition of S in this region ranged
from 1 to 4 kg S ha! in 2019, much less than 15 to 25 kg S ha™ in 2000, and 24 to 38 kg S ha in
1990 (EPA, 2021).

Organic matter in soils is the largest source of S, accounting for 90 to 99% of the total S
content (Costa, 2020; Tabatabai & Bremner, 1972; Wang et al., 2006). However, the fraction of S
mineralized and made available for plants is small. In temperate soils, the average annual rate of
organic S mineralized ranged from 1.7 to 3.1%. These estimates were taken from a two-year
experiment under field conditions, using soil from Danish agricultural fields kept in pots and
cultivated with spring rape (Brassica napus L.)-ryegrass (Lolium multiflorum Lam.) rotation
(Eriksen et al., 1995). The rate of S mineralization varies seasonally, as observed in cultivated soils
in Oregon, where S mineralization rate almost doubled in spring as soils warmed up and throughout
summer, compared to S mineralization rate in winter (Castellano & Dick, 1991). The amount of S
mineralized from soil OM may or may not be enough to provide for the crop.

Sulfur is a constituent of amino acids methionine and cysteine and involved in other facets
of plant metabolism (Droux, 2004; Ravanel et al., 1998). Based on previous corn field experiments,
a hectare of above-ground biomass takes up from 24 to 28 kg S and one megagram of grain
contains 0.9to0 1.2 kg S (Bender et al., 2013; Kim et al., 2013). A grain yield of 10 Mg ha removes
10 kg S hatand 1.0 g S kg™ grain dry matter. Nevertheless, S removal from the soil by corn would
increase as yield increases. On average, corn grain yield increased annually ~0.11 Mg ha* (Nielsen,
2020) equivalent to increased grain S removal of ~0.0935 kg S ha* yr? assuming grain at 1.0 g S
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kgt grain dry matter. Because grain yield continues to increase, S demand increases as well,
resulting in a longer-term issues if S fertilization is not considered.

In Indiana, Powers (1923) reported S in the soil was enough to supply crops, later
Bertramson et al. (1950) concluded annual S deposition from the atmosphere by rainfall was
sufficient to supply the needs of corn as there was no response to S fertilization. Few S response
trials were conducted in Indiana prior to 2015, showing positive response of S in wheat (Camberato
& Casteel, 2010). Crop response to S fertilization in research trials conducted in the Corn Belt in
the latter 20" century through 2000 was non-existent (Sawyer & Barker, 2002), or infrequent
(Sawyer et al., 2015). In the following 20 years, crop response to S fertilization in Indiana and the
Corn Belt was more frequent and also occurred on heavier-textured and higher OM soils: Indiana
(wheat; Camberato & Casteel, 2010 and soybean; Casteel et al., 2018), Illinois (corn; Fernandez
et al., 2012), Ohio (corn; Chen et al., 2008), lowa (alfalfa and corn; Sawyer et al., 2009; alfalfa,
corn, and soybean; Sawyer et al., 2015), Kansas (corn; Husa & Ruiz Diaz, 2020), and Minnesota
(corn; Rehm, 2005). With an apparent increase in S deficiency symptoms in Indiana, it is necessary
to test for corn crop response to S fertilization and, if required, update S recommendations to
farmers.

The objective of this study was to determine if corn grain yield was responsive to S
fertilization at sites in Indiana and evaluate soil characteristics and soil and plant analysis as
indicators of S deficiency.

2.2 Materials and methods

2.2.1 Experimental Sites

During the 2017 to 2020 growing seasons, 28 field experiments were conducted at Davis-
Purdue Agricultural Center (DPAC), Northeast-Purdue Agricultural Center (NEPAC), Pinney-
Purdue Agricultural Center (PPAC), Southeast-Purdue Agricultural Center (SEPAC), Southwest-
Purdue Agricultural Center (SWPAC), Throckmorton-Purdue Agricultural Center (TPAC), and on
farmers’ fields: Blackford, Henry, Shelby(1), and Shelby(2). Location, field size, and soil series

information are shown in Table 2.1.

43



2.2.2 Soil sampling & analysis

Three to six composite soil samples (12 to 15 cores per composite) were collected before
treatment application from 0 to 20 cm depth in 2017 and 2018, from 0 to 60 cm in 20-cm
increments in 2019 and 2020, and from 0 to 40 cm in 20-cm increments at SWPAC18. The
sampling method in the field was a diagonal or zig-zag pattern through a replication or area of soil.
In 2019 soil sampling was from each replicate, except for Ricel9 where 3 composite samples
represented the field and at Shelby(1)19 where sampling areas were based on low, medium, and
high NDVI indices derived from satellite imagery from previous seasons (Morales, 2020). In 2020
samples were located according to predominant soil types derived from Web Soil Survey (Soil
Survey Staff, 2020). Blackford17-20, Henry20, Shelby(2)19, and Shelby(1)18 were not soil
sampled before sidedress, and farmers provided prior information for pH and OM for two sites:
Henry20 and Shelby(1)18. Blackford20, Shelby(1)19, and Shelby(2)19 were sampled the
following spring after harvest, but sulfate-S measurements were not included in the dataset used
to explain yield. Sampling at Blackford20 was based on soil type, whereas both Shelby(1) and
Shelby(2) were sampled according to level of yield response to S fertilizer.

Samples were air-dried, ground and analyzed by A&L Great Lakes Laboratories (Fort
Wayne, IN) for pH (1:1 soil:water), organic matter determined by loss on ignition at 360 °C and
essential nutrients besides N (Mehlich-3 extractions with nutrients quantified by inductively
coupled plasma spectroscopy). For inorganic N determination, ten grams of soil and 50 ml of KCI
solution were shook for 1 hr and then gravity filtered through Whatman 1 filter paper. Ammonium,
nitrite, and nitrate in the extract were determined with a SEAL AQ?2 discrete analyzer (method
353.2, revision 2.0). Soil texture was determined using the Bouyoucus hydrometer and sodium
hexametaphosphate was the dispersing agent; 40 seconds and 2 hours reading corresponded to
sand and silt content, respectively, and the remaining particles in suspensions were attributed to
clay (Wintermyer & Kinter, 1955).

2.2.3 Crop management & experimental design

All fields used in this study were non-irrigated and at most site-years soybean was the
previous crop, except at SWPAC where melons (Family: Cucurbitaceae) were the prior crop. The

majority of the trials were managed no-till, except DPAC and Herrmann (strip-tillage), and
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Blackford and TPAC (chisel-plowed). Average air temperature and accumulated precipitation
(Table 2.2) were obtained from the nearest weather station to each site (Midwestern Regional
Climate Center, http://mrcc.isws.illinois.edu/).

Corn hybrids (104- to 114-day comparative relative maturity), seeding rate (67,000 to 86.000
seeds ha), and planting, date varied by site-year (Table A-1, A-2). Non-treatment fertilizers
applied prior to, or at planting, are shown in Table A-3. Weeds and diseases were controlled with
pesticides as needed.

Sulfur treatments were applied in starter and/or sidedress fertilizer applications in 2017 and
2018, but only in sidedress applications in 2019 and 2020 (Table 2.3). Sulfur rates ranged from 0
to 34 kg S ha! as ammonium thiosulfate (ATS) (12-0-0-26) in combination with ammonium
polyphosphate (10-34-0) and/or urea ammonium nitrate (UAN) (28-0-0) as a starter fertilizer or
with UAN at sidedress. Starter fertilizer was injected 5 cm beside and 5 cm below the seed
placement at planting, except Ricel9 where fertilizer was applied on the soil surface 5 cm to the
side of the seed. Sidedress treatments were injected midway between the corn rows approximately
10-cm deep, between growth stages V3 and V7 (Abendroth et al., 2011). The exception being
Shelby(1)18 where N alone or in combination with S was applied at V3 stage or split between V3
and V12 stage. Total N rate was the same for all treatments within a site-year and was based on
the recommended economic or agronomic optimum N rate (Camberato & Nielsen, 2019) ranging
from 197 to 295 kg N ha. Boron was a secondary treatment in some experiments at rates ranging
from 0.4 to 2.2 kg B ha* applied as Solubor (Southern Agricultural insecticides, Inc).

Treatments were arranged in a randomized complete block design with 3 to 6 treatments and
3 to 6 replicates, except Blackford20 and Henry20 that each had 2 treatments and 12 and 5
replicates, respectively. Most site-years had 9-m wide plots (12 rows of 76-cm wide), except
Blackford, Henry, and Shelby(1) (12-m wide plots — 16 rows of 76-cm wide) and Shelby(2) (12-
m wide plots — 24 rows of 50-cm wide). The length of individual plots ranged from 100 to 350 m
long.

2.2.4 Plant sampling & analysis

For most sites in 2019 and 2020 (except Blackford19 and Henry20), three to six above-

ground plant samples (15 to 30 plants per sample) were collected before sidedress (V3-V7 stage)
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following the same criteria as soil sampling for spatial distribution and for total samples per field.
Plant samples were not collected prior to sidedress in 2017 and 2018. Samples were dried in a
forced air dryer at 60°C for 3 to 4 days, then ground to pass a 1-mm mesh screen. Plant population
was estimated at the time of plant sampling prior to sidedress or before harvest in some cases.
Plants were counted in 2 adjacent rows, each 7.6 m long, in one sample area per replicate.

For nutrient analysis and dry biomass, composited earleaf samples (15 to 20 leaves) were
randomly collected at R1 from the middle rows of each plot, excluding 18 to 22 m at the beginning
and end of each plot, for all site-years (except DPAC17, Ricel7, Blackford17-19, and Henry20).
Samples were dried with forced-air at 60°C for 4 to 6 days until they achieved constant weight.
Average leaf dry weight was determined and then leaves were ground to pass a 1-mm mesh screen.

At post-physiological maturity, 12 to 16 ears plot™® were collected at random from rows
immediately adjacent to the harvested rows. The number of kernel rows per ear and kernels per
row were determined, excluding kernels that did not fully develop. Ears were shelled (Agriculex
Inc., Ontario, Canada), oven-dried at 60°C until constant weight, and 1000 kernel weight
determined with an Old Mill seed counter with packager (International Marketing and Design Co.,
San Antonio, TX). A 500 ml kernel sample measured in a beaker was ground to a fine powder
with a Blixer® 3 Series D grinder (Robot Coupe U.S.A., Inc., Ridgeland, MS) for nutrient analysis.

Plant samples from 2017-2019 were analyzed by A&L Great Lakes Laboratories (Fort
Wayne, IN) and those from 2020 were analyzed by SureTech Laboratories (Indianapolis, IN). Both
laboratories measured total N by the Dumas Method (method AOAC 990.03 on an Elementary
Rapid-N Cube). Tissue digestion for mineral analyses differed between the laboratories. At A&L
0.2 g of tissue was digested with 2 ml of nitric acid and 1 ml peroxide (SW846-3051A), whereas
at SureTech 0.1 g of tissue was digested with 5 ml nitric acid (AOAC 2017.02). In both
laboratories, nutrients were quantified with a Thermo iCAP 6500 (method AOAC 985.01).

2.2.5 Grainyield estimation

At all but one site (SWPAC) yield was estimated with a commercial combine equipped
with a calibrated GPS-enabled yield monitor from the middle 6 or 8-rows dependent on the site.
At the Shelby(2) site (50 cm row spacing), the harvest width was 12 rows. Harvested grain weight
at SWPAC was determined with a calibrated weigh wagon and grain yield estimated using that
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weight, the estimated grain moisture content, and the measured area of each plot. Grain moisture
content at harvest was estimated using integrated moisture sensors in the combines or (SWPAC)
with a calibrated portable grain moisture meter. Yield monitor data processing and cleaning
involved removing data points from atypical areas showing poor plant development not related to
treatment (excessively wet or dry field areas, animal damage, etc.) and from 23 to 25 m at each
end of the plots. Remaining data points per plot were averaged to a single number for yield and
moisture. Grain yield was reported at 15% grain moisture content.

Grain yield at three site-years (Blackford20 and Shelby(1)18,19) were calculated for the
whole field and for areas within the field. Yield at Blackford10 was determined according to soil
type map (Soil Survey Staff, 2020). Yield for both site-years at Shelby(1) was classified as more

responsive and less responsive area to S fertilizer based on aerial images prior to harvest.

2.2.6 Statistical analysis

The response of parameters of interest to S fertilizer was determined by analysis of
variance, least significant difference procedure (LSD), and regression analysis in R studio
(RStudio Team, 2020). When treatment effects were significant, single-degree-of-freedom
contrasts were used to identify differences between sulfur rates. For statistical analysis of yield
response to sulfur rates, each site-year was treated independently, and alpha <0.10 was considered
significant for all the analysis.

2.3 Results

2.3.1 Weather data

In April through July and October 2017, accumulated precipitation was slightly higher than
the 30-year average at most sites (Table 2.2). August and September 2017 had less precipitation
than the 30-year average. April, September, and October 2017 were warmer months relative to the
30-year average (Table 2.2), whereas May to August temperatures were near average.

The beginning of the 2018 growing season was dry and cool at most sites, with April and
May precipitation less than the 30-year average (Table 2.2). Precipitation in June was greater than
average while July precipitation was near average, except at SWPAC and Rice that received less

precipitation than the 30-year average. In August and September, several sites received nearly
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twice the average precipitation, except SEPAC(1)and SWPAC in August, and NEPAC and Rice
in September. Air temperatures in April were well below average at all sites, where May and
September were warmer months. In June through August and October, air temperature was near
30-year average (Table 2.2).

In April and May 2019, accumulated precipitation was well above the 30-year average at all
sites (Table 2.2). In June through August, precipitation was near average at most sites, except some
that received more or less rainfall relative to average. SEPAC, SWPAC, and NEPAC in June, July,
and August respectively, received less rainfall than average, whereas SEPAC(1,2)and Shelby(2)
in July, and Rice in both July and August received more rainfall than average. Air temperature was
near average through the growing season at all sites relative to the 30-year averages (Table 2.2).

The 2020 growing season was dry compared to the 30-year average, excluding October that
accumulated more precipitation that average (Table 2.2). Air temperature from April to October
has little deviation from average at most sites, except Shelby(2) that had higher temperature in
April through July (Table 2.2).

2.3.2 Corn grain yield and moisture

Grain yield was responsive to S fertilization at 10 of 28 site-years. At all site-years that
responded to S fertilization, the increase in grain yield was similar across all S sidedress rates (8
to 34 kg S ha') (Table 2.4-2.7). The larger yield increases, 0.7 to 3.0 Mg ha™, occurred at
Blackford20, Ricel7-19, Shelby(1)18-19, Shelby(2)19, and SWPAC18. Smaller increases, 0.2 to
0.3 Mg ha?, occurred at Henry20, and SEPAC(1)18 (Table 2.5, 2.7). Fertilization with 6 kg S ha™
decreased grain yield 0.2 and 0.6 Mg ha! below the yields of the control at SEPAC(1)20 and the
average of the higher S rates at NEPAC20, respectively (Table 2.7).

Different responses within a field were identified at three site-years (Blackford20 and
Shelby(1)18,19) (Table 2.6, 2.7). Shelby(1)18 grain yield increases was 1 Mg ha™* above the grain
yield mean 12.7 Mg ha® without S averaged for the whole field. In the same site, the most
responsive area with S yielded 2 Mg ha* more than 11.7 Mg ha* without S. Grain yield increases
at Blackford20 differed with soil type. Bono was unresponsive to S fertilization, Whitaker and
Martinsville increased yield 0.9 and 1.5 Mg hal, respectively, and Saranac decreased yield 1.7 mg
ha! in treatment with S.
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Grain yield was unaffected by S in the starter fertilizer at 7 of 8 sites (Table 2.4, 2.5). The
exception was SEPAC(1)18 where 6 kg ha® starter S increased yield 0.3 Mg ha! above 15.2 Mg
hat without S, and was equivalent to grain yield with sidedress or split application of 17 and 28
kg S ha™.

Starter N, starter S, and sidedress S were evaluated at 3 sites in 2017. At Ricel7, no starter,
N-only starter, and N starter plus 4 kg S ha! treatments produced similar yield (~13.8 Mg ha™).
All yielded ~0.8 Mg ha! less than any treatment receiving sidedress S (Table 2.4). At DPAC17, N
starter with or without 6 kg S ha™* decreased yield compared to the no starter treatment (Table 2.4).
If S was applied at sidedress to the N starter treatments at this site-year, yield was equivalent to
the no starter treatments. At Blackford17, starter N at 37 kg N ha* without S reduced yield (~0.7
Mg ha!) with or without sidedress S, compared to the no N starter and low N plus S treatments
(Table 2.4). When 5 kg S ha! was included with 37 kg N ha?, yield was equivalent to the no N
and low N starter treatments, with no difference in yield between these starter treatments with
sidedress N.

Numbers of rows per ear and/or seeds per row were affected by S fertilization at 3 of 15 sites
(Table A-4, A-5). Rice19 had 46 more seeds per ear with 22 kg S ha* compared to 516 seeds per
ear without S fertilization. SWPAC19 produced 41 more seeds per ear with 8 kg S ha* compared
to 561 seeds per ear without S, and greater S rates were similar to the control. DPAC20 was the
only site-year where all S rates increased the number of rows per ear by an average of one
compared to zero-S (Table A-4, A-5).

Sulfur fertilization decreased grain moisture at 7 of 28 site-years and increased grain
moisture at two site-years (Table 2.4-2.7). Moisture was decreased 1 to 7 g kg, equivalent to
~0.5-4.0%, below grain moisture without S at Blackford17,18, Shelby(1)18, Shelby(2)19,
SWPACI18, and Ricel9 (Table 2.4-2.7). The only sites with increased moisture from fertilizer S
were DPAC20 and Blackford20 where grain moisture increased ~2 and 5 g kg™ over the zero S
mean, respectively (Table 2.5). For most sites, grain moisture was decreased by all S rates equally,
the exception being SWPAC18 where splitting 34 kg S ha between planting and sidedress
reduced grain moisture, but there was no effect from the same rate applied only at sidedress. While

these S effects on moisture were detected, the practical significance of such small effects is minor.
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Fertilization with 0.4 to 1 kg B ha decreased grain moisture at Blackford19 (195 vs 198 g
kg™t) and increased moisture at DPAC20 (175 vs 171 g kg?) (Table 2.5, 2.7). At 10 of 12 other

sites there was no effect of B on grain moisture.

2.3.3 Grainyield response to sulfur fertilization versus predicted sulfur response

Grain yield responses to fertilizer S from this work were compared to a model (Ohio State
University, 2021) that predicts the likelihood of crop response to fertilizer S based on estimates of
atmospheric S wet deposition, organic S mineralization, S leaching, and low (15 kg S ha'; e.g.,
corn) and high (30 kg S ha’; e.g., alfalfa) crop S requirement (Kost et al., 2008). The model was
used to categorize both responsive (10 site-years) and nonresponsive (18 site-years) site-years
from this study into 1 of 3 categories: response to S is most likely (category 1), response to S will
usually occur (category 2), and response to S is likely based on crop species and site conditions
(category 3) (Table 2.8). No sites were in category 4, where crop response is unlikely but might
occur under certain conditions, nor category 5, where crop response is unlikely under any
circumstances. Eight of 10 site-years with real yield increases from fertilizer S were also predicted
to respond to S according to the model (7 site-years fell into category 2 and 1 site-year into category
1), the other 2 sites were predicted to respond with crops of high S demand like alfalfa, but less
likely to occur with a low S demand crop like corn. Among the 18 nonresponsive sites, eight were
expected to increase yield with S (3 sites were category 1 and 5 sites were category 2), and 10 sites
were in category 3 where response was dependent on crop species and site conditions. Sites like
Shelby(1)19 and Blackford20 had zones of high and low or no yield response within the field,

however the model’s prediction of S response in those zones did not differ (Table 2.8).

2.3.4 Grain nutrient concentration

Sulfur concentration in the grain averaged 0.7 to 1.0 g kg™ without S at the 15 site-years
where it was determined (Table 2.6, 2.7), and fertilizer S increased grain S concentration (p<0.10)
at 8 site-years. For 6 of 8 site-years (NEPAC20, SEPAC(1)19, Shelby(1)19, (Shelby(2)19,
SWPACI19, and TPAC20) increases in grain S concentration were similar with all S rates and
ranged from 0.1 t0 0.2 g kg™, ~11-29% above the zero S means which averaged 0.7 t0 0.9 g S kg™.
Rice19 grain S concentration increased with increased S rate, it went from 0.7 mg S kg without
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S fertilization to a maximum grain S of 1.1 g kg with 34 kg S ha’. At Rice20, grain S increased
with increased S at rates ranging 11 to 22 kg S ha*, and no effect from 6 kg S ha™’. At this site,
grain S was 0.8 mg S kg without S, and the maximum increase was 0.3 g kg with the highest S
fertilization rate (22 kg S ha) (Table 2.6, 2.7).

Grain N concentration was not often responsive to fertilizer S and site-years ranged from
11.3 to 13.1 g kg without S (Table 2.6, 2.7). Grain N responded to increased S at Shelby(2)19
and Rice20. At Shelby(2)19, grain N with S increased ~0.5 g kg* above 11.6 g kg* without S and
the response was similar at both rates, 11 and 22 kg S ha® (Table 2.6). At Rice20, grain N
concentration averaged 11.8 g kg™ without S and increased 0.1 to 0.5 g kg™ with increased S rate
(Table 2.9).

Grain N:S without S fertilization ranged from 12.0:1 to 19.2:1 across all site-years (Table
2.6, 2.7). Most site-years had grain N:S<14:1 without S, other than Rice19,20, and Shelby(1,2)19
where N:S ranged from 14.5:1 to 19.2:1. Grain N:S concentration decreased with addition of
fertilizer S at 8 of 15 site-years (Table 2.6, 2.7). In half the site-years increasing S rate decreased
grain N:S proportionally (NEPAC19, Ricel9,20, and Shelby(2)19), but in the other half of site-
years all rates of S gave a similar decrease in grain N:S ratio (NEPAC20, SEPAC(1)19,
Shelby(1)19, and SWPAC19). For sites with proportional grain N:S decreases with increased S
rate, the decrease in grain N:S ranged from 2.3 to 6.9 units, a 17-36% decline in N:S ratio below
that of the zero S treatment. On the other hand, at sites with similar grain N:S response at all S
rates the decrease in grain N:S with S fertilization ranged from 1.5 to 2.0 units, a 10-14% decline
in N:S ratio below the zero S treatment.

Fertilizer S affected the concentration of other nutrients in the grain in addition to N and S
in some site-years (Table A-4, A-5). At SEPAC(1)19, fertilizer S increased grain P (0.3t0 0.6 g
kg?), K (0.3 g kg?), and Zn (0.2 to 0.4 mg kg?), above the grain zero S means of 2.1 g P kg2, 3.3
g K kg?, and 14 g Zn kg™, Fertilizer S at TPAC19 decreased grain Zn (2.0 mg kg™*) and Fe (2 to
4 mg kg™) below the zero S means of 20 mg Zn kg and 17 mg Fe kg*. Grain Zn at NEPAC20
was decreased 2 mg Zn kg by S fertilization below 23 mg Zn kg without S.

Fertilizer B did not usually affect grain nutrient concentrations. The exceptions were Rice20
and NEPAC20 where 1 kg B ha* decreased grain S concentration from 1.1 g Skgtto 1.0 g Skg?,
and at Shelby(1)19 where grain N concentration was increased from 11.0 g N kg* with zero B to
11.7 g N kg* with 0.4 kg B ha* (Table 2.6, 2.7).
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2.3.5 Earleaf dry matter and nutrient concentrations at silking

Earleaf dry matter at R1 was unaffected by S fertilization at 16 of 18 site-years in 2019 and
2020 (except TPAC19 and SEPAC(1)20) (Table A-6, A-8). Earleaf dry matter at TPAC19 was
increased 0.2 g leaf! with 17, 25, or 34 kg S ha* from 4.4 g leaf! with zero S. In contrast,
SEPAC(1)20 earleaf weight was decreased from 5.1 g leaf* without S to 4.7 g leaf* with 6 kg S
hal. Earleaf weight from the highest S rates were not different than that without S.

Even without fertilization, all site-years had earleaf S concentration (Table 2.5-2.7) within
the sufficiency range (1.5 t0 2.2 g S kgt; Campbell, 2013). However, 7 site-years that were grain
yield responsive to S fertilization had earleaf S without S fertilization of 1.5 or 1.6 g S kg, at the
lower end of the sufficiency range (Blackford20, Ricel8,19, SWPAC18, Shelby(1)18,19, and
Shelby(2)19).

Earleaf S concentration at R1 increased with the addition of fertilizer S at 12 of 22 site-years
(Table 2.5-2.7). In about half the site-years, increasing S rate increased leaf S concentration
proportionally (Simpon18, Ricel8,19, DPAC19, SWPACL19, and NEPAC19,20), but in the other
half of site-years all rates of S gave a similar increase in leaf S concentration (NEPAC18,
Shelby(1,2)19, TPAC19, Blackford20, and Rice20). In both types of response, the increases in
earleaf S concentration with S fertilization ranged from 0.2 to 0.4 g S kg™, approximately a 10-
25% increase in concentration above the zero S treatment. The lowest sidedress S rate tested at the
site-years ranged from 11 or 17 kg S ha® and the highest S rate at those sites was 34 kg S ha™.

Nitrogen concentration in the earleaf at R1 ranged from 28 to 33 g kg at most site-years
(Table 2.5-2.7), within the sufficiency range of 28 to 40 g kg™ (Campbell, 2013). The exceptions
were SWPAC18, NEPAC18,20, Ricel8,19, and Blackford20 where earleaf N ranged from 24.4 to
27.9 g kg™

Earleaf N concentration at R1 was less affected by S fertilization than earleaf S (Table
2.5-2.7). Sulfur fertilization affected earleaf N at 7 of 22 site-years (Blackford20, NEPAC20,
Rice20, SEPAC(1)18, Shelby(2)19, SWPAC19, and TPACL19). Earleaf N usually increased 1.0 to
1.8 g kg?, equivalent to 3-6% above the leaf N concentration without S, except at one site
(Shelby(2)19) where increases in leaf N were much higher and ranged from 3.8 to 4.5 g kg or
~14-16%. Earleaf N was increased similarly by all S rates at most sites (Table 2.5, 2.7). TPAC19
leaf N where leaf N responded to S rates of 25 and 34 kg ha?, but not to lower rates (Table 2.6).
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The exception was SEPAC(1)18, it was the only site where earleaf N decreased with increased S
rate ranging from 0 to 24 kg ha® at sidedress, as determined by regression analysis (Table 2.9).

Earleaf N:S without S fertilization ranged from 14.8 to 16:1 well below the critical level of
18:1 (Campbell, 2013) at 14 of 22 site-years (DPAC18-20, NEPAC18,19, Rice20, SEPAC(1)18-
20, SEPAC(2)19, Shelby(1)18, SWPAC20, TPAC19,20) (Table 2.5-2.7), whereas at 8 of 22 site-
years N:S ranged from >16:1 to 18.4:1 (Blackford20, NEPAC20, Ricel8,19, Shelby(1,2)19, and
SWPAC18,19) (Table 2.5-2.7). Four site years had earleaf N:S near or at the critical level,
Shelby(1)19 (18.4:1), Shelby(2) (17.5:1), SWPAC19 (17.3:1), and Ricel9 (17:1) (Table 2.6). At
10 of 22 site-years, fertilizer S decreased leaf N:S 0.8 to 2.5 units, about 3-15% below the N:S
ratio without S. At nearly half the site-years, earleaf N:S decreased with increased S rate
(NEPAC19, Ricel8, SEPAC(1)19, and SWPACL19) (Table 2.6). At two other site-years (Ricel9
and DPAC19) leaf N:S plateaued with increasing S rate at 18 and 27 kg S ha't, respectively. For
the remaining site-years (Blackford20, TPAC19, and Shelby(1,2)19), earleaf N:S was decreased
about the same amount at all S rates ranging from 6 to 34 kg S ha (Table 2.6-2.7).

Concentrations of P, K, and Ca in the earleaf were at sufficient levels (Campbell, 2013) for
all site-years, including those where S fertilizer rate affected the concentration of a nutrient (Table
A-6-A-8). The site-year means for the zero S treatment ranged from 2.9 to 4.7 g P kg?, 3.3 t0 6.1
g Cakg?, and 18.8 to 30.1 g K kg*. For most site-years, R1 earleaf concentrations of Mg were at
sufficient levels (1.5 to 6.0 g Mg kg!) and site-year means ranged from 2.0 to 4.0 g Mg kg; except
for SWPAC18 (1.1 g Mg kg™?) for all treatments and Shelby(2)19 (1.4 g Mg kgt) without S
application only (Table A-6-A-8).

For most site-years, concentrations of P, K, Ca, and Mg in the earleaf at R1 were unaffected
by S treatment (Table A-6-A-8) although there were some exceptions. At Shelby(1)18, 22 to 34
kg S ha! lessened leaf P concentration 0.6 and 0.3 g P kg™, respectively, below 3.7 g P kg without
S (Table A-6). Earleaf K increased with increased S at SEPAC(2)19 (2.8 increase above 21.2 g K
kg without S), Shelby(1)19 (1.5 increase above 19.3 g K kg™ without S), and Blackford20 (0.7
increase above 21.1 g K kg without S) (Table A-7, A-8). Earleaf Ca decreased with fertilizer S
at Rice19 (0.3 decrease below 4.0 g Ca kg without S) and SEPAC(2)19 (0.8 decrease below 5.9
g Ca kg* without S), and was unaffected elsewhere. Earleaf Mg concentration increased with
fertilizer S at Shelby(2)19 (0.2 increase above 1.4 g Mg kg without S) (Table A-7), but there

were no effects at other site-years.
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Earleaf Mn, Fe, and Cu were not deficient at any site-year (Table A-6-A-8). Fertilization
with S increased earleaf concentrations of Mn, Fe, and Cu at several site-years (Table A-6-A-8).
Earleaf Mn concentration was increased 23 and 17 mg kg* with 11 and 22 kg S ha* above 60 mg
Mn kg* without S at Shelby(2)19. Fertilizer S increased earleaf Fe concentration 3 to 10 mg Fe
kg™ at Ricel19, 12 mg Fe kg at Shelby(2)19, and 11 to 17 mg Fe kg at Shelby(1)19. Earleaf Fe
without S fertilization was 69, 81, and 71 mg kg™, respectively, for the 3 site-years. Sulfur
fertilization increased earleaf Cu 2 mg Cu kg™ at Shelby(2)19 and 3 mg Cu kg™ at Shelby(1)19;
above Cu concentrations without S fertilization of 9 and 10 mg kg, respectively, for the two site-

years.

2.3.6 Earleaf nutrient concentrations at silking as affected by boron fertilization

The effects of fertilizer B were evaluated at 12 sites in 2019 and 2020. At 4 site-years earleaf
B increased with B fertilization: NEPAC20, SEPAC(1)20, Shelby(1)19, and SWPAC20 (Table
A-7, A-8). Fertilizer B increased leaf B by 1 or 2 mg kg™ over the zero S site-year means which
ranged from 5 to 8 mg B kg™. At most site-years, earleaf-B concentration was adequate, >4 mg B
kg (Campbell, 2013), with the exception of NEPAC18, Ricel8, SEPAC(1)18, Shelby(1)18,
Shelby(2)19, and SEPAC(1)19 (Table A-6-A-8). None of these sites with leaf B concentration <4
mg kgt were B response trials.

Fertilization with B affected earleaf concentrations of S, N, and/or N:S at only 2 of 12 site-
years (Table 2.6, 2.7). SWPAC20 decreased earleaf S by 0.1 g kg™ below the zero B mean 2.1 g
S kg, The same site also decreased earleaf N 0.5 g kg™ below 31.7 g kg™ without B. Addition of
B increased earleaf N from 28.4 without B to 30.2 and 31.8 g kg with 1 or 2 kg B ha'?, respectively,
and increased N:S from 14.3 without B to 15.8:1 at SEPAC(2)19 from both B rates.

2.3.7 Plant tissue nutrient levels at V3-V7

Plant tissue nutrients were determined prior to the sidedress applications of S treatments at
V3 to V7 growth stages at 14 of 18 sites in 2019 and 2020. Tissue S concentration at all sites prior
to treatment application (Table 2.10) was considered sufficient (>1.5 g S kg'l), including site-years
where soil SO4-S concentration were below the critical level of 8 mg kg™ (Table 2.11). Nitrogen
to S ratios equal to or greater than 18:1 are not considered adequate for corn (Campbell, 2013).

54



Seven of the 14 site-years had N:S>18:1 - DPAC19-20, NEPAC20, RICE19-20, SEPAC(1)20,
and SWPAC20 (Table 2.10).

Nutrient concentrations in the whole plant at V3-V7 (Table 2.10), other than S, were
sufficient (Table A-9) in most site-years. Tissue macronutrient concentrations were just below
critical levels at Shelby(1)19 at V4 (29.4 vs 30.0 g N kg1), NEPAC19 and Shelby(1)19 at V4 (2.9
vs 3.0 g P kg1), and SWPAC20 at V3 (2.5 vs 3.0 g P kgl). Boron was the only micronutrient that
was below critical levels (<5 mg kg) at V4 at DPAC19 (4 mg B kg?), V4 at NEPAC19 (3 mg B
kgl), V6 SEPAC(1)19&19b (3 and 2 mg B kg™), and V4 at Shelby(1)19 (4 mg B kg?) (Table
2.10).

2.3.8 Soil physical and chemical characteristics

Soil series, US taxonomy classification, and drainage class for all 28 sites are shown in Table
2.1. Mollisols and Alfisols were predominant soil orders at 15 and 10 sites, respectively. Ultisols
and Inceptisols occurred at 3 (SEPAC(1)18-20) and 1 (SWPAC20) site, respectively. Wisconsin
till was the parent material at NEPAC, DPAC, and Blackford, and Wisconsin outwash for
SWPAC18 and Henry20. SWPAC19-20 parent material was recent alluvium, and Shelby(1) parent
material was loess over till. SEPAC was the only site with Illinoian till (SEPAC(1)19), outwash
(SEPAC(1)18-20), or both (SEPAC(2)19) as parent materials. Most of the sites were very poorly-
or somewhat poorly-drained (DPAC17-20, Ricel7-20, SWPAC20, Blackford17-20, Henry20, and
Shelby(1)18-19), and fewer were moderately well- to well-drained (NEPAC18-20, SEPAC(1)18-
20, Shelby(2)19, and SWPAC18-19). TPAC19-20 had soils that were somewhat poorly-,
moderately well- and well-drained dependent on position in the landscape.

Soil texture at 15 of 28 site-years was fine-textured (clay, silty clay, silty clay loam, clay
loam, silt loam, and loam) and 8 sites were coarse-textured (loamy sand, sandy loam, and sandy
clay loam) (Table 2.11, A-10). NRCS textural classes for soil series at 5 site-years where soil
texture was not directly measured were SiC (Blackford17), SiL (Blackford18&19 and Henry20),
and SiCL (Shelby(1)18).

Soil organic matter (OM) and pH was determined for 26 of 28 site-years (Table 2.11, A-10).
Soil OM in the upper 20 cm ranged from 10 to 49 g kg™ across all sites, and 13 sites had OM <25
g kg*. Three of 7 sites sampled in 2020 had different levels of OM among soil series within the
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same field: DPAC20, Rice20, and Blackford20. The lowest and highest OM levels were 28 and 35
g OM kg at DPAC20, 19 and 27 g OM kg™ at Rice, and 21 and 49 g OM kg™ at Blackford20.
Soil OM decreased slightly with depth at most sites, except SWPAC20 which showed a steeper
decline than other site-years.

Soil pH in the upper 20 cm ranged from 5.8 to 7.1 pH. Soil pH decreased with depth from
20 to 60 cm for most site-years, except DPAC, NEPAC, and Shelby(1) where pH increased with
depth (Table 2.11, A-10).

2.3.9 Soil sulfate-sulfur

Mehlich-3-extractable soil sulfate-sulfur concentration (SOs-S) was determined for 20 of 28
sites (Table 2.11, A-10). At Ricel8, NEPAC18, SWPAC18, DPAC19, SWPAC19, Rice20, and
TPAC20; the SO4-S concentration in the upper 20 cm of soil was 4 to 8 mg SOs-S kgt (Table
2.11), values below the suggested as a critical level for sufficiency (Culman et al., 2020). At the
other 14 sites SO4-S ranged from 9 to 12 mg kg™ in the upper 20-cm soil. Sulfate-S was greater at
DPAC20 and SEPAC(1)19,20 in the 20-40-cm and 40-60-cm depths, than in the upper 20-cm
(Table 2.11). At NEPAC19, Ricel9,20, Shelby(1)19, and SWPAC19,20, SO4-S decreased with
increased depth. For all the other sites, SOs-S was similar throughout the 0-60-cm depth. SOs-S
weighted profile mean (WPM) was calculated at 16 sites to create a single SO4-S concentration to
represent the entire 0-60-cm soil depth (Table 2.11). The WPM for most site-years ranged from
4.9 to 8.5 mg SO4-S kg*, whereas SEPAC(1)19 and SEPAC(1)20 had much greater WPM (16.4
and 13.9 mg SO4-S kg, respectively) primarily due to higher SO4-S in the 20-60-cm soil depth
(Table 2.11). Rice20 was the only site where the WPM of one soil type (Gilford, 3.5 mg SOs-S kg
1) was substantially lower than another soil type in the same field (Maumee, 6.9 mg SO4-S kg™l).
Interestingly, the loamy sand Maumee soil with less OM and less clay content had the higher WPM
compared to the sandy loam Gilford (Table 2.11). The Maumee was slightly more acidic and had
higher extractable-Fe in the 0-20-cm and 20-40-cm soil depths than the Gilford (182 vs 161 in 0-
20 cm and 124 vs 100 mg kg in 20-40-cm), which may have resulted in greater sorption of SO:-
S in the Gilford.
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Figure 2.2: Relationship between Mehlich-3 extractable SO4-S concentration in the soil and soil pH at three depths
(a) 0-20 cm, (b) 20-40 cm, and (c) 40-60 cm at ACRE, Blackford, DPAC, NEPAC, Rice, Shelby(1), Shelby(2),
SWPAC, and TPAC in Indiana in 2015, 2019, and 2020. A solid line represents a linear or linear-plateau regression
model fitted to the data (p < 0.10), with adjusted R squared (R sq.) or residual standard error (RSE) accordingly.
2015 data from Moser (2016).

2

M (8)0-20 em ) 2040 cm

S0,-S concentration (mg kg™)

pH

Figure 2.1: Relationship between Mehlich-3 extractable SO4-S concentration in the soil and soil pH at three depths
(a) 0-20 cm, (b) 20-40 cm, and (c) 40-60 cm at SEPAC in 2015, 2019, and 2020. Solid line represents a linear or
linear-plateau regression model fitted to the data (p < 0.10), with adjusted R squared (R sg.) or residual standard

error (RSE) accordingly. 2015 data from Moser (2016).

A SO4-S weighted profile mean (WPM) was calculated at 16 sites to create a single SO4-S
concentration to represent the entire 0-60-cm soil depth (Table 2.11). The WPM for most site-
years ranged from 4.9 to 8.5 mg SOs-S kg, whereas SEPAC(1)19 and SEPAC(1)20 had much
greater WPM (16.4 and 13.9 mg SO4-S kg2, respectively) primarily due to higher SO4-S in the 20-
60-cm soil depth (Table 2.11). Rice20 was the only site where the WPM of one soil type (Gilford,
3.5 mg SO4-S kg™?) was substantially lower than another soil type in the same field (Maumee, 6.9
mg SOs-S kg™?). Interestingly, the loamy sand Maumee soil with less OM and less clay content
had the higher WPM compared to the sandy loam Gilford (Table 2.11). The Maumee was slightly
more acidic and had higher extractable-Fe in the 0-20-cm and 20-40-cm soil depths than the
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Gilford (182 vs 161 in 0-20 cm and 124 vs 100 mg kg™ in 20-40-cm), which may have resulted in
greater sorption of SO4-S in the Gilford.

Sufficiency ranges for Mehlich-3 extractable P, K, Ca, and Mg in the upper 20-cm soil
(Culman et al., 2020) are shown in Table A-9. At SEPAC(1)19 and SEPAC(2)19, Mehlich-3
extractable K was below critical levels for K (Table A-11), however, this site received 0-0-49.8
(N-P-K) before planting each year and tissue K was at sufficient levels in early-growth tissue (V3-
V7) (Table 2.9) and at R1 (Table 2.6). For all other sites in 2019 and 2020, soil P, K, Ca, and Mg
met criteria for adequacy (Table A-9).

2.4 Discussion

2.4.1 Grainyield and moisture

Treatments with fertilizer S yielded 0.2 to 3.0 Mg ha™* more grain than treatments without
S at 10 of 28 Indiana site-years, a 36% frequency of response (Blackford20, Henry20, Ricel7-19,
SEPAC(1)18, Shelby(1)18,19, Shelby(2)19, and SWPAC18). When a response to S fertilizer
occurred, the maximum yield response occurred at the lowest sidedress rate examined in in each
particular site-year (ranging from 8to 17 kg S hat). The increases in grain yield from S fertilization
occurred in several areas of Indiana with no history of S deficiency, suggesting that areas with low
inputs of S (soil sulfate-S, S from OM, atmospheric S, incidental S) require S fertilization. Grain
yield responses to S fertilization has been also observed in other states in the Corn Belt.

Experiments in Illinois conducted in the late 1970’s, found that 6% of 82 experimental site-
years responded to S fertilization (Hoeft & Fox, 1986). In the same state in 2009 to 2011,
fertilization with 34 kg S ha! increased yield 1.3 and 3.2 Mg ha* in 2 of 27 on-farm trials, a 7%
response rate (Fernandez et al., 2012). However, a higher response rate (~31%) occurred in 16
small-plot experiments with an average yield increase of ~0.8 Mg ha* with 27 kg S ha*. In Ohio,
adding 33 kg S haincreased grain yield 0.4 to 0.9 Mg ha in 2 of 4 site-years from 2002 to 2005
(Chen et al., 2008).

Corn grain yield in lowa was unresponsive to fertilizer S in six experiments from 2000 to
2001 (Sawyer & Barker, 2002). In later studies conducted from 2006 to 2008, grain yield was
increased 0.8 to 2.4 Mg ha* with S fertilization in ~69% of 51 site-years (Sawyer et al., 2009).
Additional studies conducted at 30 sites in 2009 and 2011 to 2013, had a 37% frequency of
response to fertilizer S, and yield was increased 0.3 to 2.0 Mg ha* (Sawyer et al., 2015). Current
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S recommendations for maximizing corn and soybean yield in lowa are 19 and 28 kg S ha* for
fine- and coarse-textured soils, respectively. The authors suggested that S-containing fertilizers
should be applied only before corn in a corn-soybean rotation, or every other year in a corn-corn
rotation (Sawyer et al., 2009).

In Minnesota in 1999 to 2001, 6.7 kg S haincreased corn grain yield 0.3 to 0.9 Mg ha*
compared to the control at 5 of 6 sites (Rehm, 2005). Higher S rates (13 and 20 kg S ha't) did not
increase yield further (Rehm, 2005). Experiments in 2008 and 2009 also showed response to S in
Minnesota at 2 of 4 sites, where a S rate of 24 kg S ha increased yield 1.1 and 1.8 Mg ha™* more
compared to a no S control (Kim et al., 2013). In a recent study in Kansas in 2019, corn grain
increased ~0.5 Mg ha™ with the lowest S rate tested, 34 kg S ha (Husa & Ruiz Diaz, 2020).

Our study did not find starter S applied at 4 to 6 kg S ha* to have an effect on grain yield
in 8 of 9 site-years. This contrasts with results from Minnesota, where 6.7 kg S ha* starter S
increased corn grain yield at 5 of 6 site-years (Rehm, 2005). However, those fields were planted
late in April where in our study fields were planted in May and June. Early planting with cold
temperatures, increases the chances for corn to respond to S fertilization.

Six kg S ha*, compared to the zero S treatment or S rates >6 kg S ha, decreased grain
yield 0.2 and 0.3 Mg ha at SEPAC(1)20 and NEPAC20, respectively. At SEPAC(1)20, earleaf
dry matter at silking was also decreased (0.4 g below 5.1 g without S) by 6 kg S ha* compared to
the zero S treatment or higher rates of S, but this did not occur at NEPAC20. Negative yield
responses were also observed at 4 of 47 site-years in Missouri where yield decreases ranged from
0.6 to 1.6 Mg ha* averaged over S rates of 17, 34, and 67 kg S ha (Stecker et al., 1995). Corn and
soybean yield were decreased with S fertilization in Ohio at 2 of 27 and 1 of 13 sites, respectively
(Fleuridor et al., n.d.). Few details were given on those experiments. Grain yield decreases with
the lower S rate only were not expected in our study and we cannot explain these responses.

Sulfur fertilization decreased moisture in the grain in the range of 1 to 7 g kg™ at 7 of 28
site-years. At 4 site-years where grain moisture was decreased by S fertilization, yield was
increased (Ricel9, Shelby(1)18, Shelby(2)19, and SWPAC18) and at 3 site-years grain moisture
decreased, but yield was unaffected (Blackford17,18, and DPAC17). Similar decreases in grain
moisture occurred at all S rates within each site-year. Only two other studies were found that
evaluated effects of S on grain moisture and neither documented any S effects. Grain yield

increased, but grain moisture was unaffected by fertilizer S in 2 experiments in Georgia (Bullock
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& Goodroad, 1989). Neither yield nor grain moisture responded to S in Minnesota (Kurbondski et
al., 2019). In some fields from our study, when sampling earleaves it appeared that plants with S
silked slightly earlier than plants without S, but quantification of the differences were not made.
Drier grain would likely be a result of earlier silking. In irrigated field experiments in India, ear
development without S began 49 days after emergence, whereas fertilization with 20 and 50 kg S
ha! shortened this period to 45 and 42 days, respectively (Kumar & Bohra, 2014).

In contrast to the 7 site-years where S fertilization decreased grain moisture; S fertilization
increased grain moisture in 2 of 4 soil types at Blackford 20 where grain yield also increased with
S. In the other two soil types, grain moisture was unaffected by fertilizer S, and grain yield was
unaffected in one soil type and reduced with fertilizer S in the other. Drought stress was distinctive
and pronounced in the two soil types where S fertilization increased grain yield, and less noticeable
in the two soil types where yield did not increase with the addition of S. Perhaps plants with S had

better root systems and were able to get more water which resulted in later senescence.

242 GrainS, N and N:S

Fertilizer S increased grain S concentration at all site-years where grain yield was increased
by S fertilization and grain was sampled (Ricel9, and Shelby(1,2)19) (Figure 2.3). Grain S also
increased at 5 of 12 site-years where grain yield was unaffected by S fertilization (NEPAC20,
Rice20, SEPAC(1)19, SWPACL19, and TPAC19) (Figure 2.3). At most sites, grain S increases
were similar with all S rates except at two site-years (Ricel9,20) where grain S increased with
increased S rate. Where grain yield was responsive to S (Ricel9, and Shelby(1,2)19), grain S
increased 0.1 to 0.5 g kg™ with S fertilization above 0.7 to 0.8 g kg™ without S. Additionally, grain
N:S narrowed ~1:1to 7:1 below 19:1 to 14.5:1 range without S. For the 12 grain yield unresponsive
site-years, grain S concentration ranged from 0.9 to 1.1 g S kg™. At nearly half of these sites
(NEPAC20, Rice20, SEPAC(1)19, SWPAC19, and TPAC19), S fertilization increased grain S and
decreased N:S. Other researchers found grain S increased with S fertilizer when S concentration
was <0.9 g S kg, yield responses occurred less often with greater grain S concentrations, and
grain S response was not always accompanied by a yield response. In an example from Minnesota
with 3 site-years, grain S concentration averaged 0.9 to 1.0 g kg with 28 kg S ha™ greater than
0.5t0 0.9 g kg without S (Kim et al., 2013). Grain S increased with fertilizer S in soils with OM
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ranging from 0 to >40 g kg™*. Grain yield increased at 2 of 3 site-years with grain S 0.5t0 0.7 ¢
kg™ without S. The other site was grain yield unresponsive to S fertilization and grain S was ~0.9
g kg™. Studies in Ohio showed in 3 of 4 site-years where grain yield responded to S fertilization
grain S was responsive at 1 site-year and it increased from ~1.0 without S to ~1.1 g kg™* with 33
kg S hal; grain S at the other sites ranged ~0.9 to 1.1 g kg™ without S (Chen et al., 2008). Grain S
concentration at yield responsive sites in our studies was always <0.9 g S kg. Perhaps, grain S
will be a good indicator of grain yield responses to S fertilization, but the number of responsive

sites we sampled was limited.
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Figure 2.3: Grain and earleaf S responses to S fertilization at 15 grain yield responsive and nonresponsive
site-years, and B) earleaf S responses to fertilizer S at 5 grain yield responsive site-years with only earleaf S
data and no grain S data.

An infrequent increase in grain N concentration with S fertilization was expected since R1
earleaf N was considered deficient at only 6 of 22 site-years (SWPAC18, NEPAC18,20, Ricel8,19,
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and Blackford20) and grain N was unresponsive to S at those site-years. At another 2 site-years
(Rice20 and Shelby(2)19), S fertilization increased N concentration in the grain. At these site-
years, leaf N was sufficient (>28 g kg™l), although at Shelby(2)19 leaf N was at the lower threshold
value for sufficiency (28 g N kg without S). At the remaining 14 of 22 site-years where N was
adequate in the earleaf tissue, grain N concentration was unaffected by S fertilization. In contrast,
in experiments in Minnesota earleaf N increased and grain N was unaffected by S fertilizer
applications (Sutradhar et al., 2017). In Ohio studies, grain N increased in response to S
fertilization at 1 of 3 site-years, but earleaf N was not measured (Chen et al., 2008). In Argentina,
grain N was not responsive to S at any of the 24 site-years, and when N concentration was
measured in the stover it was unresponsive as well (Carciochi et al., 2020; Salvagiotti et al., 2017).

Total seed rows ear?, seed number ear?, and 1,000 seed weight responded infrequently to
S fertilization. Two site-years had 41 and 46 more kernels ear? with S fertilization but only at
specific S rates. In addition, just one of two had a yield increase. At another site-year, ears had one
more single row with S. In 19 site-years of S response trials in Argentina, grain number explained
63% of the yield response to S, 3,565 seeds m with S vs 3,391 seeds m without S (Salvagiotti
et al., 2017). Increased grain weight with S, 286 mg with S vs 279 mg without S, explained 20%
of the yield response to S in this same study. Considering that our study was conducted in large
fields. It was challenging to sample a field thoroughly enough to adequately avoid the effects of

natural spatial variability among plants for these yield components.

2.4.3 Earleaf dry mass and nutrients

Earleaf dry matter at R1 was unaffected by S fertilization rate at all but 2 of 16 site-years
(except TPAC19 and SEPAC(1)20). Earleaf dry matter at TPAC19 was 0.2 g greater with 17, 25,
or 34 kg S ha! than 4.4 g leaf! without S, but grain yield was unresponsive at this site-year. At
SEPAC(1)20 the 6 kg S ha* treatment decreased earleaf dry matter 0.4 g leaf! from 5.1 g leaf
for the zero S treatment. At this site-year, grain yield was also reduced at this S rate. There are no
other reports in the literature concerning S fertilization effects on corn earleaf dry matter, but there
are reports of the effects of S fertilization on total biomass per area or dry matter per plant.
Compared to zero S aboveground dry matter at one site 1.1 Mg ha™ at V6 and a second site 17.0
Mg hatat R1, 32 kg S ha! increased aboveground dry matter ~0.2 Mg haat V6 and 1.4 Mg ha*
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at R1in 2 of 6 S response studies (Carciochi, et al., 2019). Both sites increased grain yield ~1.0 to
0.9 Mg ha above 14.0 Mg ha* at site 1 and 10.7 Mg ha* at site 2 without S. The increase in R1
dry matter at site 2 was ~8% and was proportional to the yield increase, where V6 dry mass
increase ~16% much higher than ~8% yield increase (Carciochi, et al., 2019). Similarly, 25 kg S
ha! increased dry matter 7 g plant® above the zero S mean which averaged 40 g plant™ at an
undefined growth stage in a two year-study (Kumar & Bohra, 2014). For most site-years in our
study, earleaf weight at R1 was unaffected by fertilizer S and so was not a good predictor of yield
response to S fertilization.

Earleaf S concentration at R1 increased at all 3 site-years (Ricel9, and Shelby(1,2)19)
where grain yield and grain S increased with fertilizer S (Figure 2.3). At these site-years, earleaf
S ranged from 1.5 to 1.6 g kg without S and from 2.0 to 2.1 g kg* with S. There were 5 site-years
where grain yield responded to S fertilization, but no grain was sampled. At 3 of those 6 site-years,
earleaf S ranged from 1.5 to 1.7 g kg™ without S and from 1.8 to 2.2 g kg with S fertilization
(Blackford20, Simpon18, Ricel8). At the remaining 2 locations (SEPAC(1)18 and SWPAC18),
earleaf S was unresponsive and ranged from 1.6 to 2.1 g kg without S. In field experiments, the
earleaf S concentration at R1 for optimum yield responses ranged from 2.0 to 2.3 g S kg™ (Bullock
& Goodroad, 1989; Rehm, 1993; Sawyer et al., 2015; Sutradhar et al., 2017), within the sufficiency
range for S, 1.5t0 6 g S kg (Campbell, 2013).

Earleaf S concentration increased with S fertilization at 8 of 17 site-years where grain yield
was unresponsive to S fertilization, and at 4 of the 8 site-years where S concentration in the grain
also increased with S fertilization (Figure 2.3). Leaf S concentration ranged from 1.5t02.1 g S
kg without S, and increased with increased S rate at most site-years, and a minority (3 of 8 site
years) observed similar increases in leaf S from all S rates. Previous studies have observed earleaf
S response with no yield increases. In Michigan, earleaf S concentration increased at 1 of 8 site-
years from 1.7 without S to 1.9 with S (0 to 25 kg S hal), but yield was unaffected at this site
(Steinke et al., 2015). In lowa, earleaf S increased with S fertilization, but there was no yield gain
at 7 of 10 site-years (Sawyer & Barker, 2002). Leaf S ranged from 1.3 to 1.8 g kg™ without S and
increased 0.1 to 0.4 g kg™ with S. Field experiments in Wisconsin found that earleaf R1 S
concentration increased 0.2 to 2.5 g kg™ with the addition of S fertilizer above the 1.9 t0 2.4 g kg™
with zero S at 5 of 16 site-years (Buckley & Wolkowski, 2012). Although earleaf S concentration

increased with S fertilization, none of the sites had yield increases. In Brazil at 2 field experiments,
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treatments with S increased earleaf S 0.7 and 0.2 g kg™ above 1.2 and 1.8 g kg without S,
respectively, and only one increased yield from 8.9 Mg ha™* without S to 10.3 with S (Crusciol et
al., 2019).

Sulfur concentration in the most recently collared leaf at V6 and/or at V12 was evaluated
as diagnostic criteria for plant S status and to predict yield response to fertilizer S (Carciochi, et
al., 2019b). Leaf S concentration at V6 (R?= 0.93) was more accurate than at V12 (R?= 0.83) for
identifying grain yield responsiveness to S fertilization. The critical S concentration threshold was
2.1 g kg™ at V6 and 1.65 g kg at V12. Whole plant S concentration measured at V12 and 10-15
days pre-silking did not relate to yield response to S, but tissue S measured 10-15 days post silking
predicted yield response with 78% accuracy (Pagani & Echeverria, 2011). Earleaf S concentration
was useful to assess S status in the plant however it did not identify responsive from unresponsive
sites successfully. In our study most site-years where grain yield increased, earleaf S ranged from
1.5 to 1.7 g kgt without S fertilization. Earleaf S should be accompanied with other parameters
like grain S concentration, the latter was less responsive to S than the earleaf at sites where yield
was unresponsive.

Earleaf N responded to fertilizer S at 7 of 22 site-years. Two site-years (Blackford20 and
Shelby(2)19) increased grain yield with S fertilization and at the other 5 site-years, grain yield was
unaffected by S (NEPAC20, Rice20, SEPAC(1)18, SWPAC19, and TPAC19). Only 1 site-year
(Blackford20) was earleaf N deficient. Leaf N increased similarly with all S rates at 4 site-years.
While at the other 3 site-years, the leaf N increased with increased S rate, but the magnitude of the
increase was small. Researchers in Minnesota found fertilizer S increased earleaf N only when N
was limiting in the soil (Sutradhar et al., 2017). In contrast, in Argentinian soils S fertilization (0,
15, and 32 kg S ha) without N did not increase N concentration in the shoot at R6 (Carciochi et
al., 2020). Earleaf N responses to S fertilization have had little relation with yield responses, when
earleaf N concentration increased with S fertilization, it was usually at sites where leaf N was
deficient or near the lower threshold for sufficiency (28 kg N kg™).

For treatments with S, the earleaf N:S ratio narrowed 0.6 to 2.0 at 9 of 22 site-years. Similar
decreases in N:S were obtained with all S rates. Earleaf N:S ratio usually decreased at site-years
where earleaf S was responsive to fertilizer S, except at TPAC20 where there were not statistical
differences in earleaf S or N. At site-years where grain yield responded to S fertilization and

earleaves were sampled, the N:S ratio without S ranged from 15:1 to 18:1. Decrease in N:S with
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increased tissue S was reported previously (Carciochi, et al., 2019; Pagani & Echeverria, 2011;
Steinke et al., 2015; Sutradhar et al., 2017). When N:S ratio was evaluated at the 12" leaf of V12
corn as a tool to predict corn yield response to S fertilization, its accuracy (R?=0.76) was no better
than the S concentration in the same leaf (R?=0.93) (Carciochi et al., 2019b). In addition, using
both N:S and S did not improve predictions. The N:S threshold for maximum yield was 15:1.
Differences in critical N:S ratio at different plant stages was suggested as a limitation for yield
predictions. The critical N:S ratio narrowed from 16.7:1 at V6 to 15.1:1 at V12 (Carciochi et al.,
2019; Pagani & Echeverria, 2011). In our study, earleaf N:S at R1 did not distinguish grain yield
responsive from nonresponsive sites to S fertilization, nevertheless site-years where grain yield
increased leaf N:S ranged from 15 to 18:1 without S. Nitrogen to S ratio helped as indicator of N
and S balance in the plant, however it should be used together with tissue S and tissue N to ensure

their individual adequacy.

2.4.4 Plant tissue nutrient levels at V3-V7

Plant tissue S and N status at V3-V7 plant stage were considered adequate (1.5 to 4.0 g
kg for S and 30 to 40 g kg for N) at the 13 of 14 site-years sampled in 2019 and 2020. The
exception was Shelby(1)19 which was considered N-deficient (29 g kg™?) at V4 stage, but was
adequate when measured at R1. Another site-year (Ricel9) was adequate for N and S in the whole
tissue and in the earleaf at R1, but was yield responsive. Whole tissue S at early stages was not
measured at other yield responsive sites. However, plant tissue S status had significant changes
from V3-V7 stage to earleaf, making this parameter inaccurate to predict yield responses.

The N:S ratio in V3-V7 plant tissue was a poor predictor of grain yield response to S. For
7 site-years with N:S equal to or above the critical threshold of 18:1 at V3-V7, these ratios
improved with S fertilization to below the critical threshold in the earleaf at R1 for all treatments
including the zero S. Based on the N:S threshold one site was categorized adequate (Shelby(1)19)
and another was considered inadequate (Ricel9), but both had increased grain yield with S
fertilizer.

Plants at several site-years showed symptoms of S deficiency, and after sidedress plants
without S appeared shorter (although not measured). However, yield was unaffected by S
fertilization at most of these sites. Sidedress N and longer root development under S-limiting
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conditions, may have contributed plants to access enough S late in the season to achieve maximum
yield and be unaffected from fertilizer S at sidedress.

2.4.5 Soil physical and chemical characteristics

Soil sulfate-S concentration was measured at 18 of 28 site-years. At 4 of 18 site-years
SOs-S was <8 mg S kg at 0-20 cm, but only at one (Rice19) was grain yield increased with fertilizer
S. At the other 14 site-years SOs-S ranged from 8 to 12 mg kg* in the upper 20 cm soil. At deeper
depths, soil SOs-S increased at 3 site-years, decreased at 6, and remained similar everywhere else.
At most sites, the relationship between soil pH, OM, texture, and extractable SO4-S was poor, with
these parameters explaining very little of the variation in extractable SO4-S at all three sampling
depths. In a study in Argentina, soil SOs-S concentration from 0 to 20 and 0 to 60 cm depth at
planting and V6 plant stage, soil organic matter (SOM), SOM:clay ratio, and SOM:clay+silt were
used to predict grain yield responses to S (Carciochi et al., 2016). All models successfully predicted
yield responses to S with 62 to 70 % of accuracy. However, the best predictions were with soil
sulfate-S concentration from 0 to 60 cm at planting (R?>=0.68) and the V6 stage (R?=0.70). The
critical values where 40 and 59 kg S ha* above which no yield respond is expected. No further
improvement in the model occurred when edaphic factors were included. In our study, soil SOs-S
concentration from 0 to 60 cm measured in 20cm increments, did not predict yield responses. In
some cases, it helped to explain the presence of absence of response to S fertilization

Soil S availability represented by a weighted profile means (WPM), represents the relative
contribution of each layer from 0 to 60 cm in 20 cm increments to soil SO4-S availability (Probert
& Jones, 1977). For sorghum, a WMP of 13.8 was suggested as the critical level below which
yield was lessened (Hue and Cope, 1987). This assessment may be a better estimator of SO4-S
availability for plant utilization and was evaluated in our study as a means to predict grain yield
responses to S fertilization. WPM ranged from 3.5 to 13.9 mg kg%, but did not correlate with corn
yield response to S fertilizer. For example, at some nonresponsive sites the WPM was lower in
value than at sites that responded to S fertilization. In a S study in Coastal Plain soils in North
Carolina, WPM of sulfate-S for the A- and B-horizon ranged 4.2 to 31.7 mg kg, and none of the
sites had a grain yield response to fertilizer S (Camberato, 1982). Sulfate-S in the soil alone does

not ensure plant access. Factors to consider for plant uptake are root development, soil moisture at
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levels that allow mass flow of nutrients, and presence of layers obstructing root development
(Graveel et al., 2002; Nibau et al., 2008). Taking into consideration WMP with soil physical
properties may be necessary to better predict crop response to S.

Grain yield response to S fertilization was more frequent in coarse-textured soils (loamy
sand, sandy loam, and sandy clay loam) than in fine-textured soils (clay, silty clay, silty clay loam,
clay loam, silt loam, and loam). Grain yield increased with S fertilization at 5 of 8 site-years (~63%)
with coarse-textured soils, while 5 of 20 site-years with fine-textured soils (25%) showed yield
response to S. When grouping grain yield increases by soil type, yield increased on coarse-textured
soils 0.3 to 1.4 Mg ha and on fine-textured soils 0.2 to 3.0 Mg ha™. Therefore, the magnitude of
response was similar across both textural divisions. Soil pH did not show a relationship with yield
response to S fertilization as pH at responsive sites ranged from 5.8 to 7.0 in the 0-20 cm depth,
essentially the entire range of pH seen in this study. Research in lowa found fertilizer S increased
yield in both coarse-textured (64% frequency) and loam and clay loam textured soils (62%
frequency) (Sawyer et al., 2015). In Minnesota, the addition of starter S increased corn grain yield
at 5 of 6 site-years, 3 sites were sandy soils, one loam and one clay loam soil (Rehm, 2005). Yield
increases were similar among soil textures in agreement with my research. In Argentina at 15 sites
ranging in soil texture from sandy loam to clay loam, 3 of 7 coarse-textured soils had grain yield
increases with S, but no responses occurred in the other textures (Carciochi et al., 2016). In other
studies in Michigan and Ohio with loam to clay loam soils, the frequency of response was 50 to
60%, nearly double that observed in my research for fine-textured soils (Chen et al., 2008; Kim et
al., 2013). Although grain yield responses to S fertilization were more frequent on coarse-textured
than on fine-textured soils, S deficiency occurred in both.

The lowest sidedress S rate tested (8 to 17 kg ha?) at each site-year was enough to
maximize grain yield, regardless of soil texture. Research in lowa recently suggested biannual
rates for maximum corn and soybean yield response for sandy soils was 28 kg S ha™ and for loam
and clay loam soils was 19 kg S ha’ (Sawyer et al., 2015; Sawyer, 2020). They suggested S
applications precede corn in a corn-soybean rotation or be applied every other year in continuous
corn. We did not examine residual effects of fertilizer applications.

Phosphorus and zinc fertilization were incidental source of S at 15 site-years, including 6
responsive sites: Blackford20, Ricel7-19, SEPAC(1)18, and Shelby(1)19. Time of application was
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either the previous fall, preplant or in-furrow. In some cases, these sources contributed
approximately 0.7 to 3 kg S ha! (Table A-3).

Grain yield responses to S fertilization occurred at 8 of 12 site-years (67%) with soil OM
between 10 and 25 g kg, but only at 2 of 8 site-years (25%) with OM between 25 and 49 g kg™.
A systemic review from 55 Brazilian no-till fields reported yield response to S in soils with low
and high OM. In the low OM group (<25 g kg), 36% of 25 sites were responsive to fertilizer S
while in the high OM group (>25 g kg™), 23% of 30 sites responded to S fertilization (Pias et al.,
2019). In S trials in corn, soybean, and alfalfa fields in lowa, OM did not distinguish yield
responsive from nonresponsive sites (Sawyer, et al., 2012; 2015). However, soils with OM <35 g
kg™ had greater yield increases than higher soil OM (>3.5 to 6 g kg™). A study in Argentina found
a linear-plateau correlation between soil OM and grain yield response to S, where the critical value
was 60 g OM kg, but yield predictions from the model were not highly reliable (R?=0.41)
according to the authors (Carciochi et al., 2016). Soil OM predicted yield responses for 4 fields in
Minnesota (R?=0.57), and grain yield increases from S fertilization occurred in soils with OM
ranging from 7 to 39 g kgt OM (Kim et al., 2013). This in agreement with Kaiser & Kim (2013),
who reported soybean yield response to S fertilization in soil with OM ranging from 1 to 5 g kg™
However, they noted that the absence of higher OM values, may put in question the use of this
model across other locations with broader variability in OM (Kaiser & Kim, 2013).

Soil pH was not related to yield response and was weakly correlated to soil SO4-S
concentration in the surface 20 cm, but was better related to soil SO4-S at deeper depths. Soil pH
had a linear-plateau relation with SO4-S concentration at 20 to 40 and 40 to 60 cm depth at SEPAC,
and at 40 to 60 cm everywhere else. The value where sulfate-S began to accumulate was pH 6.3 at
20 to 40 cm at SEPAC(1,2) and 6.2 at 40 to 60 cm at all site-years including SEPAC. Slightly to
moderately acid pH below pH 6.5 increased SO:-S availability by increasing sorption on clays and

with aluminum and iron oxides (Tabatabai, 1996).

2.4.6 Other nutrients

Sulfur fertilization on a few occasions altered nutrient concentrations in the earleaf, besides
S and N. Fertilizer S increased uptake of K and Fe (3 site-years each), Cu (2 site-years), and Mg
and Mn (1 site-year each). Lower concentrations of P and Ca occurred with S fertilization (2 site-
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years each). The effect of S fertilization on Zn was variable with increased uptake at 1 site-year
and decreased uptake at 2 site-years.

Ammonium thiosulfate, the source of S and N in this study, creates acidity in the soil media
from ammonium nitrification and thiosulfate oxidation (Zhou et al., 2009). Exchangeable Mn, Zn,
and Cu increased as pH decreased from 8 to 4, and at pH >5.2 these were mostly bound to iron-
oxides and organic complexes (Sims, 1986). Manganese and Fe are chemically and biologically
reduced to more available forms by the oxidation of thiosulfate to sulfate (Myers & Nealson, 1988).
The micronutrients Mn, Fe, Zn, and Cu interact with each other affecting their uptake and
metabolism. Since we only measured earleaf dry mass and nutrient concentration, it is not possible
to know if total plant uptake was affected or the changes in leaf composition were a result of
differential partitioning or redistribution of the nutrients.

At 1 site where earleaf P concentration declined with fertilizer S, earleaf S without S
averaged 2.0 g kg* within the range of sufficiency. However, this site was responsive to S
fertilization. Research has shown that under soil S-limiting conditions, transporters of P from roots
to shoots increased therefore promoting P uptake, and increasing P concentration in above-ground
biomass (Allahham et al., 2020). In Arabidopsis thaliana, sulfolipids and glycerophospholipids
both structural lipids in the plant membrane were found exchangeable (Okazaki et al., 2009; Yu et
al., 2002). Sulfur-limited conditions enhanced glycerophospholipids and P-limited conditions
enhanced sulfolipid accumulation. This as a plant adaptation to balance anionic charges.

Nevertheless, reduction of earleaf P from fertilizer S was not observed at other site-years.

2.4.7 Boron

Fertilizer B did not have any effect on yield at 11 site-years with B rates of 0.4 to 2 kg B
ha. However, at one site-year (SEPAC(2)19) B fertilization increased earleaf N and N:S ratio.
Increased N uptake by corn with B fertilization was observed by Aref (2011), this in concomitant
with adequate to high Zn levels and no response at low Zn (Aref, 2011). SEPAC(2)19 had the
highest soil Zn concentration (3.1 mg kg™) of all site-years (0.9 to 2.3 mg kg™?), thus the increase

in earleaf N with B fertilization may have been related to presence of high soil Zn.
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2.4.8 Conclusions

Corn grain yield was increased 0.2 to 3.0 Mg ha* from sidedressing S at 10 of 28 site-years.
The lowest S rate at each site-year, ranging from 8 to 17 kg S ha, was enough S to maximize
grain yield at responsive sites. Where S was needed to optimize yield, sidedress applications alone
resulted in the same grain yield response as starter plus sidedress S. Starter S alone at rates of 4 to
6 kg S ha* did not increase grain yield at 7 of 8 site-years where it was examined.

Whole plant S concentration at V3-V7 and R1 earleaf responses to S were not a good
indicator of yield responses to S. Instead, sulfur concentration in the R1 earleaf and in the grain
were better correlated with yield responses. At most site-years where grain yield was increased by
S fertilization, R1 earleaf S without S fertilization ranged from 1.5t0 1.7 g S kg and grain S from
0.7t00.8 g S kgX. However, these critical values’ were based on a limited number of observations,
22 and 15 site-years for earleaf and grain tissue, respectively. Furthermore, it remains to be
determined whether S deficiency diagnosed at R1 can be corrected with a subsequent S application
and grain S of course would only be helpful for future crops. Increases in R1 earleaf and grain S
concentration with S fertilization did not differentiate sites where grain yield was increased by S
fertilization from those where grain yield was unaffected.

Both soil sulfate-S and a weighted profile mean (WPM) for soil sulfate-S, which attempts
to represent S availability over a greater soil depth (0-60 cm in our case), did not differentiate
responsive from non-responsive locations. Sulfate-S in the 0-20 cm ranged from 8 to 12 mg kg™
at 14 of 18 site-years and a lower range from 4 to 7 mg kg™ at the remaining locations. Sulfate-S
increased with depth at nearly half of the site-years and remained the same at most of the other
sites. Sulfate-S from 40-60 cm increased with increased pH and plateaued at pH ranging from 6.2
to 6.3. Soil-sulfate WPM ranged narrowly from 3.5 to 8.5 mg S kg™ at most site-years indicating
little difference in sulfate-S availability among site-years.

Higher yield increases occurred with soil OM <25 g kg™* compared to OM above that
concentration. Soil OM examined ranged from 10 to 49 g S kg and grain yield response to S
fertilization occurred in the range of 10 to 31 g kg. Yield increases ranged from 0.2 to 1.5 Mg
hat in soils with 26 to 31 g kg OM (2 of 10 responsive site-years) and slightly higher increases
ranging from 0.7 to 3.0 Mg ha* in soils with 10 to 25 g kg™* OM (8 of 10 responsive site-years).
Grain yield responses occurred more frequent in coarse- (5 of 8 site-years; loamy sand, sandy loam,

and sandy clay loam) than in fine-textured soils (5 of 20 site-years; clay loam, silty clay, silty clay
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loam, silt loam, and loam), however the magnitude of those increases was relatively wide across

both textural groups.

We encourage farmers to consider S fertilization at rates ranging from 8 to 17 kg S ha™.
This recommendation is for fields with one or more of the following characteristics: S deficiency
symptoms, earleaf at R1 S concentration and grain S concentration have been below 1.8 g kg™* and

0.9 g kg2, respectively, or earleaf N:S greater than 14:1.
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2.49 Tables

Table 2.1: Site name and year of experiment (Site-year), coordinates (latitude, longitude), total experimental area,
predominant soil series (% of the total area), soil classification (suborders and great groups), and drainage class for corn
response to sulfur experiments conducted from 2017 to 2020.

Site-year Latitude - longitude  Total Soil series (% of the Soil Drainage
area area) classest class}
(ha)

DPAC17&19 40.314°N - 85.142°W 11 Blount-Glynwood (56) AEp SPD
Pewamo (30) TE VPD

DPAC18&20 40.314°N - 85.146°W 12 Blount-Glynwood (53) AEp SPD
Pewamo (47) TE VPD
NEPAC19 41.116°N - 85.441°W 4 Rawson (35) TE MWD
Haskins (29) AEp MWD
NEPAC18&20 41.115°N - 85.439°W 12 Rawson (37) OH MWD
Haskins (33) AEp MWD

Ricel7&19 41.328°N - 86.800°W 18 Gilford (80) TE PD

Ricel8&20 41.327°N - 86.796°W 19 Maumee (58) TE PD

Gilford (42) TE PD

SEPAC(1)18&20  39.065°N - 85.525°W 21 Ryker-Muscatatuck (97) FP WD
SEPAC(1)19 39.0371°N - 85.534°W 6 Nabb (72) AF MWD
SEPAC(2)19 39.044°N - 85.525°W 9 Ryker-Muscatatuck (50) FP WD
Nabb (34) AF MWD

SWPAC18 38.745°N - 87.482°W 2 Ade (53) LA SED
SWPAC19 38.749°N - 87.485°W 4 Conotton (96) TH WD

SWPAC20 38.748°N - 87.482°W 5 Petrolia (100) FEe PD
TPAC19 40.268°N - 86.879°W 11 Throckmorton (40) MOH MWD
Toronto-Millbrook (21) UE SPD

TPAC20 40.280°N - 86.863°W 36 Lauramie (33) MH WD
Toronto-Millbrook (30) UE SPD

Blackfordl17 40.392°N - 85.251°W 13 Saranac (77) FEo VPD
Blackford18 40.382°N - 85.388°W 15 Blount- Glynwood (40) AEp SPD
Pewamo (32) TE VPD

Blackford19 40.395°N - 85.351°W 19 Blount- Glynwood (64) AEp SPD
Blackford20 40.391°N - 85.258°W 30  Whitaker (41) AEn SPD
Saranac (30) FEo VPD

Martinsville (6) TH WD

Bono (21) TE VPD

Shelby(1)18 39.657°N - 85.684°W 21 Brookston (57) TA PD
Croshy (43) AEp SPD

Shelby(1)19 39.651°N - 85.686°W 16 Brookston (63) TA PD
Shelby(2)19 39.496°N - 85.940°W 6 Martinsville (100) TH WD
Henry20 39.827°N - 85.442°W 10 Eldean (75) TH WD

+ Aeric Epiaqualfs (AEp), Typic Endoaquolls (TE), Oxyaquic Hapludalfs (OH), Mollic Epiaqualfs (ME), Fragiaquic Paleudults (FP), Aquic
Fragiudalfs (AF), Lamellic Argiudolls (LA), Typic Hapludalfs (TH), Fluvaquentic Endoaquepts (FEe), Mollic Oxyaquic Hapludalfs (MOH),
Udollic Epiaqualfs (UE), Mollic Hapludalfs (MH), Fluvaquentic Endoaquolls (FEo), Aeric Endoaqualfs (AEn), Typic Argiaquolls (TA), Fragic
Glossaqualfs (FG).

1 Somewhat excessively drained (SED), well drained (WD), moderately well drained (MWD), somewhat poorly drained (SPD), poorly drained
(PD), and very poorly drained (VPD).
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Table 2.2: Average monthly air temperature and accumulated precipitation from April 1% to October 31% for sites from 2017 to 2020. Values in parentheses represent
the deviation from the 30-year average based on the monthly National Center for Environmental Information (NCEI) normal of 1981 through 2010.

Site-year

April June

°C mm °C mm °C mm

May

July August
°C mm °C mm

September
°C mm

October
°C mm

DPAC17
DPAC18
DPAC19
DPAC20
NEPAC18
NEPAC19
NEPAC20
Ricel7
Ricel8
Ricel9
Rice20
SEPAC(1)18

13.1(+3.2) 9.8(+0.5) 15.4(-0.4) 20.0(+8.8) 20.3(-0.8) 15.8(+5.0)
55(-4.4) 9.4(+0.2) 19.2(+3.4) 4.8(-6.4) 22.3(-1.2) 17.5(+6.8)
10.2(+0.3) 18.6(+9.3) 16.6(+0.7) 13.1(+1.9) 21.0(-0.1) 14.0(+3.2)
8.8(-1.2) 4.4(-49) 14.3(-1.6) 12.5(+1.3) 21.1(+0.0) 6.0(-4.8)
51(-4.1) 4.8(-45) 18.2(+3.2)7.9(-3.0) 21.1(+0.8) 11.8(+0.4)
9.0(-0.2) 12.1(+2.8) 14.9(-0.1) 11.5(+0.5) 20.1(-0.3) 9.8(-1.6)
6.5(-2.7) 55(-3.8) 13.9(-1.1) 12.7(+1.8) 20.6(+0.2) 7.3(-4.0)
12.3(+1.6) 9.9(+0.7) 13.9(-2.2) 14.0(+3.9) 21.4(+0.4) 6.8(-3.6)
5.2(-5.6) 6.0(-32) 19.2(+3.1) 11.5(+1.3) 21.6(+0.6) 10.9(+0.5)
95(-1.2) 11.1(+1.9) 15.0(-1.1) 16.8(+6.7) 19.9(-1.2) 12.1(+1.7)
7.4(-3.3) 12.0(+2.8) 14.6(-1.6) 11.8(+1.7) 21.4(+0.4) 7.3(-3.1)
10.1(-2.7) 11.0(-0.3) 22.1(+4.5) 5.4(-7.4) 23.2(+0.9) 15.0(+4.1)

22.1(-0.8) 13.0(+0.9) 20.4(-1.3) 4.1(-5.0)
21.8(-1.0) 10.7(-1.4) 22.9(+1.2) 15.7(+6.7)
24.6(+1.8) 12.7(+0.6) 21.9(+0.2) 5.7(-3.3)
24.3(+1.4) 15.9(+3.8) 21.7(+0.0) 4.3(-4.7)

19.3(+1.4) 4.2(-3.4)
20.6(+2.7) 14.2(+6.6)
21.0(+3.1) 4.3(-3.2)
17.9(+0.0) 5.9(-1.7)

22.3(+0.1) 13.5(+3.2) 21.9(+0.6) 23.3(+13.5) 19.7(+2.4) 3.7(-4.4)

24.1(+1.8) 10.8(+0.5) 21.4(+0.1) 15.7(+6.0)
23.6(+1.4) 4.9(-5.5) 22.0(+0.7) 10.7(+0.9)
22.0(-05) 19.9(+8.5) 19.8(-2.1) 5.6(-5.6)
22.3(-0.2) 3.8(-7.6) 22.5(+0.6) 14.5(+3.3)
23.6(+1.1) 7.4(-4.0) 21.0(-0.9) 5.4(-5.8)
23.7(+1.2) 7.9(-35) 21.6(-0.3) 6.2(-4.9)
23.9(-0.2) 14.7(+3.3) 23.6(+0.2) 9.2(-1.7)

SEPAC(1&2)1913.8(+1.0) 16.9(+5.5) 19.2(+1.6) 15.4(+2.6) 21.3(-1.1) 22.9(+12.0) 24.8 (+0.7) 4.5(-7.0) 23.4(-0.1) 11.1(+0.2)

SEPAC(1)20
SWPAC18
SWPAC19
SWPAC20
TPAC19
TPAC20
Blackford17
Blackford18
Blackford19
Blackford20
Shelby(1)18
Shelby(1)19
Shelby(2)19
Henry20

11.4(-1.4) 8.3(-3.1) 16.6(-1.1) 9.2(-3.5) 22.5(+0.2) 6.4(-4.6)
9.1(-3.6) 9.3(-1.7) 23.7(+5.5)5.5(-0.6) 25.4(+2.3) 18.1(+7.5)
13.5(+0.9) 18.8(+7.8) 19.5(+1.3) 20.1(+5.0) 22.8(-0.3) 11.5(+0.8)
11.1(-1.6) 8.5(-2.5) 16.8(-1.4) 12.1(-2.9) 24.1(+0.9) 12.8(+2.1)
10.4(-0.3) 15.1(+6.5) 16.7(+0.1) 12.9(+1.1) 21.2(-0.6) 9.7(-1.8)
8.8(-1.9) 8.3(-0.4) 15.4(-1.2) 8.3(-35) 22.7(+0.8) 9.9(-1.7)
13.2(+2.8) 15.4(+6.7) 15.5(-0.7) 17.5(+6.8) 21.7(+0.2) 12.0(+2.0)
6.0(-4.4) 8.3(-0.6) 20.4(+4.2) 4.8(-5.9) 22.8(+1.3) 16.3(+6.2)
10.0(-0.4) 17.3(+8.6) 16.0(-0.2) 16.4(+5.7) 21.0(-0.5) 8.5(-1.5)
8.8(-1.6) 4.6(-4.1) 15.1(-1.1) 7.6(-3.1) 22.3(+0.8) 5.8(-4.2)
7.5(-3.3) 13.3(+1.8) 21.0(+4.4) 4.8(-8.3) 22.9(+1.3) 14.2(+2.6)
10.9(+0.1) 12.2(+0.6) 17.2(+0.7) 10.4(-2.7) 20.9(-0.7) 15.5(+3.9)
10.7(+0.1) 15.9(+4.8) 17.0(+0.6) 13.4(-0.9) 19.8(-1.9) 13.8(+2.0)
8.6(+8.6) 4.4(+4.4) 14.3(+4.4) 14.8(+4.6) 20.7(+4.9) 7.8(-5.1)

25.2(+1.1) 8.9(-2.6) 22.7(-0.7) 10.3(-0.6)
25.3(+0.4) 5.2(-6.6) 24.7(+0.6) 7.8(-0.9)
26.1(+1.2) 17.6(+5.8) 24.2(+0.0) 12.8(+4.1)
26.1(+1.2) 16.5(+4.7) 23.7(-0.5) 7.0(-1.7)
24.7(+1.3) 7.4(-3.0) 21.9(-0.5) 8.4(-1.6)
24.3(+1.0) 11.3(+1.0) 21.8(-0.6) 7.8(-2.2)
22.9(-0.2) 12.2(+1.0) 20.4(-1.6) 7.2(-3.0)
22.9(-0.3) 10.8(-0.4) 22.9(+0.8) 19.0(+8.8)
24.8(+1.7) 15.6(+4.4) 21.7(-0.3) 6.7(-3.5)
24.3(+1.2) 10.5(-0.7) 22.0(-0.1) 4.3(-5.9)
23.2(+0.1) 11.7(+0.2) 23.1(+0.8) 17.8(+8.7)
24.6(+1.4) 13.9(+2.3) 22.8(+0.5) 8.0(-1.1)
23.9(+0.6) 6.1(-5.0) 21.3(-1.3) 12.6(+3.6)
23.4(+2.6) 11.4(-0.5) 20.8(-1.7) 10.1(-2.6)

19.8(+2.5) 9.0(+0.9)
16.8(-0.5) 2.7(-5.3)
18.3(+0.3) 3.7(-4.9)
19.5(+1.4) 6.4(-2.2)
19.7(+1.6) 15.8(+7.3)
17.2(-0.9) 4.6(-4.0)
21.8(+2.2) 17.6(+9.7)
22.9(+3.4) 0.3(-7.6)
19.3(-0.2) 2.6(-5.4)

14.1(+2.7) 10.1(+2.6)
12.4(+1.0) 4.6(-2.9)
13.1(+1.7) 8.6(+1.1)
10.9(-0.4) 15.3(+7.8)
11.1(+0.3) 7.7(+0.1)
12.1(+1.3) 7.8(+0.2)
9.7(-1.1) 8.6(+1.0)
13.8(+1.7) 15.3(+6.1)
11.4(-0.7) 14.7(+5.6)
11.3(-0.8) 9.3(+0.2)
10.2(-1.8) 6.2(-2.9)
13.9(+0.5) 3.4(-5.9)
15.3(+1.8) 13.3(+4.0)
13.3(-0.2) 14.7(+5.4)

23.3(+3.2) 22.5(+14.0) 14.5(+0.8) 3.8(-5.7)

23.7(+3.6) 1.7(-6.9)
20.2(+0.0) 0.6(-8.0)
21.1(+2.3) 6.2(-0.9)
18.4(-0.4) 4.9(-2.2)
19.7(+1.4) 3.9(-4.0)

14.7(+1.1) 13.9(+4.3)
13.7(+0.0) 14.0(+4.4)
12.9(+0.8) 10.2(+3.4)
11.5(-0.7) 6.8(-0.1)
13.9(+2.1) 8.8(+1.8)

19.7(+1.4) 23.2(+15.4) 12.6(+0.7) 9.2(+2.2)

20.9(+2.6) 3.4(-4.5)
18.4(+0.1) 7.8(+0.0)
20.9(+2.6) 15.2(+6.9)
21.9(+3.6) 2.1(-6.3)
20.6(+2.0) 3.0(-4.9)
17.3(-4.3) 1.4(-6.8)

13.4(+1.6) 8.2(+1.1)
10.9(-1.0) 15.0(+8.0)
12.8(+0.9) 2.7(-5.6)
14.0(+2.1) 11.9(+3.6)
13.6(+1.6) 13.8(+5.5)
10.7(-0.9) 13.7(+5.7)




Table 2.3: Nitrogen (N), sulfur (S) and boron (B) applied as starter (1) and/or sidedress (2) in corn sulfur response
trials. Starter N (N1) applied only in 2017, starter S (S1) in 2017 and 2018, and sidedress B (B2) in 2019 to 2020. From

2018 to 2020, the total N rate (N:) was split between starter and sidedress for all treatments.

2017 2018 2019 2020
Site Ni N2 S1 S Ne S1 S Nt S22 Bz Nt S2 B2
kg ha!
DPAC 241 0 0 286 O 0 280 O 280 O
241 0 17 286 0 17 280 7 280 6
45 196 O 0 286 0 34 280 13 280 11
45 196 0 17 241 6 0 280 20 280 17
45 196 6 0 241 6 11 280 27 280 22
45 196 6 11 241 6 28 280 34 280 22 1
NEPAC 250 0 0 295 0 286 O
250 0 17 295 7 286 6
250 6 11 295 13 286 11
250 6 22 295 20 286 17
295 27 286 22
295 34 286 22 1
Rice 213 0 0 252 0 0 207 0 04 235 0
213 0 17 252 0 17 207 8 04 235 6
27 186 O 0 252 0 28 207 17 04 235 11
27 186 0 17 252 6 0 207 25 04 235 17
27 186 3 0 252 6 11 207 25 O 235 22
27 186 3 13 252 6 22 207 34 04 235 22 1
SEPAC(1) 207 O 0 234 0 234 0
207 0 17 234 7 234 6
201 0 28 234 13 234 11
207 6 0 234 20 234 17
207 6 11 234 27 234 22
207 6 22 234 34 234 22 1
SEPAC(2) 234 0 0
234 13 0
234 0 11
234 13 11
234 0 22
234 13 2.2
SWPAC 202 0 0 202 0 22 234 0
202 0 34 202 8 22 234 11
197 6 0 202 17 22 234 22
197 6 28 202 25 22 234 22 1
202 34 22
202 25 O

T applied at V3 corn stage

1 applied at V12 corn stage
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Table 2.3, continued:

2017 2018 2019 2020
Site Ni N2 S1 S Nt S S Nt St B Nt S B2
kg ha*
TPAC 228 0 04 235 0
228 8 04 235 6
228 17 04 235 11
228 25 04 235 17
228 34 04 235 22
228 25 0 235 22 1
Blackford 241 0 0 268 0 0 233 0 0 228 0
241 0 17 261 6 0 233 11 0 228 17
37 204 O 0 268 0 17 233 17 0
37 204 0 17 261 6 11 233 22 0
37 204 4 0 261 6 28 233 22 06
37 204 4 12
Shelby(1) 226 0F 0Of 210 0 0
226 0 0 210 11 0
226 22 0 210 17 0
226 11 11 210 22 0
226 34 0 210 22 04
226 17 17
Shelby(2) 202 0
202 11
202 22
Henry 186 0
188 17

Tapplied at V3 corn stage
} applied at V12 corn stage
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Table 2.4: Corn yield response to sulfur (S) and nitrogen (N) applied at planting and/or at sidedress at sites in
2017. Means with different letters within a site indicate differences between treatments at p < 0.10 using Tukey
LSD test. Mean, coefficient of variance (C.V.), p-value for the effect of S rate (Pr>F), and least significant

difference (LSD 0.10) are included.

Site Treatmentf Grain yield Grain moisture
Mg ha' g kg
DPAC ON 0S 12.6 170 a
ON -17S 12.6 168 b
45N 12.2 164 d
45N -17S 12.8 166 c
45N 6S 12.3 164 cd
45N 6S -11S 12.6 166 ¢c
Mean 125 166
C.V. 4.2 11
Pr(>F) 0.35 <0.001
LSD 0.10 ns 1.8
Pr>F for single D.F. contrasts of least-squares means
ON 0S vs all rates <0.001 <0.001
ON 0S vs 45N <0.001 <0.001
ON 0S vs 17S <0.001 <0.001
45N vs 45N 6S 0.47 0.07
Split Svs 17S 0.59 0.67
45N+45N6S vs Split S+17S 0.51 0.90

+ Treatments: starter - sidedress rates (kg ha)
1 moisture sensor failed
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Table 2.4, continued:

Site Treatmentf Grain yield Grain moisture
Mg ha'! gkg?
Rice ON 0S 136b 1
ON - 17S 146 a
27N - 0S 13.8b
27N - 17S 146 a
27N 4S - 0S 13.7b
27N 4S - 13S 14.7a
Mean 14.2
C.v. 2.2
Pr(>F) <0.001
LSD 0.10 0.3
Pr>F for single D.F. contrasts of least-squares means
ON 0S vs all rates <0.001
ON 0S vs 45N 0.22
ON 0S vs 15S <0.001
28N vs 28N 3S 0.85
Split S vs 15S 0.82
28N+28N 3S vs Split S+17S <0.001

+ Treatments: starter - sidedress rates (kg ha)
1 moisture sensor failed
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Table 2.4, continued:

Site Treatmentf Grain yield Grain moisture
Mg ha'! gkg?
Blackford ON 0S 13.2 194 a
ON - 17S 13.3 191 ab
37N - 0S 12.5 190 ab
37N - 17S 12.7 183 bc
37N 5S - 0S 13.1 183 bc
37N 5S - 12S 13.7 176 ¢
Mean 131 186
C.V. 4.7 4.0
Pr(>F) 0.13 0.03
LSD 0.10 ns 9.2
Pr>F for single D.F. contrasts of least-squares means
ON 0S vs all rates 0.70 0.03
ON 0S vs 37N 0.14 0.46
ON 0S vs 17S 0.80 0.58
37N vs 37N 5S 0.19 0.17
Split Svs 17S 0.03 0.19
37N+37N 5S vs Split S+17S 0.03 0.04

+ Treatments: starter - sidedress rates (kg ha)
i moisture sensor failed
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Table 2.5: Grain yield and harvest grain moisture, and earleaf nitrogen to sulfur ratio (N:S), nitrogen (N) and sulfur
(S) concentration at growth stage R1 for S treatments applied at planting and/or at sidedress in 2018. Means with
different letters within a site indicate differences between treatments at p < 0.10 using a Tukey LSD test. Mean,
coefficient of variation (C.V.), p-value for the effect of S rate (Pr>F), least significant difference (LSD 0.10), and
single-degree-of-freedom contrasts are included.

Grain Grain Earleaf
Site Treatment} yield moisture N:S N S
Mg ha'? gk g kgl----—--
DPAC 0S 13.7 ab 142 15.6 29.0 19a
0S-17S 13.6 ab 143 16.0 27.8 1.7 bc
0S - 34S 139a 143 16.0 30.0 19a
6S - 0S 13.4b 143 16.1 27.3 17¢c¢
6S - 11S 13.4b 142 15.7 28.9 1.8ab
6S - 28S 13.6 ab 142 15.2 28.9 19a
Mean 13.6 143 15.8 28.6 1.8
C.v. 2.0 0.4 45 3.8 4.1
Pr(>F) 0.09 0.24 0.61 0.13 0.04
LSD 0.10 0.3 ns ns ns 0.1
Pr>F for single D.F. contrasts of least-squares means
0S vsall 0.48 0.13 0.58 0.51 0.24
0S vs all sidedress S 0.62 0.03 0.37 0.85 0.24
0S vsall split S 0.15 0.41 0.82 0.37 0.29
Split S vs sidedress S 0.05 0.04 0.19 0.98 0.16
NEPAC 0S 15.2 180 15.9 23.9 15b
0S - 17S 15.2 179 14.6 24.4 17a
6S - 11S 15.5 180 15.1 26.6 18a
6S - 22S 15.4 178 14.2 25.1 18a
Mean 15.3 179 14.9 25.0 1.7
C.Vv. 1.7 0.8 55 8.3 5.7
Pr(>F) 0.11 0.22 0.20 0.47 0.04
LSD 0.10 ns ns ns ns 0.2
Pr>F for single D.F. contrasts of least-squares means
0Svsall 0.08 0.37 0.45 0.57 0.87
0S vs sidedress S 0.59 0.24 0.11 0.79 0.08
0S vs all split S 0.11 0.42 0.09 0.24 0.008
Split S vs sidedress S 0.39 0.08 0.26 0.40 1.00

+ Treatments: starter - sidedress rates (kg ha?)
1 N and S were applied at V3 or split between V3 and V12 (Split).
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Table 2.5, continued:

Grain Grain Earleaf
Site Treatment} yield moisture N:S N S
Mg ha'! gk g kgt------
Rice 0S 114D 161 16.8a 25.2 1.5
0S-17S 128 a 159 16.1ab 27.2 1.7
0S - 28S 128 a 160 143 ¢ 25.8 1.8
6S - 0S 116b 156 169 a 26.3 1.6
6S - 11S 126 a 161 15.1 bc 25.6 1.7
6S - 22S 12.7a 162 146 ¢ 25.9 1.8
Mean 12.3 160 15.6 26.0 1.7
CV. 30 2.9 5.4 8.1 8.7
Pr(>F)  <0.001 0.39 0.01 0.89 0.18
LSD0.10 04 ns 1.3 ns ns
Pr>F for single D.F. contrasts of least-squares means
0Svsall <0.001 0.37 0.02 0.49 0.05
0S vs all sidedress S <0.001 0.37 0.02 0.40 0.04
0S vs all split S <0.001 0.44 0.04 0.63 0.10
Split S vs sidedress S 0.27 0.30 0.47 0.53 0.85
SEPAC(1) 0S 15.2b 193 15.1 31.8 2.1
0S-17S 155a 194 15.3 30.2 2.0
0S - 28S 15.4 ab 194 15.0 29.0 1.9
6S - 0S 155a 193 16.1 31.6 2.0
6S - 11S 156 a 193 15.8 28.0 1.8
6S - 22S 155a 193 14.4 28.8 2.0
Mean 154 193 15.3 29.9 2.0
CV. 12 0.7 5.7 8.6 7.9
Pr(>F) 0.09 0.16 0.29 0.41 0.28
LSD 0.10 0.2 ns ns ns ns
Pr>F for single D.F. contrasts of least-squares means
O0Svsall 0.009 0.95 0.73 0.19 0.11
0S vs all sidedress S 0.05 0.22 0.96 0.25 0.20
0S vs 6S + split S 0.005 0.33 0.62 0.20 0.10
Split S vs sidedress S 0.28 0.01 0.92 0.44 0.47

+ Treatments: starter - sidedress rates (kg ha?)
1 N and S were applied at V3 or split between V3 and V12 (Split).
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Table 2.5, continued:

Grain Grain Earleaf
Site Treatment} yield moisture N:S N S
Mg ha? gkt e g kgt------
SWPAC 0S 9.7b 147 a 16.1 26.2 1.6
0S - 34S 10.7 a 148 a 15.5 25.9 1.7
6S - 0S 9.7b 147 a 14.9 27.3 1.8
6S - 28S 10.7 a 144 b 15.0 29.0 1.9
Mean 10.2 146 15.4 27.1 1.8
C.V. 2.8 1.1 6.5 12.0 11.0
Pr(>F) 0.006 0.08 0.54 0.67 0.29
LSD 0.10 0.4 0.3 ns ns ns
Pr>F for single D.F. contrasts of least-squares means
0Svsall 0.02 0.37 0.50 0.29 0.14
0S vs 6S 0.91 1.00 0.92 0.55 0.55
Split S vs sidedress S 0.94 0.03 0.55 0.91 0.84
Blackford 0S 11.8 168 ab
6S - 0S 11.8 165d
0S - 17S 11.4 167 bc
6S - 11S 11.6 166 cd
6S - 28S 11.7 166 cd
Mean 11.7 16.7
C.Vv. 5.0 0.7
Pr(>F) 0.92 0.01
LSD 0.10 ns 0.1
Pr>F for single D.F. contrasts of least-squares means
0Svsall 0.62 0.01
0S vs 6S 0.98 0.005
Split S vs sidedress S 0.63 0.48

+ Treatments: starter - sidedress rates (kg ha?)

1 N and S were applied at V3 or split between V3 and V12 (Split).
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Table 2.5, continued:

Grain Grain Earleaf
Site Treatment} yield moisture N:S N S
Mg ha? gkt e g kgl------
Shelby(1) V3 Ni 12.7b 199 a 14.9 30.2 2.0a
whole field Split N 12.3b 200 a 17.3 28.4 1.7b
Vi N & 22S 13.7a 193 bc 15.1 32.7 2.2a
Split N & 22S 135a 194 b 15.0 32.9 2.2a
V3N & 34S 13.7a 191c 14.2 31.7 22a
Split N & 34S 13.7a 191c 14.3 30.8 22a
Mean 13.3 19.5 15.1 311 2.1
C.V. 3.0 1.2 8.4 9.6 9.4
Pr(>F) <0.001 <0.001 0.13 0.48 0.04
LSD 0.10 0.4 0.3 ns ns 0.3
Pr>F for single D.F. contrasts of least-squares means
V3 N vsall 0.002 <0.001 0.77 0.57 0.68
V3 N vs Split N <0.001 <0.001 0.05 0.48 0.04
V3z N vs V3N&S <0.001 <0.001 0.76 0.36 0.26
V3 N vs Split N&S 0.67 0.84 0.76 0.45 0.30
V3 N&S vs Split N&S 0.55 0.04 0.32 0.39 0.89
Shelby(1) V3N i 11.7b 206 a
Responsive area Split 174N 109¢ 207 a
V3 N & 22S 13.7a 197 be
Splitl 74N & 22S 14.0a 200 b
V3 N & 34S 13.8a 196 ¢
Split 174N & 34S 133 a 198 bc
Mean 13.0 20.1
C.Vv. 3.9 15
Pr(>F) <0.001 <0.001
LSD 0.10 0.6 0.3
Pr>F for single D.F. contrasts of least-squares means
V3 Nvsall <0.001 <0.001
V3 N vs Split N 0.02 0.60
V3 N vs V3 N&S <0.001 <0.001
V3 N vs Split N&S <0.001 <0.001
V3 N&S vs Split N&S 0.75 0.18

+ Treatments: starter - sidedress rates (kg ha?)

1 N and S were applied at V3 or split between V3 and V12 (Split).
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Table 2.6: Grain yield and harvest grain moisture, and nitrogen to sulfur ratio (N:S), nitrogen (N) and sulfur (S)
concentration in both the earleaf at growth stage R1 and grain for sidedress-applied fertilizer S and boron (B)
treatments in 2019. Means with different letters within a site indicate differences between treatments at p < 0.10 using
Tukey LSD test. Mean, coefficient of variance (C.V.), p-value for the effect of S rate (Pr>F), and least significant
difference (LSD 0.10) are included.

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mg ha! gkg* ratio -—--gkgt--- ratio --gkgt---
DPAC 0S 11.1 191 15.0 296 20c 13.0 114bc 09b
6S 11.0 193 15.1 31.0 2.1hbc 13.0 114bc 09b
13S 11.0 190 14.5 30.2 2.1hbc 12.3 11.3c¢ 0.9ab
20S 11.2 189 14.4 30.0 2.1hbc 11.7 114bc 1.0a
27S 11.1 189 14.1 31.2 22bc 12.6 11.7b 0.9ab
34S 11.0 190 14.2 30.6 22ab 12.3 12.1a 10a
Mean 11.1 191 14.5 304 21 12.5 11.6 0.9
CV. 39 1.4 4.4 3.4 5.2 6.7 2.7 6.1
Pr>F) 0.93 0.32 0.11 0.17 0.04 0.13 0.008 0.03
LSD 0.10 ns ns ns ns 0.12 ns 0.34 0.06
Pr>F for single D.F. contrasts of least-squares means
OSvsall Srates  0.99 0.54 0.11 0.07 0.02 0.12 0.20 0.04
6S vs >S rates 0.67 0.03 0.02 0.35 0.18 0.06 0.27 0.02
NEPAC 0S 13.0 234 155a 304 20c 13.7a 12.5 1.0
6S 13.2 231 153ab 311 20bc 13.2ab 129 1.0
13S 13.2 230 15.0b 321 2lab 125bc 123 1.0
20S 13.1 230 149bc 316 2lab 121bc 124 1.0
27S 13.3 231 145cd 315 22a 119c 12.5 1.1
34S 13.2 231 14.4d 31.7 22a 114c 12.1 1.1
Mean 13.2 231 15.0 314 21 12.5 12.4 1.0
CV. 22 1.3 29 3.7 5.1 10.2 4.2 8.7
Pr>F) 0.64 0.30 0.002 0.24 0.009 0.04 0.19 0.17
LSD 0.10 ns ns 0.43 ns 0.11 125 ns ns
Pr>F for single D.F. contrasts of least-squares means
OSvsall Srates  0.18 0.04 0.002 0.03 0.002 0.13 0.93 0.19
6S vs >S rates 0.64 0.88 0.009 0.24 0.02 0.005 0.02 0.04

+ Sidedress S and B rates (kg hat).
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Table 2.6, continued

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mg hat! gkg? ratio - g kgt--- ratio --- g kg?t---
Rice 0S0.4B 11.2b 192 hc 17.0a 272 1l6¢ 19.2a 12.7 0.7¢c
85 0.4B 12.1a 190d 16.2a 288 1.8b 156b 13.1 0.8b
17S0.4B 12.2a 191c 15.1b 28.8 19ab 143 ¢ 12.9 09b
2550.4B 12.1a 193 a 15.1b 27.1 1.8b 12.3d 12.8 10a
3450.4B 12.2a 192 bc 149b 296 2.0a 12.5d 135 1lla
258 12.1a 193 ab 14.8 b 278 19ab 12.3d 13.3 1lla
Mean 12.0 192 15.5 282 1.8 14.0 13.1 0.9
CV. 12 1.1 5.0 6.0 7.3 7.7 3.9 8.6
Pr(>F) 0.007 <0.001 0.001 0.17 0.004 <0.001 0.13 <0.001
LSD0.10 05 1.2 0.84 ns 0.15 12.1 ns 0.09
Pr>F for single D.F. contrasts of least-squares means
OSvsall Srates  <0.001 0.41 <0.001 0.08 <0.001 <0.001 0.06 <0.001
8S vs >S rates 0.68 0.06 0.005 0.95 0.05 <0.001 0.71 <0.001
0B vs 0.4B 0.71 0.45 0.56 0.53 0.35 0.97 0.13 0.44
SEPAC(1) 0S 10.4 218 148a 30.6 2.1 13.8a 128 09c
6S 10.6 213 148 a 311 2.1 11.8¢c 134 1la
13S 10.7 220 146a 312 2.1 120bc 132 1l.lab
20S 10.5 207 144b 307 2.1 12.7b 136 1.1b
27S 10.7 212 143b 305 2.1 121bc 133 1.lab
348 10.4 212 140c 30.8 2.2 123bc 136 1l.lab
Mean 10.6 214 14.5 30.8 2.1 12.5 133 1.1
CV. 28 3.1 1.0 35 34 5.0 32 41
Pr(>F) 0.70 0.28 <0.001 0.97 0.41 0.03 0.35 0.003
LSD 0.10 ns ns 0.22 ns ns 9.29 ns 0.06
Pr>F for single D.F. contrasts of least-squares means
OSvsall Srates  0.42 0.21 0.002 0.76 0.14 0.003 0.06 <0.001
7S vs >S rates 0.82 0.94 <0.001 0.66 0.31 0.27 0.84 0.17

+ Sidedress S and B rates (kg hal).
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Table 2.6, continued

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mgha?! gkg? ratio ---gkgl--- ratio ---gkgt---
SEPAC(2) 0S 9.9 182 143c 284d 20 12.2 120 1.0
13S 9.9 185 152b 29.1cd 1.9 12.2 124 1.0
1B 9.7 181 15.8ab 318a 2.0 12.0 119 1.0
13S1B 10.1 181 15.6ab 31.0ab 2.0 11.7 119 1.0
2B 94 184 159a 30.2bc 1.9 12.2 119 10
13S2B 10.0 181 154ab 304ab 2.0 11.4 119 1.0
Mean 9.8 182 15.4 30.2 2.0 11.9 120 1.0
CV. 438 2.4 4.3 4.7 6.5 5.6 3.2 46
Pr(>F) 0.46 0.63 0.02 0.01 0.65 0.34 0.29 0.27
LSD 0.10 ns ns 0.7 1.5 ns ns ns ns
Pr>F for single D.F. contrasts of least-squares means
0B 0S vs all 0.81 0.87 0.001 0.006 0.80 0.27 0.97 0.17
0B 0Svs 12S (0B) 0.70 0.86 0.007 0.02 0.84 0.17 0.76 0.06
0BOSvsB (0S) 0.28 0.90 0.001 0.003 0.78 0.63 0.74 0.69
SWPAC 0S 2B 10.4 160 17.3ab 311 18b 140a 112 0.8b
8S 2B 10.8 161 174a 313 18b 120b 116 10a
17S 2B 11.0 160 16.1c  32.6 2.0a 108c¢ 111 10a
25S 2B 10.7 161 16.4c 322 2.0ab 10.7¢ 111 10a
34S 2B 10.7 160 16.0c 329 2.1a 106c 110 10a
25S 10.8 155 16.4bc 32.8 2.0a 109c¢ 112 10a
Mean 10.7 160 16.6 32.2 1.9 115 11.2 1.0
CV. 32 1.6 3.7 53 6.1 5.4 5.0 4.9
Pr(>F) 0.86 0.13 0.06 0.68 0.07 <0.001 0.84 <0.001
LSD 0.10 ns ns 0.90 ns 0.17 9.11 ns 0.07
Pr>F for single D.F. contrasts of least-squares means
OSvsall Srates 0.16 0.96 0.05 0.32 0.05 <0.001 0.89 <0.001
8Svs>Srates  0.86 0.75 0.01 0.26 0.02 0.01 0.20 0.07
0B vs 0.4B 0.80 0.02 0.96 0.74 0.74 0.91 0.78 1.00

+ Sidedress S and B rates (kg hat).
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Table 2.6, continued

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mgha?! gkg? ratio ---gkgt--- ratio ---gkg?t---
TPAC 0S 2B 14.1 211 158a 298bc 19c 12.0 12.0 1.0
8S 2B 13.9 210 14.8b 304ab 21la 11.5 11.9 1.0
17S 2B 14.3 210 150b 293c 2.0bc 12.4 12.0 1.0
255 2B 13.9 211 152b 30.8a 20ab 12.2 12.2 1.0
34S 2B 14.0 211 150b 31.0a 21la 12.6 13.0 1.0
25S 14.0 211 14.7b 30.1ab 21la 12.1 12.1 1.0
Mean 14.1 211 15.1 30.2 2.0 12.1 12.2 1.0
CV. 16 0.6 3.7 3.2 4.7 7.7 8.4 5.0
Pr>F) 0.21 0.36 0.03 0.04 0.01 0.51 0.40 0.24
LSD 0.10 ns ns 0.5 1.0 0.09 ns ns ns
Pr>F for single D.F. contrasts of least-squares means
OSvsall Srates 0.37 0.44 0.004 0.17 0.003 0.73 0.63 0.72
8Svs>Srates  0.27 0.17 0.38 0.99 0.46 0.07 0.28 0.18
0B vs 0.4B 0.38 0.46 0.17 0.23 0.76 0.98 0.93 1.00
Shelby(2) 0S 10.3b 166 a 175a 280b 16b 16.5a 116b 0.7c
11S 10.6 a 159 b 159b 318a 20a 13.7b 12.0a 09b
22S 10.54a 158 b 155b 325a 21la 129c¢ 121a 09a
Mean 10.5 161 16.3 30.8 1.9 14.2 11.9 0.8
CV. 12 15 3.3 4.4 4.6 4.5 3.1 4.3
Pr(>F) 0.009 0.001 0.001 0.002 <0.001 <0.001 0.09 <0.001
LSD0.10 0.1 0.3 0.6 1.6 0.1 0.76 0.44 0.043
Pr>F for single D.F. contrasts of least-squares means
0Svsall S rates 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 0.04 <0.001
11Svs22S  0.67 0.32 0.23 0.47 0.11 0.09 0.68 0.03

+ Sidedress S and B rates (kg hal).
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Table 2.6, continued

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mg ha? gkg? ratio ---gkgl-- ratio ---gkg?!---
Shelby(1) 0S 115b 218
Whole field 11S 13.1a 215
175 13.2a 212
22S 126a 217

2250.4B 13.1a 213

Mean 12.7 215

CV. 71 2.6
Pr(>F) 0.01 0.21
LSD 0.10 0.8 ns

Pr>F for single D.F. contrasts of least-squares means
0Svs all Srates 0.002 0.21
11S vs >Srates 0.52 0.70
0Bvs0.4B 0.26 0.16

Shelby(1) 0S 13.1b 218 184a 28.6 16b 145a 113 08¢
Less responsive 11S 13.7a 215 159b 322 20a 13.0b 114 09b
17S 13.8a 212 152b 320 2.1a 127b 114 0.9ab
22S 13.7 a 217 154b 312 2.0a 11.7b 11.0 10a
225 0.4B 139a 213 153b 314 2.1a 13.0b 117 0.9ab
Mean 13.6 215 16.1 31.1 2.0 13.0 11.4 0.9
CV. 65 2.6 3.6 6.7 5.4 9.0 2.9 6.3
Pr(>F) 0.01 0.21 <0.001 0.17 <0.001 0.04 0.16 0.01
LSD0.10 0.8 ns 0.7 ns 0.13 15 ns 0.1
Pr>F for single D.F. contrasts of least-squares means
0Svsall Srates 0.001 0.21 <0.001 0.02 <0.001 0.005 1.00 0.001
11Svs>Srates 0.50 0.70 0.12 0.63 0.57 0.25 0.46 0.17
OBvs0.4B  0.26 0.16 0.81 0.89 0.74 0.13 0.02 0.23

+ Sidedress S and B rates (kg hal).
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Table 2.6, continued

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mgha?! gkg? ratio ---gkgl-- ratio ---gkgt--
Shelby(1) 0S 940D 219
More responsive 11S 124 a 218
17S 12.3a 216
22S 12.1a 221
225 0.4B 11.0ab 214
Mean 11.5 218
CV. 105 35
Pr>F) 0.07 0.80
LSD0.10 1.8 ns
0S vs all S rates 0.01 0.83
11S vs >S rates 0.44 0.95
0B vs 0.4B 0.29 0.29
Blackford 0S 13.1 198a
11S 12.9 198a
17S 13.0 198a
22S 13.1 198a
22S 0.4B0 13.1 195b
Mean 13.0 197
CV. 39 1.0
Pr(>F) 0.59 <0.001
LSD0.10 ns 1.0
0S vs all S rates 0.50 0.30
11S vs >S rates 0.18 0.55
0B vs 0.4B 0.76 <0.001

+ Sidedress S and B rates (kg hal).
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Table 2.7: Grain yield and harvest grain moisture, and nitrogen to sulfur ratio (N:S), nitrogen (N) and sulfur (S)
concentration in both the earleaf at growth stage R1 and grain for sidedress-applied fertilizer S and boron (B)
treatments in 2020. Means with different letters within a site indicate differences between treatments at p <0.10 using
Tukey LSD test. Mean, coefficient of variance (C.V.), p-value for the effect of S rate (Pr>F), and least significant
difference (LSD 0.10) are included.

Grain Grain Earleaf Grain
Site Treatment® yield moisture  N:S N S N:S N S
Mgha?! gkg? ratio ---gkg?t-- ratio ---gkgt--
DPAC 0S 14.8 173 be 153 283 1.9 125 124 1.0
6S 14.7 172 be 154  28.6 1.9 132 121 0.9
118 14.8 174 ab 153 287 1.9 120 122 1.0
17S 14.8 175a 15. 297 1.9 120 122 1.0
22S 14.6 171c 152 285 1.9 117 121 1.0
22S 1B 14.8 175a 154  29.6 1.9 120 121 1.0
Mean 14.8 173 153 289 1.9 122 122 1.0
CvVv. 17 0.7 2.0 3.2 34 6.4 34 55
Pr>F) 0.74 0.01 090 020 0.33 0.15 0.89 0.11
LSD0.10 ns 0.2 ns ns ns ns ns ns
Pr>F for single D.F. contrasts of least-squares means
0S vs all S rates 0.68 0.61 081 028 0.37 054 0.29 0.97
6S vs >S rates 0.75 0.14 044 051 0.29 0.01 071 0.006
0B vs 1B 0.25 0.002 034 011 0.37 059 0.74 0.66

+ Sidedress S and B rates (kg ha?).
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Table 2.7, continued

Earleaf Grain
Location Treatment? Yield Moisture N:S N S N:S N S
Mg ha' gkg? ratio ---gkgl--- ratio ---gkg?!---
NEPAC 0S 12.3ab 213 16.3a 279 17c 138a 122 0.9d
6S 12.0b 206 16.0ab 284 1.8bc 136a 125 09cd
11S 12.6a 212 153c 286 18ab 119b 125 1l1lab
17S 125a 211 158ab 289 18ab 122b 125 1.0ab
22S 12.7 a 205 15.7bc 28.9 18a 116b 124 l1la
225 1B 12.7 a 211 155bc 292 19a 125b 123 10c
Mean 125 210 15.8 28.6 1.8 12.6 12.4 1.0
CV. 35 5.6 3.2 3.1 35 8.9 4.5 8.7
Pr(>F) 0.07 0.80 0.03 0.18 0.003 0.008 091 0.003
LSD0.10 04 ns 0.50 ns 0.06 11 ns 0.08
Pr>F for single D.F. contrasts of least-squares means
0S vs all S rates 0.44 0.42 0.01 0.05 0.002 0.009 0.35 0.002
6S vs >S rates 0.008 0.55 0.12 032 006 0.003 100 0.002
0B vs 1B 0.92 0.42 0.57 055 0.34 0.16 0.64 0.07
Rice 0S 13.6 222 157ab 30.2b 19c¢ 15.0a 11.8bc 0.8¢c
6S 13.8 223 158a 315a 20b 139ab 11.7c 0.8c
11S 13.8 220 152bc 314a 2l1la 138ab 11.9bc 09c
17S 13.9 220 155ab 31.9a 2lab 124cd 12.0ab 1.0b
22S 13.9 223 153ab 31.8a 2l1lab 11.6d 123a 1l.la
225 1B 13.9 220 148c 31.1ab 21a 128bc 12.1ab 1.0b
Mean 13.8 221 15.4 31.3 2.0 13.3 12.0 0.9
CvVv. 17 1.9 3.6 34 2.9 9.1 2.7 8.4
Pr(>F) 0.65 0.82 0.06 0.10 0.001 <0.001 0.06 <0.001
LSD0.10 ns ns 0.6 1.1 0.059 1.2 0.3 0.08
Pr>F for single D.F. contrasts of least-squares means
0S vs all S rates 0.22 0.84 042 0.006 <0.001 0.000 0.27 0.001
6S vs >S rates 0.82 0.39 0.07 0.68 0.06 0.03 0.02 0.003
0B vs 1B 0.75 0.42 0.13 028 0.19 0.08 0.23 0.02

+ Sidedress S and B rates (kg hat).
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Table 2.7, continued

Earleaf Grain
Location  Treatmentf Yield Moisture N:S N S N:S N S
Mg ha! gkg? ratio ---gkgt--- ratio ---gkgt--

SEPAC(1) 0S 139a 275 148ab 296 20c 124 121bc 1.0

6S 13.7b 276 150a 301 20bc 123 123ab 1.0

11S 140a 274 145bc 304 2l1lab 120 120¢c 1.0

17S 140 a 275 140d 298 2l1lab 13.9 122ab 09

22S 139a 275 143cd 305 2l1la 123 125a 1.0

225 1B 139a 274 142cd 299 2l1lab 114 124 a 11

Mean 13.9 275 14.5 301 21 12.4 12.2 1.0
CVv. 11 1.3 3.1 35 4.6 15.8 25 10.4
Pr(>F) 0.009 0.89 0.005 0.67 0.06 0.42 0.05 0.17

LSD0.10 0.1 ns 0.4 ns 0.095 ns 0.3 ns

Pr>F for single D.F. contrasts of least-squares means

OSvsall Srates 0.68 0.97 0.08 025 0.01 0.80 0.18 0.78
6Svs>Srates <0.001 0.54 0.002 0.79 0.09 0.67 0.59 0.72
0Bvs 1B 0.85 0.56 0.21 028 0.85 0.17 0.16 0.17

SWPAC 0S 13.8 180 16.0 326 20 12.8 13.1 1.0

12S 13.7 179 16.0 334 21 11.6 12.7 1.1

22S 13.9 178 15.8 332 21 11.2 13.1 1.2

225 1B 14.1 181 15.5 317 20 11.5 13.2 1.1

Mean 13.8 179 15.8 327 21 11.8 13.0 1.1

CV. 40 3.9 25 35 3.7 8.4 4.1 8.2
Pr(>F) 0.70 0.90 0.28 019 0.22 0.19 0.70 0.25

LSD 0.10 ns ns ns ns ns ns ns ns

Pr>F for single D.F. contrasts of least-squares means

OSvsall Srates 0.70 0.70 0.80 037 011 0.05 0.59 0.13
12S vs 22S 0.30 0.70 0.22 097 0.65 0.56 0.32 0.27
0B vs 1B 0.90 0.40 0.67 0.07 0.09 0.65 0.97 0.63

T Sidedress S and B rates (kg ha't).
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Table 2.7, continued

Earleaf Grain
Location  Treatment? Yield Moisture N:S N S N:S N S
Mg ha! gkg? ratio ---gkgt-- ratio ---gkgt--
TPAC 0S 13.9 192 15.0a 314 21 12.7 11.7 09c
6S 13.9 192 145bc 305 21 12.2 11.9 10b
11S 13.8 192 148ab 315 22 11.9 11.8 1.0ab
17S 13.9 192 142c 308 22 11.9 11.9 1.0ab
22S 13.9 192 143c 308 21 11.8 11.9 10a
22S 1B 14.0 192 142c 303 21 121 11.9 1.0ab
Mean 13.9 192 14.5 309 21 12.1 119 1.0
CV. 12 0.5 3.2 2.8 3.6 4.4 2.6 3.8
Pr(>F) 0.74 0.92 0.02 0.14 0.40 0.11 0.70 0.007
LSD 0.10 ns ns 0.46 ns ns ns ns 0.04
Pr>F for single D.F. contrasts of least-squares means
O0Svsall Srates 0.90 0.74 0.02 020 0.09 0.008 0.72 <0.00
1
6S vs >Srates 0.25 0.47 080 021 0.5 0.20 0.13
0Bvs1B 0.41 0.48 054 039 0.46 0.05 0.25
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Table 2.7, continued

Earleaf Grain
Location  Treatment? Yield Moisture N:S N S N:S N S
Mg ha! gkg? ratio ---gkgt--- ratio ---gkg?!---
Blackford 0S 12.3Db 191b 16.2a 26.3b 16D
whole field 17S 128 a 196 a 15.7 27.2a 17a
b
Mean 125 194 16.0 26.7 1.7
CV. 3.2 2.4 4.0 4.5 6.1
Pr>F) 0.02 0.03 0.08 0.07 0.02
LSD 0.10 0.3 35 0.43 0.80 0.07
Bono 0S 13.9 198 15.7 27.7 1.8
17S 14.0 196 15.8 28.6 1.8
Mean 13.9 197 16.2 27.9 1.7
CV. 09 4.0 500 53 7.5
Pr>F) 0.34 0.77 0.59 0.68 0.54
LSD 0.10 ns ns ns ns ns
Whitaker 0S 11.7Db 196 b 16.5 25.3b 15b
17S 126 a 202 a 15.7 266a 1.7a
Mean 12.1 199 16.1 25.9 1.6
CV. 39 3.2 4.99 2.19 5.4
Pr(>F) 0.004 0.06 0.17 0.002 0.04
LSD 0.10 0.39 5.3 ns 0.77 0.12
Martinsville 0S 12.4b 178 b 16.6 24.9 15D
17S 139a 191a 15.6 27.0 1.7a
Mean 13.1 184 16.1 26.0 1.6
CV. 35 0.1 6.38 5.50 54
Pr(>F) 0.06 <0.001 0.39 0.22 0.10
LSD0.10 1.1 0.32 ns ns 0.2
Saranac 0S 13.8a 182 155 27.1 1.8
17S 13.1b 184 15.2 26.3 1.7
Mean 13.4 183 15.3 26.7 1.7
CV. 20 2.5 0.36 1.7 2.0
Pr>F) 0.01 0.48 0.11 034 074
LSD 0.10 0.4 ns ns ns 0.22

T Sidedress S and B rates (kg ha't).
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Table 2.7, continued

Earleaf Grain
Location  Treatmentf Yield Moisture N:S N S N:S N S
Mgha! gkg? ratio ---gkgt-- ratio ---gkgt--
Henry 0S 13.8Db 215
17S 141a 218
Mean 13.9 217
CV. 09 1.1
Pr(>F) 0.02 0.12
LSD0.10 0.2 ns

+ Sidedress S and B rates (kg ha?).
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Table 2.8: Predicted crop response to sulfur fertilization for sites in Indiana using the sulfur response model developed
by Ohio State University (http://cura-gis-web.asc.ohio-state.edu/sam.htm) and compared to findings from sulfur
response field experiments on corn from 2017 through 2020. Values represent the percentage of the field responsive
to sulfur fertilization classified in categories for low S requirement as indicated by the model.

Predicted crop response to fertilization

Is Will Is likely depending on Actual corn grain yield response to S
most usually  specific crop and site fertilization in this study
likely  occur conditions

Site e % of the field ----------------
DPAC17&19 0 0 100 Not responsive
DPAC18&20 0 18 82 Not responsive
NEPAC19 4 0 96 Not responsive
NEPAC18&20 6 12 82 Not responsive
Ricel7&19 2 15 83 Responsive
Ricel8&20 0 52 48 Responsive 1 of 2 years
SEPAC(1)19 99 0 1 Not responsive
SEPAC(2)19 46 0 50 Not responsive
SEPAC(1)18&20 90 0 10 Responsive 1 of 2 years
SWPAC18 30 65 0 Responsive
SWPAC19 94 3 0 Not responsive
SWPAC20 0 65 0 Not responsive
TPAC19 0 12 88 Not responsive
TPAC20 0 0 100 Not responsive
Blackfordl17 0 100 0 Not responsive
Blackford18 0 100 0 Not responsive
Blackford19 0 100 0 Not responsive
Blackford20 17 83 0 Not responsive (Bono, Saranac)

5 95 0 Responsive (Whitaker, Martinsville)
Shelby(1)18 0 100 0 High response

0 100 0 Low response
Shelby(1)19 0 100 0 High response

0 100 0 Low response
Shelby(2)19 0 100 0 Responsive
Henry20 0 100 0 Responsive
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Table 2.9: Regression models for earleaf S (g kg™2), earleaf N (g kg™), earleaf N:S, grain yield (Mg ha), grain S (g kg™), grain N (g kg), and grain N:S versus S
rate, also grain yield (Mg ha*) versus earleaf S (g kg*), and grain yield (Mg ha') versus earleaf N:S. Adjusted R squared (R?) for linear regressions when p < 0.10,
and residual standard error (RSE) for linear-plateau regressions. Only site-years included where a significant response occurred in one or more of the independent
variables.

Site Earleaf S (y) vs. S rate (x) R?or RSE Earleaf N (y) & Srate (x) R2or RSE Earleaf N:S (y) & S rate (x) R? or RSE
g kg™ gkg* N:S ratio

DPAC19 y=2.00+0.0058x 0.73 ns y=15.11-0.036x if x<26.8 0.18

NEPAC19 y=1.99+0.0065x 0.88 ns y=15.52-0.034x 0.97

NEPAC20 y=1.74+0.0058x 0.77 y=28.00+0.047x 0.84 ns

Ricel8 y=1.50+0.011x 0.99 ns y=17.19-0.090x 0.83

Ricel9 y=1.65+0.01x 0.54 ns y=17.03-0.11x if x<18.2 0.11

Rice20 ns y=30.17+0.26x if x<5.8 0.28 ns

SEPAC(1)18 ns y=31.83-0.10x 0.99 ns

SEPAC(1)19 y=2.07+0.0031x 0.80 ns y=14.89-0.024x 0.94

SEPAC(1)20 y=1.99+0.0076x 0.92 ns ns

SWPAC19  y=1.79+0.0084x 0.72 y=31.13+0.054x 0.75 y=17.36-0.043x 0.66

Shelby(1)18  y=2.03+0.0056x 0.99 ns y=18.40-0.23x if x<13.6 0.14

Site Yield (y) & S rate (x) R?or RSE Yield (y) & earleaf S(x) R2or RSE Yield (y) & earleaf N:S (x) R? or RSE
Mg ha't Mg ha! Mg ha'!

Ricel8 y=11.36+0.083x 0.99 y=-0.14+7.58x if x < 1.7 0.26 ns

Ricel9 y=11.2+0.11x if x<8.6 0.06 y=3.69+4.70x if x<1.8 0.05 y=18.32-0.41x 0.66

Rice20 y=13.69+0.0091x 0.69 y=8.06+2.86x if x<2.0 0.06 ns

Shelby(1)19 ns Y=11.14+1.26x 0.99 y=17.05-0.21x 0.97

+ Not enough data points for regression analysis or data not available.
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Table 2.9, continued:

Site Grain S (y) & S rate (x) R?or RSE  Grain N (y) & S rate (X) R?or RSE  Grain N:S (y) & S rate (x) R? or RSE
g kg gkg? N:S ratio

DPACI19 y=0.88+0.0031x 0.70 y=11.23+0.019x 0.57 ns
NEPAC19 y=0.95+0.0035x 0.87 ns y=13.28-0.056x 0.71
NEPAC20 y=0.87+0.016x if x<11.6 0.04 ns y=13.77-0.11x 0.78
Ricel9 y=0.69+0.014x 0.96 ns y=18.31-0.22x 0.88
Rice20 y=0.79+0.012x 0.90 y=11.70+0.023x 0.75 y=14.96-0.15x 0.93
SEPAC(1)19 ns y=13.03+0.017x 0.46 ns
SWPACI19 y=0.87+0.0061x 0.56 ns y=14.0-0.25x if x<13.2 0.10
SWPAC20 y=1.04+0.0059x 0.99 ns ns
TPAC20 y=0.93+0.010x if x<7.0 0.01 ns ns
Shelby(1)19  y=0.78+0.0091x if x<15.9 0.04 ns y=14.50-0.12x 0.95

+ Not enough data points for regression analysis or data not available.



Table 2.10: Whole plant nutrient concentrations and nitrogen to sulfur ratio (N:S) measured at VV3-V7 corn growth
stages prior to S fertilization at sites in 2019 and 2020.

Site-year N:S N P K Ca Mg S Zn Mn Fe Cu B
ratio g kg* mg kg --------------
DPAC19 19 44.2 5.0 46.4 53 3.8 2.3 33 51 136 11 4
DPAC20 18 47.8 5.7 40.5 6.9 4.8 2.6 43 56 - 13 11
NEPAC19 17 445 29 435 5.7 3.3 2.6 29 55 208 10 3
NEPAC20 19 40.4 3.6 35.9 5.0 3.2 2.1 26 54 - 11 9
Ricel9 24 435 4.9 38.2 45 3.4 1.8 22 46 110 8 4
Rice20 26 43.3 55 40.6 3.4 3.7 1.7 38 47 - 9 10

SEPAC(1)19 16 41.5 4.4 40.0 5.0 2.8 2.7 29 59 192 10 3
SEPAC(2)19 17 30.4 4.8 38.6 4.3 3.3 1.8 29 69 92 9 2

SEPAC(1)20 18 45.7 6.0 52.2 55 3.0 25 58 65 - 14 8
SWPACI19 17 45.6 3.9 50.2 55 3.5 2.7 23 92 175 8 8
SWPAC20 19 40.2 25 35.8 6.1 2.3 2.2 27 104 - 7 10
TPAC19 16 39.2 4.1 37.1 5.4 3.5 24 31 67 164 11 5
TPAC20 17 30.6 4.2 35.8 4.6 3.1 1.8 29 56 - 10 10

Shelby(1)19 14 29.4 2.9 39.9 7.9 3.1 2.2 20 61 253 8 4

- not determined
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Table 2.11: Selected soil chemical (pH, organic matter (OM), Mehlich-3 extractable SO4-S, and weighted profile mean (WPM) of SO4-S) and physical
characteristics (clay, sand, and textural class (TC) for sites from 2017 to 2020. Textural class for DPAC and Rice in 2019 apply for those same sites in 2017 and
DPAC, NEPAC, SEPAC(1), and Rice in 2020 apply for those same sites in 2018.

2019 2020
Site Depth pH' OM!  Clay* Sand* TC' S WPM¥ pH OM Clay Sand TC S WPM
(cm) g kg? g 100g* mg SO4-S kgt g kg? g 100g* mg SO4-S kgt

DPAC 0-20 7.1 27 33 24 CL 7 6.6 7.2 31 32 24 CL 8 7.3
all soils 20-40 1.7 22 37 26 CL 8 7.6 28 40 22 C 8
40-60 8.0 17 40 25 C 7 7.9 24 40 25 C 11

Blount 0-20 7.3 28 33 22 CL 7 7.1
20-40 1.7 26 40 20 SiC 9
40-60 7.9 23 38 27 CL 11

Pewamo 0-20 7.1 35 32 26 CL 8 7.6
20-40 7.5 30 40 24 C 8
40-60 7.8 25 42 22 C 11

NEPAC 0-20 6.3 27 26 45 L 8 6.6 6.3 23 31 42 CL 8 6.9
S 20-40 6.9 21 34 40 CL 4 7.0 20 30 39 CL 6
40-60 7.9 17 36 44 CL 4 7.8 19 40 36 C 8

Rice 0-20 6.6 25 15 72 SL 9 7.4 6.4 23 8 78 SL 6 5.2
all soils 20-40 6.1 17 17 72 SL 8 5.9 17 12 80 SL 6
40-60 6.3 12 17 74 SL 5 6.1 13 12 77 SL 3

Maumee 0-20 6.3 19 6 81 LS 9 6.9
20-40 5.7 15 10 83 LS 7
40-60 5.9 12 10 81 LS 4

solution 1:1 soil:water

* organic matter determined by loss on ignition at 360 °C

+ hydrometer method

TClay (C), clay loam (CL), silty clay (SiC), silty clay loam (SiCL), silt loam (SiL), loam (L); loamy sand (LS); sandy clay loam (SCL), sandy loam (SL), Loamy sand (LS)
¥ (WPM) of SO,4-S was calculated at 16 sites to create a single SO4-S concentration to represent the entire 0 to 60 cm soil depth using constant = 0.4
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Table 2.11, continued

2019 2020
Site Depth pH OM! Clay* Sand* TC S WPM¥* pH oM Clay Sand TC S WPM
(cm) g kg? g 100g? mg SO4S kgt g kg? g 100g? mg SO4'S kg
Gilford 0-20 6.5 27 11 75 SL 4 3.5
20-40 6.2 18 14 76 SL 5
40-60 6.4 15 15 73 SL 2
SEPAC(1) 0-20 5.8 19 20 25 SiL 10 16.4 6.2 26 23 17 SiC 12 13.9
20-40 53 14 26 20 SiL 24 5.8 20 28 13 SiCL 18
40-60 5.0 12 29 20 SiCL 43 5.6 18 33 14 SiCL 28
SEPAC(2) 0-20 6.7 25 24 16 SiCL 9 7.8
20-40 7.0 16 30 14 SiCL 6
40-60 6.7 13 31 13 SiCL 11
SWPAC 0-20 6.8 10 9 64 SL 7 53 7.0 11 12 75 SL 8 5.8
20-40 6.6 7 14 64 SL 5 6.8 5 12 76 SL 5
40-60 6.6 8 16 65 SL 3 6.8 5 11 76 SL 4
TPAC 0-20 6.3 26 26 19 SiL 10 8.5 6.6 21 24 25 SiL 6 5.9
20-40 5.8 24 30 20 SiCL 9 5.9 20 30 24 CL 7
40-60 5.9 20 33 19 SiCL 10 5.8 20 29 24 CL 7
Shelby(1l) 020 63 25 16 43 L 8 6.3
20-40 6.7 21 22 28 SiL 6
40-60 7.0 18 41 27 C

T solution 1:1 soil:water

t organic matter determined by loss on ignition at 360 °C

+ hydrometer method

TClay (C), clay loam (CL), silty clay (SiC), silty clay loam (SiCL), silt loam (SiL), loam (L); loamy sand (LS); sandy clay loam (SCL), sandy loam (SL), Loamy
sand (LS)

¥ (WPM) of SO4-S was calculated at 16 sites to create a single SO4-S concentration to represent the entire 0 to 60 cm soil depth using constant = 0.4
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Table 2.11, continued

2019 2020
Site Depth pH' OM* Clay* Sand* TCT S  WPM¥ pH OM Clay Sand TC S WPM
(cm) g kg? g 100g? mg SO4'S kg g kgt g 100 g+ mg SO4'S kg
Shelby(2) 0-20 6.1 20 23 51 SCL 6 5.7
20-40 5.9 18 24 50 SCL 7
40-60 6.1 17 27 52 SCL 5
Blackford 0-20 6.2 34 31 35 CL 8 6.3
all soils 20-40 6.3 31 35 33 CL 7
40-60 6.7 27 37 33 CL 5
Bono 0-20 6.3 39 32 40 CL 9 6.6
20-40 6.6 30 35 34 CL 6
40-60 7.1 24 32 32 CL 5
Whitaker 0-20 5.8 21 23 35 L 7 5.3
20-40 5.7 22 31 34 CL 8
40-60 5.9 23 34 41 CL 5
Martinsville 0-20 6.5 37 32 32 CL 6 6.7
20-40 6.8 37 42 32 C b5
40-60 7.0 33 37 36 cL 7
Saranac 0-20 6.6 49 44 24 cC 8 6.3
20-40 6.7 44 40 26 c 7
40-60 7.1 38 52 16 C 5
Henry 0-20 6.6 16

T solution 1:1 soil:water

t organic matter determined by loss on ignition at 360 °C

+ hydrometer method

TClay (C), clay loam (CL), silty clay (SiC), silty clay loam (SiCL), silt loam (SiL), loam (L); loamy sand (LS); sandy clay loam (SCL), sandy loam (SL), Loamy
sand (LS)

* (WPM) of SO,4-S was calculated at 16 sites to create a single SO4-S concentration to represent the entire 0 to 60 cm soil depth using constant = 0.4



2.5  Appendix

Table A-1: Seeding rate, hybrid, comparative relative maturity (CRM), and plant stand at sites from 2017 to 2019.

Site-year Seeding Seed brand Hybrid CRM Plant stand
rate
Seeds m plants m
DPAC17 7.4 Pioneer PO895AMXT 108
DPAC18 7.4 Pioneer P1197AMXT 111
DPAC19 7.4 Pioneer PO574AMXT 105
DPAC20 7.4 Pioneer P1108Q 111 7.3
NEPAC18 7.4 Pioneer P1197AMXT 111
NEPAC19 7.4 Pioneer PO574AMXT 105 7.1
NEPAC20 7.4 Pioneer P1108Q 111 7.2
Ricel7 6.9 Pioneer PO825AMXT 108
Ricel8 74 Pioneer P1197TAMXT 111
Ricel9 74 Pioneer P1197TAMXT 111 7.6
Rice20 74 Pioneer P1108Q 111 7.1
SEPAC(1)18 7.4 Pioneer P1197 (non-transgenic) 111
SEPAC(1)19 7.4 Pioneer P1197 111 7.0
SEPAC(2)19 7.4 Pioneer P1197 111 7.1
SEPAC20 7.4 Pioneer P1197 (non-GMO) 111
SWPAC18 6.7 Beck’s 5829A4 109
SWPAC19 6.7 Pioneer P1197AMXT 111 6.3
SWPAC20 6.7 Pioneer P1108Q 111
TPAC19 7.4 Pioneer P1197AMXT 111 6.9
TPAC20 7.4 Pioneer P1108Q 111 7.2
Blackfordl17 7.9 Partners Brand PB8320DTVT2Pro 108
Blackfordl18 7.9 Partners Brand PB8035 (non-transgenic) 108
Blackford19 7.9 Stewart’s 04CVv288 104
Blackford20 7.9 Stewart’s 09DP409 108
Shelby(1)18 8.0 Channel 210-26 (non-GMO) 110
Shelby(1)19 8.0 Channel 209-15 VT2TRIB 109 7.7
Shelby(2)19 8.6 Pioneer P1306W 113
Henry20 Dekalb DKC64-89RIB 114
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Table A-2: Dates of planting, sidedress, and in-season measurements (soil nutrients, plant tissue nutrients, earleaf
nutrients, and ear nutrients and grain yield) at sites from 2017 to 2020.

Site Activity 2017 2018 2019 2020
DPAC planting 17-May 7-May 7-Jun 14-May
soil & plant sample 2-Jul 10-Jun
sidedress 13-Jun 4-Jun 2-Jul 12-Jun
earleaf sample 9-Aug 22-Jul
grain harvest 10-Nov* 25-Oct' 21-Nov 11-Nov
NEPAC planting 9-May 4-Jun 2-May
soil & plant sample 28-Jun 4-Jun
sidedress 25-Jun 1-Jul 8-Jun
earleaf sample 9-Aug 23-Jul
grain harvest 16-Octf 6-Nov 22-Oct
Rice planting 15-May 10-May 20-May 6-May
soil & plant sample 20-May & 14-Jun 12-Jun
sidedress 20-Jun 13-Jun 26-Jun 16-Jun
earleaf sample 1-Aug 20-Jul
grain harvest 8-Nov' 22-Oct' 5-Nov 28-Oct
SEPAC(1) planting 11-May 4-Jun 1-May
soil & plant sample 8-Jul 5-jun & 17-Jun
sidedress 7-Jun 8-Jul
earleaf sample 8-Aug 28-Jul
grain harvest 2-Octf 16-Oct 22-Oct
SEPAC(2) planting 18-May
soil & plant sample 13-Jun
sidedress 13-Jun
earleaf sample 22-Jul
grain harvest 27-Sep
SWPAC planting 1-May 28-May 12-May
soil & plant sample 18-Jun 1-Jun
sidedress 25-May 18-Jun 5-Jun
earleaf sample 24-Jul 14-Jul
grain harvest 19-Sepf 8-Oct 1-Oct
TPAC planting 3-Jun 1-Jun
soil & plant sample 3-Jul 19-Jun
sidedress 3-Jul 9-Jul
earleaf sample 5-Aug 29-Jul
grain harvest 5-Dec 9-Nov

T ear nutrients not measured
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Table A-3, continued

Site Activity 2017 2018 2019 2020
Blackford  planting 17-May 7-May 6-Jun 4-May
sidedress 14-Jun 29-May 27-Jun 10-Jun
earleaf sample 2-Aug 18-Jul
grain harvest 30-Oct’ 16-Octf 28-Oct 20-Oct
Shelby(1) planting 5-May 29-May
soil & plant sample 26-Jun
sidedress 28-Jun
earleaf sample 31-Jul
grain harvest 20-Sept 23-Oct
Shelby(2) planting 15-Apr
sidedress 7-Jun
earleaf sample 22-Jul
grain harvest 17-Oct
Henry planting 7-May
sidedress 9-Jun
grain harvest 13-Oct

1 ear nutrients not measured
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Table A-3: Pre-plant and at planting fertilizer and lime applications at sites from 2017 to 2020. Absence of sites
indicates no fertilizer was applied.

Site-year N P K S Zn Time of Source
application
----------------- kg hat --------mmmeee-
DPAC17 75 pre-plant 0-0-49.8
32 13 0.5 pre-plant 19-7.4-0
NEPAC18 112 fall 2017 0-0-49.8
12 26 2 fall 2017 11-22.8-0
NEPAC20 28 fall 2019 0-0-49.8
9 19 1 fall 2019 11-22.8-0
Ricel7 69 pre-plant 0-0-49.8
34 pre-plant 0-20.2-0
Ricel8 56 pre-plant 0-0-49.8
23 pre-plant 0-20.2-0
3 6 pre-plant Zinc Sulfate 35.5% Zn
Ricel9 56 pre-plant 0-0-49.8
23 pre-plant 0-20.2-0
3 6 pre-plant Zinc Sulfate 35.5% Zn
Rice20 84 pre-plant 0-0-49.8
SEPAC(1)18 212 pre-plant 0-0-49.8
51 58 5 pre-plant 18-20-0
SEPAC(1)19 32 36 3 pre-plant 18-20-0
45 10 0.7 planting 22-4.8-0
SEPAC(2)19 56 pre-plant 0-0-49.8
29 33 pre-plant 18-20-0
SEPAC(1)20 84 pre-plant 0-0-49.8
SWPACI19 70 pre-plant 0-0-49.8
TPAC19 45 18 0.7 planting 19-7.4-0
TPAC20 45 18 0.7 planting 19-7.4-0
Blackfordl17 4 3 in-furrow 6-10.5-4.9
Blackford18 4 3 in-furrow 6-10.5-4.9
Blackford19 4 3 in-furrow 6-10.5-4.9
Blackford20 11 23 56 fall 2019 5-10.0-23.2
4 7 3 in-furrow 6-10.5-4.9
Shelby(2)19 34 pre-plant 28-0-0
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Table A-4: Average rows and average seeds per ear, average weight for 1,000 seeds, and primary and secondary
nutrients concentration measured in corn grain at physiological maturity in 2019. Means with different letters within
a site indicate differences between sulfur rates at p < 0.1 using Tukey LSD test. Mean, coefficient of variance (C.V.),
p-value for the effect of sulfur rate (Pr>F), and least significant difference (LSD 0.10) per site is included.

Site Treatment Rows Seeds Seed P K Mg Zn Mn Fe Cu B Al
---- per ear ---- g - gkg? mg kgt ---------mm-me-
DPAC 0S 15.0 464 360 27 35 12 17 4 15 1 1 1
7S 14.8 473 361 26 34 11 17 4 14 1 1 2
13S 15.0 463 353 25 33 11 16 4 14 1 1 1
20S 14.8 464 358 24 32 10 16 4 14 1 1 2
27S 14.8 461 351 25 34 11 16 4 15 1 1 2
34S 14.8 459 365 27 33 11 17 4 14 1 1 1
Mean 14.9 464 358 26 34 11 16 4 14 1 1 2
CV. 25 5.6 3.3 92 66 92 8 14 15 28 39 79
Pr>F 0.9 1.0 0.5 04 06 05 06 08 1.0 0.2 08 0.6
LSD 0.10 ns ns ns ns ns ns NS ns ns ns ns ns
NEPAC 0S 14.7 470 375 27 34 12 18 4 15 2 2 1
7S 15.2 492 376 26 32 12 20 4 13 1 2 1
13S 14.8 479 373 29 36 13 18 4 14 1 2 1
20S 15.0 479 371 24 30 11 17 4 14 1 2 1
27S 15.0 479 367 24 31 11 16 4 14 1 2 1
34S 14.7 463 372 25 33 11 17 4 14 2 2 2
Mean 14.9 477 372 26 32 12 18 4 14 1 2 1
CV. 3 4 3 215 166 203 23 15 14 35 26 64
Pr>F 0.5 0.3 0.6 06 05 05 06 03 07 02 1.0 04
LSD 0.10 ns ns ns ns ns ns ns ns ns ns ns ns
Rice 0S+0.4B 16.8 516 b 295 28 39 12b 16 4 13 1b 1 1
85+0.4B 17.0 539ab 296 27 38 1l1b 15 4 14 1b 1 1
175+0.4B 16.8 538ab 298 28 39 12ab 16 5 15 2a 1 2
255+0.4B 17.0 539ab 303 28 38 12ab 16 4 15 1b 1 1
305+0.4B 17.0 528 b 298 29 40 13a 15 5 15 1b 1 1
25S 17.4 562a 304 30 40 13a 16 4 15 1b 1 2
Mean 17.0 537 299 28 39 12 16 4 15 1 1 1
CV. 3 4 3 75 57 718 9 14 13 28 31 95
Pr>F 0.3 0.09 0.6 04 05 008 04 06 03 0009 08 0.7
LSD 0.10 05 25 ns ns ns 0.10 ns ns ns 04 ns ns
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Table A-4, continued

Site Treatment Rows Seeds Seed P K Mg Zn Mn Fe Cu B Al
----perear--- g ------- gkgl------- e mg kgt ---------emeeeen
SEPAC(1) 0S 17.7a 538 295 21c 33d 11d 14c 4 9 1 1 1
7S 16.7¢c 525 308 27a 39a 1l4a 18a 5 12 2 1 1
13S 17.3ab 530 302 25ab 3.6bc 12bc 16bc 5 11 2 1 1
20S 17.3ab 558 299 24bc 34cd 1llcd 16bc 5 10 1 1 1
27S 17.3ab 554 303 26a 37ab 13ab 16ab 5 12 1 1 1
34S 17.0bc 555 302 25ab 35bc 12bc 16bc 5 10 1 1 1
Mean 17.2 543 302 25 3.6 1.2 16 5 11 1 1 1
CV. 2 4 3 6.9 5.2 7.0 7 11 20 30 22 31
Pr>F 0.07 0.4 07 002 002 002 006 03 03 0.2 05 0.6
LSD 0.10 0.52 ns ns 025 027 0.13 2 ns ns ns ns ns
SEPAC(2) 0S 178a 559c¢ 276 23 3.6 1.1 17 4 13 2 1 1
13S 180a 588hbc 275 2.2 34 1.1 16 4 13 2 1 2
0S+1B 178a 636a 285 23 3.6 1.1 17 4 13 2 1 2
135+1B 178a 6llab 288 23 3.6 1.1 17 4 13 2 1 1
2B 180a 593bc 279 2.2 3.6 1.1 17 4 13 2 1 1
135+2B 172b 58l1bc 286 24 3.6 1.1 17 4 13 2 1 1
Mean 17.8 595 281 23 3.6 1.1 17 4 13 2 1 1
CV. 2 6 3 8.2 6.1 9.0 7 11 11 30 0 43
Pr>F 0.04 0.08 02 07 0.6 0.9 0.8 09 1.0 1.0 04 0.2
LSD 0.10 0.42 4192 ns ns ns ns ns ns ns ns ns ns
SWPAC 0S+2B 17.0 561b 310 3.1 4.4 1.1 15 4 12 1 2 1
8S+2B 17.7 602a 311 3.1 4.4 1.1 17 4 13 1 2 1
175+2B 17.3 553b 309 3.3 4.6 1.2 17 4 13 1 1 2
255+2B 17.0 566b 310 3.1 4.4 1.1 16 4 14 1 1 1
345+2B 17.0 579ab 314 3.2 4.6 1.1 17 4 13 1 2 2
25S 17.0 569b 310 3.1 4.4 1.1 15 4 13 1 2 1
Mean 17.2 572 310 3.2 45 1.1 16 4 13 1 2 1
CV. 3 3 3 7.4 6.5 8.7 8 10 19 41 39 60
Pr>F 0.6 0.09 1.0 08 0.9 0.8 0.6 0.7 0.9 09 07 07
LSD 0.10 ns 27.3 ns ns ns ns ns ns ns ns ns ns
TPAC 0S+2B 16.7 528 394 3.0 4.1 1.3 20a 5a 17a 2 2 1
85+2B 17.0 534 396 3.0 4.0 1.2 18c 5bc 15ab 2 2 2
175+2B 17.0 531 396 3.0 4.0 1.2 8¢ 4c¢ 13¢c 2 2 2
255+2B 16.5 513 389 3.0 4.0 1.2 18c 5ab 13bc 2 2 2
345+2B 16.5 517 397 3.1 4.0 1.3 20ab 5a 14bc 2 2 2
25S 16.8 537 391 29 3.8 1.2 18bc 5bc 13bc 2 2 1
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Table A-4, continued

Site Treatment  Rows Seeds Seed P K Mg Zn Mn Fe Cu B
---- per ear ---- g - g kg* mg kgt -------------
Mean 16.8 527 394 3.0 40 1.2 18 5 14 2 2
CV. 3 5 2 8.0 6.7 9.2 8 9 15 29 22
Pr>F 05 0.5 0.4 0.7 04 06 0.08 002 003 1 0.14
LSD 0.10 ns ns ns ns ns ns 1 0.4 2 ns ns
Shelby(2) 0S 15.0 547 278 3.0 3.7 11 20 4 12 1 1
11S 14.6 536 2716 2.8 35 11 18 4 12 2 1
22S 14.8 536 284 2.7 34 11 17 4 11 1 1
Mean 14.8 539 280 2.8 35 11 18 4 12 2 1
CV. 3 4 2 108 92 118 12 12 13 39 23
Pr>F 04 0.7 0.2 0.4 03 0.8 0.3 0.8 0.4 05 04
LSD 0.10 ns ns ns ns ns ns ns ns ns ns ns
Shelby(1) 0S 16.8 588 316 25 33 1.0 18 4 12 2 1
11S 16.5 590 320 24 33 11 18 4 14 2 1
17S 16.5 585 311 2.2 32 11 17 5 16 2 1
22S 16.5 583 319 22 31 1.0 17 4 13 2 1
225+0.4B 17.0 598 312 25 34 11 17 5 15 2 1
Mean 16.7 589 316 23 32 10 17 4 14 2 1
CV. 3 3 3 9.1 71 101 8 15 19 18 21
Pr>F 04 0.8 0.6 0.1 04 08 0.9 0.3 0.4 0.7 04
LSD 0.10 ns ns ns ns ns ns ns ns ns ns ns
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Table A-5: Average rows and average seeds per ear, average weight for 1,000 seeds, and primary and secondary
nutrients concentration measured in corn grain at physiological maturity in 2020. Means with different letters within
a site indicate differences between sulfur rates at p <0.10 using Tukey LSD test. Mean, coefficient of variance (C.V.),
p-value for the effect of sulfur rate (Pr>F), and least significant difference (LSD 0.10) per site is included.

Site Treatment Rows Seeds  Seed P K Mg Zn Mn Cu B
---- per ear ---- g g kgt mg kgt -------
DPAC 0S 16.3b 573 332 ab 2.9 36 11 21 6 4 4
6S 17.3a 595 328 be 2.7 35 10 19 5 3 3
11S 170a 587 337a 2.8 35 11 20 6 4 4
17S 17.3a 594 329 be 2.8 3.7 11 20 6 4 3
22S 170a 596 317d 2.8 36 11 20 6 4 3
225+B 16.8 ab 585 323 cd 2.9 3.7 11 20 6 3 3
Mean 16.9 588 328 2.8 36 11 20 6 3 3
CV. 3 4 2 8 6 6 6 14 15 27
Pr>F 0.05 0.7 0.01 0.7 07 10 05 06 05 06
LSD 0.10 05 ns 8 ns ns ns ns ns ns ns
NEPAC 0S 17.0 590 284 2.3 35 11 23a 5 5 2
6S 17.0 578 274 2.2 34 11 20b 5 5 2
11S 16.7 588 281 2.6 36 11 20k 5 4 3
17S 16.7 588 290 2.3 34 11 20k 5 3 3
22S 17.2 588 283 2.4 36 11 20b 5 4 2
225+B 16.8 588 287 2.1 33 10 19b 4 3 3
Mean 16.9 587 283 2.3 34 11 20 5 4 3
CvVv. 2 5 6 18 9 8 10 22 53 19
Pr>F 03 1.0 0.6 0.5 05 06 008 0.7 05 0.2
LSD 0.10 ns ns ns ns ns ns 2.0 ns ns ns
Rice 0S 16.8 a 653 300 2.6 34 10 23 4 3 3
6S 16.7 ab 639 305 2.8 35 10 20 4 3 3
11S 16.2¢c 658 304 2.5 33 10 20 4 3 3
17S 16.2¢c 638 297 2.5 34 10 20 4 3 2
22S 16.7 ab 648 301 2.6 35 10 19 4 3 3
225+B 16.3 bc 638 297 2.5 34 10 18 4 3 3
Mean 16.5 646 301 2.6 34 10 20 4 3 3
CV. 3 4 3 10 5 6 16 10 15 23
Pr>F 0.05 0.6 0.4 0.2 04 06 02 05 04 0.7
LSD0.10 04 ns ns ns ns ns ns ns ns ns
SEPAC(1) 0S 18.2 679 305 2.1 36 09 19 6 3 3
6S 18.3 663 303 2.2 35 09 21 7 3 3
11S 18.3 686 299 2.2 37 10 21 6 3 4
17S 18.3 674 304 2.0 35 09 20 6 3 3
22S 18.0 682 306 2.2 35 10 20 6 3 3
225+B 18.0 658 303 2.4 38 10 21 7 3 3
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Table A-5, continued

Site Treatment Rows Seeds Seed P K Mg Zn Mn Cu B
---- per ear ---- g g kg? mg kg™ -------
Mean 18.2 674 303 22 36 10 20 6 3 3
CV. 3 4 2 12 6 7 8 13 20 13
Pr>F 0.8 0.6 0.7 01 02 02 05 04 05 05
LSD 0.10 ns ns ns ns ns ns ns ns ns ns
SWPAC 0S 17.8 569 324 35 41 13 19 7 3 3
11S 18.0 579 319 33 40 12 18 6 3 3
22S 17.8 577 325 34 41 12 18 6 3 3
22S5+B 17.8 601 331 32 40 12 18 6 3 3
Mean 17.8 581 325 34 40 12 18 6 3 3
CV. 3 4 3 9 7 10 9 16 31 14
Pr>F 0.8 0.4 0.4 07 08 07 09 07 0.7 0.8
LSD 0.10 ns ns ns ns ns ns ns ns ns ns
TPAC 0S 17.7 645 290 28 38 10 19 7 4 3
6S 17.7 652 286 29 38 10 19 7 3 3
11S 17.7 656 289 29 39 10 20 7 4 3
17S 17.8 659 286 30 39 10 19 7 4 2
22S 17.3 649 289 29 38 10 19 7 3 3
225+B 17.2 652 290 27 37 09 18 6 3 3
Mean 17.6 652 288 28 38 10 19 7 3 3
CV. 3 4 2 6 4 5 8 11 19 29
Pr>F 0.3 0.9 0.8 01 02 01 03 06 08 04
LSD 0.10 ns ns 7 ns ns ns ns ns ns ns
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Table A-6: Nutrient concentrations in corn earleaf at silking stage in 2018. Means with different letters within a site
indicate differences between sulfur rates at p < 0.10 using Tukey LSD test. Mean, coefficient of variance (C.V.),
p-value for the effect of sulfur rate (Pr>F), and least significant difference (LSD 0.10) per site is included.

Site Treatment P K Ca Mg Zn Mn Fe Cu B Al
g kg? mg kgt --------mmmmeeeeeeee
DPAC 0s 4.4 234 43 3.2 2la 44 85 10 5 4
0S-17S 4.2 248 35 2.7 18c 36 78 9 5 2
0S-34S 4.3 242 4.1 3.0 20ab 44 86 10 5 7
6S-0S 4.1 227 3.8 3.2 18c 42 75 9 4 8
6S-11S 4.1 243 4.1 3.0 18bc 47 81 10 4 6

6S-28S 4.4 239 4.1 3.0 20ab 42 85 10 5 10
Mean 4.3 239 4.0 3.0 190 426 817 9.8 4.7 6.2
CV. 69 53 8.5 9.1 5.8 10.2 6.2 8.1 234 953
Pr>F 0.60 048 0.13 036 0.05 018 0.11 047 092 0.59

LSD 0.10 ns ns ns ns 1.6 ns ns ns ns ns

NEPAC 0S 29b 249 44ab 238 17 45 78 7 2¢ 27
0S-17S 26c 254 41b 25 17 44 80 7 4a 29

6S-11S 31la 247 46a 28 18 47 82 8 2bc 19

6S-22S 28b 239 48a 29 18 45 85 7 3ab 18
Mean 2.8 247 4.5 2.8 173 453 812 7.3 2.5 23.1
CV. 39 2.8 54 9.9 3.8 188 55 7.6 284 311
Pr>F 0.01 0.19 0.06 037 046 097 033 046 0.06 0.29

LSD 0.10 0.2 ns 0.4 ns ns ns ns ns 11 ns

Rice 0S 3.0 260 33 2.9 16 36 83 8 2 10
0S-17S 3.1 256 3.3 2.9 15 33 86 8 3 14

0S - 28S 3.1 26.7 3.3 3.0 15 32 89 9 3 24

6S - 0S 2.9 26.1 34 2.8 16 34 86 8 3 11

6S - 11S 2.9 254 34 3.2 16 33 85 8 3 19

6S - 22S 3.1 26.3 3.3 3.0 15 31 83 8 2 20
Mean 3.0 260 33 3.0 155 332 854 8.1 2.6 16.5
CV. 81 4.3 9.5 9.7 5.1 16.2 8.6 9.2 406 524
Pr>F 0.81 0.76 1.00 0.74 0.19 088 0.92 0.68 0.75 0.35

LSD 0.10 ns ns ns ns ns ns ns ns ns ns
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Table A-6, continued

Site Treatment P K Ca Mg Zn Mn Fe Cu B Al
————————————— g kg? mg Kgt ----mmmmmmmmmeeee-
SEPAC(1) 0S 4.0 254 47 2.1 2la 79 89 11

3
0S -17S 3.7 265 43 2.0 19b 74 80 10 3
0S - 28S 3.7 259 44 2.1 18c 74 78 10 3
6S - 0S 3.9 25.7 43 1.9 19b 69 86 10 2
6S - 118 3.6 26.3 3.9 2.0 17¢ 70 73 9 3
6S - 225 3.8 26.0 44 2.0 19bc 68 79 10 3 6

14

Mean 3.8 26.0 4.3 2.0 189 723 811 9.9 2.8 7.3

CV. 43 5.0 7.7 5.6 5.9 8.1 9.2 7.9 23.2 1028

Pr>F 0.17 0.90 024 051 003 031 0.20 0.16 055 0.51
LSD 0.10 ns ns ns ns 1.7 ns ns ns ns ns

SWPAC 0S 3.7 26.8 4.1 110 18 83 82 9 7 14
0S -34S 3.6 26.8 4.0 117 16 69 84 9 8 17
6S - 0S 3.7 279 4.0 110 17 85 80 9 6 16
6S - 28S 3.9 28.1 44 110 18 91 90 10 7 5

Mean 3.7 274 4.2 1.1 174 819 841 9.3 7.3 12.9

CV. 50 3.3 9.6 4.5 11.3 153 112 114 255 815

Pr>F 0.1 023 059 035 061 030 0.66 055 075 054
LSD 0.10 ns ns ns ns ns ns ns ns ns ns

Shelby(1) Vs NI 37a 235 55 21 27a 67a 109 15a 1
Split N 31b 232 48 21 23b 48d 85 11b 1 11
VsN&22S 31b 221 53 22 24b 58bc 104  14a 1 11
SplitN &22S  32b 205 56 26 22b 58bc 103  1l4a 1 20
VsN&34S 34ab 220 53 22 24b 63ab 105 14a 1
SplitN&34S 33b 226 52 23 23b 53cd 101  13a 2 6

Mean 3.3 223 53 2.2 238 576 1011 136 1.3 9.7

CV. 73 7.0 101 142 6.6 9.1 11.2 9.7 50.9 100.3

Pr>F 0.08 032 052 051 002 001 024 0.09 081 041
LSD 0.10 04 ns ns ns 2.3 7.7 ns 1.9 ns ns
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Table A-7: Earleaf dry matter (DM) and primary and secondary nutrients concentrations measured in corn earleaf at
silking stage in 2019. Means with different letters within a site indicate differences between sulfur rates at p < 0.10
using Tukey LSD test. Mean, coefficient of variance (C.V.), p-value for the effect of sulfur rate (Pr>F), and least
significant difference (LSD 0.10) per site is included.

Site Treatment DM P K Ca Mg Zn Mn Fe Cu B Al
g g kgt g KgL-mmmmmm e

DPAC 0S 48 33 226 50 33 31 62 9bc 11 5 5

6S 49 34 217 50 34 33 60 100a 11 6 4

13S 47 33 214 50 37 26 58 93d 11 4 5

20S 50 35 216 49 35 29 57 95cd 11 4 4

27S 48 34 222 49 36 28 52 99ab 12 5 4

34S 49 33 214 48 35 28 56 97ab 11 5 4

Mean 49 34 218 49 35 29 58 97 11 5 4

CVv. 29 44 60 31 102 178 128 3.6 50 183 270
P>F 02 05 07 02 05 05 04 003 01 03 09

LSD 0.10 ns ns ns ns ns ns ns 4 ns ns ns

NEPAC 0S 51 31 202 48 35 30 55 93 11 6 3
6S 49 33 206 49 35 32 5 91 11 6 4

13S 52 31 205 48 34 33 56 101 11 6 4

20S 50 31 209 47 34 32 59 95 12 6 4

27S 50 31 204 47 34 31 58 93 11 6 3

348 52 31 196 48 35 32 59 93 12 6 4

Mean 5.1 3.1 204 438 3.4 32 57 94 11 6 4

Cv. 58 59 67 56 116 66 183 110 6.7 128 204
P>F 06 05 07 07 10 05 10 06 02 03 03

LSD 0.10 ns ns ns ns ns ns ns ns ns ns ns
Rice 0S 0.4B 57 34 225 40a 29 19a 32 69 c 7¢c 4a 4
85 0.4B 58 35 226 37b 28 19a 30 74ab 8ab 4ab 4
17S0.4B 58 36 230 37b 29 19a 29 76ab 8ab 4bc 4
2550.4B 58 34 229 34c 28 17b 28 72bc 8ab 4c 4
30S0.4B 58 36 235 36b 28 19ab 26 79a 9a 4bc 4
25S 56 35 228 36bc29 17b 28 74ab 8bc 4c 4
Mean 57 35 229 37 29 18 29 74 8 4 4

C.V. 3.0 56 3.6 5.1 6.7 7.5 146 7.0 6.8 87 27.2
Pr>F 0.3 04 04 0.002 0.9 0.08 0.3 0.09 0.02 0.09 1.0
LSD 0.10 ns ns ns 0.20 ns 2 ns 6 1 04 ns
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Table A-7, continued

Site Treatment DM P K Ca Mg Zn Mn Fe Cu B Al
g g kg? mg kgt -----mmmmmmmm e
SEPAC(1) 0S 40 33 22.2 53 2lab 26 69 94 10 2 8
6S 40 31 20.5 51 22a 29 74 93 10 3 8
13S 39 32 20.5 44 20bc 26 65 98 2 7
20S 39 31 19.3 43 18c 22 65 89 3 8
27S 39 32 18.8 46 2lab 22 66 89 2 6
34S 3.8 3.2 19.2 44 20bc 21 67 90 10 2 7
Mean 39 3.2 20.1 47 20 24 67 92 10 2 7
CV. 76 44 104 9.7 56 215 111 6.7 93 283 211
Pr>F 10 05 0.4 0.1 003 05 07 05 0.7 0.8 0.5
LSD0.10 ns ns ns ns 0.17 ns ns ns ns ns ns
SEPAC(2) 0S 54 31c 212c 59a 32a 24 70c 91 9c 4ab 8hbc
13S 55 31c 24.0a 51c 26b 23 77bc 90 9bc 4ab 7Tc
1B 51 34b 243a 50c 26b 28 82ab 95 10a 4b 8 bc
13S 1B 54 37a 235ab 53bc3.0a 27 73c 93 10a b5a 10 ab
2B 54 34b 225bc 58a 3.0a 24 74bc 100 10ab 4ab 13a
13S 2B 55 33bc 2l4c 56ab3.0a 22 87a 99 10ab 3c 11ab
Mean 54 3.3 22.8 54 29 25 77 95 10 4 10
CV. 6.1 66 5.6 6.7 9.1 155 108 84 6.1 142 347
Pr>F 04 0.002 0.003 0.004002 01 004 0.2 0.01 0.001 0.06
LSD0.10 ns 0.24 14 0.40 0.29 ns 9 ns 1 1 4
SWPAC 0S 2B 50 47 29.8 39 23 17 73 89 10 6 5
8S 2B 47 49 30.3 3.7 24 17 66 86 10 6 5
17S 2B 52 49 30.1 39 26 18 71 97 12 6 6
25S 2B 49 49 29.9 38 25 19 76 92 12 6 5
34S 2B 49 47 30.0 39 24 18 72 92 12 7 5
25S 50 45 27.6 40 26 17 70 95 11 6 6
Mean 5.0 4.8 29.6 39 25 18 71 92 11 6 5
CV. 63 538 4.0 96 106 48 169 89 96 8.1 21.6
Pr>F 0.7 0.4 0.1 1.0 08 0.1 09 0.7 04 0.3 0.4
LSD0.10 ns ns ns ns ns ns ns ns ns ns ns
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Table A-7, continued

Site Treatment DM P K Ca Mg Zn Mn Fe Cu B Al
g gkg? mg kgt -------mmmeeee e
TPAC 0S 2B 44b 31 198 54 31 30 75 85 10c 5 5
8S 2B 44bh 32 200 59 32 31 77 89 11la 6 4
17S 2B 46a 31 193 58 34 29 73 86 10bc 6 4
255 2B 46a 32 194 56 31 29 78 84 11b 6 4
34S 2B 45ab 32 199 57 32 31 78 89 11la 6 5
25S 46a 32 201 56 31 29 74 89 11b 7 6
Mean 45 32 197 56 32 30 76 87 11 6 5
CV. 34 40 43 56 75 75 178 7.3 3.5 120 425
Pr>F 006 03 05 02 05 03 05 0.6 <0.0010.1 0.6
LSD0.10 0.1 ns ns ns ns ns ns ns 0.4 ns ns
Shelby(2) 0S 45 35 309 40 14b 24 60b 8lb 9b 2
118 43 36 323 42 15b 26 83a 93a 1la 3
22S 40 36 326 44 16a 25 77a 9a 1la 3
Mean 4.2 36 319 42 15 25 73 89 11
CV. 76 41 4.8 6.3 6.7 14 14 3 4 35 20
Pr>F 01 04 02 02 004 07 0.02 <0.001<0.00103 0.6
LSD0.10 ns ns ns ns 0.12 ns 12 4 1 ns ns
Shelby(1) 0Ss 51 30 193b56 25 22 70c 71c 10b 5d 4a
11S 53 30 208a6l1 25 25 82ab 88a 13a 5cd 3a
17S 51 29 207a58 26 23 89a 84ab 13a 5bc 2b
22S 54 30 215a58 22 24 77bc 8b 12a 5b 3a
225 0.4B 53 30 207a59 25 23 76bc 87ab 12a 7a 3a
Mean 52 30 206 58 25 23 79 82 12 5 3
CV. 42 64 4.7 4.9 9.1 74 118 6.3 8.5 6.7 15.2
Pr>F 02 09 009 02 03 03 010 0.004 001 <0.0010.005
LSD0.10 ns ns 1.2 ns ns ns ns 7 1 04 1
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Table A-8: Earleaf dry matter (DM) and primary and secondary nutrients concentration measured in corn earleaf at
silking stage in 2020. Means with different letters within a site indicate differences between sulfur rates at p < 0.10
using Tukey LSD test. Mean, coefficient of variance (C.V.), p-value for the effect of sulfur rate (Pr>F), and least
significant difference (LSD 0.10) per site is included.

Site Treatment DM P K Ca Mg Zn Mn Cu B
g - g kg? mg kgt --------m--mm--
DPAC 0S 4.8 3.1 18.8 59 4.0 22 38 10b 7
6S 4.9 3.0 18.7 59 4.1 22 40 10b 6
11S 4.8 3.0 18.6 6.0 4.1 22 39 1lab 7
17S 4.8 3.1 18.9 6.1 3.9 22 39 11ab 6
22S 4.7 3.0 18.0 6.0 4.3 21 48 1la 7
225+B 4.8 3.1 19.0 5.8 3.8 22 37 10b 8
Mean 4.8 3.0 18.7 59 4.0 22 40 10 7
C.V. 3.0 3.7 5.3 2.2 5.7 6 16 5 11
Pr>F 0.5 0.6 0.8 0.1 0.1 09 04 0.06 0.1
LSD 0.10 ns ns ns ns ns ns ns 0.6 ns
NEPAC 0S 4.3 2.8 17.5 5.8 3.4 20 54 9 5b
6S 4.2 2.9 17.5 5.8 3.5 22 54 9 5b
11S 4.3 2.9 18.4 5.6 3.4 20 55 9 5b
17S 4.3 2.9 18.5 5.6 3.3 20 53 10 5b
22S 4.3 3.0 18.6 55 3.4 22 55 10 6b
225+B 4.3 2.9 18.1 55 3.2 20 57 9 7a
Mean 4.3 2.9 18.1 5.6 3.4 21 55 10 6
C.V. 3.8 3.5 49 5.1 6.2 9 13 7 9
Pr>F 0.7 0.4 0.2 0.2 0.3 02 10 0.4 <0.001
LSD 0.10 ns ns ns ns ns ns ns ns 0.5
Rice 0S 4.2 3.4 24.3 3.8 2.3 18 35 10 10
6S 4.3 34 24.2 3.7 2.2 18 39 10 10
11S 4.3 35 24.4 3.8 2.3 19 39 10 10
17S 4.3 34 24.3 3.8 2.3 17 37 10 10
22S 4.3 35 24.6 3.7 2.3 18 37 10 10
225+B 4.3 3.4 24.9 3.9 2.4 20 38 10 10
Mean 4.2 34 24.5 3.8 2.3 18 38 10 10
C.v. 4.7 4.1 3.6 4.8 8.7 18 11 11 11
Pr>F 0.9 0.6 0.8 0.3 0.6 06 05 1.0 1.0
LSD 0.10 ns ns ns ns ns ns ns ns ns
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Table A-8, continued

Site Treatment DM P K Ca Mg Zn Mn Cu B
g g kg mg kgt -------m-memme-
SEPAC(1) 0S 5la 3.2 22.6 4.0 1.9 26 66 11 6b
6S 47b 3.2 22.9 4.1 2.0 28 71 11 6b
11S 5.0a 3.2 22.1 4.1 2.0 26 76 11 6b
17S 5.0a 3.2 22.9 4.0 2.0 28 70 11 6b
22S 49a 33 22.7 4.2 2.1 26 73 11 6b
225+B 49a 3.2 22.0 4.1 2.1 30 72 12 8a
Mean 4.9 3.2 225 4.1 2.0 27 72 11 6
C.V. 3.8 3.5 5.9 4.6 5.5 18 10 13 13
Pr>F 0.05 0.7 0.8 0.7 0.2 0.7 0.3 0.5 0.002
LSD 0.10 0.2 ns ns ns ns ns ns ns 0.8
SWPAC Control 4.0 4.1 25.1 4.7 2.0 19 83 13 8b
12S 3.9 4.2 24.9 4.8 2.1 20 83 13 7b
22S 4.0 4.2 24.8 4.9 2.2 25 84 13 8b
225+B 4.0 4.0 26.5 4.5 2.0 20 81 12 10a
Mean 3.9 4.1 25.3 4.7 2.1 21 83 13 8
C.V. 3.5 3.8 8.1 10.8 7.7 21 12 7 13
Pr>F 0.4 0.4 0.6 0.6 0.3 0.3 1.0 0.6 0.02
LSD 0.10 ns ns ns ns ns ns ns ns 14
TPAC 0S 55 3.8 22.4 6.2 2.8ab 18 58 11 7
6S 5.6 3.8 22.6 6.2 29a 18 58 11 7
11S 51 3.9 224 6.2 29a 18 57 12 7
17S 55 3.9 22.3 6.3 30a 17 57 11 7
22S 55 3.8 234 5.9 2.6 bc 17 60 11 8
225+B 5.3 3.9 233 5.9 25¢c 17 60 11 9
Mean 5.4 3.9 22.7 6.1 2.8 17 58 11 8
C.v. 4.4 3.3 53 4.6 9.4 8 8 7 16
Pr>F 0.1 0.7 0.4 0.2 0.02 0.7 0.7 0.7 0.1
LSD 0.10 ns ns ns ns 0.26 ns ns ns ns
Blackford Control 3.7 3.0 20.3 5.0 1.6 23 48 10 10
All soils 17S 3.8 3.0 20.6 5.2 1.7 23 44 11 10
Mean 3.8 3.0 20.4 5.1 1.7 23 46 10 10
C.v. 6.4 2.9 4.3 9.9 6.1 7 44 16 10
Pr>F 0.4 0.8 0.4 0.4 0.02 0.8 0.7 0.1 0.7
LSD 0.10 ns ns ns ns 0.07 ns ns ns ns
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Table A-8, continued

Site Treatment DM P K Ca Mg Zn Mn Cu B
g gkg? mg kgt ---------m--mo-
Bono  Control 39 32 195b 5.7 1.8 28 29 10 10
17S 39 32 20.2a 5.7 1.8 27 31 11 11
Mean 3.9 3.1 19.9 54 1.7 26 34 11 10
CV. 6.6 39 15 9.3 7.5 8 5 10 11
Pr>F 07 1.0 0.02 0.9 0.5 0.4 0.1 0.5 0.4
LSD 0.10 ns ns 0.41 ns ns ns ns ns ns
Whitaker  Control 35 30 21.1b 45 15b 21 75 9 10
17S 3.5 3.1 218a 5.0 1.7a 22 57 11 10
Mean 35 3.1 214 4.8 1.6 22 66 10 10
Ccv. 81 33 1.7 124 54 5 45 25 5
Pr>F 08 071 0.05 0.2 0.04 0.3 0.4 0.2 0.11
LSD 0.10 ns ns 0.50 ns 0.12 ns ns ns ns
Martinsville  Control 3.8 2.9 21.2 4.6 15b 21 49 9
17S 40 29 19.9 5.0 1.7a 22 53 10
Mean 39 29 20.5 4.8 1.6 22 51 9
CV. 72 54 59 6.8 5.4 7 22 10
Pr>F 05 09 0.3 0.3 0.10 0.7 0.7 0.5 0.7
LSD 0.10 ns ns ns ns 0.21 ns ns ns ns
Saranac ~ Control 3.8 3.0 18.9 55 2.3 21 18 10 10
17S 40 30 19.6 5.0 1.9 22 23 10 10
Mean 39 3.0 19.3 5.3 2.1 22 20 10 10
Cv. 72 03 1.8 9.9 10.2 8 22 2 1
Pr>F 05 03 0.3 0.5 0.33 0.7 0.5 0.2 0.7
LSD 0.10 ns ns ns ns ns ns ns ns ns
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Table A-9: Recommended Mehlich-3 soil test critical levels for phosphorus, potassium, calcium, and magnesium for
corn in Indiana (Culman et al., 2020) and reference sufficiency ranges for corn at vegetative stage and at silking (R1)
(Campbell, 2013)

Nutrient Vegetative stage Earleaf at silking
Soil critical levels (>10 cm in height to tasseling) (R1)
mg kg gkg!
N 30.0-40.0 28.0-40.0
P 20-40 3.0-5.0 2.5-5
K 100-170 20.0-30.0 18.0-30.0
Ca 200 2.5-8.0 2.5-8.0
Mg 35-50 1.5-6.0 1.5-6.0
S 1.5-4.0 1.5-6.0
--------------------- mg kgt --------mmmeeeeeeee
Fe 30-250 30-250
Mn 20-150 15-150
Zn 20-70 20-70
Cu 5-25 5-25
B 5-25 5-25
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Table A-10: Soil pH, organic matter (OM), sulfate-S (SO.-S), and soil texture at sites in Indiana on fields that had
sulfur response trials in 2017 — 2020, and from fields sampled in 2015 (Moser, 2016).

Site-year Depth pHf om# SO4-S# Texture
cm g kgt mg kg*
ACRE15 0-20 6.4 42 6
20-40 6.7 31 4
40-60 6.9 23 3
DPAC15 0-20 6.6 34 6
20-40 7.0 29 4
40-60 75 25 4
NEPAC15 0-20 6.1 30 10
20-40 6.8 23 6
40-60 7.2 19 5
PPAC15 0-20 6.3 40 5
20-40 6.5 24 3
40-60 6.7 20 3
SEPAC15 0-20 6.1 28 7
20-40 59 21 12
40-60 5.7 18 19
TPAC15 0-20 5.8 27 6
20-40 5.4 25 6
40-60 5.6 22 7
Blackford171 0-20 6.8 29 7
Ricel7" 0-20 6.7 19 6
SEPAC(1)17 0-20 6.1 21 0
NEPAC18T 0-20 6.2 26 5
Rice18' 0-20 6.8 22 6
SEPAC(1)18f 0-20 6.4 21 -
SWPAC18T 0-20 6.7 13 7 LS
20-40 6.6 13 7
Shelby(1)18 (more responsive) 0-20 6.3 26 -
Shelby(1)18 (less responsive) * 0-20 6.5 23 -
Shelby(2)19 0-20 6.0 21 5 SCL
More response to S 20-40 6.0 19 6 SCL
40-60 6.0 18 5 SCL
Shelby(2)19 0-20 6.2 20 7 L
Less response to S 20-40 6.0 18 8 L
40-60 6.2 17 5 SCL

T solution 1:1 soil:water

t determined by loss on ignition at 360 °C

+S04-S by Mehlich-3 extractions quantified by inductively coupled plasma spectroscopy
Tsulfur experiment at this site-year

- not measured
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Table A-10, continued

Site-year Depth pHf (@] \V E: SO4-S# Texture
cm gkg? mg kg
Shelby(2)19 0-20 5.9 19 6 SCL
no response to S 20-40 5.6 16 7 SCL
40-60 5.9 15 5 SCL
Blackford20 0-20 6.2 34 9 CL
Bono 20-40 6.3 31 6 CL
40-60 6.7 27 5 CL
Blackford20 0-20 6.3 39 7 L
Whitaker 20-40 6.6 30 8 CL
40-60 7.1 24 5 CL
Blackford20 0-20 5.8 21 6 CL
Martinsville 20-40 5.7 22 5 C
40-60 5.9 23 7 CL
Blackford20 0-20 6.5 37 8 C
Saranac 20-40 6.8 37 7 Cc
40-60 7.0 33 5 C

T solution 1:1 soil:water

t determined by loss on ignition at 360 °C

+S04-S by Mehlich-3 extractions quantified by inductively coupled plasma spectroscopy
Tsulfur experiment at this site-year

- not measured
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Table A-11: Selected chemical soil properties of sites in 2019 and 2020. Inorganic nitrogen (N) extracted with 1N KCI and measured with a SEAL AQ?2 discrete
analyzer (method 353.2, revision 2.0). For the other nutrients, Mehlich-3 extractions with nutrients quantified by inductively coupled plasma spectroscopy.

2019 2020
Site Depth N P K Ca Mg Zn Mn Fe Cu B N P K Ca Mg Zn Mn Fe Cu B
mg kg*
DPAC 0-20 34 27 131 2537 566 23 95 142 20 04 75 30 123 2511 534 16 63 166 25 04

20-40 97 1 115 5185 920 10 101 71 15 0.2 88 7 110 3624 762 10 46 113 24 03

40-60 27 3 123 3873 978 13 95 91 18 0.2 6.1 3 105 4617 798 09 63 92 23 0.2
NEPAC 0-20 104 33 118 2055 317 19 58 142 20 0.3 94 28 100 1427 276 14 61 125 14 0.2

20-40 76 5 98 2514 442 11 94 107 19 03 104 7 61 2054 376 09 47 102 13 01

40-60 136 2 100 5026 453 12 57 86 16 0.2 76 2 59 4986 439 09 75 8 12 0.2
Rice 0-20 43 86 142 1249 334 17 10 154 15 0.2 49 58 133 1056 263 20 9 171 13 03

20-40 21 29 55 1033 294 09 9 113 15 0.1 32 25 62 893 265 13 12 112 13 0.2

40-60 15 9 41 1034 269 06 9 77 14 0.1 23 10 43 998 208 09 10 67 12 04
SEPAC(1) 0-20 99 22 94 963 159 09 158 129 09 01 75 23 129 1105 176 18 139 108 11 0.1

20-40 147 7 8 1043 153 0.7 91 103 0.7 0.1 88 11 61 1059 161 12 91 98 06 0.1

40-60 75 2 94 987 191 07 48 101 08 0.2 61 4 63 1191 179 06 45 79 05 01
SEPAC(2) 0-20 87 20 92 1728 239 31 215 101 18 05

20-40 74 5 70 2018 268 12 107 79 09 0.2

40-60 45 3 70 2138 275 06 45 63 06 02
SWPAC 0-20 112 55 141 752 140 17 161 160 09 0.1 54 77 126 716 105 22 142 223 15 0.2

20-40 29 34 115 694 133 09 91 140 11 01 26 49 79 610 69 11 95 207 12 0.2

40-60 3.0 44 116 1057 117 09 48 139 12 01 14 57 63 616 52 07 59 188 09 0.1
TPAC 0-20 77 39 171 2058 301 19 68 143 16 0.2 139 31 146 1691 208 14 83 112 14 04

20-40 16.4 12 114 2023 323 10 29 139 16 0.1 71 12 98 1676 263 08 36 110 13 0.2

40-60 102 6 124 2513 422 07 21 115 13 0.1 120 10 106 1895 329 0.7 25 114 14 0.2
Shelby(1) 0-20 20.7 32 134 2101 800 12 47 153 26 03

20-40 67 9 113 2817 618 10 47 113 24 04

40-60 47 3 122 3138 406 10 77 92 20 04




2.6 References

Abendroth, L.J., R.W Elmore, M.J. Boyer, and S.K. Marlay. (2011). Corn Growth and
Development. lowa State Univ. Extension Publication #7MR-1009. Retrieved July 2021
from https://store.extension.iastate.edu/Product/Corn-Growth-and-Development.

Acquaye, D. K., & Kang, B. T. (1987). Sulfur status and forms in some surface soils of Ghana.
Soil Science, 144(1), 43-52. https://doi.org/10.1097/00010694-198707000-00008

Allahham, A., Kanno, S., Zhang, L., & Maruyama-Nakashita, A. (2020). Sulfur deficiency
increases phosphate accumulation, uptake, and transport in Arabidopsis thaliana.
International Journal of Molecular Sciences, 21(8), 2971.
https://doi.org/10.3390/ijms21082971

Andres, R. J., & Kasgnoc, A. D. (1998). A time-averaged inventory of subaerial volcanic sulfur
emissions. Journal of Geophysical Research Atmospheres, 103(D19), 25251-25261.
https://doi.org/10.1029/98JD02091

Aref, F. (2011). The effect of boron and zinc application on concentration and uptake of
nitrogen, phosphorous and potassium in corn grain. Indian Journal of Science and
Technology, 4(7), 785-791. https://doi.org/10.17485/ijst/2011/v4i7/30111

Asaoka, S., Umehara, A., Otani, S., Fujii, N., Okuda, T., Nakai, S., Nishijima, W., Takeuchi, K.,
Shibata, H., Jadoon, W. A., & Hayakawa, S. (2018). Spatial distribution of hydrogen sulfide
and sulfur species in coastal marine sediments Hiroshima Bay, Japan. Marine Pollution
Bulletin, 133(April), 891-899. https://doi.org/10.1016/j.marpolbul.2018.06.042

Autry, A. R., & Fitzgerald, J. W. (1990). Sulfonate S: A major form of forest soil organic sulfur.
In Biol Fertil Soils (Vol. 10). https://doi.org/10.1007/BF00336124

Azad, M. A. K., Ohira, S. I., Oda, M., & Toda, K. (2005). On-site measurements of hydrogen
sulfide and sulfur dioxide emissions from tidal flat sediments of Ariake Sea, Japan.
Atmospheric Environment, 39(33), 6077-6087.
https://doi.org/10.1016/j.atmosenv.2005.06.042

Baldigo, B. P., George, S. D., Winterhalter, D. R., & McHale, M. R. (2021). Biological and
chemical recovery of acidified Catskill Mountain streams in response to the Clean Air Act
Amendments of 1990. Atmospheric Environment, 249(January), 118235.
https://doi.org/10.1016/j.atmosenv.2021.118235

Banwart, W. L., & Bremner, J. M. (1975). Formation of volatile sulfur compounds by microbial
decomposition of sulfur-containing amino acids in soils. Soil Biology and Biochemistry,
7(6), 359-364. https://doi.org/10.1016/0038-0717(75)90050-4

123


https://store.extension.iastate.edu/Product/Corn-Growth-and-Development
https://doi.org/10.3390/ijms21082971
https://doi.org/10.1016/0038-0717(75)90050-4

Banwart, W. L., & Bremner, J. M. (1976). Volatilization of sulfur from unamended and sulfate-
treated soils. Soil Biology and Biochemistry, 8(1), 19-22. https://doi.org/10.1016/0038-
0717(76)90015-8

Barak, P., & Goldman, I. L. (1997). Antagonistic relationship between selenate and sulfate
uptake in onion (Allium cepa): Implications for the production of organosulfur and
organoselenium compounds in plants. Journal of Agricultural and Food Chemistry, 45(4),
1290-1294. https://doi.org/10.1021/jf960729k

Barbosa-Jefferson, V. L., Zhao, F. J., McGrath, S. P., & Magan, N. (1998). Thiosulphate and
tetrathionate oxidation in arable soils. Soil Biology and Biochemistry, 30(5), 553-559.
https://doi.org/10.1016/S0038-0717(97)00177-6

Baudet, J., Huet, J.-C., Jolivet, E., Lesaint, C., Mosse, J., & Pernollet, J.-C. (1986). Changes in
accumulation of seed nitrogen compounds in maize under conditions of sulphur deficiency.
Physiologia Plantarum, 68(4), 608-614. https://doi.org/10.1111/j.1399-
3054.1986.th03404.x

Beckett, K. P., Freer-Smith, P. H., & Taylor, G. (1998). Urban woodlands: their role in reducing
the effects of particulate pollution. Environmental Pollution, 99(3), 347-360.
https://doi.org/10.1016/S0269-7491(98)00016-5

Bender, R. R., Haegele, J. W., Ruffo, M. L., & Below, F. E. (2013). Nutrient uptake,
partitioning, and remobilization in modern, transgenic insect-protected maize hybrids.
Agronomy Journal, 105(1), 161-170. https://doi.org/10.2134/agronj2012.0352

Bender, R. R., Haegele, J. W., & Below, F. E. (2015). Nutrient uptake, partitioning, and
remobilization in modern soybean varieties. Agronomy Journal, 107(2), 563-573.
https://doi.org/10.2134/agronj14.0435

Berresheim, H., & Jaeschke, W. (1983). The contribution of volcanoes to the global atmospheric
sulfur budget. Journal of Geophysical Research, 88(C6), 3732—-3740.
https://doi.org/10.1029/JC088iC06p03732

Bertramson, B., Fried, M., & Tisdale, S. L. (1950). Sulfur studies of Indiana soils and crops. Soil
Science, 70(1), 27-42. https://doi.org/10.1097/00010694-195007000-00005

Bettany, J. R., Stewart, J. W. B., & Halstead, E. H. (1973). Sulfur fractions and carbon, nitrogen,
and sulfur relationships in grassland, forest, and associated transitional soils. Soil Science
Society of America Journal, 37(6), 915-918.
https://doi.org/10.2136/ss5aj1973.03615995003700060034x

124



Blair, G. J., Chinoim, N., Lefroy, R. D. B., Anderson, G. C., & Crocker, G. J. (1991). A soil
sulfur test for pastures and crops. Soil Research, 29, 619-626.
https://doi.org/10.1071/SR9910619

Blum, S., Lehmann, J., Solomon, D., Caires, E. F., & Alleoni, L. R. F. (2013). Sulfur forms in
organic substrates affecting S mineralization in soil. Geoderma, 200-201, 156-164.
https://doi.org/10.1016/j.geoderma.2013.02.003

Bohn, H. L., Barrow, N. J., Rajan, S. S., & Parfitt, R. L. (1986). Reactions of inorganic sulfur in
soils. In Sulfur in Agriculture (pp. 233-249). https://doi.org/10.2134/agronmonogr27.c7

Bolan, N. S., Syers, J. K., Tillman, R. W., & Scotter, D. R. (1988). Effect of liming and
phosphate additions on sulphate leaching in soils. Journal of Soil Science, 39(4), 493-504.
https://doi.org/10.1111/j.1365-2389.1988.tb01234.x

Borja Reis, A. F. de, Rosso, L. H. M., Davidson, D., Kovécs, P., Purcell, L. C., Below, F. E.,
Casteel, S. N., Knott, C., Kandel, H., Naeve, S. L., Carciochi, W., Ross, W. J., Favoretto, V.
R., Archontoulis, S., & Ciampitti, I. A. (2021). Sulfur fertilization in soybean: A meta-
analysis on yield and seed composition. European Journal of Agronomy, 127(February),
126285. https://doi.org/10.1016/j.eja.2021.126285

Boswell, C. C., & Friesen, D. K. (1993). Elemental sulfur fertilizers and their use on crops and
pastures. Fertilizer Research, 35(1-2), 127-149. https://doi.org/10.1007/BF00750226

Bremner, J. M., & Bundy, L. G. (1974). Inhibition of nitrification in soils by volatile sulfur
compounds. Soil Biology and Biochemistry, 6(3), 161-165. https://doi.org/10.1016/0038-
0717(74)90021-2

Buchner, P., Stuiver, C. E. E., Westerman, S., Wirtz, M., Hell, R., Hawkesford, M. J., & de Kok,
L. J. (2004). Regulation of sulfate uptake and expression of sulfate transporter genes in
Brassica oleracea as affected by atmospheric H.S and pedospheric sulfate nutrition. Plant
Physiology, 136(2), 3396—-3408. https://doi.org/10.1104/pp.104.046441

Buckley, M. E., & Wolkowski, R. P. (2012). Effect of land application of FGD gypsum on plant
yield and crop nutrient concentration. Crop Management, 11(1), 1-10.
https://doi.org/10.1094/cm-2012-0925-01-rs

Bullock, D. G., & Goodroad, L. L. (1989). Effect of sulfur rate, application method, and source
on yield and mineral content of corn. Communications in Soil Science and Plant Analysis,
20(11-12), 1209-1217. https://doi.org/10.1080/00103629009368145

125


https://doi.org/10.1104/pp.104.046441

Burns, D. A., Aherne, J., Gay, D. A., & Lehmann, C. M. (2016). Acid rain and its environmental
effects: Recent scientific advances. Atmospheric Environment, 146, 1-4.
https://doi.org/10.1016/j.atmosenv.2016.10.019

Burton, E. D., Johnston, S. G., & Kocar, B. D. (2014). Arsenic mobility during flooding of
contaminated oil: The Effect of Microbial Sulfate Reduction. Environmental Science &
Technology, 48(23), 13660-13667. https://doi.org/10.1021/es503963k

Bush, R. T., & Sullivan, L. A. (1997). Morphology and behaviour of greigite from a Holocene
sediment in eastern Australia. Soil Research, 35(4), 853-861.

Bush, R. T., & Sullivan, L. A. (2000). Iron monosulfide distribution in three coastal floodplain
acid sulfate soils, eastern Australia. Pedosphere, 10(3), 237-245.

Cacco, G., Ferrari, G., & Saccomani, M. (1980). Pattern of sulfate uptake during root elongation
in maize: its correlation with productivity. Physiologia Plantarum, 48(3), 375-378.
https://doi.org/10.1111/j.1399-3054.1980.tb03271.x

Camberato, J. J. (1982). Sulfur availability of Coastal Plain soils as measured by corn grain yield
and tissue concentration [Unpublished master’s thesis]. North Caroline State University.

Camberato, J., & Casteel, S. (2010). Keep an eye open for sulfur deficiency in wheat. Agronomy
Department, Purdue University, West Lafayette, IN. Retrieved June 2021 from
https://www.agry.purdue.edu/ext/soybean/Arrivals/04-13-10 JC SC_Sulfur_deficiency.pdf

Camberato, J. J., & Kamprath, E. J. (1986). Solubility of adsorbed sulfate in coastal plain soils.
Soil Science, 142(4), 211-213. https://doi.org/10.1097/00010694-198610000-00004

Camberato, J. J., & Nielsen, R. (2019). Nitrogen Management Guidelines for Corn in Indiana.
Agronomy Department, Purdue University. Retrieved June 2021 from
http://www.kingcorn.org/news/timeless/NitrogenMgmt.pdf

Carciochi, W. D., Wyngaard, N., Divito, G. A., Calvo, N. I. R., Cabrera, M. L., & Echeverria, H.
E. (2016). Diagnosis of sulfur availability for corn based on soil analysis. Biology and
Fertility of Soils, 52(7), 917-926. https://doi.org/10.1007/s00374-016-1130-8

Campbell, C. R. (E. d.). (2013). Reference sufficiency ranges for plant analysis in the southern
region. Southern Cooperative Series Bulletin #394. North Carolina Dept. of Agriculture and
Consumer Services Agronomic Division. Raleigh, NC. ISBN: 1-58161-394-6. Retrieved
from July 2021 from https://www.ncagr.gov/agronomi/saaesd/scsb394.pdf

126


https://doi.org/10.1021/es503963k
https://www.agry.purdue.edu/ext/soybean/Arrivals/04-13-10_JC_SC_Sulfur_deficiency.pdf
http://www.kingcorn.org/news/timeless/NitrogenMgmt.pdf
https://doi.org/10.1007/s00374-016-1130-8
https://www.ncagr.gov/agronomi/saaesd/scsb394.pdf

Carciochi, W. D., Wyngaard, N., Reussi Calvo, N. I., Pagani, A., Divito, G. A., Echeverria, H.
E., & Ciampitti, I. A. (2019). Critical sulfur dilution curve and sulfur nutrition index in
maize. Agronomy Journal, 111(1), 448-456. https://doi.org/10.2134/agronj2018.07.0467

Carciochi, W. D., Reussi Calvo, N. I., Wyngaard, N., Divito, G. A., Eyherabide, M., &
Echeverria, H. E. (2019b). Prognosis and diagnosis of sulfur status in maize by plant
analysis. European Journal of Agronomy, 108, 1-10.
https://doi.org/10.1016/j.eja.2019.04.008

Carciochi, W. D., Salvagiotti, F., Pagani, A., Reussi Calvo, N. I., Eyherabide, M., Sainz Rozas,
H. R., & Ciampitti, I. A. (2020). Nitrogen and sulfur interaction on nutrient use efficiencies
and diagnostic tools in maize. European Journal of Agronomy, 116, 126045.
https://doi.org/10.1016/j.eja.2020.126045

Casteel, S. (2018). Soybean sulfur solutions?. Agronomy Department, Purdue University, West
Lafayette, IN. Retrieved June 2021 from
https://extension.entm.purdue.edu/newsletters/pestandcrop/article/soybean-sulfur-solutions/

Castellano, S. D., & Dick, R. P. (1991). Cropping and sulfur fertilization influence on sulfur
transformations in soil. Soil Science Society of America Journal, 55(1), 114-121.
https://doi.org/10.2136/sssaj1991.03615995005500010020x

Chen, D., Fu, X,, Guo, X., Lang, J., Zhou, Y., Li, Y., Liu, B., & Wang, W. (2020). The impact of
ship emissions on nitrogen and sulfur deposition in China. The Science of the Total
Environment, 708, 134636. https://doi.org/10.1016/j.scitotenv.2019.134636

Chen, L., Kost, D., & Dick, W. A. (2008). Flue gas desulfurization products as sulfur sources for
corn. Soil Science Society of America Journal, 72(5), 1464-1470.
https://doi.org/10.2136/sssaj2007.0221

Chien, S. H., Gearhart, M. M., & Collamer, D. J. (2008). The effect of different ammonical
nitrogen sources on soil acidification. Soil Science, 173(8), 544-551.
https://doi.org/10.1097/SS.0b013e31817d9d17

Clark, J. S., Gobin, C. A., & Sprout, P. N. (1961). Yellow mottles in some poorly drained soils of
the lower Fraser Valley, British Columbia. Canadian Journal of Soil Science, 41(2), 218-
227. https://doi.org/10.4141/cjss61-028

Connell, W. E., & Patrick, W. H. (1969). Reduction of sulfate to sulfide in waterlogged soil. Soil
Science Society of America Journal, 33(5), 711-715.
https://doi.org/10.2136/ss5aj1969.03615995003300050026x

127


https://doi.org/10.1016/j.eja.2020.126045

Costa, R. F. (2020). Sulfur speciation in a tropical soil under long-term no-till amended with
lime and phosphogypsum [Unpublished master’s thesis]. lowa State University
https://doi.org/10.11606/D.11.2020.tde-04052020-123116

Craker, L. E., & Starbuck, J. S. (1973). Leaf age and air pollutant susceptibility: Uptake of ozone
and sulfur dioxide. Environmental Research, 6(1), 91-94. https://doi.org/10.1016/0013-
9351(73)90021-2

Crusciol, C. A. C., Almeida, D. S., Alves, C. J., Soratto, R. P., Krebsky, E. O., & Spolidorio, E.
S. (2019). Can micronized sulfur in urea reduce ammoniacal nitrogen volatilization and
improve maize grain yield? Journal of Soil Science and Plant Nutrition, 19(4), 701-711.
https://doi.org/10.1007/s42729-019-00070-7

Culman, S., Fulford, A., Camberato, J., & Steinke, K. (2020). Tri-State Fertilizer
Recommendations. Bulletin 974. College of Food, Agricultural, and Environmental
Sciences. Columbus, OH: The Ohio State University.

David, M. B., Mitchell, M. J., & Nakas, J. P. (1982). Organic and inorganic sulfur constituents of
a forest soil and their relationship to microbial activity. Soil Science Society of America
Journal, 46(4), 847-852. https://doi.org/10.2136/sssaj1982.03615995004600040036x

David, M., Gentry, L., & Mitchell, C. (2016). Riverine response of sulfate to declining
atmospheric sulfur deposition in agricultural watersheds. Journal of Environmental Quality,
45(4), 1313-1319. https://doi.org/10.2134/jeq2015.12.0613

de Kok, L. J., Castro, A., Durenkamp, M., Koralewska, A., Posthumus, F. S., Stuiver, E., C. E.,
& ... & Stulen, 1. (2005). Pathways of plant sulfur uptake and metabolism-an overview. In
Landbauforschung Volkenrode (Issue 283).
https://literatur.thuenen.de/digbib_extern/bitv/zi037562.pdf#page=11

Delmelle, P., Stix, J., Baxter, P., Garcia-Alvarez, J., & Barquero, J. (2002). Atmospheric
dispersion, environmental effects and potential health hazard associated with the low-
altitude gas plume of Masaya volcano, Nicaragua. Bulletin of Volcanology, 64(6), 423-434.
https://doi.org/10.1007/s00445-002-0221-6

Dhir, B., Mahmooduzzafar, Siddiqi, T. O., & Igbal, M. (2001). Stomatal and photosynthetic
responses of Cichorium intybus leaves to sulfur dioxide treatment at different stages of plant
development. Journal of Plant Biology, 44(2), 97—-102. https://doi.org/10.1007/BF03030282

Dick, W. A., Kost, D., & Chen, L. (2008). Availability of sulfur to crops from soil and other
sources. Sulfur: A Missing Link between Soils, Crops, and Nutrition, 59-82.
https://doi.org/10.2134/agronmonogr50.c5

128


https://doi.org/10.11606/D.11.2020.tde-04052020-123116
https://doi.org/10.1016/0013-9351(73)90021-2
https://doi.org/10.1016/0013-9351(73)90021-2

Dijksterhuis, G. H., & Oenema, O. (1990). Studies on the effectiveness of various sulfur
fertilizers under controlled conditions. Fertilizer Research, 22(3), 147-159.
https://doi.org/10.1007/BF01120390

Divito, G. A., Echeverria, H. E., Andrade, F. H., & Sadras, V. O. (2015). Diagnosis of S
deficiency in soybean crops: Performance of S and N: S determinations in leaf, shoot and
seed. Field Crops Research, 180, 167-175. https://doi.org/10.1016/j.fcr.2015.06.006

Droux, M. (2004). Sulfur assimilation and the role of sulfur in plant metabolism: a survey.
Photosynthesis Research, 79(3), 331-348.
https://doi.org/10.1023/B:PRES.0000017196.95499.11

Duarte, N., Pardo, L. H., & Robin-Abbott, M. J. (2013). Susceptibility of forests in the
northeastern USA to nitrogen and sulfur deposition: Critical load exceedance and forest
health. Water, Air, and Soil Pollution, 224(2). https://doi.org/10.1007/s11270-012-1355-6

EPA. (2015). Annual sulfur dry deposition. EnviroAtlas, Fact Sheet, U.S. Environmental
Protection Agency. Retrieved May 2021 from
https://enviroatlas.epa.gov/enviroatlas/DataFactSheets/pdf/ESN/AnnualSulfurDryDepositio

n.pdf

EPA. (2020). 1990 Clean Air Act Amendment Summary. U.S. Environmental Protection
Agency. Retrieved November 2020 from https://www.epa.gov/clean-air-act-overview/1990-
clean-air-act-amendment-summary.

EPA. (2021). Clean Air Status and Trends Network (CASTNET). U.S. Environmental Protection
Agency. Retrieved July 2021 from https://www.epa.gov/castnet

EPA. (2021b). Images Representing Total Deposition of Sulfur in U.S. Over Multiple Years.
CASTNET/CMAQ/NADP. U.S. Environmental Protection Agency. Retrieved July 2021
from https://gaftp.epa.gov/castnet/tdep/images/s_tw/

Eriksen, J. (2008). Soil sulfur cycling in temperate agricultural systems. In Sulfur: A Missing
Link between Soils, Crops, and Nutrition (pp. 25-44).
https://doi.org/10.2134/agronmonogr50.c3

Eriksen, J., Mortensen, J. V., Nielsen, J. D., & Nielsen, N. E. (1995). Sulphur mineralization in
five Danish soils as measured by plant uptake in a pot experiment. Agriculture, Ecosystems
& Environment, 56(1), 43-51. https://doi.org/10.1016/0167-8809(95)00632-X

Farwell, S. O., Sherrard, A. E., Pack, M. R., & Adams, D. F. (1979). Sulfur compounds
volatilized from soils at different moisture contents. Soil Biology and Biochemistry, 11(4),
411-415. https://doi.org/10.1016/0038-0717(79)90055-5

129


https://enviroatlas.epa.gov/enviroatlas/DataFactSheets/pdf/ESN/AnnualSulfurDryDeposition.pdf
https://enviroatlas.epa.gov/enviroatlas/DataFactSheets/pdf/ESN/AnnualSulfurDryDeposition.pdf
https://www.epa.gov/clean-air-act-overview/1990-clean-air-act-amendment-summary
https://www.epa.gov/clean-air-act-overview/1990-clean-air-act-amendment-summary
https://www.epa.gov/castnet
https://gaftp.epa.gov/castnet/tdep/images/s_tw/

Fernéndez, F. G., Ebelhar, S., Greer, K., & Brown, H. (2012). Corn response to sulfur in Illinois.
University of Illinois. Retrieved July 2021 from
https://www.ifca.com/media/files/frec_358 fernandez 2012 report.pdf

Fleuridor, L., Doohan, D., & Culman, S. (n.d.). Ohio crop response to sulfur fertilization.
https://offer.osu.edu/sites/offer/files/imce/Files/Louceline_CTC_Talk.pdf

Fox, R. L., Atesalp, H. M., Kampbell, D. H., & Rhoades, H. F. (1964). Factors influencing the
availability of sulfur fertilizers to alfalfa and corn. Soil Science Society of America Journal,
28(3), 406-408. https://doi.org/10.2136/sssaj1964.03615995002800030031x

Freitas, W. E. de S., Oliveira, A. B. de, Mesquita, R. O., Carvalho, H. H. de, Prisco, J. T., &
Gomes-Filho, E. (2019). Sulfur-induced salinity tolerance in lettuce is due to a better P and
K uptake, lower Na/K ratio and an efficient antioxidative defense system. Scientia
Horticulturae, 257(August), 108764. https://doi.org/10.1016/].scienta.2019.108764

Friedrich, C. G., Rother, D., Bardischewsky, F., Quentmeier, A., & Fischer, J. (2001). Oxidation
of reduced inorganic sulfur compounds by bacteria: emergence of a common mechanism?
Applied and Environmental Microbiology, 67(7), 2873-2882.
https://doi.org/10.1128/AEM.67.7.2873-2882.2001

Gerini, O., Guidi, L., Lorenzini, G., & Soldatini, G. F. (1990). Leaf gas exchange of maize plants
fumigated with sulfur dioxide. Journal of Environmental Quality, 19(1), 154-156.
https://doi.org/10.2134/jeq1990.00472425001900010024x

Ghani, A., McLaren, R. G., & Swift, R. S. (1991). Sulphur mineralisation in some New Zealand
soils. Biology and Fertility of Soils, 11(1), 68—74. https://doi.org/10.1007/BF00335838

Ghani, A., McLaren, R. G., & Swift, R. S. (1992). Sulphur mineralisation and transformations in
soils as influenced by additions of carbon, nitrogen, and sulphur. Soil Biology and
Biochemistry, 24(4), 331-341. https://doi.org/10.1016/0038-0717(92)90193-2

Gianfreda, L., Rao, M. A., Piotrowska, A., Palumbo, G., & Colombo, C. (2005). Soil enzyme
activities as affected by anthropogenic alterations: Intensive agricultural practices and
organic pollution. Science of the Total Environment, 341(1-3), 265-279.
https://doi.org/10.1016/j.scitotenv.2004.10.005

Giovannetti, M., Tolosano, M., Volpe, V., Kopriva, S., & Bonfante, P. (2014). Identification and
functional characterization of a sulfate transporter induced by both sulfur starvation and
mycorrhiza formation in Lotus japonicus. New Phytologist, 204(3), 609-619.
https://doi.org/10.1111/nph.12949

130


https://www.ifca.com/media/files/frec_358_fernandez_2012_report.pdf
https://doi.org/10.1016/j.scienta.2019.108764

Goos, R. J. (1985). Identification of ammonium thiosulfate as a nitrification and urease inhibitor.
Soil Science Society of America Journal, 49(1), 232-235.
https://doi.org/10.2136/sssaj1985.03615995004900010047x

Granvogl, M., Wieser, H., Koehler, P., von Tucher, S., & Schieberle, P. (2007). Influence of
sulfur fertilization on the amounts of free amino acids in wheat. Correlation with baking
properties as well as with 3-aminopropionamide and acrylamide generation during baking.
Journal of Agricultural and Food Chemistry, 55(10), 4271-4277.
https://doi.org/10.1021/jf070262I

Graveel, J. G., Tyler, D. D., Jones, J. R., & McFee, W. W. (2002). Crop yield and rooting as
affected by fragipan depth in loess soils in the southeast USA. Soil and Tillage Research,
68(2), 153-161. https://doi.org/10.1016/S0167-1987(02)00118-6

Grayston, S. J., & Germida, J. J. (1990). Influence of crop rhizospheres on populations and
activity of heterotrophic sulfur-oxidizing microorganisms. Soil Biology and Biochemistry,
22(4), 457-463. https://doi.org/10.1016/0038-0717(90)90178-3

Graziano, P. L., & Parente, G. (1996). Response of irrigated maize to urea-ammonium nitrate
and ammonium thiosulphate solutions on a sulphur deficient soil. Nutrient Cycling in
Agroecosystems, 46(2), 91-95. https://doi.org/10.1007/BF00704308

Grossman, A., & Takahashi, H. (2001). Macronutrient utilization by photosynthetic eukaryotes
and the fabric of interactions. Annual Review of Plant Biology, 52(1), 163-210.
https://doi.org/10.1146/annurev.arplant.52.1.163

Guerrini, L., Napoli, M., Mancini, M., Masella, P., Cappelli, A., Parenti, A., & Orlandini, S.
(2020). Wheat grain composition, dough rheology and bread quality as affected by nitrogen
and sulfur fertilization and seeding density. Agronomy, 10(2), 233.
https://doi.org/10.3390/agronomy10020233

Gupta, V. V. S. R., & Germida, J. J. (1989). Microbial biomass and extractable sulfate sulfur
levels in native and cultivated soils as influenced by air-drying and rewetting. Canadian
Journal of Soil Science, 69(4), 889-894. https://doi.org/10.4141/cjss89-091

Haas, F. H., Heeg, C., Queiroz, R., Bauer, A., Wirtz, M., & Hell, R. (2008). Mitochondrial serine
acetyltransferase functions as a pacemaker of cysteine synthesis in plant cells. Plant
Physiology, 148(2), 1055-1067. https://doi.org/10.1104/pp.108.125237

Ham, G. E., Liener, I. E., Evans, S. D., Frazier, R. D., & Nelson, W. W. (1975). Yield and
composition of soybean seed as affected by N and S fertilization. Agronomy Journal, 67(3),
293-297. https://doi.org/10.2134/agronj1975.00021962006700030004x

131


https://doi.org/10.1016/0038-0717(90)90178-3

Harris, J., Schneberg, K. A., & Pilon-Smits, E. A. H. (2014). Sulfur—selenium—molybdenum
interactions distinguish selenium hyperaccumulator Stanleya pinnata from non-
hyperaccumulator Brassica juncea (Brassicaceae). Planta, 239(2), 479-491.
https://doi.org/10.1007/s00425-013-1996-8

Harward, M. E., Chao, T. T., & Fang, S. G. (1962). Soil properties and constituents in relation to
mechanisms of sulphate adsorption. Radioisotopes in Soil-Plant Nutrition Studies, 93-114.
http://citeseerx.ist.psu.edu/viewdoc/similar?doi=10.1.1.595.1076&type=ab

Hassan, N., & Olson, R. A. (1966). Influence of applied sulfur on availability of soil nutrients for
corn (Zea mays L.) nutrition. Soil Science Society of America Journal, 30(2), 284—286.
https://doi.org/10.2136/sssaj1966.03615995003000020039x

Hawkesford, M. J. (2000). Plant responses to sulphur deficiency and the genetic manipulation of
sulphate transporters to improve S-utilization efficiency. Journal of Experimental Botany,
51(342), 131-138. https://doi.org/10.1093/jexbot/51.342.131

Hawkesford, M. J., Davidian, J. C., & Grignon, C. (1993). Sulphate/proton cotransport in
plasma-membrane vesicles isolated from roots of Brassica napus L.: increased transport in
membranes isolated from sulphur-starved plants. Planta, 190(3), 297-304.
https://doi.org/10.1007/BF00196957

Heffter, J. L., & Stunder, B. J. B. (1993). Volcanic ash forecast transport and dispersion
(VAFTAD) model. Weather and Forecasting, 8(4), 533-541. https://doi.org/10.1175/1520-
0434(1993)008<0533:VAFTAD>2.0.CO;2

Hitsuda, K., Sfredo, G. J., & Klepker, D. (2004). Diagnosis of sulfur deficiency in soybean using
seeds. Soil Science Society of America Journal, 68(4), 1445-1451.
https://doi.org/10.2136/sssaj2004.1445

Hitsuda, K., Yamada, M., & Klepker, D. (2005). Sulfur requirement of eight crops at early stages
of growth. Agronomy Journal, 97(1), 155-159. https://doi.org/10.2134/agronj2005.0155a

Hoeft, R. G., & Fox, R. H. (1986). Plant response to sulfur in the Midwest and Northeastern
United States. In Sulfur in Agriculture (pp. 345-356).
https://doi.org/10.2134/agronmonogr27.c12

Hoffmann, B. D., Griffiths, A. D., & Andersen, A. N. (2000). Responses of ant communities to
dry sulfur deposition from mining emissions in semi-arid tropical Australia, with
implications for the use of functional groups. Austral Ecology, 25(6), 653-663.
https://doi.org/10.1111/j.1442-9993.2000.tb00071.x

132



Hopkins, L., Parmar, S., Bouranis, D. L., Howarth, J. R., & Hawkesford, M. J. (2004).
Coordinated expression of sulfate uptake and components of the sulfate assimilatory
pathway in maize. Plant Biology, 6(4), 408—414. https://doi.org/10.1055/s-2004-820872

Huang, X.-Y., Chao, D.-Y., Koprivova, A., Danku, J., Wirtz, M., Miiller, S., Sandoval, F. J.,
Bauwe, H., Roje, S., Dilkes, B., Hell, R., Kopriva, S., & Salt, D. E. (2016). Nuclear
localised MORE SULPHUR ACCUMULATIONL1 epigenetically regulates sulphur
homeostasis in Arabidopsis thaliana. PLOS Genetics, 12(9), e1006298.
https://doi.org/10.1371/journal.pgen.1006298

Hue, N. v, & Cope, J. T. (1987). Use of soil-profile sulfate data for predicting crop response to
sulfur. Soil Science Society of America Journal, 51(3), 658-664.
https://doi.org/10.2136/sssaj1987.03615995005100030019x

Huffman, G. P., Mitra, S., Huggins, F. E., Shah, N., Vaidya, S., & Lu, F. (1991). Quantitative
analysis of all major forms of sulfur in coal by X-ray absorption fine structure spectroscopy.
Energy & Fuels, 5(4), 574-581.

Husa, T. E., & Ruiz Diaz, D. A. (2020). Fertilizer source and rate affect sulfur uptake and yield
response in corn. Kansas Agricultural Experiment Station Research Reports, 6(9).
https://doi.org/10.4148/2378-5977.7978

Janzen, H. H., & Bettany, J. R. (1987). Measurement of sulfur oxidation in soils. Soil Science,
143(6), 444-452. https://doi.org/10.1097/00010694-198706000-00008

Joern, C. (2020). Soybean yield response to sulfur applications in Indiana. Creative
Components. 652. lowa State Univ., Ames, lowa. Retrieved July 2021 from
https://lib.dr.iastate.edu/creativecomponents/652

Johnson, C. M., & Nishita, H. (1952). Microestimation of sulfur in plant materials, soils, and
irrigation waters. In Analytical chemistry (pp. 736-742).

Johnson, D. W., & Todd, D. E. (1983). Relationships among iron, aluminum, carbon, and sulfate
in a variety of forest soils. Soil Science Society of America Journal, 47(4), 792—-800.
https://doi.org/10.2136/ss5aj1983.03615995004700040035x%

Kaiser, D. E., & Kim, K. I. (2013). Soybean response to sulfur fertilizer applied as a broadcast or
starter using replicated strip trials. Agronomy Journal, 105(4), 1189-1198.
https://doi.org/10.2134/agronj2013.0023

Kaiser, D. E., & Vetsch, J. (2020). Sulfur for Minnesota soils. University of Minnesota
Extension. https://extension.umn.edu/micro-and-secondary-macronutrients/sulfur-
minnesota-soils

133


https://doi.org/10.1371/journal.pgen.1006298

Kamprath, E. J., Nelson, W. L., & Fitts, J. W. (1956). The effect of pH, sulfate, and phosphate
concentrations on the adsorption of sulfate by soils. Soil Science Society of America
Journal, 20(4), 463. https://doi.org/10.2136/sssaj1956.03615995002000040005x

Kang, B. T., Okoro, E., Acquaye, D., & Osiname, O. A. (1981). Sulfur status of some Nigerian
soils from the savanna and forest zones. Soil Science, 132(3), 220-227.
https://doi.org/10.1097/00010694-198109000-00005

Karamanos, R. E., & Janzen, H. H. (1991). Crop response to elemental sulfur fertilizers in
central Alberta. Canadian Journal of Soil Science, 71(2), 213-225.
https://doi.org/10.4141/cjss91-021

Kataoka, Tatsuhiko., Hayashi, Naomi., Yamaya, Tomoyuki., & Takahashi, Hideki. (2004). Root-
to-shoot transport of sulfate in arabidopsis. Evidence for the role of Sultr3;5 as a component
of low-affinity sulfate transport system in the root vasculature. Plant Physiology, 136(4),
4198-4204. https://doi.org/10.1104/pp.104.045625

Kataoka, T., Watanabe-Takahashi, A., Hayashi, N., Ohnishi, M., Mimura, T., Buchner, P.,
Hawkesford, M. J., Yamaya, T., & Takahashi, H. (2004b). Vacuolar sulfate transporters are
essential determinants controlling internal distribution of sulfate in arabidopsis. The Plant
Cell, 16(10), 2693-2704. https://doi.org/10.1105/tpc.104.023960

Kaya, C., Ashraf, M., & Akram, N. A. (2018). Hydrogen sulfide regulates the levels of key
metabolites and antioxidant defense system to counteract oxidative stress in pepper
(Capsicum annuum L.) plants exposed to high zinc regime. Environmental Science and
Pollution Research, 25(13), 12612-12618. https://doi.org/10.1007/s11356-018-1510-8

Kelly, D. P., Shergill, J. K., & Lu, WP. et al. (1997). Oxidative metabolism of inorganic sulfur
compounds by bacteria. Antonie Van Leeuwenhoek, 71, 95-107.
https://doi.org/10.1023/A:1000135707181

Ketterings, Q., Miyamoto, C., Mathur, R. R., Dietzel, K., & Gami, S. (2011). A comparison of
soil sulfur extraction methods. Soil Science Society of America Journal, 75(4), 1578-1583.
https://doi.org/10.2136/sssaj2010.0407

Kim, K. I, Kaiser, D. E., & Lamb, J. (2013). Corn response to starter fertilizer and broadcast
sulfur evaluated using strip trials. Agronomy Journal, 105(2), 401-411.
https://doi.org/10.2134/agronj2012.0299

Kimura, Y., Ushiwatari, T., Suyama, A., Tominaga-Wada, R., Wada, T., & Maruyama-
Nakashita, A. (2019). Contribution of root hair development to sulfate uptake in
arabidopsis. Plants, 8(4), 106. https://doi.org/10.3390/plants8040106

134


https://doi.org/10.1104/pp.104.045625
https://doi.org/10.1007/s11356-018-1510-8

Kirchmann, H., Pichlmayer, F., & Gerzabek, M. H. (1996). Sulfur balances and sulfur-34
abundance in a long-term fertilizer experiment. Soil Science Society of America Journal,
60(1), 174-178. https://doi.org/10.2136/sssaj1996.03615995006000010028x

Kletzin, A., Urich, T., Mdller, F., Bandeiras, T. M., & Gomes, C. M. (2004). Dissimilatory
oxidation and reduction of elemental sulfur in thermophilic archaea. Journal of
Bioenergetics and Biomembranes, 36(1), 77-91.
https://doi.org/10.1023/B:JOBB.0000019600.36757.8c

Klimont, Z., Smith, S. J., & Cofala, J. (2013). The last decade of global anthropogenic sulfur
dioxide: 2000-2011 emissions. Environmental Research Letters, 8(1).
https://doi.org/10.1088/1748-9326/8/1/014003

Knights, J. S., Zhao, F. J., McGrath, S. P., & Magan, N. (2001). Long-term effects of land use
and fertiliser treatments on sulphur transformations in soils from the Broadbalk experiment.
Soil Biology and Biochemistry, 33(12-13), 1797—-1804. https://doi.org/10.1016/S0038-
0717(01)00106-7

Knights, J. S., Zhao, F. J., Spiro, B., & McGrath, S. P. (2000). Long-term effects of land use and
fertilizer treatments on sulfur cycling. Journal of Environmental Quality, 29(6), 1867-1874.
https://doi.org/10.2134/jeq2000.00472425002900060020xKost, D., Chen, L., & Dick, W.
A. (2008). Predicting plant sulfur deficiency in soils: results from Ohio. Biology and
Fertility of Soils, 44(8), 1091-1098. https://doi.org/10.1007/s00374-008-0298-y

Kredich, N. M., & Tomkins, G. M. (1966). The enzymic synthesis of I-cysteine in Escherichia
coli and Salmonella typhimurium. Journal of Biological Chemistry, 241(21), 4955-4965.
https://doi.org/10.1016/S0021-9258(18)99657-2

Kumar, R., & Bohra, J. S. (2014). Effect of NPKS and Zn application on growth, yield,
economics, and quality of baby corn. Archives of Agronomy and Soil Science, 60(9), 1193—
1206. https://doi.org/10.1080/03650340.2013.873122

Kumar, V., & Singh, M. (1980). Sulfur, phosphorus, and molybdenum interactions in relation to
growth, uptake, and utilization of sulfur in soybean. Soil Science, 130(1), 26-31.
https://doi.org/10.1097/00010694-198007000-00005

Kurbondski, A. J., Kaiser, D. E., Rosen, C. J., & Sutradhar, A. K. (2019). Does irrigated corn
require multiple applications of sulfur? Soil Science Society of America Journal, 83(4),
1124-1136. https://doi.org/10.2136/sss52j2018.10.0368

135


https://doi.org/10.2136/sssaj1996.03615995006000010028x
https://doi.org/10.2134/jeq2000.00472425002900060020x

Landers, D. H., David, M. B., & Mitchell, M. J. (1983). Analysis of organic and inorganic sulfur
constituents in sediments, soils, and water. International Journal of Environmental
Analytical Chemistry, 14(4), 245-256. https://doi.org/10.1080/03067318308071623

Lappartient, A. G., & Touraine, B. (1996). Demand-driven control of root ATP sulfurylase
activity and SO4% uptake in intact canola: the role of phloem-translocated glutathione. Plant
Physiology, 111(1), 147-157. https://doi.org/10.1104/pp.111.1.147

Lawrence, J. R., & Germida, J. J. (1988). Relationship between microbial biomass and elemental
sulfur oxidation in agricultural soils. Soil Science Society of America Journal, 52(3), 672—
677. https://doi.org/10.2136/sssaj1988.03615995005200030014x

Leggett, J. E., & Epstein, E. (1956). Kinetics of sulfate absorption by barley roots. Plant
Physiology, 31(3), 222-226. https://doi.org/10.1104/pp.31.3.222

Li, W., Shan, Y., Xiao, X., Zheng, J., Luo, Q., Ouyang, S., & Zhang, G. (2013). Effect of
nitrogen and sulfur fertilization on accumulation characteristics and physicochemical
properties of A-and B-wheat starch. J. Agric. Food Chem, 61.
https://doi.org/10.1021/jf400107b

Li, X., Rui, J., Xiong, J., Li, J., He, Z., Zhou, J., Yannarell, A. C., & Mackie, R. I. (2014).
Functional potential of soil microbial communities in the maize rhizosphere. PLoS ONE,
9(11), 1126009. https://doi.org/10.1371/journal.pone.0112609

Lou, G., & Warman, P. R. (1992). Biology and fertility of soil enzymatic hydrolysis of ester
sulphate in soil organic matter extracts. Biology and Fertility of Soils, 14, 112-115.
https://link.springer.com/content/pdf/10.1007%2FBF00336259.pdf

Lowe, L. E., & DeLong, W. A. (1963). Carbon bonded sulphur in selected Quebec soils.
Canadian Journal of Soil Science, 43(1), 151-155. https://doi.org/10.4141/cjss63-018

Lunn, J. E., Droux, M., Martin, J., & Douce, R. (1990). Localization of ATP sulfurylase and O -
acetylserine(thiol)lyase in spinach leaves. Plant Physiology, 94(3), 1345-1352.
https://doi.org/10.1104/pp.94.3.1345

Manning, T. J., & Grow, W. R. (1997). Inductively coupled plasma-atomic emission
spectrometry. The Chemical Educator, 2(1), 1-19. https://doi.org/10.1007/s00897970103a

Marschner, P. (2003). Structure and function of the soil microbial community in a long-term
fertilizer experiment. Soil Biology and Biochemistry, 35(3), 453-461.
https://doi.org/10.1016/S0038-0717(02)00297-3

136



Maruyama-Nakashita, A., Nakamura, Y., Tohge, T., Saito, K., & Takahashi, H. (2006).
Arabidopsis SLIML is a central transcriptional regulator of plant sulfur response and
metabolism. Plant Cell, 18(11), 3235-3251. https://doi.org/10.1105/tpc.106.046458

Maruyama-Nakashita, A., Nakamura, Y., Yamaya, T., & Takahashi, H. (2004). A novel
regulatory pathway of sulfate uptake in Arabidopsis roots: Implication of
CRE1/WOL/AHK4-mediated cytokinin-dependent regulation. Plant Journal, 38(5), 779—
789. https://doi.org/10.1111/j.1365-313X.2004.02079.x

Maruyama-Nakashita, A., Watanabe-Takahashi, A., Inoue, E., Yamaya, T., Saito, K., &
Takahashi, H. (2015). Sulfur-responsive elements in the 3’-nontranscribed intergenic region
are essential for the induction of SULFATE TRANSPORTER 2;1 gene expression in
arabidopsis roots under sulfur deficiency. Plant Cell, 27(4), 1279-1296.
https://doi.org/10.1105/tpc.114.134908

Maynard, D. G., Kalra, Y. P., & Radford, F. G. (1987). Extraction and determination of sulfur in
organic horizons of forest soils. Soil Science Society of America Journal, 51(3), 801-806.
https://doi.org/10.2136/sssaj1987.03615995005100030041x

Maynard, D. G., Stewart, J. W. B., & Bettany, J. R. (1983). Sulfur and nitrogen mineralization in
soils compared using two incubation techniques. Soil Biology and Biochemistry, 15(3),
251-256. https://doi.org/10.1016/0038-0717(83)90067-6

McCarty, G. W., Bremner, J. M., & Krogmeier, M. J. (1990). Evaluation of ammonium
thiosulfate as a soil urease inhibitor. Fertilizer Research, 24(3), 135-1309.
https://doi.org/10.1007/BF01073581

McCaskill, M. R., & Blair, G. J. (1989). A model for the release of sulfur from elemental S and
superphosphate. Fertilizer Research, 19(2), 77-84. https://doi.org/10.1007/BF01054678

McGill, W. B., & Cole, C. V. (1981). Comparative aspects of cycling of organic C, N, Sand P
through soil organic matter. Geoderma, 26(4), 267-286. https://doi.org/10.1016/0016-
7061(81)90024-0

McLaren, R. G., Keer, J. I., & Swift, R. S. (1985). Sulphur transformations in soils using
sulphur-35 labelling. Soil Biology and Biochemistry, 17(1), 73-79.
https://doi.org/10.1016/0038-0717(85)90092-6

McQuaker, N. R., Brown, D. F., & Kluckner, P. D. (1979). Digestion of environmental materials
for analysis by inductively coupled plasma-atomic emission spectrometry. Analytical
Chemistry, 51(7), 1082—-1084. https://doi.org/10.1021/ac50043a071

137


https://doi.org/10.1021/ac50043a071

Melillo, J. M., & Steudler, P. A. (1989). The effect of nitrogen fertilization on the COS and CS2
emissions from temperature forest soils. Journal of Atmospheric Chemistry, 9(4), 411-417.
https://doi.org/10.1007/BF00114753

Meredith, L. K., Boye, K., Youngerman, C., Whelan, M., Ogée, J., Sauze, J., & Wingate, L.
(2018). Coupled biological and abiotic mechanisms driving carbonyl sulfide production in
soils. Soil Systems, 2(3), 1-27. https://doi.org/10.3390/soilsystems2030037

Mikkelsen, R. L., & Wan, H. F. (1990). The effect of selenium on sulfur uptake by barley and
rice. Plant and Soil, 121(1), 151-153. https://doi.org/10.1007/BF00013109

Morales, A. G. (2020). Characterization and Quantification of Maize Responses to Experimental
Treatments in Field-scale Research Using UAV Imagery. [Unpublished master’s thesis].
Purdue University.

Moser, M. (2016). Residual effects of nitrogen fertilization on soil nitrogen pools and corn
growth [Unpublished master’s thesis]. Purdue University.

Myers, C. R., & Nealson, K. H. (1988). Microbial reduction of manganese oxides: Interactions
with iron and sulfur. Geochimica et Cosmochimica Acta, 52(11), 2727-2732.
https://doi.org/10.1016/0016-7037(88)90041-5

NASA. 2021. Multi-decadal Sulfur Dioxide Climatology from Satellite Instruments. National
Aeronautics and Space Administration. Retrieved July 2021 from
https://s02.gsfc.nasa.gov/measures.html

Neptune, A. M. L., Tabatabai, M. A., & Hanway, J. J. (1975). Sulfur fractions and carbon-
nitrogen-phosphorus-sulfur relationships in some Brazilian and lowa Soils. Soil Science
Society of America Journal, 39(1), 51.
https://doi.org/10.2136/sssaj1975.03615995003900010016Xx

Nibau, C., Gibbs, D. J., & Coates, J. C. (2008). Branching out in new directions: The control of
root architecture by lateral root formation. New Phytologist, 179(3), 595-614.
https://doi.org/10.1111/j.1469-8137.2008.02472.x

Nielsen, R. L. (Bob). (2020). Historical corn grain yields in the U.S. Agronomy Dept, Purdue
University Extension. Retrieved July 2021 from
http://www.kingcorn.org/news/timeless/YieldTrends.html

138


https://doi.org/10.1007/BF00013109
https://so2.gsfc.nasa.gov/measures.html
https://doi.org/10.1111/j.1469-8137.2008.02472.x
http://www.kingcorn.org/news/timeless/YieldTrends.html

Nopmongcol, U., Beardsley, R., Kumar, N., Knipping, E., & Yarwood, G. (2019). Changes in
United States deposition of nitrogen and sulfur compounds over five decades from 1970 to
2020. Atmospheric Environment, 209 (March 2019), 144-151.
https://doi.org/10.1016/j.atmosenv.2019.04.018

Ohio State University. (n.d.). Sulfur availability in soils. Retrieved May 2021 from https://cura-
gis-web.asc.ohio-state.edu/sam.htm

Okazaki, Y., Shimojima, M., Sawada, Y., Toyooka, K., Narisawa, T., Mochida, K., Tanaka, H.,
Matsuda, F., Hirai, A., Hirai, M. Y., Ohta, H., & Saito, K. (2009). A chloroplastic UDP-
Glucose pyrophosphorylase from Arabidopsis is the committed enzyme for the first step of
sulfolipid biosynthesis. The Plant Cell, 21(3), 892-909.
https://doi.org/10.1105/tpc.108.063925

O’Leary, M. J., & Rehm, G. W. (1990). Nitrogen and sulfur effects on the yield and quality of
corn grown for grain and silage. Journal of Production Agriculture, 3(1), 135-140.
https://doi.org/10.2134/jpa1990.0135

Oppenheimer, C., Scaillet, B., & Martin, R. S. (2011). Sulfur degassing from volcanoes: Source
conditions, surveillance, plume chemistry and earth system impacts. Reviews in Mineralogy
and Geochemistry, 73, 363-421. https://doi.org/10.2138/rmg.2011.73.13

Pagani, A., & Echeverria, H. E. (2011). Performance of sulfur diagnostic methods for corn.
Agronomy Journal, 103(2), 413-421. https://doi.org/10.2134/agronj2010.0265

Pakou, C., Stamatelatou, K., Kornaros, M., & Lyberatos, G. (2007). On the complete aerobic
microbial mineralization of linear alkylbenzene sulfonate. Desalination, 215(1-3), 198-208.
https://doi.org/10.1016/j.desal.2006.11.020

Panthee, D. R., Pantalone, V. R., Sams, C. E., Saxton, A. M., West, D. R., Orf, J. H., & Killam,
A. S. (2006). Quantitative trait loci controlling sulfur containing amino acids, methionine,
and cysteine, in soybean seeds. Theoretical and Applied Genetics, 112(3), 546-553.
https://doi.org/10.1007/s00122-005-0161-6

Pias, O. H. D. C,, Tiecher, T., Cherubin, M. R., Mazurana, M., & Bayer, C. (2019). Crop yield
responses to sulfur fertilization in Brazilian no-till soils: A systematic review. Revista
Brasileira de Ciéncia Do Solo, 43, 1-21. https://doi.org/10.1590/18069657rbcs20180078

Powers, W. L. (1923). Sulfur in relation to soil fertility. Oregon Agricultural College.

Prata, A. J., Carn, S. A,, Stohl, A., & Kerkmann, J. (2007). Long range transport and fate of a
stratospheric volcanic cloud from Soufriére Hills volcano, Montserrat. Atmospheric
Chemistry and Physics, 7(19), 5093-5103. https://doi.org/10.5194/acp-7-5093-2007

139


https://doi.org/10.1016/j.atmosenv.2019.04.018
https://cura-gis-web.asc.ohio-state.edu/sam.htm
https://cura-gis-web.asc.ohio-state.edu/sam.htm
https://doi.org/10.1590/18069657rbcs20180078

Probert, M. E., & Jones, R. K. (1977). The use of soil analysis for predicting the response to
sulphur of pasture legumes in the Australian tropics. Soil Research, 15, 137-146.
https://doi.org/10.1071/SR9770137

Qian, J., Shen, M., Wang, P., Wang, C., Hou, J., Ao, Y., Liu, J., & Li, K. (2017). Adsorption of
perfluorooctane sulfonate on soils: Effects of soil characteristics and phosphate competition.
Chemosphere, 168, 1383-1388. https://doi.org/10.1016/j.chemosphere.2016.11.114

Qiao, X., Shu, X., Tang, Y., Duan, L., Seyler, B. C., Guo, H., Xiao, Y., Ying, Q., & Zhang, H.
(2021). Atmospheric deposition of sulfur and nitrogen in the West China rain zone: Fluxes,
concentrations, ecological risks, and source apportionment. Atmospheric Research, 256,
1055609. https://doi.org/10.1016/j.atmosres.2021.105569

Ravanel, S., Gakiere, B., Job, D., & Douce, R. (1998). The specific features of methionine
biosynthesis and metabolism in plants. Proceedings of the National Academy of Sciences of
the United States of America, 95(13), 7805-7812. https://doi.org/10.1073/pnas.95.13.7805

Reese, B. K., Anderson, M. A., & Amrhein, C. (2008). Hydrogen sulfide production and
volatilization in a polymictic eutrophic saline lake, Salton Sea, California. Science of the
Total Environment, 406(1-2), 205-218. https://doi.org/10.1016/j.scitotenv.2008.07.021

Rehm, G. W. (1993). Timing sulfur applications for corn (Zea mays L.) production on irrigated
sandy soil. Communications in Soil Science and Plant Analysis, 24(3-4), 285-294.
https://doi.org/10.1080/00103629309368799

Rehm, G. W. (2005). Sulfur management for corn growth with conservation tillage. Soil Science
Society of America Journal, 69(3), 709-717. https://doi.org/10.2136/sssaj2004.0151

RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC, Boston.
http://www.rstudio.com/

Ruzek, M., Tahovska, K., Guggenberger, G., & Oulehle, F. (2021). Litter decomposition in
European coniferous and broadleaf forests under experimentally elevated acidity and
nitrogen addition. Plant and Soil. https://doi.org/10.1007/s11104-021-04926-9

Saggar, S., Bettany, J. R., & Stewart, J. W. B. (1981). Measurement of microbial sulfur in soil.
Soil Biology and Biochemistry, 13(6), 493-498. https://doi.org/10.1016/0038-
0717(81)90040-7

Saito, K., Kurosawa, M., Tatsuguchi, K., Takagi, Y., & Murakoshi, 1. (1994). Modulation of
cysteine biosynthesis in chloroplasts of transgenic tobacco overexpressing cysteine synthase
[O-acetylserine(thiol)-lyase]. Plant Physiology, 106(3), 887—895.
https://doi.org/10.1104/pp.106.3.887

140



Salvagiotti, F., Castellarin, J. M., Miralles, D. J., & Pedrol, H. M. (2009). Sulfur fertilization
improves nitrogen use efficiency in wheat by increasing nitrogen uptake. Field Crops
Research, 113(2), 170-177. https://doi.org/10.1016/j.fcr.2009.05.003

Salvagiotti, F., Ferraris, G., Quiroga, A., Barraco, M., Vivas, H., Prystupa, P., Echeverria, H., &
Gutiérrez Boem, F. H. (2012). Identifying sulfur deficient fields by using sulfur content;
N:S ratio and nutrient stoichiometric relationships in soybean seeds. Field Crops Research,
135, 107-115. https://doi.org/10.1016/j.fcr.2012.07.011

Salvagiotti, F., Prystupa, P., Ferraris, G., Couretot, L., Magnano, L., Dignani, D., & Gutiérrez, F.
H. (2017). N:P:S stoichiometry in grains and physiological attributes associated with grain
yield in maize as affected by phosphorus and sulfur nutrition. Field Crops Research, 203,
128-138. https://doi.org/10.1016/j.fcr.2016.12.019

Sawyer, J. E., & Barker, D. W. (2002). Sulfur application to corn and soybean crops in lowa.
Proceedings of the Integrated Crop Management Conference, 3, 12-24.
https://doi.org/10.31274/icm-180809-722

Sawyer, J. E., Lang, B., Barker, D. W., & Cummins, G. (2009). Increasing importance of sulfur
for field crops. Thirty-Ninth North Central Extension-Industry Soil Fertility Conference, 25,
64-74.

Sawyer, J. E., Lang, B. J., & Barker, D. W. (2015). Sulfur management for lowa crop
production. Retrieved July 2021 from
http://www.agronext.iastate.edu/soilfertility/info/ CROP3072.pdf

Schoenau, J. J., & Malhi, S. S. (2008). Sulfur forms and cycling processes in soil and their
relationship to sulfur fertility. In Sulfur: A Missing Link between Soils, Crops, and Nutrition
(pp. 1-10). https://doi.org/10.2134/agronmonogr50.c1

Schonheit, P., & Schafer, T. (1995). Metabolism of hyperthermophiles. World Journal of
Microbiology & Biotechnology, 11(1), 26-57. https://doi.org/10.1007/BF00339135

Scott, N. M. (1976). Sulphate contents and sorption in Scottish soils. Journal of the Science of
Food and Agriculture, 27(4), 367-372. https://doi.org/10.1002/jsfa.2740270411

Sexton, P. J., Naeve, S. L., Paek, N. C., & Shibles, R. (1998). Sulfur availability, cotyledon
nitrogen:sulfur ratio, and relative abundance of seed storage proteins of soybean. Crop
Science, 38(4), 983-986. https://doi.org/10.2135/cropsci1998.0011183X003800040017x

141


https://doi.org/10.31274/icm-180809-722
https://doi.org/10.2134/agronmonogr50.c1

Sheng, H., Zeng, J., Liu, Y., Wang, X., Wang, Y., Kang, H., Fan, X,, Sha, L., Zhang, H., &
Zhou, Y. (2016). Sulfur mediated alleviation of Mn toxicity in Polish wheat relates to
regulating Mn allocation and improving antioxidant system. Frontiers in Plant Science, 7,
132. https://doi.org/10.3389/fpls.2016.01382

Shinmachi, F., Buchner, P., Stroud, J. L., Parmar, S., Zhao, F.-J., McGrath, S. P., & Hawkesford,
M. J. (2010). Influence of sulfur deficiency on the expression of specific sulfate transporters
and the distribution of sulfur, selenium, and molybdenum in wheat. Plant Physiology,
153(1), 327-336. https://doi.org/10.1104/pp.110.153759

Sims, J. T. (1986). Soil pH effects on the distribution and plant availability of manganese,
copper, and zinc. Soil Science Society of America Journal, 50(2), 367-373.
https://doi.org/10.2136/ss5aj1986.03615995005000020023x

Sims, J. L., Leggett, J. E., & Pal, U. R. (1979). Molybdenum and sulfur interaction effects on
growth, yield, and selected chemical constituents of burley tobacco. Agronomy Journal,
71(1), 75-78. https://doi.org/10.2134/agronj1979.00021962007100010018x

Sitte, J., Akab, D. M., Kaufmann, C., Finster, K., Banerjee, D., Burkhardt, E.-M., Kostka, J. E.,
Scheinost, A. C., Biichel, G., & Kisel, K. (2010). Microbial links between sulfate reduction
and metal retention in uranium- and heavy metal-contaminated soil. Applied and
Environmental Microbiology, 76(10), 3143-3152. https://doi.org/10.1128/AEM.00051-10

Soil Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture. Web Soil Survey. Retrieved May 2021 from
http://websoilsurvey.sc.egov.usda.gov/

Solomon, D., Lehmann, J., Kinyangi, J., Pell, A., Theis, J., Riha, S., Ngoze, S., Amelung, W.,
Preez, C., Machado, S., Ellert, B., & Janzen, H. (2009). Anthropogenic and climate
influences on biogeochemical dynamics and molecular-level speciation of soil sulfur.
Ecological Applications, 19(4), 989-1002. https://doi.org/10.1890/08-0095.1

Solomon, D., Lehmann, J., Tekalign, M., Fritzsche, F., & Zech, W. (2001). Sulfur fractions in
particle-size separates of the sub-humid Ethiopian highlands as influenced by land use
changes. Geoderma, 102(1-2), 41-59. https://doi.org/10.1016/S0016-7061(00)00103-8

Solomon, D., Lehmann, J., & Martinez, C. E. (2003). Sulfur K-edge XANES spectroscopy as a
tool for understanding sulfur dynamics in soil organic matter. Soil Science Society of
America Journal, 67(6), 1721-1731. https://doi.org/10.2136/sssaj2003.1721

142


https://doi.org/10.1104/pp.110.153759
https://doi.org/10.1128/AEM.00051-10

Spratt, H. G. (1997). Microbial sulfur transformations in A-horizon soils of a Missouri Ozark
Forest managed for timber production by clear-cutting. Soil Biology and Biochemistry,
29(11-12), 1639-1646. https://doi.org/10.1016/S0038-0717(97)00082-5

Stanko-Golden, K. M., & Fitzgerald, J. W. (1991). Sulfur transformations and pool sizes in
tropical forest soils. Soil Biology and Biochemistry, 23(11), 1053-1058.
https://doi.org/10.1016/0038-0717(91)90043-J

Stecker, J. A., Buchholz, D. D., & Tracy, P. W. (1995). Fertilizer sulfur effects on corn yield and
plant sulfur concentration. Journal of Production Agriculture, 8(1), 61-65.
https://doi.org/10.2134/jpa1995.0061

Steinke, K., Rutan, J., & Thurgood, L. (2015). Corn response to nitrogen at multiple sulfur rates.
Agronomy Journal, 107(4), 1347-1354. https://doi.org/10.2134/agronj14.0424

Stewart, B. A., & Porter, L. K. (1969). Nitrogen-sulfur relationships in wheat (Triticum aestivum
L.), corn (Zea mays), and beans (Phaseolus vulgaris). Agronomy Journal, 61(2), 267-271.
https://doi.org/10.2134/agronj1969.00021962006100020027x

Sutradhar, A. K., Kaiser, D. E., & Fernandez, F. G. (2017). Does total nitrogen/sulfur ratio
predict nitrogen or sulfur requirement for corn? Soil Science Society of America Journal,
81(3), 564-577. https://doi.org/10.2136/sssaj2016.10.0352

Tabatabai, M. A. (1996). Methods of soil analysis: part 3 chemical methods. In Sulfur (Issue 5,
pp. 921-960). https://doi.org/10.7551/mitpress/7458.003.0047

Tabatabai, M. A., & Bremner, J. M. (1972). Distribution of total and available sulfur in selected
soils and soil profiles. Agronomy Journal, 64(1), 40-44.
https://doi.org/10.2134/agronj1972.00021962006400010013x

Tabatabai, M. A., & Chae, Y. M. (1991). Mineralization of sulfur in soils amended with organic
wastes. Journal of Environmental Quality, 20(3), 684-690.
https://doi.org/10.2134/jeq1991.00472425002000030030x

Takahashi, H., Watanabe-Takahashi, A., Smith, F. W., Blake-Kalff, M., Hawkesford, M. J., &
Saito, K. (2000). The roles of three functional sulphate transporters involved in uptake and
translocation of sulphate in Arabidopsis thaliana. Plant Journal, 23(2), 171-182.
https://doi.org/10.1046/j.1365-313X.2000.00768.x

Tanikawa, T., Noguchi, K., Nakanishi, K., Shigenaga, H., Nagakura, J., Sakai, H., Akama, A., &
Takahashi, M. (2014). Sequential transformation rates of soil organic sulfur fractions in
two-step mineralization process. Biology and Fertility of Soils, 50(2), 225-237.
https://doi.org/10.1007/s00374-013-0849-8

143



Tao, Z., Chang, X., Wang, D., Wang, Y., Ma, S., Yang, Y., & Zhao, G. (2018). Effects of sulfur
fertilization and short-term high temperature on wheat grain production and wheat flour
proteins. Crop Journal, 6(4), 413-425. https://doi.org/10.1016/j.cj.2018.01.007

Taylor, J. P., Wilson, B., Mills, M. S., & Burns, R. G. (2002). Comparison of microbial numbers
and enzymatic activities in surface soils and subsoils using various techniques. Soil Biology
and Biochemistry, 34(3), 387-401. https://doi.org/10.1016/S0038-0717(01)00199-7

Thode-Andersen, S., & Jargensen, B. B. (1989). Sulfate reduction and the formation of 35S-
labeled FeS, FeSy, and SO in coastal marine sediments. Limnology and Oceanography,
34(5), 793-806. https://doi.org/10.4319/10.1989.34.5.0793

Thomason, W. E., Phillips, S. B., Pridgen, T. H., Kenner, J. C., Griffey, C. A., Beahm, B.R., &
Seabourn, B. W. (2007). Managing nitrogen and sulfur fertilization for improved bread
wheat quality in humid environments. Cereal Chemistry Journal, 84(5), 450-462.
https://doi.org/10.1094/CCHEM-84-5-0450

van Hove, L. W. A., Adema, E. H., Vredenberg, W. J., & Pieters, G. A. (1989). A study of the
adsorption of NHz and SO on leaf surfaces. Atmospheric Environment (1967), 23(7), 1479—
1486. https://doi.org/10.1016/0004-6981(89)90407-1

Vet, R., Artz, R. S., Carou, S., Shaw, M., Ro, C. U., Aas, W., Baker, A., Bowersox, V. C.,
Dentener, F., Galy-Lacaux, C., Hou, A., Pienaar, J. J., Gillett, R., Forti, M. C., Gromov, S.,
Hara, H., Khodzher, T., Mahowald, N. M., Nickovic, S., ... Reid, N. W. (2014). A global
assessment of precipitation chemistry and deposition of sulfur, nitrogen, sea salt, base
cations, organic acids, acidity and pH, and phosphorus. Atmospheric Environment, 93, 3—
100. https://doi.org/10.1016/j.atmosenv.2013.10.060

Wang, J., Solomon, D., Lehmann, J., Zhang, X., & Amelung, W. (2006). Soil organic sulfur
forms and dynamics in the Great Plains of North America as influenced by long-term
cultivation and climate. Geoderma, 133(3-4), 160-172.
https://doi.org/10.1016/j.geoderma.2005.07.003

Wang, Q., Kwak, J. H., Choi, W. J., & Chang, S. X. (2018). Decomposition of trembling aspen
leaf litter under long-term nitrogen and sulfur deposition: Effects of litter chemistry and
forest floor microbial properties. Forest Ecology and Management, 412(November 2017),
53-61. https://doi.org/10.1016/j.foreco.2018.01.042

Ward, N. J., Sullivan, L. A., Fyfe, D. M., Bush, R. T., & Ferguson, A. J. P. (2004). The process
of sulfide oxidation in some acid sulfate soil materials. Soil Research, 42(4), 449.
https://doi.org/10.1071/SR03135

144



Warman, P. R., & Sampson, H. G. (1992). Evaluation of soil sulfate extractants and methods of
analysis for plant available sulfur. Communications in Soil Science and Plant Analysis,
23(7-8), 793-803. https://doi.org/10.1080/00103629209368629

WEeil, R. R., & Mughogho, S. K. (2000). Sulfur nutrition of maize in four regions of Malawi.
Agronomy Journal, 92(4), 649-656. https://doi.org/10.2134/agronj2000.924649x

Williams, C. H., & Steinbergs, L. A. (1964). Plant and Soil XXI, no. 1. In Plant and Soil (\Vol.
21, Issue 1, pp. 50-62). https://doi.org/10.1007/BF01373872

Winner, W. E., & Mooney, H. A. (1980). Responses of Hawaiian plants to volcanic sulfur
dioxide: Stomatal behavior and foliar injury. Science, 210(4471), 789-791.
https://doi.org/10.1126/science.210.4471.789

Wintermyer, A. M., & Kinter, E. B. (1955). Dispersing agents for particle-size analysis of soils.
Highway Research Board Bulletin, 95, 1-14.

Wise, R. R., & Naylor, A. W. (1987). Chilling-enhanced photooxidation. Plant Physiology,
83(2), 278-282. https://doi.org/10.1104/pp.83.2.278

Wu, Y., Kwak, J. H., Karst, J., Ni, M., Yan, Y., Lv, X., Xu, J., & Chang, S. X. (2021). Long-
term nitrogen and sulfur deposition increased root-associated pathogen diversity and
changed mutualistic fungal diversity in a boreal forest. Soil Biology and Biochemistry,
155(January), 108163. https://doi.org/10.1016/j.s0ilbio.2021.108163

Xia, K., Weesner, F., Bleam, W. F., Helmke, P. A., Bloom, P. R., & Skyllberg, U. L. (1998).
XANES studies of oxidation states of sulfur in aquatic and soil humic substances. Soil
Science Society of America Journal, 62(5), 1240-1246.
https://doi.org/10.2136/ss5aj1998.03615995006200050014x

Yadav, S. K., Singla-Pareek, S. L., Ray, M., Reddy, M. K., & Sopory, S. K. (2005).
Methylglyoxal levels in plants under salinity stress are dependent on glyoxalase | and
glutathione. Biochemical and Biophysical Research Communications, 337(1), 61-67.
https://doi.org/10.1016/j.bbrc.2005.08.263

Yang, Z., Kanda, K., Tsuruta, H., & Minami, K. (1996). Measurement of biogenic sulfur gases
emission from some Chinese and Japanese soils. Atmospheric Environment, 30(13), 2399
2405. https://doi.org/10.1016/1352-2310(95)00247-2

Yoshimoto, N., Inoue, E., Saito, K., Yamaya, T., & Takahashi, H. (2003). Phloem-localizing
sulfate transporter, Sultrl;3, mediates re-distribution of sulfur from source to sink organs in
arabidopsis. Plant Physiology, 131(4), 1511-1517. https://doi.org/10.1104/pp.014712

145


https://doi.org/10.1104/pp.83.2.278
https://doi.org/10.2136/sssaj1998.03615995006200050014x

Yoshimoto, N., Takahashi, H., Smiah, F. W., Yamaya, T., & Saito, K. (2002). Two distinct high-
affinity sulfate transporters with different inducibilities mediate uptake of sulfate in
Arabidopsis roots. The Plant Journal, 29(4), 465-473. https://doi.org/10.1046/j.0960-
7412.2001.01231.x

Yu, B., Xu, C., & Benning, C. (2002). Arabidopsis disrupted in SQD2 encoding sulfolipid
synthase is impaired in phosphate-limited growth. Proceedings of the National Academy of
Sciences, 99(8), 5732-5737. https://doi.org/10.1073/pnas.082696499

Zannetti, P. (1990). Dry and wet deposition. In Air Pollution Modeling (pp. 249-262). Springer
US. https://doi.org/10.1007/978-1-4757-4465-1 10

Zhang, Y., Mathur, R., Bash, J. O., Hogrefe, C., Xing, J., & Roselle, S. J. (2018). Long-term
trends in total inorganic nitrogen and sulfur deposition in the US from 1990 to 2010.
Atmospheric Chemistry and Physics, 18(12), 9091-9106. https://doi.org/10.5194/acp-18-
9091-2018

Zhao, F., & McGrath, S. P. (1994). Extractable sulphate and organic sulphur in soils and their
availability to plants. Plant and Soil, 164(2), 243-250. https://doi.org/10.1007/BF00010076

Zhou, L. L., Cao, J., Zhang, F. S., & Li, L. (2009). Rhizosphere acidification of faba bean,
soybean and maize. Science of the Total Environment, 407(14), 4356-4362.
https://doi.org/10.1016/j.scitotenv.2009.02.006

Zorb, C., Steinfurth, D., Seling, S., LangenkAmper, G., Koehler, P., Wieser, H., Lindhauer, M.
G., & Miihling, K. H. (2009). Quantitative protein composition and baking quality of winter
wheat as affected by late sulfur fertilization. Journal of Agricultural and Food Chemistry,
57(9), 3877-3885. https://doi.org/10.1021/jf8038988

146



