
 

 

 

 

Assessing sulfur fertilizer response in Ontario’s corn, soybean, and winter 

wheat crops 
 

 

 

 

by 

 

Alex Sanders 

 

 

 

 

 

 

A Thesis 

presented to  

The University of Guelph 

 

 

 

 

 

In partial fulfilment of requirements 

for the degree of 

 

Master of Science 

in 

Environmental Sciences 

 

 

 

 

 

 

 

 

Guelph, Ontario, Canada 

 

© Alex Sanders, August, 2020



ABSTRACT 

ASSESSING SULFUR FERTILIZER RESPONSE IN ONTARIO’S CORN, SOYBEAN, AND 

WINTER WHEAT CROPS 

Alex Sanders 

University of Guelph, 2020 

       Advisor: 

       Dr. John Lauzon   

Reduced sulfur deposition levels and increasing crop yields are causing sulfur nutrition concerns 

for Ontario corn, soybean, and winter wheat crops. Randomized complete block field trials were 

completed at 28 southern Ontario site-years in 2018 and 2019 to determine the incidence and 

extent of grain yield response to sulfur fertilization in these species. Sulfur was spring applied as 

a sulfate or thiosulfate fertilizer source. Corn and winter wheat displayed significant sulfur-

induced yield increases at two of five and three of eight site-years, respectively, with soybean 

providing no definitive response across 15 experiments. Significant profitable response was 

realized at one corn and one winter wheat trial. However, economic analyses averaged across 

sites did not show significant profit from sulfur for any of the three crops. Ontario-specific 

diagnostic tools are needed to predict corn, soybean, and winter wheat field sites that will deliver 

profitable response to sulfur fertilization within a given season.   
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Chapter 1. Review of sulfur cycling in temperate agricultural 

systems 

1.1. Introduction 

Providing sufficient nutrition to plants follows the Sprengel-Liebig Law of the Minimum 

whereby the biomass produced by a plant is relative to the most limiting essential nutrient. The 

potential for improved growth is not achieved until additions of the most deficient nutrient are 

made. Given this, it is critical that all elements essential to plant growth are supplied to adequate 

levels in crop production so that optimum yields can be attained. Nutrient supply is in turn 

governed by various inputs and outputs which constitute cycles unique to each element. The 

following chapter is a literature review specifically devoted to sulfur and the key parts of its 

cycling in temperate cropping systems. Discussion will be related back to Ontario soils and 

environmental conditions to provide the information necessary to effectively manage this 

nutrient in the region’s field crop production systems. 

1.2. Inorganic sulfur 

Sulfur may exist as several inorganic species in soil with oxidation states of -2 through to 

+6. Listed from most reduced to most oxidized, these include sulfide (S2-), elemental sulfur (S0), 

thiosulfate (S2O3
2-), tetrathionate (S4O6

2-), sulfite (SO3
2-), and sulfate (SO4

2-) (Konopka et al., 

1986). While sulfides may accumulate in highly reduced soil conditions (Lindsay, 1979), such as 

in wetlands and rice paddies (Achtnich et al., 1995; Connell & Patrick, 1969; Feng & Hsieh, 

1998; Fleming & Alexander, 1961; Freney et al., 1982; Konsten et al., 1994; Marnette et al., 

1993; Pons, 1973; Wada & Seisuwan, 1988), sulfate is the major inorganic sulfur form present in 

most well-drained, well-aerated soils (Lindsay, 1979). Fitzgerald (1976) demonstrates this in a 

review of studies assessing 208 aerobic soils from North America, Australia, Europe, and Africa. 
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Specifically, an average of 5.2 % of total soil sulfur was found as sulfate across all soils while 

only 2.8 % was accounted for as sulfide or elemental sulfur in 14 samples. This confirms the 

dominance of sulfate over other inorganic sulfur forms in most agricultural situations. Given this 

fact, the remainder of this section will focus on the three main fractions of inorganic sulfate in 

soil: water-soluble, adsorbed, and water-insoluble. 

Water-soluble sulfate exists in levels that vary by climate, depth in the soil profile, and 

across time. For soils in drier locations, soluble sulfate salts like sodium and magnesium sulfate 

minerals (ex. thenardite (Na2SO4) and epsomite (MgSO4●7H2O)) as well as gypsum 

(CaSO4●2H2O)) may build up due to excessive evapotranspiration relative to precipitation. 

Examples of this include saline soils in North Dakota (Keller et al., 1986; Skarie et al., 1987; 

Timpson et al., 1986), Alberta (Miller et al., 1989), Turkey (Driessen, 1970), and central Asia 

(Funakawa et al., 2007). It should be noted that the precipitation of these salts generally follows 

the model of Hardie and Eugster (1970), whereby less soluble minerals like gypsum come out of 

solution lower in the soil profile compared to more soluble minerals like sodium and magnesium 

sulfates (Timpson et al., 1986). The exact sequence of minerals may be further influenced by 

factors like leaching effects, vegetation, water table depth, location within the salt-affected area, 

and if a surficial salt crust is present (Miller et al., 1989). Nevertheless, accumulation of soluble 

sulfate in surface horizons is uncommon outside of arid and semi-arid regions and much smaller 

quantities are observed in most temperate, well-drained soils. Tabatabai and Bremner (1972), for 

instance, reported an average lithium chloride-extractable soluble sulfate content of 4.9 ppm in 

64 field-moist surface (0 to 15 cm) soil samples representing the major series of Iowa. Exact 

values can fluctuate greatly across time (Barrow, 1966; Bloem et al., 2001; Ghani et al., 1990; 

Tan et al., 1994; Vaughn et al., 1986; Williams, 1968) and space (Bloem et al., 2001). 
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Understanding this variation is important to plant sulfur nutrition given that water-soluble 

sulfates are immediately available to plant uptake.   

Adsorbed sulfate is also a source of plant-available sulfur as it is in equilibrium with 

solution sulfate (Harward et al., 1962). Sulfate is adsorbed by clay mineral edges and hydrous 

oxides of aluminum and iron (Harward et al., 1962). This interaction may involve sulfate being 

attracted to protonated aluminum (Yopps & Fuerstenau, 1964) and iron (Tabatabai, 1987) 

hydroxides, or it could also result from the substitution of hydroxide ions by sulfate (Chang & 

Thomas, 1963; Parfitt & Smart, 1978; Rajan, 1978, 1979). These mechanisms of adsorption are 

theoretically enhanced at lower soil pH levels due to a greater incidence of protonation in the 

first case (Tabatabai, 1987; Yopps & Fuerstenau, 1964) and the more effective neutralization of 

released hydroxide ions in the second (Chang & Thomas, 1963).  

Indeed, a negative relationship between sulfate adsorption and pH has been displayed in 

many studies (Ajwa & Tabatabai, 1995; Chao et al., 1963, 1964; Courchesne & Hendershot, 

1989; Curtin & Syers, 1990; Fox, 1982; Gebhardt & Coleman, 1974; Geelhoed et al., 1997; 

Harward et al., 1962; Kamprath et al., 1956; Marsh et al., 1987; Nodvin et al., 1986; Pigna & 

Violante, 2003), although there is some evidence that adsorption peaks or levels off around pH 

4.0 (Chao et al., 1964; Courchesne & Hendershot, 1989; Nodvin et al., 1986). More critical than 

this potential maximum is that little to no sulfate adsorption occurs above pH 5.5 to 6.5 (Chao et 

al., 1963, 1964; Courchesne & Hendershot, 1989; Curtin & Syers, 1990; Fox, 1982; Kamprath et 

al., 1956; Pigna & Violante, 2003; Williams & Steinbergs, 1962). Consequently, adsorbed 

sulfate represents a minor component of the overall sulfur pool in neutral to alkaline soils.  

 Factors aside from pH influence sulfate adsorption. For example, the process is positively 

related to soil temperature, soil sulfate concentration, and the time over which sulfate is in 



4 

 

contact with soil (Singh, 1984). Cations associated with sulfate that are of higher valency and 

lower hydrated radius enhance adsorption capacity (Ajwa & Tabatabai, 1995; Chao et al., 1963). 

Soils with higher clay content appear to adsorb more sulfate, with this being most pertinent for 

1:1 type clay minerals like kaolinite rather than 2:1 types such as montmorillonite (Ensminger, 

1954; Harward et al., 1962; Kamprath et al., 1956; Metson & Blakemore, 1978). Sulfate tends to 

be more strongly adsorbed than chloride and nitrate (Gebhardt & Coleman, 1974; Singh & 

Kanehiro, 1969), but less so than molybdate (Goldberg, 2010) and phosphate (Barrow & 

Debnath, 2015; Ensminger, 1954; Geelhoed et al., 1997; Kamprath et al., 1956; Metson & 

Blakemore, 1978). In effect, adsorbed sulfate may be displaced from soil samples using 

phosphate salt solutions (Ensminger, 1954; Fox et al., 1964b). Finally, soils with higher levels of 

iron and aluminum oxides can adsorb more sulfate (Ajwa & Tabatabai, 1995; Harward et al., 

1962; Kamprath et al., 1956), with this being especially true for aluminum oxides (Chao et al., 

1964; Courchesne & Hendershot, 1989; Ensminger, 1954). Therefore, in addition to soil pH, soil 

sulfate adsorption is influenced by temperature, sulfate concentration, time, associated cations, 

clay content and type, the presence of other anions, and soil iron and aluminum oxide content.  

 Based on these factors, adsorbed sulfate can be an important fraction of soil sulfur in 

highly-weathered tropical and subtropical soils, plus those of volcanic origin. An example comes 

from Fox (1982), who described the chemical properties of 11 highly-weathered Puerto Rican 

soils. The surface 120 cm of 10 of them contained between 2230 and 16780 kg S ha-1 as 

monocalcium phosphate-extractable sulfur (Fox, 1982). These 10 soils were acidic, with pH ≤ 

5.9 (Fox, 1982), and exhibited high levels of aluminum and iron oxides (Jones et al., 1982). 

Another case is provided by Metson and Blakemore (1978) who assessed sulfate and phosphate 

adsorption on a group of largely acidic sedimentary and volcanic soils with varying degrees of 
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weathering. The weakly- to moderately-weathered sedimentary soils with predominantly 2:1 

type clays contained little adsorbed sulfate compared to the heavily-weathered sedimentary 

samples which were dominated by 1:1 type clay particles (Metson & Blakemore, 1978). 

Additionally, the moderate to heavily-weathered volcanic soils were found to have a 

correspondingly large amounts of phosphate salt-extractable sulfate (Metson & Blakemore, 

1978). While the volcanic soils with limited weathering showed small native adsorbed sulfate 

levels, they still possessed a marked capacity to adsorb additional sulfate (Metson & Blackmore, 

1978). These two examples highlight the potential importance of adsorbed sulfate in soils of 

volcanic origin plus highly weathered soils of the tropics. 

In contrast to water-soluble and adsorbed sulfate, water-insoluble sulfate is not plant-

available. In calcareous soils, occluded sulfate co-precipitated with calcium carbonate can occur. 

Williams and Steinbergs (1962) demonstrated this co-precipitation phenomenon in a collection 

of 24 Australian calcareous soils and stated that up to 93 % of the total soil sulfur existed in this 

fraction. A range of 3.0 to 42.6 % of total soil sulfur was observed by Roberts and Bettany 

(1985) in four catenae of calcareous Saskatchewan soils. The fraction of total soil sulfur as co-

precipitated sulfate increased with increasing depth, and less than 10 % of total sulfur extracted 

in the A and B horizons of any of the soils examined was in this form (Roberts & Bettany, 1985). 

Moreover, the percent share of co-precipitated sulfate was significantly related to calcium 

carbonate levels in the A and B horizons (Roberts & Bettany, 1985). Hu et al. (2005) similarly 

found that co-precipitated sulfate was significantly correlated with soil calcium carbonate 

amounts. They assessed 64 calcareous Chinese soils and found that co-precipitated sulfate 

accounted for 0.03 to 40.3 % of total soil sulfur (Hu et al., 2005). While this fraction is not 

readily plant-available (Williams & Steinbergs, 1962, 1964), availability may increase with a 



6 

 

decrease in soil pH due to reaction of calcium carbonate with exchangeable protons (Hu et al., 

2005; Williams and Steinbergs, 1964). Hu et al. (2005) emphasized that a reduction in 

rhizosphere pH, such as that caused by the application of ammoniacal rather than nitrate-nitrogen 

fertilizers, can increase the plant-availability of co-precipitated sulfate as well. Ultimately, 

sulfate co-precipitated with calcium carbonate is rather unavailable to plant uptake. 

Other form of insoluble sulfate can exist on their own rather than as a co-precipitate. 

Barite (BaSO4) (Beattie & Haldane, 1958; Williams & Steinbergs, 1962) and celestite (SrSO4) 

(Eswaran & Zi-tong, 1991; Williams & Steinbergs, 1962) are some cited examples. Upon 

drainage of highly reduced soils, accumulated reduced sulfur species oxidize and may form 

insoluble jarosite (KFe3(OH)6(SO4)2). Effloresces of this compound were noted by Fleming and 

Alexander (1961) from air-dried samples of South Carolina tidal marsh soils. In addition to this, 

the vernacular term katteklei (“cat clay”) arose in the Netherlands to describe problematic 

reclaimed soils with characteristic yellow mottles of jarosite (Pons, 1973). The implications of 

such acid sulfate soils are mentioned in section 1.3.  

Based on the discussion of inorganic soil sulfur above, sulfate is the dominant inorganic 

sulfur form in aerobic, well-drained soil. Sulfate can be effectively divided into soluble, 

adsorbed, and insoluble pools, with the relative amount found in each being dependent on several 

soil and climactic factors. For most soils in Ontario’s agricultural growing regions, soluble 

sulfate is likely present in low quantities due to water surpluses that occur outside of the growing 

season. Adsorbed sulfate is unlikely to be a substantial fraction because of the mainly calcareous, 

basic nature of these soils. Stemming from this, co-precipitated insoluble sulfate could be 

important where free carbonates are present. Lastly, reduced sulfur compounds would only be 

evident in very poorly-drained areas.   
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1.3. Oxidation 

The tendency towards sulfate sulfur under aerobic soil conditions (Lindsay, 1979) comes 

as a result of both biotic and abiotic processes whereby reduced forms of sulfur are oxidized 

(Dick & Deng, 1991; Nor & Tabatabai, 1977). Biotic sulfur oxidation is of the greatest 

importance under most field conditions (Dick & Deng, 1991; Wiklander et al., 1950), and is 

primarily carried out by chemolithotrophic bacteria such as Thiobacillus species as well as a host 

of heterotrophic microorganisms (Germida & Janzen, 1993; Wainwright, 1984). The 

chemolithotrophic sulfur oxidizers use reduced sulfur compounds as an energy source (Germida 

& Janzen, 1993; Wainwright, 1984). Heterotrophs, meanwhile, may oxidize sulfur to obtain 

sulfate, convert sulfur compounds to less toxic forms, generate sulfur compounds that protect 

against toxic heavy metals, or to regulate biological processes (Wainwright, 1984). No matter the 

exact pathway, sulfur oxidation produces sulfate which is then available for plant uptake and 

leaching losses. The rate at which this occurs is affected by soil temperature, pH, organic matter 

content, plus soil aeration and water content.  

 Sulfur oxidation is positively affected by temperature. Nor and Tabatabai (1977) 

observed that, after incubating five Iowa surface (0 to 15 cm) soils at temperatures of 5, 15, and 

30℃ for 56 days, an average of 8, 22, and 47 % of sulfur added via sublimed elemental sulfur 

was oxidized to sulfate, respectively. Moreover, oxidation rates of micronized elemental sulfur 

incubated in three Scottish surface (0 to 10 cm) soils were measured against temperature by 

Chapman (1989). For the 20, 7, and 2℃ treatments, it took 6 to 10, 23 to 26, and 36 to 42 days 

respectively before 50 % of the maximum oxidation of sulfur occurred (Chapman, 1989). Skiba 

and Wainwright (1984) incubated a garden soil as well as coastal-dune sands and soils from 

England with elemental sulfur and found a parabolic relationship between temperature and 
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oxidation rate, with a maximum occurring at the 30 or 37℃ treatment level depending on the 

soil. Little oxidation was noted at 4℃ (Skiba & Wainwright, 1984). Likewise, Janzen and 

Bettany (1987c) saw trivial levels of oxidation at 3℃ in six Saskatchewan surface soils. 

Oxidation rate was exponentially related to temperature in the 3 to 30℃ range used, with Q10 

values of 3.2 to 4.3 (Janzen & Bettany, 1987c). This indicates that oxidation rates increased by a 

factor of 3.4 to 4.3 with every 10℃ rise in temperature. The authors emphasized that this is quite 

high relative to the Q10 value of 2 typical for most biological reactions (Janzen & Bettany, 

1987c). Chapman (1989), however, determined a more conservative Q10 range of 1.9 to 3.1 for 

their three Scottish soils and calculated values of 2.1 to 3.5 for the work done by Nor and 

Tabatabai (1977). It was discussed that the high Q10 values determined by Janzen and Bettany 

(1987c) were potentially caused by the relatively short incubation time of six days in the 

experiment, which would not effectively accommodate for the ‘lag period’ that is typically 

observed before applied sulfur is oxidized, particularly at low temperatures (Chapman, 1989). 

Despite this, it can still be drawn from the four papers mentioned above that temperature has a 

major impact on sulfur oxidation rate, with this factor likely being of greater significance than 

for other biologically mediated reactions.  

 Similar to temperature, a direct relationship between sulfur oxidation rate and soil pH 

level is usually observed. An average of 69 % of elemental sulfur added to four alkaline (pH ≥ 

7.2) Iowa surface (0 to 15 cm) soils assessed by Nor and Tabatabai (1977) was oxidized over 70 

days compared to 52 % in six acid (pH ≤ 6.4) soils. This contradicted the findings of Kittams and 

Attoe (1965) who saw no appreciable connection between pH and elemental sulfur oxidation in 

54 surface samples of 29 Wisconsin soils. Skiba and Wainwright (1984) saw a negative 

relationship. Even so, the results of further laboratory experiments by Dick and Deng (1991), 
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Janzen and Bettany (1987a), and Lawrence and Germida (1988) bolstered the findings of Nor 

and Tabatabai (1977). A significant positive correlation between oxidation rate and pH was 

identified for 27 Oregon and six Chinese surface (0 to 15cm) soils in the first case (Dick & 

Deng, 1991), 40 Saskatchewan surface soils in the second (Janzen & Bettany, 1987a), and 27 

Saskatchewan surface (0 to 15 cm) soils in the third (Lawrence & Germida, 1988), all of which 

were incubated with elemental sulfur. Such positive correlations may arise due to (i) sulfur 

oxidizers growing more efficiently, on average, under alkaline conditions, and/or (ii) because 

sulfur oxidation is an acidifying process (Dick & Deng, 1991). For the latter explanation, there 

have indeed been multiple studies showing a decline in soil pH following the application of 

elemental sulfur (Barrow, 1971; Dick & Deng, 1991; Janzen & Bettany, 1987b; Nor & 

Tabatabai, 1977; Skiba & Wainwright, 1984), although this is diminished in soils with higher 

buffer capacities (Dick & Deng, 1991) and free carbonates (Nor & Tabatabai, 1977; Skiba & 

Wainwright, 1984). This acidification could hamper the activity of sulfur oxidizers, particularly 

in soils that are already acidic. A significant negative correlation between sulfur oxidation-

induced pH change and biological sulfur oxidation rate was determined for soils with pH ≤ 6, but 

not pH > 6, in the study by Dick and Deng (1991). These results indicate that the soil pH drop 

associated with sulfur oxidation is a plausible explanation for the positive effect of soil pH on 

oxidation rate, in addition to how sulfur oxidizing organisms may grow more effectively in more 

alkaline conditions.  

Sulfur oxidation rates are often stimulated by higher soil organic matter contents. Skiba 

and Wainwright (1984) saw greater rates in dune and garden soils compared to sands barren of 

plants. Similarly, work in Saskatchewan soils by both Janzen and Bettany (1987b) and Lawrence 

and Germida (1988) found a significant positive effect of organic carbon level on oxidation rate. 
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This trend can be related back to organic carbon being a substrate for heterotrophic sulfur 

oxidizing organisms. Thus, a rise in organic matter levels allows for greater activity of these 

microbes, including for sulfur oxidation reactions.  

The final major factors affecting sulfur oxidation rates are soil water potential and 

aeration level, which are closely related. Many sulfur oxidizing microorganisms are aerobes 

(Germida & Janzen, 1993) and oxygen is a substrate for generating sulfate from reduced 

inorganic sulfur forms. Sufficient water, however, is still required for microbial growth. It is 

therefore understandable that sulfur oxidation is generally maximized around field capacity, as 

demonstrated by Janzen and Bettany (1987c) in Saskatchewan surface soils and Kittams and 

Attoe (1965) in a Miami silt loam. These cases also displayed a drop off in oxidation rate at both 

higher and lower soil moisture contents (Janzen & Bettany, 1987c; Kittams & Attoe, 1965). 

From this, there appears to be a strong parabolic relationship between sulfur oxidation and soil 

aeration/moisture content.  

 Sulfur oxidation rates appear to be heavily influenced by soil temperature, pH, organic 

matter content, and soil oxygenation/water status. Other variables like nutrient status, 

management practices and texture may affect sulfur oxidation as well, but their exact effects are 

generally small, mixed, or indirect (Germida & Janzen, 1993). The overall oxidation rate 

determined by these factors is important in cases where reduced sulfur forms are applied as 

fertilizer (ex. elemental and thiosulfate sulfur formulations) since oxidation must occur for them 

to become plant-available. Practical implications for oxidation also arise from the acidity it 

generates. For example, one of the traditional uses of elemental sulfur in crop production was to 

purposely reduce soil pH (McGeorge & Greene, 1935), although the rates typically used for crop 

sulfur nutrition have only a minor effect on this measure (Janzen & Bettany, 1987b). 
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Furthermore, the oxidation of pyrite (FeS2) and other sulfide compounds in tidal swamps and 

marshes upon drainage can lead to substantial drops in soil pH (Fleming & Alexander, 1961; 

Konsten et al., 1994; Pons, 1973). This in turn may cause iron, aluminum, and manganese 

toxicity in plants plus various nutrient deficiencies, among other issues associated with acidic 

soils (Rorison, 1986). Based on the results of its acid generation and its production of plant-

available sulfur from reduced forms, oxidation is a critical part of the sulfur cycle.   

1.4. Reduction 

 Sulfur reduction is a biotic process that encompasses both assimilatory and dissimilatory 

sulfate reduction pathways. Postgate (1959) draws from the classification of bacterial nitrate 

reductions made by Kluyver (1953) to present assimilatory sulfate reduction as the conversion of 

sulfate to sulfur-containing amino acids, although other thiol-containing compounds can also be 

produced (Konopka et al., 1986). This is conducted in multiple groups of organisms such as 

higher plants, eukaryotic algae, fungi, and most prokaryotes (Konopka et al., 1986). 

Dissimilatory sulfate reduction, in contrast, represents the larger-scale production of hydrogen 

sulfide from sulfate that comes as a result of energy-yielding reactions (Postgate, 1959). This 

results from sulfate acting as an alternate terminal electron acceptor for microbial respiration 

under anaerobic conditions. Such an environment must be maintained for extended periods, 

though, before sulfate reduction occurs. This is because oxygen, nitrate, manganese (IV), and 

ferric iron are superior electron acceptors and are sequentially reduced prior to sulfate 

(Ponnamperuma, 1972). This follows the thermodynamic model whereby electron acceptors of 

higher redox potential are generally used prior to those of lower potential (Zehnder & Stumm, 

1988). Natural scenarios where dissimilatory sulfate reduction may occur, therefore, include 

coastal and inland bogs and wetlands (Feng & Hsieh, 1998; Fleming & Alexander, 1961; 
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Konsten et al., 1994; Marnette et al., 1993; Pons, 1973; Wada & Seisuwan, 1988). Flooded rice 

paddies are an obvious agricultural situation where sulfate reduction is of importance (Achtnich 

et al., 1995; Connell & Patrick 1969; Freney et al., 1982). In these cases, the volatile hydrogen 

sulfide generated typically combines with reactive iron to form iron monosulfides and, 

eventually, pyrite (Berner, 1984). These represent sulfur forms that are unavailable to plant 

uptake, which becomes particularly relevant in rice-producing agricultural systems. For most 

aerobic, upland agricultural systems, however, sulfate reduction is of minor significance for 

sulfur cycling.  

1.5. Leaching 

 Leaching involves the movement of a nutrient with water through a soil profile beyond 

the rooting zone, potentially making it inaccessible to plant growth. This typically occurs where 

water in excess of field capacity moves to depth, as is the case where inputs like rainfall and 

snowmelt exceed evapotranspiration levels and soil water storage capacity. Rapid non-

equilibrium water movement through macropores in structured soils may also cause for the 

leaching of surface-applied nutrients, but has less effect on nutrients present in smaller pores 

(McLay et al., 1991). Nutrients have varying propensities for leaching. Sulfur in the sulfate form 

is highly mobile and is comparable to chloride and nitrate in its tendency to leach, which 

contrasts with the more limited mobility of potassium and phosphorus (Anderson, 1988; 

Polynov, 1951). In fact, in addition to water-soluble sulfate, dissolved organic sulfur has some 

ability to leach (Riley et al., 2002; Schoenau & Bettany, 1987). Despite this, the following 

review will focus on sulfate leaching in cropping systems and factors that affect the degree to 

which it occurs. Aspects related to soil texture and structure, soil sulfate adsorption capacity, 

sulfur and other nutrient availability, and rainfall dynamics are relevant.  
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 Soil texture and structure help to determine soil hydraulic conductivity and thus influence 

nutrient leaching. Generally, coarse-textured soils have a greater ability to conduct water 

compared to those of mid- to heavy-texture. An example of this comes from Chao et al. (1962), 

who leached S35-labelled gypsum through 15 Oregon soils in a glass column laboratory 

experiment. Sandier soils allowed for more sulfate leaching than finer-textured samples, 

although this trend was broken in some cases by soils with high sulfate adsorption capacity 

(Chao et al., 1962). Long-term field trials in Poland also displayed greater sulfate movement in 

soils of coarser texture (Boratyński & Zietęcka, 1974). As for structure, well-structured soils can 

display enhanced leaching through macropore water flow. An undisturbed silt loam-textured soil 

used by McLay et al. (1992) in a lysimeter experiment displayed greater hydraulic conductivity 

than a repacked soil column of the same soil type. Rapid bypass flow and sulfate leaching was 

consequently observed in the former treatment (McLay et al., 1992). Gregg and Goh (1978) 

explained that differences in leaching of S35-labelled gypsum between sites with equivalent soil 

types could have been caused in part by differences in bulk density. Lower soil bulk densities 

could lead to heightened water percolation and therefore enhanced leaching of sulfur (Gregg & 

Goh, 1978). As such, soil structural and textural factors that result in increased rate of water 

movement through a soil profile cause for increased sulfate leaching. 

  A soil’s ability to adsorb sulfate is also important for sulfate leaching, as adsorbed 

sulfate is resistant to this loss process. Soils with greater adsorption capacity showed limited 

sulfate movement in the glass column laboratory experiment by Chao et al. (1962). This was 

mirrored in a New Zealand field experiment where greater downward movement of S35-labelled 

sulfur fertilizer was seen in a soil type with low sulfate retention in comparison to a highly 

retentive soil, although texture also contributed to this effect (Gregg & Goh, 1978). Given these 
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results, factors such as soil pH, clay content and type, other cations and anions that are present, 

the content of hydrous oxides of aluminum and iron, etc. that affect the potential for soil to 

adsorb sulfate have a marked impact on the degree to which sulfur is held in a profile against 

leaching. A more in-depth discussion of these factors is provided in section 1.2. Despite the fact 

that adsorbed sulfate is resistant to leaching, it is not completely immune. A conceptual narrative 

by Barrow (1975) indicated that adsorbed sulfate can be slowly leached through a profile, and 

this makes sense based on how adsorbed sulfate is in equilibrium with soil solution sulfate 

(Harward et al., 1962). Therefore, plant-available sulfate can be retained to some degree by 

adsorption, but this mechanism is not a perfect defence against leaching.  

 Factors that cause sulfate to be available in excess of plant requirements affect sulfate 

leaching. While the vertical distribution of sulfate leached through glass tubes was not affected 

by gypsum rate in the study by Chao et al. (1962), the total amount of sulfate moved through the 

columns was positively influenced by this factor. Knights et al. (2000) found that fertilizer 

sulfate sulfur applied in excess of plant requirements was lost to leaching in long-term 

continuous winter wheat (Triticum aestivum L.) fertility plots in Rothamsted, England. 

Moreover, Eriksen et al. (2002) reported total sulfur outputs gradually equilibrated with inputs 

upon conversion of a cropping system to organic production. This meant that fertilizer sulfur 

applications were not made over three years, with plant uptake and leaching losses steadily 

declining to match these reduced input levels in the three soils assessed. Thus, attempting to 

match sulfur inputs to crop requirements can reduce sulfur leaching. This can even be 

accomplished by increasing crop sulfur uptake through providing proper levels of other nutrients. 

A nitrogen by sulfur fertilization experiment on a winter wheat-winter rapeseed (Brassica napus 

L.) rotation in northern Spain showed significantly reduced sulfur leaching in the winter rapeseed 
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component with nitrogen fertilization, as the additional nitrogen greatly increased crop biomass 

and sulfur uptake (Gallejones et al., 2012). With this, the goal of limiting sulfur leaching losses 

can be achieved with the careful balancing of plant uptake with sulfur inputs, thus lowering the 

amount of sulfate sulfur available to leaching down the soil profile.  

Sulfur leaching greatly depends on the amount of water that drains through a soil profile, 

which is in turn affected by precipitation in relation to evapotranspiration as well as the intensity 

and frequency of individual precipitation events. Greater leaching of sulfate fertilizer sulfur was 

observed with increased water rates in 15 Oregon soils, although this was much more 

pronounced on samples with low sulfate adsorption capacity (Chao et al., 1962). McLay et al. 

(1991) found that the leaching of surface applied sulfate in a non-adsorbing silt loam was greater 

with rainfall occurring immediately after fertilizer application as compared to delayed rainfall. 

Moreover, heightened leaching was seen in a continuous rainfall treatment compared to with 

intermittent rainfall events (McLay et al., 1991). These results were attributed to sulfate having 

more time to diffuse into smaller pores for the delayed and intermittent treatments, thus largely 

protecting it from bypass flow through soil macropores in the former and slowing its leaching in 

the latter case (McLay et al., 1991). A three-year lysimeter field study conducted by Riley et al. 

(2002) discovered a logistic relationship between cumulative leaching losses of sulfur and 

cumulative drainage over the trial period. Finally, Shepherd and Bennett (1998) assessed sulfate 

leaching using field-installed lysimeters, finding that annual leaching rates depended greatly on 

total water drainage. Such effects of precipitation on sulfate leaching mean that soil sulfate 

concentrations are dependent on local water cycling. Barrow (1966) and Williams (1968) noted 

reductions in soil sulfate sulfur contents during the winter and spring months in western 

Australia and New South Wales, respectively, with this change being at least in part due to the 
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increased precipitation in these seasons causing a subsequent rise in leaching. Based on this, 

sulfur leaching is greatly affected by water dynamics in the cropping system.  

 Sulfur leaching represents a major loss of sulfur from soil systems. Values ranged from 7 

to 60 kg S ha-1 in the field experiments mentioned above (Eriksen et al., 2002; Gallejones et al., 

2012; Knights et al., 2000; Riley et al., 2002), although much greater figures were conveyed by 

Jürgens-Gschwind and Jung (1979). Understanding the factors that affect sulfur leaching, 

including soil structure and texture, adsorption capacity, sulfur and other nutrient availability, 

and aspects relating to precipitation, allows for the improved understanding of sulfur cycling as a 

whole and enables the setup of efficient management programs for sulfur in crop production. 

Indeed, knowing that surpluses in crop production water budgets predominantly occur in the 

winter and spring seasons in southern Ontario (Parkin et al., 1999) means that sulfur is prone to 

leaching over the same period. Furthermore, the predominantly calcareous, weakly-weathered 

soils of the region cause for limited sulfate retention by adsorption. If plant-available sulfur is 

mostly removed by leaching during the offseason in Ontario, then crops must rely on inputs of 

sulfur obtained within and immediately around the actual growing season. This is particularly 

true for coarser-textured soils with accentuated leaching losses. Therefore, factors that limit in-

season inputs of plant-available sulfur in southern Ontario, such as reduced sulfur deposition 

levels, are particularly concerning since there is limited capacity for the buildup of immediately 

plant-available sulfur in the region’s cropping systems. 

1.6. Soil organic sulfur 

Soil organic matter is a heterogeneous mixture of carbon-based compounds that are in 

varying stages of decomposition. One beneficial facet of organic matter in soil is the storage and 

provision of plant-available nutrients, including sulfur. In fact, over 90 % of total soil sulfur in 



17 

 

aerated surface soils is found in organic forms (Fitzgerald, 1976). This percentage can be 

markedly lower for highly-weathered or arid-environment soils where inorganic sulfur forms can 

accumulate (see section 1.2). Even so, while organic sulfur is not immediately available for plant 

uptake, it can be converted to sulfate through the process of mineralization. This makes organic 

sulfur an important source of plant-available sulfur in cropping systems. In effect, understanding 

the nature and distribution of organic sulfur and factors that influence sulfur 

mineralization/immobilization processes is critical to understanding the sulfur cycle in addition 

to effectively managing sulfur nutrition for crop production.  

Soil organic sulfur has been shown to be correlated with organic carbon and nitrogen 

levels. A relatively stronger correlation between organic sulfur and nitrogen is generally noted 

though (Neptune et al., 1975; Scott & Anderson 1976; Tabatabai & Bremner, 1972). Average 

carbon to total nitrogen to total sulfur ratios for groups of related soils are similar across regions, 

with cultivated surface soils having mean values of approximately 130:10:1.3, although 

substantial deviations within groups exist and are caused by differences in soil forming factors 

(Freney, 1986). Due to the relationship between organic carbon and sulfur, total soil sulfur levels 

generally decrease with increasing depth in a profile (Tabatabai & Bremner, 1972). This trend 

can be broken, however, in calcareous soils due to the presence of sulfates co-precipitated with 

carbonates in deeper layers (Roberts & Bettany, 1985). Wider carbon to nitrogen to sulfur ratios 

are seen in uncultivated surface soils relative to ones that are cropped and repeatedly disturbed 

by tillage (Bettany et al., 1980; Knights et al., 2000; McLaren & Swift, 1977). Based on this 

information, it is apparent that organic sulfur cycling is intrinsically linked to that of organic 

carbon and nitrogen.  



18 

 

Various methodologies have been developed to divide the organic sulfur pool into 

functional chemical groups. The classic method of wet chemical fractionation, which is outlined 

by Tabatabai (1996), compares the reactivity of organic sulfur compounds with various reducing 

agents. The first fraction, hydroiodic acid-reducible sulfur, is determined via a method first 

proposed by Freney (1957) which in turn uses the soil sulfur extraction and determination 

procedure originating from Johnson and Nishita (1952). Soil samples are subjected to a reagent 

mixture (modified from St. Lorant (1929)) of hydroiodic acid, hypophosphorous acid, and formic 

acid. The hydrogen sulfide gas that evolves is subsequently quantified colorimetrically via 

methylene blue. Sulfur bound directly to carbon is not affected by this process (Freney, 1958, 

1961; Johnson & Nishita, 1952), but sulfur that is indirectly linked via oxygen, nitrogen, or 

sulfur is reduced and measured. Examples of extracted organic sulfur include that from ester 

sulfates (-C-O-S-), sulfamic acids (-C-N-S-), the second sulfur from S-sulfocysteines (-C-S-S*-), 

sulfamates (-C-N-S-), and sulfated glycosides (-N-O-S-) (Freney, 1986; Tabatabai, 2005). It 

should be noted that soluble and adsorbed inorganic sulfate is also measured in the procedure. 

These must be determined separately and subtracted from the total measured value to calculate 

hydroiodic acid-reducible organic sulfur. 

A second fraction of organic sulfur identified through wet chemical fractionation is 

Raney nickel-reducible. Raney nickel is generated from reacting pulverized Raney nickel-

aluminum alloy with alkali solution (Raney, 1927). Lieber and Morritz (1953) indicated how 

Raney nickel catalysts can liberate sulfur from inorganic and organic compounds, with DeLong 

and Lowe (1962) first demonstrating the application of this in soils. The exact process of 

determining Raney nickel-reducible sulfur in soil is similar to that for determining hydroiodic 

acid-reducible sulfur, except sodium hydroxide and pulverized Raney alloy (containing 
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approximately equal proportions of aluminum and nickel) substitute the hydroiodic acid mixture 

and the extracted sulfur is reduced to hydrogen sulfide via hydrochloric acid (Lowe & DeLong, 

1963). Reduced inorganic species and organic carbon-bonded sulfur is released in this method, 

but covalently-bonded organic sulfates (like those extracted by hydroiodic acid) and alkyl 

sulfones are not quantified (Lowe & DeLong, 1963). Given the low levels of reduced inorganic 

sulfur present in most well-aerated surface soils (Fitzgerald, 1976), Raney nickel generally only 

extracts carbon-bonded sulfur, including that from the amino acids methionine, cystine, and 

cysteine.  

Despite this, Raney nickel has been shown to be inadequate in reducing all carbon-

bonded sulfur in soil. The difference between total organic sulfur and hydroiodic acid-reducible 

organic sulfur is often greater than the value obtained from the Raney nickel process. Such lack 

of parity has been reported on soil samples from Quebec and Alberta (Lowe, 1964, 1965), Iowa 

and Brazil (Neptune et al., 1975), and Scotland (Scott & Anderson, 1976). Even upon 

optimization of the procedure to mitigate interferences from iron and manganese, Freney et al., 

(1970) found that it still could not fully account for the difference between total and hydroiodic 

acid-reducible organic sulfur for the collection of Australian surface soils assessed. These results 

suggest the presence of a third organic fraction containing more inert carbon-bonded sulfur.   

 The goal with identifying these three functional groups of organic sulfur is to determine 

their relative importance in supplying plant-available sulfate through mineralization.  

A conceptual model by McGill and Cole (1981) attempted to do just this and proposed that 

organic sulfur is mineralized through both biological and biochemical means. The former 

involves the release of carbon-bonded sulfur in excess of microbial needs during heterotrophic 

respiration. Biochemical sulfur mineralization, in contrast, is more direct and comes from the 
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activity of sulfatase enzymes that target ester sulfates upon microbial sulfur deficiency. Given 

this, the ester sulfates of the hydroiodic acid-reducible sulfur fraction are considered more labile 

given they can be released by sulfatase enzymes external to microbial cell membranes. This 

notion is made more significant given that hydroiodic acid-reducible organic sulfur is typically 

the dominant fraction identified through wet chemical methods in surface mineral soils, 

accounting for approximately 30 to 70 % of total organic sulfur (Bettany et al., 1973; Freney, 

1961; Lowe, 1964, 1965; Neptune et al., 1975; Scott & Anderson, 1976; Williams & Steinbergs, 

1959). Great attention, therefore, has been directed towards verifying the importance of the 

hydroiodic acid-reducible sulfur pool to processes like mineralization and immobilization. 

 Mixed outcomes have been produced from this research. A more rapid turnover of 

hydroiodic acid-reducible sulfur compared to that in the carbon-bonded pool was suggested from 

the results of a S35-labelled sulfur pot incubation experiment by Maynard et al. (1985). Ratios of 

labelled sulfur in the hydroiodic acid-reducible and carbon-bonded fractions were an average of 

0.8:1 for three cropped soils versus 1.5:1 for parallel uncropped samples. This would emphasize 

a relatively greater capacity of hydroiodic-reducible organic sulfur to be made plant-available 

relative to carbon-bonded forms. Similar conclusions can be drawn from an incubation 

experiment by Blair et al. (1994), who determined a higher remobilization rate of S35-labelled 

sulfur that was initially fixed into the hydroiodic acid-reducible organic sulfur fraction than that 

which was initially immobilized into the carbon-bonded pool. Greater parity between the sulfur 

mobilization potential of hydroiodic acid-reducible and carbon-bonded organic sulfur has been 

displayed in other work. Freney et al. (1975) incubated S35-labelled sulfur in two Australian 

surface soils and subsequently grew sorghum (Sorghum vulgare) in a pot experiment. 

Measurements from before and after crop growth showed changes in hydroiodic acid-reducible, 
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Raney nickel-reducible, and non-reducible sulfur, signifying there was little difference between 

the mineralization potential of each fraction. Still yet, some researchers have observed that the 

majority of mineralized sulfur actually originates from carbon-bonded sulfur (Ghani et al., 1991, 

1992). Such outcomes contradict the dominance of hydroiodic acid-reducible sulfur in supplying 

plant-available sulfate that is proposed by the McGill and Cole (1981) model. The dichotomous 

framework of biological and biochemical sulfur mineralization has thus been deemed an 

oversimplification of the process (Ghani et al., 1993). 

Consequently, other fractionation systems beyond traditional wet chemical extractions 

have been employed to describe organic sulfur. Examples include physical separation by mineral 

and aggregate sizes, chemical extraction followed by physiochemical separation, molecular 

weight fractionation, fractionation according to physical protection, and sulfur K-edge X-ray 

adsorption fine-structures spectroscopy. The methods and results for each of these are described 

in Erikson (2008). For the physical protection system, Eriksen et al. (1995a) demonstrated the 

potential for characterizing organic sulfur by degree of physical occlusion in aggregates, with 

more recently formed organic sulfur being less physically protected and thus more available to 

mineralization than older organic sulfur (Eriksen, 1997). This concept is consistent with the 

findings of Freney et al. (1975), where recently immobilized S35-labelled sulfur was more readily 

available for uptake by sorghum than the bulk of organic sulfur. Furthermore, Ghani et al. (1993) 

and McLaren et al. (1985) displayed heightened mobilization of recently formed S35-labelled 

organic sulfur compared to native organic sulfur. It should be noted that, for the experiments 

done by Freney et al. (1975) and Ghani et al. (1993), recently immobilized carbon-bonded and 

hydroiodic acid-reducible organic sulfur were both quickly remineralized. The degree of physical 

protection is thus an additional lens through which organic sulfur can be evaluated.  
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A more thorough description of K-edge X-ray adsorption fine-structures spectroscopy is 

worthwhile noting. This novel technique has an advantage over wet chemical sulfur extractions 

in that it can specifically quantify organic sulfur species across all, including intermediate, 

oxidation states (Solomon et al., 2003; Xia et al., 1998). Work by Solomon et al. (2003) and 

Zhao et al. (2006) has demonstrated significant effects of land use change on the distribution of 

organic sulfur across oxidation states. In the latter example, organic sulfur in reduced and 

intermediate oxidation states (oxidation state ≤ 5), which is thought to be analogous to carbon-

bonded sulfur, displayed stronger correlation to gross sulfur mineralization than did ester sulfates 

(oxidation state = 6). Again, just as is the case for separation by physical protection, K-edge X-

ray adsorption fine-structures spectroscopy can be successfully applied in tandem with wet 

chemical organic sulfur fractionation methods to better grasp the cycling of organic sulfur.  

1.7. Mineralization/immobilization 

Soil organic sulfur can be mineralized to supply plant-available sulfate, with inorganic 

sulfur likewise being susceptible to immobilization. These processes are known to occur 

simultaneously (Ghani et al., 1993) and are microbially mediated. Given this, it is understandable 

that factors affecting microbial activity are crucial to determining net sulfur mineralization (the 

difference between mineralization and immobilization) rates. Pertinent examples include soil 

temperature, moisture, pH, and the presence of growing plants. 

 Net sulfate mineralization typically increases with increasing temperature. This positive 

relationship was noted in an incubation experiment by Williams (1967) using three eastern 

Australian soils. Little to no change in soil sulfate content was noted at 10℃ over 64 days but 

marked increases were seen over the same period at 30℃. Intermediate results were attained for 

the 20℃ treatment. Similar observations were found in incubation experiments using Iowa, 
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Chilean, and Indian soils (Jaggi et al., 1999; Pirela & Tabatabai, 1988; Tabatabai & Al-Khafaji, 

1980). In contrast to these studies, Chaudhry and Cornfield (1967b) assessed changes in soil 

sulfate levels at higher temperatures (between 20 and 50℃). Sulfate accumulation did indeed 

increase with rising temperatures, but only to 40℃. A subsequent decline in mineralization was 

recorded between the 40 and 50℃ treatments. This follows the typical trend for rates of 

biological processes in relation to temperature whereby exponential increases are initially noted 

above freezing, followed by a gradual decline in rate, and finally negative responses above 

optimal temperature (Johnson et al., 1974). The temperature at which an optimum sulfur 

mineralization rate occurs seems to be affected by land use. Ellert and Bettany (1992) attempted 

to fit Arrhenius, Q10, and quadratic temperature functions to net mineralization rates of forest, 

recently cleared forest, and cropped soils. Quadratic functions provided the best fit for the forest 

samples and Arrhenius relationships were ideal for soils under the latter two uses (Ellert & 

Bettany, 1992). The authors suggested that the maximum temperature used in the incubation, 

30℃, was nearing the optimum for decomposer communities in the forest samples. However, the 

microbial decomposers in the cleared and cropped samples seemed to have a greater optimum 

temperature, allowing the Arrenhius relationships to provide a better fit. Nevertheless, there is a 

strong positive relationship between net sulfur mineralization and temperature between freezing 

and the maximum temperatures generally found under field conditions.   

 Similar to the impact of temperature, sulfur mineralization is generally stimulated by 

increased soil moisture contents. Sharp declines, though, are seen above field capacity. Williams 

(1967) saw smaller soil sulfate levels upon incubating soils at moisture contents considerably 

above and below field capacity, suggesting reduced mineralization rates. Chaudhry and 

Cornfield (1967a) incubated samples of a sand loam for 12 weeks at a range of water contents. 
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Greater matric potential led to greater total sulfur mineralization, although a severe drop was 

noted for samples incubated at matric potentials higher than around -0.16 bar (Chaudhry and 

Cornfield, 1967a). In each of these cases, measuring sulfate concentrations in soils incubated at 

moisture contents over field capacity would underestimate net mineralization rates given the 

enhanced conversion of sulfate to reduced inorganic sulfur forms under these conditions. This 

result was exhibited in the latter experiment mentioned above, as appreciable quantities of 

sulfide accumulated over the time in samples incubated beyond water holding capacity 

(Chaudhry & Cornfield, 1967a). However, it can still be stated that sulfur mineralization is 

maximized at soil water contents around field capacity.   

 Sulfur mineralization has a less clear relationship with pH than it does with temperature 

and soil moisture. Chilean, French, and Iowa soils have displayed a negative correlation between 

mineralized sulfur and soil pH level (Niknahad Gharmakher et al., 2009; Pirela & Tabatabai, 

1988; Tabatabai & Al-Khafaji, 1980). Ghani et al. (1991) also found a significant negative linear 

relationship between sulfur mineralization and pH in a collection of New Zealand soils. 

However, it was attested that pH was acting as a confounding variable since there was a 

significant negative linear association between organic carbon levels and pH (Ghani et al., 1991). 

To support this argument, a limed (pH 5.0) soil sample was shown to have a greater 

mineralization rate than an unlimed (pH 4.4) sample of the same soil type (Ghani et al., 1991). 

This demonstration of higher pH levels actually increasing mineralization was mirrored in an 

incubation experiment using three Indian soils (Jaggi et al., 1999). A neutral (pH 7.1) sample 

showed greater net sulfur mineralization than an acidic soil (pH 4.9). Despite this, the sulfur 

mineralized by the neutral soil was also greater than an alkaline sample (pH 10.2). This points to 
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a parabolic rather than a linear relationship between sulfur mineralization and soil pH. In any 

sense, though, the sulfur mineralization potential of a soil does have some link to pH.  

 There is some indication that mineralization rate of organic sulfur is connected to the 

presence of growing plants. Multiple studies have shown enhanced net sulfur mineralization with 

soil supporting growing plants compared to fallowed samples (Castellano & Dick, 1991; Freney 

et al., 1975; Maynard et al., 1985; Tsuji & Goh, 1979). Uptake of soluble sulfate by plants in 

competition with microbes would stimulate the production of sulfatase enzymes and the 

degradation of organic sulfate ester linkages (Maynard et al., 1985; McGill & Cole, 1981). This 

effectively frees up easily hydrolyzed organic sulfur and results in greater sulfur mineralization 

rates under cropped versus uncropped conditions. Castellano and Dick (1991) indeed observed 

heightened arylsulfatase activity in cropped soils versus fallow plots, but also proposed that the 

presence of easily mineralizable organic sulfur from root exudates and plant materials could have 

stimulated microbial activity and sulfur mineralization.  

 The discussion above stresses the impacts that temperature, soil moisture content, soil 

pH, and the presence or absence of growing plants has on microbial activity and rates of sulfur 

mineralization. Overall, annual net sulfur mineralization has been measured to be approximately 

0.5 to 3.1 % of total soil organic sulfur (Eriksen et al., 1995c; Freney, 1986; Keer et al., 1986). 

However, fluctuations in the variables presented above in addition to other details like total 

organic matter content cause for variations in organic sulfur mineralization across time and 

space. This in effect contributes to seasonal fluctuations in soil sulfate sulfur levels (Barrow, 

1966; Ghani et al., 1990; Tan et al., 1994; Williams, 1968). In addition, the spatial variability of 

soil organic matter levels across varying topography has a great effect on sulfur mineralization 

rates and thus soil sulfate sulfur contents (Franzen & Grant, 2008).  
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1.8. Atmospheric deposition inputs 

An important input of sulfur in agricultural systems is atmospheric deposition.  

Atmospheric sulfur is derived from both man-made and natural sources. For example, human 

activities like fossil fuel combustion, metal smelting, and biomass burning generate sulfur 

dioxide (Smith et al., 2011). Dimethyl-sulfide produced by oceanic phytoplankton joins volcanic 

activity as a major natural source of atmospheric sulfur (Smith et al., 2001). Estimations have 

highlighted that anthropogenic sulfur sources greatly outstrip natural ones. Faloona (2009) 

reviewed twenty global estimates of sulfur emissions published between 1991 and 2007, which 

showed a range of 52.9 to 92.0 Tg S yr-1 produced from anthropogenic sources out of a total of 

79.0 to 121.6 Tg S yr-1. These follow closely with calculations by Smith et al. (2001) showing 

that global anthropogenic sources approximately double those from natural processes. No matter 

the source, reduced sulfur species are quickly oxidized to sulfur dioxide in the atmosphere, with 

this being subject to further oxidation to sulfate within a matter of days (Faloona, 2009; 

Whelpdale, 1992).  

 All forms of sulfur present in the atmosphere can be deposited back on Earth’s surface.  

Such deposition can be largely split into two categories: dry and wet. Dry deposition involves 

atmospheric sulfur compounds being deposited onto soil, water, and vegetation surfaces directly, 

with gaseous sulfur dioxide being the dominant form (Butler & Likens, 1995; Galloway & 

Whelpdale, 1980; Vet et al., 2014; Whelpdale, 1992). In contrast, wet deposition occurs where 

sulfur compounds are removed from the atmosphere via precipitation, with sulfate being more 

efficiently removed in this manner (Whelpdale, 1992). Given the rapid conversion of 

atmospheric sulfur dioxide to sulfate, the proportion of dry to wet deposition in a region depends 

on local emission levels. Atmospheric sulfur budget estimations for eastern North America 
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determined that the ratio of dry to wet sulfur deposition was 1.3:1 for the eastern United States, 

but only 0.4:1 for eastern Canada (Galloway & Whelpdale, 1980). These differences were 

attributed to the proximity to areas with large industrial sulfur dioxide outputs (Galloway & 

Whelpdale, 1980). Climactic conditions also influence the relative amounts of wet and dry 

atmospheric sulfur removal. In a worldwide assessment of sulfur precipitation chemistry, Vet et 

al. (2014) summarized that proportionally more wet, relative to dry, sulfur deposition is received 

in regions where sulfur emissions are low to moderate, but precipitation is moderate to high. 

Globally, dry sulfur deposition accounts for approximately 44 % of total deposition (Faloona, 

2009). This is comparable to estimates from the eastern United States. For example, Butler and 

Likens (1995) calculated 34 or 40 % using two different models at a hardwood forest site in New 

York State. Estimations of 37 to 38 % for the periods 1990-1993 and 1997-2000, respectively, 

were calculated for the region as a whole by Baumgardner et al. (2002). Despite all this, sulfur 

accessions from both dry and wet deposition represent a source of plant-available sulfur in 

cropping systems. 

 This benefit of sulfur deposition is shadowed by the environmental and health-related 

concerns associated with atmospheric sulfur. Beaulac (2016) and Chestnut (1995) provide 

summaries of potential negative human health effects, including respiratory issues, that are 

caused by atmospheric sulfur compounds and aerosols. Sulfur-containing aerosols contribute to 

haze and smog as well (Wang et al., 2014). For the environment, sulfate deposition can lead to 

the acidification of ecosystems, particularly those that lack sufficient buffering capacity 

(Schindler, 1988; Tamm, 1976). These issues led to the introduction of legislation in North 

America and Europe that limited anthropogenic sulfur dioxide emissions (Fisheries and 

Environment Canada, 1976; Kuklinska et al., 2015), which were traditionally high in these 
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regions (Smith et al., 2011). Marked reductions in emissions from these areas have been 

observed since the 1970s (Smith et al., 2011), demonstrating the success of government actions. 

 The decline in sulfur dioxide emissions in North America are evident in Ontario wet 

sulfate deposition data. These measures are available from Environment and Climate Change 

Canada (2018), with the annual summation of recordings from 1989 to 2016 for three sites in 

southern Ontario being presented in Figure 1.1. It is important to note that these sites were 

chosen based on (1) the fact that they all have measurements spanning the entire defined period, 

(2) they are proximal to areas where corn (Zea mays L.), soybean (Glycine max L. Merr.), and 

winter wheat have traditionally been grown, and (3) they are fairly well distributed across the 

region, avoiding the bias of more southern areas receiving comparatively more sulfur than 

eastern locations. The reasoning for the final criterion stems from the general spatial patterns in 

sulfur deposition depicted in International Joint Commission (2017) reports on the Canada – 

United States Air Quality Agreement. The curve in Figure 1.1 indicates a quadratic trend for wet 

sulfate sulfur levels over the period, with values of around 7 kg S ha-1 and 2 kg S ha-1 in 1989 

and 2016, respectively. If it is assumed that approximately 60 % of sulfur deposition occurs as 

wet deposition (Baumgardner et al., 2002; Butler & Likens, 1995; Faloona, 2009), then these 

values become approximately 11.5 kg S ha-1 and 3.5 kg S ha-1. The reductions in deposition that 

are demonstrated here limit a key input of sulfur into Ontario cropping systems. This amplifies 

concerns related to crop sulfur nutrition in the province as crops become increasingly reliant on 

sulfur mineralization inputs in cases where sulfur fertilizer is not applied.  
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Figure 1.1. Wet non-sea salt sulfate deposition at three southern Ontario Environment and Climate Change Canada 

monitoring stations (Egbert, Longwoods, Warsaw Caves) from 1989 through 2016 

Note: Data from Environment and Climate Change Canada, 2018 
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1.9. Inorganic sulfur fertilizers 

Sulfur deficiencies in cropping systems can be corrected with the aid of sulfur-containing 

inorganic fertilizers. Many different formulations exist, but they can be categorized into sulfate 

fertilizers that are readily available for crop uptake and reduced sulfur fertilizers that must be 

oxidized before becoming plant-available. For the former group, examples include ammonium 

sulfate, single superphosphate, potassium sulfate, potassium magnesium sulfate, kieserite 

(magnesium-based sulfate fertilizers), and gypsum (Messick et al., 2005). Once applied and 

dissolved in soil solution, the sulfur in these products can be taken up and utilized by crop plants. 

Unfortunately, this also means that the sulfur they contain is immediately available to leaching 

loss. In humid climates, it has been demonstrated that most of the sulfate sulfur provided in 

excess of crop requirements is lost to leaching outside of the growing season (Knights et al., 

2000; Riley et al., 2002). It follows then that spring applications of sulfate fertilizers typically 

outperform fall applications in terms of utilization efficiency. Hoeft and Walsh (1975) 

demonstrated a tendency for alfalfa (Medicago sativa L.) to take up a greater amount of 

potassium sulfate sulfur when provided in the spring rather than the fall in Wisconsin. 

Furthermore, crop recovery of fall applied sulfate sulfur was 40 % of that which was spring 

applied for corn grown in an Illinois trial (Degryse et al., 2018). Spring applications of sulfate 

sulfur fertilizers are therefore recommended under the temperate climate of southern Ontario, 

which experiences large surpluses in crop production water budgets in the winter and spring 

months (Parkin et al., 1999).  

For inorganic sulfur fertilizer products that must first be oxidized before becoming plant-

available, there exists two major groups: thiosulfate formulations and elemental sulfur. 

Thiosulfate sulfur fertilizers like liquid ammonium thiosulfate are rapidly oxidized and are thus 
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quickly made available for crop uptake (Grant et al., 2003, 2004; Janzen & Bettany 1986; 

Matamwa et al., 2018). However, it must be noted that thiosulfate can act as a nitrification 

inhibitor (Sallade & Sims, 1992), and as such could have impacts on the crop that are unrelated 

to sulfur availability. Elemental sulfur formulations have an advantage over other inorganic 

sulfur fertilizers in that they are of relatively higher analysis, being of around 90 % sulfur for 

elemental sulfur/bentonite products, which lowers transport and application costs (Messick et al., 

2005). They also display a much slower release pattern (Janzen & Bettany, 1986; Mahli et al., 

2005; Matamwa et al., 2018). While this opens the opportunity to supply sulfur to crops over 

longer periods, this also poses an issue in determining the time pattern of oxidation, and if this 

release pattern coincides with crop requirements over the growing season.  

Given that sulfur oxidation is largely a biological process, factors that affect microbial 

growth and activity have a large effect on the rate of oxidation of elemental sulfur. Relevant 

environmental and soil-related factors are discussed in section 1.3 of this review. In addition to 

these, fertilizer-specific properties play a role in oxidation rate. Particle size is a prominent 

example. In fact, oxidation rate exhibits a negative linear relationship with the surface area of 

elemental sulfur (Fox et al., 1964a; Janzen & Bettany 1987a). This arises due to the fact that 

sulfur-oxidizing bacteria can only colonize the surface of elemental sulfur particles. The degree 

of dispersion in soils also affects oxidation. For example, elemental sulfur fertilizer applied in a 

band below the soil surface has been shown to be less plant-available than that which was 

broadcast and mixed into the soil (Chien et al., 1988; Swan et al., 1986). This could be due to the 

impediment of microbial activity from the accumulation of acidity around a band (Fox et al., 

1964a), an inadequate supply of oxygen surrounding the sulfur (Watkinson, 1989), or even a lack 

of sufficient water due to the hydrophobicity of elemental sulfur (Janzen & Bettany, 1986). 
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Therefore, fertilizer placement is an important consideration when using elemental forms of 

sulfur fertilizer. Based on this, environmental conditions, elemental sulfur particle size and 

distribution are all factors that affect the rate of biological sulfur oxidation and ultimately the 

plant-availability of elemental sulfur fertilizers. 

 Understanding that elemental sulfur becomes plant-available over longer periods 

compared to sulfate and thiosulfate sulfur formulations is important for its proper management as 

a fertilizer. Some suggestion has been made to apply elemental sulfur fertilizer forms in the fall 

so that enough oxidation can occur by spring (Grant et al.,  2012). Under Ontario conditions, 

elemental sulfur applied in the fall at 112 kg S ha-1 was proven to be as effective at improving 

alfalfa yield as potassium sulfate applied in the spring at 56 kg S ha-1, while also providing 

residual benefits (Haupt, 2017). Research in western Canada on canola has shown that fall 

applications of elemental sulfur are generally inferior to a program of spring ammonium sulfate 

(Grant et al., 2003, 2004). Finally, whether spring or fall applied, Hoeft and Walsh (1975) 

observed that potassium sulfate was consistently better in generating yield response to sulfur in 

alfalfa relative to spring or fall applications of elemental sulfur in Wisconsin. Therefore, while 

potential exists to use elemental sulfur fertilizers to correct sulfur deficiency, the reliance on 

biological processes to make these fertilizer forms plant-available causes for increased risk 

compared to where sulfate and thiosulfate forms are applied.   

1.10. Organic amendment sulfur 

Livestock manures have potential to provide sulfur in crop production systems. Eriksen et 

al. (1995b) analyzed 14 cattle and 13 swine manure slurries from Denmark for total sulfur 

content as well as changes in various sulfur fractions while in storage. Sulfur content ranged 

from 0.14 to 0.70 kg S m-3 for the cattle slurries and 0.30 to 0.66 kg S m-3 in the case of the 
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swine slurries at collection. Similarly, Lloyd (1994) found an average sulfur content of 0.35 kg S 

m-3 in cattle liquid manure. For solid manure, 1 kg S Mg-1 is an average content according to 

Eriksen (2008). This is lower than the values (average of 5.489 kg S Mg-1) outlined for 10 

archived solid manure samples used in the Broadbalk Classical Experiment in Rothamsted, 

England (Knights et al., 2001). Approximately 12.5 % of this sulfur was in a sulfate form with 

the rest being organic sulfur (Knights et al., 2001). Tabatabai and Chae (1991) reported solid 

manure sulfur contents intermediate (1.49 to 2.04 kg S Mg-1) to those mentioned above. 

Ultimately, though, the sulfur content of livestock manure will vary based on climate, type and 

duration of storage, animal species, feeding regimen, and length and type of rearing system 

(Eghball et al., 2002; Eriksen et al., 1995b).  

There may be a considerable amount of sulfur in livestock manure, but only a portion of 

this is plant-available in the short-term. Only 5 to 7 % of the total sulfur in swine and cattle 

slurries assessed by Eriksen et al. (1995b) was found to be plant-available in a pot experiment 

with rape. It is important to note that the slurries used in this trial had been stored for almost nine 

months, with there being a significant increase in sulfide and carbon-bonded sulfur plus a 

significant decrease in inorganic and organic sulfate over the period. This reduced the plant-

availability of the sulfur given the transformation of inorganic sulfate to less available forms 

(Eriksen et al., 1995b). Another study assessing the short-term availability of manure sulfur was 

conducted by Lloyd (1994). The author calculated the rate of sulfur as gypsum required to 

provide the same yield increase as what was generated in treatments receiving cattle slurry. Such 

‘sulfur equivalency’ values were divided by the total amount of sulfur applied via the manure to 

determine relative sulfur efficiency. Using this method, cattle slurry was observed to be 55 % as 

effective in providing sulfur to tall fescue (Festuca arundinacea cv. S170) compared to inorganic 
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gypsum fertilizer (Lloyd, 1994). While these plant-availability results are greater than those seen 

by Eriksen et al. (1995b), Lloyd (1994) did attest that the low total sulfur content of the slurry 

used in his own study would have made it impractical and environmentally irresponsible to meet 

the total sulfur requirement of the crop with manure alone. More specifically, it was determined 

that an annual dressing of 230 m3 ha-1 slurry would be required to satisfy the typical sulfur 

recommendations for three cuts of grass silage (Lloyd, 1994). Based on the studies above, 

livestock manure does have some ability to supply plant-available sulfur in the short-term. More 

research is required to assess the short-term sulfur supplying capacity of a broader range of 

manure sources.  

 Sulfur supplying potential of manure may extend into the long-term as well given that 

much of the total sulfur is in an organic form. Multiple experiments have demonstrated an 

increase in soil organic sulfur content from repeated manure applications, with this generally 

mirroring increases in organic carbon. Continuous wheat plots receiving an annual application of 

35 Mg ha-1 farmyard manure during a period of over 150 years at Rothamsted, England, were 

found to have a soil organic sulfur content approximately 2.8 times greater than both the control 

and treatments receiving yearly additions of either mineral nitrogen or NPKSMg fertilizer 

(Knights et al., 2000). This finding was solidified by how the soil organic carbon to sulfur ratio 

for these plots remained fairly consistent over time, although a very slight significant decline was 

noted in the manured treatment (Knights et al., 2000). Overall, this stresses how, despite 

continuous sulfate additions from atmospheric deposition across all the plots, and inorganic 

fertilizer sulfate additions in some of the arable plots, soil organic sulfur contents only rose 

where a corresponding increase in organic carbon was observed (Knights et al., 2000). Eriksen 

and Mortensen (1999) performed similar analyses on soils from the Askov Long-Term Field 
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Experiments on Animal Manure and Mineral Fertilizers in Denmark. Since 1894, this trial has 

compared crop response to treatments receiving no fertilizer, N, P, and K inorganic fertilizer, and 

annual livestock manure applications in a four-year crop rotation of winter cereal-root crop-

spring cereal-pea or grass/clover (Christensen, 1996). Two sites, one on a sand-textured soil and 

the other on a sand loam, generally showed that accretions in soil organic sulfur content are 

realized in parallel with increases in soil organic carbon (Eriksen & Mortensen, 1999). This was 

true for both the manured treatments and the NPK plots in relation to the unfertilized check. 

Kirchmann et al. (1996) provided a third set of observations from central Sweden. There, organic 

carbon and total sulfur contents increased by around 47 and 35 %, respectively, over 35 years of 

repeated (largely biennial) manure applications in a crop rotation including barley, oat, winter 

wheat, spring wheat, and fodder rape. Fallowed, unfertilized cropped, and two cropped 

treatments with the addition of inorganic fertilizer all exhibited a decline in organic carbon and 

total sulfur levels over the same period (Kirchmann et al., 1996). In fact, these four treatments 

had significantly lower soil organic carbon and total sulfur values than any of the treatments 

amended with organic materials (ie. green manure, animal manure, sewage sludge, and peat). 

While total sulfur values are given rather than organic sulfur, it is reasonable to assume that the 

inorganic sulfur fraction would represent only a minor component of total sulfur in the temperate 

climate of central Sweden. The results of the three studies presented show how livestock manure 

applications repeated over the long-term can substantially increase a soil’s organic sulfur 

content. This occurs largely as a result of the accumulation of organic matter from this practice.  

 Heightened levels of soil organic sulfur from frequent manure applications would lead to 

a subsequent increase in sulfur mineralization rates. An incubation study on soils from the 

Broadbalk Experiment in Rothamsted showed elevated sulfur mineralization rates in manured 
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plots versus the control and two mineral fertilizer treatments (Knights et al., 2001). A significant 

positive linear relationship was noted between mineralization rate and soil organic sulfur level 

(R2 = 0.86), although an even stronger linear regression fit was noted for microbial biomass 

carbon content (R2 = 0.98) (Knights et al., 2001). The authors hypothesized that this finding 

could be due to sulfur mineralization being dictated by microbial activity and/or that soil organic 

sulfur is made up of multiple fractions, each with different decomposition rates (Knights et al., 

2001). Even still, the increased sulfur mineralization rates seen in the manure treatment could 

indicate that there is residual value from repeated applications of manure in terms of crop sulfur 

nutrition. Eriksen and Mortensen (1999) did not, however, see this effect on oilseed rape grown 

on the manure treatment plots at the long-term Askov experiment. This result could have been 

due to the oilseed rape being a short season crop, which would hamper its ability to exploit the 

enhanced mineralization rates in manure-amended soil (Eriksen & Mortensen, 1999). With no 

indication that soil organic sulfur derived from manure mineralizes at a greater rate than the bulk 

of soil organic sulfur, and given how only 0.5 to 3.1 % of total soil organic sulfur is, on net, 

mineralized per year (Eriksen et al., 1995c; Freney, 1986; Keer et al, 1986), it is unlikely that the 

residual sulfur supplying potential of manure would satisfy a meaningful amount of a crop’s total 

sulfur requirements. Longer season crops may be able to take better advantage of residual sulfur 

from manure, though. 

 Other organic amendments aside from manure can supply sulfur. These include green 

manures, sewage sludge, biosolids, compost, and biochar. Whether sulfur is initially mineralized 

or immobilized from these sources depends on their carbon to sulfur ratio. Barrow (1960) 

determined a general rule whereby organic materials with carbon to sulfur ratios below 200 

display net mineralization while values of over 400 cause for initial immobilization. Ratios in 
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between cause for either mineralization or immobilization (Barrow, 1960). As a further proof of 

concept, Eriksen (2008) compiled mineralization results of manure, sewage sludge, and green 

manures from studies by Tabatabai and Chae (1991), Eriksen and Thorup-Kristensen (2002), and 

Reddy et al. (2002), finding that the amount of mineralized sulfur as a percent of the total sulfur 

content corresponded linearly with carbon to sulfur ratio. Knowing the carbon to sulfur ratio of a 

particular organic amendment, therefore, is one key aspect for understanding its initial sulfur-

supplying potential for crop growth. 

 Much research has been conducted on the potential agronomic benefits of applying 

biochar as an organic amendment (Sohi et al., 2010). Specific to this review, there have been a 

few studies that assessed the effect of biochar on sulfur supply and cycling. Fox et al. (2014) 

investigated the effect of 1 and 2 % by soil weight biochar (Miscanthus x giganteus) 

amendments on sulfur and phosphorus-transforming bacteria. This was done in a pot experiment 

with sulfur and phosphorus deficient temperate field soil growing ryegrass (Lolium perenne) 

(Fox et al., 2014). The biochar treatments proved to significantly enhance ryegrass growth 

relative to the unfertilized control, with this being attributed to an increased abundance of sulfur 

and phosphorus-mobilizing bacteria (Fox et al. 2014). Despite this, no additional nutrients were 

applied to the pots in the study, opening the chance that the effects on growth seen from biochar 

were not related to phosphorus and/or sulfur, but rather other nutrient(s). Furthermore, no 

comparison was made between the sulfur and phosphorus supplying efficiency of biochar in 

relation to inorganic phosphorus and sulfur fertilizer. Another similar pot experiment was 

performed by Fox et al. (2016) using the same biochar material and rates as Fox et al. (2014) but 

on spring barley (Hordeum vulgare). Comparable results were seen in relation to plant growth 

and abundance of sulfur and phosphorus-mobilizing bacteria. However, analysis of the sulfur 
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species present in the biochar via K-edge XANES spectroscopy found limited amounts of 

sulfonates despite the increases in sulfonate-utilizing bacteria (Fox et al., 2016). Such a result 

could indicate that the bacteria used sulfonate-sulfur from the soil’s initial organic matter pool 

(Fox et al., 2016). Again, no analogous mineral sulfur or phosphorus fertilizer treatment was 

implemented in this study and there was no supplementation of non-sulfur and phosphorus 

nutrients. A third, less related, set of work on sulfur supply by biochar was conducted on sulfur-

enriched SulfaChar (Zhang et al., 2017). SulfaChar is created by activating the carbon in biochar 

and subsequently using it to absorb hydrogen sulfide from anaerobic digesters (White, 2010). 

Corn and soybean were grown in commercial potting mix in a greenhouse experiment whereby 

sulfur was applied at various rates as both SulfaChar and inorganic sulfur fertilizer (Zhang et al., 

2017). Corn biomass was significantly increased with SulfaChar relative to synthetic fertilizer, 

with the total uptake of nitrogen, phosphorus, potassium, calcium, magnesium, zinc, manganese, 

and boron being significantly enhanced as well (Zhang et al., 2017). Soybean biomass, however, 

was not significantly different between the sulfur sources at any rate and only a minor effect on 

nutrient uptake was observed (Zhang et al., 2017). The authors concluded that SulfaChar 

possesses some capacity to supply sulfur in cropping situations (Zhang et al., 2017). The above 

studies indicate some potential for biochar amendments supplying sulfur for crop growth.  

 An additional sulfur supplying organic amendment is cover crops. Cover crops may be 

implemented in a cropping system for a variety of functions. One of these potential functions is 

accumulating and holding sulfur after the harvest of a marketed crop, and subsequently releasing 

this sulfur as plant-available sulfate for the proceeding marketed crop. The sulfur sequestration 

abilities of various cover crop species and mixes have been studied. Eriksen and Thorup-

Kristensen (2002) found that sulfur uptake by fodder radish (Raphanus sativus L.) and winter 
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oilseed rape in the field was significantly greater than what was seen from Italian ryegrass 

(Lolium multiflorum Lam), with reductions in soil sulfate concentrations following an agreeing 

pattern. In parallel to this, Wang et al. (2008) found significantly greater sulfur uptake in four 

cruciferous cover crops compared to sorghum sudangrass (Sorghum bicolor x S. sudanense 

‘Honey Sweet’). Finally, crucifer-legume cover crop mixes have been shown to perform equally 

to crucifers grown alone in terms of sulfur uptake, with significantly lower values being 

observed for legumes grown alone (Couëdel et al., 2018). These studies emphasize the ability of 

cruciferous cover crops to take up excess soil sulfur. Uptake of soil sulfur may lead to reductions 

in sulfur leaching (Eriksen & Thorup-Kristensen, 2002), but it is also key for this sulfur 

accumulated in biomass to be released to the subsequent crop. Eriksen et al. (2004) found that 

sulfur mineralization as a percent of total added sulfur in a pot study using various incorporated 

cover crop materials corresponded with the carbon to sulfur ratio of the incorporated material. 

Although legumes displayed the greatest total uptake of sulfur, sulfur mineralization rates were 

greatest in cruciferous species and sulfur uptake in the following barley crops grown tended to be 

greatest following cruciferous species as well (Eriksen et al., 2004). Crucifer-legume and sole 

crucifer cover crops analyzed by Couëdel et al. (2018) provided an estimated 5.5 kg S ha-1 and 

6.5 kg S ha-1, respectively, for the following crop. This highlights the possibility of cover crops, 

in particular crucifer species, to both prevent sulfur from leaching and make it available to 

subsequent crops. This contribution could represent a substantial portion of the sulfur 

requirement for crops like corn, soybean, and winter wheat with low sulfur demand. 

1.11. Plant sulfur uptake 

 Sulfur is primarily taken up by plants as sulfate from the soil, although atmospheric 

hydrogen sulfide (Brunold & Erismann, 1975) and sulfur dioxide (Fowler & Unsworth, 1979; 
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Thomas et al., 1943) plus foliar-applied elemental (Legris-Delaporte et al., 1987) and sulfate 

(Mahli & Gill, 2002) sulfur can also be assimilated. Movement of soil sulfate sulfur to the roots 

is largely through mass flow, meaning that sulfate dissolved in soil solution moves to the root 

surface with water absorbed for transpiration (Barber et al., 1963). Once at the root surface, 

sulfate uptake into the plant is accomplished via an active, proton-dependent co-transport process 

(Hawkesford et al., 1993; Lass & Ullrich-Eberius, 1984; Sacchi & Nocito, 2019). It is then 

loaded into the xylem and translocated acropetally with the transpiration stream (Rennenberg et 

al., 1979; Tolbert & Wiebe, 1955). While it would be expected that, through this initial 

translocation process, sulfate accumulates in areas of the plant that exhibit the most transpiration 

(ie. photosynthetically-active mature leaves), some reports have observed that radiolabelled 

sulfate provided to the roots of hydroponically-grown plants masses in expanding leaves rather 

than mature ones (Biddulph et al., 1958; Smith & Lang, 1988; Sunarpi & Anderson, 1996a). This 

indicates that sulfate initially allocated via the transpiration stream is reloaded into the phloem 

and redistributed to younger leaves. Despite this, these studies were only conducted on common 

bean (Phaseolus vulgaris L.) or soybean, and it should be noted that other work in oilseed rape 

found that initial distribution of sulfate was indeed related to the shoot organ transpiration 

potential (Blake-Kalff et al., 1998). Upon reaching the sink, sulfate may be left unchanged in 

vacuoles or reduced, initially to cysteine, for conversion to other sulfur metabolites (Leustek & 

Saito, 1999; Sacchi & Nocito, 2019). These include another amino acid, methionine, as well as 

vitamins like biotin and thiamine, redox buffers like glutathione, cofactors such as coenzyme A 

(Leustek, 2002), and plant defence molecules like glucosinolates in the order Brassicales and 

alliines in the Alliaceae family (Burow, et al., 2008). Effectively, the spectrum of structural, 

regulatory, and catalytic molecules containing sulfur in plants highlights its essential nature.  
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 Endogenous sulfur has some capacity to be redistributed within vegetative plants. Pulse 

and chase experiments using radiolabelled sulfate that were conducted by Adiputra and 

Anderson (1992) in barley and Sunarpi and Anderson (1996a) in soybean suggested that mostly, 

but not fully, expanded leaves are the strongest sinks for sulfate and that this sulfur is later 

slowly exported to other aboveground shoot organs. Specifically, for sulfur-sufficient plants, 

sulfate provided to these expanding leaves is mostly stored in the vacuole and not incorporated 

into insoluble sulfur components like proteins, being available for slow redistribution to new 

developing leaves (Bell et al., 1994; Sunarpi & Anderson, 1996b). This follows the observations 

of Datko et al. (1978) where, in spite of a 3000-fold increase in growing medium sulfate 

concentrations, little change was noted in the organic sulfur fraction (ie. protein sulfur) in aquatic 

duckweed. Extra sulfur that was taken up from high sulfate mediums was maintained as soluble 

sulfate within the plant. It must be stressed that remobilization of this vacuolar sulfate from 

leaves is slow (Bell et al., 1994, 1995). Moreover, sulfur deficiency can lead to an enhanced 

diversion of newly acquired and remobilized sulfur to support continued root growth (Abdallah 

et al., 2010; Sunarpi & Anderson, 1996b). Although the sulfur requirements of new shoot growth 

can be supported by remobilized sulfur in the short-term (Abdallah et al., 2010), the foregoing 

points support the notion that this movement is inadequate for supporting vegetative plant 

growth over extended periods of sulfur deficiency.  

 Redistribution of endogenous sulfur to reproductive tissues tends to be limited as well. 

Bender et al. (2013) measured the uptake of various nutrients into leaf blades; stalk and leaf 

sheaths; tassels, cobs, and husks; and grain at six growth stages in six field-grown modern corn 

hybrids. Harvest index values for nitrogen and sulfur were comparable at 58 and 57 %, 

respectively. Yet, while 64 % of grain nitrogen was acquired from remobilization from 
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vegetative tissues, the majority (71 %) of grain sulfur was directly obtained from soil after 

flowering. Similar observations were made by Karlen et al. (1988), providing further evidence 

that exogenous sulfur is the major contributor to reproductive tissue requirements. In two 

experiments with hydroponically-grown soybean, 36 and 40 % of seed sulfur was acquired from 

mobilized sulfur (Naeve & Shibles, 2005). Eriksen et al. (2001) calculated that an average of just 

23 % of the ear sulfur content in barley was remobilized from leaves. A relatively greater amount 

of remobilization to reproductive tissues was exhibited in a hydroponic tracer study using winter 

wheat (Monaghan et al., 1999). Half of the sulfur found in grain at maturity was from uptake that 

occurred prior to anthesis, and it was estimated that 39, 32, and 52 % of sulfur present at anthesis 

in flag leaves, older leaves, and stems, respectively, was exported. The authors concluded that, 

under the conditions of the study, sulfur exhibits a fair amount of mobility in winter wheat, 

although the potential for redistribution to reproductive organs was less than what was seen for 

nitrogen and phosphorus.  

 Because sulfur has low to intermediate mobility in plants, aboveground sulfur deficiency 

symptoms are typically first seen in newer tissues. Initial chlorosis at the edges of young leaves 

of sulfur-deficient oilseed rape eventually develops into interveinal chlorosis (Schnug & 

Haneklaus, 1994, 2005). In addition, anthocyanins accumulate to cause leaf purpling and 

expanding leaves may display spoon-like distortions (Schnug & Haneklaus, 1994, 2005). Higher-

positioned leaves are smaller and yellowed in sulfur-limited soybean (Hitsuda et al., 2004). Corn, 

wheat, and other cereals may display sulfur deficiency symptoms as slight chlorosis in the 

uppermost part of the plant (Hitsuda et al., 2005), or as a general yellowing throughout the 

aboveground biomass, with striping even being noted in some cases (Grant & Hawkesford, 
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2015). Such macroscopic sulfur deficiency symptoms may not be distinguishable from those of 

other nutrient deficiencies. In such a case, tissue testing should be done to confirm the diagnosis.  

 The presence of sulfur deficiency is a concern because it can result in reduced yield 

and/or quality of a crop. Mahli et al. (2004) noted the presence of yield-limiting sulfur deficiency 

in canola, cereals, and peas grown in northeastern Saskatchewan. In fact, multiple works have 

observed sulfur deficiency for crops in western Canada (ex. Beaton & Soper, 1986; Grant et al., 

2003; Mahli et al., 2007; Solberg et al., 2007). Sulfur deficiency has been reviewed in New 

Zealand (Walker & Gregg, 1975) plus the tropical (Jones et al., 1975) and temperate (Blair & 

Nicolson, 1975) areas of Australia. More recent recordings of sulfur-related yield loss in 

Australia were provided by Brennan & Bolland (2006, 2008) for canola production in the 

southwestern region. Salvagiotti et al. (2012) noted seed yield response to sulfur application in 

soybean in the Argentinian Pampas. Various crops exhibited response to sulfur fertilizer 

additions in an Indian study as well (Biswas et al., 2004). In Europe, sulfur fertilizer applications 

have been required since the 1980s for optimum rapeseed production and since the 1990s for 

cereals and sugar beet (Haneklaus et al., 2005). Work from Great Britain even displayed 

improvements in bread-making quality of wheat with the application of sulfur (Zhao et al., 

1999b, 1999c). While the list of publications presented here indicating yield losses due to crop 

sulfur deficiency is certainly not exhaustive, it does give a sense of how widespread this issue is 

across regions, soils, and cropping systems.   

 Avoiding this deficiency requires varying levels of sulfur, with the exact amount being 

dependent on crop species and biomass production. Alfalfa and canola have relatively large 

requirements for sulfur compared to corn, soybean, and winter wheat (Canadian Fertilizer 

Institute, 1998). For the latter grouping specifically, total uptake is generally less than 20 kg S 
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ha-1. This varies, however, with crop biomass levels. While an average of 26 kg S ha-1 was taken 

up in 23.0 Mg ha-1 aboveground biomass for six corn hybrids grown in Illinois (Bender et al., 

2013), 44 kg S ha-1 accumulated by physiological maturity for corn in an experiment by Karlen 

et al. (1988). The Karlen et al. (1988) study was part of a maximum yield trial, allowing 

aboveground dry matter production to be much greater than average at 31.8 Mg ha-1. Control 

treatment results from four corn sites assessed by Kim et al. (2013) found grain sulfur removal to 

be 3.6, 7.5, 6.2, and 6.8 kg S ha-1 for grain yields of 5.0, 9.7, 10.2, and 11.1 Mg ha-1, 

respectively. Similar relationships between grain sulfur uptake and grain yield have been 

documented in soybean (Kaiser & Kim, 2013) and winter wheat (Zhao et al., 1999a). Attention 

should be drawn to the fact that luxury consumption of sulfur can occur in some cases (Kaiser & 

Kim, 2013; Kim et al., 2013). However, the research presented above still emphasizes how crop 

sulfur requirements vary considerably by species while also being positively influenced by total 

biomass production.  

 Ideally, crops should be provided with sufficient sulfur to match requirements throughout 

their growth cycle. This was clearly demonstrated in a pot experiment assessing sulfur 

application timing effect on winter wheat grain yield and yield components (Haneklaus et al., 

1995). Plants grown in the absence of sulfur exhibited a 93 % grain yield reduction relative to the 

sulfur-replete control. Furthermore, treatments where sulfur was only provided upon stem 

extension and ear emergence produced grain yields that were 75 and 45 % of the control, 

respectively. Such a lack of recovery from initial sulfur deficiency is not as severe in canola. 

Work by Hocking et al. (1996) in New South Wales, Australia, determined that sulfur 

applications even at the stem extension timing gave the same yields as sulfur applications at 

planting. Seed yields in canola grown in northeastern Saskatchewan were slightly reduced upon 
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delaying sulfur application until bolting, but severe losses were noted if sulfur was left until early 

flowering (Mahli & Gill, 2002). These results stress the importance of providing an adequate 

supply of sulfur throughout the growth cycle of a crop. The extent to which different crop 

species can recover from initial deficiency varies though.  
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Chapter 2. Field response trials 

2.1. Introduction 

 Sulfur is an essential plant nutrient. It is most notably a part of the amino acids cysteine 

and methionine, which are critical to the formation and function of proteins. Nitrogen fixation, 

the synthesis of nitrogen and sulfur compounds, and the distribution of electrons from 

photosystem I for NADPH production are all accomplished with the help of ferredoxin proteins 

that contain iron-sulfur groups (Fukuyama, 2004). Cofactors such as coenzyme A, the vitamins 

biotin and thiamine, and redox buffers like glutathione all contain sulfur (Leustek, 2002), as do 

many plant defence molecules (Burow et al., 2008). The importance of sulfur to these 

compounds and processes demonstrates its critical role in plant growth and development.  

 In fact, deficiencies in sulfur can cause for severe reductions in the productivity of crop 

plants. Yield limitations from poor sulfur nutrition have been observed in many cropping 

systems across the globe (Beaton & Soper, 1986; Biswas et al., 2004; Blair & Nicolson, 1975; 

Brennan & Bolland, 2006, 2008; Grant et al., 2003; Haneklaus et al., 2005; Jones et al., 1975; 

Mahli et al., 2004, 2007; Salvagiotti et al., 2012; Solberg et al., 2007; Walker & Gregg, 1975). 

Additionally, sulfur deficiency can result in reduced crop quality. A great example of this is 

lowered bread-making quality of flour made from sulfur-deficient wheat grain (Zhao et al., 

1999b, 1999c). Decreases in crop yield and/or quality represent lost revenue for growers.   

Sulfur nutrition of field crops is becoming an increased concern under southern Ontario 

growing conditions. Environmental legislation has put restrictions on anthropogenic sulfur 

emissions in the United States and Canada (Fisheries and Environment Canada, 1976; 

International Joint Commission, 2017; Kuklinska et al., 2015), which has led to a gradual decline 

in atmospheric sulfur deposition inputs. This has been especially true for areas like southern 
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Ontario which traditionally experienced some of the highest sulfur deposition levels in North 

America (International Joint Commission, 2017). Figure 1.1 indicates a quadratic trend for 

annual wet sulfate sulfur deposition between 1989 and 2016 for three Environment and Climate 

Change Canada stations spread across southern Ontario. Assuming the values presented in the 

graph are around 60 % of total sulfur deposition (Baumgardner et al., 2002; Butler & Likens, 

1995; Faloona, 2009), then the approximate annual accessions of 7 and 2 kg S ha-1 seen in 1989 

and 2016, respectively, would become totals of 11.5 and 3.5 kg S ha-1. This represents a 

considerable loss in plant-available sulfur inputs for southern Ontario field cropping systems.  

 To add to this, the climate of southern Ontario and the nature of its soils prevent storage 

of excess sulfate sulfur. Surpluses in crop production water budgets occur during the winter and 

spring months (Parkin et al., 1999), causing for sulfate leaching outside of the growing season. 

Leaching losses are enhanced by the fact that most of Ontario’s agricultural soils are derived 

from calcareous parent material. This restricts their capacity to adsorb sulfate since this process 

becomes irrelevant at soil pH values above 5.5 to 6.5 (Chao et al., 1963, 1964; Courchesne & 

Hendershot, 1989; Curtin & Syers, 1990; Fox, 1982; Kamprath et al., 1956; Pigna & Violante, 

2003; Williams & Steinbergs, 1962). Accumulation of soil sulfur under these conditions is more 

dependent on increases in soil organic matter content than it is on total sulfate inputs, including 

from fertilizers and the atmosphere (Knights et al., 2000). Thus, historical contributions of plant-

available sulfur from atmospheric deposition, organic matter mineralization, or other sources into 

southern Ontario cropping systems have largely been lost. Without a substantial capacity to 

retain soil sulfate sulfur, and considering the decreasing levels of atmospheric sulfur deposition, 

crops that do not receive sulfur fertilizer in southern Ontario are becoming increasingly reliant on 

sulfate mineralized from organic matter within the growing season to meet nutrient requirements.  
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These crop sulfur requirements are on the rise, too. Continuous improvements in genetics 

and agronomic practices have manifested into steady year over year increases in marketable 

yield of many Ontario field crops. For example, grain yields for corn, soybean, and winter wheat, 

which are the top three grain and oilseed species grown by area in the province, increased by an 

average of 131, 24, and 63 kg ha-1 yr-1 between 1981 and 2019 (Ontario Ministry of Agricultural, 

Food and Rural Affairs, 2020). Higher yields equate to greater biomass production and a greater 

demand for nutrients, including sulfur.  

Despite the concerns surrounding crop sulfur nutrition in Ontario, little formal research 

has gone into determining the frequency and extent to which grain yield in corn, soybean, and 

winter wheat is affected by sulfur fertilization in the region. Some prior efforts cited in the 

Ontario Ministry of Agricultural, Food and Rural Affairs (OMAFRA) agronomy guide indicated 

that 13 of 22 winter wheat field trials responded to sulfur fertilization (Brown et al., 2017). Data 

from 2012 and 2013 corn starter fertilizer trials indicated no response to sulfur at 21 site-years 

tested (Stewart, 2012, 2013). Growers who regularly apply sulfur fertilizer to corn, soybean, and 

winter wheat could incur unnecessary fertilizer material and application costs at sites where yield 

response is unlikely.  

Therefore, the purpose of this study was to provide additional information on the 

magnitude and frequency of grain yield response to sulfur fertilization in corn, soybean, and 

winter wheat grown across varying soils and conditions in southern Ontario. Additionally, this 

study was aimed at determining the economic feasibility of applying sulfur in these crops for 

responsive sites and as an average across locations. Although total sulfur uptake is similar across 

the three crops (Canadian Fertilizer Institute, 1998), it was expected that the early season nutrient 

demands of winter wheat would result in a greater chance for this crop’s sulfur requirements 
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outstripping sulfur supply when cool, wet spring conditions limit organic sulfur mineralization. 

This thought, coupled with the earlier maturity of winter wheat compared to corn and soybean 

(which limits the period over which deposition and organic sulfur mineralization inputs are 

integrated), made us expect that winter wheat would respond more frequently to sulfur fertilizer 

application than corn or soybean.  

2.2. Materials and methods 

2.2.1. Field trials 

A total of 28 field trials were conducted across southern Ontario in 2018 and 2019 to 

assess plant response to sulfur fertilization in corn, soybean, and winter wheat. These were 

executed by university researchers, OMAFRA staff, research station personnel, and grower 

cooperators with varying treatments and experimental designs. Some background material, trial 

and treatment layouts, fertility and basic agronomic information are summarized in Tables 2.1 

through 2.6. A distinction can be made between intensive experiments where several sulfur 

treatments were employed and less intensive trials which included two to four rates of sulfur. 

Intensive trials were set up for all three crops at the University of Guelph Elora Research Station 

in 2018 and 2019 in addition to the Winchester Agricultural Research Station in 2019. Less 

intensive trials were situated at various locations and provided valuable sulfur response data 

while also being simpler in design.  

A replicated randomized complete block design was applied in all cases. The exceptions 

to this were the Mildmay 2019 corn site where main sulfur plots were split by a corn hybrid 

subfactor and the Mildmay 2019 soybean site which had a split block factorial design of sulfur 

by fungicide rate with main plots being further split by static versus variable seeding rate. The 

fungicide effect was not replicated at the Mildmay 2019 soybean site. Blocks at the Elora 2018 
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(Intensive) winter wheat, Elora 2018 (Intensive) soybean, and Douglas 2019 winter wheat sites 

were divided evenly among two nearby plot locations (‘ranges’) spaced less than 100 m apart. 

Individual plot sizes varied from small plots to field-length strips.  

Sulfur was spring applied as a sulfate or thiosulfate inorganic fertilizer source, with the 

only exception to this being the Mildmay 2019 corn site where MicroEssentials SZ (MESZ) (12-

40-0-10S-1Zn) (The Mosaic Company, Plymouth, Minnesota) was utilized. Half of the sulfur 

contained in MESZ is in an elemental form and the other half is sulfate. At the nine intensive 

trials conducted at Elora and Winchester, a treatment supplying 20 kg S ha-1 and 17.5 kg N ha-1 

as granular ammonium sulfate (21-0-0-24S) and another providing 17.5 kg N ha-1 as granular 

urea (46-0-0) were implemented alongside a control and four potassium sulfate (0-0-50-18S) 

treatments. The ammonium sulfate and urea treatments were included to see if there was an 

interaction between sulfur and additional nitrogen. A host of varying fertility treatments were 

assessed by Horst Bohner (OMAFRA) at the Bornholm 2018, Elora 2018 (Bohner), Winchester 

2018 (Bohner), Bornholm 2019, Elora 2019 (Bohner), Ridgetown 2019, St. Thomas 2019, and 

Winchester 2019 (Bohner) soybean sites. Of interest for this collection of trials was the no 

fertilizer control and a treatment receiving 27 kg S ha-1 and 24 kg N ha-1 as granular ammonium 

sulfate. Additionally, a 26 kg N ha-1 granular urea treatment was included in the five 2019 

locations to roughly match the nitrogen supplied in the ammonium sulfate plots. Soft red winter 

wheat cultivars (which are the predominant market class in Ontario) were grown at all winter 

wheat trials except for at Douglas in 2019 where a hard red cultivar was used. For all sulfur 

response trials, weeds, pests, and diseases were managed as required with pesticides.  

Plot grain mass values were determined at all sites. A combine was used for these 

measurements at most trials in tandem with a scale or calibrated yield monitor. The exceptions to 
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this were the 2018 and 2019 Elora intensive corn experiments where cobs were harvested by 

hand. Grain moisture was found with a calibrated combine or stand-alone moisture reader at all 

sites aside from at the Elora intensive trials. For the Elora intensive corn trials, cob weight was 

determined from the centre 8 m and centre two rows of the plots. Following this, 10 harvested 

cobs were selected at random from each plot, weighed, placed in an oven at 65℃ for seven days, 

reweighed, and shelled. The cob moisture and shelling percentage determined from these 

samples was used to calculate plot grain mass from plot cob weight. For the 2018 and 2019 Elora 

intensive soybean and winter wheat experiments, all the grain harvested from a given plot was 

weighed, dried in an oven at 65℃ for seven days, then reweighed to determine harvest moisture 

content. Plot grain mass values at all sulfur response trial locations were used to calculate grain 

yield on a kilograms per hectare basis. Values were adjusted to 15.5, 13, and 14 % mass moisture 

content for corn, soybean, and winter wheat, respectively.  

Aboveground straw/stover mass from approximately 10 cm above the soil surface was 

determined for the intensive Elora corn and winter wheat site-years. All winter wheat straw left 

in the windrow from the plot combine was gathered and weighed immediately after harvest. A 

subsample of straw from each plot was weighed and then dried at 65℃ for a week before being 

reweighed to determine harvest moisture content. Dry weights for these straw subsamples ranged 

from approximately 60 g to 110 g in 2018 and 130 g to 260 g in 2019. Stover (from stalks where 

cobs were removed) from the Elora intensive corn sites was cut by hand and weighed three 

weeks after cobs were harvested for the 2018 trial and two weeks after cobs were harvested in 

the 2019 trial. Approximately 10 stalks from each corn plot were selected at random, coarsely 

chopped, and weighed prior to being dried and reweighed in a similar manner to the winter 

wheat straw. Dry weights for the corn stover subsamples were around 300 to 650 g in both 2018 
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and 2019. Using the plot straw/stover masses and associated subsample harvest moisture values, 

total straw/stover yield was calculated on a dry basis. It should be noted that dry cob weight 

(without kernels) was added to the corn stalk mass to determine total corn stover yield. 

 The sulfur concentration of grain was quantified for all six intensive Elora experiments 

and straw/stover sulfur concentration was determined for the four intensive Elora corn and 

winter wheat trials. Grain was processed in coffee grinders to produce approximately 40 mL of 

ground material per plot. A similar amount of corn stover was ground through a laboratory-scale 

knife mill for each plot. For wheat straw, entire plot straw subsamples were passed through a 

laboratory-scale knife mill. Sulfur concentration was then determined for all ground biomass 

samples via combustion on a LECO sulfur analyzer (LECO, St. Joseph, Michigan).   

 Grain sulfur uptake, straw/stover sulfur uptake, and total shoot sulfur uptake was 

calculated for the intensive Elora corn and winter wheat experiments. Because of a lack of 

straw/stover measurements, only grain sulfur uptake was determined for the Elora intensive 

soybean experiments. Sulfur uptake by various plant components was calculated as the product 

of the plant component mass and sulfur concentration.  

 Grain test weight and protein content was measured for the 2019 Douglas winter wheat 

site given that these are particularly important quality parameters for the hard red winter wheat 

market class. A Dickey-John mini GAC ® plus tester (DICKEY-john, Auburn, Illinois) was 

utilized to determine test weight at market (14 %) moisture. A near infrared transmission tester 

was utilized to determine the percent protein content at market moisture.  

2.2.2. Economic analysis 

  A simple economic analysis was conducted whereby the revenue generated from a 

sulfur-induced grain yield change was compared to the cost of sulfur fertilizer. Fertilizer price 
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quotes were obtained from southern Ontario dealers and the price per kilogram sulfur was 

calculated for various fertilizer sources. Sample calculations for this are provided in Appendix B 

and sulfur prices are reported in Table B.1. Moreover, monthly weighted average grain prices for 

corn, soybean, and wheat in Ontario were acquired from the Grain Farmers of Ontario and 

averaged for the period between January, 2018, and December, 2019 (Table B.2). It must be 

pointed out that the wheat prices obtained were an average for all market classes. To conclude 

that a significant profitable economic response to sulfur fertilization was achieved at a given site, 

it was assumed that there first had to be a significant positive change in grain yield upon the 

application of sulfur. Secondly, the revenue generated by the actual yield change had to exceed 

the cost of the sulfur fertilizer supplied. The sulfur fertilizer cost was the product of the amount 

of sulfur applied and the per unit cost of sulfur for the respective source.  

An overall economic analysis averaging sulfur application profits/losses across sites was 

conducted for each crop as well. Revenue from grain, less sulfur fertilizer cost, was averaged for 

a plus sulfur treatment across trials. For any trial where multiple rates of sulfur were applied, the 

plus sulfur treatment selected for this analysis was the one receiving the rate closest to 20 kg S 

ha-1. The 20 kg S ha-1 as potassium sulfate, rather than ammonium sulfate, treatment was chosen 

for the intensive Elora and Winchester site-years. The mean plus sulfur treatment net revenue 

was evaluated against the average revenue generated in control plots, with this being 

accomplished in two separate analyses for each crop. The first was conducted using sulfur cost as 

implemented in each trial, with the other one using sulfur costs as if the only sulfur fertilizer 

source applied across sites was granular ammonium sulfate. All monetary values are presented in 

Canadian dollars.  
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2.2.3. Weather data 

 Environment and Climate Change Canada weather data were collected from stations 

proximal to each experimental site. Monthly total precipitation and average air temperature data 

were recorded for the year in which each trial was performed as well as the last four months of 

the prior year. Matching 30-year (1981 to 2010) Environment and Climate Change Canada 

climate averages for total monthly precipitation and average monthly air temperature were also 

found and recorded. Care was taken to ensure that weather data and climate averages were from 

the same or at least proximal weather stations.  

2.2.4. Statistical analysis 

Statistical analysis for plant response data varied according to site. For the Sombra 2018 

winter wheat, Stayner 2018 winter wheat, Mildmay 2019 winter wheat, Arkona 2018 soybean, 

and Merlin 2018 soybean sites where a single rate of sulfur was compared to a control lacking 

sulfur, a separate analysis of variance (ANOVAs) of grain yield was performed for each trial and 

sulfur treatment was the only fixed effect. Similar analyses were conducted on the grain yield 

data for the Mildmay 2019 corn and Mildmay 2019 soybean locations, although sulfur, corn 

hybrid, and the interaction between these were included as fixed effects for the former and 

sulfur, fungicide, seeding rate, and all interactive combinations of these were assessed in the 

ANOVA for the latter. For all trials listed above, a simple t-test was utilized to separate the two 

sulfur treatment means. The Bornholm 2019 winter wheat and Douglas 2019 winter wheat 

locations assessed three, rather than two, sulfur rates, so an ANOVA was conducted on yield 

data from each site and mean estimates were separated utilizing a Fisher’s protected least 

significant differences (LSD) test. ANOVAs and Fisher’s protected LSD tests were repeated on 

grain test weight and protein content values for the 2019 Douglas winter wheat trial.  
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Given the use of similar experimental methods and equivalent fertilizer treatments across 

the Bornholm 2018, Elora (Bohner) 2018, and Winchester (Bohner) 2018 collection of soybean 

trials as well as the set comprising the Bornholm 2019, Elora (Bohner) 2019, Ridgetown 2019, 

St. Thomas 2019, and Winchester (Bohner) 2019 soybean locations, a single ANOVA for grain 

yield was done for each of these two trial groups with location, fertilizer treatment, and the 

interaction of these two variables being included as fixed effects. For the Bornholm 2018 

soybean site, it should be noted that two cultivars were grown in separate trials and these were 

treated as two distinct locations. The presence of multiple fertilizer treatments in all the trials 

listed above meant that individual pairwise comparisons were made within each location 

between the ammonium sulfate treatment and control for the 2018 grouping and the ammonium 

sulfate, urea, and control treatments for the 2019 grouping. Relevant treatment means were also 

averaged across locations within both sets of trials and compared. Pairwise comparisons were 

made using Fisher’s protected LSD tests.  

 Seven fertilizer treatments were used at the Elora and Winchester intensive trials, with an 

individual ANOVA being performed against the treatment fixed effect for each site-year and for 

each crop response variable assessed. Namely, this was done on grain yield for all nine sites, 

grain sulfur concentration and grain sulfur uptake for the six Elora trials, and straw/stover yield, 

total shoot yield, harvest index, straw/stover sulfur concentration, straw/stover sulfur uptake, and 

total shoot sulfur uptake for the Elora intensive corn and winter wheat experiments. Plot means 

for each variable at each site were then separated with a Tukey’s Honest Significant Difference 

(HSD) test.  

 Crop response variables for the Elora and Winchester intensive sites were subjected to 

stepwise regression analysis, with this specifically being done against the five rates of sulfur 
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applied as potassium sulfate. Linear, quadratic, and lack of fit relationships were tested. Because 

four rates of potassium sulfate were applied in the Bornholm 2018 corn trial, stepwise regression 

was done in a similar fashion for grain yield data from this site.   

 For the economic analysis averaged across sites, mean grain revenue for the control 

treatment was compared to plus sulfur treatment net revenue (see section 2.2.1) in ANOVA. 

Fixed effects were sulfur fertilizer treatment (ie. plus sulfur or control), location, and the 

interaction between these. Two separate analyses were performed for each crop. The first 

calculated sulfur fertilizer cost based on the actual rates and sources implemented in each trial. 

The second determined sulfur cost as if ammonium sulfate was the sole fertilizer source applied 

across sites.  

All statistical analyses were performed in SAS software, Version 9.4 of the SAS System 

for Unix. Copyright © 2002-2012 SAS Institute Inc. The GLIMMIX procedure was used in all 

cases. A ‘nobound’ option was included in any analysis with negative variance estimates. 

Analysis of residuals accompanied each ANOVA, with some datasets being log transformed 

prior to analysis to satisfy the normality of residuals assumption.
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Table 2.1. Background agronomic information, trial and treatment layouts for corn sulfur fertilizer response trials conducted at five southern Ontario locations 

in 2018 and 2019. 

 2018  2019 

 Bornholm Elora(Intensive)  Elora(Intensive) Mildmay Winchester(Intensive) 

Coordinates 43.5244, -81.1391 43.6348, -80.4127  43.6357, -80.4099 44.0759, -81.1841 45.0541, -75.3360 

       

Soil informationa       

Mapped series Perth Guelph  Guelph Harriston North Gower 

Mapped texture Clay loam Loam  Loam Loam Clay loam 

Sampling date - May 11, 2018  May 24, 2019 Jun 11, 2019 - 

pH - 8  7.7 7.3 - 

Organic matter (%) - 3.8  3.7 5.2 - 

Extractable P (ppm) - 12  9 36 - 

Extractable K (ppm) - 56  62 175 - 

       

Previous crop Winter wheat Spring barley  Spring barley Winter wheat Soybean 

       

Trial layoutb       

Plot type SP SP  SP FLS SP 

Plot length (m) 18 12 (8 harvested)  12 (8 harvested) 275 5 

Plot width (m) 3 3 (1.5 harvested)  3 (1.5 harvested) 9 3 (1.5 harvested) 

Number of blocks 4 6  6 4 4 

       

Base fertilizer       

N (kg ha-1) 190 205  205 189 Not available 

P2O5 (kg ha-1) 29 171  171 100 Not available 

K2O (kg ha-1) 29 175  175 38 Not available 

Application methods  

(kg ha-1 and nutrient)c 

SD-161N 

PRE-remainder  

B-12N,57P 

PPI-remainder   

 B-12N,57P 

PPI-remainder 

SD-140N 

STI-remainder  

Not available 

Organic amendment history No No  No Jan, 2019 

5 Mg biosolids ha-1 

No 

Sulfur fertilizer history No No  No Yes Not available 

       

Sulfur treatments       

Date applied May 24, 2018 May 14, 2018  May 24, 2019 May 9, 2019 May 28, 2019 

Fertilizer sourced SOP SOP  SOP MESZ SOP 

Rates (kg S ha-1) 0, 11, 22, 34 0, 10, 20, 30, 40   0, 10, 20, 30, 40 0, 21 0, 10, 20, 30, 40 

Application methode PRE PPI  PPI STI PRE 

       

Nutrient balancef Yes No  No Yes No 
 



58 

 

Table 2.1. Continued.        

 2018  2019 

 Bornholm Elora(Intensive)  Elora(Intensive) Mildmay Winchester(Intensive) 

Additional treatmentsg None 20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

 20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

None 20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

       

Seeding information       

Hybrid Pride  

A6018G2-RIB 

Dekalb  

DKC38-55RIB  

 Dekalb  

DKC38-55RIB 

Dekalb  

DKC43-10RIB and  

DKC44-80RIB 

Pioneer 

P8989AM 

Date  May 17, 2018 May 14, 2018  Jun 7, 2019 May 9, 2019 May 22, 2019 

Methodh T T  T ST T 

Row spacing (cm) 76 76  76 76 76 

Seeding rate (ha-1) 79 000 78 500  78 500 85 250 84 000 

       

Tillagei T T  T NT, corn ST T 

       

Harvest information       

Date Not available Oct 3-4, 2018  Nov 12-16, 2019 Nov 23, 2019 Nov 14, 2019 

Method Combine and scale Hand harvest  Hand harvest Combine and monitor Combine and scale 

       

Coordinator Rosser, B. 

(OMAFRA) 

Sanders, A. 

(U of G) 

 Sanders, A. 

(U of G) 

Grower cooperator Winchester Research 

Station personnel 

       

Additional information - -  - Main plot factor of S 

rate split by hybrid 

- 

aMapped soil series and texture determined from Ontario soil maps of Bruce, Dundas, Perth, and Wellington Counties. Basic chemical properties were 

measured for a soil depth of 0 to 15 cm. Soil pH was determined with a 1:2 soil to water paste and ion probe. Soil organic matter was determined via the 

Walkley-Black method (Walkley & Black, 1934). Phosphorus and potassium were measured as 0.5 M sodium bicarbonate-extractable phosphorus (Olsen et 

al., 1954) and 1 M ammonium acetate-extractable potassium (Richards & Bates, 1988), respectively 
bPlot type: FLS = field-length strips; SP = small plots. For trials where only a portion of the plot was harvested, the harvested area was centred in the plot area 
cFertilizer application methods: B = banded 5 cm next to and 5 cm below seed furrow; PPI = preplant broadcast incorporated; PRE = pre-emergent surface 

broadcast; SD = side dress; STI = strip-till incorporated 
dFertilizer sources: AMS = granular ammonium sulfate (21-0-0-24S); MESZ = granular MicroEssentials SZ (12-40-0-10S-1Zn) (The Mosaic Company, 

Plymouth, Minnesota); SOP = granular potassium sulfate (0-0-50-18S); urea = granular urea (46-0-0) 
eSee c for fertilizer application methods 
fYes/no to if nutrient(s) accompanying sulfur in sulfur fertilizer source was/were applied at equivalent rate(s) across all treatments 
gSee d for fertilizer sources. The (1) and (2) following the fertilizer rates and sources for the Elora and Winchester trials indicate the two additional treatments  
hSeeding methods: ST = strip-tilled, planted; T = tilled, planted 
iSite tillage practices: NT, corn ST = no-till for all crops in rotation except corn (strip-tilled); T = tillage occurs at least once during crop rotation 
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Table 2.2. Background agronomic information, trial and treatment layouts for soybean sulfur fertilizer response trials conducted at six southern Ontario 

locations in 2018. 

 Arkona Bornholm Elora(Bohner) Elora(Intensive) Merlin Winchester(Bohner) 

Coordinates 43.0489, -81.8664 43.5269, -81.1409 43.6471, -80.4010 43.6447, -80.4050 42.2751, -82.1142 45.0533, -75.3404 

       

Soil informationa       

Series Brisbane Perth Listowel Listowel Brookston North Gower 

Texture Loam Clay loam Loam Loam Clay Clay loam 

Sampling date July 10, 2018 - - May 7, 2018 Jul 27, 2018 - 

pH 7.5 - - 7.1 6.1 - 

Organic matter (%) 5.4 - - 5.0 4.3 - 

Extractable P (ppm) 13 - - 18 13 - 

Extractable K (ppm) 122 - - 59 182 - 

       

Previous crop Soybean Corn Corn Corn Soybean Corn 

       

Trial layoutb       

Plot type FLS SP SP SP FLS SP 

Plot length (m) 850 27 27 12 (8 harvested) 620 12 (8.5 harvested) 

Plot width (m) 24 3 3 3 (1.25 harvested) Varied 3 (1.5 harvested) 

Number of blocks 3 3 3 6 4 4 

       

Base fertilizer       

N (kg ha-1) 12 - - 18 - - 

P2O5 (kg ha-1) 58 - - 83 - - 

K2O (kg ha-1) 101 - - 116 - - 

Application methodc BC - - PPI - - 

Organic amendment 

history 

No No No No No No 

Sulfur fertilizer history Yes No No No No No 

       

Sulfur treatments       

Date applied May 21, 2018 May 13, 2018 May 18, 2018 May 14, 2018 Jun 26, 2018 May 24, 2018 

Fertilizer sourced ATS AMS AMS SOP AMS AMS 

Rates (kg S ha-1) 0, 16 0, 27 0, 27 0, 10, 20, 30, 40 0, 27 0, 27 

Application methode BC B B PPI POST PPI 

       

Associated nutrient 

balancef 

No No No No No No 
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Table 2.2 Continued. 

 Arkona Bornholm Elora(Bohner) Elora(Intensive) Merlin Winchester(Bohner) 

Additional 

treatmentsg 

None Several 

(unrelated) 

Several 

(unrelated) 

20 kg S ha-1 AMS, 

17.5 kg N ha-1 urea 

None Several 

(unrelated) 

       

Seeding information       

Cultivar Maizex Columbia Maizex RX Titus 

and NK S12-P3X 

Dekalb DKB04-41 Pioneer P06T28R Dow HS19RYS14 Maizex RX 

Response 

Date  May 25, 2018 May 13, 2018 May 18, 2018 May 16, 2018 May 30, 2018 May 24, 2018 

Methodh NT T T T T T 

Row spacing (cm) 38 38 38 19 19 76 

Seeding rate (ha-1) Variable rate 

Average 420 000 

445 000 445 000 575 000 556 000 383 000 

       

Tillagei NT T T T T T 

       

Harvest information       

Date Oct 11-19, 2018 Oct 24, 2018 Oct 10, 2018 Oct 10, 2018 Oct 17, 2018 Oct 25, 2018 

Method 
Combine and 

monitor 

Combine and scale Combine and scale Combine and scale Combine and 

monitor 

Combine and scale 

       

Coordinator Grower cooperator Bohner, H. 

(OMAFRA) 

Bohner, H. 

(OMAFRA) 

Sanders, A. 

(U of G) 

Grower cooperator Bohner, H. 

(OMAFRA) 

       

Additional 

information 

- Cultivars grown in 

two separate trials 

- Blocks divided 

among two ranges 

- - 

aMapped soil series and texture determined from Ontario soil maps of Dundas, Kent, Lambton, Perth, and Wellington Counties. Basic chemical properties 

were measured for a soil depth of 0 to 15 cm. Soil pH was determined with a 1:2 soil to water paste and ion probe. Soil organic matter was determined via the 

Walkley-Black method (Walkley & Black, 1934). Phosphorus and potassium were measured as 0.5 M sodium bicarbonate-extractable phosphorus (Olsen et 

al., 1954) and 1 M ammonium acetate-extractable potassium (Richards & Bates, 1988), respectively 
bPlot type: FLS = field-length strips; SP = small plot. For trials where only a portion of the plot was harvested, the harvested area was centred in the plot area 
cApplication methods: B = 5 by 5 cm band; BC = preplant surface broadcast; POST = post-emergent surface broadcast; PPI = preplant broadcast incorporated 
dFertilizer sources: AMS = granular ammonium sulfate (21-0-0-24S); ATS = liquid ammonium thiosulfate (12-0-0-26S); SOP = granular potassium sulfate (0-

0-50-18S); urea = granular urea (46-0-0) 
eSee c for fertilizer application methods 
fYes/no to if nutrient accompanying sulfur in sulfur fertilizer source was applied at an equivalent rate across all treatments 
gSee d for fertilizer sources. A host of additional fertilizer treatments were assessed at the Bornholm, Elora(Bohner), and Winchester(Bohner) sites. The (1) and 

(2) following the fertilizer rates and sources for the Elora(Intensive) trial specify the two additional treatments implemented 
hSeeding methods: NT = no-till; T = tilled, planted 
iSite tillage practices: NT = no-till; T = tillage occurs at least once during crop rotation 
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Table 2.3. Background agronomic information, trial and treatment layouts for soybean sulfur fertilizer response trials conducted at four (of eight) southern 

Ontario locations in 2019. 

 Bornholm Elora(Bohner) Elora(Intensive) Mildmay 

Coordinates 43.5247, -81.1398 43.6449, -80.4043 43.6349, -80.4089 44.0715, -81.1676 

     

Soil informationa     

Series Perth Listowel Guelph Harriston 

Texture Clay loam Loam Loam Loam 

Sampling date - - May 21, 2019 Jun 11, 2019 

pH - - 7.8 7.3 

OM (%) - - 3.0 5.1 

Extractable phosphorus (ppm) - - 7 25 

Extractable potassium (ppm) - - 63 128 

     

Previous crop Corn Corn Corn Corn 

     

Trial layoutb     

Plot type SP SP SP FLS 

Plot length (m) 27 27 12 (9 harvested) 590 

Plot width (m) 6 6 3 (1.25 harvested) 18 

Number of blocks 3 3 6 4 

     

Base fertilizer     

N (kg ha-1) - - 18 - 

P2O5 (kg ha-1) - - 83 - 

K2O (kg ha-1) - - 116 - 

Application methodc - - PPI - 

Organic amendment history No No No Spring 2019 

5 t biosolids ha-1  

Sulfur fertilizer history No No No Yes 

     

Sulfur treatments     

Date applied Jun 8, 2019 Jun 4, 2019 May 27, 2019 Jun 8, 2019 

Fertilizer sourced AMS AMS SOP ATS 

Rates (kg S ha-1) 0, 27 0, 27 0, 10, 20, 30, 40 0, 23 

Application methode B B PPI PRE 

     

Associated nutrient balancef No No No No 
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Table 2.3. Continued.  

 Bornholm Elora(Bohner) Elora(Intensive) Mildmay 

Additional treatmentsg Several including 

26 kg N ha-1 urea 

Several including 

26 kg N ha-1 urea 

20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

None 

     

Seeding information     

Cultivar Maizex RX Response Maizex RR2 Atlas Pioneer P06T28R Dekalb DKB04-41 

Date  Jun 8, 2019 Jun 4, 2019 Jun 3, 2019 Jun 6, 2019 

Methodh T T TT NT 

Row spacing (cm) 38 38 19 38 cm 

Seeding rate (ha-1) 445 000 445 000 586 000 Static (408 000) or variable 

(346 000-494 000) rate  

     

Tillagei T T T NT, corn ST 

     

Harvest information     

Date Oct 19, 2019 Oct 11, 2019 Oct 11, 2019 Sept 19-20, 2019 

Method Combine and scale Combine and scale Combine and scale Combine and monitor 

     

Coordinator Bohner, H. 

(OMAFRA) 

Bohner, H. 

(OMAFRA) 

Sanders, A. 

(U of G) 

Grower cooperator 

     

Additional information - - - Sulfur●fungicide split block 

design. Main plots further 

split by static vs. variable 

seeding rate 
aMapped soil series and texture determined from Ontario soil maps of Bruce, Perth, and Wellington Counties. Basic chemical properties were measured for a 

soil depth of 0 to 15 cm. Soil pH was determined with a 1:2 soil to water paste and ion probe. Soil organic matter was determined via the Walkley-Black 

method (Walkley & Black, 1934). Phosphorus and potassium were measured as 0.5 M sodium bicarbonate-extractable phosphorus (Olsen et al., 1954) and 1 

M ammonium acetate-extractable potassium (Richards & Bates, 1988), respectively 
bPlot type: FLS = field-length strips; SP = small plot. For trials where only a portion of the plot was harvested, the harvested area was centred in the plot area 
cApplication methods: B = banded 5 cm next to and 5 cm below seed furrow; PPI = preplant broadcast incorporated; PRE = pre-emergent surface broadcast 
dFertilizer sources: AMS = granular ammonium sulfate (21-0-0-24S); ATS = liquid ammonium thiosulfate (12-0-0-26S); SOP = granular potassium sulfate (0-

0-50-18S); urea = granular urea (46-0-0) 
eSee c for fertilizer application methods 
fYes/no to if nutrient accompanying sulfur in sulfur fertilizer source was applied to an equivalent rate across all treatments 
gSee d for fertilizer sources. A 26 kg N ha-1 as urea treatment was implemented among the several fertilizer treatments tested at Bornholm and Elora(Bohner). 

The (1) and (2) following the fertilizer rates and sources for the Elora(Intensive) trial specify the two additional treatments implemented 
hSeeding methods: NT = no-till; T = tilled, planted 
iSite tillage practices: NT, corn ST = all crops no-till except for corn (strip-tilled); T = tillage occurs at least once during crop rotation 
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Table 2.4. Background agronomic information, trial and treatment layouts for soybean sulfur fertilizer response trials conducted at the other four (of eight) 

southern Ontario locations in 2019. 

 Ridgetown St. Thomas Winchester(Bohner) Winchester(Intensive) 

Coordinates 42.4520, -81.8900 42.7802, -81,1392 45.0517, -75.3383 45.0616, -75.3410 

     

Soil informationa     

Series Brookston Gobles North Gower North Gower 

Texture Clay loam Loam Clay loam Clay loam 

Sampling date - - - - 

pH - - - - 

Organic matter (%) - - - - 

Extractable phosphorus (ppm) - - - - 

Extractable potassium (ppm) - - - - 

     

Previous crop Corn Corn Corn Spring cereals 

     

Trial layoutb     

Plot type SP SP SP SP 

Plot length (m) 5 27 7 5 

Plot width (m) 3 6 3 (1.5 harvested) 3 (1.5 harvested) 

Number of blocks 3 3 4 4 

     

Base fertilizer     

N (kg ha-1) - - - Not available 

P2O5 (kg ha-1) - - - Not available 

K2O (kg ha-1) - - - Not available 

Application methods  

(kg ha-1 and nutrient)c 

- - - Not available 

Organic amendment history No No No No 

Sulfur fertilizer history No No No No 

     

Sulfur treatments     

Date applied Jun 12, 2019 Jun 7, 2019 May 8, 2019 Jun 3, 2019 

Fertilizer sourced AMS AMS AMS SOP 

Rates (kg S ha-1) 0, 27 0, 27 0, 27 0, 10, 20, 30, 40 

Application methode PPI B PPI PRE 

     

Associated nutrient balancef Yes Yes Yes No 
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Table 2.4. Continued. 

 Ridgetown St. Thomas Winchester(Bohner) Winchester(Intensive) 

Additional treatmentsg Several including 

26 kg N ha-1 urea 

Several including 

26 kg N ha-1 urea 

Several including 

26 kg N ha-1 urea 

20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

     

Seeding information     

Cultivar Maizex RX Regatta Dekalb DKB29-42 Maizex RX Columbia Pioneer P06A51X 

Date  Jun 12, 2019 Jun 7, 2019 May 8, 2019 May 31, 2019 

Methodh T NT T T 

Row spacing (cm) 76 38 76 76 

Seeding rate (ha-1) 445 000 445 000 383 000 346 000 

     

Tillagei T T T T 

     

Harvest information     

Date Oct 15, 2019 Oct 9, 2019 Oct 16, 2019 Oct 11, 2019 

Method Combine and scale Combine and scale Combine and scale Combine and scale 

     

Coordinator Bohner, H. 

(U of G) 

Bohner, H. 

(U of G) 

Bohner, H. 

(U of G) 

Winchester Research Station 

personnel 

     

Additional information - - - - 
aMapped soil series and texture determined from Ontario soil maps of Dundas, Elgin, and Kent Counties. Basic chemical properties were measured for a soil 

depth of 0 to 15 cm. Soil pH was determined with a 1:2 soil to water paste and ion probe. Soil organic matter was determined via the Walkley-Black method 

(Walkley & Black, 1934). Phosphorus and potassium were measured as 0.5 M sodium bicarbonate-extractable phosphorus (Olsen et al., 1954) and 1 M 

ammonium acetate-extractable potassium (Richards & Bates, 1988), respectively 
bPlot type: FLS = field-length strips; SP = small plot. For trials where only a portion of the plot was harvested, the harvested area was centred in the plot area 
cFertilizer application methods: B = banded 5 cm next to and 5 cm below seed furrow; PPI = preplant broadcast incorporated; PRE = pre-emergent surface 

broadcast 
dFertilizer sources: AMS = granular ammonium sulfate (21-0-0-24S); SOP = granular potassium sulfate (0-0-50-18S); urea = granular urea (46-0-0) 
eSee c for fertilizer application methods 
fYes/no to if nutrient accompanying sulfur in sulfur fertilizer source was applied to an equivalent rate across all treatments 
gSee d for fertilizer sources. A 26 kg N ha-1 as urea treatment was implemented among several other fertilizer treatments tested at the Ridgetown, St. Thomas, 

and Winchester(Bohner) sites. The (1) and (2) following the fertilizer rates and sources for the Elora(Intensive) trial specify the two additional treatments 

implemented 
hSeeding methods: NT = no-till; T = tilled, planted 
iSite tillage practices: NT = no-till; T = tillage occurs at least once during crop rotation 
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Table 2.5. Background agronomic information, trial and treatment layouts for winter wheat sulfur fertilizer response trials conducted at three 

southern Ontario locations in 2018. 

 Elora(Intensive) Sombra Stayner 

Coordinates 43.6451, -80.4044 42.7046, -82.3412 44.3992, -80.0055 

    

Soil informationa    

Soil series Listowel Brookston Simcoe 

Texture Loam Clay Silty clay loam 

Sampling date May 3, 2018 July 10, 2018 June 13, 2018 

pH 7.2 7.5 7.6 

OM (%) 3.9 5.0 5.9 

Extractable phosphorus (ppm) 26 45 15 

Extractable potassium (ppm) 75 177 169 

    

Previous crop Soybean Soybean Soybean 

    

Trial layoutb    

Plot type SP FLS FLS 

Plot length (m) 7 (3.8 harvested) Varied 180 

Plot width (m) 3 (1.25 harvested) Varied 8 

Number of blocks 6 3 2 

    

Background fertilizer    

N (kg ha-1) 141 147 119 

P2O5 (kg ha-1) 152 58 41 

K2O (kg ha-1) 142 0 0 

Application methods  

(kg ha-1 and nutrient)c 

IF- 6N,29P 

BC-remainder 

IF- 12N,58 P 

BC-remainder 

IF-9N,41P 

BC-remainder 

Organic amendment history No No No 

Sulfur fertilizer history No No No 

    

Sulfur treatments    

Date applied May 2, 2018 Mar 23, 2018 Not available 

Fertilizer sourced SOP ATS K-Mag 

Rates (kg S ha-1) 0, 10, 20, 30, 40 0, 16 0, 25 

Application methode BC BC BC 

    

Associated nutrient balance(s)f No Yes No 
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Table 2.5. Continued    

 Elora(Intensive) Sombra Stayner 

Additional treatmentsg 20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

N/A N/A 

    

Seeding information    

Cultivar Pioneer 

25R34 

Pioneer 

25R40 

Pioneer 

25R34 

Date  Oct 6, 2017 Oct 10, 2017 Sept 28, 2017 

Methodh NT NT NT 

Row spacing (cm) 19 25 19 

Seeding rate (ha-1) 4.0 4.7 3.9 

    

Tillagei T T T 

    

Harvest information    

Date Jul 31, 2018 Jul 31, 2018 Jul 31, 2018 

Method Combine and scale Combine and monitor Combine and scale 

    

Coordinator Sanders, A. 

(U of G) 

Grower cooperator Grower cooperator 

    

Additional information Three blocks each placed into 

two proximal ranges 

- - 

aMapped soil series and texture determined from Ontario soil maps of Lambton, Simcoe, and Wellington Counties. Basic chemical properties 

were measured for a soil depth of 0 to 15 cm. Soil pH was determined with a 1:2 soil to water paste and ion probe. Soil organic matter was 

determined via the Walkley-Black method (Walkley & Black, 1934). Phosphorus and potassium were measured as 0.5 M sodium bicarbonate-

extractable phosphorus (Olsen et al., 1954) and 1 M ammonium acetate-extractable potassium (Richards & Bates, 1988), respectively 
bPlot type: FLS = field-length strips; SP = small plot. For trials where only a portion of the plot was harvested, the harvested area was centred 

in the plot area 
cFertilizer application methods: BC = spring broadcast; IF = in seed furrow 
dFertilizer sources: AMS = granular ammonium sulfate (21-0-0-24S); ATS = liquid ammonium thiosulfate (12-0-0-26S); K-Mag = granular 

potassium magnesium sulfate (0-0-22-22S-11Mg) (The Mosaic Company, Plymouth, Minnesota); SOP = granular potassium sulfate (0-0-50-

18S); urea = granular urea (46-0-0) 
eSee c for fertilizer application methods 
fYes/no to if nutrient(s) accompanying sulfur in sulfur source was/were applied to equivalent rate(s) across treatments 
gSee d for fertilizer sources. The (1) and (2) following the fertilizer rates and sources for the Elora(Intensive) trial specify the two additional 

treatments implemented 
hSeeding methods: NT = no-till 
iSite tillage practices: T = tillage occurs at least once during crop rotation 
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Table 2.6. Background agronomic information, trial and treatment layouts for winter wheat sulfur fertilizer response trials conducted at five southern Ontario 

locations in 2019. 

 Bornholm Douglas Elora(Intensive) Mildmay Winchester(Intensive) 

Coordinates 43.5275, -81.1406 45.5523, -76.9154 43.6352, -80.4125 44.0705, -81.1870 45.0543, -75.3415 

      

Soil informationa      

Soil series Perth Renfrew Guelph Harriston North Gower 

Texture Clay loam Clay Loam Loam Clay loam 

Sampling date May 31, 2019 Sept 25, 2019 May 8, 2019 Jun 11, 2019 - 

pH 7.3 6.2 7.5 6.8 - 

Organic matter (%) 3.8 5.2 3.8 4.4 - 

Extractable P (ppm) 14 25 8 27 - 

Extractable K (ppm) 108 207 66 110 - 

      

Previous crop Soybean Canola Soybean Soybean Fallow 

      

Trial layoutb      

Plot type FLS FLS SP FLS SP 

Plot length (m) 125 Varied 7 (3.6 harvested) 180 5 

Plot width (m) 4.5 10.5 3 (1.25 harvested) 18 1.5 

Number of blocks 3 4 6 3 4 

      

Base fertilizer      

N (kg ha-1) 146 146 135 146 Not available 

P2O5 (kg ha-1) 52 52 71 58 Not available 

K2O (kg ha-1) 0 0 53 0 Not available 

Application methods  

(kg ha-1 and nutrient)c 

IF-11N,52P 

BC-remainder  

IF-11N,52P 

BC-remainder  

PPI-71P,53K 

BC-remainder  

IF-12N,58P 

BC-remainder 

Not available 

Organic amendment history No Yes No Yes No 

Sulfur fertilizer history No Yes No Yes No 

      

Sulfur treatments      

Date applied Apr 8, 2019 May 9, 2019 Apr 25, 2019 May 5, 2019 May 27, 2019 

Fertilizer sourced AMS AMS SOP ATS SOP 

Rates (kg S ha-1) 0, 11, 22 0, 11, 22, 34  0, 10, 20, 30, 40 0, 23 0, 10, 20, 30, 40 

Application methode BC BC BC BC BC 

      

Associated nutrient 

balancef 

Yes Yes No Yes No 
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Table 2.6. Continued.      

 Bornholm Douglas Elora(Intensive) Mildmay Winchester(Intensive) 

Additional treatmentsg N/A N/A 20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

N/A 20 kg S ha-1 AMS(1) 

17.5 kg N ha-1 urea(2) 

      

Seeding information      

Cultivar C&M Seeds 

Cruze (SRW) 

C&M Seeds 

Princeton (HRW)  

Pioneer 

25R34 (SRW) 

Brevant 

Branson (SRW) 

Not available  

Date  Oct 19, 2018 Oct 8, 2018 Oct 19, 2018 Sept 21, 2018 Not available 

Methodh NT NT T NT NT 

Row spacing (cm) 19 19 19 19 19 

Seeding rate (ha-1) 4.7 4.0 5.2  3.8 Not available 

      

Tillagei T T T NT, corn ST T 

      

Harvest information      

Date Aug 11, 2019 Aug 3, 2019 Aug 9, 2019 Not available Aug 2, 2019 

Method Combine and scale Combine and scale Combine and scale Combine and monitor Combine and scale 

      

Coordinator McClure, S. 

(OMAFRA) 

Grower cooperator Sanders, A. 

(U of G) 

Grower cooperator Winchester Research 

Station personnel 

      

Additional information - Two blocks each 

placed into two 

proximal ranges 

- - - 

aMapped soil series and texture determined from Ontario soil maps of Bruce, Dundas, Perth, Renfrew, and Wellington Counties. Basic chemical properties 

were measured for a soil depth of 0 to 15 cm. Soil pH was determined with a 1:2 soil to water paste and ion probe. Soil organic matter was determined via the 

Walkley-Black method (Walkley & Black, 1934). Phosphorus and potassium were measured as 0.5 M sodium bicarbonate-extractable phosphorus (Olsen et 

al., 1954) and 1 M ammonium acetate-extractable potassium (Richards & Bates, 1988), respectively 
bPlot type: FLS = field-length strips; SP = small plot. For trials where only a portion of the plot was harvested, the harvested area was centred in the plot area 
cFertilizer application methods: BC = spring broadcast; IF = in seed furrow; PPI = preplant broadcast incorporated 
dFertilizer sources: AMS = granular ammonium sulfate (21-0-0-24S); ATS = liquid ammonium thiosulfate (12-0-0-26S); SOP = granular potassium sulfate (0-

0-50-18S); urea = granular urea (46-0-0) 
eSee c for fertilizer application methods 
fYes/no to if nutrient accompanying sulfur in sulfur fertilizer source was applied to an equivalent total rate across all treatments 
gSee d for fertilizer sources. The (1) and (2) following the fertilizer rates and sources for the Elora and Winchester trials specify the two additional treatments 

implemented 
hSeeding methods: NT = no-till; T = tilled, planted;  
iSite tillage practices: NT, corn ST = all crops no-till except for corn (strip-tilled); T = tillage occurs at least once during crop rotation 
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2.3. Results and discussion 

2.3.1. Weather data 

Precipitation totals for 2018 ranged from 908 mm for Sombra to 1170 mm in Arkona 

(Tables 2.7 to 2.9). General weather patterns worth noting in 2018 included a cooler (by 3.1 to 

4.7℃), wetter (by 15 to 114 %) than normal April across all sites followed by a warmer (by 1.9 

to 4.3℃) than average May. Monthly average air temperatures were slightly (≤ 2.7℃ difference) 

warmer than climate normals for the months of June through August. This is excepting June in 

Merlin, Ridgetown, Stayner and Winchester and July in Merlin and Ridgetown where 

temperatures were slightly (≤ 0.8℃ difference) cooler than average. Total annual precipitation 

ranged from 964 mm to 1190 mm for 2019 experimental sites. Cooler (by 0.5 to 2.0℃) and 

wetter (by 3 to 135 %) than normal conditions were observed in April and May, except for in 

Mildmay where May conditions were somewhat (11 %) drier. It should be warned that the 

information seen in or derived from values in Tables 2.7 through 2.9 was obtained from weather 

stations only proximal to the trial locations and is not site-specific. Moreover, climate normals 

and weather data were not necessarily from the same station given the movement or termination 

of station locations over time. As such, while the weather data presented in Tables 2.7 to 2.9 can 

be used to note generalities in conditions experienced at the 2018 and 2019 experiment locations, 

it is difficult to effectively draw site-specific conclusions.  
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Table 2.7. Comparison of Environment and Climate Change Canada average monthly air temperature and total 

monthly precipitation values to 30-year (1981 to 2010) monthly temperature and precipitation means for various 

southern Ontario sulfur fertilizer response trial locations in 2018 and 2019a. 
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09 17.8 15.9 43 97  17.3 15.5 32 103  - - - - 
10 12.9 10.0 92 80  12.5 9.2 85 81  - - - - 
11 3.1 4.0 97 99  2.8 3.4 91 98  - - - - 
12 -5.2 -2.2 82 91  -5.2 -2.6 64 88  - - - - 

                

2
0

1
8
 

01 -6.4 -5.2 109 72  -6.5 -5.6 84 74  - - - - 
02 -2.6 -4.5 94 66  -2.3 -4.5 82 66  - - - - 
03 -1.7 0.8 64 66  -0.8 -0.1 46 72  - - - - 
04 3.3 7.4 101 86  3.3 6.8 105 83  - - - - 
05 16.7 13.8 72 77  16.8 13.1 54 90  - - - - 
06 19.3 18.8 115 71  19.4 18.3 97 92  - - - - 
07 21.5 21.5 59 76  21.4 20.8 111 83  - - - - 
08 21.8 20.3 159 86  21.8 19.7 88 83  - - - - 
09 18.1 15.9 101 97  18.1 15.5 40 103  16.8 15.3 77 93 

10 9.8 10.0 102 80  9.1 9.2 96 81  7.1 8.4 53 86 

11 1.0 4.0 109 99  0.6 3.4 104 98  -1.0 2.0 87 83 

12 0.0 -2.2 85 91  -0.2 -2.6 67 88  -5.8 -5.6 73 70 

Sum   1170 967    973 1012      

                

2
0

1
9
 

01 - - - -  -6.8 -5.6 62 74  -11.1 -10.2 57 63 

02 - - - -  -4.4 -4.5 92 66  -8.7 -7.9 67 50 

03 - - - -  -1.6 -0.1 74 72  -3.8 -2.2 60 58 

04 - - - -  6.3 6.8 110 83  4.9 6.5 167 71 

05 - - - -  12.4 13.1 115 90  11.7 13.5 103 87 

06 - - - -  18.1 18.3 76 92  17.7 18.7 124 93 

07 - - - -  22.4 20.8 117 83  22.8 21.2 44 84 

08 - - - -  20.1 19.7 119 83  19.7 19.9 66 84 

09 - - - -  17.3 15.5 21 103  15.5 15.3 62 93 

10 - - - -  10.3 9.2 145 81  9.2 8.4 159 86 

11 - - - -  0.7 3.4 59 98  -1.4 2.0 20 83 

12 - - - -  -0.3 -2.6 48 88  -4.3 -5.6 62 70 

Sum        1037 1012    990 920 
aMonthly values are provided for the year in which the field trial(s) was/were conducted at each site. In addition, 

values for the last four months of the year prior to each experiment are listed to indicate (i) sulfur leaching 

potential over the fall and winter and (ii) fall growing conditions for winter wheat trials. Weather data and climate 

normals may not be from the same station given the movement or termination of station locations over time 
bArkona (43.0489, -81.8664) weather data were obtained from the Strathroy-Mullifary station (42.9806, -

81.6428). Climate normals were obtained from the Strathroy station (42.9500, -81.6500) 
cBornholm (43.5287, -81.1397) and St. Thomas (42.7802, -81,1392) data were obtained from London CS 

(43.0333, -81.1500). Climate normals were obtained from the London International Airport (43.0331, -81.1511)  
dDouglas (45.5523, -76.9154) data and normals were obtained from the Ottawa CDA weather station (45.3833, -

75.7167) 
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Table 2.8. Comparison of Environment and Climate Change Canada average monthly air temperature and total 

monthly precipitation values to 30-year (1981 to 2010) monthly temperature and precipitation means for various 

southern Ontario sulfur fertilizer response trial locations in 2018 and 2019a. 
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09 17.2 14.9 54 93  17.7 17.8 38 89  - - - - 

10 11.6 8.3 90 77  13.2 11.3 72 71  - - - - 

11 1.8 2.1 92 93  3.8 5.2 123 77  - - - - 

12 -6.8 -3.9 55 69  -6.2 -0.9 50 67  - - - - 

                

2
0

1
8
 

01 -7.6 -7.4 106 68  -5.7 -3.6 72 63  - - - - 

02 -3.8 -6.3 90 56  -1.7 -2.4 95 54  - - - - 

03 -1.6 -1.9 35 60  -0.4 1.9 66 60  - - - - 

04 1.5 5.7 109 74  3.8 8.5 92 80  - - - - 

05 16.5 12.2 59 87  17.0 14.6 106 80  - - - - 

06 18.4 17.5 52 84  19.7 20.3 43 78  - - - - 

07 21.2 20.0 59 89  21.8 22.6 91 85  - - - - 

08 21.4 19.0 87 97  21.8 21.6 100 79  - - - - 

09 17.6 14.9 57 93  18.5 17.8 102 89  16.6 14.7 46 115 

10 7.8 8.3 87 77  10.0 11.3 124 71  7.3 8.3 70 94 

11 -0.6 2.1 116 93  1.9 5.2 106 77  -1 2.0 92 117 

12 -2.1 -3.9 97 69  0.7 -0.9 64 67  -2.1 -3.8 122 101 

Sum   953 946    1060 882      

                

2
0

1
9
 

01 -8.9 -7.4 81 68  -5.5 -3.6 61 63  -9.6 -7.1 90 103 

02 -6.3 -6.3 102 56  -3.0 -2.4 70 54  -6.6 -6.2 81 79 

03 -3.3* -1.9 114* 60  -0.4 1.9 63 60  -3.9 -1.9 65 71 

04 4.5* 5.7 132* 74  7.3 8.5 113 80  4.3 5.6 110 74 

05 10.8* 12.2 90* 87  12.9 14.6 102 80  10.7 12.0 84 94 

06 17.0 17.5 61 84  17.7 20.3 58 78  16.2 17.0 76 85 

07 21.8 20.0 36 89  22.4 22.6 170 85  20.8 19.6 48 84 

08 19.1 19.0 127 97  20.0 21.6 103 79  18.3 18.9 49 102 

09 15.6 14.9 76 93  18.3 17.8 30 89  15.4 14.7 77 115 

10 8.7 8.3 136 77  11.2 11.3 127 71  8.6 8.3 123 94 

11 -1.1 2.1 70 93  1.4 5.2 35 77  -1.2 2.0 83 117 

12 -3.3 -3.9 75 69  1.0 -0.9 37 67  -2.9 -3.8 77 101 

Sum   1100 946    968 882    964 1119 
aMonthly values are provided for the year in which the field trial(s) was/were conducted at each site. In addition, 

values for the last four months of the year prior to each experiment are listed to indicate (i) sulfur leaching 

potential over the fall and winter and (ii) fall growing conditions for winter wheat trials. Weather data and climate 

normals may not be from the same station given the movement or termination of station locations over time 
bElora (43.6418, -80.4039) data and normals were obtained from the Fergus Shand Dam weather station 

(43.7347, -80.3303). Values with an asterisks (*) were obtained from Elora RCS (43.6500, -80.4167) 
cMerlin (42.2751, -82.1142) and Ridgetown (42.4520, -81.8900) data were obtained from Ridgetown RCS 

(42.4500, -81.8833). Normals were obtained from Chatham WPCP (42.3900, -82.2153) 
dMildmay (44.0747, -81.1829) temperature and precipitation data were obtained from the Mount Forest (43.9833, 

-80.7500) and Wroxeter (43.8633, -81.1522) weather stations, respectively. Normals were obtained from the 

Durham station (44.1833, -80.8167) 
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Table 2.9. Comparison of Environment and Climate Change Canada average monthly air temperature and total 

monthly precipitation values to 30-year (1981 to 2010) monthly temperature and precipitation normals for various 

southern Ontario sulfur fertilizer response trial locations in 2018 and 2019a. 
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09 17.8 16.4 45 105  16.6 15.1 64 77  17.6 14.8 58 94 

10 13.1 10.1 61 76  11.9 8.6 74 70  12.2 8.2 133 86 

11 3.6 4.3 71 82  1.7 2.8 69 77  0.3 1.9 95 87 

12 -4.0 -1.8 35 64  -7.2 -3.6 32 52  -10.9 -5.6 84 75 

                

2
0

1
8
 

01 -5.2 -4.8 41 52  -7.5 -6.7 54 53  -10.3 -10.2 98 75 

02 -2.3 -3.7 84 51  -3.8 -6.1 65 46  -5.7 -8.0 93 61 

03 -0.6 0.6 44 58  -2.1 -1.4 35 48  -2.3 -2.2 69 68 

04 3.8 6.9 103 72  1.6 5.8 137 64  2.8 6.4 97 76 

05 15.6 12.7 45 80  15.1 12.1 102 73  15.2 13.3 62 85 

06 18.7 18.2 84 83  17.5 17.8 30 84  18.2 18.4 82 97 

07 21.7 21.1 91 79  20.9 20.0 80 72  22.5 20.8 76 94 

08 22.1 20.0 145 79  20.9 19.3 150 72  21.8 19.5 64 84 

09 17.9 16.4 51 105  16.5 15.1 24 77  16.9 14.8 107 94 

10 10.0 10.1 69 76  7.5 8.6 99 70  6.7 8.2 66 86 

11 1.6 4.3 84 82  -0.2 2.8 81 77  -1.4 1.9 108 87 

12 0.5 -1.8 67 64  -2.2 -3.6 75 52  -6.4 -5.6 93 75 

Sum   908 878    931 789    1016 981 

                

2
0

1
9
 

01 - - - -  - - - -  -11.6 -10.2 94 75 

02 - - - -  - - - -  -10.1 -8.0 93 61 

03 - - - -  - - - -  -4.5 -2.2 84 68 

04 - - - -  - - - -  4.8 6.4 128 76 

05 - - - -  - - - -  11.3 13.3 119 85 

06 - - - -  - - - -  17.5 18.4 105 97 

07 - - - -  - - - -  22.5 20.8 88 94 

08 - - - -  - - - -  19.1 19.5 60 84 

09 - - - -  - - - -  15.0 14.8 86 94 

10 - - - -  - - - -  8.8 8.2 186 86 

11 - - - -  - - - -  -2.4 1.9 91 87 

12 - - - -  - - - -  -5.0 -5.6 56 75 

Sum             1190 981 
aMonthly values are provided for the year in which the field trial(s) was/were conducted at each site. In addition, 

values for the last four months of the year prior to each experiment are listed to indicate (i) sulfur leaching 

potential over the fall and winter and (ii) fall growing conditions for winter wheat trials. Weather data and climate 

normals may not be from the same station given the movement or termination of station locations over time 
bSombra (42.7046, -82.3412) weather data were obtained from the Sarnia Climate station (43.0000, -82.3000). 

Climate normal were obtained from the Sarnia Airport station (42.9922, -82.3047) 
cStayner (44.3992, -80.0055) weather data and climate normals were obtained from Egbert Care station (44.2333, 

-79.7833)  
dWinchester (45.0550, -75.3410) weather data were obtained from the St. Albert station (45.2872, -75.0636). 

Climate normal were obtained from the Russell station (45.2628, -75.3595) 
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2.3.2. Corn 

 Five corn sulfur response trials were conducted across southern Ontario in 2018 and 

2019. These were namely Bornholm and Elora (Intensive) in 2018 and Elora (Intensive), 

Mildmay, and Winchester (Intensive) in 2019. Two of these five site-years displayed significant 

grain yield increases upon sulfur application, including Bornholm in 2018. Grain yield regression 

analysis results (data not shown) from this location revealed a significant (p ≤ 0.1) linear 

relationship to sulfur fertilizer rate. The slope, intercept, and Efron’s pseudo R2 for the equation 

was 37.250 kg kg-1 S ha-1, 9740.55 kg, and 0.32, respectively. This significant positive 

association indicates corn grain yield response to sulfur fertilizer at Bornholm in 2018. 

 A series of ANOVAs conducted for the Elora 2018 intensive corn trial found that grain 

sulfur concentration was the only crop response variable to be significantly (p ≤ 0.1) affected by 

fertilizer treatment (Table 2.10), with the 30 and 40 kg S ha-1 potassium sulfate treatments 

producing greater (p ≤ 0.1) values than both the urea treatment and control. Regression analysis 

likewise indicated a significant (p ≤ 0.1) positive linear association between grain sulfur 

concentration and sulfur rate as potassium sulfate (Table 2.11). Significant (p ≤ 0.1) positive 

linear relationships were also realized for grain and total shoot sulfur uptake despite the Efron’s 

pseudo R2 values for these being low. The presence of a linear relationship between both grain 

sulfur concentration and uptake against sulfur rate could indicate luxury consumption given the 

lack of a concurrent response in grain yield. Such luxury uptake was also observed at one of four 

Minnesota corn sites evaluated by Kim et al. (2013).  

 The intensive Elora corn sulfur response trial was repeated in 2019 using a new plot area. 

Grain yields were lower in 2019 (Table 2.12) than in 2018 (Table 2.10), with the later planting 

date in 2019 (Table 2.1) likely being some cause for this. Grain, stover, and total shoot biomass 
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yields were again not significantly (p > 0.1) affected by fertilizer treatment in ANOVAs (Table 

2.12). In contrast, a significant (p ≤ 0.1) linear relationship (Efron’s pseudo R2 = 0.55) between 

grain yield and potassium sulfate application rate with a slope of 12.829 kg kg-1 S ha-1 was 

observed using stepwise regression (Table 2.13). This points to the Elora 2019 corn site 

responding to sulfur fertilization in terms of grain yield. A significant (p ≤ 0.1) quadratic 

equation was fit (Efron’s pseudo R2 = 0.43) to stover yield as well (Table 2.13), but the parabola 

opened upward with a minimum occurring at 19.4 kg S ha-1. 

 Sulfur concentration and uptake means tended to increase with increasing sulfur rate at 

the Elora 2019 corn experiment. Fertilizer treatment had a significant (p ≤ 0.1) effect on all 

sulfur concentration and uptake parameters, with the values for the urea and control treatments 

being the lowest in all cases (Table 2.12). For the regression analyses, a significant (p ≤ 0.1) 

positive linear relationship was seen between all sulfur concentration and uptake variables and 

sulfur rate as potassium sulfate (Table 2.13). The linear increases in grain sulfur concentration 

and grain sulfur uptake with increasing sulfur application rate parallel those for grain yield, 

supporting the view of response to sulfur application at the 2019 Elora intensive trial. 

Because of the use of a very similar trial setup and layout for the Elora 2018 and 2019 

corn experiments, relevant discussion can be made about weather impacts on sulfur fertilizer 

response. Drawing from values presented in Table 2.8, mean air temperature was slightly (0.3℃) 

warmer than 30-year climate averages in March, 2018, with precipitation being 58 % of normal. 

This was followed by a cooler (by 4.2℃), wetter (by 47 %) than normal April and an 

exceptionally warmer (by 4.3℃) and drier (by 32 %) than normal May. Cooler (by 1.2 to 1.4℃) 

than normal conditions were noted from March through May in 2019, with March and April 

precipitation totals being 90 % and 78 % greater than 30-year climate averages, respectively. The 
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extended cool, wet weather seen in the spring of 2019 could have limited early-season sulfur 

mineralization and enhanced sulfate leaching, reducing the amount of sulfate available during the 

early part of the growing season. Attention should be drawn to the fact that planting occurred on 

June 7 in 2019, which is 24 days after the May 14 seeding for the 2018 trial (Table 2.1). Such a 

delay could have compensated for the poorer mineralization conditions of spring, 2019. 

An equivalent collection of treatments to the Elora corn trials was set out at the 

Winchester intensive site in 2019, although grain yield was the sole response variable assessed. 

In an ANOVA, the effect of fertilizer treatment on this parameter was insignificant (p > 0.1) 

(Table 2.14). Similarly, no significant (p > 0.1) relationship was noted between grain yield and 

sulfur rate as potassium sulfate. These results indicate a lack of grain yield response to sulfur 

fertilization at the Winchester 2019 trial. 

 The Mildmay 2019 corn site was unique in that main sulfur plots were split by a corn 

hybrid subfactor. The hybrid fixed effect indeed had a significant (p ≤ 0.1) impact on yield 

(Table A.1), but the normality of residuals assumption could not be satisfied for this initial 

analysis. Given there was no interaction effect between corn hybrid and sulfur rate, grain yields 

were averaged across the hybrid subfactor in a second ANOVA so that sulfur rate was the sole 

fixed effect (Table A.1). Sulfur application did not significantly (p > 0.1) affect grain yield in 

either analysis (Table 2.15, Table A.1). It must be addressed that the Mildmay 2019 site was the 

only one where MESZ was used as the sulfur fertilizer source. Half of the sulfur in this product, 

approximately 10.5 kg S ha-1, was present in an immediately available sulfate form and the other 

half was elemental sulfur requiring oxidation before becoming plant-available.  

 From the results presented above, significant corn grain yield response to sulfur fertilizer 

application was demonstrated at Bornholm in 2018 and Elora in 2019. This was noted at both 
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locations as a positive linear relationship between grain yield and sulfur fertilizer rate. In effect, 

the frequency of corn grain yield response to sulfur was two out of five site-years, with all 

experiments being performed on mid- to fine-textured soils (Table 2.1). This contrasts with 

southern Ontario work completed in 2012 and 2013, where no grain yield response was noted 

from the inclusion of sulfur in corn starter fertilizer blends at 21 site-years (Stewart, 2012, 2013). 

This included several locations with coarse-textured soil of lower organic matter content and 

greater sulfate leaching potential than mid- and fine-textured soil.  

 Although response to sulfur has not been seen in prior Ontario efforts, grain yield 

increases from sulfur application have been documented for corn grown in nearby jurisdictions. 

Kline et al. (1989) saw response at three of 12 site-years tested in Delaware. This is surprising 

given the relatively high sulfur deposition levels at the time and location of the study. In 

particular, an average of around 15 kg S ha-1 yr-1 was received during the period of 1989 to 1991 

in nearby New Jersey and Maryland (United States Environmental Protection Agency, 2019a) 

compared to the 3.5 kg S ha-1 yr-1 estimated for southern Ontario in 2016 (see section 1.8). Yet, 

the four sites used for the study were on coarse-textured soil (Kline et al., 1989). Nitrogen by 

sulfur field trials conducted over four years on a silt loam in Wooster, Ohio, exhibited grain yield 

response to sulfur application in 2002 and 2003, with there being a significant nitrogen by sulfur 

interaction in 2005 as well (Chen et al., 2008). This was seen despite slightly higher atmospheric 

sulfur inputs (7.5 kg S ha-1 yr-1) referenced for this trial location in 2005 (Chen et al., 2008) 

relative to what is currently noted in southern Ontario. While some more recent nitrogen by 

sulfur rate work at East Lansing, Michigan, indicated no corn grain yield response to sulfur over 

two years (Steinke et al., 2015), 10 out of 20 Indiana trials performed between 2017 and 2019 

did show significant yield gains from sulfur banded or side dressed as ammonium thiosulfate 
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(Camberato et al., 2020). Field trials in these latter two studies would have experienced similar 

deposition levels to those currently seen in southern Ontario (International Joint Commission, 

2017). This discussion highlights that, although sulfur-induced increases in corn grain yield have 

generally not been shown in prior Ontario work, variable sulfur response has been observed in 

nearby jurisdictions and this supports the findings of the current study.  

  Results from more distant areas should be discussed as well. Rehm (2005) measured 

corn grain yield response to sulfur application at five of six site-years evaluated in Minnesota. 

The non-responsive trial was conducted on a silty clay loam (Rehm, 2005). Kim et al. (2013) 

also reported significant yield increases from sulfur application in Minnesota, but the two field 

trials displaying response out of the four assessed were on predominantly loam soil. The one trial 

on loamy fine sand did not respond (Kim et al., 2013). It should be noted that sulfur application 

in corn has traditionally been recommended only for sandier sites in Minnesota (Rehm et al., 

2006), although sulfur deposition levels in the state have historically been lower than those 

received in southern Ontario as well (International Joint Commission, 2017). In Nebraska, which 

has also generally experienced low rates of sulfur deposition (International Joint Commission, 

2017), Wortmann et al. (2009) found no yield response to sulfur in 11 irrigated corn site-years on 

varying soil textures. Sulfur applications in the Argentinian Pampas region have generated 

positive yield results, with four of five field experiments conducted between 2005 and 2009 

exhibiting response (Pagani & Echeverría, 2011). This area has traditionally received little sulfur 

deposition (Vet et al., 2014). In summary, grain yield response to sulfur has been demonstrated 

in corn grown in other jurisdictions distant from Ontario, even though the frequency of response 

varies.  
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Table 2.10. Effect of several sulfur fertilizer treatments on various parameters related to corn yield, sulfur 

concentration and uptake in a randomized complete block field experiment conducted near Elora (Intensive), 

Ontario, in 2018. 

   Yield ± se (kg ha-1)  

Trta 

S rate 

(kg ha-1) 

N rate  

(kg ha-1)b Grain at 15.5 % Stover at 0 % Total at 0 % Harvest index 

Control 0 0 14733 ± 314 7765 ± 218 20218 ± 397 0.616 ± 0.0063 

10SOP 10 0 14496 ± 309 7517 ± 218 19771 ± 397 0.620 ± 0.0063 

20SOP 20 0 13902 ± 318 7572 ± 218 19126 ± 435 0.613 ± 0.0069 

30SOP 30 0 14456 ± 356 7710 ± 238 19994 ± 487 0.614 ± 0.0077 

40SOP 40 0 14721 ± 314 7906 ± 218 20369 ± 397 0.612 ± 0.0063 

20AMS 20 17.5 14514 ± 327 7988 ± 238 20368 ± 435 0.609 ± 0.0069 

0Urea 0 17.5 14389 ± 306 7903 ± 218 20082 ± 397 0.606 ± 0.0063 

      

Significance (p > F) 0.6744 0.6493 0.4203 0.7333 

       

   S concentration ± se (ppm)  S uptake ± se (kg ha-1) 

Trt 

S rate 

(kg ha-1) 

N rate  

(kg ha-1) Grain Stover 

 

Grain Stover Total 

Control 0 0 1980 ± 18bca 670 ± 28  12.1 ± 0.41 5.1 ± 0.26 17.3 ± 0.51 

10SOP 10 0 1020 ± 18abb 650 ± 28  12.5 ± 0.42 4.9 ± 0.25 17.4 ± 0.51 

20SOP 20 0 1030 ± 18abb 670 ± 28  12.0 ± 0.44 5.0 ± 0.25 16.8 ± 0.56 

30SOP 30 0 1060 ± 20aba 670 ± 28  13.1 ± 0.54 5.2 ± 0.29 18.5 ± 0.63 

40SOP 40 0 1060 ± 18aba 680 ± 28  13.2 ± 0.44 5.3 ± 0.27 18.5 ± 0.51 

20AMS 20 17.5 1030 ± 18abb 640 ± 28  12.9 ± 0.43 5.3 ± 0.29 18.2 ± 0.56 

0Urea 0 17.5 1980 ± 18bba 600 ± 28  12.0 ± 0.40 4.7 ± 0.24 16.7 ± 0.51 

         

Significance (p > F) 0.0124 0.4790  0.1306 0.6193 0.1001 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = granular potassium sulfate (0-0-

50-18S), AMS = granular ammonium sulfate (21-0-0-24S), and urea = granular urea (46-0-0). Numbers 

preceding abbreviations indicate sulfur supplied in kilograms per hectare. Control = no additional fertilizer 

bIndicates nitrogen supplied in addition to that provided as a blanket application across the plot area  
cMean values followed by the same letter in a given column are not significantly different at p ≤ 0.1 using a 

Tukey’s HSD test 
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Table 2.11. Regression analysis solutions for various corn yield, sulfur concentration and 

uptake measurements in relation to five rates of sulfur fertilizer (kg ha-1)a applied in a 

randomized complete block field trial conducted near Elora (Intensive), Ontario, in 2018. 

Parameter Intercept Linear Pr > |t| 

Efron’s 

pseudo R2 

Grain yield (kg ha-1 at 15.5 %) 14507 2.3846 0.8257 0.01 

Stover yield (kg ha-1 at 0 %) 7599.03 5.0630 0.4459 0.04 

Total shoot biomass (kg ha-1 at 0 %) 19849 6.2738 0.6700 0.03 

Harvest index 0.6178 -0.00014 0.4071 0.27 

Grain sulfur concentration (ppm) 985.00 2.1083 0.0014 0.18 

Stover sulfur concentration (ppm) 658.33 0.3333 0.7063 0.19 

Grain sulfur uptake (kg ha-1) 12.1046 0.03055 0.0422 0.01 

Stover sulfur uptake (kg ha-1) 4.9925 0.007235 0.3958 <0.01 

Total sulfur uptake (kg ha-1) 17.0516 0.03629 0.0644 <0.01 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
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Table 2.12. Effect of several sulfur fertilizer treatments on various parameters related to corn yield, sulfur 

concentration and uptake in a randomized complete block field experiment conducted near Elora (Intensive), 

Ontario, in 2019. 

   Yield ± se (kg ha-1)  

Trta 

S rate 

(kg ha-1) 

N rate  

(kg ha-1)b 

Grain at  

15.5 % 

Stover at  

0 % Total at 0 % Harvest index 

Control 0 0 10877 ± 236 7829 ± 211 17020 ± 376 0.540 ± 0.0052 

10SOP 10 0 10908 ± 236 7434 ± 211 16651 ± 376 0.554 ± 0.0052 

20SOP 20 0 10903 ± 236 7296 ± 211 16509 ± 376 0.558 ± 0.0052 

30SOP 30 0 11199 ± 236 7721 ± 211 17184 ± 376 0.551 ± 0.0052 

40SOP 40 0 11373 ± 236 7745 ± 211 17355 ± 376 0.554 ± 0.0052 

20AMS 20 17.5 11124 ± 236 7784 ± 211 17184 ± 376 0.547 ± 0.0052 

0Urea 0 17.5 10881 ± 236 7579 ± 211 16774 ± 376 0.548 ± 0.0052 

      

Significance (p > F) 0.4184 0.4663 0.5343 0.1716 

       

   S concentration ± se (ppm) S uptake ± se (kg ha-1) 

Trt 

S rate 

(kg ha-1) 

N rate  

(kg ha-1) Grain Stover Grain Stover Total 

Control 0 0 1870 ± 24bcc 550 ± 23ab 8.0 ± 0.30bc 4.3 ± 0.18ab 12.3 ± 0.40bc 

10SOP 10 0 1980 ± 24acb 580 ± 23ab 9.1 ± 0.30ab 4.3 ± 0.18ab 13.4 ± 0.40ab 

20SOP 20 0 1930 ± 24abc 600 ± 23ab 8.6 ± 0.30ab 4.4 ± 0.18ab 13.0 ± 0.40ab 

30SOP 30 0 1000 ± 24aca 600 ± 23ab 9.5 ± 0.30aa 4.6 ± 0.18ab 14.1 ± 0.40av 

40SOP 40 0 1980 ± 24aca 620 ± 23aa 9.4 ± 0.30aa 4.8 ± 0.18aa 14.2 ± 0.40av 

20AMS 20 17.5 1950 ± 24abc 620 ± 23aa 8.9 ± 0.30ab 4.8 ± 0.18aa 13.7 ± 0.40ab 

0Urea 0 17.5 1800 ± 24cac 520 ± 23bb 7.4 ± 0.30ca 3.9 ± 0.18bb 11.3 ± 0.40cv 

        

Significance (p > F) <0.0001 0.0155 <0.0001 0.0262 0.0001 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = granular potassium sulfate (0-0-50-

18S), AMS = granular ammonium sulfate (21-0-0-24S), and urea = granular urea (46-0-0). Numbers preceding 

abbreviations indicate sulfur supplied in kilograms per hectare. Control = no additional fertilizer 

bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied across the plot area 
cMean values followed by the same letter in a given column are not significantly different at p ≤ 0.1 using a 

Tukey’s HSD test 
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Table 2.13. Regression analysis solutions for various corn yield, sulfur concentration and uptake 

measurements in relation to five rates of sulfur fertilizer (kg ha-1)a applied in a randomized complete 

block field trial conducted near Elora (Intensive), Ontario, in 2019. 

Parameter Intercept Linear Quadratic Pr > |t| 

Efron’s 

pseudo R2 

Grain yield (kg ha-1 at 15.5 %) 10796 12.8285 - 0.0365 0.55 

Stover yield (kg ha-1 at 0 %)  7781.20 -38.8717 1.0016 0.0687 0.43 

Total shoot biomass (kg ha-1 at 0 %) 16703 12.0324 - 0.6700 0.45 

Harvest index 0.5417 0.0001180 -0.00002 0.0840 0.35 

Grain sulfur concentration (ppm) 903.33 2.5000 - 0.0070 0.21 

Stover sulfur concentration (ppm) 560.00 1.5000 - 0.0414 0.33 

Grain sulfur uptake (kg ha-1) 8.2423 0.02832 - 0.0012 0.52 

Stover sulfur uptake (kg ha-1) 4.2244 0.01258 - 0.0496 0.01 

Total sulfur uptake (kg ha-1) 12.4668 0.04611 - 0.0015 0.39 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
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Table 2.14. Effect of sulfur fertilizer on corn grain yield in a randomized complete block 

field trial conducted near Winchester (Intensive), Ontario, in 2019. 

ANOVA results 

Trta S rate (kg ha-1) N rate (kg ha-1)b Grain yield ± se (kg ha-1 at 15.5 %) 

Control 0 0 11720 ± 350 

10SOP 10 0 11857 ± 350 

20SOP 20 0 11559 ± 350 

30SOP 30 0 12292 ± 350 

40SOP 40 0 12211 ± 350 

20AMS 20 17.5 12643 ± 350 

0Urea 0 17.5 12034 ± 350 

  

Fertilizer treatment significance (p > F) 0.2499 

  

Regression solutionsc  

Parameter Intercept Linear Pr > |t| Efron’s Pseudo R2 
Grain yield (kg ha-1 at 15.5 %) 11644 14.1650 0.1850 0.31 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = granular 

potassium sulfate (0-0-50-18S), AMS = granular ammonium sulfate (21-0-0-24S), and urea 

= granular urea (46-0-0). Numbers preceding abbreviations indicate sulfur supplied in 

kilograms per hectare. Control = no additional fertilizer 

bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied 

across the plot area 
cStepwise regression analysis was performed against sulfur fertilizer rate (kg ha-1) applied as 

potassium sulfate 
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Table 2.15. Effect of sulfur fertilizera application rate on 

corn grain yield in a randomized complete blockb field trial 

conducted near Mildmay, Ontario, in 2019. 

Sulfur rate 

(kg ha-1) 

Grain yield ± se 

(kg ha-1 at 15.5 %) 

Significance 

(p > |t|) 

0 12334 ± 247 
0.6610 

21 12518 ± 215 
aGranular MicroEssentials SZ (MESZ) (12-40-0-10S-1Zn) 

(The Mosaic Company, Plymouth, Minnesota) was applied 

as the sulfur fertilizer source 
bMain sulfur plots were split by a corn hybrid subfactor. The 

normality of residuals assumption could not be satisfied 

when corn hybrid was included as a fixed effect in ANOVA, 

so a second analysis averaging yields across the hybrid 

subfactor was performed with sulfur rate as the sole fixed 

effect. Values for this subsequent analysis are presented here 
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2.3.3. Soybean 

Soybean sulfur response trials were conducted at seven locations in 2018 and eight 

locations in 2019. The results for the three sulfur response experiments executed by growers, as 

well as the results for relevant treatments in the nine soybean fertilizer experiments coordinated 

by Horst Bohner (OMAFRA), are presented in Tables 2.16 to 2.18. No significant (p > 0.1) 

difference was noted at any of these locations aside from Bornholm in 2018, with this being 

further narrowed to one (NK S12-P3X) of the two cultivars grown at this site (Table 2.17). A 

significant (p ≤ 0.1) yield increase was also found when results from the four 2018 trials 

conducted by Horst Bohner were averaged (Table 2.17). In these cases of apparent response, 

ammonium sulfate was utilized as the sulfur fertilizer source and the associated nitrogen was not 

balanced in the control treatment. Interpreting these results becomes problematic given how 

soybean has the potential to respond to nitrogen fertilizer. Salvagiotti et al. (2008) reported 

significant soybean grain yield increases from nitrogen fertilization in around half of the studies 

(published 1966 through 2006) they reviewed on this practice. As such, there is a question of if 

the response to ammonium sulfate in the current study was due to sulfur or nitrogen, or if it 

resulted from an interaction of these nutrients. 

 Fertilizer treatment had no effect (p > 0.1) on soybean grain yield, sulfur concentration or 

uptake in ANOVAs for the 2018 intensive Elora experiment (Table 2.19). Regression analyses 

for grain sulfur concentration and uptake nevertheless displayed significant (p ≤ 0.1) positive 

linear associations against sulfur rate as potassium sulfate (Table 2.20). This indicates that the 

added sulfur was indeed available for crop uptake. However, sulfur was taken up in excess of 

what the crop required to maintain or increase grain yield. This follows observations from 

Minnesota soybean trials where two out of three site-years displayed no significant grain yield 
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increases from sulfur application, yet still exhibited significantly larger grain sulfur uptake 

means relative to the control (Kaiser & Kim, 2013).  

 For the intensive Elora 2019 site, grain yield again was not significantly (p > 0.1) 

affected by fertilizer treatment in an ANOVA (Table 2.21). However, grain sulfur concentration 

and grain sulfur uptake were significantly (p ≤ 0.1) affected, with the urea treatment and control 

having the lowest values for both variables. Regression analyses for the potassium sulfate 

treatments and control produced significant (p ≤ 0.1) linear relationships for grain yield and grain 

sulfur uptake as well as a quadratic curve for grain sulfur concentration (Table 2.22). The latter 

function would display a peak at 32.2 kg S ha-1. The positive linear result for grain yield against 

sulfur rate suggests response to sulfur at the 2019 Elora intensive experiment.  

 Caution must be raised with this finding. Grain yields were low relative to other soybean 

field sites assessed in 2019. Additionally, they were only 28 to 40 % of the yields attained at the 

corresponding Elora intensive trial conducted in 2018. This suggests that factors beyond sulfur 

fertility caused yield limitations. Despite a preplant incorporated application of 116 kg K2O ha-1 

across the plot area (Table 2.3), potassium deficiency symptoms were evident. This was seen 

during reproductive growth as chlorosis and necrosis along the margins of mid- and upper-

canopy leaves. Similar qualitative observations have been made by other researchers working 

with potassium-deficient soybean (Jeffers et al., 1982; Parvej et al., 2016; Sale & Campbell, 

1986). This, combined with the fact that potassium supplied by the potassium sulfate treatments 

(ranging from 0 to 111 kg K2O ha-1) was not balanced across the plot area, could indicate that the 

varying rates of potassium, rather than sulfur, caused the linear response to potassium sulfate at 

the intensive Elora 2019 experiment.  
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 Fertilizer treatment was shown to have a significant (p ≤ 0.1) effect on soybean grain 

yield in ANOVA for the 2019 intensive Winchester trial (Table 2.23). Closer inspection of 

individual treatment yield means reveals that the only statistical difference (p ≤ 0.1) noted was 

between the 10 kg S ha-1 potassium sulfate plot and the urea treatment. This could suggest that 

there was a benefit to supplying additional nitrogen to soybean grown at this site in 2019, but 

there was no clear sign of response to sulfur. The lack of a significant relationship between grain 

yield and sulfur fertilization rate as potassium sulfate in the corresponding regression analysis 

supports the notion that soybean did not respond to supplemental sulfur at the 2019 intensive 

Winchester trial.  

 Out of the 15 soybean field trials conducted in 2018 and 2019, only the Bornholm 2018 

(NK S12-P3X) experiment and the intensive Elora 2019 trial exhibited potential grain yield 

response to sulfur. It is difficult to draw conclusions from the Bornholm 2018 trial since the 

nitrogen supplied by the ammonium sulfate was not balanced in the control treatment, with 

soybean having the potential to respond to nitrogen fertilizer additions (Salvagiotti et al., 2008). 

Furthermore, there is a chance that potassium was deficient in the 2019 intensive Elora 

experiment, confounding the analysis for sulfur applied as potassium sulfate.  

Limited previous work has been conducted in Ontario to assess grain yield response to 

sulfur in soybean. Prior efforts at a single site in Quebec displayed no response to sulfur 

fertilization in soybean over two years, although elemental sulfur was used as the fertilizer 

source (Seguin & Zheng, 2006). Significant grain yield increases were detected at one of two 

site-years evaluated by Chen et al. (2005) in Ohio using gypsum and flue gas desulfurization 

products. This is surprising given the slightly higher sulfur deposition inputs (5.5 to 7.5 kg S ha-1 

yr-1) referenced by the authors compared to what has been most recently measured in southern 
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Ontario (approximately 3.5 kg ha-1 yr-1 in 2016, see section 1.8). Kaiser and Kim (2013) detected 

soybean yield response to sulfur at one of three Minnesota field experiments. As eluded to in the 

results and discussion for corn (section 2.3.2), Minnesota has historically received lower 

amounts of sulfur deposition than southern Ontario (International Joint Commission, 2017), 

providing for increased potential for crop response to sulfur fertilizer. More proximal and more 

recent work in soybean from Michigan compared a control treatment to preplant broadcast 

applications of 27 kg S ha-1 as ammonium sulfate at eight site-years (Staton & Seamon, 2019). 

Only one site produced significantly higher grain yields upon sulfur application, though 

statistical significance was also achieved when results for the four locations assessed in 2019 

were averaged (Staton & Seamon, 2019). These findings do not clarify whether the response to 

ammonium sulfate was due to sulfur, nitrogen, or an interaction of these nutrients, which 

parallels the issues in interpreting the Bornholm 2018 (NK S12-P3X) trial results in the current 

study. Effectively, the infrequent response seen in recent Michigan work mirrors that found in 

the present study.   
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Table 2.16. Effect of sulfate or thiosulfate sulfur fertilizera 

application on soybean grain yield in three field trials conducted 

by grower cooperators in southern Ontario in 2018 and 2019. 

Location 

Sulfur rate 

(kg ha-1) 

Grain yield ± se 

(kg ha-1 at 13 %) 

Significance 

(p > |t|) 

Arkona 2018 
0 

16 

3927 ± 112 
0.3849 

4035 ± 112 

    

Merlin 2018 
0 

24 

3796 ± 601 
0.8794 

3778 ± 681 

    

Mildmay 2019 
0 

23 

3172 ± 207 
0.5730 

3086 ± 217 
aSulfur was applied as liquid ammonium thiosulfate (12-0-0-26S) 

at Arkona and Mildmay and as granular ammonium sulfate (21-0-

0-24S) at Merlin 
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Table 2.17. Effect of applying 27 kg S ha-1 as ammonium sulfate (21-0-0-24S) on 

soybean grain yield in four randomized complete block field experiments conducted 

by Horst Bohner (OMAFRA) in southern Ontario in 2018.   
Grain yield ± se (kg ha-1 at 13 %)  

Location Control Ammonium sulfate Δ p > |t|a 

Bornholm S12-P3Xb 4678 ± 144 5236 ± 144 -558 ± 135 0.0001 

Bornholm Titus 4874 ± 144 4975 ± 144 -101 ± 135 0.4570 

Elora (Bohner) 3058 ± 144 3115 ± 144 -157 ± 135 0.6742 

Winchester (Bohner) 3824 ± 124 3761 ± 124 1-63 ± 117 0.5917 

     

Average 4108 ± 700 4272 ± 700 -164 ± 650 0.0150 
ap-values were derived from pairwise comparisons in a Fisher’s protected LSD test 
bThe Bornholm trial was repeated across two different soybean cultivars and these 

were treated as separate, distinct locations  
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Table 2.18. Effect of applying 26 kg N ha-1 as urea (46-0-0) or 24 kg N ha-1 

and 27 kg S ha-1 as ammonium sulfate (21-0-0-24S) on soybean grain yield in 

five randomized complete block field experiments conducted by Horst Bohner 

(OMAFRA) in southern Ontario in 2019.   
Grain yield ± se (kg ha-1 at 13 %) 

Location Control Urea Ammonium sulfate 

Bornholm 3885 ± 195a 3628 ± 195 3712 ± 195 

Elora (Bohner) 3201 ± 195a 3188 ± 195 3326 ± 195 

Ridgetown 4147 ± 195a 3883 ± 195 4057 ± 195 

St. Thomas 4229 ± 239a 4545 ± 239 4364 ± 239 

Winchester (Bohner) 4598 ± 169a 4667 ± 169 4844 ± 169 

    

Average 4012 ± 890a 3982 ± 890 4061 ± 890 
aNo significant (p ≤ 0.1) differences were noted between fertilizer treatments 

at any given location nor when values were averaged across locations using a 

Fisher’s protected LSD test 
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Table 2.19. Effect of various sulfur fertilizer treatments on soybean grain yield, sulfur concentration and 

uptake in a randomized complete block field trial conducted near Elora (Intensive), Ontario, in 2018. 

Trta 

S rate 

(kg ha-1) 

N rate 

(kg ha-1)b 

Grain yield ± se 

(kg ha-1 at 13 %) 

Grain S concentration ± se 

(ppm) 

Grain S uptake ± se 

(kg ha-1) 

Control 0 0 4186 ± 258 3200 ± 120 11.5 ± 0.95 

10SOP 10 0 4379 ± 258 3400 ± 120 12.9 ± 0.95 

20SOP 20 0 4103 ± 258 3400 ± 120 12.0 ± 0.95 

30SOP 30 0 4339 ± 258 3400 ± 120 12.7 ± 0.95 

40SOP 40 0 4589 ± 258 3500 ± 120 13.9 ± 0.95 

20AMS 20 17.5 4004 ± 264 3300 ± 120 11.5 ± 0.97 

0Urea 0 17.5 4182 ± 258 3200 ± 120 11.5 ± 0.95 

      

Significance (p > F) 0.4278 0.5374 0.4700 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = potassium sulfate (0-0-50-18S), 

AMS = ammonium sulfate (21-0-0-24S), and urea = (46-0-0). Numbers preceding abbreviations indicate sulfur 

applied in kilograms per hectare. Control = no additional fertilizer 
bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied across the plot area 
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Table 2.20. Regression analysis solutions for soybean grain yield, sulfur concentration and uptake 

in relation to five rates of sulfur fertilizer (kg ha-1)a applied in a randomized complete block field 

trial conducted near Elora (Intensive), Ontario, in 2018. 

Parameter Intercept Linear Pr > |t| Efron’s pseudo R2 

Grain yield (kg ha-1 at 13 %) 4165.85 7.6651 0.1299 0.58 

Grain sulfur concentration (ppm) 3216.67 6.3333 0.0348 0.78 

Grain sulfur uptake (kg ha-1) 11.6667 0.04589 0.0509 0.62 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
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Table 2.21. Effect of various sulfur fertilizer treatments on soybean grain yield, sulfur concentration and 

uptake in a randomized complete block field trial conducted near Elora (Intensive), Ontario, in 2019. 

Trta 

S rate 

(kg ha-1) 

N rate 

(kg ha-1)b 

Grain yield ± se 

(kg ha-1 at 13 %) 

Grain S concentration ± se 

(ppm) 

Grain S uptake ± se 

(kg S ha-1) 

Control 0 0 1289 ± 160 2400 ± 60cc0 2.6 ± 0.38cbc 

10SOP 10 0 1400 ± 160 2800 ± 60bba 3.3 ± 0.38abc 

20SOP 20 0 1508 ± 160 2900 ± 60abb 3.8 ± 0.38aba 

30SOP 30 0 1469 ± 160 3000 ± 60abb 3.8 ± 0.38aba 

40SOP 40 0 1621 ± 160 3000 ± 60abb 4.2 ± 0.38aab 

20AMS 20 17.5 1561 ± 165 3000 ± 70abb 4.1 ± 0.40aab 

0Urea 0 17.5 1366 ± 160 2300 ± 60cbb 2.7 ± 0.38bcc 

      

Significance (p > F) 0.3209 <0.0001 0.0024 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = potassium sulfate (0-0-50-18S), 

AMS = ammonium sulfate (21-0-0-24S), and urea = (46-0-0). Numbers preceding abbreviations indicate sulfur 

applied in kilograms per hectare. Control = no additional fertilizer 

bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied across the plot area 
cMean values followed by the same letter in a given column are not significantly different at p ≤ 0 using a 

Tukey’s HSD test 
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Table 2.22. Regression analysis solutions for soybean grain yield, sulfur concentration and uptake against 

five rates of sulfur fertilizer (kg ha-1)a applied in a randomized complete block field trial near Elora 

(Intensive), Ontario, in 2019. 

Parameter Intercept Linear Quadratic Pr > |t| Efron’s pseudo R2 

Grain yield (kg ha-1 at 13 %) 1259.88 7.3187 - <0.0310 0.66 

Grain sulfur concentration (ppm) 2388.57 39.1190 -0.6071 <0.0001 0.88 

Grain sulfur uptake (kg ha-1) 2.7127 0.03608 - <0.0002 0.66 
aSulfur was applied as granular potassium sulfate (0-0-50-18S) to supply 0, 10, 20, 30, and 40 kg S ha-1 
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Table 2.23. Effect of sulfur fertilizer on soybean grain yield in at randomized complete 

block field trial conducted near Winchester (Intensive), Ontario, in 2019. 

ANOVA results 

Trta S rate (kg ha-1) N rate (kg ha-1)b Grain yield ± se (kg ha-1 at 13 %) 

Control 0 0 4238 ± 87abc1 

10SOP 10 0 4163 ± 87abb1 

20SOP 20 0 4302 ± 87abb1 

30SOP 30 0 4334 ± 87abb1 

40SOP 40 0 4246 ± 87abb1 

20AMS 20 17.5 4510 ± 100abb 

0Urea 0 17.5 4528 ± 87bba1 

  

Fertilizer treatment significance (p > F) 0.0564 

  

Regression solutionsd  

Parameter Intercept Linear Pr > |t| Efron’s Pseudo R2 
Grain yield (kg ha-1 at 13 %) 4219.44 1.8623 0.4598 0.02 

aAbbreviations for fertilizer sources in treatment list are as follows: SOP = potassium sulfate 

(0-0-50-18S), AMS = ammonium sulfate (21-0-0-24S), and urea = granular urea (46-0-0). 

Numbers preceding abbreviations indicate sulfur supplied in kilograms per hectare. Control 

= no additional fertilizer 

bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied 

across the plot area 
cPlot mean values followed by the same letter are not significantly different at p ≤ 0.1 using 

a Tukey’s HSD test 
dStepwise regression analysis was performed against sulfur fertilizer rate (kg ha-1) applied as 

potassium sulfate 
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2.3.4. Winter wheat 

 Eight winter wheat trials were completed across southern Ontario for this study, three in 

2018 and five in 2019. A significant (p ≤ 0.1) negative response to sulfur application was seen at 

Sombra in 2018 (Table 2.24). In contrast, a significant (p ≤ 0.1) increase in grain yield was 

determined for the sulfur treatment over the control at Stayner in the same year. While the 

associated potassium and magnesium in the potassium magnesium sulfate fertilizer source was 

not balanced across plots at Stayner, high ammonium acetate-extractable potassium (169 ppm) 

(Table 2.5) and magnesium (236 ppm) (data not shown) levels were measured in the surface 15 

cm of soil. Winter wheat response to these nutrients would be rare at such soil test levels 

according to Ontario provincial recommendations (Brown et al., 2017). Like what was seen in 

Stayner in 2018, positive response to sulfur was noted at the Bornholm 2019 site, with both the 

11 and 22 kg S ha-1 treatments producing significantly (p ≤ 0.1) greater yields relative to the 

control (Table 2.24). However, there was no significant (p > 0.1) response to sulfur addition at 

Douglas or Mildmay in 2019. For the latter case, this statistical result was obtained despite a 

nominal increase in grain yield of 1097 kg ha-1 from the addition of sulfur.  

 To supplement yield data, protein and test weight values were measured at Douglas 

seeing as these quality parameters are particularly important for hard red wheat cultivars. Sulfur 

rate did not significantly (p > 0.1) affect these variables in ANOVAs (Table 2.25). Previous work 

in England has shown a low frequency of grain protein content response to sulfur application in 

breadmaking winter wheat cultivars (Zhao et al., 1999b, 1999c). Thomason et al. (2007) found 

no significant effect of sulfur fertilization on the protein content of a breadmaking wheat cultivar 

at three site-years, although there did exist an interaction between sulfur and additional nitrogen.  
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At the intensive Elora 2018 winter wheat site, fertilizer treatment only had a significant 

(p ≤ 0.1) effect on grain and straw sulfur concentration (Table 2.26). However, in the regression 

analyses using only the potassium sulfate treatments and control, there was a significant (p ≤ 0.1) 

positive linear association between all sulfur concentration and uptake parameters against sulfur 

application rate (Table 2.27). Because of the apparent lack of grain yield response at Elora in 

2018, the linear increase in grain, straw, and total aboveground sulfur uptake with increasing 

sulfur fertilizer rate points to luxury consumption.   

 In contrast, results from the 2019 intensive winter wheat trial conducted in Elora 

appeared to show some grain yield response to sulfur application. An ANOVA revealed a 

significant (p ≤ 0.1) fertilizer treatment effect on grain yield, with all treatments receiving sulfur 

having significantly higher grain yield means than the additional urea treatment (Table 2.28). No 

treatment means were significantly different (p > 0.1) from that of the control. Stepwise 

regression analysis for the potassium sulfate treatments and control showed a significant (p ≤ 

0.1) positive linear association between grain yield and sulfur application rate, though the 

Efron’s pseudo R2 value (0.02) for this was low (Table 2.29). This could indicate weak positive 

grain yield response to sulfur fertilizer application at the Elora 2019 winter wheat trial.  

All other yield, sulfur concentration, and sulfur uptake parameters measured at the Elora 

2019 winter wheat site were found to be significantly (p ≤ 0.1) affected by fertilizer treatment in 

separate ANOVAs (Table 2.28). Like for grain yield, a significant (p ≤ 0.1), weak (Efron’s 

pseudo R2 = 0.07), positive linear relationship was observed between total biomass yield and 

sulfur application rate as potassium sulfate in regression analysis (Table 2.29). A quadratic 

relationship with a peak at 28.1 kg S ha-1 was calculated for the straw yield dependent variable. 

Most sulfur concentration and uptake parameters displayed strong positive linear associations 
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with sulfur rate. Stover sulfur concentration was the exception where a quadratic function 

(Efron’s pseudo R2 = 0.88) with a minimum at -12.2 kg S ha-1 was fit.  

 As described in the discussion for corn trials (section 2.3.2), cooler, wetter than average 

conditions were experienced at Elora during the spring in 2019 (Table 2.8). Although similar 

deviations from climate averages were measured in April, 2018, warmer and drier than average 

weather was noted for March and May, 2018. Such differences could have led to greater 

springtime sulfur mineralization rates in 2018 than in 2019, thus leading to a greater chance of 

seeing response to sulfur fertilization in the latter year. This is especially relevant given the early 

season nutrient demands of a fall planted crop like winter wheat.  

The final winter wheat site assessed was at Winchester in 2019. Fertilizer treatment did 

not have a significant (p > 0.1) effect on grain yield at this location (Table 2.30). Despite this, 

stepwise regression analysis elucidated a significant (p ≤ 0.1) quadratic response to sulfur rate as 

potassium sulfate. This quadratic relationship opened upward with a minimum occurring at 25.1 

kg S ha-1. Thus, the highest grain yield predicted for the range of sulfur rates tested was at 0 kg S 

ha-1, indicating no positive winter wheat response to sulfur at the Winchester 2019 site.  

Overall, the Stayner 2018, Bornholm 2019, and Elora 2019 winter wheat experiments had 

significant positive grain yield response to sulfur fertilization, which translates into a response 

frequency of three out of eight site-years. This is lower than what has previously been reported 

for southern Ontario, as 13 out of 22 sites evaluated between 2012 and 2014 showed grain yield 

improvement upon application of sulfur (Brown et al., 2017). Comparable winter wheat sulfur 

response research from neighbouring jurisdictions is limited. Work in Virginia, in contrast to our 

findings, displayed no significant grain yield response to sulfur application across three diverse 

winter wheat cultivars grown at two to five site-years (Thomason et al., 2007). Sulfur deposition 
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at these sites was likely greater, in the 10 to 20 kg S ha-1 yr-1 range (United States Environmental 

Protection Agency, 2019b), than what has been estimated for recent southern Ontario conditions 

(3.5 kg S ha-1 yr-1 in 2016, see section 1.8). To add to the Virginia work, one of three cultivar by 

sulfur rate by nitrogen rate winter wheat trials conducted in England in 1997 exhibited 

significant yield response to sulfur application (Zhao et al., 1999b). Hoel (2011) relayed that 

winter wheat grain yields averaged across nine sandy sites in Norway’s southeast region, as well 

as those averaged across four mid-textured soils in the central part of the country, were 

significantly increased upon application of sulfur fertilizer. No benefit was shown at 13 

southeastern locations on clayey soils (Hoel, 2011). Deposition levels in all regions assessed 

were likely below 5 kg S ha-1 yr-1 (Aas et al., 2008), which is similar to what is currently seen in 

southern Ontario. Meanwhile, significant yield response to sulfur application was realized on a 

silty clay loam, clay loam, and silt loam for the Stayner 2018, Bornholm 2019, and Elora 2019 

trials examined in the current study, respectively. It is important to note there was a lack of sites 

with coarse-textured soils used for sulfur response trials in the current study, which not only 

limits comparisons to the winter wheat study by Hoel (2011), but also severely limits our ability 

to confirm the notion that coarse-textured soils should more frequently display response to sulfur 

fertilizer application than mid- and fine-textured soils in all three crops assessed. 
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Table 2.24. Effect of sulfate or thiosulfate sulfur fertilizera application 

rate on winter wheat grain yield in randomized complete block field 

trials conducted at five southern Ontario locations in 2018 and 2019.   

Location 

Significance 

(p > F) 

Sulfur rate 

(kg ha-1) 

Grain yield ± se 

(kg ha-1 at 14  %) 

Sombra 2018 0.0222 
0 5861 ± 153ab 

16 5565 ± 153ba 

    

Stayner 2018 0.0697 
0 7104 ± 255ba 

25 7177 ± 255aa 

    

Bornholm 2019 0.0112 

0 4922 ± 157ba 

11 5466 ± 157aa 

22 5378 ± 157aa 

    

Douglas 2019 0.3767 

0 6898 ± 224aa 

11 7177 ± 224aa 

22/34c 7395 ± 224aa 

    

Mildmay 2019 0.1384 
0 5652 ± 144aa 

23 6749 ± 144aa 
aLiquid ammonium thiosulfate (12-0-0-26S) was applied at Sombra 

and Mildmay. Granular potassium magnesium sulfate (0-0-22-22S-

11Mg) (The Mosaic Company, Plymouth, Minnesota) was applied at 

Stayner. Granular ammonium sulfate (21-0-0-24S) was utilized at 

Bornholm and Douglas 
bMean values for a given location followed by the same letter are not 

significantly different at p ≤ 0.1 
cData points for the 22 and 34 kg S ha-1 treatments were combined into 

a single treatment since they were each only repeated in two of the four 

blocks tested and neither was present together in any single block 
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Table 2.25. Effect of sulfur fertilizera application rate on winter 

wheat test weight and percent protein in a randomized complete 

block field trial conducted near Douglas, Ontario, in 2019.   

Sulfur rate (kg ha-1) 

Test weight ± se 

(g 0.5 L-1) 

Percent protein at 14 % 

moisture ± se 

0 374 ± 3.9 11.1 ± 0.48 

11 351 ± 3.9 10.8 ± 0.48 

22/34b 357 ± 3.9 11.1 ± 0.48 

   

Significance (p > F) 0.1254 0.8667 
aSulfur was applied as granular ammonium sulfate (21-0-0-24S) 
bData points for the 22 and 34 kg S ha-1 treatments were 

combined into a single treatment since they were each only 

repeated in two of the four blocks tested and neither was present 

together in any single block 
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Table 2.26. Effect of several sulfur fertilizer treatments on various parameters related to winter wheat yield, 

sulfur concentration and uptake in a randomized complete block field trial conducted near Elora (Intensive), 

Ontario, in 2018. 

   Yield ± se (kg ha-1)  

Trta 

S rate 

(kg ha-1) 

N rate 

(kg ha-1)b Grain at 14 % Straw at 0 % Total at 0 % HI 

Control 0 0 7713 ± 347 2457 ± 730 19035 ± 667 0.73 ± 0.059 

10SOP 10 0 7905 ± 325 2918 ± 724 19716 ± 652 0.70 ± 0.059 

20SOP 20 0 7678 ± 347 2444 ± 730 19135 ± 667 0.73 ± 0.059 

30SOP 30 0 7781 ± 325 2750 ± 724 19442 ± 652 0.72 ± 0.059 

40SOP 40 0 8107 ± 325 3144 ± 724 10116 ± 652 0.70 ± 0.059 

20AMS 20 17.5 7979 ± 325 2872 ± 724 19734 ± 652 0.71 ± 0.059 

0Urea 0 17.5 7815 ± 347 2893 ± 730 19679 ± 667 0.70 ± 0.059 

       

Significance (p > F) 0.9594 0.5930 0.3582 0.8717 

       

   S concentration ± se (ppm) S uptake ± se (kg ha-1) 

Trt 

S rate 

(kg ha-1) 

N rate 

(kg ha-1) Grain Straw Grain Straw Total 

Control 0 0 1300 ± 35bcca 570 ± 40ab b8.6 ± 0.56 1.4 ± 0.56 19.7 ± 0.78 

10SOP 10 0 1380 ± 32abcc 630 ± 38ab b9.4 ± 0.53 1.9 ± 0.55 11.3 ± 0.77 

20SOP 20 0 1440 ± 35abac 730 ± 40ab b9.5 ± 0.56 1.8 ± 0.56 11.5 ± 0.78 

30SOP 30 0 1420 ± 32abcc 680 ± 38ab b9.5 ± 0.53 1.9 ± 0.55 11.4 ± 0.77 

40SOP 40 0 1450 ± 32abcc 770 ± 38ab 10.1 ± 0.53 2.4 ± 0.55 12.5 ± 0.77 

20AMS 20 17.5 1470 ± 32abcc 680 ± 38ab 10.1 ± 0.53 2.0 ± 0.55 12.0 ± 0.77 

0Urea 0 17.5 1290 ± 35cabc 550 ± 40ba b8.8 ± 0.56 1.6 ± 0.56 10.3 ± 0.78 

        

Significance (p > F) 0.0050 0.0610 0.4927 0.3366 0.2773 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = potassium sulfate (0-0-50-18S), AMS 

= ammonium sulfate (21-0-0-24S), and urea = (46-0-0). Numbers preceding abbreviations indicate sulfur 

supplied in kilograms per hectare. Control = no additional fertilizer 
bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied across the plot area 
cMean values followed by the same letter in a given column are not significantly different at α = 0.1 using a 

Tukey’s HSD test 
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Table 2.27. Regression analysis solutions for various parameters related to winter 

wheat yield, sulfur concentration and uptake against five rates of sulfur fertilizer (kg 

ha-1)a in a randomized complete block field trial performed near Elora (Intensive), 

Ontario, in 2018. 

Parameter Intercept Linear Pr > |t| 

Efron’s 

pseudo R2 

Grain yield (kg ha-1 at 14 %) 7695.37 7.0629 0.4919 0.54 

Straw yield (kg ha-1 at 0 %) 2527.15 11.6613 0.1958 0.77 

Total shoot biomass (kg ha-1 at 0 %) 9132.22 17.9692 0.1511 0.16 

Harvest index 0.7256 -0.00049 0.4735 0.89 

Grain sulfur concentration (ppm) 1330.76 3.3139 0.0136 0.40 

Stover sulfur concentration (ppm) 591.03 4.3021 0.0051 0.44 

Grain sulfur uptake (kg ha-1) 8.8035 0.03021 0.0770 0.27 

Stover sulfur uptake (kg ha-1) 1.4451 0.02135 0.0186 0.88 

Total sulfur uptake (kg ha-1) 10.2778 0.05043 0.0056 0.27 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 

kg S ha-1 
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Table 2.28. Effect of several sulfur fertilizer treatments on various parameters related to winter wheat yield, 

sulfur concentration and uptake in a randomized complete block field trial conducted near Elora (Intensive), 

Ontario, in 2019. 

   Yield ± se (kg ha-1)  

Trta 

S rate 

(kg ha-1) 

N rate 

(kg ha-1)b Grain at 14 % Straw at 0 % Total at 0 % HI 

Control 0 0 7487 ± 221abb 2989 ± 155bc 19428 ± 311bc 0.685 ± 0.0087aa 

10SOP 10 0 7778 ± 241avb 3891 ± 168aa 10620 ± 380ab 0.631 ± 0.0104ca 

20SOP 20 0 7703 ± 221avb 3795 ± 155aa 10420 ± 311ab 0.636 ± 0.0087ca 

30SOP 30 0 7772 ± 221avb 3709 ± 155aa 10393 ± 311ab 0.643 ± 0.0087bc 

40SOP 40 0 8073 ± 221avb 3879 ± 155aa 10822 ± 311ab 0.642 ± 0.0087bc 

20AMS 20 17.5 8295 ± 241avb 3536 ± 155ab 10581 ± 340ab 0.672 ± 0.0094ab 

0Urea 0 17.5 6689 ± 241bvb 2591 ± 155ca 18345 ± 340cb 0.692 ± 0.0094aa 

       

Significance (p > F) 0.0031 <0.0001 0.0002 <0.0001 

       

 S concentration ± se (ppm) S uptake ± se (kg ha-1) 

Trt Grain Straw Grain Straw Total 

Control 1330 ± 32bca 500 ± 30da 18.6 ± 0.33cdd 1.5 ± 0.11da 10.1 ± 0.39cd 

10SOP 1370 ± 34abc 520 ± 30da 19.2 ± 0.36abc 2.0 ± 0.15ca 11.4 ± 0.47bc 

20SOP 1370 ± 32abc 650 ± 30ca 19.0 ± 0.33bcd 2.4 ± 0.17bc 11.5 ± 0.39bc 

30SOP 1420 ± 32aba 800 ± 30ba 19.5 ± 0.33abc 3.0 ± 0.21ab 12.4 ± 0.39ab 

40SOP 1430 ± 32aba 930 ± 30aa 10.0 ± 0.33abd 3.6 ± 0.26aa 13.6 ± 0.39ad 

20AMS 1450 ± 34aba 730 ± 30bc 10.4 ± 0.36add 2.5 ± 0.18bc 12.8 ± 0.43ab 

0Urea 1280 ± 34cbc 480 ± 30da 17.3 ± 0.36ddd 1.2 ± 0.09da 18.7 ± 0.43dd 

      

Significance (p > F) 0.0016 <0.0001 <0.0001 <0.0001 <0.0001 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = potassium sulfate (0-0-50-18S), AMS 

= ammonium sulfate (21-0-0-24S), and urea = (46-0-0). Numbers preceding abbreviations indicate sulfur supplied 

in kilograms per hectare. Control = no additional fertilizer 
bThe nitrogen rates presented represent nitrogen provided in excess of base levels applied across the plot area 
cMean values followed by the same letter in a given column are not significantly different at α = 0.1 using a 

Tukey’s HSD test 
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Table 2.29. Regression analysis solutions for various parameters related to winter wheat yield, sulfur 

concentration and uptake against five rates of sulfur fertilizer (kg ha-1)a in a randomized complete block field 

trial performed near Elora (Intensive), Ontario, in 2019. 

Parameter Intercept Linear Quadratic Pr > |t| 

Efron’s 

pseudo R2 

Grain yield (kg ha-1 at 14 %) 7523.06 11.8194 - 0.0885 0.02 

Straw yield (kg ha-1 at 0 %) 3115.66 56.8684 -1.0128 0.0422 0.36 

Total shoot biomass (kg ha-1 at 0 %) 9737.55 27.7835 - 0.0154 0.07 

Harvest index 0.6796 -0.00368 0.000072 0.0108 0.45 

Grain sulfur concentration (ppm) 1334.12 2.4804  0.0052 0.57 

Stover sulfur concentration (ppm) 485.71 4.3571 0.1786 0.0262 0.88 

Grain sulfur uptake (kg ha-1) 8.6454 0.02999 - 0.0048 0.33 

Stover sulfur uptake (kg ha-1) 1.5111 0.04769 - 0.0339 0.89 

Total sulfur uptake (kg ha-1) 10.1561 0.08107 - <0.0001 0.64 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
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Table 2.30. Effect of sulfur fertilizer on winter wheat grain yield in at randomized complete block field trial 

conducted near Winchester (Intensive), Ontario, in 2019.  

ANOVA results 

Trta S rate (kg ha-1) Additional N rate (kg ha-1) Grain yield ± se (kg ha-1 at 14 %) 

Control 0 0 6241 ± 310 

10SOP 10 0 5919 ± 310 

20SOP 20 0 5624 ± 310 

30SOP 30 0 4997 ± 310 

40SOP 40 0 5921 ± 310 

20AMS 20 17.5 5793 ± 310 

0Urea 0 17.5 5656 ± 310 

  

Fertilizer treatment significance (p > F) 0.2156 

  

Regression solutionsb  

Parameter Intercept Linear Quadratic Pr > |t| 
Efron’s 

Pseudo R2 
Winter wheat (quadratic) (kg ha-1 at 14 %)c 6361.48 -77.3069 1.5420 0.0622 0.31 
Winter wheat (linear) (kg ha-1 at 14 %) 6053.08 -15.6255 - 0.1314 0.12 
aAbbreviations for fertilizer sources in treatment list are as follows: SOP = potassium sulfate (0-0-50-18S), 

AMS = ammonium sulfate (21-0-0-24S), and urea = granular urea (46-0-0). Numbers preceding abbreviations 

indicate sulfur supplied in kilograms per hectare. Control = no additional fertilizer 

bStepwise regression analysis was performed against sulfur fertilizer rate (kg ha-1) applied as potassium sulfate 
cAlthough a quadratic function proved significant in the regression analysis, the parabola opened upward rather 

than downward so that an initial decrease in yield was predicted from sulfur application. As such, solutions for 

the line of best fit are also provided 
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2.3.5. Economic analysis 

Finding a significant positive response to grain yield from sulfur fertilizer application is 

important to determine the applicability of this practice in Ontario cropping systems, but a 

simple cost/benefit analysis is also warranted to see whether it makes economic sense for 

growers to apply sulfur to their corn, soybean, and winter wheat crops. For corn, a significant (p 

≤ 0.1) positive linear association between grain yield and sulfur fertilizer rate was observed at 

Bornholm in 2018. The slope of this relationship, 37.250 kg kg-1 S ha-1 (data not shown), is 

equivalent to a revenue slope of $ 7.544 kg-1 S ha-1 ((37.2504 kg kg-1 S ha-1)*($ 202.52 Mg-

1)*(0.001 Mg kg-1)). This represents $ 4.618 kg-1 S ha-1 (($ 7.5440 kg-1 S ha-1)-($ 2.9259 kg-1)) 

profit after accounting for the cost of sulfur applied as potassium sulfate. The maximum profit 

would be achieved at the 34 kg S ha-1 treatment with the value being approximately $ 155.29 ha-1 

(($ 4.6181 kg-1 S ha-1)*(33.6258 kg S ha-1)).  

 Significant positive corn grain yield response to sulfur application was also apparent at 

Elora in 2019. Specifically, a significant (p ≤ 0.1) linear increase in grain yield with potassium 

sulfate application rate was discerned, with the slope being 12.829 kg kg-1 S ha-1 (Table 2.13). 

This equates to $ 2.598 kg-1 S ha-1, which is less than the sulfur fertilizer cost of $ 2.926 kg-1 S. 

A profitable economic response was therefore not generated at Elora in 2019 under the 

experimental methods used.   

 Profit could have potentially been attained from sulfur application at Elora if a different 

sulfate sulfur fertilizer source was applied. As seen in Table B.1, potassium sulfate is expensive 

compared to other fertilizers in terms of per unit cost of sulfur. Growers would be more likely to 

use ammonium sulfate to deliver sulfur in corn given it is less expensive and it supplies some of 

this crop’s substantial nitrogen requirements. Using ammonium sulfate as a substitute for 
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potassium sulfate at the Elora 2019 trial would have actually made a profit of $ 1.477 kg-1 S ha-1 

(($ 2.5980 kg-1 S ha-1)-($ 1.1215 kg-1 S)), for a total of $ 59.06 ha-1 at the 40 kg S ha-1 rate. 

Extending this reassessment to the Bornholm 2018 trial, the profit slope would have been $ 

6.423 kg-1 S ha-1 (($ 7.5440 kg-1 S ha-1)-($ 1.1215 kg-1 S)) and the maximum profit would have 

been raised to $ 215.96 ha-1 (($ 6.4225 kg-1 S ha-1)*(33.6258 kg S ha-1)). Such enhanced 

profitability assumes that the sulfur supplied by ammonium sulfate would provide an equivalent 

crop response as potassium sulfate.  

 Because there was a low frequency of response to sulfur fertilizer application in the 

soybean trials studied, and because it is questionable to presume that sulfur was the sole or any 

cause for the significant yield increases noted at the Bornholm 2018 (NK S12-P3X) or intensive 

Elora 2019 sites, individual site economic analyses were not pursued for soybean. It is assumed 

that the incidence of profitable response is equal to that argued for grain yield: 0 out of 15.   

 Economic analysis was conducted on grain yield data for the Bornholm 2019, Elora 

2019, and Stayner 2018 winter wheat sites. The significant (p ≤ 0.1) positive linear relationship 

for grain yield against sulfur rate as potassium sulfate at Elora would have generated a revenue 

slope of $ 2.782 ha-1 kg-1 S ((11.8194 kg ha-1 kg-1 S)*($ 235.39 Mg-1)*(0.001 Mg-1 kg-1)). This 

slope is less than the per unit cost of potassium sulfate, $ 2.926 kg-1 S, indicating an economic 

loss to sulfur at this location. Similar non-profitable response was observed at Stayner in 2018. 

The cost of sulfur applied as potassium magnesium sulfate in the lone plus sulfur treatment 

would have been $ 45.814 ha-1 ((24.6589 kg S ha-1)*($ 1.8579 kg-1 S)), exceeding the revenue 

additions of $ 17.184 ha-1 ((73 kg ha-1)*($ 235.39 Mg-1)*(0.001 Mg kg-1)). Deviating from the 

sites mentioned above, profitable winter wheat grain yield response was calculated for the sulfur 

treatments implemented at Bornholm. Grain yield increases of 544 kg ha-1 and 484 kg ha-1 were 
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measured relative to the control for the 11 kg S ha-1 and 22 kg S ha-1 treatments, respectively. 

Corresponding profits of $ 115.48 ha-1 ((544 kg ha-1)*($ 235.39 Mg-1)*(0.001 Mg kg-1))-

((11.2086 kg S ha-1)*($ 1.1215 kg-1 S)) and $ 101.36 ha-1 ((484 kg ha-1)*($ 235.39 Mg-1)*(0.001 

Mg kg-1))-((11.2086 kg S ha-1)*($ 1.1215 kg-1 S)) would have been attained.  

The use of ammonium sulfate rather than other more expensive sulfur fertilizer sources 

was explored for the Elora 2019 and Stayner 2018 winter wheat trials. Ammonium sulfate would 

again be an attractive sulfur source for winter wheat due primarily to its reasonable cost in 

addition to the fact it can supply some of the considerable amounts of nitrogen required by this 

crop. Economic gains would have indeed been realized under this new assumption at Elora in 

2019, with the revenue slope ($ 2.782 kg-1 S ha-1) surpassing the per unit cost of sulfur as 

ammonium sulfate ($ 1.122 kg-1 S). At the 40 kg S ha-1 rate, profits would have reached $ 66.43 

ha-1 ((40 kg S ha-1)*(($ 2.7822 kg-1 S ha-1)-($ 1.1215 kg-1 S)). Profitable response still would not 

have been observed at Stayner even if ammonium sulfate was used, as the cost of sulfur 

((24.6589 kg S ha-1)*($ 1.1215 kg-1 S) = $ 27.655 ha-1) exceeded the revenue increase of $ 

17.184 ha-1.   

Cost/benefit analyses were only undertaken for sites with significant grain yield increases 

from sulfur application. A brief remark should be made for the costs of applying sulfur to sites 

lacking significant positive grain yield response. Table 2.31 shows the fertilizer cost for applying 

various rates and forms of sulfur. Additionally, it indicates the corn, soybean, and wheat yield 

gains required to cover these costs. Fertilizer costs and breakeven yield requirements vary widely 

with product and rate. However, if a 20 kg S ha-1 rate of granular ammonium sulfate is chosen as 

an example, the sulfur cost is $ 22.43 ha-1 and the breakeven yield increase is 111, 50, and 95 kg 
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ha-1 for corn, soybean, and winter wheat, respectively. This emphasizes that applying sulfur to 

field sites that do not respond to sulfur additions can result in substantial monetary losses.  

 To supplement the economic analyses of individual sites, an analysis averaging 

profits/losses from sulfur fertilization across trials was done. A general lack of significant 

response was noted from this (Table 2.32). In fact, the only significant (p ≤ 0.1) difference seen 

was between the mean net returns (ie. grain revenue less sulfur cost) of the plus sulfur corn 

treatment and the mean control grain revenue, with this difference being an economic loss of $ 

68.33 ha-1. This was specifically realized for the analysis where sulfur cost was calculated for the 

sulfur fertilizer sources actually applied in each trial. The hypothetical use of ammonium sulfate 

as the sole sulfur fertilizer source minimized losses for corn to $ 38.92 ha-1. For soybean and 

winter wheat, slight economic losses (of $ 1.60 ha-1 and $ 0.02 ha-1, respectively) were realized 

from sulfur application, although these changes were insignificant (p > 0.1). Absolute but 

insignificant (p > 0.1) profits of $ 7.00 ha-1 and $ 18.36 ha-1 were attained for soybean and winter 

wheat, respectively, when fertilizer expense was calculated using only the per unit sulfur cost of 

ammonium sulfate. The absence of significant profitable economic response to sulfur when 

revenue was averaged across sites detracts from the substantial gains calculated for some of the 

individual site cost/benefit analyses presented earlier.   

In effect, the economic analyses provided here demonstrate that grain yield response at a 

few locations may not cover the expense of sulfur application across all field sites under southern 

Ontario conditions. A similar result was obtained for eight Michigan soybean trials assessing the 

application of 27 kg S ha-1 as granular ammonium sulfate (Staton & Seamon, 2019). Despite a 

significant profitable yield increase from this practice at one site-year, average income across 

experiments was still lower with sulfur fertilization than in the control treatment (Staton & 
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Seamon, 2019). Without a solid capacity to predict responsive sites, there is some economic risk 

with prophylactically supplying fertilizer sulfur to every field site.  

 It must be stressed that the economic analyses performed only account for the cost of 

sulfur fertilizer product and no expenses related to field application. Nevertheless, it would be 

expected that sulfur is generally applied in a blend of fertilizers supplying other crops nutrients. 

The costs relating to the equipment and labour needed to apply fertilizer would likely be incurred 

regardless of if sulfur is applied. For example, a grower who regularly conducts an early spring 

pass over winter wheat to supply nitrogen would likely do so irrespective of if a sulfur fertilizer 

source is included in the blend. Therefore, ignoring fertilizer application cost represents only a 

minor limitation to the cost/benefit analysis. If these expenses were included in the calculation, 

though, one would expect reduced profits/greater losses than what are presented here.   
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 Table 2.31. Fertilizer costa and associated corn, soybean, and wheat yield increases required to breakevenb for 

five sulfur fertilizer sources at varying rates between 0 and 40 kg S ha-1. 

 Ammonium sulfate (21-0-0-24S)  MicroEssentials SZ (12-40-0-10S-1Zn) 

  Breakeven yield gain (kg ha-1)   Breakeven yield gain (kg ha-1) 

S rate 

(kg ha-1) 

Fertilizer 

cost ($) Corn Soybean Wheat 

 Fertilizer 

cost ($) Corn Soybean Wheat 

0 0 0 0 0  0 0 0 0 

5 05.61 28 13 24  05.20 26 12 22 

10 11.22 55 25 48  10.40 51 23 44 

15 16.82 83 38 71  15.60 77 35 66 

20 22.43 111 50 95  20.80 103 47 88 

25 28.04 138 63 119  26.00 128 58 110 

30 33.65 166 76 143  31.19 154 70 133 

35 39.25 194 88 167  36.39 180 82 155 

40 44.86 222 101 191  41.59 205 94 177 

    

 Potassium magnesium sulfate (0-0-22-11Mg-22S)  Potassium sulfate (0-0-50-18S) 

  Breakeven yield gain (kg ha-1)   Breakeven yield gain (kg ha-1) 

S rate 

(kg ha-1) 

Fertilizer 

cost ($) Corn Soybean Wheat 

 Fertilizer 

cost ($) Corn Soybean Wheat 

0 0 0 0 0  0 0 0 0 

5 09.29 46 21 39  14.63 72 33 62 

10 18.58 92 42 79  29.26 144 66 124 

15 27.87 138 63 118  43.89 217 99 186 

20 37.16 183 84 158  58.52 289 132 249 

25 46.45 229 104 197  73.15 361 164 311 

30 55.74 275 125 237  87.78 433 197 373 

35 65.03 321 146 276  102.41 506 230 435 

40 74.32 367 167 316  117.04 578 263 497 

   

 

 Liquid ammonium thiosulfate (12-0-0-26S)  

  Breakeven yield gain (kg ha-1)  

S rate 

(kg ha-1) 

Fertilizer 

cost ($) Corn Soybean Wheat 

 

0 0 0 0 0  

5 08.27 41 19 35  

 

Yield conversionsc 

 

10 16.54 82 37 70  Crop kg ha-1 bu ac-1 

15 24.81 122 56 105  Corn 25.40 1 

20 33.08 163 74 141  Soybean 27.22 1 

25 41.35 204 93 176  Wheat 27.22 1 

30 49.61 245 112 211  

 

35 57.88 286 130 246  

40 66.15 327 149 281  
aSulfur cost in Canadian dollars based on fertilizer quotes from southern Ontario dealers. The value of the 

nutrient(s) accompanying sulfur were subtracted from the total fertilizer price to determine the sulfur value alone 
bBreakeven yield gain required to cover sulfur fertilizer cost was calculated based on Ontario monthly weighted 

average corn, soybean, and wheat prices that were averaged for the months of January, 2018, to December, 2019. 

These prices were collected from Ontario licenced grain merchants by the Grain Farmers of Ontario  
cBased on 39.368 bu Mg-1 for corn and 36.744 bu Mg-1 for soybean and wheat  
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Table 2.32. Overall economic analyses for five corn, 15 soybean, and eight winter wheat sulfur response 

trials conducted across southern Ontario in 2018 and 2019.  

 Mean plus-S return ± sea Mean control revenue ± se Profit/(loss) Significance 

(p > |t|)  ----------------------------------Canadian $ ha-1---------------------------------- 

Corn     

Trial fertilizerb 2349.49 ± 29.62 
2417.82 ± 33.33 

(68.33) 0.0846 

AMSc 2378.90 ± 29.62 (38.92) 0.3107 

     

Soybean     

Trial fertilizer 1690.04 ± 18.99 
1691.64 ± 18.74 

(1.60) 0.9290 

AMS 1698.64 ± 18.99 7.00 0.6969 

     

Winter wheat     

Trial fertilizer 1526.48 ± 24.99 
1526.50 ± 24.99 

(0.02) 0.9995 

AMS 1544.87 ± 24.99 18.36 0.6208 
aCalculated as the revenue generated from grain in the plus sulfur treatment less the cost of sulfur fertilizer. 

For sites with multiple treatments receiving sulfur, plot values from the treatment with the rate closest to 

20 kg S ha-1 were utilized. The potassium sulfate 20 kg S ha-1 treatment was chosen rather than the 

ammonium sulfate plot for the intensive Elora and Winchester site-years. Sulfur cost was calculated as the 

per kilogram cost of sulfur multiplied by the rate applied 
bSulfur cost was calculated with the per kilogram sulfur price of the respective fertilizer source used in 

each trial 
cSulfur cost was calculated for the same sulfur rates as implemented in each trial, but using the per 

kilogram cost of granular ammonium sulfate (21-0-0-24S) in every case 

Note: All monetary values are presented in Canadian dollars 
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2.4. Conclusions 

 Of the five corn, fifteen soybean, and eight winter wheat sulfur fertilizer trials conducted 

across southern Ontario in 2018 and 2019, two, zero, and three displayed significant positive 

grain yield response to supplemental sulfur. The results for corn contrast with previous Ontario 

work which showed no grain yield response to sulfur (Stewart, 2012, 2013). The lack of 

definitive soybean yield response to sulfur was similar to the results of recent trials in Michigan 

(Staton & Seamon, 2019), and confirms the statement found in the OMAFRA agronomy guide 

that “[t]here is…no evidence that soybeans respond to sul[f]ur application in Ontario” (Brown et 

al., 2017, p. 60). Winter wheat responded with lower incidence than what was displayed in 

previous Ontario research (Brown et al., 2017).  

 Upon conducting a simple cost/benefit analysis for responsive sites, it was calculated that 

profitable grain yield increases were reached at one corn site and one winter wheat site under the 

experimental methods used. The hypothetical use of ammonium sulfate rather than other more 

expensive sulfur fertilizer forms would have raised the number of economically responsive sites 

to two each for corn and winter wheat. Despite this finding, a subsequent economic analysis 

averaged across experiments showed no significant profitable response from sulfur application 

for any of the three crops species. This brings into question the prophylactic application of sulfur 

across southern Ontario corn, soybean, and winter wheat crops as returns from profitable sites 

may not cover the additional fertilizer costs incurred at other field locations.   

 Compiling results from 28 sulfur response trials conducted over two years represents a 

substantial effort, yet there are still limitations to this dataset. The current study lacked sites with 

coarse-textured soils. These are generally expected to have greater sulfate leaching losses and 

lower sulfate mineralization inputs compared to mid- and fine-textured soils. Therefore, we 
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could not effectively test a hypothesis that the three crop species evaluated respond to sulfur 

fertilization with greater frequency on coarse-textured soils relative to those of finer texture. 

Determining the true incidence of grain yield response to supplementing sulfur in corn, soybean, 

and winter wheat requires data from many more site-years. A third year of similar trials is 

underway for the 2020 growing season with the intention of conducting experiments on field 

sites with sandier soils.  

Still, growers can draw general conclusions from the current results and, in the absence of 

a reliable sulfur soil test, conduct strip trials with and without applied sulfur to provide some 

information on whether a given field site will generate profitable response to sulfur application. 

While this site-specific information is invaluable, it takes considerable time and resources to 

obtain. Furthermore, it does not account for the year to year variations in response that are 

possible, as observed in the intensive Elora corn and winter wheat trials in this paper. To address 

this issue, a southern Ontario-specific spring sulfur soil test is currently being developed. This 

tool is expected to help growers determine which sites in which growing seasons are likely to 

provide economic returns from sulfur fertilizer application.   
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Chapter 3. Next steps 

As mentioned in the conclusions of Chapter 2 (section 2.4), a third year of southern 

Ontario corn, soybean, and winter wheat sulfur response field trials is underway for the 2020 

growing season. This will extend the dataset presented here and provide a better grasp of the 

frequency of sulfur response in the top three grain and oilseed crops cultivated by area in 

Ontario. The fact that the locations tested in 2018 and 2019 were limited to mid- and fine-

textured soils means that there is a drive to conduct experiments on sandier sites. Work devoted 

to corn, soybean, and winter wheat sulfur fertilizer response in Ontario should continue beyond 

2020 given how yields and sulfur demand in these crops will likely maintain their positive 

trajectory just as sulfur deposition levels continue their decline.  

While the current study displayed economic grain yield response to sulfur at one of five 

corn and one of eight winter wheat site-years, sulfur application was not shown to be profitable 

in economic analyses averaging returns across experiments. This highlights the need for 

diagnostic methods that accurately predict site-years in which economic response to sulfur is 

likely. Given this, and in anticipation of continued sulfur deficiency concerns in Ontario, a 

second portion of this project was aimed at developing a sulfur soil test for southern Ontario 

conditions. The preliminary step of this process, identifying an extractant that effectively predicts 

plant sulfur uptake from initial soil test levels, is close to completion. More specifically, mustard 

(Brassica juncea) has been grown under greenhouse conditions with and without additional 

sulfur on 60 southern Ontario surface (0 to 15 cm) soils. Plant sulfur uptake measurements from 

this trial will be correlated with initial sulfur soil test levels determined from five potential 

extractants. The optimum extraction method will then be calibrated to field conditions using 

corn, soybean, and winter wheat yield data from the current study and associated soil samples 
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collected at or near the time of sulfur application. The final Ontario sulfur soil test will become 

available for growers to more accurately predict which field sites will provide economic 

response to sulfur. 

 While the materials and methods employed across the current study’s field trials varied 

greatly, there was no real capacity to compare sulfur fertilizer timing or placement effects on 

crop response. Future research could delve into these factors, especially since grain yield 

increases from sulfur application have been further demonstrated in winter wheat and newly 

established for corn in Ontario through the current study. Split sulfur applications and late 

applications at heading could be evaluated in winter wheat and would be particularly interesting 

to test in high protein or breadmaking cultivars. A greenhouse trial in Norway indicated wheat 

dough quality benefits from split applying sulfur (Flæte et al., 2005). Other work in France 

showed increased flour protein content for winter wheat receiving a foliar application of nitrogen 

and/or sulfur at anthesis (Tea et al., 2007). Timing scenarios for Ontario corn stands could 

involve preplant or at-planting applications being trialled against those done in-season with side 

dressed nitrogen. Recent efforts in Indiana demonstrated greater frequency of corn grain yield 

response to sulfur application when the ammonium thiosulfate source utilized was side dressed 

in-crop compared to when it was banded next to seed at planting (Camberato et al., 2020). 

Stemming from this, sulfur placement studies assessing surface broadcast, broadcast 

incorporated, side banded, in-furrow, and other application methods could be done. Future 

timing and placement trials could identify application techniques that optimize crop yield 

response to sulfur, although these studies would require field sites that are likely to provide yield 

increases upon sulfur application.  



118 

 

One of the commonalities across the field trials reviewed in this thesis was the use of a 

sulfate or thiosulfate fertilizer source. This, in tandem with the spring application timing, 

provided good confidence that the fertilizer sulfur supplied would be readily available for crop 

uptake. Future research may want to assess the potential for using elemental sulfur fertilizer 

forms in Ontario corn, soybean, and winter wheat crops. The relatively high sulfur concentration 

and low cost of some elemental forms in comparison to sulfate and thiosulfate fertilizers make 

them an attractive option for providing sulfur in corn, soybean, and winter wheat. Moreover, 

elemental sulfur has shown promise for increasing yield in Ontario alfalfa stands (Haupt, 2017). 

The fact that these formulations require oxidation before becoming plant-available causes 

uncertainty as to whether they will effectively meet the sulfur demands of a given crop. Timing 

(ie. fall versus spring application) and placement effects could thus be evaluated for elemental 

sulfur, with corn, soybean, and winter wheat response being compared to that where sulfate or 

thiosulfate forms are applied. Again, such experiments would require field sites that are likely to 

provide sulfur-induced yield increases.   
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Appendix A. Additional field trial results 

 

 

 

 

 

 

Table A.1. Mixed model variance analysesa of the effect of sulfur fertilizer application rate (kg ha-1) on corn 

grain yield (kg ha-1 at 15.5 % moisture) in two randomized complete block field trials performed in southern 

Ontario in 2018 and 2019. 

Bornholm 2018     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -22282 125955 0.03 0.8662 

Residual 457492 257677 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 3 6 2.26 0.1821 

     

Mildmay 2019 (Analysis 1)b 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -44989 114469 0.17 0.6842 

Block●sulfur 169730 200716 1.68 0.1956 

Residual 121172 76636 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 1 3.116 0.24 0.6559 

Corn hybrid 1 5 6.85 0.0472 

Sulfur rate●hybrid 1 5 0.72 0.4334 

     

Mildmay 2019 (Analysis 2)c 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -44988 114469 0.17 0.6842 

Residual 230315 197023 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 1 2 0.26 0.6610 
aA ‘nobound’ option was used in each analysis considering the negative variance accounted for by the random 

block effect 

bMain sulfur plots in Mildmay were split by corn hybrid. Analysis 1 included sulfur, hybrid, and sulfur by 

hybrid as fixed effects. Moreover, this analysis utilized a Kenward-Rogers adjustment of the covariance 

structure matrix. This correction adjusts the F-statistic of fixed effects and the denominator df using the 

Satterthwaite method 
cAnalysis 2 was completed with the sulfur main plots as the sole experimental unit. This was done since tests 

for normality of residuals could not be satisfied in Analysis 1 despite attempts to transform the data and adjust 

the covariance structure. Main plot values were obtained by averaging respective hybrid subplot yields 
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Table A.2. Mixed model variance analysis results for the stepwise regression of corn grain yield (kg ha-1 at 

15.5 %) against four sulfur fertilizer rates (kg ha-1)a in a randomized complete block field experiment 

conducted near Bornholm, Ontario, in 2018. 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -22282b 125955 0.03 0.8662 

Residual 457492 257677 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 6 5.50 0.0563 

Quadratic 1 6 0.48 0.5284 

Lack of fit 1 6 0.79 0.4082 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 11, 22, and 34 kg S ha-1 
bA ‘nobound’ option was applied in the analysis to account for the negative variance contributed by the 

random block effect 
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Table A.3. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

various parameters related to corn yield, sulfur concentration and uptake in a randomized complete block field 

experiment conducted near Elora (Intensive), Ontario, in 2018. 

Grain yield (log kg ha-1 at 15.5 %)a 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.00038b 0.000153 3.02 0.0820 

Residual 0.003105 0.000875 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 0.67 0.6744 

     

Stover yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 26673 41913 0.69 0.2030 

Residual 257484 68573 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 28 0.70 0.6493 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -5280.19 110022 0.00 0.9623 

Residual 952105 267080 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 1.04 0.4203 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000040 0.000046 1.63 0.1007 

Residual 0.000202 0.000056 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 0.59 0.7333 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 83.8449 251.71 0.14 0.3535 

Residual 1875.58 496.56 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 29 3.35 0.0124 

 

Stover sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 369.05 634.69 0.55 0.2302 

Residual 4226.19 1091.20 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 0.94 0.4790 

 

 

 



159 

 

Table A.3. Continued.     

Grain sulfur uptake (log kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.00017 0.000600 0.07 0.7963 

Residual 0.005060 0.0001461 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 27 1.83 0.1306 

     

Stover sulfur uptake (log kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000859 0.001934 0.28 0.2990 

Residual 0.01448 0.003844 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 28 0.74 0.6193 

     

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.06055 0.2208 0.06 0.3810 

Residual 1.5264 0.4284 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 2.01 0.1005 
aData for grain yield, grain sulfur uptake, and stover sulfur uptake was log-transformed prior to analysis to 

help satisfy the normality of residuals assumption 
bA ‘nobound’ option was applied in the analyses for grain yield, total shoot biomass, and grain sulfur uptake 

to account for the negative variance contributed by the random block effect 
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Table A.4. Mixed model variance analyses results for the stepwise regression of various parameters related to 

corn yield, sulfur concentration and uptake against five sulfur fertilizer rates (kg ha-1)a in a randomized 

complete block field experiment conducted near Elora (Intensive), Ontario, in 2018. 

Grain yield (kg ha-1 at 15.5 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -135378b 45539 7.86 0.0050 

Residual 693859 226948 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 17 0.05 0.8293 

Quadratic 1 17 1.75 0.2031 

Lack of fit 2 17 0.78 0.4731 

     

Stover yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -22530 27273 0.49 0.4857 

Residual 267311 86559 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 0.57 0.4590 

Quadratic 1 19 1.43 0.2466 

Lack of fit 2 19 0.10 0.9043 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -219216 90735 2.51 0.1132 

Residual 1223375 419015 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 17 0.20 0.6592 

Quadratic 1 17 2.29 0.1485 

Lack of fit 2 17 0.33 0.7203 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000016 0.000040 0.21 0.3243 

Residual 0.000172 0.000060 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 17 0.63 0.4388 

Quadratic 1 17 0.05 0.8290 

Lack of fit 2 17 0.34 0.7150 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -264.62 185.67 1.29 0.2568 

Residual 2142.13 698.18 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 12.31 0.0023 

Quadratic 1 19 0.76 0.3946 

Lack of fit 2 19 0.38 0.6906 
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Table A.4. Continued.     

Stover sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 150.00 821.34 0.04 0.4234 

Residual 5200.00 1644.38 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 0.13 0.7241 

Quadratic 1 20 0.09 0.7653 

Lack of fit 2 20 0.08 0.9212 

     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.2372 0.08278 4.11 0.0427 

Residual 1.2232 0.4088 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 17 4.27 0.0543 

Quadratic 1 17 0.03 0.8749 

Lack of fit 2 17 1.25 0.3115 

     

Stover sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.01568 0.05575 0.07 0.7934 

Residual 0.4518 0.1453 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 0.69 0.4175 

Quadratic 1 19 0.54 0.4707 

Lack of fit 2 19 0.25 0.7824 

     

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.2721 0.2968 0.55 0.4585 

Residual 2.1094 0.8358 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 17 3.72 0.0705 

Quadratic 1 17 0.45 0.5119 

Lack of fit 2 17 1.12 0.3484 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
bA ‘nobound’ option was applied in the analysis for grain yield, stover yield, total shoot biomass, grain sulfur 

concentration, grain sulfur uptake, stover sulfur uptake, and total shoot biomass to account for the negative 

variance attributed to the random block effect 
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Table A.5. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

various parameters related to corn yield, sulfur concentration and uptake in a randomized complete block field 

experiment conducted near Elora (Intensive), Ontario, in 2019. 

Grain yield (kg ha-1 at 15.5 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 112189 91357 6.76 0.0047 

Residual 221754 57257 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 1.04 0.4184 

     

Stover yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 21665 37121 0.55 0.2291 

Residual 246663 63688 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 0.96 0.4663 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 156917 163489 2.41 0.0601 

Residual 689074 177918 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 0.86 0.5343 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000032 0.000032 2.78 0.0477 

Residual 0.000128 0.000033 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 1.64 0.1716 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -428.57a 158.41 3.57 0.0589 

Residual 3809.52 983.61 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 8.38 <0.0001 

 

Stover sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 476.19 546.41 0.55 0.0934 

Residual 2619.05 676.24 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 3.18 0.0155 
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Table A.5. Continued.     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.04258 0.07499 0.51 0.2370 

Residual 0.5058 0.1306 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 7.67 <0.0001 

     

Stover sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.01977 0.009561 2.11 0.1463 

Residual 0.2038 0.05261 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 2.84 0.0262 

     

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.03909 0.07375 0.21 0.6465 

Residual 0.9841 0.2541 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 6.86 0.0001 
aA ‘nobound’ option was applied in the analyses for grain sulfur concentration, stover sulfur uptake, and total 

shoot sulfur uptake to account for the negative variance contributed by the random block effect 
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Table A.6. Mixed model variance analyses results for the stepwise regression of various parameters related to 

corn yield, sulfur concentration and uptake against five sulfur fertilizer rates (kg ha-1)a in a randomized 

complete block field experiment conducted near Elora (Intensive), Ontario, in 2019. 

Grain yield (kg ha-1 at 15.5 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 144800 120246 5.35 0.0103 

Residual 220230 69643 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 4.48 0.0469 

Quadratic 1 20 0.67 0.4238 

Lack of fit 2 20 0.12 0.8844 

     

Stover yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 84002 83920 2.54 0.0554 

Residual 233119 73719 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 0.04 0.8502 

Quadratic 1 20 3.61 0.0718 

Lack of fit 2 20 0.85 0.4411 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 348071 305376 4.20 0.0203 

Residual 651758 206104 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 1.33 0.2619 

Quadratic 1 20 2.37 0.1397 

Lack of fit 2 20 0.49 0.6217 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000022 0.000032 0.80 0.1850 

Residual 0.000135 0.000043 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 2.97 0.1001 

Quadratic 1 20 3.29 0.0848 

Lack of fit 2 20 1.04 0.3711 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 100.00 514.61 0.04 0.4183 

Residual 3233.33 1022.47 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 11.60 0.0028 

Quadratic 1 20 2.98 0.0996 

Lack of fit 2 20 3.74 0.0417 
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Table A.6. Continued.      

Stover sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 433.33 713.01 0.58 0.2232 

Residual 3233.33 1022.47 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 4.18 0.0544 

Quadratic 1 20 0.33 0.5713 

Lack of fit 2 20 0.12 0.8895 

     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.1957 0.1801 3.45 0.0316 

Residual 0.4291 0.1357 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 15.72 0.0008 

Quadratic 1 20 0.88 0.3602 

Lack of fit 2 20 3.93 0.0766 

     

Stover sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.03088b 0.01980 1.52 0.2169 

Residual 0.2492 0.07880 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 3.81 0.0651 

Quadratic 1 20 0.26 0.6161 

Lack of fit 2 20 0.07 0.9317 

     

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.09079 0.1904 0.32 0.2868 

Residual 0.9711 0.3071 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 13.14 0.0017 

Quadratic 1 20 0.13 0.7193 

Lack of fit 2 20 1.49 0.2491 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
bA ‘nobound’ option was applied in the analyses for stover sulfur uptake to account for the negative variance 

contributed by the random block effect 
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Table A.7. Mixed model variance analyses of the effect of sulfur fertilizer application rate (kg ha-1) on soybean 

grain yield (kg ha-1 at 13 % moisture) in three randomized complete block field trials conducted by grower 

cooperators in southern Ontario in 2018 and 2019.  

Arkona 2018     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 23405 31361 0.98 0.1617 

Residual 14269 14269 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 1 2 1.22 0.3849 

     

Merlin 2018     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -4832.35a 9732.65 0.27 0.6008 

Residual 19256 16939 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 1 2 0.03 0.8794 

     

Mildmay 2019b     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 133185 134477 2.26 0.0666 

Block●sulfur 21917 24298 9.04 0.0013 

Block●fungicide 40117 25422 17.88 <0.0001 

Residual 13466 4351.99 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Fungicide 2 6.124 24.96 0.0011 

Sulfur 1 2.049 0.44 0.5730 

Seeding 1 19.15 52.84 <0.0001 

Seeding●sulfur 1 19.15 9.72 0.0056 

Seeding●fungicide 2 19.15 0.54 0.5921 

Seeding●sulfur●fungicide 2 19.15 0.87 0.4364 

Sulfur●fungicide 2 19.8 1.49 0.2496 
aA ‘nobound’ option was implemented in the analysis of the Merlin 2018 dataset given the negative variance 

accounted for by the block effect 
bSulfur by fungicide main plots were arranged in a strip block design at the Mildmay 2019 site, although there 

was no repetition for the fungicide effect. Main plots were split by static versus variable seeding rate Moreover, 

this analysis utilized a Kenward-Rogers adjustment of the covariance structure matrix. This correction adjusts 

the F-statistic of fixed effects and the denominator df using the Satterthwaite method 
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Table A.8. Mixed model variance analysis of the effect of various fertilizer treatmentsa on soybean grain yield 

(kg ha-1 at 13 % moisture) in four randomized complete block field trials coordinated by Horst Bohner 

(OMAFRA) across southern Ontario in 2018. 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) 34647 17953 37.27 <0.0001 

Residual 27316 4866.93 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 3 9 70.04 <0.0001 

Fertilizer program 7 63 10.49 <0.0001 

Location●fertilizer 21 63 2.32 0.0053 

     Bornholm S12P3Xb AMSc vs. controld 1 63 17.12 0.0001 

     Bornholm Titus AMS vs. control 1 63 0.56 0.4570 

     Elora AMS vs. control 1 63 0.18 0.6742 

     Winchester AMS vs. control 1 63 0.29 0.5917 
aEight fertilizer treatments were implemented across the four trials 
bThe trial was repeated across two different soybean varieties in Bornholm. These separate trials were treated as 

separate locations 
cAMS treatment = 27 kg S ha-1 and 24 kg N ha-1 applied as ammonium sulfate (21-0-0-24S) 
dControl = no fertilizer 
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Table A.9. Mixed model variance analysis of the effect of various fertilizer treatmentsa on soybean grain yield 

(kg ha-1 at 13 % moisture) in five randomized complete block field trials coordinated by Horst Bohner 

(OMAFRA) across southern Ontario in 2019. 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) 4765.43 21681 0.05 0.4104 

Residual 109029 34478 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 4 10 25.44 <0.0001 

Fertilizer program 2 20 0.20 0.8165 

Location●fertilizer 8 20 0.45 0.8732 

     Bornholm ureab vs. controlc 1 20 0.91 0.3527 

     Bornholm AMSd vs. control 1 20 0.41 0.5285 

     Bornholm AMS vs. urea 1 20 0.10 0.7597 

     Elora urea vs. control 1 20 0.00 0.9629 

     Elora AMS vs. control 1 20 0.22 0.6478 

     Elora AMS vs. urea 1 20 0.26 0.6150 

     Ridgetown urea vs. control 1 20 0.96 0.3382 

     Ridgetown AMS vs. control 1 20 0.11 0.7429 

     Ridgetown AMS vs. urea 1 20 0.42 0.5240 

     St. Thomas urea vs. control 1 20 0.92 0.3495 

     St. Thomas AMS vs. control 1 20 0.17 0.6866 

     St. Thomas AMS vs. urea 1 20 0.30 0.5893 

     Winchester (Bohner) urea vs. control 1 20 0.09 0.7709 

     Winchester (Bohner) AMS vs. control 1 20 1.11 0.3057 

     Winchester (Bohner) AMS vs. urea 1 20 0.57 0.4584 
aSeveral fertilizer treatments were implemented across the five locations, although yield data for just the 

control, urea, and AMS treatments were utilized for this analysis 
bUrea treatment = 26 kg N ha-1 applied as urea (46-0-0) 
cControl = no fertilizer 
dAMS treatment = 27 kg S ha-1 and 24 kg N ha-1 applied as ammonium sulfate (21-0-0-24S) 
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Table A.10. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

various parameters related to soybean grain yield, sulfur concentration and uptake in a randomized complete 

blocka field experiment conducted near Elora (Intensive), Ontario, in 2018. 

Grain yield (kg ha-1 at 13 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 1639.00 10893 0.03 0.4366 

Range 68221 110638 2.70 0.0500 

Range●treatment 37937 39994 1.95 0.0812 

Residual 78402 22969 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 1.17 0.4278 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 7422.06 6329.62 8.24 0.0041 

Range -5597.35b 4026.72 0.72 0.3961 

Range●treatment 29115 18849 16.31 <0.0001 

Residual 9954.14 2928.70 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 0.92 0.5374 

 

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.1500 0.2421 0.70 0.2013 

Range 0.1815 0.6657 0.13 0.3616 

Range●treatment 1.1962 0.9391 5.68 0.0086 

Residual 1.1296 0.3319 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 1.07 0.4700 
aThe six blocks used were divided evenly among two separate, but proximal ranges 
bA ‘nobound’ option was implemented for the analysis of grain sulfur concentration given the negative 

variance accounted for by the range random effect 
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Table A.11. Mixed model variance analyses results for the stepwise regression of soybean grain yield, sulfur 

concentration and uptake against five sulfur fertilizer rates (kg ha-1)a in a randomized complete block 

experimentb conducted near Elora (Intensive), Ontario, in 2018. 

Grain yield (kg ha-1 at 13 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 3447.18 16458 0.05 0.4109 

Range 113790 173882 3.86 0.0248 

Range●sulfur 9423.77 29846 0.13 0.3614 

Residual 90074 31846 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 16 2.98 0.1036 

Quadratic 1 16 1.42 0.2511 

Lack of fit 2 16 1.38 0.2800 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 5833.33 5908.39 2.95 0.0857 

Range -1611.11c 6159.79 0.05 0.8231 

Range●sulfur 13056 12184 4.22 0.0399 

Residual 12167 4301.57 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 16 4.69 0.0458 

Quadratic 1 16 0.23 0.6366 

Lack of fit 2 16 0.97 0.4008 

 

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.1494 0.3130 0.33 0.2818 

Range 0.4053 0.9404 0.46 0.2490 

Range●sulfur 0.5384 0.7191 1.13 0.1437 

Residual 1.3593 0.4806 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 16 4.25 0.0559 

Quadratic 1 16 0.26 0.6169 

Lack of fit 2 16 1.21 0.3252 
aPotassium sulfate (0-0-50-18S) was applied to supply 0, 10, 20, 30, and 40 kg S ha-1 

bThe six blocks used were divided evenly among two separate, but proximal ranges 
cA ‘nobound’ option was implemented for the analysis of grain sulfur concentration given the negative variance 

accounted for by the range random effect 
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Table A.12. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

various parameters related to soybean grain yield, sulfur concentration and uptake in a randomized complete 

block field experiment conducted near Elora (Intensive), Ontario, in 2019. 

Grain yield (kg ha-1 at 13 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 98860 68186 18.25 <0.0001 

Residual 62355 16749 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 28  1.23 0.3209 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 5654.78 5005.32 4.13 0.0211 

Residual 16659 4394.70 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 28 30.23 <0.0001 

 

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.3953 0.2983 0.70 0.0008 

Residual 0.5030 0.1344 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 28 4.56 0.0024 
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Table A.13. Mixed model variance analyses results for the stepwise regression of soybean grain yield, sulfur 

concentration and uptake against five sulfur fertilizer rates (kg ha-1)a in a randomized complete block 

experiment conducted near Elora (Intensive), Ontario, in 2019. 

Grain yield (kg ha-1 at 13 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 81665 60375 10.02 0.0008 

Residual 67780 21434 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 4.74 0.0416 

Quadratic 1 20 0.03 0.8705 

Lack of fit 2 20 0.31 0.7342 

     

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 6500.00 5470.63 5.03 0.0124 

Residual 10433 3299.31 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 126.53 <0.0001 

Quadratic 1 20 29.68 <0.0001 

Lack of fit 2 20 1.22 0.3154 

 

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.3459 0.2744 6.70 0.0048 

Residual 0.4293 0.1357 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 18.19 0.0004 

Quadratic 1 20 1.17 0.2929 

Lack of fit 2 20 0.43 0.6590 
aPotassium sulfate (0-0-50-18S) was applied to supply 0, 10, 20, 30, and 40 kg S ha-1 
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Table A.14. Mixed model variance analyses of the effect of sulfur fertilizer application rate (kg ha-1) on winter 

wheat grain yield (kg ha-1 at 14 % moisture) in randomized complete block field trials conducted at five 

locations across southern Ontario in 2018 and 2019. 

Sombra 2018     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 67426 68957 4.95 0.0130 

Residual 3028.04 3028.04 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 1 2 43.57 0.0222 

     

Stayner 2018     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 130 201 184 178 6.92 0.0043 

Residual 64.3895 91.0605 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 1 1 82.72 0.0697 

     

Bornholm 2019     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 59106 64245 4.46 0.0174 

Residual 15121 10692 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 2 4 16.91 0.0112 

     

Douglas 2019a     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -41014b 33371 2.17 0.1403 

Range 46131 77673 2.35 0.1252 

Range●sulfur rate 5235.52 89828 2.32 0.1278 

Residual 139625 98730 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 2 2 1.65 0.3767 

     

Mildmay 2019c     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -17344 44765 0.19 0.6593 

Residual 58613 82892 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur 1 1 20.50 0.1384 
aThe four blocks used were evenly divided among two separate, but proximal ranges 
bA ‘nobound’ option was included in the statistical analyses for the Douglas 2019 and Mildmay 2019 datasets 

given the negative variance accounted for by select random effects 
cDespite three blocks initially being set out in the Mildmay 2019 trial, one was dropped given that one of the 

two plots within it was severely affected by flooding in the spring 



174 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A.15. Mixed model variance analysis of the effect of sulfur fertilizer application rate (kg ha-1) on winter 

wheat test weight and percent protein concentration in a randomized complete block field triala conducted 

near Douglas, Ontario, in 2019. 

Test weight (g 0.5 L-1)     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -39.9708b 30.5187 4.15 0.0417 

Range 8.1288 20.8926 4.15 0.0417 

Range●sulfur rate -22.5563 61.8791 4.15 0.0417 

Residual 128.86 91.1178 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 2 2 6.98 0.1254 

     

Percent protein concentration at 14 % 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.1692 0.2244 1.50 0.1100 

Range 0.03958 0.3655 0.01 0.4538 

Range●sulfur rate 0.2496 0.3326 1.48 0.1120 

Residual 0.1567 0.1108 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Sulfur rate 2 2 0.15 0.8667 
aThe four blocks used were evenly divided into two separate, but proximal ranges 
bA ‘nobound’ option was implemented in the analysis for test weight in light of the negative variance 

accounted for by two of the random effects 
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Table A.16. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

various parameters related to winter wheat yield, sulfur concentration and uptake in a randomized complete 

block field experimenta conducted near Elora (Intensive), Ontario, in 2018. 

Grain yield (kg ha-1 at 14 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 65847 89697 1.15 0.2838 

Range -20226b 57161 0.09 0.7698 

Range●treatment 84386 137297 0.61 0.4336 

Residual 375429 116510 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 0.21 0.9594 

     

Straw yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 79958 80930 3.30 0.0694 

Range 871866 1302372 5.29 0.0215 

Range●treatment 71740 89458 1.15 0.2846 

Residual 230503 69797 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 0.82 0.5930 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -97035 41116 2.83 0.0924 

Range 697413 985575 9.47 0.0021 

Range●treatment -94567 154455 2.83 0.0924 

Residual 839042 255500 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 1.36 0.3582 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.001114 0.000873 14.08 <0.0001 

Range 0.005500 0.008529 3.67 0.0278 

Range●treatment 0.000794 0.000625 5.33 0.0105 

Residual 0.000800 0.000245 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 0.37 0.8717 

 

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -595.99 437.94 1.06 0.3042 

Residual 6783.46 1873.89 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 27 4.06 0.0050 
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Table A.16. Continued.  

Straw sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -357.37 354.13 0.64 0.4243 

Range 23.1133 590.73 0.64 0.4242 

Range●treatment 1586.63 1918.60 1.96 0.1619 

Residual 4208.04 1311.07 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 3.90 0.0610 

     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -0.03069 0.07382 0.46 0.4964 

Range -0.04767 0.07234 0.46 0.4964 

Range●treatment 0.3599 0.3980 2.20 0.1379 

Residual 0.7959 0.2490 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 1.02 0.4927 

     

Straw sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.04881 0.04577 4.61 0.0159 

Range 0.4506 0.6908 4.70 0.0151 

Range●treatment 0.1113 0.08582 5.82 0.0079 

Residual 0.1029 0.03146 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 1.43 0.3366 

 

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -0.1694 0.05114 7.31 0.0069 

Range 0.1548 0.3861 7.55 0.0060 

Range●treatment 0.6855 0.6697 10.35 0.0013 

Residual 1.2027 0.3572 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 6 1.66 0.2773 
aThe six blocks used were evenly divided among two separate, but proximal ranges 
bA ‘nobound’ option was applied in the analyses for grain yield, total shoot biomass, grain sulfur 

concentration, straw sulfur concentration, grain sulfur uptake, and total shoot biomass to account for the 

negative variance contributed by one or more of the random effects 
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Table A.17. Mixed model variance analyses results for the stepwise regression of various parameters related 

to winter wheat yield, sulfur concentration and uptake against five sulfur fertilizer rates (kg ha-1)a in a 

randomized complete block field experimentb conducted near Elora (Intensive), Ontario, in 2018. 

Grain yield (kg ha-1 at 14 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 42111 79440 0.46 0.5682 

Range -27126c 88273 0.07 0.7224 

Range●sulfur 210114 234741 1.98 0.8272 

Residual 434133 142794 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 0.34 0.5682 

Quadratic 1 14 0.13 0.7224 

Lack of fit 2 14 0.19 0.8272 

     

Straw yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 47772 80582 0.58 0.2229 

Range 1139026 1679758 6.22 0.0063 

Range●sulfur 52001 114313 0.30 0.2933 

Residual 301114 111042 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 1.68 0.2163 

Quadratic 1 14 0.31 0.5842 

Lack of fit 2 14 1.09 0.3622 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -142959 67871 2.78 0.0957 

Range 792137 1139700 6.56 0.0104 

Range●sulfur -25873 241564 2.78 0.0957 

Residual 888396 319272 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 2.34 0.1484 

Quadratic 1 14 0.59 0.4551 

Lack of fit 2 14 1.45 0.2688 

 

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.000952 0.000827 5.90 0.0076 

Range 0.007153 0.01090 4.50 0.0170 

Range●sulfur 0.000772 0.000802 2.62 0.0527 

Residual 0.001029 0.000383 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 0.38 0.5469 

Quadratic 1 14 0.03 0.8741 

Lack of fit 2 14 0.57 0.5766 
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Table A.17. Continued.      

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -3.4290 851.15 0.37 0.5409 

Range -442.36 774.49 0.32 0.5718 

Range●sulfur 1791.55 2610.84 1.07 0.3016 

Residual 4581.31 1761.00 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 6.45 0.0236 

Quadratic 1 14 1.34 0.2665 

Lack of fit 2 14 0.37 0.6994 

     

Straw sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -789.40 633.29 1.37 0.2412 

Range 256.65 1421.73 1.42 0.2331 

Range●sulfur 1973.00 3018.69 2.95 0.0860 

Residual 5248.13 2192.36 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 9.37 0.0085 

Quadratic 1 14 0.24 0.6302 

Lack of fit 2 14 1.07 0.3689 

     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) -0.07966 0.05995 1.88 0.1703 

Range -0.09910 0.1203 1.88 0.1703 

Range●sulfur 0.5614 0.5798 4.68 0.0305 

Residual 0.6561 0.2387 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 2.31 0.1510 

Quadratic 1 14 0.06 0.8166 

Lack of fit 2 14 0.26 0.7738 

     

Straw sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.03291 0.04229 1.24 0.1326 

Range 0.6136 0.9320 4.45 0.0175 

Range●treatment 0.1245 0.1205 3.39 0.0329 

Residual 0.1218 0.04589 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 14 5.35 0.0364 

Quadratic 1 14 0.04 0.8397 

Lack of fit 2 14 0.66 0.5324 
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Table A.17. Continued.     

Total shoot sulfur uptake (kg ha-1)d 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.02377 0.2312 0.01 0.9203 

Residual 1.5669 0.5228 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 18 9.14 0.0073 

Quadratic 1 18 0.01 0.9208 

Lack of fit 2 18 1.09 0.3581 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
bThe six blocks used locks were evenly divided between two separate, but proximal ranges 
cA ‘nobound’ option was applied in the analysis for grain yield, straw yield, total shoot biomass, grain sulfur 

concentration, grain sulfur uptake, straw sulfur uptake, and total shoot sulfur uptake to account for the 

negative variance attributed to one or more of the random effects 
dAnalysis for total shoot sulfur uptake could not be completed in SAS with range as a random effect, so the 

range factor was dropped in favour of a block random effect alone 
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Table A.18. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

various parameters related to winter wheat yield, sulfur concentration and uptake in a randomized complete 

block field experiment conducted near Elora (Intensive), Ontario, in 2019. 

Grain yield (kg ha-1 at 14 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -16212a 21763 0.38 0.5387 

Residual 308282 82773 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 27 4.41 0.0031 

     

Straw yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 25337 27384 2.12 0.0727 

Residual 118416 31087 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 29 12.54 <0.0001 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -1951.54 66129 0.00 0.9767 

Residual 580329 162052 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 7.07 0.0002 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000102 0.000110 1.98 0.0798 

Residual 0.000352 0.000099 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 9.23 <0.0001 

 

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 2230.13 1822.15 6.54 0.0053 

Residual 3940.68 1073.40   

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 27 4.95 0.0016 

 

Straw sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 333.33 831.02 0.22 0.3202 

Residual 6476.19 1672.15 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 30 27.35 <0.0001 
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Table A.18. Continued.     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.06814 0.09910 0.86 0.1775 

Residual 0.5685 0.1539 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 27 8.87 <0.0001 

     

Straw sulfur uptake (log kg ha-1)b 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.008788 0.007780 4.52 0.0168 

Residual 0.02224 0.005853 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 29 38.61 <0.0001 

 

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(range) 0.09154 0.1423 0.71 0.2003 

Residual 0.8191 0.2261 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 26 18.63 <0.0001 
aA ‘nobound’ option was applied in the analyses for grain yield and total shoot biomass to account for the 

negative variance contributed by the block effect 
bThe straw sulfur uptake dataset was log-transformed prior to analysis 
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Table A.19. Mixed model variance analyses results for the stepwise regression of various parameters related 

to winter wheat yield, sulfur concentration and uptake versus five sulfur fertilizer rates (kg ha-1)a from a 

randomized complete block field experiment near Elora (Intensive), Ontario, in 2019. 

Grain yield (kg ha-1 at 14 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -22161b 28778 0.43 0.5126 

Residual 286916 91948 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 2.89 0.1056 

Quadratic 1 19 0.05 0.8253 

Lack of fit 2 19 0.38 0.6878 

     

Straw yield (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 5051.68 25432 0.04 0.4164 

Residual 155330 50204 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 10.38 0.0045 

Quadratic 1 19 5.47 0.0304 

Lack of fit 2 19 3.06 0.0704 

     

Total shoot biomass (kg ha-1 at 0 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -49119 69131 0.37 0.5409 

Residual 610507 204039 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 18 7.40 0.0140 

Quadratic 1 18 0.92 0.3511 

Lack of fit 2 18 1.33 0.2884 

     

Harvest index 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.000086 0.000129 0.71 0.2000 

Residual 0.000450 0.000152 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 18 8.95 0.0078 

Quadratic 1 18 9.46 0.0065 

Lack of fit 2 18 2.43 0.1164 

 

Grain sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 2324.80 2059.08 3.99 0.0229 

Residual 4214.98 1369.09 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 8.53 0.0088 

Quadratic 1 19 0.02 0.8888 

Lack of fit 2 19 0.33 0.7202 

 

 



183 

 

Table A.19. Continued.     

Straw sulfur concentration (ppm) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 833.33 1151.05 0.93 0.1678 

Residual 4633.33 1465.19 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 20 171.26 <0.0001 

Quadratic 1 20 5.78 0.0260 

Lack of fit 2 20 1.19 0.3242 

     

Grain sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.01594 0.09612 0.03 0.4308 

Residual 0.5891 0.1910 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 8.94 0.0075 

Quadratic 1 19 0.12 0.7318 

Lack of fit 2 19 0.65 0.5322 

     

Straw sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 0.02370 0.04002 0.53 0.2329 

Residual 0.1540 0.05092 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 19 103.56 <0.0001 

Quadratic 1 19 0.51 0.4837 

Lack of fit 2 19 0.06 0.9411 

     

Total shoot sulfur uptake (kg ha-1) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -0.02019 0.1502 0.02 0.8966 

Residual 0.9596 0.3264 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 18 39.28 <0.0001 

Quadratic 1 18 0.23 0.6385 

Lack of fit 2 18 0.90 0.4255 
aSulfur was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
bA ‘nobound’ option was applied in the analysis for grain yield, total shoot biomass, and total shoot sulfur 

uptake to account for the negative variance estimate determined for the block effect 
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Table A.20. Mixed model variance analyses results for the effect of several sulfur fertilizer treatments on 

grain yield of corn, soybean, and winter wheat in randomized complete block field trials conducted near 

Winchester (Intensive), Ontario, in 2019.  

Corn (kg ha-1 at 15.5 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 118341 141906 2.24 0.0674 

Residual 378361 126120 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 18 1.45 0.2499 

     

Soybean (kg ha-1 at 13 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 2837.49 6057.88 0.36 0.2744 

Residual 27426 9457.42 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 17 2.60 0.0564 

 

Winter wheat (kg ha-1 at 14 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 3057.97 50305 0.00 0.4751 

Residual 380866 126955 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Treatment 6 18 1.56 0.2156 
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Table A.21. Mixed model variance analyses results for the stepwise regression of corn, soybean, and winter 

wheat grain yield against five sulfur fertilizer rates (kg ha-1)a in randomized complete block field experiments 

conducted near Winchester (Intensive), Ontario, in 2019. 

Corn (kg ha-1 at 15.5 %)b 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 78094 142841 0.52 0.2357 

Residual 454248 185446 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 12 1.77 0.2085 

Quadratic 1 12 0.22 0.6456 

Lack of fit 2 12 0.75 0.4914 

 

Soybean (kg ha-1 at 13 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block -2451.00c 3007.28 0.45 0.5033 

Residual 25529 10422 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 12 0.54 0.4752 

Quadratic 1 12 0.20 0.6623 

Lack of fit 2 12 0.98 0.4038 

 

Winter wheat (kg ha-1 at 14 %) 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block 13222 60454 0.06 0.4054 

Residual 277174 113156 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Linear 1 12 3.52 0.0850 

Quadratic 1 12 4.80 0.0488 

Lack of fit 2 12 2.19 0.1544 
aSulfur fertilizer was applied as potassium sulfate (0-0-50-18S) at rates of 0, 10, 20, 30, and 40 kg S ha-1 
bThe normality of residuals assumption could not be satisfied in the corn analysis despite attempting various 

transformations to the data and adjustments to the model covariance structure  
cA ‘nobound’ option was implemented in the soybean analysis to account for the negative various attributed to 

the random block effect 
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Table A.22. Mixed model variance analyses results for the economic impacta of sulfur application over five 

corn, 15 soybean, and eight winter wheat randomized complete block field experiments conducted across 

southern Ontario in 2018 and 2019.  

Corn – Trial fertilizer costb 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) 6978.81 5613.43 1.71 0.0954 

Residual 12665 4769.92 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 4 17.58 36.55 <0.0001 

Sulfur fertilizer treatment 1 16.16 3.38 0.0846 

Location•fertilizer treatment 4 15.7 1.88 0.1643 

     

Corn – AMS costc 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) 6978.81 5613.43 1.71 0.0954 

Residual 12665 4769.92 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 4 17.58 36.24 <0.0001 

Sulfur fertilizer treatment 1 16.16 1.10 0.3107 

Location•fertilizer treatment 4 15.7 1.71 0.1972 

 

Soybean – Trial fertilizer cost 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) 10041 3295.71 14.26 <0.0001 

Residual 7858.10 1803.25 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 14 39.65 54.71 <0.0001 

Sulfur fertilizer treatment 1 38.47 0.01 0.9290 

Location•fertilizer treatment 14 38.44 1.43 0.1864 

     

Soybean – AMS cost     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) 10041 3295.71 14.26 <0.0001 

Residual 7858.10 1803.25 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 14 39.65 53.87 <0.0001 

Sulfur fertilizer treatment 1 38.47 0.15 0.6969 

Location•fertilizer treatment 14 38.44 1.36 0.2201 

     

Winter wheat – Trial fertilizer cost 

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) -1029.92d 4171.56 0.06 0.8046 

Residual 16781 5744.02 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 7 17.41 24.80 <0.0001 

Sulfur fertilizer treatment 1 17.38 0.00 0.9995 

Location•fertilizer treatment 7 17.53 1.49 0.2349 
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Table A.22. Continued.  

Winter wheat – AMS cost     

Random effects Estimate Standard error Chi-squared Pr > Chi-sq 

Block(location) -1029.92 4171.56 0.06 0.8046 

Residual 16781 5744.02 - - 

     

Fixed effects Numerator df Denominator df F Value Pr > F 

Location 7 17.41 25.75 <0.0001 

Sulfur fertilizer treatment 1 17.38 0.25 0.6208 

Location•fertilizer treatment 7 17.53 1.27 0.3199 
aGrain revenue in control treatments was compared to the net return (grain revenue less sulfur fertilizer cost) 

in plus sulfur treatments. The plus sulfur treatment from trials with multiple sulfur rates was chosen as the plot 

receiving a rate of sulfur closest to 20 kg S ha-1. For intensive trials conducted at the nine Elora and 

Winchester intensive trials, the potassium sulfate treatment supplying this rate of sulfur was selected over the 

ammonium sulfate treatment. In each analysis, a Kenward-Rogers adjustment of the covariance structure 

matrix was applied. This correction adjusts the F-statistic of fixed effects and the denominator df using the 

Satterthwaite method 
bThe first analysis for each crop used sulfur costs based on the fertilizer source actually used in the field 

experiements 

 cThe second analysis for each crop used sulfur costs based solely on the use of granular ammonium sulfate 

(21-0-0-24S) at every site 
dA ‘nobound’ option was implemented in the statistical analysis to account for the negative variation 

contributed by the block(location) random effect 
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Appendix B. Supplementary field trial economic analysis 

information 

Cost of sulfur from various fertilizer sources 

Fertilizer price quotes for March, 2020, were obtained for potassium sulfate, ammonium sulfate, 

liquid ammonium thiosulfate, potassium magnesium sulfate (K-Mag), and MicroEssentials SZ 

(MESZ). To account for the value of any nutrient(s) associated with sulfur in these products, 

quotes were also obtained for muriate of potash, granular urea, liquid urea, monoammonium 

phosphate (MAP), and zinc sulfate. Price quotes and sample calculations for determining the per 

kilogram value of sulfur from each fertilizer source are provided below.  

 

Sulfur sources 

Granular ammonium sulfate (21-0-0-24S) – $ 528 Mg-1 

Granular MESZ (12-40-0-10S-1Zn) – $ 740 Mg-1 

Granular potassium magnesium sulfate (0-0-22-11Mg-22S) – $ 595 Mg-1 

Granular potassium sulfate (0-0-50-18S) – $ 950 Mg-1 

Liquid ammonium thiosulfate (12-0-0-26S) – $ 565 Mg-1 

 

Associated nutrient sources 

Granular MAP (11-52-0) – $ 615 Mg-1 

Granular muriate of potash (0-0-60) – $ 508 Mg-1 

Granular urea (46-0-0) – $ 567 Mg-1 

Granular zinc sulfate (0-0-0-17S-35.5Zn) – $ 4236 Mg-1 

Liquid urea (28-0-0) – $ 315 Mg-1 
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Example calculation 1 – Potassium sulfate 

 

0.5 Mg K2O Mg-1 potassium sulfate / 0.6 Mg K2O Mg-1 potash = 0.8333 

(0.8333 Mg potash K2O equivalent Mg-1 potassium sulfate) * $ 508 Mg-1 potash = $ 423.3333  

$ 950 Mg-1 potassium sulfate - $ 423.3333 potash K2O equivalent Mg-1 potassium sulfate = $ 526.6667  

$ 526.6667 Mg-1 sulfur in potassium sulfate / 180 kg S Mg-1 potassium sulfate = $ 2.9259 kg-1 S 

 

This same calculation can be made for the other sulfur sources. However, the following pairings 

would be used for associated nutrient sources: granular ammonium sulfate/granular urea, liquid 

ammonium thiosulfate/liquid urea, and potassium magnesium sulfate/muriate of potash. The 

potential value of magnesium is not accounted for in the final pairing. A more complex 

calculation is required to determine the value of sulfur in MESZ. 
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Example calculation 2 – MESZ  

 

*Determine value of phosphorus in MESZ 

0.4 Mg P2O5 Mg-1 MESZ / 0.52 Mg P2O5 Mg-1 MAP = 0.7692 

(0.7692 Mg MAP P2O5 equivalent Mg-1 MESZ) * $ 615 Mg-1 MAP = $ 473.0769 

*MAP would also supply a portion of the nitrogen found in MESZ 

(0.7692 Mg MAP P2O5 equivalent Mg-1 MESZ) * 0.11 Mg N Mg-1 MAP = 0.0846 Mg N 

*Determine the value of remaining N supplied by MESZ 

0.12 Mg N Mg-1 MESZ - 0.0846 Mg N = 0.0354 Mg N remaining 

0.0354 Mg N / 0.46 Mg N Mg-1 urea = 0.0769 Mg urea equivalent 

0.0769 Mg urea * $ 567 Mg-1 urea = $ 43.6154 

*Determine value of zinc in MESZ 

0.01 Mg Zn Mg-1 MESZ / 0.355 Mg Zn Mg-1 zinc sulfate = 0.0282 

(0.0282 Mg zinc sulfate Zn equivalent Mg-1 MESZ) * $ 4236 Mg-1 zinc sulfate = $ 119.3239 

*Determine value of sulfur in MESZ 

$ 740 Mg-1 MESZ - ($ 473.0769 + $ 43.6154 + $ 119.3239) = $ 103.9838 

$ 103.9838 Mg-1 sulfur in MESZ / 100 kg S Mg-1 MESZ = $ 1.0398 kg-1 S 

 

The value of sulfur provided by zinc sulfate is not included in this calculation. Moreover, it 

should be noted that only half of the sulfur provided by MESZ is in the immediately plant-

available sulfate form, with the other half being present as elemental sulfur. Sulfur values from 

each source are provided in Table B.1.  
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Table B.1. Per unit cost of sulfur from various inorganic fertilizer sources.   

Sulfur fertilizer source Sulfur cost ($ kg-1)a 

Granular ammonium sulfate (21-0-0-24S) 1.1215 

Granular MicroEssentials SZ (12-40-0-10S-1Zn) 1.0398 

Granular potassium magnesium sulfate (0-0-22-11Mg-22S) 1.8579 

Granular potassium sulfate (0-0-50-18S)  2.9259 

Liquid ammonium thiosulfate (12-0-0-26S) 1.6538 
aThe cost of sulfur was derived from fertilizer quotes (Canadian dollars) obtained in 

March, 2020, from southern Ontario dealers. Cost accounts for value of associate 

nutrient(s) in each fertilizer source aside from magnesium in potassium magnesium 

sulfate   
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Table B.2. Monthly weighted average price (Canadian dollars) for 

corn, soybean, and winter wheat calculated from data received from 

Ontario licensed grain dealersa. 

  Weighted average price ($ Mg-1) 

Year Month Corn Soybean Winter wheatb 

2
0

1
8
 

Jan 180.80 449.85 197.57 

Feb 181.77 455.04 201.67 

Mar 192.51 473.85 217.28 

Apr 195.87 475.05 219.57 

May 200.16 481.87 222.7 

Jun 202.21 472.64 223.39 

Jul 201.68 464.01 227.93 

Aug 202.62 443.61 236.99 

Sep 203.93 448.76 235.98 

Oct 196.30 448.51 238.63 

Nov 191.75 443.44 234.96 

Dec 192.44 442.48 241.67 

2
0

1
9
 

Jan 194.91 443.23 240.86 

Feb 198.90 439.39 246.93 

Mar 197.58 439.93 245.71 

Apr 203.16 437.15 250.15 

May 200.52 412.13 238.91 

Jun 214.38 428.36 247.44 

Jul 222.48 432.76 244.63 

Aug 225.90 425.06 240.5 

Sep 228.19 422.81 238.86 

Oct 221.14 431.23 246.92 

Nov 204.59 431.10 248.14 

Dec 206.75 432.20 262.06 

     

Average 202.52 444.77 235.39 
aValues calculated and reported by Grain Farmers of Ontario 
bWinter wheat prices were averaged across all market classes 


