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INTRODUCTION 

 
The response of corn grain yield to sulfur fertilization has been one of the major factors for 

increased productivity and profitability in some cropping rotations.  Current projects on sulfur 

timing, rate, and placement have clearly demonstrated the need for sulfur in areas with low 

organic matter as do cropping rotations with high amounts of residue remaining on the soil 

surface.  While some of this work is still ongoing there have been some questions raised that 

have not been fully covered by current research.  One question is, are there any differences in the 

availability of sulfur from different fertilizer sources.  For example, fertilizer retailers are limited 

on what the sell to farmers and in some cases their only option is elemental sulfur.  This product 

has been used for years to supply sulfur to crops.  However, the elemental sulfur needs to be 

mineralized to sulfate before it is available to crops.  This mineralization is mediated by bacteria, 

Thiobacillus thiobacteria.  From previous work we know that the activity of Thiobacillus tends to 

be low when soils remain cool.  In fact, the optimum temperature is above 80oF and even at 

these temperatures the oxidation of elemental sulfur can take 30 days.  This can cause problems 

in Northern parts of Minnesota when soils warm slower and have caused some researchers to 

question whether Thiobacillus has much activity. It is also thought that there is more activity 

from fungi converting elemental sulfur in these soils.  Fungal conversion occurs at a slower rate 

than bacterial mineralization.  Research should be conducted to understand the mineralization 

and activity of Thiobacillus in different soils across the state. 

 

A second question is whether sulfur fertilizer is necessary when livestock manures are applied to 

fields.  Some consultants have reported responses to sulfur application even in manured fields..  

This suggests some limited availability of sulfur in manures.  There is a lack of data in 

Minnesota to sufficiently answer these questions. Most research on availability values from 

manure focus on nitrogen, phosphorus, and potassium.  A simple incubation study would be 

sufficient in order to determine if there is limited availability of S in manure and if further 

fertilizer should be applied.   
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Third, there is increased interest in using plant analysis to determine “hidden” nutrient 

deficiencies.  However, the benchmark values for the plant analysis are 20 to 30 years old.  

Seven strip trials were conducted with funding from the Minnesota Soybean Research and 

Promotion Council starting in 2008 and ending in 2009.  These studies examined interactions 

between nitrogen, phosphorus, and sulfur applied as starter fertilizer.  In a number of the trials 

there was a significant corn yield response to sulfur.  In the soybean trials only one responded to 

sulfur.  Early plant samples were collected from this study but most benchmark values are 

available for later sampling at the R2 growth stage for both corn and soybeans.  These samples 

were collected from all of the studies with the intention of analyzing the data to compare sulfur 

data with benchmark values to establish if they are current with current hybrids. 

 

Fourth, the recycling of sulfur in residues in not fully understood.  Typically, the return of crop 

residues is considered beneficial as it supplies carbon and recycles nutrients that may be 

available for following  crop.  Corn residues generally have high amounts of carbon and when 

compared to nitrogen the amount of N is typically not enough to decompose the residue.  In this 

case nitrogen is then used from the soil, rendering it unavailable for crop response.  From 

previous work we know that soil organic matter levels are important in determining where a 

sulfur response may be more likely.  However, we do not know how great of a role the residue 

may play in this effect. 

 

Finally, previous work has shown that the recommended soil test for sulfur is not a good 

indicator of where crop responses may occur.  Other tests are available and used in labs.  For 

instance labs in Minnesota use KCl or CaCl2 to extract sulfur and report the number to growers, 

but we do not know how adequately these values will correlate to crop response.   

 

Main Objectives 

1. Study the effect of sulfur cycling from corn residue on the following years’ crop 

2. Establish whether different sulfur soil tests can be correlated to grain yield 

3 Evaluate the sulfur supply potential from soil organic matter in various Minnesota soils 

4. Determine the mineralization potential of elemental sulfur in Minnesota soils  

5. Determine the availability of sulfur in livestock manures 
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6. Evaluate the effectiveness of current benchmark S values under current hybrids and 

growing conditions. 

 
 
 

Sulfur Rate and Timing Studies 
 

Experimental Methods 

 

Trials were established at five locations (Table 1) that varied in fertilization history and previous 

crop.  Soybeans were the previous crop at the New Ulm, Theilman, and Montgomery location 

while it was corn at Renville and Otisco.  The New Ulm and Renville locations had a previous 

history of manure application although it had not been applied for a few years at the Renville 

site.  Tillage was a chisel or disk ripper at New Ulm, Renville, Montgomery, and Otisco 

followed by spring field cultivation and Theilman was managed with no-tillage.  In comparison 

the highest amount of surface residue was left at the Renville and Otisco sites followed by 

Theilman, New Ulm, and Montgomery contained the least.  Corn hybrids varied by location.  

Plot size measured 20 feet wide by 40 feet long at all locations except for Theilman which 

measured 15 feet wide and 80 feet long.  The large plot size was divided into a half for a second 

year study on the same plot areas. 

 

First year treatments consisted of a control (no sulfur fertilizer) and four sulfur rates of 10, 20 ,30 

and 40 lbs of S per acre.  Sulfur rates were broadcast applied on the soil surface at two timings of 

within 3 days after planting and at approximately the V3 to V4 growth stage.  For the later 

application the fertilizer was broadcast between the corn rows to lessen the risk of fertilizer 

entering the whorl and causing leaf burning.  Ammonium sulfate (21-0-0-24S) was the broadcast 

sulfur source used because it is a highly available source of the nutrient.  In order to separate out 

potential response to nitrogen, additional rates of fertilizer nitrogen were applied as ammonium 

nitrate to equalize the nitrogen applied with the highest sulfur rate across all treatments for both 

application timings. 

 

For the second year at a particular location, the previous rates x timing plots were divided in half.  

On one half a single rate of 25 lbs. of S per acre was applied as ammonium sulfate while the 



4 
 

other half received nitrogen only to balance the rate applied with ammonium sulfate.  All 

fertilizer was applied in the spring following soil sampling and before planting.  Each side by 

side with and without sulfur plot was used to compare yield response to the previous sulfur 

application.  Relative yield was calculated by dividing the yield without sulfur with the yield 

with sulfur.    

 
Composite soil samples were taken prior to the first sulfur application during year 1.  Soil 

samples were collected to a depth of 2 feet and separated out into 0-6, 6-12, and 12-24 inch depth 

increments.  The 0-6 inch soil samples were analyzed for phosphorus, potassium, soil pH, and 

organic matter content.  All depths were analyzed for soil sulfur content.   Leaf chlorophyll 

readings were taken at silking (R2 growth stage) from the ear leaf.  For the first year studies, at 

physiological maturity six plants from each plot were sampled, the ear removed, and the stover 

weighed and analyzed for total S to determine plant stover yield and S uptake at the end of the 

season.  Stover yield per acre was calculated by multiplying the plant population from each plot 

(as taken from the harvest rows in the spring) multiplied by the average individual plant stover 

weight.  Gain samples were collected after harvest to determine sulfur content in the grain.  Soil 

samples were taken in the spring of year two and were collected from the top two feet at Renville 

and Theilman to measure soil sulfur carryover from the previous year. 

 
Statistical analysis was conducted using the Proc MIXED procedure in SAS for fixed treatment 

effects of sulfur application rate and timing of application.  Trial data was analyzed as a 

complete factorial with the no sulfur plots included with data from the pre-plant sulfur rate 

treatments.  When the statistical analysis indicated a significant effect on main treatments 

(P<0.10) treatment means were compared using least significant differences.  When the analysis 

indicated a significant main treatment effect of sulfur rate regression analysis was used to fit a 

model to the data to determine optimum sulfur application rates.   
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Table 1. A summary of research sites, year, crops, sulfur treatments (rate and timing), and plot 
size with replications. 
Site Year Crops Treatments Plot size (reps) 
   S rate Timing  
   --------lbs S/ac-------   
New Ulm 2009 Corn 0,10,20,30,40 Planting and 

V3-V5 stage 
20’ by 40’ (4) 

Renville 2009 Corn 0,10,20,30,40 Planting and 
V3-V5 stage 

20’ by 40’ (4) 

2010 Corn 0 and 25 (S carry 
over study from 
2009) 

Planting  10’ by 40 (4) 

Theilman 2009 Corn 0,10,20,30,40 Planting and 
V3-V5 stage 

15’ by 80’ (4) 

2010 Soybeans 0 and 25 ( S carry 
over study from 
2009) 

Planting  15’ by 40’ (4) 

Montgomery 2010 Corn 0,10,20,30,40 Planting and 
V3-V5 stage 

20’ by 40’ (4) 

2011 Soybeans 0 and 25 ( S carry 
over study from 
2010) 

Planting  10’ by 40’ (4) 

Otisco 2010 Corn 0,10,20,30,40 Planting and 
V3-V5 stage 

20’ by 40’ (4) 

2011 Corn 0 and 25 ( S carry 
over study from 
2010) 

Planting 10’ by 40’ (4) 

Alden 2011 Corn 0,10,20,30,40 Planting and 
V3-V5 stage 

20’ by 40’ (4) 

Medford 2011 Corn 0,10,20,30,40 Planting and 
V3-V5 stage 

20’ by 40’ (4) 

 2012 Corn 0 and 25 ( S carry 
over study from 
2010) 

Planting 10’ by 40’ (4) 

All fertilizer broadcast as 21-0-0-24 and 34-0-0  
Plant samples were collected at V5 and R6 growth stage for whole plant and grain and S content. 
2011- Yield, grain moisture, and SPAD number at R2 (ear leaf) 
Soybeans- grain only 
C:S ratio 
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Table 1. Initial soil test data taken in the spring before treatment application and averaged 
from composite samples from the four replications at each study location from 0-6” depth 
unless otherwise specified. 
   Soil Test† 
 Previous     Sulfur 
Location Crop Tillage P K pH OM 0-6” 0-24” 
   -------ppm-------  --%-- -------lb/ac------- 
New Ulm Soybean Chisel 44 385 6.9 7.2 18 66 
Renville Corn Chisel 24 209 6.8 5.1 10 40 
Theilman Soybean No-till 14 149 7.4 2.3 14 50 
Montgomery Soybean Chisel 79 211 6.5 2.7 27 56 
Otisco Corn Chisel 30 185 7.2 3.1 19 62 
Alden Soybean No-till 128 361 5.9 3.6 8 30 
Medford Corn Chisel 39 388 7.2 6.4 11 22 
†P, Bray-P1 phosphorus; K, ammonium acetate potassium; pH, soil pH (1:1); OM, soil organic matter (LOI); 
sulfur, potassium chloride extractable sulfur. 
 

Results and Discussion 
 
Results from the initial soil test data are listed in Table 1.  Soil P and K levels were generally 

High to Very High at all locations except for soil P at Theilman which was medium.  Soil pH 

levels did not vary greatly between locations but did not appear to affect results.  Soil organic 

matter content ranged from 2.3 to 7.2% representing a low to high range in the mineralization 

potential for sulfur within a soil.  Soil sulfate levels varied widely but were the lowest for the 

Renville location.  Since the soil sulfate test was not the same as used in the Minnesota 

recommendations a comparison to current recommendations for sand could not be done with any 

certainty.   However, past work has noted that the recommended sulfur soil test performs poorly 

on fine textured soils.   

Leaf Greeness and Above Ground Biomass 

Sulfur deficiencies can be visually seen in fields as a yellowing of the leaf and plant tissue.  

Photograph 1 shows the typical S deficiency symptoms in the early season consisting of yellow 

interveinal chlorosis of the upper leaves of the plant while Photograph 2 shows late season 

deficiencies in rows with and without sulfur.  Chlorophyll meters can be used to assess the 

greenness in the leaves during the growing season and have been shown to relate to yield.  In 

general the relative differences in numbers need to be around 90% for us to expect a yield 

difference.  Sulfur rate significantly (P<0.10) impacted leaf greenness at all locations except for 

at Montgomery (Table 2) and there were no differences in application timing.  In addition, there 
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were no significant interactions between rate and timing indicating that any rate responses were 

the same regardless of when the sulfur was applied.   

 

Table 2. Summary of SPAD chlorophyll meter reading data taken from the ear leaf at 
silking at all locations for sulfur rates applied before emergence (Pre) and at V3 (Post).  
Each number is a summary of 20-30 plants taken from the harvest areas within each plot 

  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate Timing R x T 
2009     
New Ulm Pre 45 48 49 47 47 47  0.04 0.85 0.56 
  Post  47 48 47 48 48     
 Avg 45 48 49 47 48      
            
Renville Pre 40 46 43 46 41 43  <0.01 0.46 0.70 
  Post  46 46 48 44 46     
 Avg 40 46 45 47 43      
            
Theilman Pre 39 41 43 43 44 42  0.07 0.15 0.51 
  Post  41 41 40 40 40     
 Avg 39 41 42 41 42      
2010            
Montgomery Pre 57 59 59 59 58 58  0.21 0.40 0.68 
  Post 53 58 60 58 58 57     
 Avg 55 59 59 58 58      
            
Otisco Pre 49 54 56 54 53 53  0.03 0.94 0.74 
  Post 49 55 53 55 55 53     
 Avg 49 55 55 54 54      
2011            
Alden Pre 57 58 57 57 58 57  0.43 0.52 0.82 
 Post 56 57 57 57 57 57     
 Avg 57 58 57 57 57      
            
Medford Pre 55 56 55 56 56 56  0.17 0.70 0.61 
 Post 54 57 55 56 54 55     
 Avg 55 57 55 56 55      

* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
 

When the effect of rate was significant the effect was mainly due to the initial increase from the 

0 to 10 lb. sulfur rate.  The only exception was the 40 lb. rate at Renville which was no different 

than the 0. However, this rate is much higher than what would typically be recommended even in 

coarse textured soils. Therefore, the effects of the 10 and 20 lb. rates are more relevant and 

important for corn production systems.  The 30 and 40 lb. rates were included in order to analyze 

the data with a curve fitting procedure but since the greenness was maximized at all locations 



8 
 

with the 10 lb. rate it is hard to fit a response curve to the data.  At this time it is clear that 10 lbs 

of S maximized greenness when applied either at planting or as an early side-dress application.  

On a relative basis, the control plots were 94, 88, 94, and 90% of the greenness of when sulfur 

was applied at the New Ulm, Renville, Theilman, and Otisco locations, respectively.  

 

Table 3. Average stover yield as calculated by averaging stover weight of 6 plants from 
each plot multiplied by plant population for sulfur rates applied before corn emergence 
(Pre) and at V3 (Post). 

  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate Timing R x T 
2009  ----------tons dry matter per acre----------  ----------------P>F---------------- 
New Ulm Pre 3.9 4.4 4.1 3.8 3.9 4.0  0.22 0.91 0.07 
  Post   4.1 4.0 4.2 4.1 4.1     
 Avg 3.9 4.3 4.0 4.0 4.0      
            
Renville Pre 3.3 3.1 3.3 3.0 3.2 3.2  0.28 0.27 0.17 
  Post   3.7 2.9 3.5 3.1 3.3     
 Avg 3.3 3.4 3.1 3.3 3.1      
            
Theilman Pre 3.1 3.2 3.3 3.3 3.3 3.3  0.53 0.07 0.63 
  Post   2.7 3.2 2.9 2.8 2.9     
 Avg 3.1 3.0 3.3 3.1 3.1      
2010            
Montgomery Pre 3.2 3.2 3.0 3.2 3.3 3.2  0.64 0.94 0.97 
  Post 3.1 3.3 3.0 3.2 3.2 3.2     
 Avg 3.1 3.3 3.0 3.2 3.3      
            
Otisco Pre 3.9 3.6 4.0 3.7 4.0 3.8  0.93 0.04 0.60 
  Post 4.0 4.2 3.6 4.4 4.2 4.1     
 Avg 3.9 3.9 3.8 4.0 4.1      
2011            
Alden Pre 3.3 3.3 3.1 3.1 3.5 3.3  0.34 0.63 0.71 
  Post 3.2 3.2 3.0 3.3 3.2 3.2     
 Avg 3.3 3.3 3.1 3.2 3.4      
            
Medford Pre 2.7 2.7 2.7 2.9 2.8 2.8  0.90 0.79 0.67 
  Post 2.6 2.8 2.8 2.7 2.8 2.7     
 Avg 2.7 2.8 2.8 2.8 2.8      

* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
 

Plant biomass data was collected to assess luxury uptake in corn stover.  The effect on stover 

uptake is important since sulfur is an important part of organic systems and thus is also needed 

for microbes to decompose corn residues similar.  On average a carbon to nitrogen ratio between 

200 and 400:1 would indicate that there is enough sulfur in the residue to break it down and will 
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not add to or draw down sulfur in the soil.  Thus for crops that produce large amounts of residue 

with high carbon contents, such as corn, there can be a high demand for not only nitrogen but 

also for soil sulfur that can potentially lead to tie up of sulfur in the soil.  The measured data 

from 2009 found that the ratios were 258:1 at New Ulm, 323:1 at Renville, and 236:1 at 

Theilman.  In addition, there was no evidence that sulfur application increased the amount of 

sulfur in the biomass (not shown).  It appears likely that at these locations the return of corn 

residue to the soil likely would not result in an increase in sulfate within the soil.  In contrast, a 

study conducted at two soybean locations in 2008 found the ratio of S in soybean stover to be 

about 125:1 (Kaiser, unpublished data) indicating the potential for sulfur to be returned following 

soybean.  The lack of sulfur mineralization may lead to reasons why sulfur may eventually 

become more deficient with successive years of corn grown in the same field.  If mineralization 

remains constant any residual sulfate could be depleted in the soil through S removal in grain.  

Thus the change in crop rotation from corn-soybean to corn-corn may necessitate further changes 

in fertilization strategies similar to changes in nitrogen rates.   

 

Plant stover yield was not affected by sulfur rate at any location and the only significant 

difference was between application timing at the Theilman and Otisco locations (Table 3).  In 

this case plant stover production was 0.4 tons per acre less when sulfur was applied as an early 

side-dress than the application near planting and a 0.3 ton per acre increase at Otisco.  The 

decrease is odd since there was no effect of rate on stover yield, but may indicate there is some 

impact on sulfur in the early season that may affect plant growth later.  However, there was no 

evidence of a similar effect on greenness and may not be a similar effect on yield.   

 

Stover production was the lowest at the Renville, Theilman, and Montgomery locations 

averaging around 3.0 to 3.4 tons of dry matter per acre while nearly a ton more was produced 

(~4.0 tons dry matter per acre) at the New Ulm and Otisco sites.  This is likely due to the higher 

fertility levels and more recent manure application at the New Ulm site or could be due to 

differences between the hybrids planted (not shown).  Since uptake is generally largely 

influenced by plant weight it appears unlikely that there would be luxury uptake of sulfur in the 

plant stover.  There were significant differences in sulfur uptake at two of the 2009 locations, 

New Ulm and Theilman (data not shown).  Overall this difference was only 1-2 lbs. of additional 

S taken up in the plant.  At Theilman this increase was mainly due to increased plant mass, but at 
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New Ulm the effect seemed to be more related to higher S concentrations in the plant.  Overall 

this effect was minor and would not be expected to have major implication in S carryover to the 

next year.  It still would be expected that little sulfur would become available from the residue 

for the following year.   

 

Table 4. Ratio of carbon to sulfur in corn stover summarized for sulfur rates applied before 
corn emergence (Pre) and at V3 (Post). 

  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate Timing R x T 
2009  ---------------------C:S---------------------  ----------------P>F---------------- 
New Ulm Pre 298 288 252 223 281 268  0.04 0.08 0.05 
  Post  292 269 291 265 279     
 Avg 298 290 261 257 273      
            
Renville Pre 345 325 342 314 322 330  0.44 0.77 0.75 
  Post  342 331 317 331 330     
 Avg 345 333 337 316 327      
            
Theilman Pre 335 332 295 303 267 306  0.41 0.38 0.87 
  Post  321 324 343 289 319     
 Avg 335 326 309 323 278      
2010            
Montgomery Pre 252 248 255 241 227 244  0.09 0.28 <0.01 
  Post 273 269 219 249 256 253     
 Avg 263 258 237 245 241      
            
Otisco Pre 278 268 268 244 269 266  0.08 0.38 0.12 
  Post 301 275 263 268 247 271     
 Avg 290 272 266 256 258      
2011            
Alden Pre 790 768 700 670 707 727  0.10 0.27 0.99 
  Post 754 722 678 609 696 692     
 Avg 772 745 689 639 702      
            
Medford Pre 838 788 832 854 871 836  0.35 0.49 0.63 
  Post 921 708 836 746 825 807     
 Avg 879 748 834 800 848      

* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
 
The ratio of carbon to sulfur was studied to determine whether the application of sulfur would 

affect the amount cycled in the corn stover.  As a general rule of thumb, a ratio less than 300:1 

would indicate that sulfur would be released upon breakdown of the residue, greater than 400:1 

sulfur in the soil would be tied up (immobilized), and there would be no release or 
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immobilization if the ratio is between 300 and 400:1.  The ratio of sulfur to carbon was generally 

around 300:1 at most sites except for the two field locations in 2011 which sulfur concentrations 

in the stover were less and the analysis would indicate that sulfur may be immobilized (Table 4).  

Analysis of the data indicated that the ratio did change with sulfur fertilizer rate for the New 

Ulm, Montgomery, Otisco, and Alden locations.  As a general trend, the C:S ratio decreased with 

increasing rate of sulfur applied.  This increase was seen up to the 20 lb S rate where there was 

no difference or a slight increase in the ratio.  This effect has some significant implication for the 

cycling of sulfur to the following crop.  The changes were not large in magnitude but significant 

enough to supply some sulfur to the following crop.  This effect would not have had a significant 

impact on the Alden site where the concentrations were well above the 400:1 threshold.  For 

New Ulm and Otisco the levels went from the range were we would not expect any release or 

immobilization to where we the release of S would be likely.  The reason for the difference 

between the 2011 data and the other years is not clear.  The samples from 2011 were run at a 

different lab but were run on the same machine therefore we would not expect the degree of 

variation found.  The differences could be related to the year itself.   

 
Corn Grain Yield and Harvest Moisture 
 
First year corn yield was significantly (P<0.10) increased by sulfur rate at Renville, Theilman, 

and Otisco (Table 5) and was never impacted by timing.  A yield response at Theilman was 

expected since deficiencies have been noted more commonly in southeastern Minnesota and 

research in Iowa has shown a yield increase from sulfur applied to similar silt loam soils.  Other 

research has shown that the potential for a yield increase from sulfur tends to increase when soil 

organic matter levels in the top six inches is 3.0% or lower which would be consistent with the 

Otisco location.  A yield response was not expected at the Renville location since the organic 

matter levels were near 5.0%.  In this case the soil will generally mineralize enough sulfur but 

examination of the sulfur soil test values indicates that the site had the lowest residual soil test 

levels of all locations.  Previous history on this location is multiple years in corn and a past, but 

not recent, manure history.  At both the Renville and Theilman locations the 10 lb rate 

maximized corn yields, but there was a significant yield increase up to 20 lbs. at Otisco.  The 

difference in the rates could be attributed both to low soil organic matter levels and a previous 

corn crop.  More locations with similar cropping system and organic matter levels would be 
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beneficial in order to determine if rates need to be adjusted for both previous crop and soil 

organic matter levels. 

   

Table 5. Average corn yield data collected for sulfur application rates applied before plant 
emergence (Pre) or as an early side-dress application at V3 (Post). 

  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate Timing R x T 
2009  ----------bushels per acre----------  ----------------P>F--------------- 
New Ulm Pre 249 251 239 252 243 247  0.70 0.24 0.07 
  Post   256 255 245 249 251     
 Avg 249 253 247 248 246      
            
Renville Pre 179 203 200 203 195 196  0.08 0.72 0.78 
  Post   210 201 213 191 205     
 Avg 179 207 201 208 194      
            
Theilman Pre 194 222 216 217 219 215  0.02 0.09 0.75 
  Post   218 217 209 218 216     
 Avg 194 220 216 213 219      
2010            
Montgomery Pre 226 227 219 221 229 224  0.63 0.14 0.22 
  Post 196 229 224 221 211 216     
 Avg 211 228 221 221 220      
            
Otisco Pre 182 205 218 213 210 205  <0.01 0.99 0.99 
  Post 184 206 213 211 214 206     
 Avg 183 205 215 212 212      
2011            
Alden Pre 225 228 227 231 229   0.27 0.17 0.46 
  Post 227 215 224 230 216      
 Avg 226 222 226 231 223      
            
Medford Pre 166 171 159 164 159   0.78 0.77 0.85 
  Post 163 165 172 164 162      
 Avg 165 168 166 164 161      

* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
 
v 
We can theorize from the rest of the data that the 10 lb. application rate would have been enough 

at this location as it was at other sites confirming previous data.  It appears that 10 lbs. applied as 

broadcast may be an optimal rate for corn following soybeans on soils with less than 4.0% soil 

organic matter or continuous corn fields regardless of organic matter levels.  However, the data 

from Otisco has raised the following questions 1) do rates need to be increased for continuous 
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corn when soils have less than 4.0% organic matter; and, 2) if rates need to be increased for 

continuous corn in corn-soybean rotations should rates be higher when organic matter is less than 

2.0%?  It was clear that when there was a rate response it did not matter whether the sulfur was 

applied at planting or as an early side-dress at V3 to V4. 

 

Data from Figure 1 shows the effect of greenness determined with the SPAD chlorophyll meters 

on yield by location.  At New Ulm and Theilman there was no relationship between ear leaf 

greenness and yield.  At Renville, Montgomery, and Otisco yield increased as leaf greenness 

increased.  This data followed a steady linear relationship.  It should be noted that the 

relationship at the Montgomery location was mainly due to the low values of one control plot 

within the location.  The lowest SPAD readings were likely attributed to no- or low sulfur 

application rates at the other sites.  Visual differences were also noticed in an aerial photograph 

(Photograph 3) from the Renville location taken on June 3 in which the control plots are clearly 

visible in the field, but no other differences can be seen between rates.  Seeing that this also was 

affected by yield the SPAD meters could be used to assess fields for possible sulfur deficiencies.  

However, nitrogen deficiencies will also affect the greenness of the plant thus making it 

somewhat difficult to diagnose at certain times of the year.  In addition, diagnoses may be made 

after the fact when yield losses have already occurred.  The other important point with this data 

is that the SPAD meters at used in nitrogen studies to determine the effect of rates on greenness.  

Since we applied excess N in these trials any greenness differences were likely due to a sulfur 

effect.  This illustrates that sensing methods may my not be able to pinpoint specific nutrient 

deficiencies and that additional data should be collected from particular sites in order to make 

sure the nutrient is actually a problem.  Late season sulfur deficiency can easily be mistaken for 

nitrogen and the only way to differentiate may be through plant analysis and additional nitrogen 

application will likely not help to increase yields. 
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Figure 1.  Relationship between SPAD meter reading taken from the ear leaf at R2 and yield 

from each location for the first growing year. 
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Table 6. Average corn grain moisture collected for sulfur application rates applied before 
plant emergence (Pre) or as an early side-dress application at V3 (Post).  
  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate Timing R x T 
2009  ---------------------%---------------------   
New Ulm Pre 23.7 23.1 23.7 23.2 23.8 23.5  0.74 0.90 0.75 
  Post   23.3 23.3 23.4 24.2 23.6     
 Avg 23.7 23.2 23.5 23.3 24.0      
            
Renville Pre 30.6 27.9 26.6 27.8 27.4 28.0  <0.01 0.09 0.30 
  Post   30.0 28.1 28.0 28.4 28.6     
 Avg 30.6 28.9 27.3 27.9 27.9      
            
Theilman Pre 31.6 30.8 29.4 30.2 29.2 30.2  0.02 0.16 0.53 
  Post   29.9 30.2 30.6 29.9 30.1     
 Avg 31.6 30.4 29.8 30.4 29.5      
2010            
Montgomery Pre 14.3 12.2 13.6 14.3 13.4 13.6  0.43 0.06 0.48 
  Post 15.5 14.0 14.0 13.6 13.4 14.1     
 Avg 14.9 13.1 13.8 14.0 13.4      
            
Otisco Pre 19.3 19.9 19.0 20.0 19.4 19.5  0.42 0.72 0.26 
  Post 20.3 19.5 20.0 19.5 19.0 19.7     
 Avg 19.8 19.7 19.5 19.7 19.2      
2011            
Alden Pre 28.1 26.3 26.7 25.7 25.9   0.02 0.67 0.07 
  Post 27.9 28.3 27.7 25.7 25.9      
 Avg 28.0 27.3 27.2 25.7 25.9      
            
Medford Pre 13.8 14.8 14.5 14.4 14.6   0.62 0.09 0.72 
  Post 14.4 14.6 14.7 14.6 14.4      
 Avg 14.2 14.7 14.6 14.5 14.5      

* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
 
Corn grain moisture was impacted by sulfur application at Renville, Theilman, and Alden (Table 

6).  At Renville and Alden, harvest moisture was lowered by the 10 lb and 20 lb S rate.  There 

was no significant decrease in harvest moisture beyond 20 lbs. of S at Renville, but grain 

moisture was slightly less at Alden with the higher rate.  The effect of timing was also significant 

at Renville but the difference was due to the control plot only included with pre-plant sulfur data.  

Since growth was not influenced at this location the effects on grain yield could not be tied to 

faster growth or larger plants.  At Theilman grain moisture was less when sulfur was applied.  

However, the effect was not as large as was seen at Renville.  The largest differences were seen 

with the highest sulfur application rate but there was negligible difference between that rate and 
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the other sulfur rates.  At Montgomery and Medford sulfur timing influenced grain harvest 

moisture.  However, this effect could be attributed to higher moisture in the no sulfur control of 

the in-season application which suffered significant yield losses.  The effects on grain moisture 

coupled with yield increases can be extremely important on not only increasing profit from yield 

but also on saving on drying costs in the fall.  Optimal rates for yield should provide enough 

sulfur to decrease harvest moisture.     

 
Sulfur Carryover Effects on Corn and Soybean Yield 
 

Crop yield for a second crop following the initial sulfur application were measured to study the 

carryover effects of sulfur on corn and soybeans. Three corn and two soybean locations were 

studied.  In these plots sulfur was applied to half of the old rate plot to compare sulfur response 

to a fresh application of fertilizer.  Table 7 summarizes yield data from the studies.  The effect of 

timing of the first year’s application was not significant so it’s affects along with the interaction 

between the first and second year sulfur application are not considered.   

 

Effects from the first year’s application of sulfur could only be clearly seen at the Renville 

locations.   At this site, both the rate applied the previous and current year significantly affected 

corn yield.  The interaction between the two was significant and indicates that the majority of the 

rate effect from the previous year’s application occurred only when sulfur was not applied for the 

current crop.  This response is reasonable since the 25 lbs applied for the second growing year 

should have been enough for the crop.  While either of the rates applied at the Otisco site were 

not significant, there was a similar interaction found between the rate applied year one and year 

two.  This interaction is again due to a rate response from the previous sulfur application but only 

when sulfur was not applied the current year.  At Renville, corn yield responded to a maximum 

of 20 lbs of S per acre applied for the previous year.  The amount was less at 10 lb S per acre at 

Otisco.  The response at Otisco was interesting as it took 20 lbs of S to maximize yields in year 

1.  There was a significant amount of plot variability at the Medford corn site and the two 

soybean sites, but neither significantly responded to the application of sulfur.   
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Table 7. Summary of corn and soybean yield as affected by sulfur fertilizer applied before 
the previous crop (Rate 1) and a fresh application for the second year (Rate 2). 

  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate 1 Rate 2 R1 x R2 
2010  ----------tons dry matter per acre----------  ----------------P>F---------------- 
Renville 0 184 206 213 220 210 209  0.04 0.06 <0.01 
    Corn 25 222 220 214 212 217 216     
 Avg 203 213 213 216 213      
            
Theilman 0 61 61 64 61 68 63  0.28 0.52 0.03 
    Soybean 25 61 59 65 65 60 62     
 Avg 61 60 64 63 64      
2011            
Montgomery 0 41 40 44 40 41 41  0.16 0.31 0.71 
    Soybean 25 42 41 44 41 42 42     
 Avg 41 40 44 41 42      
            
Otisco 0 184 190 196 190 191 190  0.78 0.41 0.01 
    Corn 25 191 193 198 202 198 196     
 Avg 187 191 197 196 195      
2012            
Medford 0 204 210 202 193 202 202  0.89 0.53 0.37 
    Corn 25 197 206 204 201 195 201     
 Avg 200 208 203 197 198      

* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
 
Soil samples were collected in the spring of the following growing season from the locations 

were a second crop was grown.  Three soil tests were studied for their ability to predict final corn 

yield.  These tests were the mono-calcium phosphate test (MCP), sulfate sulfur extracted with 

potassium chloride (KCl), and extraction with calcium chloride (CaCl2).  Samples were taken 

from a 2- depth to look at sulfur in the profile.  This sampling is recommended by neighboring 

states.  In comparing the tests, it was found that there was no direct relationship between any of 

the three when compared to each other.  Because of that data was summarized only for the MCP 

test.  The soil tests levels from the MCP tests were not affected by any of the treatments (Table 

8).  In fact, the levels generally remained constant.  When the test was compared to relative corn 

and soybean yields, there was no relationship between the two (Figure 2, soybean data not 

shown).  None of the tests appeared to be a better index of crop response compared to the others.  

The KCl test did exhimbit a slightly increasing trend with increasing yield for one of the 

locations (Figure 3), but was not better than the other two when compared across locations.  This 
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data supports other data in that the sulfur soil test does not work in medium or fine textured soils.  

Other research in Minnesota has found a better relationship between yield and organic matter 

levels.  This relationship is better as organic matter level gives a better picture of the potential for 

sulfur mineralization in a soil.  The soil test is just a snapshot in time and appears to not be 

greatly affected by previous fertilizer applications.  Based on this data a soil test for sulfur would 

still not be recommended for Minnesota. 

 
Table 8. Summary of soil test data taken in the Spring one year after sulfur rates applied 
before corn emergence (Pre) and at V3 (Post) from the top two feet from each plot. 
  Sulfur Application rate (lb S/ac)  Summary Statistics† 
Location Timing 0 10 20 30 40 Avg  Rate Timing R x T 
  ----------------ppm----------------  ------------P>F------------ 
Renville pre 3 4 4 4 4 4  0.91 0.88 0.51 
  post  3 5 4 3 4     
 Avg 3 3 4 4 4 4     
            
Theilman pre 3 3 3 3 2 3  0.75 0.99 0.19 
  post  3 3 3 4 3     
 Avg 3 3 3 3 3 3     
            
Montgomery pre 7 5 4 6 5 5  0.90 0.75 0.50 
  post 4 5 6 6 4 5     
 Avg 5 5 5 6 4 5     
            
Otisco pre 5 6 4 4 4 5  0.57 0.76 0.64 
  post 5 4 4 4 5 4     
 Avg 5 5 4 4 4 4     
            
Medford pre 5 5 5 4 5 5  0.85 0.70 0.62 
  post 5 6 4 6 4 5     
 Avg 5 5 5 5 4 5     
* Avg, average for rate or timing data for each location 
† Summary statistics for sulfur rate and timing main effects and their interaction (R x T).  Effects are significant 
when at the P<0.10 probability level. 
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Figure 2. Relationship between the mono calcium phosphate soil test taken to a depth of two feet 

and the relative yield of corn without sulfur fertilizer from three locations in Minnesota. 
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Figure 3. Relationship of relative corn yield (yield w/sulfur divided by yield w/o sulfur) and 

spring soil test sulfur to sulfur application rates made the previous year at Renville, MN. 

 

Conclusions 
 

The data from this study has shown clear benefits for sulfur applied to corn.  Rates needed to 

maximize yields have been 10 lbs. of S per acre broadcast, but further data has shown that more 

may be needed under some circumstances.  It has also been shown that delaying application of 

sulfur up to the V3 growth stage did not have any negative impacts on yield.  Grain harvest 

moisture was also decreased when sulfur was applied, but the effect may not be as great if 

application is delayed to the V5 growth stage.  The limited second year data has shown that 
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sulfur may carry over from year to year and this carryover can affect yields.  Sulfur soil test was 

shown to not be affected from S fertilizer.  However, the mineralization potential of S from corn 

stover was increased when sulfur was applied which may explain a possible source for 

mineralized sulfur for the following year’s crop.   

 

 

 

 
Photograph 1.  Early season sulfur deficiency symptoms on corn showing characteristic 
interveinal chlorosis (striping) on upper plant leaves. 
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Photograph 2.  Late season yellowing from sulfur deficient plants on the left versus plants that 
received sulfur banded at planting on the right. 

 

 
Photograph 3.  Aerial photograph of Renville plots showing greener areas that received sulfur 
versus the control plots without sulfur taken June 3. (source: Google Earth) 
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Photograph 4.  Photograph of sulfur trial near Montgomery, MN showing the field location on a 
hillside showing likely sulfur deficiencies mid-season. 
 

Benchmark Sulfur Plant Tissue Values 
 
Interest in plant tissue analysis has created a need to determine if optimum tissue S 

concentrations are similar to benchmark values being currently used.  A study funded by the 

Minnesota Soybean Research and Promotion council was established in 2008 and 2009 to 

investigate the effects of N, P, and S fertilizers applied in combination on corn and soybean 

yields using replicated strip trials within farmers’ fields.  Field sites consisted of different soils 

ranging from fine sandy loam to silt and clay loam soils.  This study found corn yield responded 

to sulfur especially in field areas low in organic matter.  In addition, there was a significant yield 

increase to sulfur at 1 of the 4 locations.  Using the yield data from this study, we propose to look 

further at in-season tissue tests to evaluate their effectiveness in predicting critical levels for crop 

response.  Corn ear leaf and soybean trifoliate samples were taken at the R2 growth stage.   

Because of limited funds, we were not able to analyze these samples at the time of collection; 

they were stored for later analysis.  One corn and one soybean location have been analyzed, but 

the other 5 have not.  Small plant samples were also collected at the V5 growth stage and 

analyzed.  These numbers could be compared with the mid-season sampling and both would be 
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valuable to determine if current values used for sufficiency levels for corn ear leaf tissues are 

relevant. 
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Figure 4. Summary of sulfur concentration in corn and soybean plant tissue. 

 

Figure 4 summarizes plant tissue data from the sulfur mineralization study.  Early and mid-

season plant tissue concentration was significantly correlated to yield response to S for both corn 

and soybean.  For corn, the correlation was better with the ear leaf tissue than for the early plant 

tissue.  Similar effects were seen with soybean but the overall correlation was poorer than for 

corn.  The critical levels determined for corn fell within the currently used ranges of 0.15 to 

0.50% S at for both sample timings.  However, the ear leaf tissue was on the low end of that 

range.  It is likely that our range would be less than the currently utilized range for the mid-

season sampling.  For soybean, the trifoliate concentration found in this study fell within the 

range of the established sufficiency range between 0.21-0.40% S.  There is no current established 

range for soybean V5 whole plant sulfur concentration.  Even though the predictability may not 
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be the best, the values currently used should still be adequate to judge the sufficiency of sulfur 

for corn and soybean tissue. 

Sulfur Availability from Animal Manure 

 
Manure and fertilizer was applied to two soils and incubated in growth chambers.  The two soils 

consisted of a Seaton silt loam and Lamont sandy loam.  Soils were collected from the upper six 

inches of the soil surface, sieved through 2 mm, and mixed in a cement mixer prior to treatment 

application.  Treatments applied were fertilizer N (finely ground urea) and three manure sources.  

Two of the manure sources were from a dairy farm one of which came from an outside pen and 

the other from a sand separated bedding system collected after the final separate before the 

manure was sent to an outside lagoon for storage.  The third manure source was collected from a 

secondary storage pit within a swine finishing farm.  The manure was mixed thoroughly then a 

representative sample was taken from each source to determine nutrient concentration.  Results 

from that analysis are listed in Table 9. 

Table 9. Manure analysis results from samples collected for the incubation study. 
 Nitrogen     
 Total NH4 NO3 Organic P2O5 K2O S Solids 
 ------lbs/1000 gallons------- ---%-- 

Dairy – Pen 27.2 14.6 0.1 12.5 9.6 19.0 2.9 8.4 
Dairy – Sand Sep. 22.8 14.2 0.1 8.5 8.1 17.8 2.2 4.4 
Swine - Finisher 66.7 45.6 0.2 20.9 37.5 34.8 4.7 14.1 

 
Manure and fertilizer was applied at and equivalent of 200 and 400 lbs of total N per acre 

assuming incorporation to a depth of 6 inches.  An additional rate of 600 lbs of total N as 

fertilizer was applied.  Soil bulk densities were estimated at 1.3g/cm3 for the silt loam soils and 

1.5g/cm3 for the sandy loam.  Manure and fertilizer treatments were applied to bags containing 

1.4 kg of air dried soil.  Soil and fertilizer or manure was mixed using a small fertilizer mixer.  

After mixing the soil was divided into 200g amounts and put into 5 separate cups representing 

individual sampling dates of 7, 14, 28, 56, and 84 days.  Incubations were conducted in clear 

plastic jars measuring 3.25” in diameter.  Soil was packed into the jars to the desired bulk 

densities (listed above) allowing for at least 0.5 inches of head space for air exchange.  Lids were 

placed on the jars to prevent movement of soils into and out of each vessel and to prevent rapid 

water loss.  To facilitate for air exchange, a small hole was drilled in the middle of each 

container lid.  All treatments were replicated 3 times. 
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Soil incubations were done in a growth chamber in the dark and maintained at 75oF.  Soil 

moistures were maintained at approximately 80% field capacity for the duration of the 

experiment by monitoring cup weights and adding water according to mass loss over time.  

Volumetric water content for the soil at field capacity was determined to be 31.3% in the silt 

loam and 16.0% in the sandy loam.   At the specified times individual cups were removed from 

the incubation chamber and half of the soil was separated to be oven dried and the other half was 

frozen.  The frozen half of the soil was saved and later thawed and analyzed for ammonium and 

nitrate content on a moist basis.  The dried portion of the soil was weighed before and after 

drying to determine soil moisture content at the sampling date.  Statistical analysis for significant 

treatment effects within each sampling date and soil type were assessed using the PROC GLM 

procedure in SAS.  Patterns of nitrate accumulation and ammonia depletion were analyzed using 

the PROC NLIN procedure in SAS. 

Results and Discussion 
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Figure 5. Decline in soil ammonium levels over time for a silt loam and sandy loam soil.  
Ammonium concentration is represented as the percent of total nitrogen applied.  Graphs 
represent both 200 and 400 lb total N per acre application rates. 
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Figure 5 shows soil ammonium (NH4
+) decline over time represented as the percent of total N 

applied.  Calculations were made by subtracting the ammonium or nitrate value of the control 

(no treatment) from the values from the treated soils.  The difference was then converted to lbs of 

N per acre.  Ammonium in the soils steadily declined over time.  In no case did the ammonium 

concentration represent more than 20% of the total N applied.  Decline in soil ammonium was 

faster in the silt loam soil than the sandy loam.  After two weeks there was little to no ammonium 

remaining in the 200 lb N rate treatment for any of the N sources.  For the higher rate it took 

about 2 months for the ammonium concentration to drop to baseline levels in the silt loam soil.  

The difference in timing may be due to a limited capacity of N fixing bacteria to convert 

ammonium to nitrate.  In all instances fertilizer treatments tended to have higher amounts of 

ammonium remaining in the soil compared to any manure source.   

 

Conversion appeared to be slower for the sandy loam soil.  For the 200 lb rate it took 2 months 

for the ammonium levels to reach baseline levels while the 400 lb treatments still had elevated 

levels after 3 months.  For manure sources there did not appear to be any difference in the level 

of ammonium in the soil over time.  The only exception was in the silt loam soil where liquid 

swine manure tended to have higher amounts of ammonium than the other two sources.  This 

result is not surprising since the amount of ammonium-N was greatest in fertilizer, followed by 

liquid swine manure, and both dairy sources were approximately similar (Table 1).  The 

difference in conversion rates could be attributed to soil water holding capacity.  Since soil 

microbes need soil water in order to convert ammonium to nitrate the greater water holding 

capacity of the silt loam could explain differences between the soils.  It is interesting that the 

conversion rate may be slower even though leaching potential would be higher in the sandy loam 

soil.  The difference in conversion also could potentially lead to decreased availability of the 

nitrogen in the manure in the sandy soil relative to the silt loam.  This is mainly true for fertilizer 

but for manure most of the N was converted by the end of the first month.  We did not analyze 

any of the samples taken at treatment initiation to determine the amount of ammonium at time 0.  

However it does appear that the conversion rate is rapid if optimal conditions exist and that large 

amounts of N may be converted within the first week after application. 
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Figure 6. Increase in soil nitrate levels over time for a silt loam and sandy loam soil.  Nitrate 
concentration is represented as the percent of total nitrogen applied.  Graphs represent both 200 
and 400 lb total N per acre application rates. 

 
Soil Nitrate accumulation is given in Figure 6.  Nitrate accumulation is presented as a percentage 

of the total N applied over time.  For the sandy loam soil nitrate accumulation was more gradual 

over time compared to the silt loam soil where nitrate levels increased rapidly and evened off 

after 1 to 2 weeks.  In general more nitrate was accumulated with the low N rates and in the silt 

loam soil.  As N rate increased it appeared that more N may have been lost likely by ammonia 

volatilization.  The difference between either soil type or rate tended to be about 20% difference 

in apparent N recovery in the soil. For the sandy loam soil there still was some ammonium in the 

samples at the end of the incubation thus more nitrate likely would have accumulated with longer 

incubation times.  A 600 lb N rate comparison was included and the data is included in the 400 lb 

graphs.  Similar to differences between the 200 and 400 lb rates, N recovery was less at 40% 

with the 600 lb rate indicating that as N rate increases the efficiency of recovery decreases.  

Nitrate accumulation was always the highest for the fertilizer treatments for comparable N rates. 

In most cases the manure collected out of the sand separated dairy system had the highest 

accumulation of nitrate over time.  At times the liquid swine manure was similar to the sand 

separated dairy while the lowest nitrate accumulation was seen in the pen pack dairy manure.  
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These results somewhat follow the amount of ammonium-N in the manure from Table 1 which 

would represent the fraction of N that would be readily used and most comparable to fertilizer. 
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Figure 7. The change in soil Bray-P levels over time for a silt loam and sandy loam soil.  
Phosphorus concentration is represented as the control (no P treatment) – P treatment.  Graphs 
represent both 80 and 160 lb total P per acre application rates. 

 
Figure 7 shows that soil Bray-P levels were constant over time for a silt loam and sandy loam 

soil represented as the change of soil Bray-P concentration (mg/kg). Calculations were directly 

made from the treated soils minus the control soil (no treatment). Bray-P concentration was 

lower for the 80 lbs total P rate than 160 lbs total P rate. For manure sources liquid swine manure 

tended to have higher amounts of Bray-P than the other two sources. This is because the amount 

of Bray-P was greatest in liquid swine manure, followed by both dairy sources (Table 9.). 

Overall, Bray-P in the soils constantly stabilized over time.  
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Figure 8. The change in soil K levels over time for a silt loam and sandy loam soil.  Potassium 
concentration is represented as the changes from control (no treatment) to treatment.  Graphs 
represent both 120 and 240 lb total K per acre application rates. 

 
Figure 8 shows that soil K levels were constant over time for a silt loam and sandy loam soil 

represented as the change of soil K concentration (mg/kg). Calculations were directly made from 

the treated soils minus the control soil (no treatment). Soil K concentration was lower for the 120 

lbs total K rate than 240 lbs total K rate. For manure sources liquid swine manure tended to have 

low amounts of soil K than the other two sources although the amount of K was greatest in liquid 

swine manure, followed by both dairy sources (Table 9.), and initial K concentration for both 

dairy sources were similar (Table 9.). Overall, soil K concentration for the each treated soil was 

similar over time.  
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Figure 9. The change in soil sulfate-S levels over time for a silt loam and sandy loam soil.  
Sulfate concentration is represented as the percent of total sulfur applied.  Graphs represent both 
15 and 30 lb total S per acre application rates. 
 
Figure 9 shows that the change of soil sulfate-S levels over time for a silt loam and sandy loam 

soils. Calculations were directly made from the treated soils minus the control soil (no 

treatment). Soil sulfate-S concentration was higher for the 30 lbs total S rate than 15 lbs total S 

rate. For manure sources liquid swine manure tended to have low amounts of soil sulfate-S than 

the other two sources. The amount of S was greatest in liquid swine manure, followed by both 

dairy sources (Table 9.), and initial S concentration for both dairy sources were similar (Table 

9.). Overall, soil sulfate-S concentration in the soils was similar over time.  

 
 
 
 
 
 



31 
 

Table 10. Fertilizer N equivalency of animal manure based on nitrate nitrogen accumulation of 
comparable fertilizer sources 84 days after treatment application. 

 Swine Manure Pen Dairy Sand Sep. Dairy 
 200 lb N 400 lb N 200 lb N 400 lb N 200 lb N 400 lb N 
 ----------------------------------------%----------------------------------------- 

Sandy Loam 55 89 54 81 88 94 
Silt Loam 80 67 54 65 75 91 

 
 
Table 11. Fertilizer equivalency of animal manure based on Bray-P accumulation of comparable 
fertilizer sources 84 days after treatment application. 

 Swine Manure Pen Dairy Sand Sep. Dairy 
 200 lb N 400 lb N 200 lb N 400 lb N 200 lb N 400 lb N 
 ----------------------------------------%----------------------------------------- 

Sandy Loam 110 126 68 13 43 64 
Silt Loam 127 125 36 59 62 76 

 
 
Table 12. Fertilizer equivalency of animal manure based on K accumulation of comparable 
fertilizer sources 84 days after treatment application. 

 Swine Manure Pen Dairy Sand Sep. Dairy 
 200 lb N 400 lb N 200 lb N 400 lb N 200 lb N 400 lb N 
 ----------------------------------------%----------------------------------------- 

Sandy Loam 31 39 75 116 116 104 
Silt Loam 108 69 104 98 163 143 

 
 
Table 13. Fertilizer equivalency of animal manure based on sulfate-S accumulation of 
comparable fertilizer sources 84 days after treatment application. 

 Swine Manure Pen Dairy Sand Sep. Dairy 
 200 lb N 400 lb N 200 lb N 400 lb N 200 lb N 400 lb N 
 ----------------------------------------%----------------------------------------- 

Sandy Loam 34 27 28 31 43 43 
Silt Loam 60 30 48 35 50 37 

 
Table 14. Apparent N recovery in nitrate (NO3

--N) after 84 days incubation time. 
 Fertilizer Urea Swine Manure Pen Dairy Sand Sep. Dairy 
 200 lb N 400 lb N 600 lb N 200 lb N 400 lb N 200 lb N 400 lb N 200 lb N 400 lb N 

 ---------------------------------------------%--------------------------------------------- 
Sandy Loam 67 49 37 37 44 36 40 59 46 

Silt Loam 66 62 35 52 42 65 40 49 56 
 

The comparison between the liquid swine manure and sand separated dairy indicates that in this 

instance the availability values for normal dairy manure likely are not sufficient for the sand 

separated manure.  This is logical since this manure source contained a low amount of solids 
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similar to swine manure (Table 9). Table 10, 11, 12, and 13 summarizes the fertilizer 

equivalency, the ratio of the amount of nitrate, Bray-P, K, and S mineralized from manure 

compared to fertilizer, for the different manure sources, while Table 14 summarizes the apparent 

N recovery in nitrate for each source at the end of the incubation time.  The data in Table 6 is 

interesting in that it shows that for fertilizer when N rate is increased less N is recovered.  There 

were differences between the soils and it appeared that the sand lost more N with the 400 lb N 

rate but the other two rates were no different between each soil.  It is unclear if the difference 

between the soils at 200 lbs N is real or if some outside factor influenced the result.  For each 

manure source, there was not an appreciable difference between the application rates, but again 

the soils tended to differ with lower recovery in the sandy loam.  Some caution should be taken 

in using this data for calculating first year availability.  Since the incubations were conducted in 

a small container with relatively large surface area it is likely that more N may be lost through 

volatilization than if it was point injected below the soil surface in the field.  The data from Table 

10 and 13 likely represents a better instance for N and K availability and the data from Table 13 

likely represents a better instance for P availability.  In all cases the sand separated manure had 

the highest fertilizer equivalency.  Swine manure was second followed by dairy manure.  The 

expected values for swine manure are higher however the samples were collected from a holding 

area in the facility before the manure went to the lagoon which likely affected the results.  In 

general the solids content (Table 9) was higher than expected likely due to where the sample was 

collected.  We would assume that the values would be higher and similar to those for the sand 

separated manure source.  The numbers were variable between the different application rates for 

each manure source.  However, we have yet to do any model fitting to the data which likely will 

change the ending values and fertilizer equivalency. Minimum (Min.), maximum (Max.), and 

average (Avg.) soil test NO3
-, NH4

+, P, K, and S from sampling Date1 through Date 5 during the 

incubation study were summarized in Table 15. 

 

Conclusions 

1. The availability of sand separated manure is likely higher than that of normal scrape and 

haul or pen pack manures.  For the source tested using first and second year N credits 

from book values likely will underestimate first year and overestimate second year 

availability.  The difference between sand separation manure and scrape and haul is likely 

due to the amount of particulate matter separated out with the sand which would greatly 
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affect potential carryover or second year availability by possibly lowering the organic N 

content in the manure. 

2. Application rate can significantly affect the amount of N recovered.  High application of 

fertilizer N and in some instances manure lead to more N being volatilized.  This effect 

would be less likely for a point injection below the soil surface. 

3. There may be some difference in the amount of N that can be recovered by differing soil 

types.  While this data does support this statement it would be difficult to know if the 

same effect can be seen in the field and likely would have to be tested to determine if N 

availability would change based on soil type.  At this time it is not recommended to 

change the availability based on soil maps.  For manure it appeared that all the 

ammonium N was converted well within the time frame of the study so the previous 

statement may only pertain to very high rates of N applied as fertilizer.   
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Table 15. Minimum (Min.), maximum (Max.), and average (Avg.) soil test NO3
-, NH4

+, P, K, and S from sampling Date1 through Date 5 during the 
incubation study. 

   Control Fertilizer 
 

Liquid swine Pen dairy Sand dairy 
 Soil type  

 
Rate1 Rate2 Rate3 Rate1 Rate2 Rate1 Rate2 Rate1 Rate2 

   --------------------------------------------------NO3
--N (mg/kg) ----------------------------------------------------- 

 Sand loam Min. 28 34 35 23 16 23 25 32 42 17 
  Max. 109 146 160 78 134 72 124 99 141 30 
  Avg. 73 93 103 53 76 52 85 68 105 23 
 Silt loam Min. 171 251 239 144 170 145 160 165 202 175 
  Max. 247 332 308 228 273 203 269 223 315 254 
  Avg. 221 297 291 188 227 174 216 195 263 219 
   --------------------------------------------------NH4

+-N (mg/kg) ----------------------------------------------------- 
 Sand loam Min. 2 31 101 4 6 3 3 4 4 16 
  Max. 62 139 230 38 85 36 64 45 88 79 
  Avg. 28 83 154 16 35 14 24 16 31 40 
 Silt loam Min. 7 17 15 8 10 3 6 4 6 9 
  Max. 39 139 213 19 58 9 18 8 31 54 
  Avg. 17 50 86 11 20 6 9 6 12 22 
   --------------------------------------------------Bray P (mg/kg) ----------------------------------------------------- 
 Sand loam Min. 66 81 98 75 92 65 66 65 75 61 
  Max. 80 112 121 89 122 72 77 72 81 67 
  Avg. 73 97 108 83 107 69 71 69 77 65 
 Silt loam Min. 59 67 77 60 78 49 54 50 56 45 
  Max. 67 72 92 69 89 54 61 55 64 50 
  Avg. 63 70 83 65 82 51 56 52 59 48 
   ----------------------------------------------------------NH4OAc-K (mg/kg) ---------------------------------------------------- 
 Sand loam Min. 97 147 180 82 100 94 120 98 140 58 
  Max. 112 155 205 95 120 111 186 130 175 74 
  Avg. 104 152 192 88 112 103 141 113 160 65 
 Silt loam Min. 226 312 361 266 290 266 319 273 336 247 
  Max. 332 385 387 294 352 302 349 308 365 268 
  Avg. 289 354 375 285 313 281 335 292 355 257 
   --------------------------------------------------SO4

2--S (mg/kg-)------------------------------------------------------ 
 Sand loam Min. 4.3 12.3 20.3 2.7 3.3 2.3 6.3 3.7 7.7 2.0 
  Max. 9.7 17.0 28.0 4.0 4.7 5.3 7.7 5.7 10.3 3.7 
  Avg. 6.8 14.8 24.1 3.5 4.2 3.8 6.9 4.5 8.5 2.9 
 Silt loam Min. 7.7 9.0 11.7 16.7 8.0 8.0 7.7 10.3 8.3 9.3 
  Max. 9.0 10.7 18.3 21.7 10.0 10.7 11.0 11.7 11.0 12.3 
  Avg. 8.5 9.6 13.7 20.2 8.9 9.0 9.2 11.0 9.7 10.5 
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Sulfur and Nitrogen Mineralization Study 

 

Twenty six soil series from different growing regions including sandy and fine textured soils 

were compared in a growth chamber.  Samples were collected from the upper six inches of the 

soil surface.  Soils were incubated in a growth chamber at 35oC which is the optimum 

temperature for activity of Thiobacillus Sp. bacteria to oxidize elemental sulfur.  Leaching 

columns were used to study the total amount of nitrogen and sulfur mineralized at 0, 14, 28, 

56, 84, and 112 days of incubation.  At each of the sampling dates water was leached through 

the column to draw out any sulfate and nitrate in the soil solution.  For the initial leaching 200 

mL of water was used.  After that 150 mL was leached through the columns.  These amounts 

were determined from an initial trial run of the study.  In addition, 0.1 M KCl was tested and 

found to be no better at extracting nitrate or sulfate than the deionized water alone.  For each 

soil a single rate of sulfur will be applied as both elemental sulfur and gypsum (calcium 

sulfate) and compared to a non-fertilized control.  Nitrate and nitrite nitrogen along with 

sulfate sulfur will be measured using ion chromatography.  In addition each soil was analyzed 

for background P, K, pH, and soil organic matter level and the values are given in Tables 17 

and 18. 

 

Summary data are presented in Table 16.  For the gypsum treatment, the initial leaching 

recovered 70-90% of the sulfate-S applied in most soils.  The soil with the highest recovery 

was the Colvin soil where the amount of sulfate leached was greater than the amount applied 

(100 ppm).  The high recovery in the Colvin could not be explained.  The relative differences 

between soils could not be accounted for by using the soil variables collected.  The gypsum 

treatments did allow for us to determine the effectiveness of the leachate volume in removing 

all leachable sulfate.  There was no measurable sulfate leached from the gypsum treatments 

following the initial leaching.   

 

The rate of mineralization of sulfate and nitrate were tracked from the samples with no 

fertilizer treatment.  Soils differed in the mineralization rate of both nutrients.  Assuming the 

top 6” of soil weight 2,000,000 lbs, the soils with the greatest nitrogen mineralization rate was 

the Fargo at 4.04 lbs nitrate-N per acre per day and the soil with the lowest was the Hubbard 
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soil at 0.40 lbs of Nitrate-N per day.  Sulfur ranged from 0.14 to 0.54 lbs sulfate-S mineralized 

per day.  It should be noted that the rate is highly depended on both temperature and moisture 

conditions of the soil.  Thus the amount released would vary depending on conditions at a 

particular location.  The relationship between the daily mineralization rate of sulfate-sulfur 

and nitrate-nitrogen versus the organic matter concentration of each soil is summarized in 

Figure 10 and 11, respectively.  Average mineralization of sulfate-sulfur (Figure 10) was 0.02 

ppm per percent soil organic matter in the top 6” per day.  Assuming 2,000,000 lbs of soil the 

amount of sulfate-released over a 100 day period would equate to 4 lbs per percent organic 

matter.  The amount of nitrate mineralized was far greater at 35 lbs nitrate-nitrogen per 

percent organic matter.  Again, since high temperatures were used the relative amounts of 

nitrate produced in a field setting would likely be less, and far less predictable. 

 

The oxidation potential of elemental sulfur was tracked over time for the 26 soils.  The net 

oxidation potential of sulfate-S from elemental sulfur was high at close to 100% for most 

soils.  There were some soils such as the Bearden, Hubbard, and Verndale which did not fully 

oxidize the elemental sulfur by the end of the incubation.  The time to oxidize 50% of the 

elemental sulfur was typically less than two months, and the days to reach maximum 

oxidation varied considerably among soils.  Soil properties were compared in order to 

determine potential indicators of the rate of oxidation.  However, there was no clear predictor 

of the rate of oxidation of elemental sulfur.  We were curious if the location where the sample 

was taken would be indicative of the potential for oxidation of elemental S.  Soils from 

northern Minnesota did not appear to exhibit no more or no less of a potential for oxidation of 

elemental S.  Further research at different temperature regimes would be beneficial to study 

the effects of temperature on oxidation for the same soil series.  The high temperature used 

would not represent real world conditions, especially early in the growing season in 

Minnesota.  Results would be different depending on the temperature used in the incubation. 
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Table 16. Summary of daily mineralization rate of SO4-S and NO3-N from soils incubated at 95oF, 
percent recovery of SO4-S from Gypsum at the initial leaching, and days to 50% oxidation of 
elemental sulfur, days to when maximum oxidation occurred, and net SO4-S oxidized from elemental 
sulfur in 26 Minnesota soils after 140 days.  

Soil 
  

Gypsum 
SO4-S 

recovery 

Elemental S 
Daily Mineralization rate of Days to Net ox. 

140 days SO4-S NO3-N 50% ox. Max ox. 

 
-------ppm day-1------- --%-- 

  
--%-- 

Barnes 0.18 0.97 89 34 188 113 
Bearden 0.27 1.17 84 -- 167 40 
Canisteo 0.19 1.24 86 47 234 100 
Clarion 0.15 0.85 91 22 116 103 
Colvin 0.47 1.58 140 43 65 63 
Cordova 0.23 1.71 86 45 179 89 
Estherville 0.14 0.85 85 15 68 95 
Fargo 0.22 2.02 96 31 142 100 
Formdale 0.19 1.36 72 34 160 98 
Hegne 0.23 1.71 86 51 201 90 
Hubbard 0.07 0.20 77 33 98 66 
Lester 0.14 1.00 93 28 146 102 
Mt. Carrol 0.26 1.36 83 70 202 72 
Nicollet 0.18 0.88 74 19 81 92 
Normania 0.13 0.86 82 28 109 82 
Okaboji 0.23 1.27 95 79 206 68 
Pierz 0.19 1.35 80 30 107 81 
Seaton 0.14 0.76 85 52 284 107 
Storden 0.16 1.12 93 52 259 102 
Tara 0.15 1.12 79 22 87 84 
Verndale 0.16 0.78 94 56 140 64 
Ves 0.17 0.82 90 56 210 82 
Waukegan 0.17 1.07 82 32 134 89 
Webster 0.16 1.19 88 22 93 88 
Wheatville 0.22 0.90 84 60 264 95 
Zimmerman 0.15 0.64 88 20 74 80 
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Figure 10. Summary of daily rate of sulfate-sulfur mineralization from soil organic matter of 

26 soil series. 
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Figure 11. Summary of daily rate of nitrate-nitrogen mineralization from soil organic matter 

of 26 soil series. 
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Table 17. Chemical properties of soils used in the incubation study research 

Soil Olsen P OM Water NO3-N SO4-S Ca K Mg Na Al EC. CCE CEC 

 
-ppm-  %  pH --------------------------------------ppm----------------------------------- 

 
mmhos/cm  (%) meq/100g 

Barnes 7 5.5 8.0 9 4 6789 198 691 22 0.95 0.20 1.9 26.2 
Bearden 20 5.4 8.2 146 18 7270 458 1428 79 1.01 1.00 7.7 20.3 
Canisteo 30 7.1 7.9 213 4 11077 300 435 30 1.39 1.40 5.5 20.7 
Clarion 44 4.4 6.2 33 14 3091 451 577 29 0.49 0.30 0.0 22.3 
Colvin 13 6.6 8.2 56 13 8818 643 1758 71 1.21 0.60 3.9 29.5 
Cordova 35 8.9 7.5 44 8 8457 327 661 27 1.06 0.50 0.5 35.5 
Esterville 33 3.9 7.0 33 10 2440 229 454 23 0.31 0.50 0.0 18.4 
Fargo 42 6.8 7.7 82 37 6996 652 1683 92 0.98 1.00 2.5 33.9 
Formdale 31 6.9 7.6 13 3 5645 248 883 20 0.91 0.20 0.7 27.3 
Hegne 28 5.5 8.0 88 12 7126 487 1712 119 1.04 1.00 5.5 26.6 
Hubbard 20 1.3 6.6 16 2 861 114 129 14 0.33 0.30 0.0 10.7 
Lester 21 5.1 6.6 13 4 3821 184 491 22 0.69 0.20 0.0 23.6 
Mt Carroll 13 4.5 7.9 31 9 4630 250 332 21 0.73 0.30 0.5 19.6 
Nicollet 17 4.4 6.7 21 5 3709 291 662 22 0.62 0.30 0.2 22.1 
Normania 23 4.4 5.5 22 6 2653 214 610 21 0.49 0.20 0.0 21.6 
Okaboji 12 7.2 8.5 29 11 9288 432 1074 101 1.28 0.50 5.6 26.5 
Pierz 78 4.4 6.1 28 7 2224 335 288 22 0.45 0.30 0.0 13.8 
Seaton 34 3.4 6.7 48 6 2419 221 436 20 0.33 0.50 0.0 17.0 
Storden 25 4.8 5.5 17 6 2479 231 376 18 0.51 0.20 0.0 19.0 
Tara 24 5.2 6.8 19 5 4057 276 971 27 0.48 0.30 0.0 21.9 
Verndale 104 1.9 7.4 15 6 1967 196 147 15 0.47 0.30 0.1 8.2 
Ves 9 3.9 5.4 20 4 2313 233 494 22 0.33 0.20 0.0 16.3 
Waukegan 25 4.9 7.2 31 8 3404 257 667 24 0.49 0.40 0.0 21.9 
Webster 14 5.7 6.9 24 4 5118 337 827 24 0.67 0.30 0.0 26.2 
Wheatville 22 4.7 8.3 81 28 7975 331 1176 30 0.98 0.90 6.6 20.7 
Zimmerman 15 1.9 8.0 21 2 1678 160 60 13 0.34 0.30 0.0 7.1 
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Table 18. Physical properties of soils used for the mineralization study 
Series County Series Classification† H2O at Field Capacity Bulk Density Sand Silt‡ Clay

% g/cm3 % % %
Barnes Stevens Ca. Hapludoll 27.9 1.33 22.7 54.9* 22.4

Bearden Polk Ae. Calciaquoll 26.5 1.23 34.1 57.2* 8.7
Canisteo Waseca T. Endoaquoll 29.3 1.11 23.5 68.4* 8.1
Clarion Waseca T. Hapludoll 32.5 1.22 36.2 25.4 38.4
Colvin Marshall T. Calciaquoll 24.3 1.10 8.9 79.3* 11.8

Cordova McLeod T. Argiaquoll 30.4 1.13 17.4 53.0* 29.6
Estherville Pope T. Hapludoll 22.0 1.36 60.1 17.2 22.7

Fargo Norman T. Epiaquert 24.3 1.19 5.2 88.2* 6.7
Formdale Grant Ca. Hapludoll 27.8 1.21 29.4 49.7* 21.0

Hegne Polk T. Caciaquert 23.0 1.19 28.4 59.7* 11.9
Hubbard Sherburne E. Hapludoll 6.9 1.68 82.5 5.6 11.8
Lester McLeod M. Hapludalf 38.3 1.26 40.2 27.7 32.1

Mt Carroll Olmsted M. Hapludalf 39.0 1.16 15.3 68.7 16.0
Nicollet Waseca Aq. Hapludoll 34.0 1.34 36.1 28.8 35.1

Normania Redwood Aq. Hapludoll 38.1 1.26 37.0 32.2 30.9
Okaboji Renville V. Endoaquoll 22.7 1.30 14.4 78.1* 7.6

Pierz Morrison T. Argiudoll 15.1 1.22 62.9 16.3 20.8
Seaton Winona T. Hapludalf 42.2 1.26 7.4 66.7 25.9
Storden Redwood T. Eutrudept 34.3 1.32 43.3 25.8 30.9

Tara Laq Qui Parle A. Hapludoll 26.5 1.29 27.1 36.9 36.0
Verndale Wadena T. Argiudoll 18.4 1.43 74.7 11.3 14.0

Ves Redwood Ca. Hapludoll 18.1 1.40 44.2 20.1 35.8
Waukegan Dakota T. Hapludoll 17.4 1.26 16.1 52.4 31.5
Webster Waseca T. Endoaquoll 22.0 1.21 26.7 39.7 33.6

Wheatville Polk Ae. Calciaquoll 23.1 1.20 19.3 69.2* 11.5
Zimmerman Isanti L. Udipsamment 9.5 1.49 81.0 4.8 14.3

†Ae, aeric; Aq, aquic; Ca, calcic; E, entic; L, lamellic; M, mollic; T, Typic; V, vertic;
‡* denotes where the silt numbers are too high as a result of too much organic matter in sample (sample will be rerun)  
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