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INTRODUCTION
Sulfur deficiencies and major corn yield increases from S fertilization have been documented in Iowa since the mid-2000’s (Sawyer et al., 2015). Therefore, S fertilization management is an important component of high yield production. Many S fertilizers are available for use in correcting deficient situations. However, specific product evaluations have not been widely conducted in Iowa. In addition, a new S fertilizer has recently become available in the Midwest U.S., the mineral polyhalite, which requires research to document potential plant-available S supply and for comparison to other fertilizers. Polyhalite is a multi-nutrient mineral containing K, Ca, and Mg sulfates (K2SO4•MgSO4•2CaSO4•2H2O), with mineral analysis of approximate 13.0% K, 13.3% Ca, 4.0% Mg, and 21.3% S. According to ICL Fertilizers-North America information, polyhalite fertilizer (Polysulfate) guaranteed analysis (water soluble) is 14.0% K2O, 12.2% Ca, 3.6% Mg, and 19.2% S. Polyhalite contains some Na and Cl impurities (approximate 2% Na and 3% Cl). The polyhalite mineral is mined and crushed to a fertilizer grade. The objectives of the research were to evaluate multiple S containing fertilizers, including elemental S and several sulfate forms, for corn yield and tissue S concentration response.

METHODS
Field trials were conducted in 2017 and 2018 at 12 sites on producer fields or Iowa State University research farms in the Central to Northcentral region of Iowa. Effort was made to select sites for high probability of S response. Field characteristics considered included no recent additions of manure, no mono-ammonium phosphate (MAP) or di-ammonium phosphate (DAP) fertilizer applied in the previous fall or spring, no S fertilizer application, continuous corn, and low organic matter soils. After study initiation, two sites in 2017 were determined to have MAP/DAP application. Tillage practices were fall chisel plow and spring field cultivation when corn was the prior crop, and spring field cultivation when soybean was the prior crop.
	Sulfur fertilizer treatments included a no-S control, elemental S (0-0-0-90S), calcium sulfate (0-0-0-17S), ammonium sulfate (21-0-0-24S), and polyhalite (0-0-13-19S). The elemental S was a “flake” shaped product (Hi-Yield Soil Sulfur) from the Voluntary Purchasing Group (VPG), pelletized gypsum SO4 (calcium sulfate) a mined product from Calcium Products, ammonium sulfate a typical granular fertilizer grade, and Polysulfate a mined granular product provided by ICL Fertilizers-North America. At each site, the experimental design was a randomized complete block with four replications. The S rate applied depended on the soil textural class at each site. Fine-textured sites were classified as clay loam, silty clay loam, silty loam, or loam soils, with 10 lb S/acre application rate. Coarse-texture sites were classified as fine sandy loam, loamy fine sand, or sandy loam, with 15 lb S/acre application rate. These S rates were chosen to be somewhat below recommended rates (15 lb S/acre fine textured soils and 25 lb S/acre coarse textured soils) so potential differences between product crop available-S supply might be measured. Sulfur fertilizers were broadcast applied by hand to the soil surface in the spring and incorporated prior to planting, except two farmer cooperator sites in 2018 that were planted before application. Because the ammonium sulfate and Polysulfate fertilizers contained N or K, urea and potash were applied to other plots to equalize those two nutrient applications.
At all sites soil samples were collected spring preplant prior to S treatment application, 0-6 inch depth, from each no-S control plot. The soil samples were analyzed for routine soil fertility measures including: Mehlich-3 colorimetric soil test P (STP), Mehlich-3 soil test K (STK), water pH, organic matter (dry combustion), and extractable sulfate-S with the monocalcium phosphate (MCP) and Mehlich-3 (M-3) extractants (S concentration determination by ICP) (Nathan and Gelderman, 2015). All test results are presented on a dry soil basis (Table 1).
	Whole plant and leaf samples (10 per plot) were collected from each plot, with whole plants collected at the V6 corn development stage and ear leaves (opposite and below the primary ear) at the R1 stage. Samples were dried in an air-forced oven at 140ºF, ground in a Wiley Mill to pass through a 2-mm sieve, and pulverized in a ball-mill before analysis. Samples were analyzed for total S by nitric acid/hydrogen peroxide digestion with S concentration determination by ICP.
	Corn grain was harvested by hand or with research plot combine equipment. Reported yields were adjusted to 15.5% moisture content basis.
	Statistical differences between treatments were determined with PROC GIMMIX and PDIFF for LSMEANS at P ≤ 0.10 (SAS Institute, ver. 9.4), with analysis by site and across sites. Single degree of freedom contrasts were determined for groupings of control versus all sulfate fertilizers, elemental S versus all sulfate fertilizers, and Polysulfate versus ammonium sulfate+gypsum.

RESULTS AND DISCUSSION
Of the 12 sites, 3 had a grain yield increase from application of an S fertilizer, and a yield increase with the response across sites (Table 2). At one site (Be18), on an eroded sideslope position, the yield response was quite large at 106 bu/acre. At the 3 responsive sites, and across sites, there was no difference in yield between the three sulfate containing fertilizers. This indicates that all sulfate fertilizers were supplying crop available S to the corn. At the Ka17 site, response was inconsistent. There was no yield increase with S application compared to the control, but the elemental S fertilizer had lower yield than the control and other fertilizers. Also, Polysulfate had higher yield than the other sulfate-S containing fertilizers, but not different than the control. Overall, the spring application of elemental S did not result in a consistent yield response and yield was lower than sulfate containing fertilizers. The sulfate containing fertilizers were equivalent in yield response.
	Sulfur application increased small plant (V6 stage) S concentration at 9 sites (Table 3), including 2 of the 3 sites with grain yield increase (one of those sites did not have small plant samples), and across sites. Six sites had increased plant S concentration with S application, but did not have a yield increase. At 8 sites plant S concentration with elemental S was lower than with the sulfate containing fertilizers, and at no site higher plant S concentration than the control with elemental S; indicating low early season available S supply from the elemental S fertilizer. Generally the plant S concentration was the same with Polysulfate compared to the ammonium sulfate and gypsum fertilizers, but an indication of lower S concentration for Polysulfate at two sites with the contrast comparisons.
	Sulfur application increased leaf (R1 stage) S concentration at 10 sites (Table 4), including the 3 sites with grain yield increase, and across sites. Seven sites had increased leaf S concentration with S application, but did not have a yield increase. At 6 sites leaf S concentration with elemental S was lower than with the sulfate containing fertilizers, and at only one site was the leaf S concentration higher than the control with elemental S; indicating low available S supply from the elemental S fertilizer. Generally the leaf S concentration was the same with Polysulfate compared to the ammonium sulfate and gypsum fertilizers, but a higher leaf concentration than gypsum at one site. For all sites, the leaf S concentrations were low, and quite lower than historically suggested S concentration critical level (around 0.21% S). As noted in other research, plant nutrient concentrations generally are lower in recent corn hybrid plants. 
There was no differentiation of site yield responsiveness vs nonresponsive from the soil, plant, or leaf S concentrations. That is, while soil and plant tests had low values (with no S applied), the low values were not a clear indication of potential yield response. These results for traditional soil and plant tests indicate a need for further study to evaluate potential tests/tools for determining S deficiency and corn yield response. Such evaluations are also needed to confirm test calibration. For example, while the MCP and M-3 extracted soil test values were related (Fig. 1, mean values for each site), the M-3 clearly extracted more S than the MCP.

SUMMARY
Of the S fertilizers evaluated, only the sulfate containing fertilizers consistently increased plant/leaf S concentration and corn grain yield. Elemental S, because the fertilizers were applied in the spring preplant, was substantially less effective (to non-effective) in increasing plant/leaf S concentration or grain yield. The new Polysulfate fertilizer was equally effective as the other two sulfate containing S fertilizers (gypsum and ammonium sulfate).
Soil and plant tests did not differentiate between yield responsive and nonresponsive sites. Also, the M-3, while linearly related to the MCP concentrations across the range measured in this study, resulted in a mean 2.2 times more S extraction than the MCP. These results indicate the need for new tests/tools for determining potential S deficiency, and care in interpretation of different soil extraction methods.
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Fig. 1. Comparison of the site mean monocalcium phosphate (MCP) and Mehlich-3 (M-3) soil sulfate-S extractions.
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Soil Soil Previous MCP‡ M-3‡

Site Series Texture Crop pH STP STK OM

%

2017

Bo17 Clarion l soybean 5.2 29 165 3.1 10.4 21.9

Ka17 Clarion l corn 5.8 37 256 3.6 7.2 12.5

Be17 Kossuth sicl corn 6.4 117 221 4.0 7.6 13.5

Am17 Coland cl corn 7.3 90 296 4.5 7.1 13.8

Ro17† Dickinson fsl corn 6.5 175 345 2.3 5.2 12.5

Wa17† Sparta lfs soybean 5.8 57 114 1.2 4.4 12.5

2018

Bo18 Clarion l corn 6.1 11 122 2.9 3.8 9.6

Ka18 Nicollet cl corn 5.4 35 176 5.1 3.4 8.8

Be18 Bode cl corn 6.4 52 186 2.4 2.6 6.4

Am18 Coland cl corn 7.7 24 180 4.6 3.8 9.6

Ro18† Dickinson fsl soybean 6.7 79 214 2.6 2.5 6.7

Wa18† Bertram fsl soybean 5.7 79 356 1.7 3.8 9.3

‡ MCP, monocalcium phosphate extraction; M-3, Mehlich-3 extraction.

- - - ppm - - - - - - ppm - - -

Sulfate-S

Table 1. Research site characteristics for 2017-2018 and 0-6 inch depth routine soil and 

extractable soil sulfate tests for samples collected preplant.

† Sites considered to be coarse texture for higher S application rate.
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Across

Fertilizer treatment Bo17 Ka17 Be17 Am17 Ro17 Wa17 Bo18 Ka18 Be18 Am18 Ro18 Wa18 Sites

No-S (Con) 191 226ab 212b 229 197 198 206 172c 105c 194 217 262 201c

Gypsum (Gyp) 187 225b 237a 239 203 192 199 191ab 213a 198 219 266 214ab

Elemental (Elm) 198 219c 230ab 221 185 191 195 167c 157b 197 234 255 204bc

Am Sulfate (Ams) 195 224bc 245a 224 213 185 212 192ab 215a 199 231 264 216a

Polysulfate (Poly) 189 232a 238a 227 196 199 212 193a 206a 191 226 256 214ab

Treatment Statistics 0.423 0.033 0.087 0.538 0.509 0.738 0.833 0.024 <0.001 0.722 0.600 0.733 0.047

Contrasts

Con vs (Ams+Gyp+Poly) 0.854 0.853 0.009 0.946 0.606 0.500 0.903 0.011 <0.001 0.666 0.360 0.982 0.007

Elm vs (Ams+Gyp+Poly) 0.151 0.014 0.271 0.335 0.161 0.948 0.311 0.003 0.002 0.931 0.333 0.306 0.034

Poly vs (Ams+Gyp) 0.723 0.027 0.788 0.654 0.369 0.314 0.611 0.920 0.629 0.232 0.908 0.287 0.772

Table 2. Corn grain yield at each site and mean across all sites in 2017 and 2018.

† Am Sulfate, ammonium sulfate.

Letters within a column indicate significant difference (P<0.10).

2017 Sites 2018 Sites

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - (P>F) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - bu/acre - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Across

Fertilizer treatment Bo17 Ka17 Be17 Am17 Ro17 Wa17 Bo18 Ka18 Be18 Am18 Ro18 Wa18 Sites

No-S (Con) 0.22 0.21b0.20cd 0.20c 0.17c 0.18 0.23 --- 0.15bc 0.18 0.15c 0.16b 0.19c

Gypsum (Gyp) 0.23 0.24a0.21bc0.24a 0.20b 0.19 0.23 --- 0.16bc 0.19 0.22ab0.23a 0.21a

Elemental (Elm) 0.23 0.21b 0.19d0.21bc 0.17c 0.18 0.22 --- 0.14c 0.18 0.16c 0.15b 0.19c

Am Sulfate (Ams) 0.23 0.26a0.22ab0.23ab0.23a 0.19 0.24 --- 0.19a 0.20 0.24a 0.23a 0.22a

Polysulfate (Poly) 0.23 0.25a 0.22a0.23ab0.21ab 0.20 0.25 --- 0.16b 0.20 0.21b 0.21a 0.22a

Treatment Statistics 0.751 0.018 0.008 0.037<0.0010.111 0.257 --- 0.001 0.349<0.001<0.001 <0.001

Contrasts

Con vs (Ams+Gyp+Poly) 0.303 0.010 0.019 0.006<0.0010.044 0.348 --- 0.031 0.059<0.001<0.001 <0.001

Elm vs (Ams+Gyp+Poly) 0.895 0.005 0.002 0.047<0.0010.044 0.098 --- 0.002 0.129<0.001<0.001 <0.001

Poly vs (Ams+Gyp) 0.710 0.845 0.206 0.702 0.791 0.269 0.232 --- 0.169 0.839 0.055 0.088 0.628

2017 Sites 2018 Sites

Table 3. Corn small plant (V6 stage) S concentration at each site in 2017 and 2018.

† Am Sulfate, ammonium sulfate.

Letters within a column indicate significant difference (P<0.10).

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - (P>F) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - % S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Across

Fertilizer treatment Bo17 Ka17 Be17 Am17 Ro17 Wa17 Bo18 Ka18 Be18 Am18 Ro18 Wa18 Sites

No-S (Con) 0.17 0.14 0.14bc 0.16 0.15b 0.18 0.13 0.11c 0.09c 0.14 0.13b 0.13b 0.14c

Gypsum (Gyp) 0.19 0.15 0.15ab 0.17 0.17a 0.18 0.14 0.12ab0.12b 0.15 0.14b 0.15a 0.15b

Elemental (Elm) 0.18 0.14 0.13c 0.17 0.14b 0.18 0.15 0.12bc0.12b 0.14 0.14b 0.13b 0.14c

Am Sulfate (Ams) 0.19 0.16 0.16a 0.18 0.17a 0.19 0.15 0.12ab0.14a 0.15 0.17a 0.15a 0.16a

Polysulfate (Poly) 0.18 0.16 0.16a 0.16 0.17a 0.18 0.15 0.14a0.13ab 0.15 0.18a 0.16a 0.16a

Treatment Statistics 0.298 0.167 0.044 0.173 0.002 0.930 0.503 0.069 0.001 0.117 0.007 0.005 <0.001

Contrasts

Con vs (Ams+Gyp+Poly) 0.056 0.057 0.032 0.060 0.002 0.815 0.150 0.008 <0.001 0.078 0.003 0.002 <0.001

Elm vs (Ams+Gyp+Poly) 0.229 0.099 0.008 0.423<0.0010.560 0.541 0.216 0.190 0.018 0.020 0.004 <0.001

Poly vs (Ams+Gyp) 0.561 0.884 0.867 0.103 0.620 0.740 0.804 0.118 0.769 1.000 0.045 0.230 0.325

2017 Sites 2018 Sites

Table 4. Corn ear leaf (R1 stage) S concentration at each site in 2017 and 2018.

† Am Sulfate, ammonium sulfate.

Letters within a column indicate significant difference (P<0.10).

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - (P>F) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - % S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -


