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ABSTRACT

Advancements in modern corn genetics and adoption of intensive management practices, including in-season sulfur (S) and potassium (K) applications, have helped corn farmers set higher yield goals while prompting new questions about plant nutrient dynamics during the season and cumulative nutrient removal with grain at harvest. The primary goal of this study was to investigate how hybrid and fertility management decisions in situations with high yield potential (>225 bushels acre-1) impact plant nutrient uptake dynamics and the relationship between grain yield and nutrient removal. Two separate field-scale experiments were conducted at the Agronomy Center for Research and Education (ACRE) near West Lafayette, IN, during the 2020 and 2021 growing seasons. The first experiment compared corn hybrids grown in 3 distinct nutrient management scenarios involving in-season S and K applied at V4. The S and K treatments included: ammonium thiosulfate (ATS) (12-0-0-26S at 20 lbs. SO4 ac-1), the same ATS treatment plus Aspire™ (0-0-58 (K2O)-0.5(B) at 100 lbs. K2O ac-1), and a non-treated control (NTC) with no S or K application. Grain yields following ATS and ATS plus Aspire™ treatments were similar (averaging ~232 bu.ac-1 across the 4 hybrids) but much higher than NTC (194 bu.ac-1). Interactions between hybrid and fertility treatments were not observed for grain yields, but were – in preliminary results - observed for certain grain nutrients. In year one, removal of S and K through the grain was greatest in ATS plus Aspire™ (57 lbs. K ac-1, 10.9 lbs. S ac-1), followed by ATS (50 lbs. K ac-1, 9.6 lbs. S ac-1), and NTC (41 lbs. K ac-1, 6.6 lbs. S ac-1). The second experiment involved a single hybrid in the Long-Term Tillage trial at ACRE, where 4 tillage systems (no-till (NT), strip-till (ST), chisel-plow (CP), and moldboard-plow (MP), were evaluated under continuous versus rotation corn with 2 contrasting fertility treatments (ATS and NTC). Under the corn-soybean rotation, ATS (243 bu.ac-1) slightly increased grain yields over NTC (235 bu.ac-1). In continuous corn, yields averaged 214 bu.ac-1 and were not increased with ATS. In year one, ATS increased average grain removal of S by 14%, or 1.3 lbs. S ac-1 ,over NTC across all tillage and rotation treatments. Regressions with grain yields confirmed that certain grain nutrient concentrations had slightly negative relationships with yield; these included Zn (r2=0.20), Fe (r2=0.25), and B (r2=0.20). However, nutrient removal of K (r2=0.31) and S (r2=0.25) had slightly positive relationships with yield. Weak relationships of specific nutrients to grain yield suggest that applying in-season S and K fertility can lead to increases in grain nutrient removal that are independent of corn yield gains associated with hybrid or tillage systems.
MATERIALS & METHODS

[bookmark: _Hlk86739208]Two separate 2-year field-scale experiments were conducted at the Agronomy Center for Research and Education (ACRE) near West Lafayette, IN.
The first experiment (Exp. 1) followed a corn-corn rotation where fall strip-tillage was implemented prior to each growing season. The Pioneer hybrids used in the study included P0574AMXT (105 CRM), P1055Q (110 CRM), P1197AMXT (111 CRM), and P1464AML (114 CRM). Plot dimensions were 15’ wide by 200’ long and planting density was 34,000 plant.ac-1. R1 earleaf and R6 grain samples were collected and sent to Ward Laboratories (Lincoln, NE) for PT2 analysis. Soil fertility samples were collected prior to planting in year one and after fertility applications in year two, then sent to A&L Great Lakes Laboratory (Fort Wayne, IN) for S1M3 analysis. 
The second experiment (Exp. 2) was conducted within the long-term-tillage (LTT) study at ACRE. The design was a split-split-plot with four blocks. The 12-row plots were split by a fertility treatment, consisting of an early-season broadcast ATS application versus NTC. ATS was applied both years of the experiment, regardless of the crop rotation. The hybrid used each year was P1464AML, planted at 34,000 plant.ac-1. Plot dimensions were 15’ wide by 150’ long. Earleaf samples were collected at R1 in addition to grain samples collected at R6. Table 1. An in-depth look at fertilizer treatments across the two experiments observed in this study.


RESULTS AND DISCUSSION
Table 2. Soil fertility (15-core composite samples) from the Exp.1 & 2 at ACRE. Critical K was calculated using the equation 75+2.5*CEC. “Field average” samples were collected prior to fertilization. Results available for Exp. 2 were from 2018. Exp. 1 in 2021 had each fertility block sampled separately after fertility application.
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[bookmark: _Hlk86744115]Figure 1. Exp. 1: R1 earleaf N% (left) and K% (right). Error bars represent standard error. Blue bars represent NTC, red bars represent ATS alone, and green bars represent ATS and AspireTM. 
Figure 2. Exp. 2: R1 earleaf N% (left) and S% (right). Blue bars represent NTC, red bars represent  ATS. Averaged across all rotations and tillage systems. Error bars represent standard error.


The critical K level was calculated to be 130 ppm based on guidelines in the Tri-State Fertilizer Recommendations (Vitosh et al., 1995). Soil K concentration increased 29 ppm after ATS & AspireTM was applied (ASP+ATS, 147 ppm K) compared to the non-treated control (NTC, 118 ppm K), which was below the critical K level.  Soil test S increased with the addition of ATS fertilizer by 4.7 ppm over the NTC treatment. 
Mid-season earleaf samples were collected at R1 to evaluate plant health status during the critical period, right as the plant’s high demand for K is starting to diminish. Figure 1 shows that in Exp. 1, N and K concentrations increased with the addition of S fertilizer over the control, however no difference was found between S fertilizer alone versus S & K fertilizer. S concentrations varied considerably by year in Exp. 1. Figure 2 shows that in Exp. 2, N concentrations were similar, while S concentrations increased in NTC over the S treatment in 2021. Figure 3 shows that in Exp. 1, grain yield increased with the addition of an S treatment over NTC. No further yield increases were observed in the S & K treatment. Overall grain yields for ATS and NTC plots in Exp. 2 (Figure 3) were similar each season. However, Exp. 2 yields were much lower in year two.
The soil data collected after the fertility applications in year two of Exp. 1 show that in-season S applications can increase soil test S despite some spatial variability in the field (as demonstrated by the decline in OM in S plots). This variability was likely due to the location of the S fertility block in year two, partly located on a Raub-Brenton complex (RcA, 0 to 1 percent slopes) soil type whereas the other treatments were located on a Chalmers silty clay loam (Cm) according to NRCS-USDA Web Soil Survey in 2021. While the in-season S & K application increased soil test K above the critical K threshold, it is important to note that tissue concentration and grain yield responses were not significant. When yields in Exp. 1 are combined over both years, the fertility treatments averaged 232 bu.ac-1 each, a 38 bu.ac-1 increase over NTC (194 bu.ac-1). 
Soil fertility results indicated Exp. 2 had higher soil fertility than Exp. 1. Weather conditions around fertility treatment timings may have been a factor. Both years consisted of cool, wet springs which likely delayed mineralization of organic matter in the soil. In Exp. 1, S deficiency symptoms were seen in both years, however the 2021 NTC plants experienced considerable yellowing due to an imbalanced N:S ratio within the plant (data not shown), likely exacerbated by the timing of the side dress N application. These early S deficiency symptoms manifested into stunted plants as the season progressed and it was clear that the plants would not fully recover by maturity. Switching to a more balanced N fertilization strategy involving split-application timings could lessen the nutrient imbalances seen in Exp. 1. With regard to the K fertility treatment, precipitation was limited in the 2 weeks following the broadcast AspireTM application in both 2020 and 2021 (data not shown). While drought conditions were not realized in either year, a lack of moisture close to the soil surface likely delayed the movement of K to the plant roots at a time of very high K demand. Furthermore, Exp. 1 did not evaluate the residual effects of repeated K fertilization, which is a proven strategy to optimize soil K levels, since the fertility blocks in year two were imposed where K was not applied in year one. Figure 3. Experiment one (top): Grain yield adjusted to 15.5% moisture content averaged across all four hybrids. Experiment two (bottom): Grain yield adjusted to 15.5% moisture content averaged across averaged across all rotations and tillage systems. Error bars represent standard error.


Relationship between grain yields and nutrient removal after S & K application

Research in the past decade has suggested that high-yielding modern corn hybrids may remove less nutrients per bushel of grain yield than older, lower yielding hybrids. This “dilution effect” is sometimes observed in grain nutrient components at high yield levels and is attributed to increased nutrient-use-efficiencies, as observed in a large on-farm trial (Culman et al., 2019). Other prior studies have identified specific nutrient concentrations in grain, such as P and K, as being positively associated with yield level and, in some cases, with soil nutrient levels as well (Heckman et al., 2003). 
This Purdue University study is uniquely positioned to study the impact of S and K fertility treatments on grain nutrient removal trends due to the wide range in observed yield levels (141 to 271 bu.ac-1) at constant N rates in addition to the absence of yield response to K in Exp. 1, and to S in Exp. 2. A multivariate regression analysis was performed to detect relationships between grain yield and grain nutrient dynamics. Grain K (r2=0.31) and S (r2=0.25) content (i.e. removal) had the strongest positive relationships with grain yield, while grain K (r2=0.16) and S (r2=0.13) concentrations had slightly weaker positive relationships with grain yield (Figure 4). 
Current trends observed in the data indicate a positive relationship between certain grain nutrient dynamics and increasing grain yields. We expect these trends to increase in strength once processing of all samples is complete.[bookmark: _Hlk86748060]Figure 4. Regressions combine the available R6 datasets from year one of each experiment. 95% confidence interval shown in blue. Yield range for the dataset shown is 193 to 271 bu.ac-1. All regressions were performed using JMP Pro Ver. 16 (SAS). Top Left: Grain yield regressions versus Grain K content (lbs. K ac-1). Top Right: Grain yield regression versus Grain S content (lbs. S ac-1). Bottom Left: Grain yield regressions versus Grain K concentration (%). Top Right: Grain yield regression versus Grain S concentration (%).


An important finding from the first year of Exp. 1 was the consistent increase in grain nutrient removal when K was applied in addition to S. Removal of most nutrients analyzed (P, K, S, Zn, Fe, Mn, B) increased by over 10%. Grain N removal increased by ~9% when K was applied (from 148 lbs. N ac-1 to 158 lbs. N ac-1). Because yields were not higher when in-season K fertilization was added to the S application, these results indicate that the added K either increased remobilization efficiency from stover to grain, otherwise known as nutrient harvest index, or decreased the nutrient-use efficiency of some nutrients. Further results are needed to confirm the physiological drivers of these trends. 

CONCLUSIONS

Further research that incorporates the disciplines of soil fertility and crop physiology will be crucial to helping farmers optimize yields in specific genotype and management scenarios as yields continue to improve. This S and K fertility research demonstrates the variable results that can occur. For example, when S is applied in-season, deficiency symptoms can be reversed resulting in substantial yield gains. However, no yield returns from S applications were also observed even when S nutrient removal through the grain increased. This on-going study has also confirmed the current best-management practices of K fertilization, demonstrating that in-season K applications have a minimal chance of increasing grain yield despite enhancing grain K removal.
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Study,  Year   Location (at ACRE)   Exp.  Design   Fertility  Treatments   Reps   Total  Plots   Sulfur Rate  via ATS   Broadcast   Potassium Rate   via   Aspire TM   Broadcast   Starter  Rate   2x2 Band   Final  Nitrogen  Rate  via UAN  28%   Side dress  

(lbs. S ac - 1 )   (lbs. K 2 O ac - 1 )   (10 - 34 - 0)   (lbs. N ac - 1 )  

Exp. 1   2020 - 21   Field 85    3 Fertility Blocks   4 Hybrids     RCBD  within 3  separate  fertility  blocks   NTC (Control)   4   16   0   0   15 gal.ac - 1   227.5  

ATS (S Only)   4   16   20   0   15 gal.ac - 1   227.5  

ATS+ASP (S & K)   4   16   20   100   15 gal.ac - 1   227.5  

Exp. 2     2020 - 21     Long Term Tillage   2 Rotations (Main)   4 Tillage (Sub)   Split - Split  Plot   NTC (Control)   4   32   0   0   15 gal.ac - 1   210  

ATS (S Only)   4   32   20   0   15 gal.ac - 1   210  
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Year   Trial   Sample    pH   OM   CEC   P   K   Critical K   Mg   Ca   S   Zn   Mn   Fe   Cu   B  

(1:1)   %     Method :   M3_ICP                                                       Unit:  ppm  

2018   Exp 2   Field Avg.   6.8   4.1   25   49   222   139   900   3237   7   2   18   131   3   1  

2020   Exp 1   Field Avg.   6.9   3.8   18   29   142   120   706   2294   4   1   30   99   2   1  

2021   Exp 1   NTC   7.0   3.9   22   33   118   131   873   2871   9   1   15   100   3   0  

2021   Exp 1   ATS   6.7   2.8   16   32   129   114   575   1862   14   1   39   104   2   0  

2021   Exp 1   ATS+ASP   6.8   4.2   24   45   147   134   907   3008   15   2   15   110   3   1  


image4.emf
 

Year   Trial   Sample    pH   OM   CEC   P   K   Critical K   Mg   Ca   S   Zn   Mn   Fe   Cu   B  

(1:1)   %     Method :   M3_ICP                                                       Unit:  ppm  

2018   Exp 2   Field Avg.   6.8   4.1   25   49   222   139   900   3237   7   2   18   131   3   1  

2020   Exp 1   Field Avg.   6.9   3.8   18   29   142   120   706   2294   4   1   30   99   2   1  

2021   Exp 1   NTC   7.0   3.9   22   33   118   131   873   2871   9   1   15   100   3   0  

2021   Exp 1   ATS   6.7   2.8   16   32   129   114   575   1862   14   1   39   104   2   0  

2021   Exp 1   ATS+ASP   6.8   4.2   24   45   147   134   907   3008   15   2   15   110   3   1  


