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Objectives 

The specific objectives of this study are to: 
• Evaluate proximal and remote sensing technologies for corn S status diagnosis. 
• Develop management zone-based and proximal and remote sensing-based precision S 
management strategies. 
• Assess the performance of different precision S management strategies under on-farm 
conditions. 

Executive Summary 

In 2025, two commercial on-farm variable-rate sulfur (S) trials were conducted across 214 
combined acres (Maher North, Le Sueur County; Storo, Wabasha County), with a management 
zone (MZ)-based variable-rate S application strategy outperforming the farmer's flat-rate practice 
of 20 lb S/ac gypsum in both fields.  
At Maher North, the MZ strategy (14 lb S/ac average) achieved the highest corn yield (245 bu/ac) 
and improved net return by $9/ac using 30% less S. At Storo, the MZ strategy (10 lb S/ac, half the 
farmer practice) matched the top yield (213 bu/ac) and delivered the largest economic advantage 
in the trial (+$14/ac).  
Proximal sensor evaluation across 192 long-term S experiment (LTS) plots at Rosemount and 
Waseca identified Dualex Chlorophyll as the primary non-destructive in-season S status indicator 
at R1 stage, with V9–V10 representing the earliest actionable sensing window for corrective 
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management. Fall soil SO₄-S test remained statistically non-diagnostic after seven years of 
differential S management, the strongest possible empirical justification for the project's sensor-
based diagnostic approach, while R1 ear leaf tissue S achieved the highest explanatory power of 
any variable (R² = 0.78 at both sites). Multispectral UAV imagery was collected at both LTS sites 
on five dates, synchronized with proximal sensing, with data integration and machine learning 
(ML) model development scheduled as the core analytical deliverables for Year 2 (AFREC R2026-
12). 

Task 1: Proximal Sensor-Based Corn Sulfur Deficiency Diagnostic Technology 

1.1 Long-Term Sulfur Experiment Sites, Study Design 

Sensor evaluations were conducted at two long-term S experiment (LTS) sites managed by Dr. 
Daniel Kaiser: Rosemount Research and Outreach Center (Tallula soil series; OM 4.2%) (Figure 
1) and Waseca Research and Outreach Center (Clarion-Webster series; OM 4.7%) (Figure 2). Both 
sites followed a three-factor randomized complete block design (RCBD): Application type 
(Annual vs. Residual) × S Source (SOP, K-MST, Tiger 90, Control) × S Rate (5, 10, 20 lb S/ac), 
replicated four times per site, a total of 192 plots. Continuous differential S treatments since 2019 
(seven years) provided an unparalleled platform for evaluating S source longevity, carryover, and 
the practical limits of soil-test diagnostics. 

1.2 Sensing Data Collection 
V5: pXRF leaf sensor (non-destructive, in-field) (Figure 3) and Crop Circle ACS-430 NDRE 
active canopy sensor. 
V5 through R2–R3 (5 dates): Dualex 4.5 Sci (Force-A) with four parameters (Chlorophyll, 
Flavonoids, Anthocyanins, and Nitrogen Balance Index (NBI)) (Figure 4) and UAV remote 
sensing data collection (Figure 5). Dates: June 27 (V5), July 11 (V7/V8), July 17/18 (V9/V10), 
July 24 (R1), August 1 (R2/R3). 
V10 and R1 (Dr. Kaiser's team): SPAD meter (upper leaf V10; ear leaf R1) and destructive tissue 
sampling for total leaf S concentration (commercial lab analysis). 
Post-harvest: Fall soil SO₄-S (0–24 inch; two cores per plot). 
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Figure 1. Aerial view of the Waseca LTS trial site at mid-vegetative stage (2025). Treatment-driven differences in 
canopy density are visible across plots, illustrating the spatial scale of differential S response captured by the 
experimental design and UAV multispectral imaging. 

 
Figure 2. Ground-level view of the Rosemount LTS site at an early vegetative stage. The rolling topography and 
Tallula soil variability contribute to the spatial gradients that dominate early-season sensing signals at this site. 

 
Figure 3. Renzo Negrini conducting pXRF (portable X-ray fluorescence) leaf elemental analysis at V5. The pXRF 
provides non-destructive, in-field quantification of leaf S and multiple co-elements simultaneously, enabling rapid 
per-plot elemental profiling without destroying plant material. 
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Figure 4. Research team collecting Dualex leaf fluorescence readings at an early vegetative stage. The Dualex 4.5 
Sci simultaneously measures Chlorophyll, Flavonoids, Anthocyanins, and NBI per leaf, building plot-level optical 
indices tied to in-season S nutritional status. 

 
Figure 5. Renzo Negrini preparing the DJI Mavic 3M multispectral UAV for a canopy sensing flight over the LTS 
sites. Flights were conducted on the same five dates as Dualex sensing, capturing spatially continuous canopy 
reflectance at full-plot resolution across the growing season. 

1.3 Results 

1) V5 pXRF 
No significant S treatment effects were detected by pXRF at V5 (all p > 0.05; R² = 0.27–0.31). 
Correlation with tissue S measured at V10 was near zero (r = −0.10 to +0.18), confirming that V5 
is too early for reliable pXRF-based S diagnostics. Plant S concentrations have not yet diverged 
sufficiently across treatments to produce detectable leaf elemental signals at this stage.  

2) V5 Crop Circle Canopy Sensor, Moderate Early Signal 

The Crop Circle active canopy sensor outperformed pXRF at the same growth stage: App*, 
Source*, Rate† at Rosemount (R² = 0.41); App***, Source***, Rate***, App×Source** at 
Waseca (R² = 0.71; †p < 0.10) (Figure 6). Canopy-level reflectance captures cumulative S supply 
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differences in early canopy vigor more effectively than single-leaf elemental analysis, particularly 
on the Clarion-Webster soil series, where treatment effects were pronounced. This result supported 
integrating the RapidSCAN active canopy sensor (planned for V6 in Year 2) as a low-cost 
complement to Dualex for early-season S status monitoring. 

3) V10 and R1 Tissue S and SPAD Chlorophyll Meter 
V10 upper leaf tissue S (App***, Source***, Rate*** at both sites; R² = 0.68–0.71) and R1 ear 
leaf tissue S (App***, Source***, Rate***, App×Source** at both sites; R² = 0.78) were the two 
strongest treatment-responsive variables in the 2025 dataset (Figure 6). The annual-to-residual 
decline in R1 tissue S concentration averaged approximately 11% across sites, confirming 
progressive S depletion under residual-only management. Source ranking in 2025 (MST ≈ Tiger 
90 ≥ Sulfate > Control) reflected an important multi-year shift: after 6–7 years of cumulative 
annual application, Tiger 90 matched or exceeded sulfate-based sources in V10 tissue S 
concentration, likely due to the gradual buildup of oxidized elemental S pools over time. R1 SPAD 
(R² = 0.69–0.71) responded significantly to App and Source but remained secondary to direct 
tissue analysis as a diagnostic variable. 
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Figure 6. Treatment effects (Application × Source) on all measured agronomic variables (V5 NDRE, V10 leaf S, 
V10 SPAD, R1 ear leaf S, R1 SPAD, grain yield) at Rosemount (left) and Waseca (right), 2025 LTS trial. Annual 
treatments consistently outperform Residual; MST and Tiger 90 approach or match SOP performance after 6–7 
years of cumulative application. App × Source interaction is significant for most variables at both sites. 
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4) Grain Yield, Site-Dependent Application Effect 
Grain yield responses differed sharply between sites, exposing a critical soil-driven contrast in S 
carryover capacity with direct implications for site-specific management recommendations. At 
Rosemount, annual S application conferred a 13.5 bu/ac yield advantage (Annual: 235.7 bu/ac vs. 
Residual: 222.2 bu/ac; App p < 0.001; R² = 0.57) (Figure 7). Residual Sulfate plots collapsed to 
near-Control yield levels, while Residual Tiger 90 partially maintained yield, an important 
practical finding for product selection under reduced-frequency application strategies. At Waseca, 
Application type was not significant (p = 0.80; R² = 0.39): the higher-SOM Clarion-Webster soil 
sustains S mineralization sufficient to maintain yield without annual reapplication. This cross-site 
contrast (Rosemount site sustained yield on residual S, but not at Waseca site) is among the most 
management-relevant findings of Year 1. 

 

 
Figure 7. Corn grain yield by S source and application type (Annual vs. Residual) at Rosemount and Waseca, 2025 
LTS trial. The +13.5 bu/ac annual application advantage at Rosemount (p < 0.001) contrasts sharply with no 
significant Application effect at Waseca (p = 0.80), reflecting fundamental differences in S mineralization capacity 
between the Tallula and Clarion-Webster soil series. 

5) Fall Soil SO₄-S, Non-Diagnostic 
Post-harvest fall soil SO₄-S (0–24 inch) was not significantly affected by Application, Source, or 
Rate at either site after seven years of differential S management (all main effects p > 0.25). The 
Rep block effect dominated (p < 0.001), confirming that within-field landscape variability 
overwhelmed treatment-induced differences in fall soil S pools. This result, consistent across all 
seven years of the Kaiser LTS dataset, provides the strongest possible empirical foundation for 
this project's central premise: soil sulfate-S tests cannot reliably guide precision S management in 
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Minnesota. This finding stands as a compelling argument for continued investment in the sensor-
based diagnostic and management zone approach being developed under this project. 

1.4 Dualex Leaf Fluorescence Sensing Result 

The Dualex 4.5 Sci can measure leaf Chlorophyll (Chl), Flavonoids (Flav) and Anthocyanins 
(Anth) concentrations, and NBI (= Chl/Flav) can be calculated. A standardized QA/QC pipeline 
was developed and applied uniformly across all five collection dates: instrument calibration group 
filtering, IQR-based outlier removal, and deterministic serpentine plot-to-treatment mapping. The 
pipeline produced five cleaned plot-level CSVs and 20 integrated Dualex columns in the master 
dataset. 
1) V5 and V7–V8, no treatment signal: Block (Rep) spatial structure dominated at both sites. 
Dualex sensor tracked field-level productivity gradients but could not discriminate S management 
signals at these early vegetative stages. Plant S concentrations did not diverge sufficiently across 
treatments (Figure 8-10). 
2) V9–V10, First Actionable Window: Leaf Chl was significantly affected by S rate at both sites 
(Rosemount p = 0.029; Waseca p = 0.017). S application significantly affected NBI at Rosemount 
(p = 0.021). This window aligns with conventional sidedress timing and is the earliest point at 
which Dualex readings can guide a corrective management decision (Figure 8-10). 
3) R1, Peak Diagnostic Performance: S source significantly affected leaf Chl at Waseca (p = 
0.006), the strongest ANOVA result in the entire 2025 dataset. Annual plots show Δ ≈ +3.4 Chl 
units over Residual at Waseca. Pearson r: Chl vs. R1 SPAD = 0.62; Chl vs. V10 tissue S = 0.48; 
Chl vs. R1 tissue S = 0.44 (all p < 0.001 at Waseca) (Figure 8-10). 
4) R2–R3, Subsiding but Informative: Treatment effects subsided as grain fill fixed the S 
trajectory. Leaf Chl retains moderate predictive value (r = 0.54–0.55 with SPAD and tissue S at 
Waseca). This stage is too late for corrective management, but confirms stability of the R1 
diagnostic signal (Figure 8-10). 
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Figure 8. Dualex Chlorophyll (top) and NBI (bottom) seasonal trajectories for Annual vs. Residual S application at 
Rosemount and Waseca, 2025 LTS trial. Treatment signals are absent at V5–V7/V8, emerge at V9–V10 (Rate and 
App effects), peak at R1 (Source p = 0.006 at Waseca), and subside during grain fill. The V9–R1 window is the 
primary diagnostic corridor for Dualex-guided S management in corn. 

 
Figure 9. Dualex Chlorophyll at R1 (July 24, 2025) by S source and application type at Rosemount and Waseca. 
Source effect at Waseca (p = 0.006) is the strongest result in the 2025 dataset. Annual plots show ~3.4 Chl-unit 
advantage over Residual, with MST and Tiger 90 producing the highest Chlorophyll values, consistent with their 
superior tissue S performance at this stage. 
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Figure 10. Predictive correlation structure between Dualex Chlorophyll and key agronomic variables across 
collection dates, 2025 LTS trial. Diagnostic power builds progressively from V5 (near-zero) through V9–V10 (first 
significant relationships with tissue S and SPAD) to R1 (peak correlations), then partially sustains through R2–R3. 
This temporal profile directly informs sensing prioritization and feature selection for the Year 2 stacking ML 
models. 

1.5 Diagnostic Performance Summary, Year 1 

Table 1 synthesizes the diagnostic performance of all sensors and variables evaluated in Year 1, 
providing a concise decision matrix for sensor prioritization in Year 2 and as input to the multi-
sensor stacking model framework. 
Table 1. Diagnostic performance of proximal sensors and agronomic variables evaluated across 
growth stages at the Rosemount and Waseca long-term sulfur experiment sites, 2025 growing 
season. 

Sensor / 
Variable 

Stage Treatment 
Variance 
Explained 

Best Treatment 
Effect 

Diagnostic 
Value 

pXRF (leaf S) V5 Low None (NS) Not diagnostic 
NDRE, Crop Circle V5 Moderate / High† App*, Source*, 

Rate† 
Moderate 

Dualex Chl V7–V8 None None (NS) Not diagnostic 
Dualex Chl V9–V10 Low/Moderate Rate*, App* First actionable 

signal 
Tissue S (upper 

leaf) 
V10 High App***, Source***, 

Rate*** 
High 

SPAD (upper leaf) V10 Moderate App***, Source*** Moderate 
Dualex Chl R1 Moderate Source** (Waseca) Peak non-

destructive 
Tissue S (ear leaf) R1 Very High App***, Source***, 

Rate*** 
Highest 

(destructive) 
SPAD (ear leaf) R1 High App***, Source*** High 
Fall soil SO₄-S Post-harvest None None (NS) Not diagnostic 

Scale anchored to known model R²: Low = 0.27–0.31; Moderate = ~0.41; High = 0.68–0.71; Very High = 0.78. Qualitative 
ratings applied uniformly where exact R² was not extracted from mixed-model output in Year 1. †Site-dependent: Moderate at 
Rosemount (R² = 0.41), High at Waseca (R² = 0.71). ‡p < 0.10. *p < 0.05; **p < 0.01; ***p < 0.001. ROS = Rosemount; WAS 
= Waseca. 
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Task 2: UAV Multispectral Remote Sensing 

Multispectral UAV imagery was collected using a DJI Mavic 3M (five multispectral bands: Green, 
Red, Red-Edge, Near-Infrared, plus RGB) at both Rosemount and Waseca LTS sites across five 
dates co-aligned with the Dualex sensing schedule (June 27, July 11, July 17/18, July 24, August 
1, 2025), spanning V5 through R2–R3. All flights were conducted in accordance with established 
protocols for sun angle, altitude consistency, and deployment of a ground calibration panel for 
reflectance normalization. Data quality was confirmed at collection. This synchronized multi-date 
dataset, with proximal and UAV data on the same dates and plots, is uniquely positioned for multi-
scale sensor fusion analysis. 
Plot-level vegetation index extraction (NDVI, NDRE, GNDVI, CIre) via orthomosaic processing 
and spatial join with the LTS plot boundary layer is the first analytical priority of Year 2 (R2026-
12, Q1 April–June 2026). Results will feed directly into the multi-sensor stacking ML models. The 
co-collection design ensures that UAV-derived indices and Dualex leaf indices can be compared 
at the same plot × date level, enabling rigorous evaluation of remote vs. proximal S detection. 
Data status: Raw multispectral imagery archived for all five dates at both sites. Processing 
pipeline (DJI Terra/Pix4Dmapper → orthomosaic → plot spatial join → VI extraction) is defined 
and ready for execution in Q1 Year 2. 

Task 3: Satellite Remote Sensing 

PlanetScope satellite remote sensing analysis is planned as a core Year 2 activity. PlanetScope 
provides daily imagery at 3 m spatial resolution, fine enough to monitor treatment-level canopy 
reflectance within the LTS plots and to capture within-field variability patterns at the on-farm trial 
scale. Vegetation indices sensitive to corn S status will be extracted as time series aligned with the 
in-season sensing schedule and evaluated against tissue S, Dualex indices, and yield. The on-farm 
variable-rate trial design, with known S-rate zones across 110+ acres, is particularly well suited 
for identifying satellite VI thresholds predictive of optimal S-rate and for guiding in-season 
sidedress recommendations at the field scale. 
In Year 1, no satellite analysis was conducted; this is consistent with the project timeline, which 
scopes satellite work to Year 2, when on-farm treatment variability and aligned sensor data 
layers are fully established. 

Tasks 4 and 5: Management Zone-Based Precision S Strategy and On-Farm Evaluation 

1. 2025 On-Farm Variable Rate S Trials 

Two commercial corn fields in southeastern Minnesota were enrolled in 2025 variable-rate S 
(VRS) trials: Maher North (Le Sueur County) and Storo (Wabasha County), both operated by 
cooperating farmer Blake Carlson of Molitor Brothers Farm. Each field was evaluated using a 
checkerboard grid design with five S strategies: 0, 10, 20, 30 lb S/ac (gypsum) plus a MZ-based 
variable rate treatment. All fields received 6 lb S/ac elemental sulfur uniformly at planting. MZ 
prescriptions were developed using five spatial input layers: relative elevation, SOM, slope, yield 
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spatial trend (YST), and yield temporal stability (YTS), which were clustered using the fuzzy c-
means (FCM) methodology. 

2. Maher North Results 

Field: 81 acres, Le Sueur County; loam to silt loam; medium-to-low OM; irrigated; preplant 
gypsum-S applied April 23, 2025; harvested October 17, 2025. 
Yield response to S rate was modest (242–245 bu/ac), indicating the field was largely S-sufficient 
in 2025, likely due to a good baseline S supply from prior history and irrigation contributions and 
the unform application of 6 lb S/ac in the previous fall. The MZ strategy (14 lb S/ac average, using 
30% less sulfur than farmer practice) achieved the highest yield in the trial (245 bu/ac) and 
improved net return by $9/ac relative to the farmer's flat-rate 20 lb S/ac practice. Spatial analysis 
confirmed that yield variability was driven by landscape and soil factors rather than by S rate, a 
finding with profound implications: even on a largely S-sufficient field, site-specific management 
delivered economic value by eliminating unnecessary inputs in areas where the field was already 
self-sufficient (Table 2, Figure 11-12). 
Table 2. Treatment summary for Maher North 2025. FP = Farmer Practice. Pricing: corn 
$4.00/bu; gypsum $0.15/lb. 

Treatment Avg S Applied 
(lb/ac) 

Mean Yield 
(bu/ac) 

Net Return 
($/ac) 

Δ vs Farmer 
Practice ($/ac) 

0 lb S/ac 0 243 972 +15 
10 lb S/ac 10 243 964 +7 
20 lb S/ac (FP) 20 244 957 , 
30 lb S/ac 30 242 943 −14 
MZ Strategy 14 245 966 +9 

 

 
Figure 11. Maher North 2025. Mean corn grain yield and net return ($/ac) by S strategy. The MZ strategy achieved 
the highest yield (245 bu/ac) and returned $9/ac more than the farmer's flat-rate practice of 20 lb S/ac, using 30% 
less sulfur. Uniform application of 30 lb S/ac was the lowest-returning strategy. 
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Figure 12. Maher North 2025. As-applied S rate (top, green scale) vs. cleaned yield map (bottom, orange-red scale). 
Yield spatial patterns are substantially stronger than S-treatment patterns, supporting the conclusion that landscape 
and soil variability, not S rate, govern yield outcomes at this site. This pattern validates the MZ delineation 
framework and the economic benefit of precision S management. 

3. Storo Results 
Field: 133 acres, Wabasha County; silt loam to silty clay loam; high OM (5–6%); no irrigation; 
preplant gypsum-S applied May 5, 2025; harvested November 7, 2025. 
Yield response was minimal across all treatments (212–213 bu/ac), consistent with the field's high 
SOM providing a strong baseline S supply that reduced response to supplemental gypsum-S. The 
MZ strategy (10 lb S/ac average, half the farmer practice) matched the top yield (213 bu/ac) and 
delivered the largest economic advantage in the trial (+$14/ac vs. farmer practice). The flat 20 lb 
S/ac program was workable but not economically optimal; applying 30 lb S/ac cost $13/ac more 
than the farmer’s practice with no yield benefit (Table 3, Figure 13-14). The MZ approach captured 
the low-rate signal that economics favored while still maintaining a practical "maintenance vs. 
zero" plan rather than eliminating S. As at Maher North, yield variability was driven by landscape 
position and SOM, not by S rate, powerfully reinforcing the case for zone-based management over 
blanket applications. 
 
Table 3. Treatment summary for Storo 2025. FP = Farmer Practice. Pricing: corn $4.00/bu; 
gypsum $0.15/lb. 

Treatment Avg S Applied 
(lb/ac) 

Mean Yield 
(bu/ac) 

Net Return 
($/ac) 

Δ vs Farmer 
Practice ($/ac) 

0 lb S/ac 0 212 849 +16 
10 lb S/ac 10 212 838 +5 
20 lb S/ac (FP) 20 213 833 , 
30 lb S/ac 30 212 821 −13 
MZ Strategy 10 213 847 +14 
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Figure 13. Storo 2025, Mean corn grain yield and net return by S strategy. The MZ strategy (10 lb S/ac) matched the 
top yield (213 bu/ac) and added $14/ac over the farmer practice of 20 lb S/ac, the largest economic advantage in the 
trial, while applying half the sulfur. Higher fixed rates did not pay at this high-SOM field. 

 
Figure 14. Storo 2025, As-applied S rate (left, green scale) vs. cleaned yield map (right, orange-red scale). As at 
Maher North, yield spatial patterns are driven by landscape and soil variability rather than S treatment, supporting 
the conclusion that this high-SOM field was largely S-sufficient in 2025. The MZ strategy captured this signal while 
preserving a practical maintenance-rate plan. 
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4. Cross-Site Synthesis, Year 1 On-Farm Conclusions 
The two 2025 on-farm trials, conducted on contrasting soil types, management histories, and yield 
environments, converged on a unified and compelling conclusion: the MZ strategy outperformed 
the farmer's flat-rate practice at both sites, and landscape-driven soil variability governed yield 
outcomes far more than S rate variation. This finding held whether the field responded strongly to 
S (Maher North) or barely at all (Storo): in the first case, the MZ strategy allocated more S where 
it was genuinely needed and less where the field supplied it naturally; in the second case, the MZ 
strategy captured the economic benefit of reduced inputs without sacrificing yield. The approach 
is robust and scalable. 

Outreach, Communication, and Stakeholder Engagement 

1). MN On-Farm Precision Agriculture Research Network Meeting (February 2026)  
Results from the 2025 VRS on-farm trials (Maher North and Storo) were presented at the 
Minnesota On-Farm Precision Agriculture Research Network Meeting, held in February 2026 on 
the University of Minnesota St. Paul Campus. The meeting convened approximately 30 
participants: crop researchers, independent crop consultants, corn producers, and agency personnel 
from the Minnesota Department of Agriculture and USDA. The presentation covered treatment 
response, economic analysis, and management zone performance at both fields, demonstrating the 
practical benefit of precision S management for Minnesota corn producers. Discussions with MDA 
staff and consultants confirmed the immediate relevance of these findings to the state's current 
nutrient management guidance. 
2) FFAR Future Leaders Fellowship Research Presentation (Raleigh, NC) 
As part of the FFAR Future Leaders for Food and Agriculture Research Fellowship, this project's 
research was presented during the fellowship's full-week cohort training program in Raleigh, NC, 
where fellows from institutions across the United States gathered for a week of full-day sessions, 
including research presentations by each fellow. This provided national, cross-disciplinary 
visibility for the project, communicating the agronomic and economic case for site-specific S 
management to an audience of emerging food and agriculture researchers and leaders spanning 
agronomy, food science, sustainability, and engineering. 
3) Farmer Engagement 
Individual meetings were held with cooperating  farmer/consultant Blake Carlson to review 2025 
trial results, deliver site-specific VRS reports for Maher North and Storo, and collaboratively 
develop the 2026 S management strategy. Discussions covered the 2025 economic findings, MZ 
delineation at Sontag Middle and Miller East, and S rate prescriptions for 2026. Blake Carlson 
confirmed his enthusiasm for the results and his commitment to participate in both 2026 on-farm 
trials, a strong measure of farmer confidence and an important foundation for the multi-year on-
farm dataset needed to develop robust precision management strategies. 

Key Findings and Implications for Minnesota Farmers 

1). Flat 20 lb S/ac sulfur applications are not always the best economic choice  



16 
 

At both on-farm fields in 2025, the current standard practice of applying 20 lb S/ac uniformly was 
not the optimal strategy. A site-specific MZ approach, using half to two-thirds of the sulfur, yielded 
higher profits at both sites. 
2). Soil S tests alone cannot reliably guide sulfur management in Minnesota 
Fall soil SO₄-S showed no treatment differences after seven years across 192 LTS plots. Landscape 
position, not fertilizer management, drives fall soil S pools. Minnesota farmers and consultants 
relying solely on soil tests for S management decisions are likely leaving both agronomic and 
economic opportunities unrealized. 
3). The V9–R1 growth window is when non-destructive sensors can detect S status 
Before V9, corn plants do not show distinguishable S treatment responses in Dualex leaf 
fluorescence readings. At R1, the signal peaks. This window aligns with sidedress application 
timing, making in-season Dualex-guided management both scientifically feasible and practically 
actionable. 
4). Sandy, low-SOM soils face the highest risk of S yield penalty without annual applications 
Rosemount (lower SOM, Tallula series) showed a 13.5 bu/ac yield loss without annual S 
reapplication. Waseca (higher SOM, Clarion-Webster) maintained yield on residual S alone. 
Farmers on sandier soils, particularly across west-central and south-central Minnesota, should 
prioritize annual S monitoring and management. 
5). After 6–7 years, elemental S sources now perform comparably to sulfate forms. Tiger 90 
matched or exceeded SOP in V10 tissue S in 2025, a notable shift from earlier years of this 
experiment. Farmers already applying elemental S sources annually may now have built sufficient 
oxidation pools to supply crop-available S on par with more expensive sulfate sources, an 
important product-selection guidance with direct cost implications. 
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