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ABSTRACT
Corn (Zea mays L.) demand for nitrogen (N) is often met using inorganic fertilizer on Upper Midwest soils. While applying the right rate of fertilizer N normally has the greatest impact on yield and N use efficiency (NUE), selection of the right fertilizer source, placement, and application timing can fine-tune rate recommendations, improve NUE by matching soil N availability to corn demand, and minimize loss to the environment. Given the diversity of corn production environments, the objective of this synthesis study that combines 35 site-years of various studies with similar treatment structures was to elucidate which N source, placement, and timing treatments consistently improved yield across Upper Midwest soils.
Field studies were performed during the 2014 through 2018 growing seasons at six regions across Minnesota typical of Upper Midwest soils and climates. Fall and/or spring applied fertilizer sources included: urea with and without Nzone, Instinct II, or Agrotain; anhydrous ammonia (AA) with or without Nzone or N-serve; Environmentally Smart N (ESN); and ESN-urea blends. Broadcast and incorporated (BI) and subsurface band (SSB) placement strategies were also considered for fall and spring urea treatments. Treatments were applied at a sub-optimal rate of 135 kg N ha-1 for corn following corn (CC) rotations and 90 kg ha-1 for corn following soybean [Glycine max (L.) Merr] (CSb) or corn following wheat (Triticum aestivum L.) (CWh) rotations. Each site had a spring and/or fall N response curve of six to eight rates applied as urea in 45 kg ha-1 increments for CC or 30 kg ha-1 increments for CSb and CWh rotations. Each site was analyzed individually due to different treatment designs across sites.
Of the 55 N rate response curves in this data set, 27 were linear indicating significant fertilizer N losses. Linear responses were more common for CC rotations than CSb that may be related to greater surface residue that immobilized soil N during decomposition. The average fall agronomic optimal N rate (AONR) for CC was 29 kg ha-1 greater than spring with a 0.24 Mg ha-1 yield penalty while the AONR for CSb in the spring and fall were similar with a 0.5 Mg ha-1 yield penalty for fall. These results suggest that spring applied N is most likely to reduce the overall N rate while simultaneously improving grain yield.
Differences between N source, placement, and timing mean yield comparisons occurred in 21 of 35 sites while 14 sites were non-responsive. For fall applications, yield followed a general trend of AA + N-serve > ESN ≥ SSB urea > BI urea that reflects N loss potential. In contrast, spring applied urea improved yield in 25 of 72 comparisons relative to fall urea. Spring ESN had the greatest yield improvement on sites with high denitrification loss potential that primarily occurred in southern Minnesota. Nitrification inhibitors and other fertilizer additives had limited impact on grain yield improvement irrespective of N source or timing of applications. These results indicate that N source, placement, and timing decisions have less of an impact on yield relative to N rate but can significantly improve yield and environmental protection when N loss conditions are expected. 


INTRODUCTION
Historically, N fertilizer management for crop production has been challenging to address goals for environmental protection and economic profit. Biotic and abiotic factors drive N cycle processes such as N production through mineralization or reduction of N availability for crops through leaching, volatilization, immobilization, and/or denitrification (Schepers and Raun, 2008; Morris et al., 2018). Recommended best management practices (summarized as the 4R’s of right rate, right placement, right source, and right timing) have been suggested by Universities and industry for specific crops, soil textures, and climatic regions to maintain soil N fertility while minimizing N losses (UMN Extension, 2019b; UMW, 2019). However, changing climate patterns and increased public awareness of the risks of N pollution necessitate verification and possibly adjustment of current best management practice recommendations. 
[bookmark: _GoBack]Applying N at a rate that matches crop demand is one of the most effective management strategies to produce corn and minimize N losses (Roberts, 2007; Meisinger et al., 2008; Burzaco et al., 2013). Fertilizer application less than or greater than the agronomic optimal N rate (AONR) result in economic loss for the producer as unrealized yield potential or residual soil N that is subject to N loss mechanisms (Fernandez et al., 2017). In the Upper Midwest, urea is increasingly the preferred N source due to its high N content, ease of transport, and versatility of application options (UMN Extension, 2019a). To mitigate spring labor and weather constraints, producers and fertilizer retailers are increasingly investigating fall urea applications (Corteva Agriscience, 2019). Historically, fall fertilizer applications as AA have required greater N rates to optimize yield, and produce less yield relative to spring or split applications at equivalent rates (Randall et al., 2003; Vetsch et al., 2019). This yield penalty is related to fall applications being subject to N loss mechanisms for a longer period of time prior to rapid plant N uptake (Dinnes et al., 2002). Use of a nitrification inhibitor for fall applications can reduce N losses and produce yield similar to spring applications (Randall and Vetsch, 2003). 
Fertilizer source and placement can affect N availability and yield. After application, urea rapidly hydrolyzes locally increasing the soil pH favoring volatilization losses (Cantarella et al., 2018). These losses can be up to 40 to 50% of the applied N if left on a warm, moist soil surface but are significantly reduced if urea is incorporated (Bouwman et al., 2002; Engel et al., 2011; Cantarella et al., 2018). Volatilization loss potential is negligible at depths >7.5 cm (Rochette et al., 2013) because ammonium-N is retained on soil particles and diffusion is restricted by the liquid and gas phases present in the soil matrix (Sommer et al., 2004). Fertilizer sources with part or all the fertilizer in the nitrate form are susceptible to leaching and denitrification in waterlogged soils or in anaerobic soil pores. Enhanced efficiency products, including nitrification inhibitors, urease inhibitors, or slow- and controlled-release products may improve fertilizer efficiency by directly modifying N cycling processes or physically delaying N fertilizer availability (Halvorson and Bartolo, 2014). The efficacy and economic advantage of enhanced efficiency products is greatest when N loss potential is high (Nelson et al., 2008). Therefore, continued research of these 4R management practices is required to predict how often specific management practices improve yield under changing climate patterns. The following paper is a synthesis of multiple studies conducted in Minnesota to evaluate specific combinations of rate, source, timing, and placement of fertilizer N.
MATERIALS AND METHODS
Corn was grown on thirty-five field sites in Minnesota from 2014 to 2018 at the University of Minnesota Research and Outreach Centers at Crookston (Northwest), Morris (West Central), Lamberton (Southwest), Waseca (South Central), as well as the University’s Sand Plain and Research Farm (Sand Plain) in Becker, and grower fields in Theilman (Southeast) and Clara City (West Central). Soil series, texture, and crop rotation for each site are listed in Table 1. All sites were rainfed except for sites at Sand Plain that received 266, 188, and 203 mm of supplemental irrigation in 2014, 2015, and 2016, respectively as determined by the water-balance approach (Steele et al., 2010). Nitrogen treatments are presented in Table 2. No single site received every treatment listed in Table 2, but every site had a full N rate response curve applied as broadcast spring pre-plant urea incorporated by tillage. Treatments were applied at the rates listed in Table 2 for sites with CC rotation, but rates were reduced by 33% for sites with CSb or CWh rotations. Subsurface band or AA applications were done 15-cm below the soil surface at the crop row position (except for SSB urea and urea + Instinct II treatments at Waseca in 2016, 2017, and 2018 that were applied between the crop rows). Nitrogen source and placement treatments were applied at a sub-optimal rate (135 kg ha-1 for CC, 90 kg ha-1 for CSb or CWh) to more easily detect differences due to treatment. At some CSb sites, AA rates were not reduced by 33% due to equipment limitations and were not included in the subsequent analysis. The treatments used in this study were organized in a random complete block design with four replications at all sites. 
Corn grain yield was taken at harvest and adjusted at 155 g kg-1 moisture content. Precipitation data were obtained from the National Weather Service weather stations in closest proximity to each site (NOAA, 2019). Shannon diversity index abundant and well distributed rainfall (SDI) values were calculated as described in Tremblay et al. (2012). An SDI value of 0 implies complete unevenness of rainfall amount and distribution (i.e. all precipitation for a given time period in a single event) and a value of 1 implies complete evenness (equivalent rainfall every day for a given time period). 
Each site’s data were analyzed individually using SAS software (SAS Institute, 2012). Fall and spring corn grain yield response to fertilizer N rate was determined using the REG and NLIN procedures of SAS. Selected models were statistically significant at P=0.05, had normally distributed residuals, and produced the smallest root mean square error and largest correlation coefficients (Kutner et al., 2004). For N source-placement-timing (hereafter referred to as Treatment) comparisons, relative yield was calculated for each site by dividing each Treatment yield by the highest yielding Treatment and multiplying by 100. Comparisons of relative grain yield by Treatment were performed by site using the MIXED procedure of SAS where Treatment was considered a fixed effect while block was considered a random effect. Scatterplots of the residuals vs. predicted values and QQ plots were used to verify assumptions of normally distributed residuals using the RESIDUALPANEL option of the MIXED procedure. When appropriate, specific Treatment mean comparisons were made with t tests using the PDIFF option of the MIXED procedure at P=0.05. Following individual site analysis, counts of each mean comparison were tabulated across sites to give an overall total of the number of times there were or were not differences. Overall relative yield differences were determined by averaging relative yield values of significantly different Treatment comparisons. 
RESULTS AND DISCUSSION
Weather
Annual weather data were divided into three periods: Period 1 (November through March) approximated the time from fall fertilizer application to spring soil sampling; Period 2 (April through June) approximated the time from spring fertilizer application through the V6 corn development stage; Period 3 (July through September) approximated the time of rapid corn N uptake from V6 through reproduction and grain maturity. 
In this study, Period 1 was typically drier than normal (50 mm <30-year normal) in 2014, 2015, and 2018 in most regions except Southeast (Table 3). In contrast, 2016 was wetter than normal at Southwest, South Central, and Sand Plain while 2017 was similar to the 30-year normal. Precipitation distribution was similar to the 30-year normal in all regions and years except West Central in 2014 and the Sand Plain in 2014 and 2016 where SDI deviated by >0.1 indicating more evenly distributed precipitation events. In contrast, SDI deviated -0.15 for Northwest in 2017 indicating fewer precipitation events less evenly distributed throughout Period 1. Because this period is typified by frozen soils with an impermeable surface layer, precipitation distribution and quantity are of lesser importance for N transformations and processes than in other periods. However, timing of soil freeze, soil thaw, and rate of snow melt can significantly impact N loss dynamics. Fall fertilizer applications are typically delayed until the top 15 cm of the soil are <10℃ when nitrifying bacteria activity is reduced (Randall et al., 2008). However, nitrifying bacteria are active until 0℃. Delayed soil freeze increases the potential of nitrification and leaching or denitrification following soil thaw. 
In Period 2, 2014 and 2018 was wetter than normal and resulted in delayed planting and increased the risk of N loss of spring and fall applied fertilizers (Table 3). This was especially apparent in 2014 when precipitation was 178 mm (7 in) greater than the 30-year normal. Despite greater than normal precipitation, SDI values were similar to the 30-year normal. The 2016 growing season was drier than normal at West Central and Sand Plain while all other years and regions were similar to normal. 
In Period 3, South Central in 2014 and Northwest in 2017 and 2018 had drier than normal conditions. Adequate moisture two weeks prior to and following silking are extremely important for ovule fertilization and seed set (Abendroth et al., 2011). In related studies, Spackman et al. (2019) observed dry summer conditions negatively affected corn development, N uptake, and yield even when soil N content was adequate. The 2016 and 2017 growing seasons had wetter than normal conditions that reduced drought stress but increased drowning potential in low lying areas (Table 3).
Nitrogen Rate
There were 55 N rate response curves developed for this data set. Of the total, eight were non-responsive to N rate (Table 4). Five of these non-responsive curves were from Northwest and yielded 9.2 Mg ha-1 on average. The lack of response may be partially explained by Northwest sites having relatively high soil nitrate-N concentration in the check plot at V4 that increased with depth (11 mg kg-1 total inorganic N on average across sites from 0- to 90-cm). 
Linear responses accounted for 27 of the 55 response curves. Linear responses for this study are indicative of N loss as each study was designed with N rate ranges where the upper N rates far exceeded normal crop demands. All Sand Plain response curves were linear with an average yield of 9.0 Mg ha-1 at the AONR. For coarse textured soils, fertilizer sources that keep N in the ammonium form for a prolonged period or split applications are preferable (Spackman et al., 2019). However, to maintain uniformity with all other study sites, a full rate application of spring urea was used.
Of the 27 linear responses, 21 were CC and 6 were CSb representing 70% (21/30) and 29% (6/21) of the total CC and CSb N rate response curves, respectively. Greater amounts of residue with greater C:N ratios are left in the field following corn than soybean harvest. This increases microbe demand for N during stover decomposition in CC resulting in immobilization. However, the higher N rates applied in CC rotations were designed to account for immobilization, indicating that other factors may be responsible for the linear responses we observed. Immobilization combined with N loss may partially account for the greater occurrence of linear responses in CC rotations than CSb. The authors have observed that the ratio of unaccounted N (soil N + plant N uptake) to the applied N rate increases with N rate. This means a greater proportion of applied fertilizer N is lost from the active root zone at higher N rates than lower rates. This phenomenon was greater on coarse textured soils relative to fine textured soils. Of all linear responses, 60% were for fall and 48% for spring. Although fall urea applications are susceptible to N loss for a greater period prior to rapid plant uptake, both fall and spring applied urea were susceptible to N loss in our study. 
Quadratic and quadratic plateau responses occurred only in the spring for CC, but in both the spring and fall applications for CSb and CWh rotations (Table 4). Of all N response curves, 36% had quadratic responses with an average AONR of 198, 178, and 145 kg ha-1 and average AONR yield of 11.4, 13.1, and 9.4 Mg ha-1 for CC, CSb, and CWh rotations, respectively. The CC AONR value is at the high end of the acceptable N rate range (170 to 202 kg ha-1) of the MRTN approach using a 0.0056 ratio (US$1.10 kg-1 N, US$198.41 Mg-1 corn grain; 0.1 ratio standard units) while CSb exceeds the MRTN range (135 to 163 kg ha-1) (Kaiser et al., 2018). 
Of the 35 sites, 20 sites had paired fall and spring N rate response curves (Table 4). For CC (8 total sites), the average fall AONR was 29 kg ha-1 greater with a yield reduction of 0.24 Mg ha-1 compared with the spring application. This is in line with Bundy (1986) who observed a 10 to 15% yield reduction of fall vs spring N application. Likewise, the average fall AONR for CSb (10 total sites) was only 2 kg ha-1 greater than spring with a yield reduction of 0.5 Mg ha-1. These results suggest that spring applied N is most likely to reduce the overall N rate while simultaneously improve grain yield.
In contrast, the average fall AONR for CWh was 37 kg ha-1 less than spring with a yield reduction of 0.5 Mg ha-1. This result should be treated with caution as there are only two sites with fall AONR values and one of them show no response to N for the fall application. 
Nitrogen Source
Table 5 displays the overall count of Treatment responses across crop rotation and region while Table 6 displays greater detail of specific Treatment comparisons across regions for time of application and rotation. In 14 of 35 sites (40%), there was no response of yield to N Treatment (sites 1, 2, 3, 4, 6, 7, 10, 11, 12, 13, 25, 33, 34, and 35). All Northwest sites were non-responsive, likely for similar reasons as described previously. Similar results were observed for all Southeast sites, but for these sites the lack of N response was likely related to low potential for N loss and evenly distributed rainfall that likely promoted high rates of mineralization. At West Central, Southwest, and Sand Plain, on average 45% of the sites were non-responsive across years and rotations. However, Southwest CSb was always responsive to Treatment differences (6 sites). Only 1 of 11 South Central sites was non-responsive, likely reflecting the poorly drained nature of these predominantly clay loam soils. Denitrification in saturated soils and leaching from tile drainage are likely the main drivers of N losses from South Central sites. 
Fall SSB urea improved yield over fall BI urea in 7 of 32 comparisons and the ratio was consistent across rotations and inhibitor use (Table 5, 6). Fall SSB urea likely rapidly hydrolyzed locally raising the soil pH in and immediately around the band driving the NH4+–NH3 equilibrium reaction towards gas production (Cantarella et al., 2018). High ammonium concentrations and high soil pH have been shown to inhibit nitrification (Sommer et al., 2004) resulting in localized diffusion of ammonia that adsorbs to soil particles and is nitrified along the out edges of the diffusion front (Rochette et al., 2013). In contrast, BI urea is more intimately mixed with the soil at lower concentrations resulting in faster rates of hydrolysis and nitrification.
Differences between urea with and without Instinct II were ≤6% regardless of placement or time of application (Table 5). We hypothesized that banding urea with the inhibitor would enhance the capacity of the inhibitor to protect N from nitrification because of a greater concentration of inhibitor to soil volume. However, our results did not support this hypothesis. While the active ingredient (nitrapyrin) is a well-known nitrification inhibitor, there is some evidence that the microencapsulation of Instinct II may delay release of the active ingredient and thus, reduce its efficacy as nitrification might occur before the inhibitor is released (Menelas, 2014). However, in a different study where the active ingredient, nitrapyrin, was applied with both fall AA and urea, AA had a 1 MG ha-1 yield advantage likely because nitrapyrin can be more intimately mixed with AA than is possible with urea (UMN Extension, 2019a). 
Fall and spring applied ESN improved yield over urea (across placement and inhibitor) in 11 of 52 fall and 16 of 63 spring comparisons (Table 5). Fall ESN improved yield 46% of the time over BI urea (across rotation and inhibitor) but was no different from SSB urea (Table 6). Similarly, fall ESN did not improve yield over AA + N-serve and had a relative yield reduction of 21% in 2 of 5 comparisons. This indicates that SSB urea may be a strategy to improve fall urea applications. However, when compared with AA + N-serve, what could be considered the gold standard for fall N applications, urea (across inhibitor) had a 30% reduction in relative yield in 6 out of 14 comparisons (Table 6). 
As previously noted, fall fertilizer applications tend to yield less than spring applications (Bundy, 1986). In this study, spring urea improved yield over fall urea in 25 of 72 comparisons (across placement, rotation, and inhibitor) for an average 20% relative yield improvement (Table 5). Spring improvement over fall was greatest when urea was BI with and without Instinct II and was consistent across rotations (Table 6). 
Spring ESN improved yield over urea in 9 of 34 comparisons for CC and 7 of 25 comparisons for CSb (Table 6) with similar response ratios observed in South Central, Southwest, and West Central (data not shown). At Sand Plain, ESN improved yield 1.9 Mg ha-1 on average across sites over BI urea but treatment differences were significant only once in 2014 due to large variability in yield data (data not shown). Similar yield trends were observed for ESN:urea blends vs urea BI at Sand Plain (data not shown). Spring ESN improved yield over AA in 8 of 39 comparisons but this was not observed for fall (Table 5). Seven of the significant differences occurred at South Central under a CC rotation (13 South Central comparisons). Moisture and temperature conditions impact N release of ESN to the soil (Trenkel, 2010), which may protected N during the periods of heavy rainfall in late May through mid-June when the risk of denitrification is greatest. 
Several fertilizer additives were compared for AA and urea. Nzone is marketed as nitrogen management aid that alters fertilizer breakdown (AgXplore, 2019) while N-serve is a nitrification inhibitor. In this study, there was no difference between Nzone and N-serve products applied with AA in either the fall or spring (Table 5). However, this does not necessarily equate equivalence of effectiveness between products because when compared to AA alone, AA with inhibitor (Nzone or N-serve) improved yield in 1 of 6 fall comparisons and 1 of 20 spring comparisons. Nitrification inhibitors have the greatest potential to improve yield when soil moisture conditions favor N losses (Wolt, 2000) but use of an inhibitor in the spring has little to no improvement as was demonstrated in this study. When urea + Nzone was compared against urea + Agrotain (urease inhibitor) top-dressed at V6, there were no differences. When Nzone was applied with urea at planting, yield improvement occurred in 2 of 5 comparisons (both in South Central on soils with high denitrification potential) for an average 20% relative yield increase (Table 5). 
CONCLUSIONS
Nitrogen rate has a significant impact on corn grain yield while source, placement and timing fine-tune soil fertility and yield response to N. Urea is increasingly being adopted as the preferred fertilizer source for both spring and fall applications. Under Upper Midwest conditions, SSB may provide the best protection for fall urea but is likely to yield less than fall AA + Nserve or spring BI urea. Spring ESN is likely to improve yield on soils with high N loss potential but may not be worth the extra investment for other soil conditions. The response of yield to N rate and source, placement or timing will change annually in response to weather conditions. Producers should combine knowledge of their fields’ characteristics with previous years’ experience of weather patterns to determine which field areas may be prone to N loss and select an appropriate rate and source-placement-timing that matches their cultural practices and growing conditions to improve their chances for successful N management.

Table 1. Field site and soil classification for 35 field site-years from the 2014 to 2018 growing seasons in Minnesota.
	Site
	Region†
	City
	Year
	Soil Series‡ 
	Rotation§

	1
	NW
	Crookston
	2017
	Wheatville vfsl
	CWh

	2
	NW
	Crookston
	2017
	Gunclub sicl
	CSb

	3
	NW
	Crookston
	2018
	Wheatville vfsl
	CWh

	4
	NW
	Crookston
	2018
	Gunclub sicl
	CSb

	5
	WC
	Clara City
	2014
	Bearden-Quam sicl
	CC

	6
	WC
	Clara City
	2015
	Bearden-Quam sicl
	CC

	7
	WC
	Morris
	2016
	Forman-Aastad complex
	CSb

	8
	WC
	Morris
	2017
	Forman-Aastad complex; Aastad cl
	CC

	9
	WC
	Morris
	2018
	Forman-Aastad complex; Aastad cl
	CC

	10
	WC
	Morris
	2018
	Forman-Aastad complex
	CSb

	11
	SW
	Lamberton
	2014
	Amiret l
	CC

	12
	SW
	Lamberton
	2015
	Normania l
	CC

	13
	SW
	Lamberton
	2016
	Normania l
	CC

	14
	SW
	Lamberton
	2016
	Normania l
	CSb

	15
	SW
	Lamberton
	2016
	Revere cl
	CC

	16
	SW
	Lamberton
	2017
	Normania l; Amiret l
	CSb

	17
	SW
	Lamberton
	2017
	Amiret l; Webster cl; Normania l
	CC

	18
	SW
	Lamberton
	2018
	Amiret l; Webster cl; Normania l
	CC

	19
	SW
	Lamberton
	2018
	Amiret l; Webster cl; Normania l
	CSb

	20
	SC
	Waseca
	2014
	Webster cl; Canisteo sicl
	CSb

	21
	SC
	Waseca
	2014
	Nicollet cl; Webster cl
	CC

	22
	SC
	Waseca
	2015
	Nicollet cl; Webster cl
	CC

	23
	SC
	Waseca
	2015
	Nicollet cl; Webster cl
	CC

	24
	SC
	Waseca
	2016
	Nicollet cl; Webster cl
	CC

	25
	SC
	Waseca
	2016
	Canisteo-Glencoe complex; Webster cl
	CSb

	26
	SC
	Waseca
	2016
	Nicollet cl; Clarion l
	CC

	27
	SC
	Waseca
	2017
	Nicollet cl; Canisteo-Glencoe complex; Webster cl
	CSb

	28
	SC
	Waseca
	2017
	Clarion l; Nicollet cl; Webster cl
	CC

	29
	SC
	Waseca
	2018
	Nicollet cl; Canisteo-Glencoe complex; Webster cl
	CSb

	30
	SC
	Waseca
	2018
	Clarion l; Nicollet cl; Webster cl
	CC

	31
	SP
	Becker
	2014
	Hubbard ls
	CC

	32
	SP
	Becker
	2015
	Hubbard ls
	CC

	33
	SP
	Becker
	2015
	Hubbard ls
	CC

	34
	SP
	Becker
	2016
	Hubbard ls
	CC

	35
	SE
	Theilman
	2014
	Fayette sil
	CC


† NW, Northwest; WC, West Central; SW, Southwest; SC, South Central; SP, Sand Plain Research Farm; SE, Southeast.
‡ vfsl, very fine sandy loam; ls, loamy sand; l, loam; sil, silt loam; sicl, silty clay loam; cl, clay loam.
§ CC, corn following corn; CSb corn following soybean; CWh, corn following wheat.

Table 2. Nitrogen source, placement, timing, and rate treatment list. 
	Treatment
	Source†
	Placement‡
	Time
	Rate (kg N ha-1) §  

	1
	Urea
	BI
	Fall
	0

	2
	Urea
	BI
	Fall
	45

	3
	Urea
	BI
	Fall
	90

	4
	Urea
	BI
	Fall
	135

	5
	Urea
	BI
	Fall
	180

	6
	Urea
	BI
	Fall
	225

	7
	Urea
	BI
	Fall
	270

	8
	Urea
	BI
	Spring
	0

	9
	Urea
	BI
	Spring
	45

	10
	Urea
	BI
	Spring
	90

	11
	Urea
	BI
	Spring
	135

	12
	Urea
	BI
	Spring
	180

	13
	Urea
	BI
	Spring
	225

	14
	Urea
	BI
	Spring
	270

	15
	AA + N-serve
	Inj
	Fall
	135

	16
	Urea
	SSB
	Fall
	135

	17
	Urea + Instinct II
	BI
	Fall
	135

	18
	Urea + Instinct II
	SSB
	Fall
	135

	19
	AA
	Inj
	Spring
	135

	20
	Urea
	SSB
	Spring
	135

	21
	Urea + Instinct II
	BI
	Spring
	135

	22
	Urea + Instinct II
	SSB
	Spring
	135

	23
	ESN
	BI
	Fall
	135

	24
	ESN
	BI
	Spring
	135

	25
	ESN40/Urea80
	BI
	Spring
	135

	26
	ESN80/Urea40
	BI
	Spring
	135

	27
	AA + N-serve
	Inj
	Spring
	135

	28
	AA
	Inj
	Fall
	135

	29
	AA + Nzone
	Inj
	Fall
	135

	30
	AA + Nzone
	Inj
	Spring
	135

	31
	Urea + Nzone
	BR
	Spring
	135

	32
	Urea + Nzone
	BR
	SD-V6
	135

	33
	Urea + Agrotain
	BR
	SD-V6
	135

	34
	Urea
	BI
	Spring
	315


† AA, anhydrous ammonia; ESN, Environmentally Smart Nitrogen (Nutrien LTD., Saskatoon, Canada); N-serve (DOW AgroSciences, Midland, MI); Instinct II (DOW AgroSciences, Midland, MI); Nzone GL (AgXplore, Parma MO); Agrotain (Koch Fertilizer LLC, Wichita, KS).
‡ BI, broadcast and incorporated; BR, surface broadcast; Inj, injected; SSB, subsurface band. 
§ Rates listed in Table 2 are for corn following corn rotation. Rates for corn following soybean or corn following wheat were reduced by 33%. 

Table 3. Regional cumulative precipitation (P; mm) with departures from the 30-year normal (1981–2010) and Shannon diversity index abundant and well distributed rainfall (SDI) for three periods that approximate 1) fall fertilization to spring soil sampling (November 1 to March 31), 2) spring fertilization to rapid plant N uptake at V6 (April 1 to June 30), and 3) corn development and reproduction through maturity (July 1 to September 30). 
	Region
	Year
	__________Period 1__________
	__________Period 2__________
	__________Period 3__________

	
	
	P
	SDI
	P
	SDI
	P
	SDI

	Northwest
	2017
	44 (-38)
	0.41 (-0.15)
	144 (-57)
	0.56 (-0.02)
	159 (-52)
	0.58 (0)

	
	2018
	103 (21)
	0.56 (0)
	243 (41)
	0.52 (-0.06)
	148 (-63)
	0.48 (-0.10)

	West Central†
	2014
	76 (-63)
	0.60 (0.12)
	351 (103)
	0.68 (0.07)
	243 (-15)
	0.53 (-0.04)

	
	2015
	98 (-41)
	0.51 (0.03)
	279 (31)
	0.57 (-0.04)
	270 (12)
	0.47 (-0.10)

	
	2016
	114 (-2)
	0.60 (0.01)
	146 (-87)
	0.62 (0)
	364 (108)
	0.55 (0.04)

	
	2017
	88 (-28)
	0.58 (-0.01)
	250 (18)
	0.58 (-0.04)
	365 (108)
	0.55 (-0.04)

	
	2018
	66 (-51)
	0.57 (-0.02)
	288 (56)
	0.57 (-0.05)
	296 (39)
	0.57 (-0.02)

	Southwest
	2014
	90 (-29)
	0.59 (0.04)
	320 (59)
	0.68 (0.05)
	278 (5)
	0.54 (-0.05)

	
	2015
	64 (-55)
	0.56 (0.01)
	299 (37)
	0.64 (0.01)
	296 (23)
	0.56 (-0.03)

	
	2016
	194 (75)
	0.62 (0.07)
	292 (30)
	0.63 (0)
	444 (170)
	0.62 (0.03)

	
	2017
	100 (-19)
	0.57 (0.02)
	297 (35)
	0.64 (0.01)
	281 (7)
	0.62 (0.3)

	
	2018
	79 (-39)
	0.55 (0)
	347 (85)
	0.68 (0.05)
	417 (143)
	0.63 (0.04)

	South Central
	2014
	160 (-43)
	0.68 (0.07)
	543 (242)
	0.66 (0)
	170 (-157)
	0.64 (0.04)

	
	2015
	112 (-91)
	0.65 (0.04)
	384 (83)
	0.71 (0.05)
	489 (163)
	0.65 (0.05)

	
	2016
	278 (75)
	0.63 (0.02)
	265 (-35)
	0.59 (-0.07)
	900 (573)
	0.65 (0.05)

	
	2017
	209 (6)
	0.64 (0.03)
	307 (7)
	0.65 (-0.01)
	317 (-10)
	0.61 (0.01)

	
	2018
	133 (-70)
	0.57 (-0.03)
	370 (70)
	0.72 (0.06)
	501 (174)
	0.59 (-0.01)

	Sand Plain Research Farm‡
	2014
	141 (-11)
	0.63 (0.11)
	576 (310)
	0.66 (0.05)
	257 (-32)
	0.53 (-0.06)

	
	2015
	83 (-69)
	0.58 (0.06)
	279 (13)
	0.65 (0.04)
	376 (87)
	0.59 (0)

	
	2016
	199 (47)
	0.65 (0.13)
	180 (-86)
	0.73 (0.12)
	411 (122)
	0.67 (0.08)

	Southeast
	2014
	139 (-14)
	0.60 (0.02)
	424 (178)
	0.69 (0.08)
	256 (-36)
	0.59 (-0.01)


† 2014 to 2015 values come from the Montevideo weather station (closest to Clara City) whereas the 2016 to 2018 values are from the weather station in Morris.
‡ SDI value calculations do not include irrigation events.
Table 4. Parameter estimates for response models of corn grain yield (Mg ha-1) to spring or fall applied urea with the associated agronomic optimal nitrogen rate (AONR) and yield at the AONR. 
	Site
	Year
	Region†
	Rotation‡
	Time
	Parameter Estimates
	
	
	
	AONR Yield

	
	
	
	
	
	A
	B
	C
	P>F
	r2
	AONR
	

	5
	2014
	WC
	CC
	Spring
	5.0
	0.026
	
	<0.001
	0.65
	270
	12.0

	11
	2014
	SW
	CC
	Spring
	5.6
	0.047
	-0.00016
	<0.001
	0.56
	143
	9.0

	21
	2014
	SC
	CC
	Spring
	3.2
	0.024
	
	<0.001
	0.60
	270
	9.7

	20
	2014
	SC
	CSb
	Spring
	4.4
	0.050
	-0.00013
	<0.001
	0.84
	180
	9.2

	31
	2014
	SP
	CC
	Spring
	2.3
	0.014
	
	<0.001
	0.39
	315
	6.1

	35
	2014
	SE
	CC
	Spring
	6.5
	0.069
	-0.00020
	<0.001
	0.62
	169
	12.4

	6
	2015
	WC
	CC
	Spring
	6.5
	0.059
	-0.00014
	<0.001
	0.71
	205
	12.7

	12
	2015
	SW
	CC
	Spring
	NR
	
	
	
	
	0
	12.3

	23
	2015
	SC
	CC
	Spring
	5.5
	0.031
	
	<0.001
	0.86
	270
	13.9

	22
	2015
	SC
	CC
	Spring
	4.8
	0.029
	
	<0.001
	0.79
	270
	12.6

	32
	2015
	SP
	CC
	Spring
	0.8
	0.032
	
	<0.001
	0.80
	270
	9.4

	33
	2015
	SP
	CC
	Spring
	1.5
	0.024
	
	<0.001
	0.67
	270
	8.0

	7
	2016
	WC
	CSb
	Fall
	8.9
	0.022
	
	<0.001
	0.48
	180
	12.9

	7
	2016
	WC
	CSb
	Spring
	8.3
	0.042
	-0.00010
	<0.001
	0.58
	180
	12.6

	15
	2016
	SW
	CC
	Fall
	4.9
	0.020
	
	<0.001
	0.65
	270
	10.3

	13
	2016
	SW
	CC
	Spring
	7.3
	0.033
	-0.00007
	<0.001
	0.38
	220
	11.2

	15
	2016
	SW
	CC
	Spring
	5.4
	0.026
	
	<0.001
	0.73
	270
	12.4

	14
	2016
	SW
	CSb
	Fall
	7.1
	0.033
	
	<0.001
	0.78
	180
	13.0

	14
	2016
	SW
	CSb
	Spring
	6.8
	0.068
	-0.00020
	<0.001
	0.59
	170
	12.6

	26
	2016
	SC
	CC
	Fall
	5.8
	0.033
	
	<0.001
	0.82
	270
	14.7

	24
	2016
	SC
	CC
	Spring
	6.0
	0.034
	
	<0.001
	0.89
	270
	15.2

	26
	2016
	SC
	CC
	Spring
	5.0
	0.090
	-0.00021
	<0.001
	0.96
	217
	14.6

	25
	2016
	SC
	CSb
	Fall
	9.4
	0.051
	-0.00012
	<0.001
	0.71
	180
	14.7

	25
	2016
	SC
	CSb
	Spring
	10.2
	0.054
	-0.00013
	<0.001
	0.89
	180
	15.7

	34
	2016
	SP
	CC
	Spring
	1.8
	0.040
	
	<0.001
	0.82
	270
	12.6

	2
	2017
	NW
	CSb
	Fall
	NR
	
	
	
	
	0
	10.1

	2
	2017
	NW
	CSb
	Spring
	NR
	
	
	
	
	0
	10.7

	1
	2017
	NW
	CWh
	Fall
	5.7
	0.039
	-0.00009
	<0.001
	0.80
	180
	9.8

	1
	2017
	NW
	CWh
	Spring
	6.3
	0.048
	-0.00016
	<0.001
	0.62
	152
	9.9

	8
	2017
	WC
	CC
	Fall
	3.2
	0.024
	
	<0.001
	0.59
	270
	9.7

	8
	2017
	WC
	CC
	Spring
	3.7
	0.033
	
	<0.001
	0.87
	270
	12.6

	17
	2017
	SW
	CC
	Fall
	6.4
	0.027
	
	<0.001
	0.78
	270
	13.7

	17
	2017
	SW
	CC
	Spring
	5.5
	0.033
	
	<0.001
	0.85
	270
	14.4

	16
	2017
	SW
	CSb
	Fall
	7.1
	0.046
	-0.00012
	<0.001
	0.67
	180
	11.5

	16
	2017
	SW
	CSb
	Spring
	7.4
	0.044
	-0.00009
	<0.001
	0.84
	180
	12.4


† NW, Northwest; WC, West Central; SW, Southwest; SC, South Central; SP, Sand Plain Research Farm; SE, Southeast.
‡ CC, corn following corn; CSb corn following soybean; CWh, corn following wheat. 
§ A, B, and C represent the intercept, linear term, and quadratic term in the appropriate model, respectively. NR signifies the site was non-responsive to nitrogen rate.

Table 4 (Continued). Parameter estimates for response models of corn grain yield (Mg ha-1) to spring or fall applied urea with the associated agronomic optimal nitrogen rate (AONR) and yield at the AONR. 
	Site
	Year
	Region†
	Rotation‡
	Time
	Parameter Estimates
	
	
	
	AONR

	
	
	
	
	
	A
	B
	C
	P>F
	r2
	AONR
	Yield 

	28
	2017
	SC
	CC
	Fall
	4.8
	0.039
	
	<0.001
	0.90
	270
	15.3

	28
	2017
	SC
	CC
	Spring
	4.6
	0.085
	-0.00019
	<0.001
	0.96
	226
	14.1

	27
	2017
	SC
	CSb
	Fall
	9.0
	0.058
	-0.00016
	<0.001
	0.91
	180
	14.3

	27
	2017
	SC
	CSb
	Spring
	10.7
	0.025
	
	<0.001
	0.72
	180
	15.2

	4
	2018
	NW
	CSb
	Fall
	NR
	
	
	
	
	0
	9.2

	4
	2018
	NW
	CSb
	Spring
	NR
	
	
	
	
	0
	8.3

	3
	2018
	NW
	CWh
	Fall
	NR
	
	
	
	
	0
	7.6

	3
	2018
	NW
	CWh
	Spring
	6.4
	0.040
	-0.00019
	<0.001
	0.50
	103
	8.5

	9
	2018
	WC
	CC
	Fall
	4.8
	0.023
	
	<0.001
	0.82
	270
	11.0

	9
	2018
	WC
	CC
	Spring
	4.1
	0.060
	-0.00014
	<0.001
	0.77
	208
	4.1

	10
	2018
	WC
	CSb
	Fall
	NR
	
	
	
	
	0
	10.8

	10
	2018
	WC
	CSb
	Spring
	NR
	
	
	
	
	0
	10.4

	18
	2018
	SW
	CC
	Fall
	3.7
	0.016
	
	<0.001
	0.62
	270
	8.0

	18
	2018
	SW
	CC
	Spring
	3.5
	0.033
	
	<0.001
	0.80
	270
	12.4

	19
	2018
	SW
	CSb
	Fall
	6.0
	0.029
	
	<0.001
	0.78
	180
	11.2

	19
	2018
	SW
	CSb
	Spring
	6.2
	0.036
	
	<0.001
	0.77
	180
	12.7

	30
	2018
	SC
	CC
	Fall
	5.6
	0.028
	
	<0.001
	0.64
	270
	13.2

	30
	2018
	SC
	CC
	Spring
	5.3
	0.081
	-0.00021
	<0.001
	0.88
	193
	13.1

	29
	2018
	SC
	CSb
	Fall
	6.5
	0.035
	
	<0.001
	0.73
	180
	12.8

	29
	2018
	SC
	CSb
	Spring
	6.4
	0.099
	-0.00029
	<0.001
	0.91
	169
	14.8


† NW, Northwest; WC, West Central; SW, Southwest; SC, South Central; SP, Sand Plain Research Farm; SE, Southeast.
‡ CC, corn following corn; CSb corn following soybean; CWh, corn following wheat. 
§ A, B, and C represent the intercept, linear term, and quadratic term in the appropriate model, respectively. NR signifies the site was non-responsive to nitrogen rate.

Table 5. Cumulative response of select treatments counted across crop rotation and region. 
	Treatment Comparison†
	Time
	Occurrence
	%
	 RY‡

	Urea SSB > Urea BI
	Fall
	7/32
	22%
	25

	(combined across w & w/o inhibitor)
	Spring
	5/32; 3/32*
	16%; 9%*
	20; 20*

	Urea + Instinct II > Urea w/o Instinct II
	Fall
	2/36; 1/36*
	6%; 3%*
	16; 11*

	(combined across BI & SSB)
	Spring
	1/36; 1/36*
	3%; 3%*
	8; 14*

	ESN > Urea
	Fall
	11/52
	21%
	21

	(across BI & SSB and w & w/o inhibitor)
	Spring
	16/63
	25%
	22

	ESN > AA
	Fall
	0/5; 2/5*
	0%; 40%*
	21*

	(across w & w/o inhibitor)
	Spring
	8/39; 1/39*
	21%; 3%*
	26; 29*

	ESN:Urea Blend > Urea BI
	Spring
	4/30; *1/30
	13%; 3%*
	29; 33*

	AA > Urea BI
	Fall
	15/22
	68%
	28

	(combined across w & w/o inhibitor)
	Spring
	5/41; 5/41*
	12%; 12%*
	30; 23*

	AA > Urea SSB
	Fall
	6/14; 1/14*
	43%; 7%
	31; 12*

	(combined across w & w/o inhibitor)
	Spring
	4/16; 2/16*
	25%; 13%*
	19; 21*

	AA Nzone > AA N-serve
	Fall
	0/2
	0%
	

	
	Spring
	0/5
	0%
	

	AA+Inhibitor > AA 
	Fall
	1/6
	17%
	23

	
	Spring
	1/20; 1/20*
	5%; 5%*
	20; 16*

	Urea + Nzone > Urea at planting
	Spring
	2/5
	40%
	20

	Urea + Nzone > Urea + Agrotain at V6
	Spring
	0/5
	0%
	

	Fall AA > Spring AA 
	
	
	
	

	(combined across w & w/o inhibitor)
	Fall/Spring
	1/11
	9%
	25

	Fall Urea > Spring Urea
	
	
	
	

	(across BI & SSB and w & w/o inhibitor)
	Fall/Spring
	5/72; 25/72*
	7%; 35%*
	15; 20*


† AA, anhydrous ammonia; BI, broadcast incorporated; ESN, Environmentally Smart Nitrogen; SSB, subsurface band.
‡ Average difference of relative yield for each group of comparisons that are significantly different.
* Values followed by an asterisk indicate that the opposite response was significant. All other comparisons were non-significant. 

Table 6. Cumulative response of select treatments counted across region. Average relative yield differences are presented within parentheses for treatments with mean differences. Values with * indicate the opposite response was significant. All other comparisons were non-significant.
	
	_____________________Fall_____________________
	_____________________Spring_____________________

	Treatment Comparison†
	CC
	CSb
	CWh
	CC
	CSb
	CWh

	U SSB > U BI
	U+I SSB > U+I BI
	2/8 (26)
	1/8 (24)
	
	2/8; 1/8* (28; 17*)
	0/8; 1/8* (22*)
	

	
	U SSB > U BI
	2/8 (27)
	2/8 (23)
	
	2/8 (18)
	1/8; 1/8* (10; 17*)
	

	ESN > U
	ESN BI > U+I BI
	3/6 (21)
	3/7 (17)
	0/2
	3/6 (25)
	2/7 (15)
	0/2

	
	ESN BI > U BI 
	2/6 (23)
	3/7 (22)
	0/2
	3/16 (32)
	2/8 (17)
	0/2

	
	ESN BI > U+I SSB
	0/6
	0/5
	
	2/6 (22)
	2/5 (17)
	

	
	ESN BI > U SSB 
	0/6
	0/5
	
	1/6 (18)
	1/5 (25)
	

	ESN > AA
	ESN BI > AA+Nsrv
	0/5; 2/5* (21*)
	
	
	3/14; 1/14* (23; 29*)
	
	

	
	ESN BI > AA+Nz
	
	
	
	1/5 (33)
	
	

	
	ESN BI > AA
	
	
	
	4/20 (28)
	0/6
	

	AA > U BI
	AA+Nsrv > U+I BI 
	6/7 (32)
	
	
	
	
	

	
	AA+Nsrv > U BI
	5/7 (34)
	4/8 (16)
	
	
	
	

	
	AA+Nsrv > U+Nz BI
	
	
	
	1/5; 1/5* (32; 26*)
	
	

	
	AA+Nz > U+Nz BI
	
	
	
	0/5; 2/5* (21*)
	
	

	
	AA > U BI
	
	
	
	4/22; 1/22* (30; 31*)
	0/9; 1/9* (17*)
	

	AA > U SSB
	AA+Nsrv > U+I 
	3/7, 1/7* (31; 12*)
	
	
	
	
	

	
	AA+Nsrv > U 
	3/7 (29)
	
	
	
	
	

	
	AA > U+I
	
	
	
	1/8; 1/8* (24; 19*)
	
	

	
	AA > U
	
	
	
	3/8; 1/8* (17; 23*)
	
	

	F U > S U
	U+I SSB F > U+I SSB S
	3/8; 2/8* (14; 32*)
	1/8; 2/8* (17; 12*)
	
	
	
	

	
	U SSB F > U SSB S
	0/8; 3/8* (26*)
	1/8; 2/8* (14; 14*)
	
	
	
	

	
	U+I BI F > U+I BI S
	0/8; 2/8* (25*)
	0/10; 4/10* (16*)
	0/2
	
	
	

	
	U BI F > U BI S
	0/8; 6/8* (20*)
	0/10; 4/10* (25*)
	0/2
	
	
	


† AA, anhydrous ammonia; BI, broadcast incorporate; ESN, Environmentally Smart Nitrogen; F, Fall; I, Instinct II; Nsrv, N-Serve; Nz, Nzone; S, spring; SSB, subsurface band; U, urea.
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