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ABSTRACT

	Nitrogen (N) fertilizer application timing and placement can manage N availability to improve maize (Zea mays L.) productivity, but polymer-coated N fertilizer offers a different approach to season-long N availability and creates new N management opportunities. The objective of this study was to compare the effectiveness of conventional and enhanced N sources across fertilizer timing and placement combinations to optimize maize productivity. Field trials were conducted at three locations in Illinois in 2019 and 2020 and utilized a complete factorial design. Nitrogen timings included supplying 180 lbs N acre-1 pre-plant or divided equally across pre-plant and side-dress applications. Pre-plant fertilizer placement was either broadcast on the soil surface or sub-surface banded 6 inches directly below the future crop row, while side-dress provided urea ammonium nitrate (UAN; 32-0-0) at V6 along the crop row (Y-drop). Nitrogen fertilizers applied pre-plant consisted of one standard source, i.e., conventional urea, and two enhanced sources, Environmentally Smart Nitrogen (ESN; polymer-coated urea 44-0-0) and a 1:1 mixture of urea and ESN referred to as the Blend. Using a split application of N fertilizer increased yield by 4 bushels acre-1 compared to only applying N fertilizer pre-plant. Banded placement of N fertilizer induced the greatest yield response of any factor and increased yield over broadcast applications by 5 bushels acre-1. Overall, when averaged over timing and placement treatments, applying ESN or the Blend did not increase grain yield compared to urea. However, placing ESN in a band increased yield by 8 bushels acre-1 compared to broadcast applications of urea, and when broadcasting all N pre-plant, applying the Blend increased yield by 5 bushels acre-1. These findings indicate that N fertilizer application timing and placement can increase yield, but utilizing enhanced N sources with the proper timing and placement combinations is key to optimizing maize productivity. 

INTRODUCTION

Nitrogen fertilizer is applied every year to maize crops across the Midwest because it is required in the greatest amount for crop growth and development (Bender et al., 2013). It is also often the most limiting nutrient for maize production due to the many environmental loss mechanisms that act on N (Below, 2002). Advanced management practices and improved fertilizer sources have been developed to address increasing concern surrounding N fertilizer efficiency, but the effectiveness of these practices at improving N fertilizer efficiency and maize yield are not fully understood.  
One strategy for improving N fertilizer efficiency and grain yield is to change the time of N fertilizer applications. A standard grower practice across much of the Midwest is to apply 100% of the N fertilizer needed for the year before or at planting because of the ease of application and available equipment. However, this practice can lead to both increased environmental loss and reduced grain yield as N fertilizer faces increased exposure to leaching, denitrification, and volatilization when applied all at once. A lack of plant available N due to these losses can negatively impact crop grain yield as one-third of maize N uptake occurs during reproductive growth stages (Bender et al., 2013). The rapid uptake of N from V8 to R1, approximately 7 lbs of N acre-1 day-1, creates opportunities for split applications of N fertilizer to not only reduce environmental loss but also improve grain yield (Bender et al., 2013). Applying fertilizer in-season can match the maize N uptake pattern to increase yield and reduce the opportunity for environmental N loss, but providing full season N availability is key as yield potential can be impacted as early as V4 with the beginning of ear shoot development.  
	Improved fertilizer placement with subsurface banding can also be used as a strategy for increased N fertilizer efficiency and grain yield. Broadcast applications of N on the soil surface are a standard grower practice but are susceptible to surface volatilization or runoff through physical movement. This uniform application is not completely accessible to the crop as maize roots only explore a faction of the total soil area and the majority do not cross the interrow. Banding N fertilizer in the root zone creates better plant access to applied N by concentrating fertilizer 6 inches below the soil surface and making it readily available to the plant root system (Shapiro et al., 2016). Environmental losses from volatilization and physical runoff are also reduced with subsurface placement making banding an important agronomic practice for improving N fertilizer efficiency and yield.
	Polymer-coated N fertilizer sources offer a different approach to improve fertilizer efficiency and yield by controlling the release of N throughout the growing season. These enhanced sources are designed to synchronize their nutrient release with the known pattern of crop nutrient demand to increase fertilizer uptake and reduce environmental losses, goals similar to a side-dress application (Shaviv, 1993). Polymer-coated N has not been shown to out-perform split N applications or banded placement reducing wide-spread adoption of these fertilizer sources which leaves the full potential of this technology to reduce environmental loses and improve maize yield yet unrealized (Shapiro et al., 2016). However, combining management with enhanced fertilizer sources may optimize the environmental and yield benefits of all these practices. It is hypothesized that enhanced fertilizer sources will increase N uptake and yield compared to standard urea fertilizer and that banded placement of these sources will replicate the benefits of a split application. Thus, the objective of this study was to compare the effectiveness of N sources across fertilizer timing and placement combinations. 

MATERIALS AND METHODS

Site characteristics and cultural practices
	This experiment was conducted across the 2019 and 2020 growing seasons at four locations in Illinois (Ewing, Nashville, Yorkville, and Champaign). The Ewing and Nashville sites were combined for analysis as they were 43 miles apart and representative of Southern IL soil types and growing conditions over two years. The primary soil types at these locations were Flanagan silt loam (Yorkville), Drummer silty clay loam (Champaign), and Hoyleton silt loam (Ewing and Nashville). All field experiments were conducted following a soybean crop [Glycine max (L.) Merr.] the previous year and under conventional tillage. This trial was planted using a precision plot planter (SeedPro 360, ALMACO, Nevada, IA) and the same hybrid, DeKalb 64-34 SSRIB, was grown in every site-year to target a final stand of 36,000 plants/acre. 

Nitrogen applications
	All treatment plots received a total of 180 lbs of N acre-1. A complete factorial design was used for this experiment to compare three N sources, two N management systems, and two fertilizer placements (Table 1). Nitrogen sources consisted of urea [CO(NH2)2; 46-0-0], ESN [environmentally-smart nitrogen, 44-0-0], or a mixture of urea and ESN with a N ratio of 1:1 referred to as Blend. All three N sources were used only in pre-plant applications. Nitrogen management systems included supplying all of the N pre-plant or splitting the N across two application timings, pre-plant and V6 side-dress. Pre-plant N was applied either broadcast on the soil surface or sub-surface banded 6 inches directly below the future crop row using a Dawn Coulter toolbar with a dry fertilizer applicator (6000 Series Universal Fertilizer Applicator, Dawn Equipment, Sycamore, IL) and real time kinetic (RTK) guidance pre-plant. Split applications received 90 lbs of N acre-1 as one of three N sources at pre-plant either broadcast or banded. An additional 90 lbs of N acre-1 was supplied at the V6 growth stage using urea ammonium nitrate (UAN 32-0-0) poured on the soil surface along the crop row (simulated Y-drop method). All treatments were compared to an unfertilized control. 

	Treatment ID
	Source
	AP Placement
	AP
	V6
	Total

	
	
	
	---------------------- lbs N acre-1 ----------------------

	UTC
	
	-
	0
	0
	0

	Urea Broad 180
	Urea
	Broadcast
	180
	0
	180

	Urea Broad 90:90
	Urea
	Broadcast
	90
	90
	180

	Urea Band 180
	Urea
	Band
	180
	0
	180

	Urea Band 90:90
	Urea
	Band
	90
	90
	180

	Blend Broad 180
	†Blend
	Broadcast
	180
	0
	180

	Blend Broad 90:90
	†Blend
	Broadcast
	90
	90
	180

	Blend Band 180
	†Blend
	Band
	180
	0
	180

	Blend Band 90:90
	†Blend
	Band
	90
	90
	180

	ESN Broad 180
	ESN
	Broadcast
	180
	0
	180

	ESN Broad 90:90
	ESN
	Broadcast
	90
	90
	180

	ESN Band 180
	ESN
	Band
	180
	0
	180

	ESN Band 90:90
	ESN
	Band
	90
	90
	180


Table 1. Source, placement, and rate of N applied at-planting (AP), N rate applied at V6 with Y-drop, and the total N rate applied for each treatment. Nitrogen was applied as UAN for all V6 applications.
†Blend: A mixture of urea and ESN with a N ratio of 1:1. 

Data collection
Total N uptake was determined by the sum of total N in the grain and stover. Nitrogen concentrations in the grain were calculated by converting protein concentration in the grain, obtained using near-infrared transmittance spectroscopy (Infratec 1241Grain Analyzer; FOSS, Eden Prairie, MN). Total N in the grain was determined using total grain weight and grain N concentration. Total N in the stover was measured in 2020 for the Champaign location and estimated in all other site-years. In 2020, total aboveground biomass was obtained in Champaign by sampling six random plants at the R6 growth stage. The plants sampled at R6 were partitioned into grain and stover. Dried stover samples were ground to pass through a 2 mm mesh careen and a representative 50 mg subsample was evaluated for N concentration using a combustion-based analyzer. Nutrient accumulation in the plant was determined using total plant biomass weight and stover N concentrations. Stover N was estimated in all other site-years using known harvest index values. The center two rows of each plot were mechanically harvested for grain yield and harvest moisture, and the yield subsequently standardized to bushels acre-1 at 15.5% moisture. 
	
Experimental design and statistical analysis
	Treatments were arranged in a randomized complete block experimental design. In total, 13 unique treatments were replicated six times at each of three locations for a total of 468 plots across 2019, 2020, and 2021. Statistical analysis was conducted using PROC MIXED in SAS (version 9.4; SAS Institute, Cary, NC). Each site-year was analyzed separately with N source (Urea, ESN, or Blend), fertilizer placement (Broadcast or Banded), and management system (all pre-plant or pre-plant and side-dress) included as fixed effects, while replication was considered a random effect. The unfertilized control was included in initial statistical analyses but was significantly different from all N treatments. Therefore, the unfertilized control was removed from the analysis to better identify differences between treatments. All of the statistical analysis and results displayed below are with the unfertilized control plots removed. Because of significant abiotic impacts on pollination, yield and nutrient uptake data collected at the Champaign site in 2019 was dropped from analysis and is not reported.

RESULTS AND DISCUSSION

	Total N uptake was increased with N fertilization over the unfertilized check at all locations, and changes in N source, placement and timing had wide ranging effects by treatment (Table 2). Using ESN increased total N uptake over both Urea and the Blend averaged across all timing and placement combinations with the Blend being no different from Urea (Table 2). Averaged across all sources and placements, split applications of N with a side-dress resulted in greater N uptake than pre-plant only applications (Table 2). Banded placement resulted in the largest increase in total N uptake over a standard broadcast application (Table 2). This finding suggests that banded fertilizer placement would be the best practice for improving N fertilizer efficiency. ESN resulted in more N uptake than Urea in every timing and placement combination, but was the least efficient when all the N was broadcast as ESN pre-plant. This difference, combined with the data showing ESN exhibiting the greatest N recovery when it was banded, highlights that ESN is best used in a banded placement system. The Blend was less efficient at recovering N when used in a split application system, but when the Blend was broadcast all at pre-plant, the Blend resulted in the greatest increase in total N uptake compared to Urea of any placement and timing combination (Table 2).  
	Grain yield was not impacted by fertilizer source as ESN and the Blend resulted in the same yield as Urea averaged across all placement and timing combinations (Table 3). Averaged across fertilizer sources, delaying some N fertilizer to V6 with a side-dress application increased yield by 4 bushels acre-1 compared to only applying N pre-plant (Table 3). Banded placement of N at planting increased grain yield by 5 bushels acre-1 compared to broadcast applications (Table 3). When broadcasting fertilizer, the addition of a side-dress application increased yield by 5 bushels acre-1. The same 5 bushels acre-1 yield increase was observed with a banded application of N all at pre-plant (Table 3). ESN was best utilized with banded placement increasing yield by 8 bushels acre-1 over broadcast applications of Urea while the Blend performed best when broadcast pre-plant without a side-dress application, increasing yield by 6 bushels acre-1 (Table 3).

CONCLUSIONS

	Split applications and banded placement were effective at improving N fertilizer efficiency and grain yield regardless of the N fertilizer source used. Enhanced fertilizer sources are not effective in all management systems as there was no difference between sources in yield when averaged across all treatment combinations. Using enhanced fertilizer sources with agronomic management resulted in greater yield increases than any management practice alone. A pre-plant only banded application of N fertilizer increased yield identically to the addition of a side-dress application when pre-plant fertilizer was broadcast. This data collected across two years of research shows that enhanced N fertilizers can maximize N uptake and grain yield when used in optimal fertilizer placement and timing combinations.  

TABLES

Table 2. Total nitrogen uptake at R6 at all locations in Illinois in 2019 and 2020. Lowercase letters indicate a treatment mean significant difference within location at P < 0.10.
	Treatment ID
	Yorkville 2019
	Ewing
2019
	Yorkville 
2020
	Champaign 
2020
	Nashville 
2020
	Average

	
	---------------------------------------------- lbs N acre-1 ----------------------------------------------

	UTC
	129 g
	59 g
	130 f
	153 e
	96 d
	113 i

	Urea Broad 180
	221 f
	94 f
	169 e
	263 d
	196 c
	188 h

	Urea Broad 90:90
	230 cd
	127 e
	159 d
	284 ab
	218 a
	204 df

	Urea Band 180
	237 ab
	145 bc
	180 b
	259 a
	222 a
	206 ad

	Urea Band 90:90
	233 ab
	151 ab
	183 b
	243 a
	219 a
	208 be

	Blend Broad 180
	239 de
	100 f
	170 e
	324 cd
	202 bc
	207 ad

	Blend Broad 90:90
	229 c
	131 de
	174 cd
	239 ac
	224 a
	200 fg

	Blend Band 180
	230 bc
	139 cd
	185 bc
	246 a
	226 a
	205 cf

	Blend Band 90:90
	236 bc
	140 c
	187 b
	210 ab
	229 a
	200 ef

	ESN Broad 180
	223 ef
	100 f
	161 e
	281 bd
	203 bc
	193 gh

	ESN Broad 90:90
	232 c
	128 e
	167 d
	310 a
	218 a
	211 ab

	ESN Band 180
	244 a
	155 a
	200 a
	232 a
	221 a
	213 ac

	ESN Band 90:90
	235 bc
	142 bc
	186 bc
	284 a
	216 ab
	210 a

	
	Level of Significance P > F

	Source (S)
	ns
	ns
	ns
	ns
	ns
	*(ESN)

	Placement (P)
	***(Band)
	***(Band)
	***(Band)
	***(Band)
	**(Band)
	***(Band)

	Timing (T)
	*(90:90)
	***(90:90)
	**(90:90)
	**(90:90)
	*(90:90)
	*(90:90)

	S X P
	*
	*
	ns
	ns
	ns
	**

	S X T
	ns
	ns
	ns
	ns
	ns
	***

	P X T
	***
	***
	***
	*
	**
	***

	S X P X T
	ns
	ns
	*
	ns
	ns
	**


* Significant at P < 0.10; **Significant at P < 0.01; ***Significant at P < 0.001; ns, non- significant at P = 0.10.

Table 3. Grain yield as affected by nitrogen treatment at all locations in Illinois in 2019 and 2020. Grain yield is reported at 15.5% moisture. Lowercase letters indicate a treatment mean significant difference within location at P < 0.10.
	Treatment ID
	Yorkville 2019
	Ewing
2019
	Yorkville 
2020
	Champaign 
2020
	Nashville 
2020
	Average

	
	---------------------------------------------- bu acre-1 ----------------------------------------------

	UTC
	138 c
	68 h
	133 f
	131 e
	106 e
	115 g

	Urea Broad 180
	220 b
	109 g
	150 be
	212 ab
	190 d
	176 c

	Urea Broad 90:90
	220 b
	129 bd
	141 ef
	214 ab
	206 ac
	181 b

	Urea Band 180
	221 b
	124 ce
	156 bc
	201 ac
	202 ac
	181 b

	Urea Band 90:90
	223 ab
	144 a
	157 bc
	207 bd
	203 ac
	187 a

	Blend Broad 180
	232 a
	117 eg
	151 be
	219 ac
	198 bd
	181 b

	Blend Broad 90:90
	223 ab
	128 bd
	153 be
	210 ac
	209 a
	184 ab

	Blend Band 180
	218 b
	127 be
	160 b
	190 d
	208 ac
	181 b

	Blend Band 90:90
	228 ab
	134 ac
	159 b
	205 ad
	208 ab
	188 a

	ESN Broad 180
	219 b
	113 fg
	142 df
	220 a
	197 cd
	176 c

	ESN Broad 90:90
	224 ab
	123 df
	146 ce
	210 ac
	211 a
	182 b

	ESN Band 180
	227 ab
	135 ab
	172 a
	199 cd
	203 ac
	187 a

	ESN Band 90:90
	222 ab
	138 ab
	155 bd
	204 ac
	202 ac
	184 ab

	
	Level of Significance P > F

	Source (S)
	ns
	ns
	ns
	ns
	ns
	ns

	Placement (P)
	***(Band)
	***(Band)
	ns
	***(Band)
	ns
	***(Band)

	Timing (T)
	ns
	***(90:90)
	ns
	ns
	*(90:90)
	***(90:90)

	S X P
	ns
	ns
	ns
	ns
	ns
	ns

	S X T
	ns
	*
	ns
	ns
	ns
	ns

	P X T
	ns
	ns
	ns
	ns
	*
	ns

	S X P X T
	ns
	ns
	ns
	ns
	ns
	*


* Significant at P < 0.10; **Significant at P < 0.01; ***Significant at P < 0.001; ns, non- significant at P = 0.10.
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