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ABSTRACT
Continued improvements in wheat (Triticum aestivum L.) grain yield have cast greater interest on utilizing multiple inputs within enhanced management systems. Less than recommended seeding rates of modern varieties may utilize inputs more efficiently when subjected to enhanced management. The objective of this study was to evaluate plant growth, grain yield, and expected economic profitability for multiple agronomic and nutrient inputs across different production intensity levels. A two-year omission field trial with four replications was established in Lansing, MI and evaluated six agronomic inputs including: weekly nitrogen (N) applications (12.5 lbs N A-1 for 8 weeks starting at Feekes 4 growth stage), high (+33%) N rate (133 lbs N A-1), seeding rate (1.8 million seeds A-1 and 0.9 million seeds A-1), autumn-applied starter fertilizer (250 lbs A-1 12-40-0-10S-1Zn), plant growth regulator, and fungicide. Removal of autumn starter fertilizer from enhanced management decreased grain yield 14.0 and 37.5 bu A-1 in 2018 and 2019, respectively. Addition of autumn starter to traditional management increased grain yield 10.0 and 25.9 bu A-1 in 2018 and 2019, respectively. Due to high pressure of Fusarium head blight (FHB) (Fusarium graminearum), addition of fungicide to traditional management increased grain yield 12.3 bu A-1 in 2019 and removal of fungicide from enhanced management decreased grain yield 12.0 bu A-1 in 2018. Despite observed yield increases, no individual inputs resulted in an increase in expected profitability across both years. 

INTRODUCTION

Michigan winter wheat yields averaged 76 and 77 bu A-1 in 2018 and 2019, respectively (USDA-NASS, 2018, 2019). State record yields have generated interest in enhanced management systems, however inconsistent responses from broadscale adaptation of multiple inputs provides continued support for the use of Integrated Pest Management (IPM) approaches (Bluck et al., 2015; Quinn and Steinke, 2019). One purpose of enhanced wheat management is to control yield limiting factors by altering several management practices (Harms et al., 1989). In contrast, traditional management systems apply inputs only when yield limiting factors are above a specific threshold (Mourtzinis et al., 2016). Compared to increased seeding rates, decreased seeding rates may increase yield due to greater light interception and reduced interplant competition for moisture and nutrients (Joseph et al., 1985). Enhanced management systems typically utilize increased seeding rates, but decreased seeding rates may increase the number of kernels per head and maximize the use of other agronomic inputs applied within an enhanced management system (Darwinkel et al., 1977). 
	A phosphorus-based autumn starter in combination with nitrogen (N) may increase wheat tillering and plant growth, both of which are essential factors contributing to greater grain yields (Maidl et al., 1998; Hergert and Shaver, 2009; Tilley et al., 2019). Fungicides are included within enhanced management programs to limit yield loss from foliar diseases (Beuerlein et al., 1989). Enhanced wheat management systems often include increased N rates, but increased plant growth from greater N availability may promote lodging. Adding a plant growth regulator when greater N rates are applied may reduce yield loss during lodging occurrence (Roth and Marshall, 1987; Beuerlein et al., 1989). Additionally, producers continue to increase N rates that result in inconsistent yield responses (Knott et al., 2016; Swoish and Steinke, 2017). Split applications of N may reduce N loss when leaching or denitrification conditions are present and therefore increase yield potential. Weekly N applications may minimize occurrences of simultaneous N availability and N loss conditions but have not been broadly explored as a component within enhanced managed systems.
	The objective of this study was to evaluate soft red winter wheat growth, grain quality, grain yield, and expected economic profitability in response to weekly N applications, increased N rate, seeding rate, autumn-applied starter fertilizer, plant growth regulator, and fungicide across enhanced (i.e. high-input) and traditional (i.e. low-input) production systems. An omission trial design was utilized to determine whether the removal of an input from an intensive management system or the addition of an input to a traditional management system affected grain yield or expected return on investment.

MATERIALS AND METHODS 

	Trials were conducted in Lansing, MI on a Capac loam soil with pre-plant soil characteristics (0-8 inch depth) including 7.0-7.1 pH, 12-33 ppm P, 80-102 ppm K, 8-9 ppm S, and 2.5-3.4 ppm Zn. A blanket application of 130 lbs P2O5 and 36 lbs K2O in 2018 and 65 lbs P2O5 in 2019 were broadcast applied according to soil test recommendations. Fields were previously cropped to corn (Zea mays L.) and soybean (Glycine max L. Merr.) in 2018 and 2019, respectively, and tilled prior to planting. Individual plots measured 8 ft. in width by 25 ft. in length with a 7.5 in. row spacing. Plots were arranged in a randomized complete block design with four replications. Soft red winter wheat variety ‘Starburst’ (Michigan Crop Improvement Assoc., Okemos, MI), a short strawed, high yielding, mid maturing variety was planted on 20 Sept. 2017 and 19 Oct. 2018. 
 	An omission treatment design was used to determine individual and combinations of inputs (Table 1). An omission design utilizes two treatment controls, one containing all studied inputs (i.e., enhanced management control at decreased seeding rate) and one containing none of the studied inputs (i.e., traditional management control with increased seeding rate) (Bluck et al., 2015). In order to evaluate treatment effects, inputs removed from the enhanced management system were compared only to the enhanced management control and inputs added into the traditional management system were compared only with the traditional management control. Specific inputs evaluated included seeding rate (1.8 million seeds A-1 and 0.9 million seeds A-1), fungicide applied at Feekes 9, plant growth regulator applied at Feekes 6, autumn starter (12-40-0-10S-1Zn, MicroEssentials SZ (MESZ)) as autumn top-dress, weekly N applications starting at Feekes 4, and high N  (+33%, 133 lbs. N A-1).
Plots were trimmed to 21 feet prior to harvest to remove the border effect. Grain yield was harvested from the center 3.75 ft. of each plot utilizing a small-plot combine (Almaco, Nevada, IA) on 11 July 2018 and 23 July 2019 and adjusted to 13.5% moisture. Expected economic profitability was calculated from input cost estimates of US$21.60, $43.20, $19.88, $15.13, $73.13, and $54.49A-1 in 2018 and US$20.80, $41.60, $19.97, $15.49, $73.75, and $61.57A-1 in 2019 for decreased seeding rate, increased seeding rate, fungicide, plant growth regulator, autumn starter, and high N, respectively. Application costs of US$6.80 and $7.69 wk-1 A-1 were used for weekly N applications in 2018 and 2019, respectively. An additional cost of $7.75 A-1 was added as an application cost for N fertilizer, fungicide, and plant growth regulator; an additional cost of $6.54 A-1 was added as an application cost for autumn starter. Net returns were calculated by multiplying grain price ($4.51 and $4.72 bu-1 in 2018 and 2019, respectively) by grain yield and subtracting total treatment cost. Product, application, and harvest grain estimates were taken from local agriculture retailers and grain elevators. 

RESULTS AND DISCUSSION

Traditional management with decreased seeding rate reduced yield 15.9 bu A-1 in 2018, however seeding rate did not affect yield within enhanced management across either year (Table 2). Decreased seeding rate under traditional management increased kernels per head 11% in 2018. Dry conditions and warm temperatures during grain fill likely contributed to the grain yield decrease in 2018. June 2018 rainfall was 58% lower than the 30 yr mean (Table 3). During grain fill, wheat performs best under cool (< 80 degrees F) air temperatures as the plant utilizes energy for respiration at > 85 degrees Fahrenheit (Pennington et al., 2018). Due to reductions in grain yield, decreased seeding rate under traditional management reduced 2018 expected profitability US$49.91 A-1 (Table 2). Excessive winter snowfall and variable spring precipitation adds additional risk to lower winter wheat seeding rates which may affect winter hardiness and spring plant survival.
Fungicide removal from enhanced management decreased yield 12.0 bu A-1 in 2018 (Table 2). Prior rain events and warm temperatures during flowering (F10.5.1) increased the risk for Fusarium Head Blight (FBH) infection. The quantity of heads affected by FHB increased 8.2% with fungicide removal from the enhanced management system in 2018 (Table 4) causing yield reductions. Removal of fungicide from enhanced management increased head infection 2.4% by FHB in 2019 (Table 4) but did not translate to yield reductions. Addition of fungicide to traditional management increased yield 12.3 bu A-1 in 2019 (Table 2). The quantity of heads affected by FHB decreased 2.6% in 2019 with addition of fungicide to traditional management (Table 4). Despite yield reductions with fungicide removal from enhanced management and yield increases with fungicide additions to traditional management, expected profitability was not affected (Table 2).
Plant growth regulator decreased yield 12.9 bu A-1 when added to traditional management in 2018 (Table 2). Soft red winter wheat variety ‘Starburst’ is a shorter stature, high stem strength variety much less susceptible to lodging. No significant lodging occurred during either year across both management intensity systems (data not shown). Results agree with Swoish and Steinke (2017) who determined yield increases from a PGR application were more likely in varieties with taller height and weaker stem characteristics. Addition of PGR to traditional management decreased kernels per head 4.3% in 2018. Decreased kernels per head under traditional management were likely due to the inability to effectively mobilize nutrients and capture light during the grain fill period due to plant growth restrictions which resulted in yield reductions. Results suggest positive responses from PGR application will depend more upon variety characteristics including lodging susceptibility rather than applying greater than recommended rates of N.
Across years, autumn starter fertilizer was the only input to decrease yield when removed from enhanced management and increase yield when added to traditional management. Yield decreased 14.2 and 37.5 bu A-1 with autumn starter removal from enhanced management in 2018 and 2019, respectively (Table 2). Yield increased 10.1 and 25.9 1 bu A-1 in 2018 and 2019, respectively, when autumn starter was added to traditional management (Table 2). Autumn starter applied as a top-dress application soon after planting promoted additional autumn tillering as applications resulted in 72.5 and 21.3 more tillers ft-2 in 2018 and 2019, respectively (Table 5). The critical soil test P level for winter wheat is 25 ppm and pre-plant soil P concentrations suggest potential for a positive yield response to P applications (Warncke et al., 2009). However a blanket P2O5 application occurred across all plots in both years indicating positive grain yield response to P was unlikely. Additionally, wheat is generally found as non-responsive to Zn in many Michigan soils despite testing below critical values (Warncke et al., 2009). Yield and tiller responses were may have been due to N and or S promoting early plant growth and development as pre-plant nitrate concentrations were < 5 ppm and significant responses to 25 lbs. S/A have become more common. Autumn starter had less of an effect on tillering in 2019 due to the later planting date. Wheat was less developed going into winter dormancy and may have been less able to uptake and utilize the autumn starter thus demonstrating less of an impact on autumn tillering. 
Weekly nitrogen applications with a 33% increase in N fertilizer (i.e., high N rate) did not affect grain yield at either production intensity level in either year (Table 2). No visual N deficiency symptoms occurred in either year despite the lack of rainfall during the 2018 growing season. Results agree with Quinn and Steinke (2017) who found no positive response utilizing an increased (+20%) N rate under a multiple-input and traditional-input system on soft red winter wheat. Gravelle et al (1988) found split N applications only increased yield under N loss conditions. Total rainfall for the 2018 growing season was 46% less than the 30-yr mean suggesting minimal leaching and denitrification opportunities occurred. June 2019 rainfall was 108% greater than the 30-yr mean but unable to promote substantial N losses to realize benefits from weekly N applications. Excessive rainfall throughout the growing season may be needed to substantiate a yield benefit from weekly N applications in the Michigan winter wheat growing climate. Profitability decreased by US$93.11 A-1 in 2018 when weekly N applications were added to traditional management and increased US$66.79 and $85.38 A-1 when removed from enhanced management in 2018 and 2019, respectively (Table 2). Results suggest that the application costs of weekly N may outweigh a potential grain yield response.
Enhanced management increased yield 17.9 and 35.0 bu A-1 compared to traditional management in 2018 and 2019, respectively (Table 2). However, traditional management increased expected profitability US$96.96 A-1 in 2018 when compared to enhanced management with no significant differences between the two systems in 2019 (Table 2). Despite observed yield increases, no single input resulted in increased profitability (Table 2). All of the inputs utilized in this study have shown positive responses under various management regimes, but lack of broadscale positive yield responses to specific agronomic and nutrient inputs emphasizes the need for input justification. In lieu of prophylactic applications, both grain yield and expected profitability require emphasis moving forward in addition to matching specific inputs with varietal characteristics. 
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Table 1. Overview of omission treatment design, treatment names, and inputs applied in 2018-19 
	
	
	Agronomic Input Applied

	
	
	D.S.†
	Fungicide§
	PGR¶
	Autumn starter #
	Weekly N††
	High-N‡‡

	Trt.
	Treatment Name
	
	
	
	
	
	

	1
	Enhanced (E), D.S.†
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	2
	E - D.S.
	No
	Yes
	Yes
	Yes
	Yes
	Yes

	3
	E - Fungicide
	Yes
	No
	Yes
	Yes
	Yes
	Yes

	4
	E - PGR
	Yes
	Yes
	No
	Yes
	Yes
	Yes

	5
	E - Autumn Starter
	Yes
	Yes
	Yes
	No
	Yes
	Yes

	6
	E - Weekly N
	Yes
	Yes
	Yes
	Yes
	No
	Yes

	7
	E - High-N
	Yes
	Yes
	Yes
	Yes
	Yes
	No

	8
	Traditional (T). L.S. ‡
	No
	No
	No
	No
	No
	No

	9
	T + D.S.
	Yes
	No
	No
	No
	No
	No

	10
	T + Fungicide
	No
	Yes
	No
	No
	No
	No

	11
	T + PGR
	No
	No
	Yes
	No
	No
	No

	12
	T + Autumn Starter
	No
	No
	No
	Yes
	No
	No

	13
	T + Weekly N
	No
	No
	No
	No
	Yes
	No

	14
	T + High-N
	No
	No
	No
	No
	No
	Yes

	15
	Check
	No
	No
	No
	No
	No
	No


† Decreased seeding (D.S.) rate of SRWW (Starburst) at 900,000 seeds A-1.
‡ Increased seeding (I.S.) rate of SRWW (Starburst) at 1,800,000 seeds A-1.
§ Fungicide applied at a rate of 8.2 oz A-1 at F10.5.1 growth stage. 
¶ Plant growth regulator (PGR) applied at a rate of 12 oz A-1 at F6 growth stage.
# Autumn Starter (12-40-0-10S-1Zn) at a rate of 250 lbs. A-1 autumn applied.
†† Weekly applications of UAN (28%) starting at Feekes 4 growth stage applied at a rate of 16.6 lbs. N A-1.
‡‡High-nitrogen applied at F4 growth stage at a rate of 133 lbs N A-1.























Table 2. Mean grain yield and expected profitability of enhanced and traditional control treatments, 2018-19. All other treatments display change in grain yield and expected profitability from respective enhanced or traditional control using single degree of freedom contrasts. 
	
	Yield
	Expected Profitability

	Treatment†
	2018
	2019
	2018
	2019

	
	-------------- bu A-1 --------------
	----------------- US$ A-1 ----------------  

	Enhanced (E), D.S.†
	104.7
	114.7
	202.63
	265.70

	E - D.S. ‡
	+4.5
	+6.5
	-1.42
	+10.00

	E - Fungicide
	-12.0*
	-9.5
	-26.40
	-16.98

	E - PGR
	+3.6
	+4.3
	+38.94
	+43.40

	E - Autumn Starter
	-14.2*
	-37.5*
	+15.81
	-96.82*

	E - Weekly N
	+2.8
	+6.6
	+66.79*
	+85.38*

	E - High-N
	+2.6
	+0.1
	+24.90
	+15.54

	
	
	
	
	

	Traditional (T), I.S.
	86.8
	79.7
	299.59
	280.60

	T + D.S. §
	-15.9*
	-4.7
	-49.91*
	-1.56

	T + Fungicide
	-1.2
	+12.3*
	-33.13
	+30.26

	T + PGR
	-12.9*
	+7.8
	-80.87*
	+13.52

	T + Autumn Starter
	+10.1*
	+25.9*
	-34.17
	+41.79

	T + Weekly N
	-5.2
	+5.6
	-93.11*
	-43.34

	T + High-N
	-2.8
	+5.4
	-26.00
	+10.39

	
	
	
	
	

	Check¶
	42.4
	51.6
	147.81
	201.98

	E vs. T#
	*
	*
	*
	ns††


* Significantly different at α=0.1 using single degree of freedom contrasts.
† Decreased seeding rate (D.S.), trinexapac-ethyl plant growth regulator (PGR), weekly N applications (Weekly N), 33% increase in nitrogen fertilizer rate (High-N), increased seeding rate (I.S.).
‡Values in E - input rows indicate a yield (bu A-1) or expected profitability (US$ A-1) change from respective enhanced (E) treatment.
§Values in T + input rows indicate a yield (bu A-1) or expected profitability (US$ A-1) change from respective traditional (T) treatment.
¶ Non-treated check containing no fertilizer or additional inputs was not included in statistical analysis.
# Comparison between the enhanced and traditional treatment utilizing single degree of freedom contrasts
†† Non-significant α=0.1 using single degree of freedom contrasts.












Table 3. Monthly cumulative precipitation totals for the soft red winter wheat growing season, Lansing, MI, 2018-2019.
	Year
	March
	April
	May
	June
	July
	Total

	
	---------------------------------------- in ---------------------------------------------
-----------°C -----------

	2018
	0.99
	2.38
	4.97
	1.44
	1.07
	10.85

	2019
	1.97
	2.83
	3.34
	7.20
	2.28
	17.62

	30-yr avg.
	2.06
	3.03
	3.36
	3.45
	2.84
	14.74


† Precipitation data was collected from Michigan State University Enviro-weather (https://enviroweather.msu.edu/). 30-yr means were obtained from the National Oceanic and Atmospheric Administration (https://www.ncdc.noaa.gov/cdo-web/datatools/normals).





Table 4. Influence of Feekes 10.5.1 fungicide on Fusarium head blight (FHB) occurrence 3 weeks after application, 2018-2019.
	
	Treatment

	Location
	Enhanced (E)
	E - Fungicide†
	Traditional (T)
	T + Fungicide‡

	
	------------------------------ % heads affected ----------------------------------------

	2018
	9.3
	+8.2*
	16.9
	-7.0

	2019
	0.3
	+2.4*
	4.5
	-2.6*


* Significantly different at α=0.1 using single degree of freedom contrasts.
† Values in E - fungicide column indicate a heads affected (%) change from respective enhanced (E) treatment.
‡ Values in T + fungicide column indicate a heads affected (%) change from respective traditional (T) treatment.





[bookmark: _GoBack]Table 5. Autumn starter fertilizer effects on Feekes 4 tiller counts ft-2, 2018 -2019.
	
	Treatment

	Year
	Enhanced (E)
	E - Autumn Starter†
	Traditional (T) 
	T + Autumn Starter‡

	2018
	77.0
	-16.5
	62.3
	+72.5*

	2019
	54.0
	-8.3
	50.8
	+21.3*


* Significantly different at α=0.1 using single degree of freedom contrasts
† Values in E - autumn starter input column indicate tiller count (ft-2) change from respective enhanced (E) treatment. 
‡ Values in T + autumn starter column indicate a tiller count (ft-2) change from respective traditional (T) treatment.



