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ABSTRACT

Increases in total dry matter accumulation (TDM) can impact soybean (Glycine max L. Merr.) grain yield. However, the relationship between nutrient uptake and dry matter (DM) across seeding rates and influences on grain yield under irrigated and non-irrigated conditions remains uncertain. Two multi-year trials were established near Lansing, MI to investigate soybean dry matter accumulation, partitioning and remobilization; nutrient accumulation, partitioning, and remobilization; grain yield; and net economic return. Seeding rates included 60,000, 120,000, and 180,000 seeds A-1. Fertilizer strategies were no fertilizer, 150 lb. MESZ (12-40-0-10S-1Zn) A-1 applied two inches to the side and two inches below the seed (2x2) at planting, 16 gal. liquid K2O (0-0-28) A-1 applied using a Y-drop applicator at growth stage V6, 15 gal. 10-34-0 A-1 applied using a Y-drop applicator at growth stage R1, and a combination of the MESZ, liquid K2O, and 10-34-0 fertilizer applications. V4 nutrient and dry matter accumulation were significantly affected at irrigated and non-irrigated sites. The MESZ and combination strategies increased total dry matter accumulation at the irrigated site 12 and 24%, respectively, and ultimately increased total nutrient accumulation for P and K.  Seeding rate and fertilizer application affected grain nutrient accumulation differently at the irrigated and non-irrigated sites. Grain yield increased 5% with seeding rates ≥120,000 seeds A-1 at the irrigated site, while seeding rate did not influence grain yield at the non-irrigated site. Preliminary results suggest irrigation on medium-textured soils can impact soybean dry matter accumulation and partitioning, nutrient uptake and partitioning, and grain yield.

INTRODUCTION 

Stagnant commodity prices combined with increased spring and summer climate variability resulted in a 29% decrease from the 10-year Michigan soybean production average in 2019 thus stimulating further questions and interest regarding intensive nutrient management strategies (USDA-NASS, 2019). However, without yield limiting factors (e.g., nutrient deficiencies), more intensive management practices may not increase grain yield and profitability (Quinn and Steinke, 2019). 
Greater grain yields from modern soybean varieties may be in part due to increased TDM and improvements in agronomic practices and genetics (Rincker et al., 2014; Rowntree et al., 2014; Specht el al., 1999) In addition, modern soybean varieties offer a greater capacity to compensate for yield at low populations by producing additional pod bearing branches which may help facilitate greater nutrient uptake and grain yield response to fertilizer applications (Bender et al., 2015; Suhre et al., 2014). However, greater interplant competition from increased seeding rates (i.e. above recommended seeding rates) may offer quicker canopy closure, reduced weed emergence, increased soybean growth at early developmental stages, protection against low seedling emergence, and increased competition for water (Chen et al., 2011; 1996; Hamman et al., 2002; Harder et al., 2007). 
Although soil biological nitrogen fixation (BNF) may supply up to 86 to 90% of total N uptake for modern soybean varieties, BNF N contributions are minimal until V2-V4 (Tamagno et al., 2018). In Michigan, cool wet springs associated with April and May soybean planting may limit early season plant growth and provide opportunities for starter fertilizer to influence vegetative DM and nutrient accumulation (Osborne & Riedell, 2006). Peak uptake of N, P, and K, ranges from R4 to R5, R3 to R4, and R2, respectively (Bender et al., 2015; Gaspar et al., 2017a, 2017b). In addition, seed N, P, and K accumulation relies more heavily on continued uptake from the soil after R5.5 to meet seed N, P, K demand rather than vegetative nutrient remobilization (Gaspar et al., 2017a, 2017b). Knowledge of peak uptake periods and late season uptake in accordance with yield potential may guide in-season N, P, and K fertilizer applications to promote greater nutrient uptake and remobilization, DM production , and grain yield response (Gaspar et al., 2017b). 
The objective of this study was to evaluate soybean dry matter accumulation, partitioning and remobilization; nutrient accumulation, partitioning, and remobilization; grain yield; and net economic return in response to a range of seeding rates across multiple fertilizer strategies. 

MATERIALS AND METHODS

 	Field trials were initiated in Lansing, MI (42º42′37.0″N,84º28′14.6″W) on a non-irrigated and irrigated Capac Loam soil (fine-loamy, mixed, active, mesic Aquic Glossudalf). Both trials were previously cropped to corn (Zea mays L.), autumn chisel plowed (20-cm depth), and field cultivated (10-cm depth) prior to planting. A Micro Rain (model MR58RLBP) traveling irrigator (Micro Rain, Yukon, OK) provided six to eight inches of supplemental water throughout the growing season at times of peak evapotranspiration and low soil moisture. Pre-plant soil samples (20-cm depth) were collected prior to nutrient application, ground to pass through a 2-mm sieve, and analyzed for soil chemical properties (Table 1). Full season pest control followed Michigan State University best management practices. Environmental data were collected using the Michigan State University Enviro-weather.  Temperature and precipitation 30-year means were obtained from the National Oceanic and Atmosphere Administration. 
A randomized complete block split-plot design with four replications was utilized. Whole plots measured 15 ft. wide by 200 ft. in length and each sub-plot measured 15 ft. wide by 40 ft. in length. Whole plot factor was seeding rate and the subplot factor was fertilizer application. The variety ‘S170115’ (Stine Seed Co., Adel, IA) was planted on 28 May 2019 at both sites in 30-inch rows using a Monosem planter (Monosem Inc., Kansas City, KS) to achieve seeding rates of 60,000, 120,000, and 180,000 seeds per acre. Plants stands at both sites were within 10% of the targeted seeding rates. Fertilizer treatments consisted of a non-fertilized control, MicroEssentials® SZ® (MESZ) (Mosaic CO., Plymouth, MN) applied 2-in below and 2-in to the side of the seed at a rate of 150 lb. MESZ A-1 (18 lb. N, 60 lb. P2O5, 15 lb. S, 1.5 lb. Zn), 16 gal. liquid potash A-1 (53 lb. K2O) applied using a Y-drop applicator near V6, 15 gal. of 10-34-0 A-1 (17 lb. N, 59 lb. P2O5) applied using a Y-drop applicator near R1, and a combination of the MESZ, K2O, and 10-34-0 fertilizer treatments referred to as the (All) treatment. 
	Aboveground plant biomass was sampled from 10 consecutive plants in row two at V4, R2, R5, and R8 when at least 50% of the crop achieved each respective growth stage. Plants were partitioned into leaves, stems and petioles, flowers and pods, and grain (Bender et al., 2015). Netting was assembled immediately prior to the onset of leaf drop to retain senesced DM. Dry weight was determined by drying plant tissues at 66C (0% moisture). DM accumulation was reported as the sum of all plant components. V4 and R8 aboveground plant, and R8 grain samples were analyzed for N (AOAC, 1995a), P (AOAC, 1995b), K (AOAC, 1995b), S (AOAC, 1995b), and Zn (AOAC, 1995b). Nutrient accumulation (kg ha-1) was calculated from nutrient concentration, DM accumulation, and plant density. Grain yield, moisture, and test weight with yield adjusted to 13.5% moisture were determined by harvesting the center two rows of each plot with a research plot combine (Kincaid Equipment Manufacturing, Haven, KS). Economic return was estimated using an average local cash price of $8.73 bu-1 and input costs of $44.25, $328, and $45 A-1 for MESZ, K2O, P2O5, and the combination fertilizer treatment, respectively. Nutrient application costs of $1.54 and $12.00 A-1 were estimated for 2x2 starter application and Y-drop application, respectively, using Michigan State University Extension Custom Machine and Work Rate Estimates. Seed cost for 140,000 seeds was estimated at $50.00.  Net profit estimates were calculated by subtracting treatment costs from gross profit estimates. Statistical analyses were performed using PROC GLIMMIX in SAS 9.4 (SAS Institute, 2012) at α = 0.10. Normality of residuals were examined using the UNIVARIATE procedure (P ≤ .05). Squared and absolute values of residuals were examined with Levene’s Test to confirm homogeneity of variances (P ≤ .05). Least square means were separated using the LINES option of the slice statement when ANOVA indicated a significant interaction (P ≤ .10).

RESULTS AND DISCUSSION 

	 Total growing season (May-September) precipitation was 5% above the 30-yr mean, but June and August monthly precipitation were 108% and 78% above and below the 30-yr mean, respectively (Table 1).  Delayed planting due to wet early May soil conditions and limited August rainfall during the grain-fill period may have reduced vegetative growth, yield potential, and response to fertilizer applications (Fig. 1). May to September mean daily air temperatures were ± 3.4 degrees F within the 30-year mean suggesting air temperatures likely did not impact soybean growth and development. (Table 1).
There was no interaction between seeding rate and fertilizer application on grain yield for the irrigated (P = 0.77) or non-irrigated (P = 0.75) sites suggesting fertilizer treatments did not require adjustment based on seeding rates (Table 3). Seeding rate influenced grain yield at the irrigated site (P = 0.03) and among the tested rates was maximized at 120,000 seeds A-1 (Table 3). However, seeding rates did not influence yield at the non-irrigated site which ranged from 33.3 to 37.0 bu A-1 (Table 3). Cumulative August precipitation (78% below the 30-yr mean) during late reproductive growth stages (i.e. grain fill) likely decreased yield potential at the non-irrigated location. Reduced seeding rates (i.e. 60,000 seeds A-1) at the non-irrigated site compensated for low plant density by producing additional pods (data not shown). Total pod production for 60,000 seeds A-1 resulted in greater than 5 million pods A-1 compared to 2 and 3 million pods A-1 for 120,000 and 180,000 seeds A-1 at the non-irrigated site, respectively. Despite significant differences in grain yield at the irrigated site, yield increases were offset by higher seed costs at greater seeding rates and economic return was not impacted (Table 3). In addition, economic return was not influenced by seeding rate at the non-irrigated site (Table 3).
Dry matter accumulation (kg ha−1) at V4 was significantly influenced by seeding rate and fertilizer at both sites. V4 dry matter accumulation increased 95 and 114% as seeding rate increased from 60,000 to 180,000 seeds A-1 at the irrigated and non-irrigated sites, respectively (Table 4). Both locations received abundant June precipitation (108% above the 30-yr mean) which likely did not limit interplant competition for water at greater seeding rates (Alessi et al., 1982). Although greater V4DM with increased seeding rates was not surprising (i.e., more plants per unit area resulted in more biomass), the rate of increase with progressively greater seeding rates may be of interest for comparison to total R8 biomass production. Individual plant biomass data suggests decreased interplant competition from reduced seeding rates may have increased individual plant DM compared to greater seeding rates (data not shown) (Carpenter & Board, 1997). Up to 120,000, and 180,000 seeds A-1 increased percent of TDM up to V4 33 and 50% as compared to 60,000 seeds A-1 at both the irrigated and non-irrigated sites, respectively (Table 5). These results imply increased seeding rates (i.e. ≥ 120,000) are associated with greater early-season accumulation. However, across seeding rates V4DM only accounted for 3 to 4% (irrigated) and 3 to 6% (non-irrigated) of TDM as compared to R5DM, which accounted for 73 to 80% (irrigated) and 68 to 78% (non-irrigated) of  TDM (Table 4). Purucker and Steinke (2020) found a positive relationship between V4DM and grain yield (r = .41, P < .01) and suggested greater early season DM helped to maintain grain yield potential under limited precipitation. However, in the current study V4DM showed a poor positive relationship (r = .28, P = .03)  and no relationship (r = .06, P = .67) with grain yield at the irrigated and non-irrigated sites, respectively, suggesting limited precipitation at the non-irrigated site did not maintain grain yield potential. 
Fertilizer influenced V4DM (P < .01) (Table 4). The “All” and MESZ treatments maximized V4DM at the irrigated site while the “All” treatment maximized V4DM at the non-irrigated site (Table 4). The N component of MESZ likely increased early season DM given the initial soil nutrient concentrations at each location and the reliance on residual soil N and mineralization to meet early season plant N requirements (Tamagno et al., 2018). Current results agree with Purucker and Steinke (2020) who found MESZ increased mean soybean V4DM 85, 135, and 79% across three site years. Furthermore, at the irrigated site the MESZ and the “All” fertilizer treatments increased percent of TDM up to V4 33 and 67% compared to the non-fertilized control (Table 5).
Nutrient accumulation data (kg ha−1) at V4 was significantly impacted by seeding rate and fertilizer at both sites in addition to an interaction between seeding rate and fertilizer treatment on V4 P and S accumulation at the non-irrigated site (Table 6, 7, 8). The 180,000 seeds A-1 and the “All” fertilizer treatment maximized V4 nutrient accumulation of N, P, K, S, and Zn under irrigation (Table 6). A strong positive relationship correlating V4DM with V4 nutrient uptake of N, P, K, S, and Zn (r = 0.97, P = <0.01) suggests greater DM may have facilitated increased nutrient uptake (Bender et al., 2015). However, percent of total nutrient accumulation up to V4 for N, P, K, S, and Zn ranged from 1.6 to 10.1% across seeding rates and fertilizer treatments at the irrigated site (data not shown). These findings agree with previous research indicating nutrient uptake at V4 was less than 20% of total nutrient accumulation and that a majority of grain nutrient requirements comes from the soil at grain-fill instead of vegetative nutrient remobilization (Bender et al., 2015; Gaspar et al., 2017a, 2018). Under non-irrigated conditions, the 180,000 seeds A-1 rate, MESZ, and the “All” fertilizer treatments produced the greatest nutrient accumulation of N, K, and Zn (Table 6). An interaction between seeding rate and fertilizer treatment influenced V4 nutrient accumulation of P (P = 0.03) and S (P = 0.03) at the non-irrigated site (Table 7,8). Maximum V4 nutrient accumulation of P and S occurred at increased seeding rates (≥120,000 seeds A-1) across the non-fertilized control, MESZ, K2O, and “All” fertilizer treatments (Table 7,8).
	Total dry matter accumulation (kg ha−1) at maturity (R8) was not influenced by an interaction and therefore the data are presented by main effects (Table 4). Seeding rate did not impact TDM at the irrigated and non-irrigated sites suggesting accelerated crop growth rates near peak dry matter accumulation (R4) may have diminished V4DM differences (Bender et al., 2015). Despite greater yield at increased seeding rates (i.e. ≥ 120,000) at the irrigated site, percent of TDM after R5 was not impacted (Table 5). Preliminary results disagree with Gaspar (2017a), who found higher yields to be associated with greater late season accumulation after R5.5 rather than early season accumulation. The MESZ and “All” treatments produced the greatest TDM at the irrigated site (Table 4). Compared to the non-fertilized control treatment, the “All” treatment increased TDM 24% but greater TDM did not produce greater yield. Although grain yield is a component of TDM accumulation, correlation analysis indicated no relationship between TDM and grain yield at the irrigated and non-irrigated sites which may imply that environmental conditions on vegetative and reproductive growth likely limited grain yield potential (Weber et al., 1966). 
	Grain nutrient accumulation was significantly influenced by seeding rate and fertilizer treatment at the irrigated site (Table 9). Increased seeding rates (i.e. ≥ 120,000) generally increased grain nutrient accumulation of N, P, K, S, and Zn under irrigation (Table 9).  Across fertilizer treatments at the irrigated site, comparable HI (data not shown), similar grain yield, and sufficient soil nutrient concentrations (Table 2) implied no differences in grain nutrient accumulation should be expected. However when compared to the non-fertilized control, P grain nutrient accumulation increased 5-10% for the 10-34-0 and “All” treatments while K grain nutrient accumulation increased 9% for the “All” treatment. Combined with differences in grain nutrient concentration across fertilizer treatments (data not shown), current findings suggest additional fertilizer applications increased TDM, which ultimately led to greater total nutrient accumulation (data not shown) and grain nutrient accumulation but did not result in greater grain yield. 
Seeding rate and fertilizer application did not interact to increase grain yield at either the irrigated or non-irrigated site which may imply that fertilizer applications do not require adjustments based on seeding rate. Irrigation likely decreased interplant competition for water and as a result greater seeding rates (i.e. ≥ 120,000 seeds A-1) increased grain yield at the irrigated site. However, yield increases were offset by higher seed costs at greater seeding rates and net economic return was not impacted (Table 3). Grain yield and economic return were not affected by seeding rate at the non-irrigated site (Table 3). Lack of yield response to fertilizer applications in the environments tested may indicate that supplemental fertilization should not be used as a strategy to maximize yield and nutrient availability when soil test nutrient concentrations are at or above critical regardless of  irrigation management practices. 
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Figure 1. Rainfall frequency and average daily air temperature (˚F), Lansing, MI, 2019.
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[bookmark: _Hlk53404970]Table 1. Monthly† and 30-year mean‡ air temperature (T avg) and cumulative precipitation (Ppt) for the soybean-growing season (May-September), Lansing, MI, 2019.
	
	Month

	Location
	May
	June
	July
	August
	September
	Total

	Lansing
	
	
	
	
	
	

	Ppt, in
	3.4
	7.2
	2.3
	0.7
	3.6
	17.2

	30-yr mean
	3.4
	3.5
	2.8
	3.2
	3.5
	16.4

	T avg, ̊ F
	56.1
	64.9
	73.8
	68.5
	65.3
	328.6

	30-yr mean
	57.7
	67.6
	71.5
	69.8
	61.9
	328.4


†Monthly precipitation and air temperatures collected from MSU Enviro-weather (https://enviroweather.msu.edu). 
‡30-year means collected from the National Oceanic and Atmosphere Administration (https://www.ncdc.noaa.gov/cdo-web/datatools/normals).


[bookmark: _Hlk53404993]Table 2. Soil chemical properties and mean nutrient concentrations (0 to 20-cm depth) for the irrigated and non-irrigated site, Lansing, MI, 2019
	Site
	Soil test values†

	
	pH
	CEC
	SOM
	P
	K
	S
	Zn

	
	
	meq/100 g-1
	%
	ppm

	Irrigated
	6.8
	7.5
	2.1
	38
	80
	6
	2.1

	Non-irrigated
	7.5
	13.7
	2.7
	86
	94
	7
	3.8


†pH (1:1, soil/water), SOM soil organic matter (loss-on-ignition), P Phosphorus (Bray-P1), K potassium (ammonium acetate method), S sulfur (monocalcium phosphate extraction), Zn Zinc (0.1 M HCl extraction).
Table 3. Soybean grain yield (bu A-1) and net economic return† (US$ A-1) as affected by seeding rate and fertilizer application, Lansing, MI, 2019. Grain yield adjusted to 13.5% moisture.
	
	Site

	Treatment 
	Irrigated
	Non-irrigated
	Irrigated
	Non-irrigated

	
	______________bu A-1______________
	_____________US$ A-1_____________

	Seeding rate (seeds A-1)
	
	
	
	

	60,000
	  60.9 b‡
	33.3 a
	510 a
	269 a

	120,000
	  64.1 ab
	37.0 a
	517 a
	280 a

	180,000
	67.0 a
	34.0 a
	520 a
	233 a

	P > F
	0.03
	0.34
	0.77
	0.15

	Fertilizer 
	
	
	
	

	Non-fertilized
	64.0 a
	35.7 a
	516 a
	268 a

	MESZ
	63.5 a
	35.6 a
	466 b
	222 b

	K2O
	62.0 a
	37.8 a
	158 c
	 -53 c

	10-34-0
	63.8 a
	32.6 a
	457 b
	 184 b

	All
	66.6 a
	32.2 a
	94 d
	      -207 d

	P > F
	0.32
	0.36
	<0.01
	<0.01


† Net economic return calculated as gross profit (soybean grain price x grain yield) minus total input costs.
‡ Values followed by the same letter are not significantly different at α=0.10.























Table 4. Impact of seeding rate and fertilizer application on irrigated and non-irrigated dry matter accumulation at growth stages V4 and R8, Lansing, MI, 2019. All values are reported at 0% moisture. 
	
	Treatment
	Growth stage

	Site
	
	V4
	R8

	
	
	____________________lb. A-1____________________

	Irrigated
	Seeding rate (seeds A-1)
	
	

	
	60,000
	  141 c†
	5836 a

	
	120,000
	205 b
	5658 a

	
	180,000
	277 a
	6743 a

	
	P > F
	<0.01
	0.17

	
	Fertilizer 
	
	

	
	Non-fertilized
	156 c
	5671 b

	
	MESZ
	263 b
	  6346 ab

	
	K2O
	159 c
	5458 b

	
	10-34-0
	132 d
	5913 b

	
	All
	328 a
	7006 a

	
	P > F
	<0.01
	0.05

	
	Treatment
	Growth stage

	Site
	
	V4
	R8

	
	
	____________________lb. A-1____________________

	Non-irrigated
	Seeding rate (seeds A-1)
	
	

	
	60,000
	  132 c†
	4544 a

	
	120,000
	212 b
	5305 a

	
	180,000
	283 a
	4797 a

	
	P > F
	<0.01
	0.44

	
	Fertilizer 
	
	

	
	Non-fertilized
	171 b
	4388 a

	
	MESZ
	256 a
	5644 a

	
	K2O
	178 b
	4681 a

	
	10-34-0
	179 b
	4683 a

	
	All
	260 a
	5013 a

	
	P > F
	<0.01
	0.20


†Values followed by the same letter are not significantly different at α = 0.10.










Table 5. Influence of seeding rate and fertilizer application on irrigated and non-irrigated percent of R8 total dry matter at growth stages V4, R2, R5, and post- R5, Lansing, MI, 2019. 
	
	`
	Growth stages

	Site
	
	V4‡
	R2
	R5
	>R5-R8

	
	
	____________________Percent (%) of TDM____________________

	Irrigated
	Seeding rate (seeds A-1)
	
	
	
	

	
	60,000
	  3 b†
	52 a
	74 a
	26 a

	
	120,000
	4 a
	56 a
	80 a
	20 a

	
	180,000
	4 a
	56 a
	73 a
	27 a

	
	P > F
	0.04
	0.72
	0.67
	0.67

	
	Fertilizer 
	
	
	
	

	
	Non-fertilized
	3 b
	50 b
	73 a
	27 a

	
	MESZ
	4 a
	60 a
	72 a
	28 a

	
	K2O
	3 b
	48 b
	73 a
	27 a

	
	10-34-0
	2 c
	49 b
	77 a
	23 a

	
	All
	5 a
	66 a
	84 a
	16 a

	
	P > F
	<0.01
	0.01
	0.78
	0.78

	
	Treatment
	Growth stages

	Site
	
	V4
	R2
	R5
	>R5-R8

	
	
	____________________Percent (%) of TDM____________________

	Non-irrigated
	Seeding rate (seeds A-1)
	
	
	
	

	
	60,000
	3 c
	52 b
	73 a
	27 a

	
	120,000
	4 b
	50 b
	68 a
	32 a

	
	180,000
	6 a
	65 a
	78 a
	22 a

	
	P > F
	<0.01
	0.07
	0.42
	0.42

	
	Fertilizer 
	
	
	
	

	
	Non-fertilized
	4 a
	56 a
	70 a
	29 a

	
	MESZ
	5 a
	59 a
	76 a
	24 a

	
	K2O
	4 a
	51 a
	74 a
	26 a

	
	10-34-0
	4 a
	50 a
	72 a
	28 a

	
	All
	5 a
	61 a
	73 a
	27 a

	
	P > F
	0.17
	0.47
	0.99
	0.99


† Values followed by the same letter are not significantly different at α = 0.10.
‡Percent of TDM calculated as (dry matter accumulation at each respective growth stage divided by total dry matter accumulation) x 100.











Table 6. Soybean V4 total nutrient accumulation as affected by seeding rate and fertilizer application presented across irrigated and non-irrigated sites, Lansing, MI, 2019.
	
	Treatment
	 Nutrient accumulation†

	Site
	
	N
	P
	K
	S
	Zn

	
	
	_______________________lb. A-1______________________
	__g A-1__

	Irrigated
	Seeding rate (seeds A-1)
	
	
	
	
	

	
	60,000
	  5.0 c‡
	0.58 c
	3.4 c
	0.34 c
	  2.2 c

	
	120,000
	6.4 b
	0.76 b
	4.4 b
	0.45 b
	  3.1 b

	
	180,000
	8.4 a
	1.04 a
	5.9 a
	0.61 a
	4.6 a

	
	P > F
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01

	
	Fertilizer 
	
	
	
	
	

	
	Non-fertilized
	5.0 c
	0.55 c
	3.8 c
	0.35 c
	  2.3 c

	
	MESZ
	8.5 b
	1.09 b
	5.0 b
	0.62 b
	4.4 b

	
	K2O
	4.7 c
	  0.54 dc
	3.5 c
	0.34 c
	  2.3 c

	
	10-34-0
	4.0 d
	0.46 d
	3.3 c
	0.27 d
	  2.0 d

	
	All
	  10.5 a
	1.34 a
	7.2 a
	0.76 a
	  5.5 a

	
	P > F
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01

	
	Treatment
	 Nutrient accumulation

	Site
	
	N
	P
	K
	S
	Zn

	
	
	_______________________lb. A-1______________________
	__g A-1__

	Non-irrigated
	Seeding rate (seeds A-1)
	
	
	
	
	

	
	60,000
	4.7 c
	
	3.1 c
	
	2.0 c

	
	120,000
	7.9 b
	
	5.2 b
	
	3.3 b

	
	180,000
	9.7 a
	
	6.1 a 
	
	4.2 a

	
	P > F
	<0.01
	
	<0.01
	
	<0.01

	
	Fertilizer 
	
	
	
	
	

	
	Non-fertilized
	  6.1 b
	
	3.2 c 
	
	2.4 c

	
	MESZ
	  9.6 a
	
	5.3 a
	
	4.0 a

	
	K2O
	  6.3 b
	
	    4.1 abc
	
	  2.8 bc

	
	10-34-0
	  6.2 b
	
	  3.9 bc
	
	  2.9 bc

	
	All
	  9.0 a
	
	  5.1 ab
	
	  3.5 ab

	
	P > F
	<0.01
	
	0.06
	
	0.02


† Total nutrient accumulation calculated as total nutrient concentration x total dry matter accumulation.
‡ Values followed by the same letter are not significantly different at α = 0.10.











Table 7. Interaction (P = 0.05) between soybean seeding rate and fertilizer application on non-irrigated V4 phosphorus accumulation, Lansing, MI, 2019. 
	Fertilizer
	Seeding rate (seeds A-1)
	P > F

	
	60,000
	120,000
	180,000
	

	
	______________________ lb. A-1______________________
	

	Non-fertilized
	  0.39 bA†
	   0.68 abA
	0.89aBC
	0.10

	MESZ
	0.51 bA
	 1.30 aA
	1.69 aA
	0.05

	K2O
	0.48 bA
	   0.71 abA
	0.80 aC
	0.08

	10-34-0
	0.56 aA
	 0.61 aA
	0.89 aBC
	0.22

	All
	0.65 bA
	 1.00 aA
	1.44 aAB
	0.06

	P > F
	0.62
	0.15
	<0.01
	―


† Lowercase letters are specific to each row (fertilizer treatment) and uppercase letters are specific to each column (seeds ha-1). Values followed by the same lowercase or uppercase letter are not significantly different at α = 0.10.


Table 8. Interaction (P = 0.05) between soybean seeding rate and fertilizer application on non-irrigated V4 sulfur accumulation, Lansing, MI, 2019. 
	Fertilizer
	Seeding rate (seeds A-1)
	P > F

	
	60,000
	120,000
	180,000
	

	
	______________________ lb. A-1______________________
	

	Non-fertilized
	  0.25 bA†
	0.42 abC
	0.53 aB
	0.03

	MESZ
	0.29 bA
	0.81 aA
	0.90 aA
	<0.01

	K2O
	0.30 bA
	0.45 abBC
	0.52 aB
	0.10

	10-34-0
	0.35 aA
	0.41 aC
	0.55 aB
	0.12

	All
	0.35 cA
	0.62 bB
	0.89 aA
	<0.01

	P > F
	0.88
	<0.01
	<0.01
	―


† Lowercase letters are specific to each row (fertilizer treatment) and uppercase letters are specific to each column (seeds ha-1). Values followed by the same lowercase or uppercase letter are not significantly different at α = 0.10.










Table 9. Soybean grain nutrient accumulation at physiological maturity (R8) as affected by seeding rate and fertilizer application presented across irrigated and non-irrigated sites, Lansing, MI, 2019.
	
	Treatment
	Grain nutrient accumulation†

	Site
	
	N
	P
	K
	S
	Zn

	
	
	_______________________lb. A-1______________________
	__g A-1__

	Irrigated
	Seeding rate (seeds A-1)
	
	
	
	
	

	
	60,000
	  205 b‡
	19 b
	61 b
	12 b
	51 b

	
	120,000
	220 a
	  20 ab
	  63 ab
	  12 ab
	51 b

	
	180,000
	230 a
	21 a
	66 a
	13 a
	55 a

	
	P > F
	0.03
	0.06
	0.07
	0.06
	0.10

	
	Fertilizer 
	
	
	
	
	

	
	Non-fertilized
	217 a
	19 c
	62 b
	12 a
	53 a

	
	MESZ
	221 a
	  19 bc
	62 b
	12 a
	53 a

	
	K2O
	211 a
	  19 bc
	62 b
	12 a
	51 a

	
	10-34-0
	217 a
	  20 ab
	63 b
	12 a
	51 a

	
	All
	225 a
	21 a
	68 a
	13 a
	55 a

	
	P > F
	0.32
	0.02
	0.08
	0.56
	0.44

	
	Treatment
	Grain nutrient accumulation

	Site
	
	N
	P
	K
	S
	Zn

	
	
	_______________________lb. A-1______________________
	__g A-1__

	Non-irrigated
	Seeding rate (seeds A-1)
	
	
	
	
	

	
	60,000
	180 a
	16 a
	52 a
	9 a
	50 a

	
	120,000
	178 a
	16 a
	50 a
	9 a
	50 a

	
	180,000
	181 a
	16 a
	51 a
	9 a
	49 a

	
	P > F
	0.59
	0.48
	0.48
	0.49
	0.80

	
	Fertilizer 
	
	
	
	
	

	
	Non-fertilized
	181 a
	16 a
	50 a
	9 a
	50 a

	
	MESZ
	181 a
	16 a
	52 a
	9 a
	50 a

	
	K2O
	175 a
	16 a
	52 a
	9 a
	49 a

	
	10-34-0
	180 a
	16 a
	50 a
	9 a
	49 a

	
	All
	181 a
	16 a
	51 a
	9 a
	50 a

	
	P > F
	0.43
	0.94 
	0.50
	0.11
	0.84


†Grain nutrient accumulation calculated as nutrient concentration x grain dry matter accumulation.
‡Values followed by the same letter are not significantly different at α = 0.10.
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