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Abstract 

Yield of first-year corn (Zea mays L.) following alfalfa (Medicago sativa L.) on 

fine-textured soils responds to fertilizer nitrogen (N) about one-half of the time, but 

current methods of predicting N-responsive sites and the economic optimum N rate 

(EONR) for N-responsive sites are not reliable. This study was conducted to quantify the 

responses of grain and silage yields and N uptake to fertilizer N rate in first-year corn 

following alfalfa on fine-textured soil and determine whether these are influenced by the 

time of N application. In 2014, 14 on-farm experiments were conducted in Minnesota 

with five N rates applied near planting or as a sidedress at the five to six leaf-collar corn 

stage in first-year corn on fine-textured soils. In three of four experiments where grain 

yield was increased with fertilizer N, the EONR was not affected by N application time 

and ranged from 114 to 200 kg N ha-1 at a 5.6 price ratio (US$ kg-1 N/US$ kg-1 grain); the 

EONR at the one location affected by N application time was 91 kg N ha-1 when N was 

applied near planting compared to 30 kg N ha-1 applied as a sidedress. Maximum grain 

yield was greater when N was sidedressed compared to applied near planting at three 

locations and was not influenced by the time of N application at the fourth location. 

Silage yield was increased with fertilizer N at seven locations. The EONR at N-

responsive locations was not affected by N application time and ranged from 101 to >200 

kg N ha-1 at a 13.9 price ratio (US$ kg-1 N/US$ kg-1 silage). Silage yield was greater at all 

N-responsive locations when N fertilizer was applied as a sidedress compared to near 

planting. Grain and silage N uptake by corn was increased with fertilizer N at 14 and 13 

locations, respectively, and was greater with N applied as a sidedress compared to near 

planting. When N uptake was maximized, apparent grain and silage fertilizer N recovery 
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efficiency was 11 to 53% across N application times. Corn response to fertilizer N was 

related to weather conditions that limited N availability and crop uptake. These results 

indicate that sidedressing N fertilizer in first-year corn following alfalfa at the five to six 

leaf-collar corn stage can mitigate risk of yield loss when there is elevated risk of N loss 

due to excessive precipitation prior to sidedressing. 

 Improved methods of predicting the response of grain yield to fertilizer N in first-

year corn following alfalfa on fine-textured soils are needed to maximize the benefits of 

alfalfa in cropping systems and reduce N losses. Data from 21 site-years were used to (i) 

determine how the Illinois soil N test (ISNT) and pre-sidedress soil nitrate test (PSNT) 

soil concentrations change during alfalfa-corn rotations; (ii) evaluate the ability of the 

ISNT and PSNT to predict grain yield response to fertilizer N in first-year corn following 

alfalfa; and (iii) investigate relationships between the ISNT or PSNT and potentially 

mineralizable soil nitrate-N. Neither the ISNT nor the PSNT changed as a result of 

increasing alfalfa stand age in five trials, and the PSNT was greater in first-year corn 

following alfalfa compared to other crop phases in rotations in three of five trials. The 

PSNT more accurately predicted corn response or non-response to fertilizer N than the 

ISNT (62 and 52% of site-years correctly classified, respectively). A multiple logistic 

regression equation was developed to predict first-year corn response to fertilizer N. 

Measures of fit and model accuracy were improved when the PSNT, but not the ISNT, 

was included as a predictor variable. Incubation of soil from first-year corn showed that 

the ISNT explained 30% of the variation in mineralized soil nitrate-N at the end of the 

17-wk incubation period, compared to 13% explained with the PSNT. There was a linear 

relationship between the PSNT and either aboveground corn N uptake (ANU) or total 
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available N (TAN), and between the ISNT and potentially mineralizable soil nitrate-N 

(PSN). Estimates of ANU, TAN, and PSN were improved when additional predictor 

variables were included in models. Overall, the PSNT was less related to soil N 

mineralization, but more closely related to the response of grain yield to fertilizer N in 

first-year corn following alfalfa, than the ISNT. Future research should seek to increase 

knowledge about the size and mineralization rate of soil N pools in first-year corn 

following alfalfa, thereby increasing the ability to predict sites where corn yield will 

respond to N fertilizer and the EONR for these sites. 
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Chapter 1: Response of First-Year Corn Following Alfalfa to Fertilizer Nitrogen 

Rate and Timing on Fine-Textured Soils 

 

INTRODUCTION 

 Corn is the most frequent crop grown following alfalfa in crop rotations in the 

upper Midwest (Yost et al., 2014a). Including alfalfa in rotation provides many 

agronomic benefits to the following corn crops, including reduced N losses (Randall et 

al., 1997; Kanwar et al., 2005), soil quality enhancements (Russell et al., 2006; Coulter et 

al., 2013), reduced densities of weed and insect pests (Porter et al., 2003; Pikul et al., 

2005), greater yield (Mallarino and Ortiz-Torrez, 2006; Stanger and Lauer, 2008), and a 

reduction in the supplemental N requirement for at least 2 yr (Mallarino and Ortiz-Torrez, 

2006; Stanger and Lauer, 2008). The alfalfa N credit to corn is the amount by which the 

supplemental N requirement for optimizing economic yield of corn can be reduced 

compared to continuous corn. The size of the alfalfa N credit can be substantial, in some 

cases eliminating the need for supplemental N in first-year corn; however, a literature 

review of first-year corn following alfalfa found that grain yield responded to fertilizer N 

more frequently (53% of cases) on fine-textured soils compared to medium-textured soils 

(18% of cases) (Yost et al., 2014b). Cooler soil temperatures, compaction, and slow 

drainage generally associated with fine-textured soils may result in slow mineralization 

of alfalfa residues and conditions that more frequently favor denitrification relative to 

medium-textured soils (Doran and Smith, 1987)  

 Nitrogen management guidelines for first-year corn following alfalfa from most 

midwestern land grant universities suggest the N rate for corn be reduced based on alfalfa 
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stand density at termination with greater stand density corresponding to a larger N credit 

(see references cited by Yost et al., 2014b); however, Yost et al. (2014b, 2015) and 

Walker et al. (2014) found the EONR for first-year corn did not relate to alfalfa stand 

density. Another method of determining corn response to N is the pre-sidedress soil 

nitrate test (PSNT). The PSNT measures soil nitrate-N concentration and determines corn 

grain yield response to N based on a critical concentration (21 mg NO3-N kg) (Magdoff 

et al., 1984). This test is commonly used in continuous corn, but also has been used in 

other crop rotations including corn following alfalfa (Kitchen et al., 2008). An evaluation 

of literature for first-year corn following alfalfa shows that the PSNT accurately 

classified N-responsive and non-N-responsive site-years in 60% of cases (n = 114). 

Because alfalfa stand density and the PSNT predict corn response to N with limited 

accuracy and do not provide a reliable estimate of the EONR in first-year corn, 

measurement of the EONR for first-year corn following alfalfa would help growers 

manage N in this rotation.  

 When supplemental N is required to optimized corn yield following alfalfa, 

fertilizer N recovery efficiency may be enhanced when N is applied closer to the time of 

rapid plant uptake (Welch et al., 1971; Stanley and Rhoads, 1977; Russelle et al., 1981; 

Olson and Kurtz, 1982; Aldrich 1984; Fox et al., 1986). By applying N near the time of 

rapid plant uptake, the risk of N losses by leaching and denitrification are reduced (Olson 

and Kurtz, 1982), which may reduce the EONR of corn. Despite this, many growers in 

the upper Midwest apply all or the majority of N for corn in the fall (32%) prior to the 

growing season or near planting (59%) compared to a sidedress after emergence (9%) 

(Beirman et al., 2012). Several studies show greater corn yield and N efficiency when N 
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is applied as a sidedress compared to near planting (Olsen et al., 1964; Lathwell et al., 

1970; Welch et al., 1971; Rhem and Wiese, 1975; Bundy et al., 1983; Malzer and Graff, 

1983). Other studies have shown no grain yield benefit when N was applied as a 

sidedress relative to near planting (Pumphrey and Harris, 1956; Stevenson and Baldwin, 

1969; Nelson and MacGregor, 1973; Miller et al., 1975; Bigeriego et al., 1979; Moncrief 

et al., 1984). The effectiveness of sidedressed N at improving corn yield and N efficiency 

likely was related to weather and soil characteristics in these studies, which are factors 

generally known to influence N availability in soils (Bundy, 2006). Although results 

regarding the agronomic benefits of applying N as a sidedress compared to near planting 

have varied, findings from recent research in first- and second-year corn following alfalfa 

demonstrate that applying N as a sidedress can enhance N use efficiency. Yost et al. 

(2013a) found that a sidedress of 45 kg N ha-1 produced equivalent grain yield as 54 kg N 

ha-1 applied near planting in first-year corn following alfalfa. Similarly, Yost et al. 

(2014c) reported equivalent grain yield in second-year corn following alfalfa with 90 kg 

N ha-1 applied as a sidedress compared to 179 kg N ha-1 applied near planting. Although 

these studies support applying N at sidedress rather than near planting, no study to date 

has investigated the effect of N application time on EONR using a range of N rates at 

each application time. The objectives of this study were to quantify the responses of grain 

and silage yields and N uptake to fertilizer N rate in first-year corn following alfalfa on 

fine-textured soils, and whether these are influenced by the time of N application. 
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MATERIALS AND METHODS 

 Experiments were conducted in 2014 on fine-textured soils (silty clay loam, clay 

loam, silty clay, and clay) at 14 on-farm locations in Minnesota (Table 1.1). The 

experimental design at each location was a randomized complete block with four 

replications. Plots were 7.6 m long at each location and 4.6 m wide at locations where 

corn was planted in rows spaced 76 or 91 cm apart and 5.5 m wide when rows were 

spaced 51 cm apart. Experimental sites were identified in the fall of 2013 and had not 

received manure at or since alfalfa establishment. In the fall of 2013, composite soil 

samples from the 0- to 15-cm depth, consisting of 10 soil cores that were 1.8 cm in 

diameter, were collected from each replication, dried at 35°C until constant mass, ground 

to pass through a 2-mm sieve, and analyzed for soil organic C (combustion), pH (1:1 

soil:water), Bray-1 P, Olsen P, and ammonium-acetate exchangeable K (Table 1.1). 

Based on the soil-test results, experimental areas were fertilized according to University 

of Minnesota guidelines (Kaiser et al., 2011) for a corn grain yield goal of 15 Mg ha-1 

using Ca(H2PO4)2•2H2O and KCl broadcast in the fall. Fertilizer S was applied at all 

locations in the early spring as broadcast CaSO4•2H2O at 16.8 kg S ha-1. Alfalfa 

termination occurred in the fall of 2013 and spring of 2014 (11 and 3 locations, 

respectively) and termination methods included tillage (10 locations), herbicide (1 

location), or a combination of both (3 locations) (Table 1.2). Alfalfa stand age at 

termination ranged from 2 to 7 yr, including the establishment year.  

 Cooperating growers selected and planted corn hybrids of appropriate maturity 

between 3 and 24 May 2014 at 72,900 to 89,000 seeds ha-1. Eight locations received a 

small amount of N (3–14 kg N ha-1) applied as starter fertilizer at planting (Table 1.3). 
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Weeds were controlled by cooperating growers using pre- and post-emergence 

herbicides. Nitrogen treatments consisted of a non-N-fertilized control and five rates of N 

fertilizer (30, 60, 90, 130, and 200 kg N ha-1) applied near planting (3–13 d after planting) 

or as a sidedress (10–25 June 2014) at the five to six leaf-collar corn stage (Abendroth et 

al., 2011). Nitrogen fertilizer was applied as Ca(NO3)2 in 10- to 15-cm-wide bands on the 

soil surface midway between corn rows. Monthly average air temperature and monthly 

total precipitation for April through September were obtained from the Utah Climate 

Center (Utah State University-Utah Climate Center, 2016) using the Global Historical 

Climatology Network station nearest each location (Table 1.4).  

 After reaching physiological maturity, corn was harvested from the midsection of 

each plot. When corn was planted in rows spaced 76 or 91 cm apart, ears were harvested 

from 3 m of two rows and stover, cut 15 cm above the soil surface, was harvested from 3 

m of one row from plants that had ears harvested. When corn was planted in rows spaced 

51 cm apart, ears were harvested from 3 m of three rows and stover was harvested from 3 

m of two rows from plants that had ears harvested. Sampled stover was weighed, 

chipped, and subsampled (approximately 1.0 kg) in the field. Corn ears and stover 

samples were dried at 60°C in a forced-air oven until constant mass and stover samples 

were weighed to determine dry matter yield. Dried ears were shelled and grain and cobs 

were weighed. Grain yield was calculated at 155 g kg-1 moisture. Silage yield was 

calculated as the sum of grain, cob, and stover dry matter yield and was adjusted to 650 g 

kg-1 moisture. Dried grain, cob, and stover samples were ground to pass through a 1-mm 

sieve and analyzed with near-infrared spectroscopy at 1100 to 2500 nm (Foss Model 

6500; Foss North America, Inc., Eden Prairie, MN) to estimate N concentration. Using 
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WinISI III (version 3.0, Infrasoft International, Port Matilda, PA), 30 samples of grain, 

cob, and stover were selected for dry combustion using an Elemental varioMax 

(Elementar Americas, Mount Laurel, NJ). Estimates of N concentration from near-

infrared spectroscopy were calibrated to dry combustion standards using linear regression 

(grain, r2 = 0.99, P < 0.001; cob and stover were predicted with a single equation, r2 = 

0.93, P < 0.001). Grain N uptake was calculated as the product of dry matter yield and N 

concentration for grain. Silage N uptake was calculated as the sum of the products of dry 

matter yield and N concentration for grain, cob, and stover.  

 

Data Analysis 

 Data were analyzed at P ≤ 0.05 using the MIXED procedure of SAS (SAS 

Institute, 2011). Nitrogen treatment was considered a fixed effect, and location, block 

(nested within location) and interactions with location and block were considered random 

effects. The UNIVARIATE procedure of SAS was used to assess normality of the 

residuals and scatterplots of the residuals vs. predicted values were used to verify 

homogeneity of variance (Kutner et al., 2004). The two-tailed log likelihood ratio test 

was used to investigate significance of the location × N treatment interaction; when 

significant, best linear unbiased predictors were used to determine significance of N 

treatment by location and the two-tailed log likelihood ratio test was used to group 

locations with similar response to N treatment. Linear contrasts were used to investigate 

the significance of the main effects of N rate and N application time and the interaction 

between N rate and N application time, excluding the non-N-fertilized control in all case 

because it was not present for both times of N application. When the N rate or N rate × N 
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application time effects were significant, the REG or NLIN procedure of SAS was used 

to relate the dependent variable to N rate using linear, linear-plateau, quadratic, or 

quadratic-plateau regression models. Selected models were significant at P ≤ 0.05 and 

produced residuals that were normally and randomly distributed (Kutner et al., 2004). 

When models did not fit the data, means were compared with pairwise t tests at P ≤ 0.05 

using the PDIFF option of the MIXED procedure in SAS. The EONR was calculated by 

setting the first derivative of quadratic or quadratic-plateau regression equations to a 

range of N fertilizer (urea) cost (US$ kg-1 N)/corn price (US$ kg-1) ratios for corn grain 

(2.4–12.0) and silage (3.4–34.7) over the last 20 yr (USDA-ERS, 2016a, b; Center for 

Farm Financial Management, 2016). Net return to N within US$2.50 ha-1 of the 

maximum was also calculated by adding and subtracting US$2.50 ha-1 from the 

maximum net return and solving for N rate using parameter estimates from the regression 

models. The EONR and maximum return to N reported in this manuscript are for price 

ratios of 5.6 and 13.9 for grain and silage, respectively. 

 

RESULTS 

Weather 

 Total precipitation and deviation from the 30-yr average (1981–2010) during 

April through September ranged from 454 to 941 mm and -115 to 338 mm across 

locations, respectively (Table 1.4). Spring precipitation ranged widely among locations 

from 50 to 213 mm in April and 29 to 120 mm in May. June was the wettest month of the 

growing season and represented 28 to 54% (172–352 mm) of the total growing season 

precipitation among locations. July, August, and September were the driest months 
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during the growing season, with below-average precipitation (≥ -88 mm) at most 

locations. The exceptions were at four locations (Cologne, Adams, Sleepy Eye, and 

Underwood) where precipitation was near- or above-average (2–79 mm) in one or more 

months. Average air temperature was cooler than the 30-yr average in April, May, and 

July (0.3–3.3°C below average) at all locations. There was no common trend in average 

air temperature among locations in June, August, or September. During these months, 

average air temperature ranged from 1.5°C below to 1.4°C above the 30-yr average.  

 

Grain Yield 

 Maximum corn grain yield ranged from 10.0 to 14.8 Mg ha-1 across locations 

(Table 1.5). The location × N treatment interaction was significant for grain yield (P ≤ 

0.001) and there were four locations with a significant response to N treatment (Table 

1.6). At Brewster, grain yield was influenced by the interaction between N rate and N 

application time. When N fertilizer was applied near planting at Brewster, there was a 

quadratic response of grain yield to N rate and yield was maximized with 102 kg N ha-1, 

at which yield (14.8 Mg ha-1, Tables 1.5, 1.7) was 20% greater than the non-N-fertilized 

control. For this N application time, net return to N was within US$2.50 ha-1 of the 

maximum for grain yield with 82 to 100 kg N ha-1 (Table 1.8). The response of grain 

yield to sidedressed N at Brewster could not be described using a regression model and 

grain yield was maximized at 14.6 Mg ha-1 with ≥30 kg N ha-1). At Adams and Saint 

Hilaire, grain yield was affected by the main effects of N rate and N application time but 

not by their interaction (Table 1.6). Averaged across these locations and N application 

times, there was a quadratic-plateau response of grain yield to N rate and yield was 
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maximized at 12.6 Mg ha-1 when 128 kg N ha-1 was applied (Tables 1.5, 1.7), which was 

29% greater than that of the non-N-fertilized control. Net return to N at these locations 

was within US$2.50 ha-1 of the maximum when 104 to 125 kg N ha-1 was applied (Table 

1.8). Averaged across N rates at Adams and Saint Hilaire, grain yield was 4% greater 

when N was applied as a sidedress (12.2 Mg ha-1) compared to near planting (11.7 Mg ha-

1). Grain yield at Cologne also was influenced by the main effects of N rate and N 

application time but not by their interaction (Table 1.6). Averaged across N application 

times, there was a linear response of grain yield to N rate at Cologne and maximum yield 

was 10.0 Mg ha-1 (Tables 1.5, 1.7), which was 28% greater than the non-N-fertilized 

control. Net return to N was within US$2.50 ha-1 of the maximum at Cologne when 198 

to >200 kg N ha-1 was applied (Table 1.8). Averaged across N rates, grain yield at 

Cologne was 22% greater when N was applied as a sidedress (9.4 Mg ha-1) compared to 

near planting (7.7 Mg ha-1). At the remaining 10 locations where grain yield was not 

affected by N treatment, grain yield averaged 10.9 to 14.1 Mg ha-1, depending on location 

(Table 1.5). 

 

Grain Nitrogen Uptake 

 Grain N uptake was influenced by the location × N treatment interaction (P ≤ 

0.001) and all 14 locations had a significant response to N treatment (Table 1.6). The 

response of grain N uptake to N treatment did not differ at all locations except Adams 

and Cologne, where N uptake was influenced by the main effect of N rate but not by N 

application time or the interaction between N rate and N application time. Averaged 

across N application times, there was a quadratic response of grain N uptake to N rate at 
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these locations and N uptake was maximized (143 kg N ha-1) when 183 kg N ha-1 was 

applied (Tables 1.5, 1.7). Maximum grain N uptake at these locations was 18% greater 

than the non-N-fertilized control. Grain N uptake at Adams and Cologne was influenced 

by the main effects of N rate and N application time but not by their interaction, but these 

locations differed in their response of N uptake to N treatment (Table 1.6). There was a 

linear-plateau response of grain N uptake to N rate at Adams, averaged across N 

application times (Table 1.7). Grain N uptake was maximized when 110 kg N ha-1 was 

applied, at which rate N uptake was 128 kg N ha-1 and 56% greater than the non-N-

fertilized control (Table 1.5). Averaged across N rates, grain N uptake was 11% greater 

when N was applied as a sidedress (120 kg N ha-1) compared to near planting (108 kg N 

ha-1). Averaged across N application times at Cologne, there was a linear response of 

grain N uptake to N rate and grain N uptake was maximized at 102 kg N ha-1 (32% 

greater than the non-N-fertilized control) when 200 kg N ha-1 was applied (Tables 1.5, 

1.7). Averaged across N rates, grain N uptake at Cologne was 29% greater when N was 

applied as a sidedress (97 kg N ha-1) compared to near planting (75 kg N ha-1). 

 

Silage Yield 

 Maximum corn silage yield ranged from 46.3 to 77.9 Mg ha-1 (Table 1.5). The 

location × N treatment interaction was significant for silage yield (P = 0.004) and seven 

of 14 locations had a significant response to N treatment (Table 1.6). At Brewster, 

Morgan, Sleepy Eye, Saint Hilaire, and Underwood, silage yield was influenced by N 

rate and N application time but not by their interaction. Averaged across N application 

times, there was a quadratic-plateau response of silage yield to N rate at these locations 
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and yield was maximized at 62.6 Mg ha-1 (14% greater than the non-N-fertilized control) 

with 127 kg N ha-1 (Tables 1.5, 1.7). Net return to N was within US$2.50 ha-1 of the 

maximum for silage yield when 101 to 122 kg N ha-1 was applied (Table 1.8). Averaged 

across N rates at Brewster, Morgan, Sleepy Eye, Saint Hilaire, and Underwood, silage 

yield was 2% greater when N was applied as a sidedress (61.9 Mg ha-1) compared to near 

planting (60.3 Mg ha-1). At Adams and Cologne, silage yield was influenced by the main 

effects of N rate and N application time but not by their interaction (Table 1.6). Averaged 

across N application times at these locations, there was a quadratic response of silage 

yield to N rate and silage yield was maximized at 52.0 Mg ha-1 with ≥200 kg N ha-1 

(Table 1.7), 35% greater than that with no fertilizer N (Table 1.5). At these locations, net 

return to N was within US$2.50 ha-1 of the maximum for silage yield when 187 to 200 kg 

N ha-1 was applied (Table 1.8). Silage yield, averaged across N rates at Adams and 

Cologne, was 11% greater when N was applied as a sidedress (48.9 Mg ha-1) compared to 

near planting (43.9 Mg ha-1). Mean silage yield at the remaining seven non-N-responsive 

locations ranged from 46.3 to 77.9 Mg ha-1 (Table 1.5). 

 

Silage Nitrogen Uptake 

 The location × N treatment interaction was significant for silage N uptake (P ≤ 

0.001) and there were 13 locations with a response to N treatment. The response of silage 

N uptake to N treatment did not differ among Brewster, Fulda, Hutchinson, Marshall, 

Minneota, Morgan, Pilot Grove, Sleepy Eye, Underwood, and Waseca, where N uptake 

was influenced by N rate and N application time but not by their interaction (Table 1.6). 

Averaged across N application times at these locations, there was a quadratic response of 
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silage N uptake to N rate that was maximized at 218 kg N ha-1 when 190 kg N ha-1 was 

applied (Tables 1.5, 1.7). Averaged across N rates, silage N uptake was 2% greater when 

N was applied as a sidedress (211 kg N ha-1) compared to near planting (206 kg N ha-1). 

At Adams and Saint Hilaire, silage N uptake was influenced by the main effect of N rate 

but not by N application time or the interaction between N rate and N application time 

(Table 1.6). Averaged across N application times, there was a quadratic-plateau response 

of silage N uptake to N rate that was maximized at 211 kg N ha-1 when 163 kg N ha-1 was 

applied (Tables 1.5, 1.7). Silage N uptake at Cologne was influenced by the main effects 

of N rate and N application time (Table 1.6). At Cologne there was a linear response of 

silage N uptake to N rate (Table 1.7) and silage N uptake was 35% greater when N was 

applied as a sidedress compared to near planting (156 and 114 kg N ha-1, respectively). 

At Lakefield, where silage N uptake did not respond to N treatment, silage N uptake 

averaged 184 kg N ha-1(Table 1.5). 

 

DISCUSSION 

Grain Yield and Nitrogen Uptake 

 The range in corn grain yield reported in this study is consistent with the range 

reported for 19 other experiments where response to fertilizer N was evaluated in first-

year corn following alfalfa on fine-textured soils (7.7–16.1 Mg ha-1, Yost et al., 2014b). 

The finding that N was needed to optimize grain yield at four locations in this study 

supports previous research showing that supplemental N is sometimes needed to optimize 

yield of first-year corn following alfalfa on fine-textured soil compared to other soils 

(Yost et al., 2014b). Grain yield response to fertilizer N at Brewster was likely related to 



 13 

the young alfalfa age (2 yr) at termination (Yost et al., 2015), which could have limited 

mineralizable soil N (Chapter 2). Grain N uptake in the non-N-fertilized plot at this 

location was 120 kg N ha-1, compared to 136 kg N ha-1 at the 10 locations where fertilizer 

N was not required to optimize grain yield. Grain yield response to fertilizer N at Adams, 

Cologne, and Saint Hilaire likely was associated to weather conditions influencing soil N 

mineralization and N loss. Cool air temperatures at Saint Hilaire during April through 

June, relative to other locations in this study, may have slowed N mineralization such that 

soil N supply was unable to meet corn N requirements for grain yield (Doran and Smith, 

1987). Precipitation at Saint Hilaire and Adams also likely influenced grain yield 

response to fertilizer N. At Saint Hilaire and Adams, there was below-average (25 and 54 

mm below the 30-yr average, respectively) precipitation in May, which could have 

limited corn uptake of N from the near planting application. This, followed by above-

average (50–90 mm) precipitation in June, may have leached nitrate-N below the root 

zone, and in instances when saturated soils were present, may have resulted in N loss 

through denitrification (Bremner and Shaw, 1957). Precipitation during June should have 

been favorable for corn uptake of sidedressed N; however, dry conditions in July, the 

period of rapid N uptake by corn (Abendroth et al., 2011), could have limited N 

assimilation by corn. At Cologne, above-average precipitation during April through July 

(796 mm cumulative precipitation) likely increased leaching of nitrate-N, and during 

periods of frequent precipitation events, N loss by denitrification may have occurred. Dry 

conditions during August and September at this location also may have limited N uptake. 

These conclusions are substantiated by grain N uptake, which averaged 10 to 43% less at 

Adams, Brewster, Cologne, and Saint Hilaire compared to the 10 non-N-responsive 
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locations. Grain N uptake was increased with fertilizer N at all locations despite the lack 

of grain yield increase at 10 of 14 locations. This demonstrated grain ‘luxury 

consumption’, which is common in first- and second-year corn following alfalfa (Macy, 

1936; Yost et al., 2012, 2013a, 2014c). The increase in grain N uptake with fertilizer N 

was similar among all locations, regardless of whether grain yield was increased with 

fertilizer. Among the 10 locations where grain yield did not respond to fertilizer N, grain 

N uptake was increased by up to 20 kg N ha-1 with fertilizer. At the four N-responsive 

locations, the increase in grain N uptake with fertilizer N ranged from as much as 22 to 

28 kg N ha-1. Similar increase in grain N uptake with fertilizer N in first-year corn 

following alfalfa (29 kg N ha-1) was reported by Yost et al (2013a). 

In a summary of 136 site-years of research on a range of soil textural classes for 

corn following soybean (Glycine max L.) and corn following corn, Bundy (2006) 

concluded that benefits of applying N as a sidedress compared to near planting (i.e., 

increased grain yield and reduced optimum N rates) are most likely during years when 

excess early-season precipitation leaches nitrate-N beyond the corn root zone and when 

soil drainage is inadequate to mitigate denitrification. This was likely the case at Adams, 

Cologne, and Saint Hilaire, where grain yield was 4 to 22% greater with N applied as a 

sidedress compared to near planting. Additional evidence of this at Brewster is that the 

EONR of sidedressed N was 72 kg N ha-1 less than that for N applied near planting with 

minimal reduction in grain yield (0.2 Mg ha-1). Overall, these results demonstrate that the 

time of N application can be delayed to more closely match corn N uptake with little risk 

of reduced grain yield.  
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Silage Yield and Nitrogen Uptake 

 Maximum corn silage yield among locations in this study was similar to that from 

other studies of first-year corn following alfalfa (52.5–77.6 Mg ha-1, Yost et al., 2012, 

2013a,b). Greater frequency of response to fertilizer N for silage yield compared to grain 

yield in this study was consistent with results for first-year corn following alfalfa reported 

by Yost et al. (2012). Averaged across N rates and N application times, silage N uptake at 

locations where fertilizer N did not increase silage yield was 196 kg N ha-1, compared to 

182 kg N ha-1 for the non-N-fertilized plots at Brewster, Morgan, Sleepy Eye, Saint 

Hilaire and Underwood and 125 kg N ha-1 in the non-N-fertilized plots and Adams and 

Cologne.  

 Corn silage N uptake was increased with fertilizer N at 13 of 14 locations. When 

compared to the non-N-fertilized control, maximum silage N uptake with fertilizer N was 

32 kg N ha-1 greater at the seven locations where fertilizer N did not increase silage yield. 

Maximum silage N uptake with fertilizer N was greater than that with the non-N-

fertilized control by 36 kg N ha-1 at Brewster, Morgan, Sleepy Eye, and Underwood, by 

86 kg N ha-1 at Adams, by 29 kg N ha-1 at Saint Hilaire, and by 38 kg N ha-1 at Cologne. 

Apparent fertilizer N recovery efficiency for silage (17–19%) at the N rate for maximum 

silage N uptake was similar to that for grain, except at Adams where recovery was 53%. 

Averaged across N rates, the increase in corn silage yield when N was sidedressed 

compared to applied near planting was relatively small (1.6 Mg ha-1) at Brewster, 

Morgan, Sleepy Eye, Saint Hilaire, and Underwood, and substantial (5.0 Mg ha-1) at 

Adams and Cologne. Similarly, the increase in silage N uptake, averaged across N rates, 

when N was sidedressed compared to applied near planting was relatively small (5 kg N 
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ha-1) at Brewster, Fulda, Hutchinson, Marshall, Minneota, Morgan, Pilot Grove, Sleepy 

Eye, Underwood, and Waseca, and substantial (42 kg N ha-1) at Adams and Cologne.  

 Results of this study suggest that in some cases growers may benefit from greater 

grain and silage yields when N fertilizer is applied as a sidedress compared to near 

planting in first-year corn following alfalfa. Greater total aboveground N uptake by corn 

when N is applied as a sidedress compared to near planting for a given N rate also may 

reduce the risk of N losses, thereby reducing N pollution in water and air. Risks 

associated with sidedressing N compared to applying near planting are a narrower time 

interval for fertilizer application, constrained by soil and weather conditions suitable for 

field operations, initiation of rapid corn growth and N uptake at the six leaf-collar stage 

(Abendroth et al., 2011), and equipment clearance relative to corn height. Growers should 

consider these potential benefits and risks when deciding when to apply N fertilizer for 

corn.  

 

CONCLUSIONS 

 This research evaluated the response of grain and silage yield and N uptake in 

first-year corn following alfalfa from 14 on-farm experiments conducted on fine-textured 

soils across the upper Midwest. Grain yield was increased with fertilizer N at four of 14 

locations. Net return to N within US$2.50 ha-1 of the maximum for grain yield ranged 

from 30 to >200 kg N ha-1 depending on location. Grain yield was influenced by the 

interaction between N rate and N application time at one location, where applying N as a 

sidedress compared to near planting resulted in a smaller EONR (30 vs. 91 kg N ha-1) 

without affecting yield. At the remaining three locations where grain yield was increased 
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with fertilizer N, applying N as a sidedress resulted in greater grain yield compared to 

applying N near planting. Silage yield was increased with fertilizer N at 7 of 14 locations 

and net return to N within US$2.50 ha-1 of the maximum for silage yield ranged from 101 

to >200 kg N ha-1 among locations. At locations where silage yield was increased with 

fertilizer N, silage yield, averaged across N rates, was greater when N was applied as a 

sidedress compared to near planting. Grain N uptake was increased at all 14 locations and 

apparent fertilizer N recovery efficiency ranged from 11 to 25% (mean = 15%). Silage N 

uptake was increased with fertilizer N at 13 of 14 locations and apparent fertilizer N 

recovery efficiency for silage ranged from 17 to 53% (mean = 25%). Applying N as a 

sidedress compared to near planting resulted in greater grain and silage N uptake at three 

and 11 locations, respectively. Increased yield of grain and silage with fertilizer N was 

related to weather conditions that likely limited N uptake by corn, along with a young (2-

yr-old) alfalfa stand prior to corn at one location. The results of this study, along with 

those from other studies of first-year corn following alfalfa on fine-textured soils, 

indicate that sidedressing N can be a viable alternative to applying N near planting for 

maintaining or increasing grain yield, increasing fertilizer N recovery, and in some cases 

reducing the fertilizer N requirement for corn, thereby reducing the risk of environmental 

harm. 
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Table 1.1. Background soil characteristics for 14 on-farm experiments in Minnesota.      

  
Soil† 

Location Soil series (classification) Texture‡ SOC§ pH¶ P# K†† 
   g kg-1   ---mg kg-1--- 

Adams Tripoli (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) sicl 6.7 5.9 17 141 
Brewster Spicer (fine-silty, mixed, superactive, calcareous, mesic Typic 

Endoaquolls) - Lura (fine, smectitic, mesic Cumulic Vertic Epiaquolls) 
cl 4.6 7.9 10 131 

Cologne Cordova (fine-loamy, mixed, superactive, mesic Typic Argiaquolls) cl 6.0 7.2 50 162 
Fulda Webster (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) cl 5.0 6.5 19 190 
Hutchinson Harps (fine-loamy, mixed, superactive, mesic Typic Calciaquolls) -

Glencoe (fine-loamy, mixed, superactive, mesic Cumulic Endoaquolls) 
cl 6.8 7.3 6 148 

Lakefield Collinwood (fine, smectitic, mesic Aquertic Hapludolls) sicl 6.0 5.9 20 62 
Marshall Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic 

Endoaquolls) 
cl 5.6 7.5 41 266 

Minneota Forman (fine-loamy, mixed, superactive, frigid Calcic Argiudolls) -
Aastad (fine-loamy, mixed, superactive, frigid Pachic Argiudolls) 

cl 3.7 7.6 18 217 

Morgan Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) cl 5.3 6.8 103 236 
Pilot Grove Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic 

Endoaquolls) - Gencoe (fine-loamy, mixed, superactive, mesic Cumulic 
Endoaquolls) 

cl 5.4 7.7 2 112 

Saint Hilaire Clearwater (fine, smectitic, frigid Typic Epiaquerts) c 3.6 7.8 4 138 
Sleepy Eye Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) cl 5.1 6.6 30 173 
Underwood Forman (fine-loamy, mixed, superactive, frigid Calcic Argiudolls) cl 3.5 5.7 61 115 
Waseca Le Sueur (fine-loamy, mixed, superactive, mesic Aquic Argiudolls) cl 4.8 7.5 26 110 
† Soil-test levels are based on samples collected in the fall of 2013 from the 0- to 15-cm depth.  
‡ c, clay; cl, clay loam; sicl, silty clay loam. 
§ SOC, soil organic carbon determined by combustion.  
¶ Soil pH (1:1 soil:water). 
# Bray-1 P (pH ≤ 7.2) or Olsen P (pH > 7.2). 
†† Ammonium-acetate exchangeable K. 
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Table 1.2. Location and alfalfa characteristics prior to first-year corn for 14 on-
farm experiments in Minnesota. 

  
Alfalfa 

Location Geographic coordinates Age† Density Termination‡ 
  yr plants m-2  

Adams  43°38' N,  92°47' W 4 45 FM 
Brewster  43°44' N,  95°25' W 2 54 SC 
Cologne  44°44' N,  93°49' W 5 42 FDR 
Fulda  43°52' N,  95°29' W 4 45 FC 
Hutchinson  44°50' N,  94°23' W 5 46 FDR 
Lakefield  43°37' N,  95°15' W 5 46 SNT 
Marshall  44°26' N,  95°38' W 3 53 FDR 
Minneota  44°30' N,  95°59' W 5 37 FDR 
Morgan  44°24' N,  94°50' W 4 48 FC 
Pilot Grove  43°30' N,  94°12' W 5 49 SM 
Saint Hilaire  48° 2' N,  96°13' W 7 48 FDR 
Sleepy Eye  44°18' N,  94°42' W 5 40 FDR 
Underwood  46°18' N,  95°51' W 7 40 FC 
Waseca  44° 3' N,  93°30' W 4 42 FM 
† Establishment year included in alfalfa stand age. 
‡ F, fall; S, spring; C, chisel plow tillage; DR, disk-rip tillage; M, moldboard 
plow tillage; NT, no tillage. 
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Table 1.3.  Corn planting date, planting rate, hybrid, and hybrid relative maturity (RM), along with starter 
fertilizer N rate for 14 on-farm experiments in Minnesota in 2014. 

Location Planting date Planting rate Hybrid RM Starter fertilizer 
  seeds ha-1  d kg N ha-1 

Adams 17 May 84,000 DuPont Pioneer 9910AMX-R 99 8 
Brewster 9 May 89,000 DEKALB DKC53-56 RIB Blend 103 0 
Cologne 24 May 72,900 Gold Country Seed 95-33R2P Blend 95 0 
Fulda 3 May 81,500 DuPont Pioneer 0533AM1 105 0 
Hutchinson 24 May 84,000 DEKALB DKC46-20RIB Blend 96 0 
Lakefield 5 May 84,000 DEKALB DKC52-30RIB Blend 102 11 
Marshall 6 May 86,500 LG Seeds LG5499 100 0 
Minneota 3 May 81,500 DEKALB DKC54-38RIB Blend 104 0 
Morgan 7 May 84,000 DEKALB DKC52-62 102 0 
Pilot Grove 7 May 84,000 Renk Seed RK754 107 3 
Saint Hilaire 16 May 86,500 CROPLAN 2280AS3220 83 3 
Sleepy Eye 7 May 86,500 DuPont Pioneer 0987AMX 109 5 
Underwood 6 May 84,000 DEKALB DKC46-20RIB Blend 96 14 
Waseca 17 May 86,700 DEKALB DKC53-78RIB Blend 103 0 
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Table 1.4. Monthly total precipitation and average air temperature during the growing season for 
14 on-farm experiments in Minnesota in 2014, with departures from the 30-yr average (1981–
2010) in parentheses.† 

Location April May June July August September 
 --------------------------------- Total precipitation, mm --------------------------------- 

Adams 135 (45) 56 (-54) 214 (90) 33 (-88) 126 (14) 91 (3) 
Brewster 50 (-28) 29 (-59) 255 (131) 39 (-53) 86 (-10) 30 (-53) 
Cologne 213 (134) 102 (8) 352 (243) 129 (29) 92 (-39) 53 (-37) 
Fulda 89 (7) 57 (-33) 244 (128) 35 (-68) 124 (35) 49 (-35) 
Hutchinson 142 (71) 105 (16) 312 (195) 77 (-14) 68 (-53) 88 (-8) 
Lakefield 71 (-5) 52 (-42) 279 (170) 51 (-45) 90 (-13) 42 (-36) 
Marshall 54 (-14) 76 (-10) 266 (169) 28 (-65) 44 (-42) 34 (-44) 
Minneota 54 (-14) 76 (-10) 266 (169) 22 (-71) 44 (-42) 34 (-44) 
Morgan 79 (10) 90 (8) 276 (166) 28 (-64) 38 (-56) 35 (-42) 
Pilot Grove 107 (21) 78 (-24) 265 (148) 28 (-79) 67 (-42) 51 (-33) 
Saint Hilaire 58 (-15) 62 (-25) 172 (50) 60 (-41) 46 (-58) 56 (-26) 
Sleepy Eye 117 (85) 120 (44) 248 (134) 26 (-59) 99 (2) 39 (-33) 
Underwood 127 (73) 83 (-2) 204 (91) 87 (-23) 154 (79) 86 (12) 
Waseca 141 (59) 73 (-27) 329 (210) 30 (-82) 81 (-40) 59 (-34) 

       
 -------------------------------- Average air temperature, °C ------------------------------ 
Adams 5.9 (-1.7) 13.8 (-0.3) 20.4 (0.7) 19.9 (-1.5) 21.6 (1.4) 15.5 (0.0) 
Brewster 6.6 (-0.5) 13.6 (-0.5) 19.7 (-0.1) 19.6 (-2.4) 19.9 (-0.5) 15.8 (0.1) 
Cologne 5.3 (-2.3) 13.0 (-1.3) 19.5 (-0.1) 20.5 (-1.6) 21.6 (0.9) 15.9 (0.3) 
Fulda 6.3 (-2.2) 13.2 (-2.0) 19.3 (-1.4) 19.7 (-3.3) 20.5 (-1.0) 15.3 (-1.5) 
Hutchinson 5.3 (-2.1) 13.4 (-1.0) 19.7 (-0.2) 20.3 (-1.8) 20.7 (0.1) 15.5 (-0.2) 
Lakefield 6.3 (-0.8) 13.6 (-0.8) 19.4 (-0.1) 19.5 (-2.2) 20.4 (0.1) 15.6 (0.2) 
Marshall 6.4 (-1.1) 14.2 (-0.4) 20.7 (0.7) 21.1 (-1.3) 21.6 (0.4) 17.3 (1.2) 
Minneota 6.4 (-1.1) 14.2 (-0.4) 20.7 (0.7) 21.1 (-1.3) 21.6 (0.4) 17.3 (1.2) 
Morgan 6.5 (-1.7) 14.7 (-0.3) 20.6 (0.4) 21.4 (-1.1) 22.0 (0.9) 16.7 (0.5) 
Pilot Grove 6.8 (-1.2) 14.2 (-0.6) 20.7 (0.5) 20.8 (-1.6) 21.8 (0.8) 16.6 (0.2) 
Saint Hilaire 4.0 (-1.5) 11.9 (-0.6) 18.3 (0.5) 18.9 (-1.3) 19.9 (0.5) 14.6 (0.9) 
Sleepy Eye 6.0 (-2.3) 13.2 (-2.1) 19.7 (-0.8) 19.8 (-3.0) 20.9 (-0.5) 15.5 (-0.9) 
Underwood 3.9 (-1.8) 12.1 (-1.3) 18.3 (-0.7) 19.3 (-2.2) 19.8 (-0.7) 14.6 (-0.3) 
Waseca 6.2 (-1.7) 13.7 (-1.2) 20.2 (-0.1) 20.1 (-2.1) 21.5 (0.5) 16.0 (-0.3) 
† Monthly total precipitation and average air temperature data were obtained from Utah State 
University-Utah Climate Center (2016).  
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Table 1.5. Maximum grain and silage yields and N uptake 
of first-year corn following alfalfa in 14 on-farm 
experiments in Minnesota. 

 
Maximum yield† Maximum N uptake 

Location Grain Silage Grain Silage 
  -------Mg ha-1-------  -------kg N ha-1------ 

Adams 12.6 52.0 128 211 
Brewster 14.8 62.6 143 218 
Cologne 10.0 52.0 102 163 
Fulda 12.9 77.9 143 218 
Hutchinson 11.6 55.4 143 218 
Lakefield 11.7 50.7 143 184 
Marshall 13.6 69.1 143 218 
Minneota 10.9 49.6 143 218 
Morgan 13.2 62.6 143 218 
Pilot Grove 12.0 53.5 143 218 
Saint Hilaire 12.6 62.6 143 211 
Sleepy Eye 14.1 62.6 143 218 
Underwood 13.9 62.6 143 218 
Waseca 12.9 46.3 143 218 
† Maximum yield and N uptake were the average across N 
rates and N application times when there was no response to 
fertilizer N. If N application time was significant, maximum 
yield or N uptake was the maximum regression-predicted 
value for the N application time corresponding to the 
greatest yield or N uptake, otherwise maximum yield or N 
uptake were the maximum regression-predicted values 
across N application times. Grain and silage yield reported 
at 155 and 650 g kg-1 moisture, respectively. 
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Table 1.6. Significance of F tests for the fixed effects of fertilizer N rate (N), 
fertilizer N application time (T), and their interaction on grain and silage yields 
and N uptake of first-year corn following alfalfa for 14 on-farm experiments in 
Minnesota.  

  
Source of variation 

Dependent variable Location† N T N × T 
   ----------- P > F ----------- 

Grain yield BR 0.524 0.095 0.047 
 CO 0.002 0.001 0.169 
 AD, SH <0.001 0.009 0.480 

Silage yield BR, MO, SE, SH, UW 0.003 0.029 0.611 
 AD, CO 0.002 0.008 0.729 

Grain N uptake BR, FU, HU, LF, MA, 
MI, MO, PG, SE, SH, 

UW, WA 

<0.001 0.071 0.449 

 AD <0.001 <0.001 0.593 
 CO <0.001 <0.001 0.117 

Silage N uptake BR, FU, HU, MA, MI, 
MO, PG, SE, UW, WA 

<0.001 0.037 0.575 

 AD, SH <0.001 0.128 0.167 
  CO <0.001 <0.001 0.196 
† AD, Adams; BR, Brewster; CO, Cologne; FU, Fulda; LF, Lakefield; MA, 
Marshall; MI, Minneota; MO, Morgan; PG, Pilot Grove; SE, Sleepy Eye; SH, 
Saint Hilaire; UW, Underwood; WA, Waseca. 
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Table 1.7. Parameter estimates and significance of linear (L), quadratic (Q), linear-plateau (LP), and quadratic-plateau (QP) regression models used to 
describe the response of grain and silage yields and N uptake to fertilizer N rate for first-year corn following alfalfa in 14 on-farm experiments in 
Minnesota. 

   N application 
time‡ 

Parameter estimates§  Model 
significance Dependent variable Location† Model β0 β1 β2 Χ0 r2# 

    Mg ha-1   kg N ha-1  P > F 
Grain yield BR Q NP 12.2 0.0511 -0.00025 n/a 0.48 0.001 

  -¶ SD - - - - - - 
 AD, SH QP Avg 9.6 0.0468 -0.00018 128 n/a <0.001 
 CO L Avg 7.1 0.0147 n/a n/a 0.23 0.001 

Silage yield BR, MO, SE, SH, UW QP Avg 55.3 0.1167 -0.00046 127 n/a <0.001 
 AD, CO Q Avg 36.9 0.1370 -0.00031 n/a 0.07 <0.001 

Grain N uptake BR, FU, HU, LF, MA, MI, 
MO, PG, SE, SH, UW, WA 

Q Avg 121.9 0.2285 -0.00063 n/a 0.10 <0.001 

 AD LP Avg 78.6 0.4477 n/a 110 n/a <0.001 
 CO L Avg 70.0 0.1622 n/a n/a 0.26 <0.001 

Silage N uptake BR, FU, HU, MA, MI, MO, 
PG, SE, UW, WA 

Q Avg 187.9 0.3207 -0.00084 n/a 0.06 <0.001 

 AD, SH QP Avg 139.1 0.8826 -0.00271 163 n/a <0.001 
  CO L Avg 105.7 0.2883 n/a n/a 0.30 <0.001 
† AD, Adams; BR, Brewster; CO, Cologne; FU, Fulda; LF, Lakefield; MA, Marshall; MI, Minneota; MO, Morgan; PG, Pilot Grove; SE, Sleepy Eye; 
SH, Saint Hilaire; UW, Underwood; WA, Waseca. 
‡ Avg, N rates averaged across application times; NP, near planting; SD, sidedress. 
§ β0, intercept; β1, linear coefficient; β2, quadratic coefficient; Χ0, fertilizer N rate at the join point of the linear or quadratic and plateau segments of the 
regression model; n/a, not applicable. 
¶ Dashes indicate cases that did not fit a linear, quadratic, linear-plateau, or quadratic-plateau regression model. 
# The coefficient of determination is not listed for nonlinear regression models because residuals do not always sum to zero (Kutner et al., 2004). 
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Table 1.8. Range in fertilizer N rates averaged across N application times for net 
return to N within US$2.50 ha-1 of the maximum for a range of N fertilizer 
cost/grain and silage price ratios for N-responsive locations of first-year corn 
following alfalfa in Minnesota. 

  
N fertilizer cost/grain price ratio                                  
(U.S.$ N kg-1/U.S.$Mg-1 grain) Dependent 

variable  Location† 2.4 5.6 8.8 12.0 
Grain BR‡ 92–103 82–100 74–96 65–91 

 AD, SH 117–130 104–125 92–119 81–112 
 CO ≥200 198–≥200 195–≥200 183–≥200 
      

  N fertilizer cost/silage price ratio                                  
(U.S.$ N kg-1/U.S.$Mg-1 silage)    

Silage  3.5 13.9 24.3 34.7 
 BR, MO, SE, 

SH, UW 
118–128 101–122 87–114 73–106 

  AD, CO 199–≥200 187–≥200 166–≥200 146–186 
† AD, Adams; BR, Brewster; CO, Cologne; MO, Morgan; SE, Sleepy Eye; SH, 
Saint Hilaire; UW, Underwood. 
‡ Data are shown for the near planting N application at Brewster. 
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Chapter 2: Do Soil Tests Help Forecast Nitrogen Response in First-Year Corn 

Following Alfalfa on Fine-Textured Soils? 

 
INTRODUCTION 

When corn is grown following alfalfa, the need for supplemental N often is 

eliminated or greatly reduced (Yost et al., 2014b), but studies of N management in first-

year corn following alfalfa show that corn is frequently overfertilized (El-Hout and 

Blackmer 1990; Yost et al., 2014d), which reduces profitability and increases risk of N 

loss. Most land grant universities in the Midwest recommend that the reduction in N rate 

for first-year corn following alfalfa be based on alfalfa stand density at the time of 

termination; however, studies of first-year corn show that alfalfa stand density does not 

relate to corn response to fertilizer N (Yost et al., 2014b) or the EONR (Yost et al., 2015). 

Therefore, improved methods of predicting the response of corn yield to N are needed for 

first-year corn following alfalfa.  

Site-specific methods of managing N in first-year corn following alfalfa indicate 

that grain yield response to fertilizer N and the EONR for responsive sites are influenced 

by soil texture, alfalfa stand age at termination, alfalfa termination time (i.e., fall or 

spring), and weather conditions between alfalfa termination and corn planting or 

sidedressing (Yost et al., 2014b). Their summary of 259 site-years found that relative to 

medium-textured soils, first-year corn following alfalfa responded to N more frequently 

(approximately 50% of the time) when grown on fine-textured soils and when following 

young (≤2-yr-old) alfalfa stands. This was confirmed by Yost et al. (2015), who reported 

that 64 to 118 kg N ha-1 was required to economically optimize grain yield of first-year 
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corn on fine- and medium-textured soils when following 1- and 2-yr-old alfalfa stands 

and that first-year corn following 3-yr-old alfalfa required N only on fine-textured soils. 

Greater soil N supply following older alfalfa stands may be due to more time for N 

deposition (i.e., N deposited from alfalfa) (Kelner et al., 1997); however, it is unclear 

how soil N supply to first-year corn is affected by alfalfa stand age at termination.  

The PSNT (Magdoff et al., 1984) measures nitrate-N at the four to six leaf-collar 

corn stage to predict grain yield response to N based on a critical concentration (21 mg 

NO3-N kg-1), but Walker et al. (2014) found that the PSNT accurately predicted N 

response in first-year corn in 60% of cases. The PSNT may be limited in its ability to 

predict corn response to N because it only measures nitrate-N at the point in time of 

sampling and the majority of the soil N contribution from alfalfa is initially in a labile 

organic form that will be mineralized throughout the growing season. This hypothesis is 

supported by findings from Yost et al. (2015) who show that the PSNT was unable to 

detect differences in soil N supply to first-year corn following different alfalfa stand ages. 

A soil test that measures labile organic N may be more capable of estimating 

mineralizable N following alfalfa.  

The ISNT (Khan et al., 2001) measures amino sugar-N (Mulvaney et al., 2001), 

an organic labile fraction of soil N consisting primarily of glucosamine, galactosamine, 

and muramic acid (Parsons, 1981), the primary constituents of structural components in 

microbial cell walls. Microbial growth is limited in soil by the availability of oxygen, 

nutrients, and water, and can also be affected by tillage and other management practices. 

The deep-rooting nature of alfalfa combined with the lack of tillage during the life of an 

alfalfa stand enhance soil aggregation and water infiltration, thereby promoting soil 
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microbial growth (Rasse et al., 2000). We hypothesize that the measured ISNT 

concentration increases as alfalfa stands age, and thus can be used to identify relative 

differences in potential soil N supply in first-year corn following alfalfa. Preliminary 

evaluation of the ISNT using laboratory incubation found that amino sugar-N was 

negatively correlated with inorganic soil N concentration (Mulvaney et al., 2001); 

however, this relationship has not been evaluated using soils from experiments measuring 

grain yield response to fertilizer N rate in first-year corn following alfalfa.  

In this manuscript, we report the results of an alfalfa stand age experiment, an 

evaluation soil tests for predicting corn grain response to N, and a soil N mineralization 

experiment. The objective of the alfalfa stand age experiment was to determine if the 

ISNT can be used to detect differences in soil N supply among alfalfa with varying stand 

ages. The objective of the soil test evaluation was to determine whether the ISNT can be 

used to predict the responsiveness of grain yield to fertilizer N in first-year corn 

following alfalfa. The objective of the soil N mineralization experiment was to determine 

whether the ISNT can be used independently or in combination with other variables to 

predict potentially mineralizable soil N and corn N uptake in first-year corn following 

alfalfa.  

 

MATERIALS AND METHODS 

 A total of 19 locations (14 on-farm trials and 5 crop rotational trials) of first-year 

corn following alfalfa on fine-textured soils were used in this research and had not 

received manure for >3 yr (Table 2.1). The experimental design, number of replications, 

and crop rotation for the crop rotational trials are shown in Table 2.2. At each location, 
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soil fertility, except N, was managed according to university guidelines for each state 

(Kaiser et al., 2011; Laboski and Peters, 2012); Mallarino et al., 2013). Starter fertilizer 

containing 3 to 36 kg N ha-1 was applied in 11 of 19 trials. Fertilizer N treatments were 0, 

30, 60, 90, 130, and 200 kg N ha-1 as CaNO3 applied at planting in the on-farm trials, 0, 

90, 180, and 270 kg N ha-1 as CO(NH2)2 applied in the spring prior to tillage at Kanawha 

and Nashua, and 0, 56, 112, and 224 kg N ha-1 as NH4NO3 applied 1 to 2 wk after 

planting at Lancaster. Methods for harvesting corn and calculating the EONR were 

identical to methods used in chapter 1. Corn was not harvested from Arlington and 

Marshfield because N rates were not applied in these trials.  

 

Alfalfa Stand Age Experiment 

 Soils used in the alfalfa stand age experiment were a composite of eight soil 

samples (0–30 cm depth × 1.8 cm i.d.) collected from the non-N-fertilized control plots in 

each phase of crop rotations in the five crop rotation trials. Soil samples were collected in 

mid-June in 2014 and 2015, which corresponded to the five to six leaf-collar stage 

(Abendroth et al., 2011) of first-year corn. Soil samples were dried at 35ºC in a forced-air 

oven until constant mass and ground to pass through a 2-mm sieve. Ground subsamples 

were extracted with 2M KCl (1:30 soil:extract, 15 min on reciprocal shaker) and analyzed 

for (NO2 + NO3)-N (henceforth considered “nitrate”) by cadmium reduction using 

automated flow injection analysis (Lachat Quick Chem 8000, Hach Company, Loveland, 

CO; Method 12-107-04-1-B), for amino sugar-N plus NH4-N using methods described by 

Khan et al. (2001), and for soil texture (Miller et al., 1997). 
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Soil Nitrogen Mineralization Experiment 

 Soils used in the soil N mineralization experiment were collected from first-year 

corn plots at Kanawha (3 site-years), Lancaster (3 site-years), and Nashua (1 site-year), 

and from the 14 on-farm trials (total of 21 site-years). Soil samples collected at the 14 on-

farm trials consisted of a composite of eight soil cores (0–30 cm depth × 1.8 cm i.d.) from 

the non-N-fertilized control plots, which were collected at the five to six leaf-collar corn 

stage (Abendroth et al., 2011). These samples were processed and analyzed using the 

same methods described in the alfalfa stand age experiment. Residual soil nitrate-N 

samples (0–1.2 m deep × 3.8 cm i.d.) were also taken from the non-N-fertilized control 

plots ≤30 d after corn harvest at each location, except Brewster, Lakefield, and Saint 

Hilaire. These samples consisted of three soil cores composited by 0.30-m depth 

increments and were analyzed for nitrate-N using methods previously described. At the 

same time as residual soil nitrate-N sampling, a fourth analogous core was collected from 

each plot for measurement of soil bulk density by drying in a forced-air oven at 105°C 

until constant mass and weighing. Residual soil nitrate-N content was calculated for each 

depth interval as the product of soil nitrate-N concentration and soil bulk density.  

Aboveground corn N uptake (ANU) of first-year corn following alfalfa was 

measured in each plot at physiological maturity within a 2.3 to 3.4 m2 area, depending on 

row spacing, by harvesting all plant material 15 cm above the soil surface, drying at 35ºC 

in a forced-air oven until constant mass and weighing to determine dry matter yield, 

grinding tissue samples to pass through a 1-mm sieve, and analyzing for N concentration 

using a Foss Model 6500 near-infrared spectrometer (Foss North America, Inc., Eden 

Prairie, MN) at 1100 to 2500 nm. Thirty samples of each plant tissue (grain, cob, and 
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stover) were selected using WinISI III (version 3.0, Infrasoft International, Port Matilda, 

PA) for dry combustion using Elemental varioMax (Elementar Americas, Mount Laurel, 

NJ). Estimates of N concentration from near-infrared spectroscopy were calibrated to dry 

combustion standards using linear regression (grain r2 = 0.99, P < 0.001; cob and stover 

were predicted with a single equation, r2 = 0.93, P < 0.001). Total available N (TAN) was 

the sum of ANU and residual soil nitrate-N content in the 0- to 1.2-m depth. 

 Soils collected from first-year corn following alfalfa were incubated for 17 wk to 

estimate in-season soil nitrate-N supply between the five to six leaf-collar stage and 

physiological maturity. Ground air-dry soil (200 g) from each field replicate was evenly 

distributed in individual plastic containers that were 14.5 × 14.5 cm wide and 5 cm in 

high with two 3-mm holes in opposing sides of the walls to allow gas exchange during 

incubation. Soil moisture was maintained at field capacity, which averaged 76% soil 

water content across locations, based on measurement of field capacity using the pressure 

plate method (Klute, 1986) with pressure applied at -33 kPa for 24 h. Soil moisture 

content was monitored and adjusted weekly, based on change in mass, by spraying 

deionized water on the soil suface with a fine-mist sprayer and verified monthly by 

measuring the change in mass of a subsample (approximately 3 g oven-dry soil) dried at 

105°C until constant mass. Soil temperature data at the 15-cm depth, obtained from the 

Minnesota Department of Agriculture Soil Temperature Network (2016) station nearest 

each location in the on-farm trials and on-site weather stations at Kanawha, Nashua, and 

Lancaster, were used to calculate weekly mean degree day (DD) accumulation (base 0°C) 

across locations for 2012 to 2014. Incubator temperatures were adjusted weekly to mimic 

seasonal minimum and maximum soil temperatures to achieve the desired DD (Fig. 2.1).  
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 Approximately 3 g oven-dry soil was sampled from incubation containers at 

weekly (week 0–3) and biweekly (week 5–17) intervals to track soil nitrate-N 

accumulation. Samples were immediately mixed with 2M KCl at a 1:10 soil:extractant 

ratio and refrigerated for ≤2 d prior to extraction. Extractable nitrate-N concentration was 

measured using methods previously described and adjusted for the dry mass of the 

sample. Cumulative soil nitrate-N concentration (mg NO3-N kg-1) for a given time period 

was calculated as the difference in soil nitrate-N concentration between the final and 

initial pints in the time period.  

 

Data Analysis 

 Data in the alfalfa stand age experiment from the crop rotation trials were 

analyzed using the MIXED procedure of SAS (SAS Institute, 2011) at P ≤ 0.05. Illinois 

soil N test and PSNT were analyzed separately by trial due to differences in crop 

rotations among trials. Crop rotation was considered a fixed effect and block, year, and 

interactions including block and year were considered random effects. Residuals were 

assessed for normality and homogeneity of variance using the UNIVARIATE procedure 

of SAS and scatterplots of residuals vs. predicted values (Kutner et al., 2004). When 

dependent variables were significantly influenced by crop rotation, means were compared 

with pairwise t tests at P ≤ 0.05 using the PDIFF option of the MIXED procedure of 

SAS. 

 In the soil N mineralization experiment, the relationship between cumulative soil 

nitrate-N concentration and time for the mineralization experiment was analyzed by 

replicate using nonlinear regression models in SigmaPlot 13.0 (Systat Software, San Jose, 
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CA). Triple-, double-, and single-exponential regression models were evaluated and the 

single-exponential model in Eq. 1: 

 y = a(1-e-bx) [1] 

where y is soil nitrate-N concentration, a is potentially mineralized soil nitrate-N (PSN, 

mg NO3-N kg-1), b is soil nitrate-N mineralization rate (MR, mg NO3-N DD-1), and x is 

soil DD (base 0°C), was selected based on scatterplots of residuals vs. predicted values 

(Kutner et al., 2004) and model significance at P ≤ 0.05. The REG procedure of SAS was 

used to determine if the ISNT or PSNT alone related linearly to cumulative soil nitrate-N 

concentration for each sampling week (0, 0.29, 1, 2, 3, 5, 7, 9, 11, 15, and 17) during the 

incubation. Using the same method, linear relationships between ISNT or PSNT alone 

and PSN, MR, ANU, and TAN were evaluated. Additionally, multiple linear regression 

models were developed using the REG procedure of SAS to determine whether one-way 

combinations of ISNT or PSNT with soil clay content, soil organic C (SOC) content, 

alfalfa stand age at termination, and weather conditions [early-season (May–June) and 

late-season (August–September) cumulative precipitation and average daily air 

temperature] would improve relationships with PSN, MR, ANU, or TAN, and to evaluate 

which soil test and interactions with soil test explained more variation in these dependent 

variables. When interactions were significant in multiple regression models, lower-order 

models were also examined and reported when comparable measures of fit were 

obtained. The same set of potential predictors that included soil tests alone and in 

combination with other variables were used to develop multiple logistic regression 

models to predict the response of grain yield to fertilizer N in first-year corn following 

alfalfa. These regression models were developed using the LOGISTIC procedure of SAS 
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according to methods described by Yost et al. (2014b). Stepwise selection with an entry 

level of P ≤ 0.10 and exit level of P ≤ 0.15 was used to develop multiple linear and 

logistic regression models (Kutner et al., 2004). 

 

RESULTS 

Soil Test Response to Alfalfa Stand Age 

 Illinois soil N test concentration across 2014 and 2015 did not differ among crop 

rotations in all five crop rotation trials (Tables 2.3, 2.4) and averaged 118 to 231 mg kg-1, 

depending on trial. Pre-sidedress soil nitrate test concentration was influenced by crop 

rotation in three (Kanawha, Lancaster, and Nashua) of the five crop rotation trials, but did 

not change during the alfalfa phase of each rotation, regardless of the duration of the 

alfalfa stand. Pre-sidedress soil nitrate test concentration was greatest during first-year 

corn following alfalfa, regardless of alfalfa stand age, and averaged 3.4-fold greater than 

that during alfalfa across the three responsive trials.  

 

Accuracy of Soil Tests in Predicting N Response 

 Mean PSNT and ISNT soil concentrations ranged from 7 to 24 and 128 to 355 mg 

kg-1, respectively, in the 21 site-years of first-year corn following alfalfa (Table 2.6). 

Based on the widely accepted critical concentration of 21 mg kg-1 (Andraski and Bundy, 

2002), the PSNT correctly predicted grain yield response or non-response to fertilizer N 

in 13 of 21 site-years (62% of cases) representing five N-responsive and eight non-N-

responsive site-years, but also predicted eight false positives (38% of cases) where 

response to fertilizer N was predicted for non-N-responsive site-years (Fig. 2.2). The 
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ISNT (critical concentration of 230 mg kg-1, Mulvaney et al., 2001) correctly identified 

11 site-years (52% of cases) as N-responsive (4 site-years) and non-N-responsive (7 site-

years); however, the ISNT predicted six false positives (29% of cases) and four false 

negatives (19% of cases) where no response to fertilizer N was predicted for N-

responsive site-years (Fig. 2.3). When the ISNT critical concentration was adjusted for 

SOC content (ISNT-NY, Lawrence et al., 2009) 10 of 21 site-years (48% of cases) were 

correctly predicted, representing seven N-responsive and three non-N-responsive site-

years, false positives were predicted in 10 site-years (48% of cases), and false negatives 

were predicted in one site-year (5% of cases) (Fig. 2.4). 

 

Soil Test Relationship to Nitrogen Uptake and Availability 

 Aboveground corn N uptake ranged from 105 to 275 kg N ha-1 and did not relate 

to the ISNT (P = 0.758) but did increase by 3.70 kg N ha-1 per unit increase in the PSNT 

(P < 0.001, r2 = 0.33) (Table 2.7). When PSNT was combined with alfalfa stand age, and 

soil clay content, 48% of the overall variation in ANU was explained. Variation in TAN 

was explained by the PSNT but not the ISNT (P < 0.001 and P = 0.278, respectively). 

The amount of variation in TAN explained by PSNT alone (r2 = 0.23) and with additional 

predictors (r2 = 0.31) was less than that for ANU. 

 

Soil Test Relationship to Nitrate-Nitrogen 

 The PSNT explained 11 to 32% of the variation in cumulative soil nitrate-N 

mineralization from week 0.29 to 17 of the incubation, with the greatest amount of 

variation explained at week 5 (686 DD after soil sampling) (Fig. 2.5, A3, A4). The ISNT 
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explained 1 to 30% of the variation in cumulative soil nitrate-N mineralization from week 

0 to 17 of the incubation, with the greatest amount of variation explained in the final 

week of the experiment (2625 DD after soil sampling) (Fig. 2.5, A1, A2). There also was 

no relationship between soil tests and soil N mineralization rate derived from the single 

exponential model (P ≥ 0.45), therefore multiple linear regression for MR was not 

considered (Tables 2.5, 2.7). There was a linear relationship between PSN and ISNT, but 

not PSNT (P = 0.640), explaining 6% of the variation in PSN. When SOC and ISNT 

were included as predictor variables, the amount of variation in PS explained by the 

regression model increased to 0.19%; these variables influenced PS by -0.35 and 0.20 mg 

kg-1 per unit increase in each variable, respectively. Although not biologically intuitive, 

the reduction in PSN associated with increased SOC increased the amount of variation 

explained by the multiple regression model by 12%. 

 

Prediction of Corn Response to Fertilizer Nitrogen 

 In the 21 site-years of first-year corn following alfalfa, the interaction between 

PSNT and alfalfa stand age was the only significant variable in the multiple logistic 

regression model relating the response of grain yield to fertilizer N (P = 0.009, Somers’ 

D = 0.83, concordance = 91%). For this model, the odds of non-response of grain yield to 

fertilizer N increased by 1.17-fold with each one-unit increase in the product of PSNT 

concentration and alfalfa stands age. Nitrogen-responsive and non-N-responsive site-

years were accurately predicted with this model in 75 and 92% of cases, respectively. A 

multiple linear regression model could not be developed to predict the EONR for grain 

yield for the eight N-responsive site-years in this study due to the narrow range in EONR 
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[68–114 kg N ha-1 at a price ratio of 5.6 ($ kg-1 N/$ kg-1 grain)] at six site-years and the 

large EONR (≥196 kg N ha-1) for the remaining two N-responsive site-years. 

 

DISCUSSION 

Soil Test Response to Alfalfa Stand Age 

 Contrary to our hypothesis, ISNT concentration did not change as alfalfa stands 

aged or during first-year corn following alfalfa of any age. This supports Laboski et al. 

(2006), who concluded that the fraction of soil N measured by ISNT is more recalcitrant 

than labile, and therefore not predictive of plant available soil N supply. Pre-sidedress 

soil nitrate test concentration was greater during first-year corn compared to during 

alfalfa production at Kanawha, Lancaster, and Nashua, but not at Arlington and 

Marshfield. The lack of change in ISNT concentration with phase of crop rotation at 

Arlington and Marshfield was related to a relatively high amount of variation associated 

with the random effect of year (13 and 38% of total random variation, respectively), 

compared to 0, 0, and 8% at Kanawha, Lancaster, and Nashua, respectively. The finding 

that the PSNT was a better indicator of alfalfa N supply than the ISNT suggests that the 

PSNT may be a reliable predictor of first-year corn response to N if it can separate N-

responsive and non-N-responsive sites-years and if it relates to N mineralization, ANU, 

and TAN by itself or in combination with other factors.  

 

Accuracy of Soil Tests in at Predicting N Response 

 A previous study evaluating the accuracy of soil tests at predicting grain yield 

response to fertilizer N in first-year corn following alfalfa found that the ISNT correctly 
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predicted N response more frequently than the PSNT and ISNT-NY (Walker et al., 2014). 

In the present study, the PSNT correctly predicted N response in first-year corn more 

frequently than the ISNT. This discrepancy likely was related to the limited number of 

site-years with the ISNT available for the analysis by Walker et al. (2014). The finding 

that the ISNT does not reliably predict N response in first-year corn following alfalfa is 

consistent with a regional study that evaluated this test for its ability to predict corn 

response to N in predominately continuous corn and corn-soybean cropping systems in 

the upper Midwest (Laboski et al., 2006). Of the site-years incorrectly predicted by both 

the ISNT and PSNT in the present study, the majority were false positive predictions, 

which would have led growers to unnecessarily apply N, reducing profitability and 

increasing the potential for N losses. The ISNT-NY predicted false negatives in nearly 

one-half of site-years, which would have limited yield and profit in site-years requiring 

N. This finding, combined with results from Walker et al. (2014), indicates that the 

ISNT-NY is limited by its inability to assess soil N supply in first-year corn following 

alfalfa on fine-textured soils. 

 

Soil Test Relationship to Nitrogen Uptake and Availability 

 Estimates of ANU and TAN are influenced by crop rotation (Carpenter-Boggs et 

al., 2000), manure history (Yost et al., 2013a), soil texture, precipitation, air temperature 

(Yost et al., 2014b). Consistent with its inability to predict grain yield response to 

fertilizer N in first-year corn following alfalfa, the ISNT did not relate to ANU and TAN 

in this study. In comparison, there were positive linear associations between PSNT 

concentration and ANU and TAN. Pre-sidedress soil nitrate test concentration 
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independently explained ≤33% of the variation in ANU and TAN, but alfalfa age at time 

of termination and soil clay content were useful at explaining additional variation, 

supporting the conclusion that the PSNT alone is insufficient for predicting N availability 

in first-year corn following alfalfa (Yost et al., 2013a,b; Walker et al., 2014; Yost et al., 

2015). The finding that ANU and TAN increased as alfalfa stands aged, and in the case of 

ANU decreased with increasing soil clay content, support conclusions that alfalfa stand 

age and soil texture influence N availability in first-year corn (Yost et al., 2015). The 

inclusion of the PSNT in both of these models suggests that the PSNT is useful for 

explaining variation in N availability and crop N uptake and should be considered by 

growers when making N management decisions.  

 

Soil Test Relationship to Nitrate-Nitrogen 

 The relationship between cumulative soil nitrate-N mineralization and time can be 

described using several mathematical models, but often is described using single- or 

double-exponential regression models. A single-exponential regression model assumes 

that mineralizable soil N is supplied from a single finite source or pool that is mineralized 

at a single rate over time (Stanford and Smith, 1972). A double-exponential regression 

model is an extension of a single-exponential model and assumes that mineralized soil N 

is derived from the summation of two independent N pools, such as labile and recalcitrant 

pools, which have different rates of mineralization (Molina et al., 1980). Although 

double- or triple-exponential regression models may be more biologically intuitive than 

single-exponential regression models for relating cumulative nitrate-N mineralization 

with time, single-exponential regression models were more appropriate for the data 
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obtained in this study, perhaps because the weekly and bi-weekly measurements of soil 

nitrate-N were not frequent enough to reliably estimate the additional parameters of the 

double- and triple-exponential regression models.  

 The positive linear association between ISNT concentration and cumulative soil 

nitrate-N mineralization in this study was expected; however, ISNT concentration did not 

strongly correlate with estimates of mineralizable soil nitrate-N during the corn growth 

period after soil sampling. The modest correlation between ISNT concentration and 

cumulative soil nitrate-N at the end of the corn growth period (week 17) indicates that the 

ISNT may somewhat relate to cumulative mineralizable soil nitrate-N during the growing 

season. The lack of or low correlation between PSNT concentration and cumulative soil 

nitrate-N mineralization shortly (week 0.29–3) after sampling and the low to modest 

correlation in later weeks of the incubation indicates that PSNT concentration has little 

bearing on potentially mineralizable N throughout the growing season. The lack of 

relationship between PSNT concentration and PSN supports this conclusion. Due to the 

limited amount of variation in PSN explained by ISNT concentration alone, it is 

suspected that ISNT may be explaining variation in nitrate-N contribution from 

recalcitrant soil N.  

 

Prediction of Corn Response to Fertilizer Nitrogen 

 In first-year corn following alfalfa on fine-textured soils, Yost et al. (2014b) 

found that the response of grain yield to fertilizer N was influenced by precipitation 

during March and alfalfa stand age, which accurately predicted responsiveness and non-

responsiveness in 90 and 89% of cases, respectively. When the regression equation from 
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Yost et al. (2014b) was applied to site-specific information from 21 site-years with N 

rates in this study, response and non-response of corn grain yield to fertilizer N was 

correctly identified in 5 and 57% of cases, respectively. In the present study, all but one 

site-year (Saint Hilaire) had values for March precipitation and alfalfa stand age that were 

within the range of values used by Yost et al. (2014b) to develop this equation. Data from 

additional N-responsive site-years and possibly additional predictor variables may be 

needed to improve the capability of the regression equation developed by Yost et al. 

(2014b) at predicting the response of grain yield to fertilizer N in first-year corn 

following alfalfa on fine-textured soils. 

 Multiple logistic regression was performed to identify significant predictors of 

corn grain yield response to fertilizer N in this study. The interaction between PSNT and 

alfalfa stand age was the only significant predictor variable. This supports the conclusion 

that alfalfa stand age influences N availability to the subsequent corn crop and supports 

the role of PSNT in explaining variation in grain yield response to fertilizer N in first-

year corn following alfalfa (Yost et al., 2014b, 2015).  

 

CONCLUSIONS 

 The ISNT concentration did not change with alfalfa stand age or during first-year 

corn following alfalfa stands of different ages. Furthermore, the ISNT and ISNT-NY did 

not increase the predictability of N-responsiveness in first-year corn following alfalfa 

compared to the PSNT. This likely is a result of the recalcitrant nature of the soil N pool 

represented by the ISNT, which limited the ability of the ISNT and ISNT-NY to predict 

potentially mineralizable soil nitrate-N. The ISNT may relate to the size and MR of the 
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recalcitrant soil N pool. An incubation study occurring over a longer period of time and 

with greater sampling frequency may allow estimation of the size and MR of the 

recalcitrant soil N pool, which could be useful for predicting yield response to fertilizer N 

in crops grown during the second and third years following alfalfa. Future research that 

provides enhanced knowledge about the size and MR of multiple soil N pools, and 

identifies predictive variables related to them, could increase the predictability of crop 

responsiveness to fertilizer N and estimates of the EONR in N-responsive sites-years. 

 Pre-sidedress soil nitrate test concentration also did not change with stand age, 

but, in contrast to the ISNT, did increase during first-year corn following alfalfa and was 

greater when following older alfalfa stands. The test also accounted for variation in ANU 

(r2 = 0.33), TAN (r2 = 0.23), and the likelihood of grain yield response to fertilizer N 

(Somers’ D = 0.83) when combined with other predictors. This indicates the importance 

of considering soil nitrate-N concentration, along with other factors, when making N 

management decisions for first-year corn following alfalfa. The role of alfalfa stand age 

in modifying N availability and uptake in first-year corn following alfalfa on fine-

textured soils was demonstrated in this study and should be considered by growers when 

making N management decisions. 

 This research greatly increased the number of site-years of information on the 

response of grain yield to fertilizer N in first-year corn following alfalfa on fine-textured 

soils. Corn grain yield responded to fertilizer N in eight of 21 site years in this study. 

When combined with site-years of first-year corn following alfalfa on fine-textured soils 

summarized by Yost et al. (2014b), the total number of N-responsive and non-N-

responsive site-years are 17 and 23, respectively, and the EONR for N-responsive site-
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years ranges from 47 to 224 kg N ha-1 (Fig. 2.6). Given the similar number of N-

responsive and non-N-responsive site years, along with the wide range in EONR for N-

responsive site-years, enhanced prediction of soil N supply to first-year corn following 

alfalfa on fine-textured soils could greatly improve economic net return to corn 

production and reduce adverse effects on the environment. 
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Table 2.1. Geographic location, soil series, soil texture, and alfalfa stand age for 19 locations of first-year corn following alfalfa.  

Location 
Geographic 
coordinates Soil series (classification) Texture† Alfalfa age‡ 

    yr 
Adams, MN  43°38' N,  92°47' W Tripoli (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) sicl 4 
Arlington, WI 43°17' N, 89°21' W Plano (Fine-silty, mixed, superactive, mesic Typic Argiudolls) sicl 2, 3 
Brewster, MN  43°44' N,  95°25' W Spicer (fine-silty, mixed, superactive, calcareous, mesic Typic 

Endoaquolls) – Lura (Fine, smectitic, mesic Cumulic Vertic Epiaquolls) 
cl 2 

Cologne, MN  44°44' N,  93°49' W Cordova (fine-loamy, mixed, superactive, mesic Typic Argiaquolls) cl 5 
Fulda, MN  43°52' N,  95°29' W Webster (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) cl 4 
Hutchinson, MN  44°50' N,  94°23' W Harps (fine-loamy, mixed, superactive, mesic Typic Calciaquolls) – 

Glencoe (Fine-loamy, mixed, superactive, mesic Cumulic Endoaquolls) 
cl 5 

Kanawha, IA  42°54' N,  93°47' W Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic 
Endoaquolls) 

c 1, 2, 3 

Lakefield, MN  43°37' N,  95°15' W Collinwood (fine, smectitic, mesic Aquertic Hapludolls) sicl 5 
Lancaster, WI  42°49' N,  90°47' W Fayette (Fine-silty, mixed, superactive, mesic Typic Hapludalfs) sicl 2, 2, 3§ 
Marshall, MN  44°26' N,  95°38' W Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic 

Endoaquolls) 
cl 3 

Marshfield, WI 44°45' N, 90°5' W Withee (Fine-loamy, mixed, superactive, frigid Aquic Glossudalfs) sicl 2, 3 
Minneota, MN  44°30' N,  95°59' W Forman (fine-loamy, mixed, superactive, frigid Calcic Argiudolls) – 

Aastad (Fine-loamy, mixed, superactive, frigid Pachic Argiudolls) 
cl 5 

Morgan, MN  44°24' N,  94°50' W Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) cl 4 
Nashua, IA  42°56' N,  92°34' W Readlyn (Fine-loamy, mixed, superactive, mesic Aquic Hapludolls) cl 2 
Pilot Grove, MN  43°30' N,  94°12' W Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic 

Endoaquolls) – Gencoe (Fine-loamy, mixed, superactive, mesic 
Cumulic Endoaquolls) 

cl 5 

Saint Hilaire, MN  48° 2' N,  96°13' W Clearwater (fine, smectitic, frigid Typic Epiaquerts) c 7 
Sleepy Eye, MN  44°18' N,  94°42' W Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludolls) cl 5 
Underwood, MN  46°18' N,  95°51' W Forman (fine-loamy, mixed, superactive, frigid Calcic Argiudolls) cl 7 
Waseca, MN  44° 3' N,  93°30' W Le Sueur (fine-loamy, mixed, superactive, mesic Aquic Argiudolls ) cl 4 
† c, clay; cl, clay loam; scl, silty clay loam. 
‡ Includes establishment year. 
§ Lancaster had two crop rotations with 2 yr of alfalfa, one companion cropped with oat in the establishment year and the other was direct seeded. 
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Table 2.2. Experimental design, number of replications, and crop rotation for 
19 locations of first-year corn following alfalfa. 

Location 
Experimental 

design† Replications Crop rotation‡ 
Adams, MN RCB 4 n/a 
Arlington, WI RCB 3 AACC, AAACC 
Brewster, MN RCB 4 n/a 
Cologne, MN RCB 4 n/a 
Fulda, MN RCB 4 n/a 
Hutchinson, MN RCB 4 n/a 
Kanawha, IA SP-RCB§ 2 OCCC, OACC, OAAC 
Lakefield, MN RCB 4 n/a 
Lancaster, WI SP-RCB§ 2 OAC, AACC, OAACC 
Marshall, MN RCB 4 n/a 
Marshfield, WI RCB 3 AACC, AAACC 
Minneota, MN RCB 4 n/a 
Morgan, MN RCB 4 n/a 
Nashua, IA SP-RCB§ 3 OACC 
Pilot Grove, MN RCB 4 n/a 
Saint Hilaire, MN RCB 4 n/a 
Sleepy Eye, MN RCB 4 n/a 
Underwood, MN RCB 4 n/a 
Waseca, MN RCB 4 n/a 
† RCB, randomized complete block; SP-RCB, split plot arrangement in a 
randomized complete block. 
‡ A, alfalfa; C, corn; n/a, not applicable; O, oat. 
§ Main plot treatment was crop rotation and the split plot treatment was 
fertilizer N rate for corn. 
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Table 2.3. Significance of F tests for the fixed 
effect of crop rotation for ISNT and PSNT 
concentration in five crop rotation trials across 
2014 and 2015. 

Location ISNT† PSNT† 
  ---------- P > F ---------- 

Arlington, WI 0.901 0.134 
Kanawha, IA 0.337 <0.001 
Lancaster, WI 0.111 0.006 
Marshfield, WI 0.338 0.265 
Nashua, IA 0.445 0.001 
† ISNT, Illinois soil N test; PSNT, pre-sidedress 
soil nitrate test. 
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Table 2.4. Mean Illinois soil N test (ISNT) and pre-sidedress soil nitrate test (PSNT) 
concentration in the 0- to 30-cm depth at five crop rotation trials across 2014 and 2015. 

 Crop   
Location Rotation† Rotation phase‡ ISNT PSNT 

   mg kg-1 mg kg-1 

Arlington, WI AACC A 209 a§ 8.2 a 
  AA 200 a 3.7 a 
  AAC 196 a 12.3 a 
  AACC 210 a 9.9 a 
     
 AAACC A 205 a 7.8 a 
  AA 212 a 4.3 a 
  AAA 207 a 3.5 a 
  AAAC 205a 11.1 a 
  AAACC 210 a 14.0 a 
     

Kanawha, IA OCCC O 226 a 2.8 de 
  OC 196 a 10.2 b 
  OCC 197 a 4.2 cde 
  OCCC 231 a 5.9 cd 
     
 OACC O 249 a 2.4 e 
  OA 225 a 3.2 cde 
  OAC 237 a 13.7 a 
  OACC 257 a 6.2 c 
     
 OAAC O 233 a  2.5 de 
  OA 260 a 4.1 cde 
  OAA 240 a  3.8 cde 
  OAAC 221 a 12.3 ab 
     

Lancaster, WI OAC O 110 a 4.9 b 
  OA 109 a 3.9 b 
  OAC 119 a 17.7 a 
     
 AACC A 105 a 5.3 b 
  AA 113 a 5.3 b 
  AAC 125 a 18.5 a 
  AACC 124 a 11.1 ab 
     
 OAACC O 114 a 3.8 b 
  OA 114 a 4.5 b 
  OAA 124 a 4.3 b 
  OAAC 132 a 17.0 a 
  OAACC 124 a 11.3 ab 
     

Marshfield, WI AACC A 179 a 8.9 a 
  AA 181 a 3.6 a 
  AAC 164 a 10.0 a 
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  AACC 158 a 7.5 a 
     
 AAACC A 154 a 7.5 a 
  AA 175 a 4.0 a 
  AAA 165 a 4.3 a 
  AAAC 156 a 8.4 a 
  AAACC 158 a 9.4 a 
     

Nashua, IA OACC O 194 a 2.7 c  
  OA 178 a 2.7 c 
  OAC 196 a 16.3 a 
  OACC 182 a 7.3 b 

† O, alfalfa seeded with an oat companion crop; A, alfalfa directly seeded in the establishment 
year or as second- or third-year alfalfa; C, first-, second-, or third-year corn.  
‡ Crop rotation phase is the crop indicated by the last letter of the abbreviation. 
§ Within a location and crop rotation, means followed by the same letter are not significantly 
different at P ≤ 0.05. 
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Table 2.5. Estimates of mean soil nitrate-N pool size and mineralization rate using a 
single-exponential regression model across replicates for 21 site-years of first-year corn 
following alfalfa. 

Location Alfalfa age† PSN§ Mineralization rate 
 yr mg kg-1 mg DD-1§ 

Adams, MN 4 84.8 abc¶ 0.0012 a 
Brewster, MN 2 86.6 abc 0.0012 a 
Cologne, MN 5 128.0 ab 0.0007 a 
Fulda, MN 4 113.6 abc 0.0012 a 
Hutchinson, MN 5 137.8 a 0.0009 a 
Kanawha, IA 1 74.6 bc 0.0010 a 
Kanawha, IA 2 123.9 ab 0.0008 a 
Kanawha, IA 3 101.6 abc 0.0007 a 
Lakefield, WI 5 102.4 abc 0.0009 a 
Lancaster, WI 2‡ 98.8 abc 0.0012 a 
Lancaster, WI 2 105.2 abc 0.0007 a 
Lancaster, WI 3 116.7 abc 0.0008 a 
Marshall, MN 3 101.7 abc 0.0010 a 
Minneota, MN 5 95.1 abc 0.0013 a 
Morgan, MN 4 107.9 abc 0.0014 a 
Nashua, IA 2 123.1 ab 0.0009 a 
Pilot Grove, MN 5 80.9 bc 0.0006 a 
Saint Hilaire, MN 7 121.9 abc 0.0011 a 
Sleepy Eye, MN 5 68.2 c 0.0013 a 
Underwood, MN 7 110.4 abc 0.0008 a 
Waseca, MN 4 86.6 abc 0.0010 a 
† Includes establishment year.  
‡ Alfalfa seeded with an oat companion crop in this rotation.  
§ DD, degree days (>0°C); PSN, potentially mineralizable soil nitrate-N pool size. 
¶ Means followed by the same letter are not significantly different at P ≤ 0.05. 
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Table 2.6. Mean value of predictor variables for 21 site-years of first-year corn following alfalfa used to predict corn aboveground N uptake (ANU), total 
available N (TAN), and corn response to fertilizer N. 

 Alfalfa Soil characteristics, 0-30 cm Early-season§ Late-season¶   
Location Age‡ Term. time ISNT† PSNT† Clay Organic C Precip. Air temp. Precip. Air temp. ANU TAN 

 yr  mg kg-1 mg kg-1 g kg-1 mg kg-1 mm °C mm °C kg N ha-1 kg N ha-1 

Adams, MN 4 Fall 350 6.9 44.7 3.16 303 1657 217 1135 136 175 
Brewser, MN 2 Spring 258 19.9 39.7 3.56 323 1620 116 1091 167 -# 
Cologne, MN 5 Fall 280 7.3 43.4 2.70 583 1624 145 1147 114 157 
Fulda, MN 4 Fall 320 24.0 47.5 2.78 336 1624 173 1147 248 367 
Hutchinson, MN 5 Fall 355 8.6 42.0 3.63 494 1599 156 1095 185 304 
Kanawha, IA 1 Fall 176 10.8 50.0 1.84 404 1636 222 1107 153 189 
Kanawha, IA 2 Fall 263 16.0 50.0 2.54 404 1774 222 1223 145 - 
Kanawha, IA 3 Fall 210 13.7 50.0 1.90 404 1774 222 1223 172 - 
Lakefield, MN 5 Spring 296 24.2 49.4 2.38 382 1774 132 1223 177 219 
Lancaster, WI 2†† Fall 128 22.3 33.7 0.94 311 1674 163 1211 214 - 
Lancaster, WI 2 Fall 137 22.4 33.7 1.11 311 1674 163 1211 211 - 
Lancaster, WI 3 Fall 141 22.4 33.7 1.06 311 1674 163 1211 251 286 
Marshall, MN 3 Fall 260 18.1 45.3 3.40 370 1608 78 1100 227 293 
Minneota, MN 5 Fall 199 10.4 42.5 1.76 364 1715 78 1189 169 228 
Morgan, MN 4 Fall 262 13.4 45.6 2.04 394 1715 73 1189 161 272 
Nashua, IA 2 Fall 197 15.2 42.5 1.44 338 1737 184 1183 131 163 
Pilot Grove, MN 5 Spring 239 13.2 46.6 4.04 371 1744 118 1211 169 239 
Saint Hilaire, MN 7 Fall 316 14.1 45.0 2.51 294 1706 102 1174 217 254 
Sleepy Eye, MN 5 Fall 170 7.6 40.9 2.12 394 1504 138 1055 147 - 
Underwood, MN 7 Fall 203 7.3 35.9 1.81 374 1522 240 1052 211 273 
Waseca, MN 4 Fall 225 8.1 48.9 2.22 432 1654 140 1147 129 175 
† ISNT, Illinois soil N test; PSNT, pre-sidedress soil nitrate test.        
‡ Includes establishment year.            
§ Total precipitation and cumulative daily air temperature >0°C during May through July.      
¶ Total precipitation and cumulative daily air temperature >0°C during August and September.  
# Dash denotes data were unavailable.          
†† Alfalfa seeded with an oat companion crop in this rotation.         
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Table 2.7. Relationship between corn aboveground N uptake (ANU), total available N (TAN), 
potentially mineralizable soil nitrate-N pool size (PSN), and mineralization rate (MR) and Illinois 
soil N test (ISNT) and pre-sidedress soil nitrate test (PSNT) concentrations alone and with other 
predictor variables for 21 site-years of first-year corn following alfalfa. 
Dependent 

variable 
Independent 

variable Regression equation† r2 P > F 
ANU ISNT y = 182 n/a 0.758 

 PSNT y = 124.3 + 3.70 × PSNT  0.33 <0.001 
 All‡ y = 162.2 + 8.64 × age  − 2.02 × clay + 4.67 × 

PSNT 
0.48 <0.001 

     
TAN ISNT y = 203 n/a 0.277 

 PSNT y = 179 + 4.72 × PSNT 0.23 <0.001 
 All y = 95 + 16.00 × age + 5.58 × PSNT 0.31 <0.001 
     

PSN ISNT y = 80.6 + 0.092 × ISNT 0.06 0.041 
 PSNT y = 100 n/a 0.640 
 All y = 88.2 − 0.35 × SOC + 0.20 × ISNT 0.19 0.001 
     

MR ISNT y = 0.00087 n/a 0.458 
 PSNT y = 0.00098  n/a 0.811 
 All n/a n/a n/a 

† Age, alfalfa stand age (yr); clay, soil clay content (g kg-1); ISNT, Illinois soil nitrogen test (mg 
kg-1); PSNT, pre-sidedress soil nitrate test (mg kg-1); n/a, not applicable. 
‡ "All" indicates that all predictor variables [ISNT, PSNT, soil clay content, SOC, alfalfa stand 
age and early- (May–June) and late-season (August–September) precipitation and air temperature 
and their one-way interactions] were considered in the multiple regression model.  
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Fig. 2.1. Weekly mean soil temperature at the 15-cm depth and degree day [DD, (>0°C)] 
accumulation during the 17-wk incubation of soil from first-year corn following alfalfa. 
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Fig. 2.2. Relationship between pre-sidedress soil nitrate test (PSNT) concentration and 
the economic optimum nitrogen rate (EONR) for grain yield at the price ratio (US$ kg-1 
N/US$ kg-1 grain) of 5.6 in 21 site-years of first-year corn following alfalfa. The vertical 
dashed line at 21 mg NO3-N kg-1 represents the most widely accepted critical 
concentration (Magdoff et al., 1984; Fox et al., 1989; Bundy and Andraski, 1995). Site-
years with a PSNT concentration ≥21 mg kg-1 are considered non-responsive to fertilizer 
N, while those with <21 mg kg-1 are considered responsive to fertilizer N. 
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Fig. 2.3. Relationship between Illinois soil N test (ISNT) concentration and the economic 
optimum N rate (EONR) for grain yield at the price ratio (US$ kg-1 N/US$ kg-1 grain) of 
5.6 in 21 site-years of first-year corn following alfalfa. The vertical dashed line represents 
the ISNT critical concentration [230 mg (amino sugar + NH4)-N kg-1]. Site-years with an 
ISNT concentration ≥230 mg kg-1 are considered non-responsive to fertilizer N, while 
those with <230 mg kg-1 are considered responsive to fertilizer N.  
  



 55 

 
 
Fig. 2.4. Relationship between Illinois soil N test (ISNT) concentration and loss on 
ignition soil organic matter (LOI) for 21 site-years of first-year corn following alfalfa. 
The curve represents the ISNT critical concentration adjusted for organic matter (ISNT-
NY). Site-years above and below the curve are predicted as non-responsive and 
responsive to fertilizer N, respectively, based on the ISNT-NY. Solid and open symbols 
represent site-years where there was and was not an actual response of corn grain yield to 
fertilizer N, respectively. 
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Fig. 2.5. Linear relationships between Illinois soil N test (ISNT) or pre-sidedress soil 
nitrate test (PSNT) concentration and soil nitrate-N concentration after week 5 (a, b, 
respectively) and 17 (c, d, respectively) of incubation of soil from first-year corn 
following alfalfa. The number in parentheses represents degree days (>0°C) accumulated 
since soil was sampled at the five to six leaf-collar corn stage (Abendroth et al., 2011).  
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Fig. 2.6. Economic optimum N rate (EONR) for grain yield at the price ratio (US$ kg-1 
N/US$ kg-1 grain) of 5.6 for 21 site-years of first-year corn following alfalfa on fine-
textured soils in the present study and 19 site-years from the literature (Hesterman et al., 
1986; Morris et al., 1993; Lory et al., 1995; Schmitt and Randall, 1994; Anderson et al., 
1997; Scharf and Lory, unpublished data, 1997; Katsvairo et al., 2003; Morrison et al., 
2010; Yost et al., 2012; Yost et al., 2013a; chapter 1). Site-years followed by a number 
contain more than one crop rotation with first-year corn.  
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APPENDIX 

 

 
Fig. A1. Relationship between Illinois soil N test (ISNT) concentration and soil nitrate-N 
concentration by sampling time (week 0–7, except week 5) during incubation of soil from 
first-year corn following alfalfa. The number in parentheses represents degree days 
(>0°C) accumulated since soil was sampled at the five to six leaf-collar corn stage 
(Abendroth et al., 2011). 
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Fig. A2. Relationship between Illinois soil N test (ISNT) concentration and soil nitrate-N 
concentration by sampling time (week 9–15) during incubation of soil from first-year 
corn following alfalfa. The number in parentheses represents degree days (>0°C) 
accumulated since soil was sampled at the five to six leaf-collar corn stage (Abendroth et 
al., 2011). 
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Fig. A3. Relationship between pre-sidedress soil nitrate test (PSNT) concentration and 
soil nitrate-N concentration by sampling time (week 0–7, except week 5) during 
incubation of soil from first-year corn following alfalfa. The number in parentheses 
represents degree days (>0°C) accumulated since soil was sampled at the five to six leaf-
collar corn stage (Abendroth et al., 2011). 
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Fig. A4. Relationship between pre-sidedress soil nitrate test (PSNT) concentration and 
soil nitrate-N concentration by sampling time (week 9–15) during incubation of soil from 
first-year corn following alfalfa. The number in parentheses represents degree days 
(>0°C) accumulated since soil was sampled at the five to six leaf-collar corn stage 
(Abendroth et al., 2011). 


