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Nitrogen input is generally required to optimize 
production and economic returns of high yield corn 

production. Proper management of fertilizer N in these sys-
tems is required for profi tability and environmental protection 
associated with N losses. Th e University of Nebraska–Lincoln’s 
algorithm for estimating nitrogen fertilizer recommendations in 
corn (UNL-N2000) predicts the amount of applied N needed as 
a function of crop N required for an expected grain yield (EY), 
soil organic matter (SOM), residual soil nitrate nitrogen content 
(RSN) in a soil depth of 0.6 to 1.2 m, and other N credits such as 
previous crop and supplied from manure and irrigation (Ferguson 
et al., 2000). Th e UNL-N2000, aft er converting to SI units, is:

N rate (kg ha−1) = 35 + (21.4 EY) – (0.223 EY × 
  SOM) – (9 NO3–N) – other N credits,

where EY = expected yield (Mg ha−1) where EY = 1.05 5-yr 
mean yield; NO3–N = root zone soil residual RSN in 60- to 
120-cm depth, depth-weighted mean concentration (mg kg−1), 
and SOM in 0- to 20-cm depth (g kg−1) with a minimum of 10 

and a maximum of 30 g kg−1. A previous crop credit is given for 
soybean but not for dry bean.

Th e coeffi  cients in UNL-N2000 were derived from regression 
analysis of 81 site-years of N rate irrigated and rainfed trials 
conducted in Nebraska during 1976 to 1982. Results of on-farm 
demonstration plots have generally validated UNL-N2000, 
but there were also situations of over- or underestimation of N 
needs for maximizing profi t (Ferguson et al., 1991). Most of the 
original N response trials were conducted in eastern Nebraska 
with mean yields of 6.4 and 9.6 Mg ha−1 for rainfed and irri-
gated corn, respectively. Since then, hybrids have changed for 
N use effi  ciency (Duvick, 2005), yields have risen by a mean of 
0.11 Mg ha−1 yr–1, tillage practices have changed, crop manage-
ment practices have improved, and fertilizer-N use effi  ciency in 
corn has increased (Dobermann and Cassman, 2002). Most irri-
gated corn in Nebraska is produced in continuous corn systems 
(CC) or in rotation with soybean (CS), while corn following dry 
bean (CD) is common in the western Nebraska Panhandle. Irri-
gated corn yield potential in Nebraska commonly ranges from 13 
to 19 Mg ha−1 (Dobermann et al., 2003; Dobermann and Sha-
piro, 2004; Grassini et al., 2009). Th e changes in management 
practices and corn hybrids, and the increases in corn yields across 
the diverse production areas of Nebraska, since UNL-N2000 was 
formulated justifi ed re-evaluation of the algorithm.

Th e conceptual basis of UNL-N2000 was well supported 
by research conducted elsewhere. Oberle and Keeney (1990) 
estimated that 35 kg Mg−1 of SOM–N was mineralized annu-
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ally. Th is compares to 15 to 35 kg Mg−1 from UNL-N2000 with 
credit increasing as grain yield potential increases.

Vanotti and Bundy (1994) found that RSN was used as effi  -
ciently as fertilizer N and could be credited similar to fertilizer 
N if the nitrate N was not lost to excessive leaching and deni-
trifi cation. Th ey found that for continuous corn, the relation-
ship between optimum fertilizer N rate (Y) and RSN was 
Y = 193 – 0.88 RSN when the amount of RSN was between 45 
and 195 kg ha−1 in the upper 90 cm of soil. When RSN concen-
tration is <3 mg kg−1, RSN may not be effi  ciently used (Bundy 
and Malone, 1988; Schepers and Mosier, 1991). Th e UNL-N2000 
credits approximately 50% of the RSN in 1.2-m soil depth.

Use of yield goal in an algorithm is supported by Franzleubbers 
et al. (1994) who determined that N required, from all sources, 
to attain 95% of maximum predicted yield for continuous corn 
was10.4 kg N Mg−1 of grain yield. Vanotti and Bundy (1994) 
found, however, that optimum N rate did not vary with corn yield, 
suggesting improved N use effi  ciency with increased corn yield.

Th e actual N credit or N replacement value for corn fol-
lowing soybean varies. Varvel and Wilhelm (2003) reported 
a mean N credit of 65 kg ha−1 for the irrigated soybean–corn 
rotation in Nebraska. Bergerou et al. (2004) determined a 
mean N replacement value for corn following soybean of 
83 kg ha−1. Given this and the potential for yield loss with 
underapplication of N, the credits used in determining N rates 
tend to set a conservatively low value, such as 50 kg ha−1 in 
Nebraska (Ferguson et al., 2000; Shapiro et al., 2009).

Th e objectives of this research were to quantify the yield response 
of corn to N at high yield levels that exceeded those in most previ-
ously published studies and develop alternatives for estimating 
site-year EONR for irrigated corn at diff erent N/corn price ratios.

MATERIALS AND METHODS
Site Characteristics, 

Treatments, and Experimental Design
Trials to determine corn response to N at 32 site-years were con-

ducted representing the main corn production areas of Nebraska 
from 2002 to 2004. Th e site-years included 13 on research stations 
and 19 in producers’ fi elds, and 10, 9, and 13 site-years were no-till, 
ridge till, and either disk or chisel plow tillage, respectively. Th ere 
were 12, 16, and 4 site-years, respectively, for CC, CS, and CD. 
Th e CS site-years were primarily in eastern Nebraska and all no-till 
site-years were CS. Th e CC site-years were primarily in south 
central and west central Nebraska, and all of the ridge-till site-years 
were CC. Th e CD site-years were in the west and were disk or 
chisel plow tilled. Th erefore, there was confounding of location, 
tillage practice, and previous crop. Th us, CC, CS, and CD rep-
resent more than previous crop eff ects and are generalizations of 
three important corn production systems in Nebraska.

Th e soils varied with site and included Agriudolls (Tomek, 
Wymore), Agriustolls (Holdrege, Hall, Hastings, Crete), Hap-
ludolls (Kennebec), Ustorthents (Croft on), Haplustolls (Hord, 
Cozad, Vetal, Creighton, Th urman, Moody, Nora), and Tor-
riorthents (Mitchell) (Table 1). Soil texture ranged from silty clay 
loam to loamy sand. Rooting depth was always > 1 m. Soil at each 
site was sampled before planting at the 0- to 0.2-m depth, air-
dried, sieved (2 mm), and analyzed for SOM by loss on ignition, 
pH1:1, Bray-1 P, exchangeable K, and SO4–S (NCR-13, 1998). 
Soil was also sampled to a depth of 1.2 m in 0.3 m segments in 

the spring before planting and analyzed for nitrate N (NCR-13, 
1998). SOM ranged from 7 to 34 g kg−1 and soil pH ranged from 
4.8 to 7.5 (Table 1). Mean Bray-1 P ranged from 5 to 88 mg kg−1 
and soil available K was generally high and >125 mg kg−1 (Shap-
iro et al., 2009). Bray-1 P was below 15 mg kg−1 at 38% of the sites 
and available soil K was below the critical level of 125 mg kg−1 at 
three sites only. Further discussion of response to P, K, and S is 
provided elsewhere (Wortmann et al., 2009).

Th e fi ve N rates were 0, 112 or 140, 168 or 196, 224 or 252, 
and 336 kg ha−1 for CC and CD, and 0, 56 or 84, 112 or 140, 
168 or 196, and 280 kg ha−1 for CS. Lower N rates were applied 
in the fi rst year of the study, and the higher rates were applied in 
the second and third study years to better capture the response 
function. Fertilizer P and K were applied to all plots at rates of 
20 and 40 kg ha−1, respectively, to ensure adequate levels for 
optimal crop performance (Wortmann et al., 2009). Fertilizer 
was broadcast either with plot spreaders or by hand. Forty to 
60% of N was applied preplant, with the remainder side-dress 
applied at V6 (Ritchie et al., 1996) for medium and fi ne texture 
soils and at V6 and V10 for sandy soils. Th e fertilizers were 
ammonium nitrate (34-0-0), triple superphosphate (0-20-0), 
and muriate of potash (0-0-50). No starter fertilizer was used. 
Sulfur was applied as calcium sulfate for nine site-years when 
potential for S defi ciency was suspected.

Individual plots were at least 6.1 m or wider and 15.2 m long. 
Plots were arranged in a randomized complete block design 
with four replications at each site.

Seeding rates were selected to ensure fi nal plant populations 
of seven to eight plants m−2. All locations were irrigated. Tillage, 
weed and pest control, and time and amounts of irrigations were 
managed by the cooperator at each site. Hybrids of proven yield 
potential and adaptation were selected with the cooperating farmer.

Grain yield was determined from two 6.1-m row segments. 
Yields were adjusted to 155 mg kg−1 grain water content.

Data Analysis

Th e analyses were done using Statistix 9 (Analytical Soft -
ware, Tallahassee, FL) except for the N response functions 
which were determined for N rate means by site-year using 
SigmaPlot 10.0 (Systat Soft ware, Chicago, IL). Grain yield was 
plotted against N rate and, aft er evaluating several models, two 
response functions that give a quadratic plus plateau response 
were fi tted for each site-year. For each model, the EONR 
needed to achieve maximum net return from N application was 
calculated based on mathematical diff erentiation of the fi tted 
equations for a range of diff erent N/corn price ratios:

(1)  Exponential rise to a maximum (modifi ed Mitscherlich 
equation):

 (1 )cNY a b e−= + −

 

1 1/R 1 1/REONR ln for ln 0

1 1/R0 for ln 0

c bc c bc

c bc

⎛ ⎞ ⎛ ⎞⎟ ⎟⎜ ⎜= >⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠− −
⎛ ⎞⎟⎜= ≤⎟⎜ ⎟⎜⎝ ⎠−

where a = yield without N application, b = maximum yield 
increase from applying N (ΔY at max N rate), c = curvature 
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coeffi  cient, N = N rate (kg N ha−1), and R = ratio corn price 
($ Mg−1)/N price ($ kg−1).

(2) Spherical model (linear + nonlinear rise to a plateau):
3
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where a = yield without N application, b = maximum 
yield increase from applying N (ΔY at max N rate), c = N 
rate at which maximum yield occurred, N = N rate (kg N 
ha−1), and R = ratio corn price ($ Mg−1)/N price ($ kg−1). 
While EONR was calculated with R, the N/corn price ratio 

($ kg−1)($ kg−1)−1 is used through the remainder of the paper 
for easier comprehension of the price factor.

Both models accounted for >60% of the variation in treatment 
means by site-year, with the exception of the spherical model at 
Scottsbluff  in 2003 (Table 2), but they diff ered in shape and, 
therefore, in their sensitivity to price changes and the derived 
EONR. Because the exponential model is more gradual in 
shape, slowly approaching the maximum yield, it also results in a 
wider range of the EONR as the N/corn price ratio increases or 
decreases (Fig. 1). Since regression fi t statistics alone made it diffi  -
cult to justify choosing a single model as superior, we opted to use 
the average EONR derived from both models in further statistical 
analysis and adjustment of N recommendations. Th is reduces 
potential errors associated with the choice of a particular model.

Using the means of the two response functions, EONRs, 
grain yield and RTN at EONR were determined for 
each site-year for N/corn price ratios of 5, 7, 9, 11, and 

Table 1. Site characteristics for 32 irrigated corn trials conducted in Nebraska.

Site-year Soil† Texture‡ Till‡ SOM
Soil
pH

Irrigation
NO3–N Applied

Soil NO3–N in 1.2 m
Spring Fall

g kg–1 kg ha–1

Cropping system = corn–corn
Bellwood03 Hord sil RT 24 6.7 24 137 29
Brosius04 Hord sl CT 10 4.8 8 75 43
Cairo02 Hall sil RT 25 7.1 19 50 38
Cairo03 Holdrege sil RT 28 6.8 16 48 121
Cairo04 Hord sil RT 24 6.7 15 53 22
Clay Center02 Hastings sil RT 29 6.9 28 59 42
Funk04 Holdrege sil RT 28 6.8 11 83 29
N.Platte02 Cozad sil RT 20 7.3 11 50 34
N.Platte03 Hord sl CT 10 4.8 2 103 30
Paxton02 Vetal ls CT 13 6.3 34 58 40
Paxton03 Vetal ls CT 20 6.3 30 39 21
Spurgin04 Vetal ls CT 20 6.3 5 94 30

Cropping system = soybean–corn
Brunswick02 Thurman ls NT 7 6.5 56 30 29
Brunswick03 Crofton sil NT 19 6.8 42 83 36
Brunswick04 Thurman ls CT 9 6.3 60 60 43
Concord02† Nora sil NT 33 5.8 29 37 29
Concord03 Nora sil NT 30 5.8 32 109 46
Concord04 Kennebec sil NT 28 6.4 40 160 56
Mead02 Tomek sicl NT 31 6.2 90 47 54
Mead03 Tomek sil NT 30 6.4 11 56 23
Mead04 Tomek sicl NT 34 6.3 19 50 34
North Bend04 Moody sicl CT 30 6.4 18 77 47
Pickrell03 Wymore sicl NT 29 5.8 22 51 27
Pickrell04 Wymore sicl NT 28 6.2 16 48 50
SCAL02 Crete sil CT 30 6.1 28 70 29
SCAL03 Crete sil CT 33 6.6 10 87 25
SCAL04 Crete sil CT 26 6.9 8 66 31
Wymore02 Wymore sicl NT 27 6.3 16 36 25

Cropping system = drybean–corn
Box Butte03 Creighton sil CT 17 7.3 17 73 29
Box Butte04 Creighton sil CT 16 7.5 13 62 27
Scottsbluff02 Mitchell sl CT 17 7.3 10 254 32
Scottsbluff03 Mitchell sl CT 27 7.1 12 131 97
† Soil orders included Agriudolls (Tomek, Wymore), Agriustolls (Holdrege, Hall, Hastings, Crete), Hapludolls (Kennebec), Ustorthents (Crofton), Haplustolls (Hord, 
Cozad, Vetal, Creighton, Thurman, Moody, Nora), and Torriorthents (Mitchell).
‡ Soil texture classes include: ls, loamy sand; sl, sandy loam, sil, silt loam; and sicl, silty clay loam. Tillage alternatives include: CT, conventional tillage; NT, no-till; and RT, ridge till.
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13 ($ kg−1)($ kg−1)−1. Th e mean EONR, yield at EONR, and 
RTN at EONR, and their LSD 0.05, were determined for 
CC, CS, and CD. Linear regression analysis was applied to 
determine the relationships of EONR to price ratio using the 
cropping system mean EONR for each price ratio. Regression 
analysis was also used to evaluate variation in site-year SOM, 
RSN for four soil depths, N applied in irrigation water, and 
maximum treatment yield for effi  ciency in improving the pre-
diction of site-year EONRs of each cropping system.

Four alternatives were evaluated for accuracy in predicting 
EONR and determining N rate with minimal loss of RTN. (i) 
Th e UNL-N2000, which had no adjustments for N/corn price 
ratio, was calculated using site-specifi c input data for expected 
yield based on past yields and known site yield potential, SOM 
(0- to 20-cm depth), RSN in the spring to 1.2 m depth, N cred-
its for previous crop, and N input from irrigation water. (ii) Th e 
UNL-N2000 adjusted N rate (UNL-N2000adj) was determined 
by multiplying site-year UNL-N2000 by mean EONR divided 
by mean UNL-N2000 for each N/corn price ratio with the 

Table 2. Coeffi cients for two functions applied to irrigated corn yield response to applied N for 32 irrigated trials conducted in Nebraska.

Irrigated 
trials Max.†

Exponential rise to a maximum 
(modifi ed Mitscherlich):

Y (Mg ha–1) = a + b(1 – e–cN)†

Spherical model (linear + nonlinear rise to a plateau):
Y (Mg ha–1) = a + b[3N/2c – (N/c)3/2] 

if (c – N) ≥ 0; else Y = a + b
a b c SE R2 a b cSM SE R2

Mg ha–1 Mg ha–1 Mg ha–1 kg ha–1 Mg ha–1

Cropping system = corn–corn
Bellwood03 17.78 12.73 4.71 0.007 0.29 0.85 13.46 3.39 364.7 0.25 0.88
Brosius04 12.40 5.62 6.61 0.017 0.58 0.96 5.62 6.41 194.3 0.28 0.99
Cairo02†† 14.13 10.99 1.91 0.027 0.03 1.00 10.99 1.90 178.0 0.04 1.00
Cairo03 17.51 8.65 8.26 0.038 0.32 0.99 8.66 8.17 105.8 0.32 0.99
Cairo04 16.81 10.49 7.24 0.008 0.24 0.99 10.56 6.20 292.7 0.20 0.99
Clay Center02 15.02 7.01 8.00 0.017 0.15 1.00 7.00 7.67 153.9 0.35 0.99
Funk04 16.13 10.52 5.66 0.020 0.17 1.00 10.53 5.50 169.8 0.12 1.00
N.Platte02 15.19 8.71 6.62 0.012 0.31 0.99 8.75 6.08 242.3 0.56 0.95
N.Platte03 14.64 8.76 6.05 0.011 0.48 0.96 8.76 5.55 237.6 0.20 0.99
Paxton02 15.41 13.83 1.22 0.022 0.34 0.65 13.83 1.23 205.3 0.32 0.70
Paxton03 16.22 8.79 6.96 0.023 0.38 0.98 8.82 6.85 169.8 0.18 1.00
Spurgin04 14.17 10.71 3.44 0.020 0.07 1.00 10.71 3.32 160.7 0.15 0.99
Mean 15.45 9.73 5.56 0.019 0.28 0.95 9.81 5.19 206.2 0.25 0.96
SD 1.54 2.29 2.29 0.010 0.16 0.10 2.39 2.23 69.65 0.13 0.09

Cropping system = soybean–corn
Brunswick02 13.15 9.09 4.25 0.017 0.18 0.99 9.12 4 172.3 0.08 1.00
Brunswick03 16.32 10.61 5.70 0.017 0.19 0.99 10.68 5.19 150.7 0.39 0.97
Brunswick04 12.08 9.96 2.68 0.009 0.17 0.97 10.00 2.26 236.7 0.01 1.00
Concord02 12.11 9.76 1.73 0.033 0.01 1.00 9.76 1.71 113.7 0.04 1.00
Concord03 14.44 12.68 1.78 0.016 0.08 0.99 12.69 1.66 189.8 0.18 0.95
Concord04 15.34 12.14 2.71 0.037 0.52 0.82 12.16 2.72 103.5 0.45 0.86
Mead02 15.52 13.31 2.50 0.011 0.20 0.95 13.31 2.19 209.2 0.17 0.98
Mead03 14.67 7.71 6.97 0.034 0.16 0.99 7.71 5.48 134.4 0.80 0.89
Mead04 15.52 9.71 5.59 0.025 0.48 0.96 9.89 5.32 134.4 0.59 0.94
North Bend04 14.40 11.48 2.41 0.039 0.43 0.84 11.47 2.35 74.9 0.45 0.83
Pickrell03 13.96 7.91 5.82 0.030 0.06 1.00 7.92 5.67 99.3 0.14 1.00
Pickrell04 16.62 10.56 5.44 0.020 0.45 0.96 10.71 5.05 150.2 0.12 1.00
SCAL02 16.29 11.73 4.55 0.026 0.10 1.00 11.74 4.44 102.4 0.15 0.99
SCAL03 17.05 11.7 5.08 0.023 0.05 1.00 11.76 4.76 123.2 0.37 0.97
SCAL04 15.93 10.22 5.78 0.019 0.73 0.90 10.21 5.45 144.8 0.40 0.97
Wymore02 12.38 6.62 4.93 0.024 0.22 0.99 6.62 4.77 124.5 0.32 0.98
Mean 14.81 10.40 4.17 0.023 0.27 0.96 10.45 3.94 141.49 0.29 0.96
SD 1.65 1.77 1.57 0.009 0.212 0.057 1.8 1.5 43.0 0.22 0.053

Cropping system = drybean–corn
Box Butte03 15.54 11.91 3.28 0.016 0.66 0.78 11.87 3.17 193.6 0.55 0.85
Box Butte04 13.31 12.19 0.75 0.029 0.07 0.95 12.20 0.74 91.30 0.07 0.95
Scottsbluff02 13.52 12.11 1.30 0.029 0.04 1.00 12.11 1.28 114.2 0.03 1.00
Scottsbluff03 14.58 13.02 1.68 0.005 0.42 0.61 13.02 1.20 158.0 0.45 0.36
Mean 14.24 11.83 2.67 0.020 0.37 0.89 11.80 2.44 188.5 0.29 0.93
SD 1.07 0.32 1.37 0.010 0.30 0.09 0.34 1.19 76.16 0.20 0.06
† Max. = mean yield for highest yield treatment for the site-year; a = yield at 0 kg N; b = maximum yield increase from N application; c = curvature coeffi cient; and SE = 
standard error of predicted yield; and cSM = N rate in spherical model at which the yield plateau begins.
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result that mean UNL-N2000adj equaled mean EONR. (iii) Th e 
mean EONR for each cropping system was used. (iv) Th e mean 
EONR adjusted for SOM (EONRSOM) was used for CS. Th e 
respective predicted EONRs were determined for each site-year. 
Grain yields for the predicted EONRs were determined from 
the N response curves for each site-year. Th e mean diff erences 
of predicted minus measured site-year EONR were calculated 
for grain yield and RTN at fi ve N/corn price ratios and for each 
crop system with LSD 0.05 representing variation across site-
years. Functions were determined for converting UNL-N2000 
to UNL-N2000adj for a continuous range of N/corn price ratios.

RESULTS
Corn Yield Response to Nitrogen

Th e maximum treatment yield ranged from 12.1 to 
17.8 Mg ha−1, including 18 site-years with maximum treatment 
yield >15 Mg ha−1, and a mean of 14.8 Mg ha−1 (Fig. 1, Table 2). 
Maximum treatment yield <13.2 Mg ha−1 occurred for only 
5 of the 32 site-years with several possible contributing factors 
including insect problems, acid pH in a sandy soil, insuffi  cient 
irrigation, low plant population, early season low temperature 
stress, S defi ciency during early growth on a sandy soil, or late 
maturity because of low temperatures. Th e generally high maxi-
mum grain yields, attributed to adequate nutrient supply and 
excellent management, approached the climatic-genetic yield 
potential for the study locations (Dobermann et al., 2003).

Yield with no N applied ranged from 5.6 to 13.8 Mg ha−1 with 
CC having more variation, and CD having less variation, com-
pared with CS (Table 2; Fig. 2). Mean yield with no N applied 
was greatest for CD and least for CC. Th e yield increase due to N 
application ranged from 0.7 to 8.3 Mg ha−1 and from 9 to 120% 
of the yield with no N applied. Th e mean yield increase was great-
est and most variable for CC and least and least variable for CD 
with respective mean increases of 66 and 20% of the yield with 
no N applied. Th e N rate at the beginning of the yield response 
plateau ranged from 75 to 365 kg ha−1 and was 65 kg ha−1 less for 
CS compared with CC agreeing with the mean soybean N credit 
determined by Varvel and Wilhelm (2003). Corn response to 
applied N diff ered with cropping system where the eff ects of pre-
vious crop were confounded with tillage and location (Table 1). 
Th e data set was inadequate to attempt to separate tillage and 
location eff ects from previous crop eff ects.

Th e exponential rise to maximum yield and the spherical to 
yield plateau models gave similar mean estimates of yield with 
no N applied, maximum yield response to applied N, and N 
rate at which the yield plateau began (Fig. 1). Th e rate of yield 
increase with low N rates was predicted to be greater with the 
exponential rise to maximum yield compared with the spheri-
cal to yield plateau model.

Economically Optimal Nitrogen Rates

Th e mean EONRs for CC, CS, and CD were 171, 122, and 
93 kg ha−1, respectively, when the fertilizer N/corn price ratio 
was 7. Th e variability in EONR across site-years was greatest 
for CC and least for CS (Table 3). Expected yield, SOM, RSN, 
and irrigation nitrate N did not account for variation in EONR 
across sites for CC and CD (data not shown). Th e LSD 0.05 
of EONR for CS was reduced by considering site-year SOM 
but not by consideration of other individual factors. However, 

UNL-N2000 was related to EONR at diff erent N/corn price 
ratios with Pearson coeffi  cients of correlation signifi cant at 
P < 0.1 ranging from 0.52 to 0.59 for CC, 0.43 to 0.66 for CS, 
and >0.90 for CD at higher N/corn price ratios. Th erefore, the 
index as a whole was predictive of EONR even if its individual 
factors generally did not account for variation in EONR. Th e 
response of EONR to changing N/corn price ratio was linear 
with similar slopes for CC and CD, and less slope for CS (Fig. 3).

Mean corn grain yield was approximately 0.3 Mg ha−1 less 
when N was applied at EONR for a N/corn price ratio of 13 
compared with 5 (Table 3). Th e RTN was greatest with CC 
and least with CD (Fig. 4). Th e loss in RTN with N applied 
at EONR ± LSD 0.05 was greater for CC and CD compared 
with CS when mean EONR was not adjusted, and the loss in 
RTN was reduced for CS by adjusting EONR by site SOM. 

Fig. 1. Mean N response curves estimated for the exponential 
rise model to maximum yield and spherical model to yield 
plateau for 32 irrigated corn trials conducted in Nebraska in 
2002–2004 where the cropping system was corn following (a) 
corn (n = 12), (b) soybean (n = 16), and (c) drybean (n = 4).



72 Agronomy Journa l  •  Volume 103, Issue 1 •  2011

Loss in RTN for N applied at EONR ± LSD 0.05 increased for 
all previous crops as the N/corn price ratio increased.

Prediction of Economically Optimal N Rates

Th e mean N rate determined by UNL-N2000 was generally 
high compared to EONR, especially for CD and least so for CS 
(Table 4). Th e N rate LSD0.05 was less for UNL-N2000 com-
pared with EONR for CC and CD but greater for CS. Factors 
for adjusting mean UNL-N2000 to mean EONR at diff erent 
N/corn price ratios varied from 0.75 to 0.95 for CC, 0.83 to 
1.05 for CS, and 0.44 to 0.65 for CD. Th e low EONR com-
pared with UNL-N2000 for CD refl ects overrecommendation 
of N for CD using UNL-N2000, suggesting that UNL-N2000 
should have a previous crop N credit for CD as for CS.

Prediction of EONR using UNL-N2000adj improved predic-
tion of EONR with less loss in RTN compared with UNL-
N2000. Accuracy of predicting EONR using UNL-N2000adj 
was similar to using mean EONR but less accurate than using 
EONRSOM for CS. Return to N ($ ha−1), averaged over price 
ratios, for UNL-N2000, UNL-N2000adj, and mean EONR were, 
respectively, decreased by 40.22, 21.90, and 26.10 for CC (P = 
0.078); 25.00, 20.96, and 8.92 (5.88 for EONRSOM) for CS 
(P = 0.035); and 78.30, 12.76, and 19.72 for CD (P = 0.002).

Continuous functions for estimating UNL-N2000adj are:

UNL-N2000adj for CC = UNL-N2000 – 
 (−1.6 + 9.9 Ratio) (R2 = 1.00);

UNL-N2000adj for CS = UNL-N2000 – 
 (−13.2 + 6.9 Ratio) (R2 = 1.00);

and

UNL-N2000adj for CD = UNL-N2000 – 
 (−50.3 + 8.5 Ratio) (R2 = 0.97);

where Ratio = N/corn price ratio.
Fig. 2. Nitrogen response curves for 32 irrigated corn trials 
conducted in Nebraska in 2002–2004 where the cropping system 
was corn following (a) corn, (b) soybean, and (c) drybean.

Table 3. The mean economically optimal nitrogen rates (EONR), yields, and returns to nitrogen (RTN) at EONR, with LSD 0.05, 
for fi ve N/corn price ratios for irrigated corn in Nebraska.

N rates, yields, 
and returns

Price of N relative to price of corn, ($ kg–1) ($ kg–1)–1 
5 7 9 11 13

Cropping system = corn–corn
EONR kg ha–1 179.7 ± 40.0 171.1 ± 36.8 160.5 ± 34.0 149.4 ± 31.3 141.5 ± 30.0
YieldEONR Mg ha–1 14.9 ± 1.0 14.9 ± 1.0 14.8 ± 1.0 14.7 ± 1.0 14.6 ± 1.0
RTN $ ha–1 711 ± 152 654 ± 150 602 ± 150 553 ± 151 508 ± 153

Cropping system = soybean–corn†
EONR kg ha–1 128.6 ± 15.6 122.0 ± 14.3 114.7 ± 12.7 107.0 ± 11.3 101.8 ± 10.5
YieldEONR Mg ha–1 14.5 ± 0.9 14.5 ± 0.9 14.4 ± 0.9 14.4 ± 0.9 14.3 ± 0.9
RTN $ ha–1 546 ± 149 505 ± 150 467 ± 148 432 ± 148 400 ± 147

Cropping system = drybean–corn
EONR kg ha–1 104.4 ± 68.6 93.4 ± 64.8 82.1 ± 64.9 75.7 ± 61.5 70.6 ± 59.7
YieldEONR Mg ha–1 13.8 ± 1.5 13.7 ± 1.4 13.7 ± 1.4 13.6 ± 1.4 13.6 ± 1.4
RTN $ ha–1 138 ± 183 105 ± 163 78 ± 145 55 ± 130 37 ± 116
† When soybean EONR was adjusted in consideration of soil organic matter (EONR = EONR – (SOM – 2.66) * 18), mean LSD 0.05 of EONR was reduced to 7.8.
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DISCUSSION
Th e N response results are presented by cropping system. 

Cropping systems, distinguished by crop sequence, diff ered for 
tillage and geographic location with CS site-years primarily in 
eastern Nebraska with no-till, CC in south central and west 
central Nebraska commonly with ridge-till, and CD in western 
Nebraska with disk or chisel plow tillage. Th e results are inad-
equate, and were not intended to be adequate, to separate the 
eff ects of tillage, other management practices, and environmen-
tal diff erences associated with site-year from the rotation eff ects. 
Mean response to N and EONR diff ered by crop sequence as 
others have found (Varvel and Wilhelm, 2003; Bergerou et al., 
2004; Ferguson et al., 2000; Shapiro et al., 2009).

Yield with no N applied was high and response to applied 
N and EONR were low for CD compared with CC and CS 
(Tables 2 and 3; Fig. 2). Large amounts of RSN before planting 
for the two Scottsbluff  CD site-years (Table 1) may have aff ected 
N response and EONR although the response for these two site-
years was intermediate compared with the other two CD site-
years with much less RSN. Dry bean crop residue decomposes 
readily with little soil N immobilization and early mineralization 
of organic N compared with corn residue. Th e results show that 
the EONR are low for CD compared with CC but the results 
were from only four site-years and further research is needed to 
fi ne-tune or verify the N rate recommendation for CD.

Some site-years had low soil test P or pH but variation in 
these variables was not related to variation in grain yield. 
Phosphorus and K was applied for all site-years ensuring that 
P and K were not limiting to N response (Wortmann et al., 
2009). Th e lower pH levels were not considered to be corn yield 
limiting and the results did not give any indication that low 
pH constrained maximum yield or response to N. Th e average 
EONR values in our study were slightly below those reported 
for a large regional database of rainfed corn grown in other 
Corn Belt areas (Sawyer and Nafziger, 2005). Higher N use 
effi  ciency and hence lower EONR in our study was probably 
due to generally higher yield levels enabled through adequate 
water availability with irrigation and preplant combined with 
sidedress N application to reduce N loss to leaching. Small 
deviations in N application rate from the EONR generally have 
little eff ect on yield or RTN (Fig. 4). Th e N application rate can 
be increased to ensure adequate N for exceptionally produc-
tive years (Kyveryga et al., 2007), decreased to reduce N losses 
to water bodies (Sawyer and Randall, 2008), or decreased to 
reduce energy consumption or N2O emission without much 
loss in productivity or RTN. At most N/corn price ratios, there 
is greater potential for reduced RTN with underapplication 
compared with overapplication of N relative to EONR (Fig. 4).

Th e UNL-N2000 performed better for CS than for CC 
and greatly overestimated N need for CD. Th e UNL-N2000 
resulted in mean N rates that were close to mean EONR at N/
corn price ratios of 5 and 7, excluding CD where the results 
indicate a need for a previous crop credit with UNL-N2000 
(Table 4). Th e UNL-N2000, however, accounted for just 37% 
of the variation in EONR for CC and CS. Consequently, RTN 
was less for UNL-N2000 compared with actual EONR. Adjust-
ments of recommended N rates according to prices become 
more important as the N/corn price ratio increases.

Fig. 3. The effect of the N/corn price ratio on the economically 
optimal nitrogen rate (EONR) determined for corn following 
corn (n = 12, CC), soybean (n = 16, CS), and drybean (n = 
4, CD) in rotation as determined from 32 irrigated trials 
conducted in Nebraska in 2002–2004.

Fig. 4. The effect of N rate on gross returns to N applied 
to corn for five N/corn price ratios and where the cropping 
system was corn following (a) corn (n = 12), (b) soybean (n = 
16), and (c) drybean (n = 4) as determined from 32 irrigated 
trials conducted in Nebraska in 2002–2004.
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Recommendations for CD were considered to be similar to 
CC in UNL-N2000 based on the understanding that little atmo-
spheric N fi xation commonly occurs with drybean. However, 
little immobilization of N and increased net mineralization is 
expected to occur with drybean crop residue, as occurs with soy-
bean residue, compared with corn residue (Gentry et al., 2001). 
Nitrogen fi xation by the previous grain legume crop apparently 
has little eff ect compared to net organic N mineralization on the 
crop’s fertilizer replacement value (Bergerou et al., 2004). Th e 
UNL-N2000 could be improved for CD by giving a previous 
crop N credit of 65 kg ha−1 when dry bean is the preceding crop, 
similar to the 50 kg ha−1 N credit currently given for CS.

Prediction of EONR was best for CC and CD using UNL-
N2000adj and for CS using mean EONR adjusted for SOM 
(Table 4). Loss of RTN in prediction of EONR, compared 
with actual site-year EONR, can then be reduced to 22, 6, and 
13 $ ha−1 for CC, CS, and CD, respectively.

Th is research is especially applicable to high yield corn 
production with split N application in Nebraska. Expected 
corn yield varies widely by site-year in Nebraska when rainfed 
production is considered. Retaining EY as a factor in determin-
ing N rate is justifi ed based on results for lower yield situations 
from earlier research. Th erefore, the UNL-N2000 adjusted by 

the factors that account for diff erences with mean EONR and 
for N/corn price ratio is likely to be the most accurate tool for 
estimating site-year EONR for rainfed conditions. Th e results 
are also only directly applicable when N is split-applied; we sug-
gest that N rate be increased by 5 and 10% if more than 60% of 
the N is applied preplant in the spring and fall, respectively.

Modern, tactical N management concepts should involve a 
combination of anticipatory preplant and responsive in-season 
decisions. Th e N recommendation approaches assessed here are 
suitable for making general decisions on the average amount of 
N needed. Combining this with in-season application accord-
ing to assessment of crop N and biomass status at one or more 
key growth stages is likely to provide another level of fi ne-tun-
ing application rates and optimizing N use effi  ciency according 
to seasonal conditions and developing yield potential.

CONCLUSIONS
Corn yield with no N applied ranged from 5.6 to 12.7 Mg ha−1, 

and was least and greatest for CC and CD, respectively. Th e mean 
response to applied N was for greatest for CC and least for CD. 
Th e EONR for irrigated corn was approximately 50 and 75 kg 
ha−1 less for CS and CD, respectively, compared with CC. Irri-
gated corn EONR was more variable for CC and CD compared 

Table 4. The mean difference, and LSD 0.05, in grain yield and gross returns to applied nitrogen (RTN) for alternative means of 
predicting the economically optimum nitrogen rate (EONR) compared with measured EONR at fi ve N/corn price ratios for irri-
gated corn in Nebraska.

Variable
Price of N relative to price of corn, ($ kg–1) ($ kg–1)–1

5 7 9 11 13
Cropping system = corn–corn: the mean UNL-N2000 rate was 188 kg ha–1 with LSD 0.05 = 9.7.

UNL-N2000† – EONR rate, kg ha–1 N 8.6 ± 35.3 17.2 ± 32.2 27.8 ± 29.6 38.9 ± 27.2 46.8 ± 26.4
UNL-N2000 adjustment factor 0.954 0.909 0.852 0.79 0.751
UNL-N2000 – EONR yield, Mg ha–1 –0.10 ± 0.18 –0.05 ± 0.16 0.02 ± 0.14 0.12 ± 0.11 0.20 ± 0.10
UNL-N2000adj† – EONR yield, Mg ha–1† –0.14 ± 0.21 –0.13 ± 0.22 –0.13 ± 0.24 –0.15 ± 0.26 –0.14 ± 0.26
Mean EONR† – EONR yield, Mg ha–1 –0.18 ± 0.26 –0.18 ± 0.27 –0.03 ± 0.47 –0.19 ± 0.31 –0.24 ± 0.31
UNL-N2000 – EONR RTN, $ ha–1 –23.7 ± 7.7 –27.6 ± 13.6 –36.3 ± 22.6 –48.8 ± 31.6 –64.7 ± 40.6
UNL-N2000adj – EONR RTN, $ ha–1 –21.8 ± 10.3 –21.2 ± 10.6 –20.6 ± 14.1 –23.2 ± 17.2 –22.7 ± 20.9
Mean EONR – EONR RTN, $ ha–1 –28.2 ± 16.4 –28.4 ± 15.1 –5.6 ± 45.2 –29.6 ± 18.8 –39.0 ± 32.5

Cropping system = soybean–corn: the mean UNL-N2000 rate was 122 kg ha–1 with LSD 0.05 = 16.1.
UNL-N2000 – EONR rate, kg ha–1 N –6.3 ± 16.9 0.3 ± 16.1 7.6 ± 14.5 15.2 ± 13.1 20.5 ± 12.2
UNL-N2000 adjustment factor† 1.052 0.998 0.938 0.875 0.832
UNL-N2000 – EONR yield, Mg ha–1 –0.17 ± 0.17 –0.14 ± 0.18 –0.07 ± 0.15 0.00 ± 0.14 0.07 ± 0.13
UNL-N2000adj – EONR yield, Mg ha–1† –0.36 ± 0.54 –0.10 ± 0.16 –0.08 ± 0.15 –0.06 ± 0.14 –0.05 ± 0.13
Mean EONR – EONR yield, Mg ha–1 –0.07 ± 0.08 –0.07 ± 0.08 –0.07 ± 0.09 0.00 ± 0.16 –0.07 ± 0.13
EONRSOM‡ – EONR yield, Mg ha–1 –0.03 ± 0.03 –0.04 ± 0.05 –0.03 ± 0.06 –0.04 ± 0.07 –0.04 ± 0.08
UNL-N2000 – EONR RTN, $ ha–1 –22.5 ± 20.5 –22.1 ± 20.1 –22.4 ± 18.8 –26.1 ± 19.9 –31.9 ± 21.9
UNL-N2000adj – EONR RTN, $ ha–1 –57.3 ± 84.6 –16.3 ± 13.5 –12.9 ± 10.3 –10.1 ± 9.4 –8.2 ± 8.5
Mean EONR – EONR RTN, $ ha–1 –11.0 ± 4.1 –12.0 ± 5.2 –11.0 ± 6.8 –0.2 ± 24.6 –10.4 ± 8.2
EONRSOM – EONR RTN, $ ha–1 –5.0 ± 16.8 –5.9 ± 21.7 –5.5 ± 25.3 –6.5 ± 28.5 –6.5 ± 31.8

Cropping system = dry bean–corn: the mean UNL-N2000 rate was 161 kg ha–1 with LSD 0.05 = 42.2.
UNL-N2000 – EONR rate, kg ha–1 N 57.1 ± 45.5 68.1 ± 34.0 79.4 ± 30.3 85.8 ± 27.6 90.9 ± 26.3
UNL-N2000 adjustment factor† 0.648 0.580 0.510 0.470 0.439
UNL-N2000 – EONR yield, Mg ha–1 0.10 ± 0.06 0.17 ± 0.16 0.24 ± 0.25 0.30 ± 0.21 0.35 ± 0.18
UNL-N2000adj – EONR yield, Mg ha–1† –0.07 ± 0.29 –0.07 ± 0.36 –0.08 ± 0.46 –0.08 ± 0.49 –0.09 ± 0.52
Mean EONR – EONR yield, Mg ha–1 –0.11 ± 0.48 –0.12 ± 0.58 –0.13 ± 0.69 –0.13 ± 0.72 –0.13 ± 0.74
UNL-N2000 – EONR RTN, $ ha–1 –30.0 ± 37.2 –49.9 ± 48.7 –75.1 ± 55.9 –103.1 ± 62.9 –133.4 ± 70.2
UNL-N2000adj – EONR RTN, $ ha–1 –11.2 ± 8.9 –11.7 ± 8.6 –13.1 ± 7.7 –13.7 ± 4.5 –14.1 ± 9.2
Mean EONR–EONR RTN, $ ha–1 –17.9 ± 30.1 –19.1 ± 26.2 –20.2 ± 22.3 –20.7 ± 16.5 –20.7 ± 17.1
† Three means of predicting EONR were compared, as well as a fourth for corn following soybean: the University of Nebraska corn N rate algorithm (UNL-N2000, 
Ferguson et al., 2000); UNL-N2000adj determined by applying the UNL-N2000 adjustment factor; mean EONR; and EONRSOM determined by adjusting mean EONR by soil 
organic matter level in the 0- to 20-cm depth with EONRSOM = mean EONR- (SOM – 2.66) × 18.
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with CS. Th e UNL-N2000 performed well at yields once adjusted 
for mean EONR and N/corn price ratio; it is expected to be 
the best option for extending the results to rainfed, lower yield 
situations. For irrigated CS, however, mean EONR adjusted for 
SOM predicted site-year EONR most accurately. Th e EONR for 
split application is likely to be less than for preplant spring and 
fall N applications, and N rates need to be adjusted accordingly, 
especially for fi eld or management conditions with relatively high 
risk of N loss compared to the norm.
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