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Abstract: An online calculator is available to determine economic optimum nitrogen rate (EONR)
for maize (Zea mays L.) production in the USA Corn Belt. For Minnesota, this calculator considers
nitrogen (N) fertilizer cost, maize grain price and crop history, and produces a statewide N rate
based on maximum economic return to N (MRTN). However, a clear precipitation and temperature
gradient, and soil heterogeneity across the state, and recent changes in fertilizer cost and maize
grain price require the comparison of EONR from this calculator with results from field study. The
objectives of this research were to determine the agronomic and economic benefits of basal and split
application of N fertilizer on maize grain yield and yield components and compare EONR from field
study with N recommendation from the online calculator. The nitrogen fertilizer rate for the field
study ranged from 0 to 224 kg N ha−1, either split or all applied at planting. The results showed
that there were no interaction effects of N rate by time or N rate by year on maize grain yield. Maize
grain yield had a quadratic response to N rate, and agronomic maximum grain yield peaked at
205 kg N ha−1. The EONR from the field study was 168 kg N ha−1 and it remained stable under a
wide range of economic analysis scenarios with net benefit reaching up to 2474 USD ha−1. The N
rate from the online calculator at MRTN was 151 kg N ha−1 and this rate may cause N deficiency
in maize resulting in a yield penalty compared with the field study results. The field study was
performed under specific soil and climatic conditions. Therefore, extensive research under various
soil types, agronomic management practices and climatic conditions is warranted to evaluate the
online calculator performance and its reliability as a precision tool for N fertilizer management in
maize production.
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1. Introduction

Nitrogen is one of the major nutrients limiting crop production worldwide and syn-
thetic N fertilizer is used to increase food, feed, fiber and recently biofuel production.
For instance, the use of N fertilizer accounted a 26% yield increase for six major crops
in the USA [1] and the use of N fertilizer increased from 2.2 kg N ha−1 yr−1 in 1940 to
89.7 kg N ha−1 yr−1 in 2015 [2]. Maize grain production increased from 1472.4 MT in 1964
to 5446.7 MT in 2018 [3] and N fertilizer use has significant credit to this increase. The
contribution of N fertilizer for food production is substantial, and without N fertilizer
use, global food production may only support less than half of the current human popula-
tion [4,5]. Although the use of N fertilizer is economically attractive, its negative impacts to
the environment are receiving more attention [5]. These negative impacts are mainly due
to the limited synchronization of N fertilizer application rate and/or timing with growing
crop N demand. This discrepancy can cause N application to be either above or below plant
needs. For instance, N fertilizer is applied in excess of crop N demand around the upper
Mississippi River Basin, causing water pollution in the Gulf of Mexico [6]. In addition,
economic losses of applied N fertilizer are significant and worldwide annual applied N
fertilizer loss is estimated to be 15.9 billion USD [7]. The need to use N fertilizer to boost
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yield on the one hand and its negative impact to the environment and substantial economic
losses on the other hand requires frequent improvement in N fertilizer recommendations.

The efforts to synchronize N application rate with maize N demand has been an ongo-
ing research topic for decades. In 2020, maize was harvested from more than 3.03 million ha
in Minnesota and was worth 6.483 billion USD [8], and thus receives a significant pro-
portion of N fertilizer each year. Because of the vast acreage of maize grown, even small
improvements in N fertilizer use can have meaningful economic and environmental im-
pacts. Several methods have been developed to determine EONR for maize production in
the Corn Belt. However, a recent review showed that no-tool was universally reliable over
diverse growing environments and suggested the development of additional tools to better
estimate N inputs and crop utilization [9].

The current N fertilizer guide for most maize growers in Minnesota is mainly based
on an online calculator available at http://cnrc.agron.iastate.edu/ (accessed on 12 January
2022) [10,11]. This calculator considers crop rotation, N fertilizer cost and maize grain
price, and estimates the same N rate for the entire Minnesota. However, this N rate
may not be applicable for the whole state due to differences in agronomic practices, soil
types and climatic variabilities across the state. For instance, agronomic practices that
remove maize stover decreased EONR compared with stover retained [12]. This is because
stover removal can increase soil temperature during early growing period, which can
increase microbial activities, thus releasing N from organic matter through mineralization.
This may help to reduce the N fertilizer needed for maize production. Additionally,
soil management practices can affect N fertilizer application for maize production. For
instance, applying all N at planting lowered EONR compared with split application under
drained soil, but this was reversed for undrained soil, suggesting that drainage conditions
should be incorporated into N management guidelines [13]. Farmers in Minnesota grow
maize hybrids that vary in maturity date (early vs. late maturing). These hybrids may
require different N rates due to differences in yield potential. Recent study showed that
even the same maize hybrid (86 maturity date) grown at different locations in Minnesota
produced substantially different grain yields (10 Mg ha−1 at Morris, MN but 17 Mg ha−1

at Rosemount, MN; Yesuf Mohammed, unpublished data), suggesting that location needs
to be considered for optimizing N application. Maize hybrids can be grouped into low,
intermediate and high in their response to applied N fertilizer [14], which, in part, is due
to genotype differences in grain kernel number, which could lead to difference in yield
and thus N requirements [15]. Soil parent material in Minnesota varied thus affecting soil
texture, and maize grain yield to N fertilizer application depends on soil textural class [16].
A study in Minnesota showed that the EONR required for maize varies spatially due to
variation in soil characteristics and temporally due to the interactions of environmental
factors [17]. Similar N rate, N fertilizer application time is important.

Nitrogen fertilizer application time for maize production studies have been reported
extensively in literature. The general agreement is to split N rate to synchronize N supply
with growing plants’ N demand [18]. However, a significant number of growers still apply
all N either in autumn or at planting. For instance, about 59% of farmers in Minnesota
applied all N before planting, while 33% of them applied all N in autumn, and only 9% side-
dressed the majority of their N after maize emergence [19]. Research from Texas showed a
30% maize grain yield decrease when N fertilizer was applied in autumn compared with
spring [20]. Apparent N recovery is an important parameter that indicates the proportion of
applied N that contributed to produce biomass. Research results showed that this recovery
was affected by N fertilizer application time and apparent N recovery was 87% for spring
application compared with 45% autumn application [18]. Although there is a general
consensus about split application of N fertilizer as the best management practices for maize
production in Minnesota [21], the online calculator does not give information regarding
when to apply N fertilizer.

Recently, N fertilizer cost and maize grain price showed significant changes locally and
globally. For instance, the price of maize increased from 148 USD per Mg in 2020 to 220 USD

http://cnrc.agron.iastate.edu/
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per Mg in 2022 [22]. The increase in N fertilizer cost was substantial and the cost of urea
(46% N) fertilizer increased from 395 USD per Mg in 2020 to 976 USD per Mg in 2022 [23].
These recent market dynamics, together with the myriad of factors previously mentioned,
may affect the net benefits of N fertilizer use for maize production based on the online
calculator, necessitating its re-evaluation. Validating the online calculator with results from
field study can help to increase confidence in using the online calculator as a tool for N rate
recommendation. This will help to avoid over- or underapplication to enhance economic
benefits and minimize unintended negative environmental consequences from N fertilizer
use. Revisiting fertilizer recommendation is a common practice to increase economic return
on investment and decrease negative environmental impacts [10,24]. The objectives of
this research were to determine the agronomic and economic benefits of basal and split
application of N fertilizer rates on maize grain yield and yield components and compare
EONR from field study with N recommendation from the online calculator.

2. Materials and Methods
2.1. Site Description

The experiment was carried out in 2019 and 2020 at the Swan Lake Research Farm, located
at 45◦41′ N, 95◦48′ W and 345 m a.s.l. near Morris, MN, USA. The previous crops grown in the
field were soybean (Glycine max (L.) Merr.) in 2018 and spring wheat (Triticum aestivum L.) in 2019.
Based on the USDA-NRCS Web Soil Survey, the soil is a complex mix of Aazdahl (fine-loamy,
mixed, superactive, frigid Aquic Hapludolls)–Formdale (fine-loamy, mixed, superactive,
frigid Oxyaquic Hapludolls) and Balaton (fine-loamy, mixed, superactive, frigid Aquic
Calciudolls) [25]. Monthly average air temperature and monthly total precipitation in 2019
and 2020, as well as long-term averages and growing degree days are shown in Table 1.
Cumulative growing degree days were calculated with base and upper cutoffs of 10 ◦C
and 30 ◦C, respectively. The weather data for the growing seasons were collected from
an automated weather station located on the experimental site. A nearby weather station
(about 13 km from the experimental site) located at the West Central Research and Outreach
Center of University of Minnesota was used to obtain the long-term averages (LTA) for the
recent 30 years.

Table 1. Mean monthly air temperature (◦C), total monthly precipitation (mm) and total monthly
growing degree days (GDD) in 2019 and 2020 and long-term averages (LTA) at Swan Lake Research
Farm, near Morris, MN.

Month
2019 2020 LTA 2019 2020 LTA 2019 2020

Temperature (◦C) Precipitation (mm) GDD

January −14.1 −9.9 −12 11 14 19 0 0
February −15.3 −9.3 −9.8 24 3 18 0 0

March −5.3 0.2 −2.6 54 10 35 0 0
April 5.8 5.3 6.4 69 38 61 0 0
May 11.7 13.3 13.9 106 27 77 217 284
June 19.9 22.1 19.2 79 112 108 529 627
July 22.2 23.0 21.4 111 116 96 673 702

August 19.4 21.3 20.0 137 71 83 526 626
September 16.8 14.8 15.2 178 18 71 409 330

October 5.6 4.6 7.6 79 32 60 81 112
November −2.1 1.6 −1.4 9 37 24 0 0
December −7.9 −5.1 −9.1 27 12 18 0 0

Average/Sum 4.7 6.8 5.7 884 490 670 2435 2681

2.2. Soil Sampling and Testing

Each year, soil samples were taken before fertilizer application and maize seeding
using a Giddings hydraulic (Windsor, CO, USA) truck mounted probe (inner diameter of
5.08 cm) to determine initial soil properties. The initial soil samples were composites of
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four samples per replication and the soil cores were taken from 0–15, 15–30 and 30–60 cm
soil depth. Soil bulk density were calculated after drying the soil at 105 ◦C to constant mass.
Soil samples for chemical testing were air dried and ground to pass through a 2 mm sieve.
Soil pH was measured using a pH electrode in a 1:2 soil to water ratio. An amount of 2 g of
soil was mixed with 20 mL of 1 M KCl, shaken for 1 h and extracted through a Whatman no.
42 filter paper. The KCl extracted solution was analyzed for NH4

+-N and NO3
−-N using

automated Cd reduction and salicylate methods on a continuous flow-injection analyzer
(Lachat Quik Chem 8500, Hach Company, Loveland, CO, USA) [26]. Total soil carbon and N
were determined using a dry combustion method with LECO CN828 (LECO Corporation,
St. Joseph, MI, USA). Soil inorganic carbon in the sample was measured as described by
Wagner et al. [27]. Soil organic carbon was calculated as the difference between total soil
carbon and soil inorganic carbon. Available soil phosphorus was determined using Olsen P
extractant [28]. Soil K, extracted with 1 N ammonium acetate, was determined with flame
emission atomic absorption spectrophotometer [29].

2.3. Experimental Design, Treatments and Plot Management

The experimental design was a randomized complete block with four replicates. The
plot size was 3.05 m by 7.62 m with 0.76 m row spacing with four rows per plot. Treatments
were N fertilizer rates and application time. The N rates were 0, 56, 112, 168 and 224
kg N ha−1. These rates were either all applied at planting by hand broadcasting (basal) or
half the rate was broadcasted at planting and the remaining half was top dressed (split-
applied). The source of N fertilizer was urea (46% N) and about 45% of the farmers in
Minnesota use urea as the source of N for maize production [19]. The soil was disked, and
chisel ploughed in autumn with spring field cultivation. Phosphorus and potassium fertil-
izers were broadcasted at 70–30 kg P-K ha−1 from triple super phosphate and potassium
chloride, respectively. The fertilizers applied at seeding were incorporated into the soil (5
cm deep) with a cultivator one day before seeding maize. The maize hybrid NK9227 (92
days maturity date) was seeded at 84,000 pure live seeds ha−1 on 13 May 2019 and on 30
April 2020 using a John Deere MaxEmerge plot planter model 1730 (John Deere, Moline, IL,
USA). Glyphosate [N-(phosphonomethyl) glycine] at a 1.1 kg active ingredient ha−1 was
sprayed on 2 July 2019 and 15 June 2020 to control weeds. For the split N treatments, N
from urea was hand broadcasted (top-dressed) on 5 July 2019 and 19 June 2020.

2.4. Harvesting and Sample Processing

Six maize plants from the middle two rows were hand-harvested on 30 October 2019
and on 13 October 2020 for plant height, harvest index, ear size (length and diameter)
and N content determination. These plants were cut close to the ground with handheld
shears, and plant length as an estimate of plant height was measured in the field. Then,
these samples were brought to the laboratory and dried at 65 ◦C until constant mass was
achieved. The ears of these plants were shelled by hand, ear numbers counted, and ear
length (tip to tip) and circumference (middle of the ear) were measured. Ear diameter was
estimated by dividing the circumference by 3.14. Harvest index was calculated as a ratio
of seed mass to total biomass after drying to a constant mass at 65 ◦C. On the same dates
of six plant sample collection (mentioned above), the remaining plants in the middle two
rows were harvested with plot combine model Hege 160 (Hege Company, Waldenburg,
Germany), after trimming both sides of each plot to minimize border effects, for grain yield
determination. Harvested plot length was measured for each plot and multiplied by two
row widths to calculate the net plot area. Maize grain moisture was determined with a GAC
2100 grain moisture tester (Dickey-john Corporation, Auburn, IL, USA) using samples from
a combine harvest, then grain yield was adjusted to 155 g kg−1 moisture content before
statistical analysis. Maize grain samples were ground and nitrogen concentration in the
grain was determined by combustion with LECO CN828 (LECO Corporation, St. Joseph,
MI, USA). Maize crude protein content was calculated by multiplying percent N in the
grain with 5.68 [30]. Agronomic N use efficiency (ANUE) and partial factor productivity
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(PFP) were calculated as described by Baligar et al. [31] and Wortmann et al. [32] as shown
in Equations (1) and (2).

ANUE = (GYF − GYC)/(NF) (1)

PFP = (GYF/NF) (2)

where ANUE, PFP, GYF, GYC and NF represent agronomic N use efficiency, partial factor
productivity, maize grain yield from fertilized plot, maize grain yield from control (no-N
fertilizer added) plot and nitrogen fertilizer application rate, respectively.

2.5. Statistical Analysis

Data analysis was performed using SAS Ver. 9.4 (SAS Institute Inc., Carly, NC,
USA) [33]. Data distribution for normality and homogeneity of variance were tested
using PROC UNIVARIATE and Levene tests [34], respectively. These test results showed
further analyses were warranted without the need for data transformation. The Proc GLM
in SAS was used for the analysis of variance (ANOVA). The results showed that year by
N rate; year by N application time and N rate by N application time; or year by N rate by
N application time were not significant on maize grain yield. Then, a trend analysis was
performed in SAS for N rate, data combined over years and N application time. When
ANOVA showed treatment effects (p ≤ 0.05), the LSD was used at α = 0.05 to separate
treatment means. The PROC CORRs in SAS was used to evaluate the association among
different response variables, and these results were stated as significant when p < 0.05.
Microsoft Excel was used to make graphs (Figures 1 and 2) using average values from SAS
results. This practice was used in a previous publication [35].
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Figure 1. The response of maize grain yield and grain protein concentration to nitrogen fertilizer 
application rate when data combined over years (2019 and 2020) and N fertilizer application time at 
Swan Lake Research Farm, near Morris, MN. Error bars are standard errors of the means. 

Table 4. The effect of N application rate on maize test weight, harvest index, thousand kernel weight 
(TKW), plant height, ear length and ear diameter when data analyzed over years (2019 and 2020) 
and N fertilizer application time at Swan Lake Research Farm, near Morris, MN. 

N Rate 
(kg N ha−1) 

Test Weight 
(kg hL−1) 

Harvest Index 
(%) 

TKW ± 
(g) 

Plant Height Ear Length Ear Diameter 
cm 

0 70.42 a 62.1 a 298 c  230 c 12.1 d 4.5 d 
56 70.89 a 63.8 a 308 c 240 b 13.7 c 4.7 c 
112 70.74 a 64.7 a 327 b 243 ab 14.4 b 4.8 b 
168 70.51 a 64.2 a 342 ab 243 ab 14.8 ab 4.9 a 
224 70.14 a 64.1 a 343 a 248 a 15.1 a 4.9 a 

Means followed by a common letter in a column are statistically the same at α = 0.05 using LSD and 
± TKW = thousand kernel weight. 

Agronomic N use efficiency (ANUE) decreased linearly with a slope of −0.092 with 
increasing N application rate and ranged from 33.9 to 17.8 (Figure 2). Similarly, N use 
efficiency based on partial factor productivity (PFP) decreased with increasing N rate but 
with a quadratic trend and ranged from 172 to 52. The ANUE values in this study are 
within the range of previous results [32] but are greater than results reported by Geng et 
al. [45], which may indicate the possibility of improving ANUE. Increased ANUE in plants 
is needed to enhance the yield and quality of crops, reduce nutrient input cost, and im-
prove soil, water, and air quality [31] in light of the awareness of environmental conse-
quences associated with N fertilizer overuse. According to Plastina [46] and Zeffa et al. 
[47], N fertilizers account for 15 to 20% of the production costs of maize, and a little im-
provement in ANUE may lead to significant reduction in production costs. Gallais and 
Hirel [15] showed the presence of genetic variation in N use efficiencies among maize 
genotypes, which may also help reduce fertilizer input costs and minimize potential neg-
ative environmental impacts. This may suggest evaluating N application rate for various 
maize hybrids.  

Grain yield (Mg ha-1) = -0.0001(Nrate)2 + 0.0415(Nrate) + 7.7215

Protein (g kg-1) = 0.0745(Nrate) + 65.561
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Figure 1. The response of maize grain yield and grain protein concentration to nitrogen fertilizer
application rate when data combined over years (2019 and 2020) and N fertilizer application time at
Swan Lake Research Farm, near Morris, MN. Error bars are standard errors of the means.
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Figure 2. Agronomic N use efficiency (ANUE) and partial factor productivity (PFP) response to 
nitrogen (N) fertilizer application rate when data combined over years (2019 and 2020) and N ferti-
lizer application time at Swan Lake Research Farm, near Morris, MN. Error bars are standard error 
of the means. 

Increased N use efficiency is needed both from economic and environmental per-
spectives. Identifying and improving nutrient absorbing, transporting, and utilizing traits 
to enhance nutrient use efficiency [31] coupled with the use of best agronomic practices 
will contribute to increased nutrient use efficiency. Recently, enhanced efficient N fertiliz-
ers have become more available but their advantages varied and depend on the weather 
(increased response in wet environments) and soil types (more responsive for sandy soils). 
For instance, the use of controlled released urea increased maize yield to the extent of 11%, 
increased ANUE and reduced N leaching compared with applying urea alone [45]. Poly-
mer-coated urea provided potential economic advantages in maize production with 
greater N use efficiency than urea [48]. Collectively, all these studies show the possibility 
to improve N use efficiency with different and alternative agronomic practices. 

3.3.4. Nitrogen Application Time 
Nitrogen fertilizer application time had no effect on maize grain yield. It seems that 

maize growers in Minnesota are aware of this fact because this agrees with the survey 
results that showed 59% of maize growers in this state apply N at the time of maize seed-
ing and only 9% side-dressed [19]. Previous metanalysis indicated that the timing of N 
application was not associated with a quantifiable change in maize yield [49]. A recent 
study in Illinois showed that split application of N is unlikely to be profitable in produc-
tive Corn Belt soils [50]. The benefits of split application could depend largely on prevail-
ing weather conditions and soil texture. For instance, split application could be more prac-
tical in coarse textured soil to minimize N losses through nitrate leaching. Split application 
was found to be useful in undrained soil too [13]. Our results showed that split application 
increased harvest index slightly (65%) compared with basal application (63%) (Table 3), 
which implies split application tends to contribute more to grain production than basal 
application. However, this was not supported with a corresponding increase in grain yield 
because mean grain yields for basal and spilt application were statistically the same. The 
absence of grain yield difference due to application time support previous findings [50]. 
However, another practical point to consider split application is to minimize risks associ-
ated with N fertilizer cost in case of crop failure at early growth stage. In other words, the 

ANUE = -0.0921(Nrate) + 39.119

PFP = 0.0045(Nrate)2 - 1.9341(Nrate) + 264.03
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Figure 2. Agronomic N use efficiency (ANUE) and partial factor productivity (PFP) response to
nitrogen (N) fertilizer application rate when data combined over years (2019 and 2020) and N fertilizer
application time at Swan Lake Research Farm, near Morris, MN. Error bars are standard error of
the means.

2.6. Economic Analysis

The interactions of year with N rate or time of application were not statistically signifi-
cant on maize grain yield. In addition, application time and its interaction with N rate had
no significant effect on maize grain yield. Therefore, economic analysis following a partial
budget procedure [36] was performed for N rates averaged over years and application
times to determine EONR. By its nature, this procedure considers only major difference be-
tween management systems and did not take all costs and benefits into account. Therefore,
only the cost of N fertilizer and price of maize grain were considered. The cost of 1.0 kg N
fertilizer was 2.219 USD (1.005 USD per lb N) [23] and maize grain price was 0.242 USD
per kg grain (6.130 USD per bushel maize grain) [8].

The average grain yield was adjusted down by 10% (as recommended by this economic
analysis procedure) for each treatment to accommodate agronomic management difference
between small and large plots. Input and output prices usually fluctuate, making it difficult
for economic analysis. Therefore, sensitivity analysis was performed under three scenarios
to accommodate possible market dynamics and to see the effects of input and output price
changes on the stability of N fertilizer rate as EONR. These scenarios were: (1) increase
cost of N fertilizer by 10% but fixed maize grain price, (2) increase maize grain price by
10% with fixed N fertilizer cost and (3) increase N fertilizer cost by 10% and decrease maize
grain price by 10% (worst case scenario from growers’ perspective). Dominance analysis
was performed to remove dominated treatments from further analysis. Marginal rate of
return (MRR) was calculated for non-dominated treatments. A minimum acceptable rate of
return (MARR) of 50% was preset as a criterion for return on investment. The net benefits
shown in the economic analysis following partial budget analysis procedure are not the
same as profit because the partial budget procedure does not include all production costs
and benefits.

To compare results from the partial budget with the online calculator, the EONR based
on MRTN [37] from the online calculator was considered. In brief, the online calculator
is targeted to local producers, and it uses a price ratio concept, which is the ratio of N
fertilizer cost (in USD per pound of N fertilizer) to the price of maize (in USD per bushel of
maize) to determine the EONR based on MRTN. Accordingly, this price ratio calculation
produces a current price ratio scenario of 0.163 ((1.005 USD lb N−1)/(6.130 USD bu−1 maize
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grain)) based on N fertilizer cost and maize grain price. Finally, the EONR from the partial
budget analysis that was determined from field study was compared with EONR from
online calculator based on MRTN.

3. Results and Discussion
3.1. Weather

The difference in average air temperature between the two growing seasons from
April to September (maize growing season in the surrounding area) was minimal (16.0 ◦C
in 2019 vs. 16.6 ◦C in 2020) (Table 1). However, the mean air temperature between May
and August in 2020 was greater than 2019 (19.9 ◦C vs. 18.3 ◦C). The annul precipitation in
2019 and 2020 were 32% above and 27% below the long-term average (LTA), respectively.
Annual precipitation varied significantly between the two growing seasons (884 mm in
2019 vs. 490 mm in 2020). Although the annual precipitation in 2020 was lower than in
2019, the total rainfall received in June and July in 2020 was 17% greater than in 2019. At
this study site, maize grows rapidly in June and July thus the greater precipitation received
in these months might have contributed for greater biomass accumulation in 2020 than
in 2019. Moreover, the cumulative GDD between May and September in 2020 was 9%
greater than in 2019. These variations in precipitation, air temperature and GDD between
the two growing seasons may partly explain maize grain yield difference between years
(2019 vs. 2020).

3.2. Initial Soil Properties

The soil pH is close to neutral but increased with soil depth (Table 2). However, soil
organic carbon, total N, mineral nitrogen (NH4

+-N + NO3
−-N), phosphorus and potassium

decreased with soil depth. The soil carbon and total N in the profile were greater in 2019
than in 2020. In both years, the ratio of soil organic carbon to total N was less than 13 in the
different soil depths indicating potential N release through mineralization. The NH4

+-N
was greater than NO3

−-N in the respective soil depths in both years. The NO3
−-N in the

0–30 cm soil depth was greater in 2019 than in 2020. Similarly, total mineral N (NH4
+-N +

NO3
−-N) in the top 60 cm soil depth in 2019 was greater than in 2020. Although there was

greater mineral N in 2019 than in 2020, the mean grain yield in 2020 was greater than in
2019, and there was no year by N rate interaction on maize grain yield probably indicating
that some of this initial available N might have been lost via leaching and or denitrification
before plant uptake. Available soil phosphorus and potassium were similar in both growing
seasons. Soil bulk density was almost the same in both years and averaged 1.24, 1.40 and
1.50 Mg m−3 in the 0–15, 15–30 and 30–60 cm soil depths, respectively.

Table 2. Summary of average initial soil properties of the experimental site at different soil depths in
2019 and 2020 at Swan Lake Research Farm, near Morris, MN.

Year Soil Depth (cm) pH (in H2O)
Soil N Soil Organic Carbon NH4

+-N NO3−-N P K

g kg−1 mg kg−1

2019
0–15 7.65 2.3 28.6 10 8 5 201
15–30 7.78 1.8 21.9 9 7 3 180
30–60 8.24 0.8 9.6 6 4 1 153

2020
0–15 7.00 2.2 24.8 13 4 4 199
15–30 7.66 1.4 14.8 7 2 3 185
30–60 8.17 0.7 7.2 4 2 1 151

3.3. Agronomic Evalauion on Maize Yield and Yield Components
3.3.1. Interaction Effects

The interactions of year, N rate and application time on grain yield, yield components
and grain qualities were not significant, but year by application time was significant for
plant height and ear length (Table 3). In 2019, maize plants were taller when all N rate
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was applied at planting than split application (242 ± 1.8 cm vs. 234 ± 1.9 cm), but the
result was statistically the same in 2020 (248 ± 1.8 cm for basal vs. 251 ± 1.3 cm for split).
A similar trend was observed for ear length, but the difference was very small (less than
0.7 cm). In 2019, maize was grown following soybean, but in 2020 it was planted following
spring wheat. However, there was no year by N rate or year by N timing interaction
effects on maize grain yield (Table 3). Therefore, maize grain data were combined over
years for analysis. Because previous crops varied by year, the absence of year by N rate
interaction on maize grain yield indicates little if any N credit from the previous soybean
crop. Another possible explanation is that N release through mineralization following
spring wheat harvest may have been the same as the potential N credit from the soybean.

Table 3. ANOVA table showing level of significance for year (YR), N fertilizer application rate (NR),
N fertilizer application time (NT) and their interactions, trend analysis and means for year and N
application time on maize grain yield and yield components at Swan Lake Research Farm, near
Morris, MN in 2019 and 2020.

Source of
Variation

Grain
Yield
(Mg ha−1)

Grain
Protein
(g kg−1)

Test
Weight
(kg hL−1)

Harvest
Index (%)

TKW ±
(g)

Plant
Height
(cm)

Ear
Length
(cm)

Ear
Diameter
(cm)

p-Values

Year (YR) <0.0001 <0.0001 <0.0001 0.6579 0.0701 <0.0001 0.9394 0.1282
N rate (NR) <0.0001 <0.0001 0.1851 0.7750 <0.0001 0.0383 0.0008 <0.0001
N timing (NT) 0.5666 0.5021 0.6595 0.0151 0.8097 0.1313 0.5518 0.3951
YR × NR 0.0760 0.8264 0.1162 0.8563 0.4596 0.8980 0.9635 0.7544
YR × NT 0.7892 0.5375 0.2228 0.8570 0.2190 0.0030 0.0199 0.9311
NR × NT 0.7823 0.5232 0.9149 0.9523 0.2799 0.6738 0.1849 0.2191
YR × NR × NT 0.0944 0.4863 0.6524 0.4844 0.2330 0.7460 0.6718 0.9955

Trend analysis for N rate

Linear <0.0001 <0.0001 0.8499 0.1157 <0.0001 <0.0001 <0.0001 <0.0001
Quadratic 0.0153 0.7482 0.7206 0.1061 0.3714 0.1862 0.0133 0.0952
Cubic 0.6522 0.2741 0.9869 0.5914 0.2170 0.1856 0.4620 0.6753
Quartic 0.7410 0.6300 0.9818 0.6966 0.9362 0.7830 0.9891 0.1987

Means

Year
2019 9.38 B 72.0 B 66.81 B 64.46 A 323 A 237 B 14.3 A 4.8 A
2020 12.01 A 77.6 A 74.29 A 63.44 A 330 A 248 A 14.2 A 4.6 A

N timing
All 11.14 a 75.56 a 70.63 a 63.37 b 331 a 245 a 14.4 a 4.8 a
Split 11.01 a 76.43 a 70.51 a 64.98 a 330 a 242 a 14.5 a 4.8 a

± TKW = thousand kernel weight; Means followed by the same letter in a column are statistically the same at
α = 0.05 using LSD; and upper-case letter compares means for year, and lower-case letter compares means for N
application time.

3.3.2. Year Effect

Maize grain yield, protein concentration, test weight and plant height varied between
years (Table 3). The two-year average grain yield was 11.9 Mg ha−1, which is comparable to
previous yield result (12.0 Mg ha−1) from the same location but a different study [38]. The
average grain yield was 28% greater in 2020 than in 2019. Similarly, average grain protein
concentration, test weight and plant height were greater in 2020 than in 2019. The total
rainfall in June and July in 2020 was greater than in 2019. Similarly, the cumulative GDD
from June to August in 2020 was greater than in 2019. Maize is a warm season crop, and
these differences in heat accumulation and rainfall distribution during maize rapid growing
period (June and July) may partly elucidate the differences in yield and yield components
between years. Year to year variation in maize grain yield is common [39]. According to
Dhital and Raun [40], year to year differences in grain yield may lead to differences in
optimum N application rate due to unpredictable changes in the environment but this
conclusion is not in agreement with our findings probably due to differences in organic
matter and climatic variations between these sites. The previous crops were soybean in
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2019 but spring wheat in 2020. However, this study showed that the interaction between
year and N application rate was not significant for maize yield which, indirectly may
indicate the possibility to use the same N rate at this location regardless of the precursor
crop type.

3.3.3. Nitrogen Application Rate

Nitrogen application rate significantly increased grain yield, protein concentration,
thousand kernel weight (TKW), plant height and ear size (length and diameter) (Table 3).
Maize grain yield, ear length and ear diameter had quadratic responses to N application rate.
However, grain protein concentration, thousand seed weight and plant height increased
linearly with N rate. Test weight and harvest index did not respond to N fertilization.
The average grain yield ranged from 7.7 Mg ha−1 for the control (0 N) to 11.9 Mg ha−1 at
168 kg N ha−1 then declined to 11.7 Mg ha−1 at 224 kg N ha−1 when data combined over
years and N application time (Figure 1). Using the quadratic equation, grain yield peaked
at 205 kg N ha−1, and maize yield increase with quadratic trend due to N fertilization
is common in the U.S. Midwest [35]. Grain protein concentration increased linearly and
ranged from 72 g kg−1 to 90 g kg−1 with a slope of 0.0824 (Figure 1). The TKW increased
with N rates linearly with a slope of 0.2184 and ranged from 298 g to 343 g (Table 4).
Previous studies showed that maize TKW increased with increasing N fertilizer application
rate [16,41] and our results agreed with these findings. According to previous research [16],
TKW is a contributing factor for yield potential. Similar to TKW, maize plant height
increased linearly with N rate with a slope of 0.0675. Ear length and diameter had quadratic
and linear response to N fertilizer application rate, respectively. From our observation,
individual ears were full of seed on the entire ear length when fertilized. Conversely, ears
were short and twisted with missing grains at the end of the ear when N was not applied.
The absence of kernels in part of the ear in the unfertilized treatment may be due to abortion
of pollinated ovaries caused by N deficiency before reaching physiological maturity [42].
Previous research showed that 72% of the variation in kernel number in maize is associated
with N availability in the soil [42]. A bigger ear size filled with kernels often translates
to more grain yield because increased kernel number per plant increases grain yield [43].
Recent study also showed that traits associated with yield improvement in maize include
increased kernel number per ear and increased kernel mass [44]. Therefore, the increase in
grain yield with increasing N fertilizer rate is due to the combined effects of increased ear
size (length and diameter), kernel number and TKW.

Table 4. The effect of N application rate on maize test weight, harvest index, thousand kernel weight
(TKW), plant height, ear length and ear diameter when data analyzed over years (2019 and 2020) and
N fertilizer application time at Swan Lake Research Farm, near Morris, MN.

N Rate
(kg N ha−1)

Test Weight
(kg hL−1)

Harvest
Index (%)

TKW ±

(g)

Plant Height Ear Length Ear Diameter

cm

0 70.42 a 62.1 a 298 c 230 c 12.1 d 4.5 d
56 70.89 a 63.8 a 308 c 240 b 13.7 c 4.7 c
112 70.74 a 64.7 a 327 b 243 ab 14.4 b 4.8 b
168 70.51 a 64.2 a 342 ab 243 ab 14.8 ab 4.9 a
224 70.14 a 64.1 a 343 a 248 a 15.1 a 4.9 a

Means followed by a common letter in a column are statistically the same at α = 0.05 using LSD and
± TKW = thousand kernel weight.

Agronomic N use efficiency (ANUE) decreased linearly with a slope of −0.092 with
increasing N application rate and ranged from 33.9 to 17.8 (Figure 2). Similarly, N use
efficiency based on partial factor productivity (PFP) decreased with increasing N rate but
with a quadratic trend and ranged from 172 to 52. The ANUE values in this study are within
the range of previous results [32] but are greater than results reported by Geng et al. [45],
which may indicate the possibility of improving ANUE. Increased ANUE in plants is
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needed to enhance the yield and quality of crops, reduce nutrient input cost, and improve
soil, water, and air quality [31] in light of the awareness of environmental consequences
associated with N fertilizer overuse. According to Plastina [46] and Zeffa et al. [47], N
fertilizers account for 15 to 20% of the production costs of maize, and a little improvement in
ANUE may lead to significant reduction in production costs. Gallais and Hirel [15] showed
the presence of genetic variation in N use efficiencies among maize genotypes, which
may also help reduce fertilizer input costs and minimize potential negative environmental
impacts. This may suggest evaluating N application rate for various maize hybrids.

Increased N use efficiency is needed both from economic and environmental perspec-
tives. Identifying and improving nutrient absorbing, transporting, and utilizing traits to
enhance nutrient use efficiency [31] coupled with the use of best agronomic practices will
contribute to increased nutrient use efficiency. Recently, enhanced efficient N fertilizers
have become more available but their advantages varied and depend on the weather (in-
creased response in wet environments) and soil types (more responsive for sandy soils).
For instance, the use of controlled released urea increased maize yield to the extent of
11%, increased ANUE and reduced N leaching compared with applying urea alone [45].
Polymer-coated urea provided potential economic advantages in maize production with
greater N use efficiency than urea [48]. Collectively, all these studies show the possibility to
improve N use efficiency with different and alternative agronomic practices.

3.3.4. Nitrogen Application Time

Nitrogen fertilizer application time had no effect on maize grain yield. It seems that
maize growers in Minnesota are aware of this fact because this agrees with the survey
results that showed 59% of maize growers in this state apply N at the time of maize
seeding and only 9% side-dressed [19]. Previous metanalysis indicated that the timing
of N application was not associated with a quantifiable change in maize yield [49]. A
recent study in Illinois showed that split application of N is unlikely to be profitable in
productive Corn Belt soils [50]. The benefits of split application could depend largely on
prevailing weather conditions and soil texture. For instance, split application could be
more practical in coarse textured soil to minimize N losses through nitrate leaching. Split
application was found to be useful in undrained soil too [13]. Our results showed that split
application increased harvest index slightly (65%) compared with basal application (63%)
(Table 3), which implies split application tends to contribute more to grain production
than basal application. However, this was not supported with a corresponding increase
in grain yield because mean grain yields for basal and spilt application were statistically
the same. The absence of grain yield difference due to application time support previous
findings [50]. However, another practical point to consider split application is to minimize
risks associated with N fertilizer cost in case of crop failure at early growth stage. In other
words, the remaining N fertilizer left for top dressing can be saved for the next crop season
if there is early crop failure due to various reasons, including weather (too dry or too wet).

3.3.5. Correlation

The correlation analysis result showed that grain yield was positively and significantly
(p < 0.05) correlated with plant height (r = 0.75), test weight (r = 0.63), TKW (r = 0.63), ear
length (r = 0.55) and ear diameter (r = 0.42). Increased plant height means more biomass
thus greater photosynthesis compared with shorter plants. This could lead to greater
accumulation of carbon, which can produce more yield. Increased grain test weight is an
indicator of plump grain. Larger grains are the results of greater starch accumulation in the
seed due to increased translocation of sugar from the source to the sink, thus contributing
to grain yield increase [51]. This agrees with our result that showed positive correlation of
TKW with grain yield. Larger ear size may lead to greater yield due to increased number
of seed per ear [43]. These positive correlation results from our study indicate that any
attempt to improve one of these parameters may lead to significant increase in grain yield.
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3.4. Economic Evaluation

The net benefits of N fertilizer application rate ranged from 1778 USD ha−1 to 2474 USD
ha−1 with MRR ranged from 45% to 297% under different scenarios (Table 5). The sensitivity
analysis results showed that 168 kg N ha−1 had greater net benefits with MRR greater than
MARR (>50%), except under Scenario 3 (the worst-case scenario). This indicates that if
maize price and fertilizer N cost remain at the 0.16 price ratio, the use of 168 kg N ha−1

produces more net economic benefits than other N rates. In the worst-case scenario, the
MRR was 45%, which is less than the preset MARR (50%). However, this 5% difference
(50% vs. 45%) between MRR and MARR, might influence some growers to base their N
application on lower MRR (45% in this case). A sensitivity analysis results showed that the
use of 168 kg N ha−1 for maize production remained a stable N rate under different market
dynamics and can be considered as an EONR for maize production at this site and similar
locations. A previous survey showed that Minnesota statewide average N fertilizer rate for
maize was 157 kg N ha−1 [19] and this rate is very close to the EONR from our field study.

Table 5. Economic analysis of N fertilizer application rates showing maize grain yield, net benefit, and
marginal rate of return (MRR) under different scenarios when data combined over years (2019 and
2020) and N fertilizer application time at the Swan Lake Research Farm, near Morris, MN. All currency
in USD.

N Rate
(kg N ha−1)

Adjusted
Grain Yield
(Mg ha−1) ±

Current Scenario Scenario 1 Scenario 2 Scenario 3

Net Benefit
(USD ha−1)

MRR
(%)

Net Benefit
(USD ha−1)

MRR
(%)

Net Benefit
(USD ha−1)

MRR
(%)

Net Benefit
(USD ha−1)

MRR
(%)

0 6.95 1679 1679 1847 1511
56 8.80 2003 261 1990 228 2215 297 1778 195
112 9.80 2120 94 2095 77 2357 114 1858 59
168 10.71 2215 77 2178 61 2474 94 1919 45
224 10.54 2050 D¥ 2000 D 2304 D 1745 D

± Adjusted (10% down) grain yield to minimize small plot management effects. Current scenario has 0.163 price
ratio (241.64 USD per Mg maize (6.13 USD per bushel maize) and 2.219 USD per kg N (1.005 USD per lb N)).
Scenario 1 = 10% increase of N fertilizer cost but fixed grain price; Scenario 2 = 10% increase of grain price but
fixed N fertilizer cost; Scenario 3 (worst scenario case) = 10% increase of N fertilizer cost and 10% decrease of
grain price; D¥ = dominated (N rate with greater cost but less net-benefit compared with N rate with less cost but
greater net benefit).

The online calculator estimated acceptable N rates ranged from 140 kg N ha−1 to
159 kg N ha−1 with MRTN rate achieved at 151 kg N ha−1 under soybean–maize rotation.
The net returns to N at MRTN rate were 739 USD ha−1 under soybean–maize cropping
sequence. The online calculator estimated less N rate (by 17 kg N ha−1) at MRTN compared
with the EONR from field study. The online calculator is based on state (region), crop
rotation, N fertilizer cost and grain price only, and did not take specific soil and climatic
condition into account. From an agronomic point of view, the difference in EONR from
this field study and the online calculator is very small. However, the use of N rate based
on the calculator may result in N deficiency and consequently may decrease net benefits.
Thus, adjustments to the online calculator are warranted to avoid yield gap and maximize
net benefits. Incorporating factors, such as soil (texture, organic matter, drainage), weather
(precipitation and temperature gradient), maize hybrid (early vs. late maturing) and their
possible interactions into the calculator algorithm may improve N fertilizer rate prescription
for maize production. According to Puntel et al. [52], incorporation of dynamic (change
rapidly with time, e.g., soil water) and static (change slowly with time, e.g., soil organic
matter) variables into a model showed that EONR was 50% greater than the conventionally
used technique. The use of optimum N rate in maize production not only increases yield
and income for growers but also contributes to provide food, feed and fuel for the world.
Recent review indicated that N recommendations need improvement for economic and
environmental reasons [10]. Therefore, finding adjustment factors (that can reflect the
above-mentioned relevant factors) to refine the online calculator algorithms is warranted to
avoid N deficiency in maize growth which may result in yield penalty.
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4. Conclusions

Maize grain yields respond to N fertilizer application rate with a quadratic trend and
agronomic maximum yield was achieved at 205 kg N ha−1. The EONR was 168 kg N ha−1

from the field study, and this N rate remained stable under various sensitivity analysis sce-
narios except in the worst-case (when price of grain reduced but N fertilizer cost increased).
The net benefits varied by scenario and ranged from 1778 USD ha−1 to 2474 USD ha−1. The
EONR based on the online calculator was 151 kg N ha−1. The EONR from the field study
result was greater than the N rate recommended using the online calculator. The low N rate
from the online calculator may cause N deficiency, thus resulting in yield penalty. Although
the online calculator is user friendly, it needs some refining to minimize yield losses due
to N deficiency. This research was performed under specific soil and climatic conditions.
Therefore, more extensive research is warranted on various soil types, cropping systems
and climatic conditions in the state of Minnesota, which will contribute to increasing the
reliability of the online calculator as a precision tool for N fertilizer management in maize
production. An improved tool that can estimate N rate better could help to minimize yield
penalty due to N deficiency, maximize net economic benefits and increase food and raw
material for biofuel production.
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