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Claypan soils have a high potential for N loss, which can lower corn (Zea mays L.) yields. Field research was conducted from 2011
to 2013 in Northeast Missouri to determine corn yield, plant population, and grain quality response to N application timings (fall
vs. spring) and five N sources/placements at two different N rates (84 and 168 kg·N·ha− 1) on a poorly drained claypan soil.,e five
N source/placement systems were no-till (NT)/surface broadcast urea ammonium nitrate (UAN) (Surface UAN) or strip-till (ST)/
deep banded UAN (deep UAN), NT/surface broadcast UAN plus Nitamin Nfusion (surface NF) or ST/deep banded UAN plus
Nitamin Nfusion (deep NF), and ST/deep banded anhydrous ammonia (AA) (deep AA). ,e field trial was a split-plot ran-
domized complete block design with four replications. Deep UAN with a fall N application produced the highest grain yield (8.12
to 9.12Mg·ha− 1) at 84 and 168 kg·N·ha− 1, but it was less effective with a spring application in 2011. Fall deep AA produced the
lowest grain yields (5.97 and 6.8Mg·ha− 1) in 2013 at 84 and 168 kg·N·ha− 1 potentially due to wet soil conditions at the time of
application. Warmer and wetter soil conditions during April-May of 2013 resulted in relatively higher grain yields compared to
cooler and drier soil conditions in 2011 with all spring-applied N source/placement treatments. Extreme drought in the 2012
growing season resulted in poor corn growth. Farmers may need to consider fall N applications on claypan soils because spring N
application might be riskier since corn grain yield was generally greater than or equal to spring-applied treatments.

1. Introduction

Nitrogen (N) management is a crucial and challenging
component of sustainable corn production on poorly
drained claypan soils. Claypan soils account for an area of
4million hectares in the Midwest US in parts of Missouri,
Kansas, and Illinois [1]. ,e low hydraulic conductivity of
claypan soils makes these soils susceptible to waterlogged
conditions following rainfall, which is an ideal environment
for N loss through denitrification [2]. Saturated soil con-
ditions may also lead to surface runoff resulting in N loss.
,e poor drainage properties of claypan soils can affect crop
management decisions and reduce grain yields [3]. One
proposed N management strategy for improving N utili-
zation by crop plants and minimizing N loss is termed the

“4R” strategy (i.e., right source, right rate, right time, and
right place) [4]. For this strategy, N fertilizer timing, source,
placement, or application rate are viewed as controllable
factors that can improve corn yields in a poorly drained
claypan soil. However, unpredictable weather conditions,
including the distribution of precipitation and temperature,
are uncontrollable factors that may cause the greatest impact
on N use efficiency and yield.

In the Midwest US, a single preplant application of N
fertilizer in the spring or soon after emergence is a com-
monly utilized N management practice to improve corn
growth and development [5]. ,e consensus among re-
searchers has been that the application of N fertilizer for
corn should be applied nearest to the time N is needed by the
crop and when N uptake is highest in order to achieve
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greater N use efficiency and to reduce N loss [6–8]. However,
the time range for spring N application has become very
narrow due to generally wetter spring conditions [9]. ,e
risk of soil compaction and other challenges, such as greater
N loss, with very wet soils are disadvantages for spring N
application. In some instances, US corn growers prefer to
apply N in the fall because labor is often more available,
fertilizer prices are lower, and weather and soil conditions
are more favorable than in the spring [10]. Fall N fertilizer
application is riskier than spring application because the
potential for N loss has increased as N was applied several
months before the crop requirement [10]. A five-year study
in Minnesota found 36% or more N loss and an 8% re-
duction in corn grain yields with fall N application com-
pared to a spring N application [11]. Randall et al. [12] found
that a fall N application had higher NO3-N losses in sub-
surface drainage water compared to a spring N application.
However, a study in Kansas reported no differences in corn
grain yield between a fall and spring pre-plant N application
[13]. Bundy [14] concluded that a fall N application was an
acceptable option on clay textured soils if winter tempera-
tures were below 10°C when nitrifying bacteria were less
active. Since soils are generally below 10°C and lower rainfall
occurs during fall on claypan soils of Northeast Missouri,
corn response to N fertilizer application timings (fall vs.
spring) needs to be evaluated.

In addition to N application timing, fertilizer N place-
ment strategies may improve crop yields and N use efficiency
in claypan soils. Many studies have shown lower grain yields
and N uptake with a surface broadcast N application
compared to incorporated band N placement [6, 15–17].
Other studies did not observe any advantages of subsurface
band placement of urea ammonium nitrate (UAN) over
surface broadcast placement [8, 18]. Placing N fertilizer
below the soil surface can result in a higher concentration of
nutrients within the root zone, which may increase N uptake
and corn yields [19]. Surface applied N is commonly used
with NT systems where high-residue levels can promote
increased microbial activity near the soil surface, causing
more potential for N loss [20]. Strip-till is a reduced tillage
practice that allows for subsurface placement of N fertilizers
within the tilled, planted row. Strip-till has similar benefits to
NT systems, but ST can have an advantage because it in-
creases internal drainage of the seedbed and initiates earlier
warming of the soil in the spring due to less surface residue
[21]. Benefits of NT depend on many factors including
seasonal weather conditions andmanagement practices such
as N fertilizer timing, source, N placement, soil moisture
content, soil temperature, and overall seedbed conditions in
the spring [22, 23]. However, surface application of N in NT
or reduced tillage systems can be subject to N loss through
denitrification and ammonia volatilization if N remains on
the surface long enough and is exposed to the atmosphere
[24, 25]. In contrast, N loss can be reduced if N is placed
below the soil surface [26].

Traditional N fertilizers used for corn production consist
of dry, liquid, or gas-based sources. Increases in corn yield
are largely dependent on the ability of the N source to
provide inorganic, plant available forms of N (NH4

+ and

NO3
− ) in sufficient concentrations in synchrony with plant

N demand. Several slow- and controlled-release N fertilizers
(SRF/CRF) have the potential to increase crop yield by
improving the synchronization of plant N demand and N
release [27–29]. ,e release rate of SRF/CRF can depend on
soil properties, soil temperature, and microbial activity [8].
Previous studies have shown mixed (no change, increase, or
decrease) results with use of SRF/CRFs compared to tra-
ditional fertilizer sources [6, 28–31]. Nitamin Nfusion (NF)
is a new slow-release liquid enhanced efficiency N fertilizer
product that contains 22%N of which 94% is slowly available
in the form of methylene urea and triazone [32].,e product
is completely water-soluble and can be blended with UAN,
liquid urea, and other solutions at different ratios allowing
for flexibility. Shapiro et al. [8] observed that surface
broadcast UAN with NF and subsurface banded UAN with
NF produced 0.21 to 0.59Mg·ha− 1 higher grain yield than
surface broadcast UAN without NF on a loamy sand soil at a
site in Nebraska. However, there is a lack of research studies
investigating the effects of NF and other N fertilizer solutions
on corn production using a combination of different N
timing, sources, and placements. ,e objective of this study
was to determine the effects of two N application timings
(fall vs. spring preplant) and five N sources/placements on
corn yield, plant population, and grain quality in a poorly
drained claypan soil.

2. Materials and Methods

2.1. Site Characterization. A three-year field experiment
was conducted from 2011 to 2013 at the University of
Missouri’s Greenley Memorial Research Center (40°1′17″N,
92°11′24.9″W) on a poorly drained claypan soil (Putnam silt
loam; fine smectitic, mesic Vertic Albaqualfs). ,e depth to the
claypan at this research location was approximately 31 cm [33].
Experiments were conducted with corn on fields that were
planted to soybean (Glycinemax [L.]Merr.) the previous year in
a dryland corn-soybean production system. Average monthly
air temperature as well as daily and cumulative precipitation
were obtained from a nearby automated weather station located
at the Greenley Research Center near Novelty, MO.

2.2. Field Experiment and Layout. ,e field trial was a split-
plot randomized complete block design with four replica-
tions. ,e main plot was N fertilizer application timing (fall
and spring preplant), which was blocked and randomized
within each replication. ,e sources/placements included
32% UAN NT/surface broadcast (surface UAN) or ST/deep
banded (deep UAN), 32% UAN plus Nitamin Nfusion (Koch
Agronomic Services, Wichita, KS) NT/surface broadcast
(surface NF) or ST/deep banded (Deep NF), and anhydrous
ammonia deep banded (deep AA) only which were in a
factorial arrangement with two application rates (84 and
168 kg·N·ha− 1). Experimental plots were 3 by 23m, and the
row spacing was 0.76m. Deep banded N fertilizer was applied
to a depth of 20 cm with a custom-designed ST conservation
C-jet unit (Advance, Missouri) [34]. Fall N application dates
for 2011, 2012, and 2013 growing seasons were 11 Nov 2010,
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15 Nov 2011, and 11 Nov 2012, respectively. Spring preplant
N application dates were 11 Apr, 11 Apr, and 1 May for the
2011, 2012, and 2013 growing seasons, respectively. Corn
hybrid, DeKalb 63–84, was planted on 12 Apr at
76,000 seeds·ha− 1 in 2011, 11 Apr at 79,000 seeds·ha− 1 in 2012,
and 14 May at 81,500 seeds·ha− 1 in 2013. Maintenance fer-
tilizer was only applied in 2012 at 17-35-100 (N-P-K) kg·ha− 1

on 12 Apr. Corn was harvested on 13 Sep 2011, 23 Aug 2012,
and 26 Sep 2013.

2.3. Data Collection. Stand counts for the two inner rows of
each plot were recorded each year over a row length of
15.2m. Leaf chlorophyll measurements were recorded
during the growing season on the most recent mature ear
leaf halfway from the midrib of 10 plants·plot− 1 at VT (tassel
visible but before pollen shedding) [35] using a SPAD 502
Plus chlorophyll meter (Konica Minolta, Hong Kong) and
were averaged for a whole plot value. Plant heights and stage
of corn development were determined weekly until VT
growth stage [35]. Corn test weight, grain moisture, and
grain yields (Harvest Master, Logan, UT) were determined
using a plot combine (Wintersteiger, Salt Lake City, UT) that
harvested the two center rows in each plot which were 23 m
in length. Grain yields were adjusted to 150 g·kg− 1 moisture
prior to analysis [3]. Grain samples were collected from each
plot for determination of oil and protein concentration (Foss
1241 Infratec, Eden Prairie, MN).

2.4. StatisticalAnalysis. Data were analyzed for each rate (84
and 168 kg·N·ha− 1) separately to detect differences between
enhanced efficiency products compared to standard N
treatments [36, 37]. Analysis of variance (ANOVA) was
performed using the GLM procedure in the SAS v9.4 sta-
tistical program (SAS Institute, 2015). ,e dependent var-
iables were year, source/placement, timing, and their
interaction. Fisher’s protected LSD at P≤ 0.05 was used to
separate means and determine significant treatment effects.

3. Results and Discussion

3.1. Weather Conditions. Cumulative rainfall amounts for
2011, 2012, and 2013 growing seasons were 527, 239, and
468mm, respectively (Figure 1). ,e average 10-year pre-
cipitation amount from 2000 to 2009 during the growing
season (April through September) was 655mm (University
of Missouri Extension, 2018).,e cumulative precipitation
during the growing season of all three years was at least
25% lower than the 10-year average. ,e growing season of
2012 experienced very little rainfall, and both the 2011 and
2013 growing seasons had 288 and 231mm more cumu-
lative rainfall than 2012, respectively. ,e average air
temperature in 2011, 2012, and 2013 over the growing
season was 20.9, 22.0, and 21.2°C, respectively. ,e average
10-year air temperature from 2000 to 2009 was 19.7°C over
the growing season (University of Missouri Extension,
2018). All three years of this research were above the
average air temperature. Average soil temperature over the
growing season from 2000 to 2009 was 19.7°C. Average soil

temperature in 2011 was approximately the same (19.7°C) as
the prior ten season average, while 2012 was slightly higher
(20.8°C) and 2013 slightly lower (19.3°C) (Table 1). Soil
temperatures were mostly below 10°C from November to
March in the 2010-2011 and 2012-2013 study years which is
ideal to minimize N loss with fall N application [38].

An assessment of total rainfall, average air temperature,
and soil temperature during portions (e.g., fall and spring) of
each year’s study period may account for differences in the
observed corn response due to N management systems
among study years. Over the period of fall N application to
planting in 2012-2013, total precipitation was 288 and 75mm
greater than in 2010-2011 and 2011-2012, respectively;
however, cumulative rainfall in the 2012-2013 period was
greater because of a relatively wetter April. Planting was
delayed until 1 May in 2013 because spring precipitation was
99% higher in April 2013 compared to the 10-year average.
Cumulative rainfall in 2013 was 126 and 105mmhigher in the
first four weeks after planting than in 2011 and 2012, re-
spectively. Cumulative rainfall observed in June was 135 and
100mm higher in 2011 compared to 2012 and 2013, re-
spectively. In 2011 and 2013, July had similar rainfall (50 and
48mm) and was greater than July 2012 (19mm) cumulative
rainfall. Rainfall events in August 2013 and August 2011 had
48mm more cumulative rainfall than August 2012.

3.2. Early-Season Corn Plant Height. Corn plant heights
measured on 1 June and 30 June had significant (P≤ 0.05)
differences among N source placements at 84 kg·N·ha− 1

(Table 2). Surface UAN and surface NF had significantly
greater corn plant heights on 1 June than deep UAN and
deep NF at 84 kg·N·ha− 1 (Figure 2(a)). Similarly, surface
UAN and surface NF had greater corn plant heights on 30
June than deep UAN and NF treatments at 84·kg·N·ha− 1

(Figure 2(a)). Corn plant height measured on 15 June was
significantly (P< 0.05) different among N timing at
84 kg·N·ha− 1 (Table 2). Fall N application had a mean corn
plant height that was 2.6 cm higher than spring N appli-
cation at 84 kg·N·ha− 1 on 15 June (Figure 3(a)).,is suggests
that corn plant height can be an indicator for slightly greater
growth since fall N application had taller plants ha− 1 at
84 kg·N·ha− 1.

At 168 kg·N·ha− 1, corn plant height measured on 27
May, 8 June, and 15 June was significantly (P≤ 0.05) dif-
ferent due to N sources/placements (Table 2). Surface NF
(14.2 cm) was 0.4 to 1.6 cm taller than deep UAN, deep NF,
and deep AA treatments on 27 May (Figure 2(b)). Surface
UAN also had significantly greater corn plant heights than
all deep banded treatments on 8 June and 15 June. Lower
early-season plant heights for ST/deep banded treatments
suggested that plant emergence and growth were delayed.
,ese results were counter to results from a study in Indiana
that found lower early-season corn plant heights and delayed
maturity in treatments with NT compared to conventional
tillage [39]. Delayed plant emergence may result from a
variety of factors including cooler soil temperatures, higher
soil moisture, and high soil residue cover [40], which is
typically associated with NT systems. ,e NT systems may
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have cooler, wetter seedbed conditions [21] and can have
reduced corn plant heights when combined with a surface N
application due to greater N loss [20].

Corn plant height had significant (P≤ 0.05) differences at
168 kg·N·ha− 1 among N timings (fall or spring) on 27 May, 1
June, 15 June, and 22 June (Table 2). Fall N applications had

taller plants than spring N treatments (Figure 3(b)). ,is
suggests that greater early-season plant heights with fall N
application may not always indicate greater plant heights at
later corn growth stages when N was applied at a higher rate
(168 kg·N·ha− 1). Fall N application generally has larger
amounts of NO3-N available in the spring [7], which suggests
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Figure 1: Daily and cumulative precipitation history for (a) 2010-2011, (b) 2011-2012, and (c) 2012-2013.
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Table 2: ,e ANOVA table for corn plant heights at 84 and 168 kg·N·ha− 1.

Source of variation df 27 May 1 June 8 June 15 June 22 June 30 June 6 July
Pr> F Pr> F Pr> F Pr> F Pr> F Pr> F Pr> F

N application rate� 84 kg·N·ha− 1

Year 2 <0.0001‡ <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Timing 1 0.0909 0.2542 0.0502 0.0080 0.1304 0.4199 0.1464
Year× timing 2 0.1699 0.1770 0.0843 0.0021 0.0250 0.0054 <0.0001
SorcPlac† 4 0.0878 0.0060 0.1925 0.1535 0.9851 0.0337 0.2099
Year× SorcPlac 8 0.5414 0.0543 0.1082 0.0937 0.7844 0.0257 0.1137
SorcPlac× timing 4 0.2358 0.1852 0.3019 0.2454 0.1515 0.2543 0.0973
Year× SorcPlac× timing 8 0.8873 0.1855 0.5453 0.6266 0.9517 0.9865 0.4783

N application rate� 168 kg·N·ha− 1

Year 2 <0.0001‡ <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Timing 1 0.0111 0.0001 0.3070 0.0071 0.0224 0.1618 0.1267
Year× timing 2 0.0010 <0.0001 0.1474 0.0030 0.0198 0.0207 <0.0001
SorcPlac† 4 0.0001 0.0909 0.0113 0.0345 0.3286 0.1776 0.1033
Year× SorcPlac 8 0.0473 0.0759 0.0001 0.1302 0.3409 0.2188 0.0950
SorcPlac× timing 4 0.4751 0.0007 0.0361 0.1839 0.3107 0.1450 0.2826
Year× SorcPlac× timing 8 0.3364 0.0495 0.2730 0.5143 0.7584 0.4955 0.7226

†Abbreviations: SorcPlac, source/placement. ‡Numbers in bold represent Fisher’s protected least significant difference at P≤ 0.05.

Table 1: Average monthly soil temperature obtained from a nearby automated weather station located at the Greenley Research Center near
Novelty, MO, at the 6 cm depth with soybean residue from the time of fall N application to corn harvest in each season.

Month
Soil temperature (°C)

2010-2011 2011-2012 2012-2013
Nov 7.3 7.7 6.7
Dec 0.8 3.5 3.9
Jan − 0.3 1.4 0.9
Feb 0.3 2.5 0.9
Mar 5.5 10.2 2.1
Apr 10.7 13 9
May 16.2 19.4 16
Jun 21.7 22.6 21.2
Jul 25.8 27 23.5
Aug 24.6 23.1 28.3
Sep 19.1 19.2 22
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Figure 2: Continued.
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that corn readily utilized N at the early growth stages in the
spring, which contributed to the early growth and plant vigor.

3.3. Ear Leaf Chlorophyll Meter Readings. A three-way in-
teraction between source/placement, timing, and year was
found at 84 kg·N·ha− 1 for corn chlorophyll meter readings
(Table 3). Chlorophyll meter readings were generally 4.7
SPAD units higher in 2011 and 2012 among all N sources/
placements compared to 2013 regardless of N application
timing (Table 4). Deep UAN, deep NF, and deep AA resulted
in at least 2.5 SPAD unit higher readings than surface UAN
and surface NF in 2011 and 2012 regardless of N application
timing. Chlorophyll meter readings for fall and spring-applied

deep NF were 8% higher compared to surface NF in 2011 and
2012. Applying N in the fall or spring had no significant
differences in chlorophyll meter readings within N sources/
placements in 2011 and 2012. In 2013, chlorophyll meter
readings indicated that plants were 22% greener with spring-
applied deep AA compared to fall-applied deep AA. Con-
versely, chlorophyll meter readings were 11% greater with
fall-applied deep NF compared to spring-applied deep NF.

Nitrogen applied at 168 kg·ha− 1 had chlorophyll meter
readings values with a significant interaction between year
and N source placement (P≤ 0.05) (Table 3). Similar to N
applied at 84 kg·ha− 1, chlorophyll meter readings in 2011 and
2012 were highest (50.7 to 57.3 SPAD units) among all N
sources/placements at 168 kg·N·ha− 1 compared to that in
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Figure 2: Corn plant heights due to N source placements averaged over N timing and years. Plant heights were measured on selected dates
before VT at (a) 84 and (b) 168 kg·N·ha− 1. Letters over bars indicate differences among treatments within a given measurement date using
Fisher’s Protected LSD (P≤ 0.05).
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Figure 3: Corn plant heights due to N timing averaged over N source placements and years. Plant heights were measured on selected dates
before VTat (a) 84 and (b) 168 kg·N·ha− 1. Asterisks over lines indicate differences among treatments within a givenmeasurement date using
Fisher’s Protected LSD (P≤ 0.05).
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2013 (Table 5). ,ere were no significant differences in
SPAD readings in 2011 compared to that in 2012 among N
sources/placements. Deep UAN, deep NF, and deep AA
resulted in 0.3 to 6.6 higher SPAD units than surface UAN
and surface NF in 2011 and 2012. Although not significantly
different in 2012, deep NF resulted in the highest SPAD
readings in 2011, 2012, and 2013 by 1.1, 1.3, and 1.9 SPAD
units, respectively.

Chlorophyll meter readings may have been more af-
fected by fall-applied treatments due to the distribution and
amount of precipitation during the nongrowing season
months of November through March. For example, 2013
was relatively wet early in the growing season and these
conditions may have affected spring-applied deep AA at
68 kg·N·ha− 1 compared to fall-applied. Furthermore, cu-
mulative precipitation in the months after fall N application
(November 2012) to planting was the wettest among the
three years and potentially caused increased N loss due to
denitrification [7]. Nevertheless, chlorophyll meter readings
in 2011 and 2012 were higher in all deep banded treatments.

Previous studies indicated that deep banding N lowered the
rates of microbial N transformations over surface applica-
tion, which limited the amount of N that is lost through
denitrification and volatilization [41, 42].

3.4. PlantPopulation. Plant populations had an interaction
between N source/placement and N timing (P≤ 0.05) at
84 kg·N·ha− 1 (Table 3). Plant populations for fall-applied
N at 84 kg·N·ha− 1 in the deep UAN and deep NF treat-
ments were 16 and 14% higher than spring-applied N,
respectively (Table 4). When N was applied at
168 kg·N·ha− 1 in the fall, deep NF had plant populations
that were 15,650 plants·ha− 1 greater than spring-applied N
(Table 5). Although there were no significant differences
between N timings among the other N source/placement
treatments, fall-applied N at 84 kg·N·ha− 1 had higher plant
populations (350 to 4,100 plants·ha− 1) for surface UAN,
surface NF, and deep AA treatments compared to spring
N application.

Table 3: ,e ANOVA table for chlorophyll meter readings, plant population, yield, moisture, test weight, starch, protein, and oil con-
centration for nitrogen treatments at 84 and 168 kg·N·ha− 1.

Source of variation df Chlorophyll meter readings Population Yield Moisture Test weight Protein Oil
Pr> F Pr> F Pr> F Pr> F Pr> F Pr> F Pr> F

N application rate� 84 kg·N·ha− 1

Year† 2 <0.0001‡ <0.0001 <0.0001 0.0604 0.3102 <0.0001 <0.0001
Timing 1 0.5156 <0.0001 0.0005 0.1431 0.4947 0.8297 0.676
Year× timing 2 0.748 <0.0001 <0.0001 0.0053 0.4133 0.0312 0.6729
SorcPlac† 4 <0.0001 <0.0001 0.0056 0.0023 0.4348 <0.0001 0.3492
Year× SorcPlac 8 0.0053 <0.0001 0.445 0.0031 0.228 <0.0001 0.9257
SorcPlac× timing 4 0.6319 0.0187 0.0022 0.0018† 0.8582 0.325 0.5522
Year× SorcPlac× timing 8 0.0285 0.0698 0.0046 0.4078 0.2404 0.1042 0.2024

N application rate� 168 kg·N·ha− 1

Year 2 <0.0001‡ <0.0001 <0.0001 <0.0001 0.0311 <0.0001 <0.0001
Timing 1 0.3242 <0.0001 0.0009 0.4513 0.1823 0.3167 0.0356
Year× timing 2 0.1093 <0.0001 <0.0001 0.1353 0.5255 0.1334 0.2038
SorcPlac† 4 0.0028 <0.0001 0.1721 <0.0001 0.2391 <0.0001 0.0132
Year× SorcPlac 8 0.0054 <0.0001 0.0327 0.1372 0.3354 <0.0001 0.1423
SorcPlac× timing 4 0.0809 0.0029 0.0873 0.3683 0.4364 0.1826 0.2722
Year× SorcPlac× timing 8 0.4748 0.1815 0.0231 0.3078 0.4866 0.1145 0.6455

†Abbreviations: SorcPlac, source/placement. ‡Numbers in bold represent Fisher’s protected least significant difference at P≤ 0.05.

Table 4: Corn SPAD, plant population, and grain yield response to nitrogen sources/placements at 84 kg·N·ha− 1. Data were combined over
factors or years in the absence of a significant interaction. Surface treatments were no-tillage with surface applied nitrogen and deep
treatments were strip tillage with deep banded nitrogen application.

N source placement
Chlorophyll meter readings

Population
Grain yield

2011 2012 2013 2011 2012 2013
F S F S F S F S F S F S F S

SPAD units No. ha− 1 Mg·ha− 1-
Surface UAN† 48.2 44.6 47.9 48.8 39.2 39.3 70,000 67,800 6.91 5.98 2.14 2.30 6.53 7.23
Deep UAN 54.4 53.4 51.3 53.7 44.0 44.0 66,750 56,100 8.12 3.91 1.73 2.11 7.62 7.53
Surface NF 46.8 47.8 48.6 47.8 41.7 42.1 70,400 70,050 6.85 5.70 2.02 2.50 6.82 7.75
Deep NF 52.1 55.3 52.4 53.4 41.8 37.8 68,500 59,150 7.01 4.72 1.33 1.76 7.17 6.70
Deep AA 55.7 55.2 53.8 52.5 37.5 45.8 64,200 60,100 6.70 4.41 1.60 1.70 5.97 7.58
LSD (P≤ 0.05)‡ 4.7 8,700 0.95
†Abbreviations: AA, anhydrous ammonia; F, fall; NF, Nitamin Nfusion; S, spring; UAN, 32% urea ammonium nitrate. ‡Fisher’s protected least significant
difference at P≤ 0.05.
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,ere was also an interaction between N source/place-
ment and N timing (P< 0.05) at 168 kg·N·ha− 1 (Table 3).
Plant populations were 800 to 9,700 plants·ha− 1 higher with
fall-applied N at 168 kg·ha− 1 in treatments other than deep
NF compared to spring-applied N (Table 5). Both N rates
increased plant population for deep NF when N was fall-
applied. Deep NF was applied with ST which may have
improved seedbed conditions more effectively compared to
those of NT treatments [21, 43]. Hendrix et al. [23] found
that NT on a silt loam soil had 37% lower plant populations
than with ST, potentially due to NT having prolonged
saturated soil conditions in the row. Extreme rainfall fol-
lowing spring ST may have caused a reduction in plant
populations compared to fall ST which may have been a
firmer seedbed.

3.5. Corn Grain Yield. Corn grain yields were observed to
have a significant three-way interaction (P≤ 0.05) between
the timing of N application, source/placement, and year at
84 kg·N·ha− 1 (Table 3). In 2011, deep UAN had 1.11 to
1.42Mg·ha− 1 greater corn grain yield than all of the N
sources/placements with fall N application (Table 4). Spring
application of deep UAN had 4.21Mg·ha− 1 lower corn grain
yields in 2011 compared to fall-applied deep UAN. Strip
tillage for corn in the fall can increase grain yield due tomore
favorable and drier soil conditions, settling of soil in a tilled
row during winter, and warmer and drier seedbed condi-
tions by spring [21]. Fall N application for all N treatments
resulted in 0.93 to 4.21Mg·ha− 1 greater corn grain yields in
2011 compared to spring-applied N. Regardless of N timing,
the severe drought in 2012 (NAOO, 2013) resulted in average
corn grain yields of 1.9Mg·ha− 1 which were 4.1Mg·ha− 1

lower compared to those in 2011 and 2013. Corn grain yields
were similar among sources/placements and timings in 2012.
In 2013, deep UAN and deep NF showed no significant
differences in corn grain yield when N was applied in the fall
or spring. Spring application of surface NF in 2013 had the
highest corn grain yield (7.75Mg·ha− 1) and produced at least
0.17Mg·ha− 1 more grain yield among the spring-applied N
treatments.

Corn grain yield in 2013 with deep AA was 1.61Mg·ha− 1

(27%) greater with spring N application compared to fall
application (Table 4). Kyveryga et al. [44] reported fall-
applied AA in Iowa soils with pH >7.5 to have faster ni-
trification rates and more nitrate loss through denitrification
during spring rainfall than AA applied in the spring. ,ese
results suggest that there was a significant amount of nitrate
loss through denitrification in 2013 because of the relatively
wet month of April (194mm), which ultimately delayed
planting to May.

A significant three-way interaction (P≤ 0.05) between
the timing of N application, source/placement, and the year
was detected for corn grain yield at 168 kg·N·ha− 1 (Table 3).
In 2011, fall-applied deep UAN, surface NF, deep NF, and
deep AA resulted in 3.6, 1.18, 2.41, and 2.70Mg·ha− 1 higher
corn grain yield than an equivalent spring N application,
respectively (Table 5). Since higher corn grain yields with fall
N application were observed in 2011 for both 84 and
168 kg·N·ha− 1, we can summarize that greater N loss was
probably attributed to spring application, while NT/surface
broadcast and ST/deep banded treatments were able to
effectively minimize the potential for denitrification loss
over the fall, winter, and early spring periods. Furthermore,
corn grain yields in 2011 at 168 kg·N·ha− 1 with spring N
application of surface UAN and surface NF had at least a
1.75 and 1.02Mg·ha− 1 higher corn grain yield than deep AA
treatment, respectively. ,is was similar at 84 kg·N·ha− 1,
where surface UAN and surface NF in the spring had at least
0.98Mg·ha− 1 higher corn grain yields in 2011 than deep
UAN, NF, and AA treatments. ,is indicates that saturated
soil conditions from more frequent precipitation events in
the early growing season may have limited the growth of
corn roots in the poorly drained soil so that roots were
unable to absorb the deep banded fertilizer placement, but
they were able to utilize the surface N fertilizer placement.
,e relatively low hydraulic conductivity of the claypan
subsoil may have caused extended periods of soil saturation
and negatively impacted corn grain yield with deep N
placement. Another study at the same location concluded
that surface applied UAN was relatively more effective for
corn production with abundant early-season rainfall, which

Table 5: Chlorophyll meter readings, plant population, grain yield, moisture, protein, and oil concentration response to nitrogen sources/
placements at 168 kg·N·ha− 1. Data were combined over factors or years in the absence of a significant interaction. Surface treatments were
no-tillage with surface applied nitrogen and deep treatments were strip tillage with deep banded nitrogen application.

N source placement

Chlorophyll meter
readings Corn plant

population

Corn grain parameters
Yield Moisture Protein Oil

2011 2012 2013 2011 2012 2013 2011 2012 2013
F S F S F S F S

SPAD units No. ha− 1 Mg·ha− 1 g·kg− 1

Surface UAN† 55.6 52.8 45.9 71,100 70,300 8.94 8.11 1.41 1.75 8.08 8.16 181b 77.8 103.8 75.9 32.7
Deep UAN 57.3 56.9 50.7 66,700 57,000 9.12 5.52 1.27 1.35 8.46 8.60 190b 92.5 104.5 88.4 31.1
Surface NF 50.7 53.6 48.8 73,050 70,450 8.56 7.38 1.63 1.79 8.01 8.68 175b 77.5 103.9 84.4 31.4
Deep NF 56.2 55.6 44.7 69,900 54,250 8.47 6.06 1.30 1.78 8.42 8.36 207a 93.8 104.8 83.1 32.6
Deep AA 55.9 55.4 43.8 64,000 58,650 9.06 6.36 1.44 1.71 6.80 8.50 215a 92.0 104.3 79.9 33.1
LSD (P≤ 0.05)‡ 5.2 9,800 1.03 16 6.9 1.3
†Abbreviations: AA, anhydrous ammonia; F, fall; NF, Nitamin Nfusion; S, spring; UAN, 32% urea ammonium nitrate. ‡Fisher’s protected least significant
difference at P≤ 0.05.
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likely incorporated N from the fertilizer into the shallow soil
layer and made N more available for plant uptake [17].

Similar to the results with an N rate of 84 kg·ha− 1, corn
grain yields were negatively affected by drought conditions
in 2012 at 168 kg·N·ha− 1 (Table 5). ,ere were no significant
differences among all sources/placements, timing, or N rates.
Average grain yields for 2012 at 84 and 168 kg·N·ha− 1 were
1.9 and 1.5Mg·ha− 1, respectively.

,e spring application of surface NF at 168 kg·N·ha− 1 in
2013 had the highest corn grain yield among spring- or fall-
applied N sources/placements. ,is result was likely due to
the slow release rate of urea-N in NF because gaseous N loss
may have been reduced by this N source prior to the period
of substantial plant N uptake [33]. Although not significant,
the surface NF treatment applied in the spring at
168 kg·N·ha− 1 produced 0.67Mg·ha− 1 higher grain yield
compared to a fall application in 2013 (Table 5). ,is was
potentially due to higher soil temperatures during 2013 and
greater cumulative rainfall in May (Figure 1(c)). Relatively
high rainfall in April 2013 delayed planting to May, thus
potentially causing fall surface NF to be less effective, and has
a greater risk of N loss before planting.,is also suggests that
spring-applied NF may have conserved N in the soil profile
by delaying the conversion to nitrate until after the heavy
rainfall period in May, regardless of placement. Shapiro et al.
[8] found similar results where surface broadcast and
subsurface banded UAN with NF produced 0.21 to
0.59Mg·ha− 1 higher grain yields than surface broadcast
UAN without NF on a loamy sand soil at a site in Nebraska.
Although the study did not assess different N timings, the
research was still similar because cumulative rainfall was
greater inMay (252mm) at this particular Nebraska location
compared to other sites in the experiment.

In 2013, deep AA yielded 1.7Mg·ha− 1 more grain when
spring-applied compared to when it was fall-applied at
168 kg·N·ha− 1. ,is suggests that N loss may have occurred
through denitrification or volatilization over the fall, winter,
and early spring periods. ,is is similar to a 3-year study
done in Minnesota that observed an average increase of
0.8Mg·ha− 1 in corn grain yield with AA applied in the spring
compared to fall application [7]. Furthermore, research done
on a poorly drained claypan soil reported a 2.0Mg·ha− 1

reduction in corn grain yield with fall-applied AA at
140 kg·N·ha− 1 compared to a spring application [6]. Simi-
larly, Nash et al. [6] found fall application of ammonium
nitrate produced less corn grain yield than spring N ap-
plication which may have been due to less soil retention.

Spring and fall application of NT/surface broadcast and
ST/deep banded sources/placements was similar in 2013 at
168 kg·N·ha− 1 except for deep AA (Table 5).,e inconsistent
corn grain yields among the three years in this experiment
can be attributed to the variations in precipitation that
occurred, especially after the spring N application. Rainfall
was relatively more frequent after spring N application in
2011 and may have prolonged saturated soil conditions and
caused ST/deep banded treatments to be ineffective because
of spatial and temporal N shortages in the root zone. Al-
though deep banding placement may conserve N, there may
be spatial and temporal N shortages because N may be

spatially separated from plant roots throughout significant
parts of the growing season [8]. Furthermore, cumulative
precipitation was relatively low between fall N application
(November 2010) and planting, suggesting minimal N loss
may have occurred during the fall, winter, and early spring
months, while more N was potentially lost in the months
following the spring N application (Figure 1). Fall N ap-
plicationmay have retainedmore NO3

− andNH4
+ in the soil

by spring in 2011, which means it was more readily available
for plant uptake during the early growing season [12]. Vetsch
and Randall [7] observed greater soil NO3-N concentrations
with fall-applied N than spring-applied N, indicating sub-
stantial nitrification of fall-applied N occurred by the early
growth stages in the spring.

High corn grain yields in 2013 with spring N application
of deep AA may have been due to an increase in microbial
activity from warmer soil conditions in May. ,ere was
27mm of precipitation that occurred on the same day for fall
N application (11 November 2012), which may have caused
deep AA to lose a significant amount of N due to physical
disruption and improper sealing of the injection knives that
may have created zones to allow for ammonia movement to
reach the soil surface [45] or distribution of N with the
application knives may have allowed greater N loss [34].
Implementing different N management practices is a good
option for farmers to increase corn grain yield. One study
combined NT with subsurface UAN or AA placement and
observed higher corn grain yield compared to utilizing a
conventional tillage systemwith the sameN application [46].
,is likely resulted from decreased ammonia volatilization
and immobilization commonly associated with surface N
application on high-residue soil surfaces.

3.6. Grain Moisture and Quality. Corn grain moisture
concentration had a significant interaction between N
source/placement and N timing (P≤ 0.05) when averaged
across years at 84 kg·N·ha− 1 (Table 3). Deep UAN had higher
corn grain moisture with spring N application than fall N
application at 84 kg·N·ha− 1 (Table 6). Conversely, surface NF
and deep AA had 17 and 16 g·kg− 1 higher corn grain
moisture with fall N application compared to spring N
application at 84 kg·N·ha− 1, respectively. Deep UAN in the
spring had corn grain moisture of 223 g·kg− 1 which was 25%
more than the deep UAN treatment in fall at 84 g·kg− 1

(Table 6). Overall, grain was drier with surface placement of
N compared to deep placement.

At 168 kg·N·ha− 1, corn grain moisture was different
among N sources/placements (P≤ 0.05) regardless of N
timing and year (Tables 3 and 5). Deep NF (207 g·kg− 1) and
deep AA (215 g·kg− 1) at 168 kg·N·ha− 1 had at least 17 g·kg− 1

greater moisture concentration than all other N sources/
placements (Table 5). Surface NF at 168 kg·N·ha− 1 resulted in
the lowest grain moisture content (175 g·kg− 1) and was not
significantly different from surface UAN (181 g·kg− 1) or deep
UAN (190 g·kg− 1). Corn grain moisture content is affected
by several factors including but not limited to N fertilizer
type, corn hybrid, tillage system, or climate [40, 47]. All of
these factors influence the rate of corn maturation, in which
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a slower rate generally results in relatively higher grain
moisture content [48].

Protein concentration in corn grain had an interaction
between N sources/placements and year (P≤ 0.05) at
84 kg·N·ha− 1 (Table 3). Deep NF in 2013 had the lowest grain
protein concentration (66.1 g·kg− 1) than all N source
placements in the three years (Table 6). Overall, grain
protein concentration for N sources/placements in 2012
ranged from 100.9 to 103.0 g·kg− 1 and was at least 12.8 g·kg− 1

higher than treatments in 2011 and 2013. ,e higher grain
protein content in 2012 was probably due to drought
conditions that strongly restricted plant growth.

Protein concentration in corn grain also had a significant
interaction between N sources/placements and year
(P< 0.05) at 168 kg·N·ha− 1 (Tables 3 and 5). Protein con-
centration in corn grain was highest for all N sources/
placements (103.8 to 104.8 g·kg− 1) in 2012 (Table 5). Surface
UAN in 2013 had a lower grain protein concentration
(75.9 g·kg− 1) than all N sources/placements in the three years
of this research, but it was similar to deep AA in 2013 and
surface UAN (77.8 g·kg− 1) or surface NF (77.5 g·kg− 1) in
2011 (Table 5). Generally, the results of grain protein con-
centration corresponded with SPAD meter leaf readings
since both SPAD meter readings and grain protein con-
centration had similar patterns in 2011, 2012, and 2013. Corn
grain protein concentration is also potentially an indicator
for N uptake and removal by the plant since protein con-
centration is usually calculated from grain N concentration.

Corn grain oil concentrations at 84 kg·N·ha− 1 were
combined over years since there was no significant interaction
observed (Table 3). Surface UAN had the highest grain oil
concentration (34.0 g·kg− 1), but it was similar to the other N
source/placement treatments (Table 6). Corn grain oil con-
centrations were different among N source placements at

168 kg·N·ha− 1 (Tables 3 and 5). Grain oil concentration was
1.7 and 2 g·kg− 1 higher with deep AA than surface NF and
deepUAN, respectively (Table 5). DeepUAN at 168 kg·N·ha− 1

had 1.5 and 1.6 g·kg− 1 lower grain oil concentration than
surface UAN and deep NF. Combining N source placements
across the three years at 168 kg·N·ha− 1 indicated higher grain
oil concentration with the fall application (32.7 g·kg− 1)
compared to a spring application (31.7 g·kg− 1) (Table 7).

4. Conclusions

Utilizing different N management strategies for corn pro-
duction can be challenging due to unpredictable year-to-
year climate conditions. On claypan soils, corn production is
even more difficult to manage due to these soils’ relatively
poor drainage characteristics, which contribute to a higher
potential for N loss and subsequently lower crop yields as
well as the propensity to drought. Although the data were
variable across N timings, N sources/placements, and year,
this range of climatic conditions can be expected in the US
corn belt region. Over this three-year study, the application
of strip-till deep banded UAN in the fall before the 2011
growing season resulted in the highest corn grain yield (8.12
to 9.12Mg·ha− 1) at both 84 and 168 kg·N·ha− 1.,is indicates
greater N loss was attributed to spring application in 2011
due to cooler soil conditions and extended periods of soil
saturation early in the growing season. ,us, climate con-
ditions may have caused spatial and temporal N shortages
when N was deep banded as UAN or AA fertilizer because it
may be separated from plant roots or may not be converted
into NO3-N at the appropriate growth stage. Spring N
application showed an increase in corn grain yield in 2013
among treatments compared to 2011, which may have been
due to warmer and wetter soil conditions in May. ,is study

Table 6: Corn grain moisture, test weight, protein, and oil concentration response to nitrogen sources/placements at 84 kg·N·ha− 1. Data
were combined over factors or years in the absence of a significant interaction. Surface treatments were no-tillage with surface applied
nitrogen and deep treatments were strip tillage with deep banded nitrogen application.

N source placement
Moisture

Test weight
Protein

Oil
F S 2011 2012 2013

g·kg− 1 kg·hL− 1 g·kg− 1

Surface UAN† 187 194 55.7 72.9 100.9 67.9 34
Deep UAN 178 223 53.3 87.2 103 72 32.9
Surface NF 190 173 56.1 72 101.5 70 33.9
Deep NF 201 224 54.9 84.6 102.3 66.1 33.2
Deep AA 217 201 55.3 88.1 102.3 70 33.4
LSD (P≤ 0.05)‡ 42 NS 2.1 NS
†Abbreviations: AA, anhydrous ammonia; F, fall; NF, Nitamin Nfusion; NS, not significant; S, spring; UAN, 32% urea ammonium nitrate. ‡Fisher’s protected
least significant difference at P≤ 0.05.

Table 7: Fall and spring chlorophyll meter readings, moisture, test weight, and oil concentration response to nitrogen sources at
168 kg·N·ha− 1. Data were combined over years and N sources/placements.

N timing Chlorophyll meter readings Moisture Test weight Oil
SPAD units g·kg− 1 kg·hL− 1 g·kg− 1

Fall 52.6 191 68.0 32.7
Spring 51.9 196 69.6 31.7
LSD (P≤ 0.05)‡ NS† NS NS 0.08
†NS, not significant. ‡Fisher’s protected least significant difference at P≤ 0.05.
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suggests that ST with deep banding UAN or AA does not
always produce higher corn grain yield during drought years
and might be more at risk for greater N loss under certain
climatic conditions. On a poorly drained claypan soil,
farmers may need to consider fall N applications since corn
grain yield was generally greater than or equal to spring-
applied treatments at both rates.
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