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Introduction

Nitrogen (N) is the critical nutrient for maximizing yield 
and profitability of corn production. As a result, farmers have 
historically applied more N than required by corn, regardless of 
the soil, environmental and climatic conditions. This excess N is 
lost from agricultural fields via runoff, leaching and volatilization 
and thus has been a major contributing factor to poor water 
quality around the world, including eutrophication in Lake Erie, 
the Gulf of Mexico and the Baltic Sea [1-3]. Increasing fertilizer 
prices [4] and environmental impacts due to excessive use of N 
fertilizer have heightened the needs for efficient N management 
practices that are both profitable and environmentally 
sustainable [5].

Rate and timing of N application are the critical management 
factors influencing N use efficiency (NUE) and economic 
profitability of corn production. Applying more N than needed 
by crops early in the growing season to maximize yield usually 
results in greater N loss and lower net return. With the current 
N management practices that focus on application of a large 
fraction of N prior to planting, there is a poor synchrony between 
soil N supply and crop demand. Application of large amounts 
of pre-plant N results in high levels of inorganic N in the soil 
profile that can be lost by leaching or runoff or denitrification 
before rapid crop uptake occurs. In the United States, of the total 
N fertilizer applied to corn, it has been estimated that 75% is 
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Abstract

Environmental pollution due to excessive use of nitrogen (N) fertilizer in agricultural production has become a serious issue of concern 
worldwide. Farmers are under increasing pressure to adopt farming practices that maintain high crop yields as well as reduce environmental 
footprints. Among options for addressing these challenges is the use of in-season N management practices that result in good synchronization 
between N fertilizer supply and crop demand, thereby reducing the chances of N loss and improving crop N use efficiency. The objectives of 
this study were to

a. Determine the impact of timing and rate of N application on corn yield; and 

b. Compare the economics of in-season N management practices with the baseline management practice that involves application of large 
quantities of N prior to planting and a small portion of N at planting.

Twenty-four treatments, with combinations of four fertilization times (i.e., pre-planting, at-planting, mid-season, and late-season) and 
three at-planting N rates (11, 45, and 78 kg N ha-1), were evaluated. Economic return from each treatment was estimated by accounting for 
the uncertainties associated with crop yield from the treatments, prices for corn yield and costs of fertilizer and its application, and compared 
with the baseline management practice. For the treatments that received zero N prior to planting but in-season N application (i.e., side 
dressing and late season), corn yield increased significantly with the increase in N application rate at planting. However, in the treatments that 
received N prior to planting, corn yield did not increase significantly with higher N application at planting. In the treatment that received only 
11kg N/ha at planting, the mean economic return was negative (i.e., $17/ha). In the treatment that received side-dressing and late-season N 
but no N prior to planting, the economic return was $47/ha higher than the baseline N management practice. With a higher N application rate 
at planting (i.e., 78kg N/ha), in-season N applications yielded higher economic returns in the treatments that received no N prior to planting 
than those receiving N prior to planting. This study suggested that N is a limiting factor for corn yield but also that in-season N application 
helps minimize losses in crop yield and can generate higher economic return.
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applied in the fall or spring before the corn is planted and 25% is 
applied after planting [6].

Among options to enhance synchronization between 
N fertilizer supply and crop need is the use of in-season N 
application in which some portion of total N is applied prior 
to or at planting and the rest is side-dressed prior to tasseling. 
Because a greater portion of the N is applied when the plant is 
already established and in the rapid uptake growth phase, this 
approach results in good synchronization between N fertilizer 
supply and crop demand. Also, delaying application of some or 
all N fertilizer until after planting may allow for proper diagnosis 
of crop N needs, by either in-season soil testing or sensing crop 
color [7]. Although it is well established that important and large 
N accumulation occurs during mid-to-late vegetative growth [6], 
studies have reported mixed effects of in-season N application 
practices on corn yield. A study by [7] found little or no yield loss 
when in-season N application was delayed to the V11 growth 
stage and only a 3% yield loss when delayed until V12 to V16. 
Contrary to this finding, [8] observed significant declines in corn 
yields with increasing delay in in-season N application. Some of 
the limitations to in-season N applications include the potential 
of a dry surface where applied N may not be accessible for plant 
uptake, limited field access during wet periods, and the need for 
high clearance equipment that can move through tall corn [9]. 
These issues not only introduce additional costs to farmers but 
also uncertainties in crop grain yield and economic returns.

To consider whether or not in-season N practice is a 
sustainable management practice that provides farmers the 
higher economic returns as well as lowers the risk of nutrient 
loss, it is important to understand the effects of timing and rate 
of N application on corn productivity and its economic return. 
There are very few studies, if any, that have investigated the effect 

of various in-season N management practices, including side-
dressing and late season N application through central dribble 
irrigation, at varying N application rates during planting. Also, 
the investigation on the economic returns of various in-season N 
management practices by considering the uncertainties in price 
of variables influencing the economic return, such as corn yield, 
price for corn yield and fertilizers, and labor costs are limited. 
The objectives of this study were to 

a. Determine corn response to N fertilization rate and 
timing; 

b. Compare the economics of in-season N management 
practices with the current (i.e., baseline) management 
practice that involves application of large quantities of N prior 
to planting and small portion at planting by examining the 
uncertainties associated with price of variables influencing 
the economic return of corn production.

Methodology
Experimental setup

A field-scale experiment was conducted in 2015 at the Molly 
Caren Farm near London (39.962 °N, 83.4367 °W), Ohio to 
examine the effect of both timing and N application rates on corn 
yield. The site has primarily been in a corn-soybean rotation 
with wheat every five years. In 2014, the field was planted 
in wheat. Field operations included conservation tillage and 
different N application times and rates. (Table 1) summarizes 
the N application times, methods, fertilizer types, and rates used 
in the experiment. A corn hybrid (LG2620) was planted at a row 
spacing of 0.76 m with a seed population of 81.2 thousand seeds 
per hectare (i.e., 32.86ksds acre-1). Nitrogen serve (i.e., 2.34kg/
ha) was added during pre-planting to inhibit potential loss of N 
through nitrification of applied N.

Table 1: Summary of N applications.

Application Timing Application Method Fertilizer Type Rate(kg ha-1)

Pre-planting (April 13) 8 inch depth with banding Anhydrous Ammonia 179

At-planting (May 9)
2 inches beside and 2 inches below seeds Liquid (18-18-0)* 0, 34, or 67

In-furrow with the seed Pop-up (10-34-0) 11

Mid-season (June 11) Side-dressing UAN 28% 44

Late-season (July 7) Central dribble irrigation UAN 28% 49

Note: *18-18-0 fertilizer include 1:1 ratio of 10-34-0 and UAN 28% fertilizers

Table 2:  Summary of N application treatments.

Treatment Total N(kg/ha) Nitrogen Application Timing

A (10+0) 11

At-plantingA (10+30) 45

A70 (10+60) 78

PA (10+0) 190

Pre-planting and at-plantingPA40 (10+30) 224

PA70 (10+60) 258
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PAM10 (10+0) 235

Pre-planting, at-planting, and mid-seasonPAM40 (10+30) 269

PAM70 (10+60) 302

PAL10 (10+0) 240

Pre-planting, at-planting, and late-seasonPAL40 (10+30) 273

PAL70 (10+60) 307

PAML10 (10+0) 284
Pre-planting, at-planting, mid-season, and 

late-seasonPAML40 (10+30) 318

PAML70 (10+60) 352

AM10 (10+0) 56

At-planting and mid-seasonAM40 (10+30) 90

AM70 (10+60) 123

AL10 (10+0) 60

At-planting and late-seasonAL40 (10+30) 94

AL70 (10+60) 128

AML10 (10+0) 105

At-planting, mid-season, and late seasonAML40 (10+30) 139

AML70 (10+60) 172

Baseline (0+40) 224 Pre-planting and at-planting

Note: 10 or 0 in the first part of the parentheses indicates the amount of pop-up N fertilizer (in lbs/acre) and 0, 30, 60 and 40 in the second part 
of the parentheses indicate the amount of 2X2 fertilizer (in lb/acre) used in the planting.

A total of 24 N treatments were evaluated using combinations 
of four N application times and three planter N rates against the 
baseline treatment as summarized in (Table 2). Except for the 
treatment with N applied only at-planting, all other treatments 
received two or more N applications (Table 2). For example, A10 
treatment received 11kg N ha-1 at planting; AM40 treatment 
received 45 kg N ha-1 at planting and 45kg N ha-1 for side-dressing; 
PAML treatment received four N applications: pre-planting, at-
planting, mid-season, and late-season. The study was conducted 
on a 9.67ha field, and treatments were established using a block 
design, with individual blocks ranging from 0.20 to 0.60ha in 
size.

Each block was 12.2m wide with length varying between 
152 to 202 m. There were eight blocks representing the timing 
treatments, and each block was divided into five segments with 
three N application rates (11, 45, or 78kg N ha-1) at-planting. One 
segment received 11kg N ha-1, two segments received 45kg N ha-1 
and the remaining two segments received 78kg N ha-1. In blocks 
representing the timing treatment, there were two replicates 
(i.e., in the form of stripes) for each of the three planter N rates. 
Within each replicate, there was a single pass of the planter 
and two pass of the 8-row harvester. There was also a baseline 
treatment that received 179kg N ha-1 prior to planting and 45kg 
N ha-1 at planting. The baseline treatment was carried in between 
the eight timing treatment blocks.

Corn was harvested with a moisture content of ~18% on 14 
September 2015 using a John Deere S660 (John Deere, Moline, 
IL, USA) equipped with a Precision Planting Yield Sense monitor 
in the same direction. The combine header cut width (i.e., swath) 

was set to 6 m and the distance traveled between logged data 
points was 2m. The yield monitor was calibrated twice before 
and during the harvest to obtain accurate yield estimates. As the 
grain was harvested, the weight of each load was estimated by 
the yield monitor. That specific load was then offloaded from the 
combine hopper and weighed using a certified scale. The actual 
weight was then entered into the yield monitor to post calibrate 
the system. Further, yield data near the corner of each treatment 
were discarded from the analyses because the yield monitor data 
typically has some errors when a harvester makes a turn at the 
corner of a field [10]. Corn yield data from the study area were 
processed using the Spatial Management System Basic software.

Economic Analyses
Economic return from each treatment was estimated as the 

difference between the costs related to fertilization and the mean 
yield gross return. Costs related to fertilization included the costs 
of fertilizer and its application, i.e., labor and machinery costs 
(Table 3). For this study, the fertilization costs varied across the 
treatments, while the other costs related to corn production 
were assumed to be constant. Because there exists high inter-
annual and spatial variability in the price of these variables 
across regions and growing season [11-13] uncertainty analysis 
was conducted to account for their impacts on the economic 
returns of various N treatments. For this purpose, average price 
of fertilizers, including Anhydrous Ammonia, 10-34-0 and UAN 
28%, and corn price from 2015-2016 were considered. Labor and 
machinery costs for N application were based on a survey of 183 
Iowa farmers, custom operators, and farm managers [11]. Monte 
Carlo simulations (10,000 trials) were conducted to analyze the 
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associated uncertainties. In addition to the economic parameters 
used for simulations, yield data from various N treatments were 

assumed to have normal distributions, characterized with means 
and standard deviations (Table 4 in the result section).

Table 3: Cost of fertilizer and its application.

Fertilizer Cost ($/kg of Fertilizer)

Fertilizer Type $ per kg  (Mean) Probability Distributions, and Statistics of 
Parameters used for Monte Carlo Simulation Source

Anhydrous Ammonia $0.12 Normal Distribution (Quinn 2016)

(Standard Deviation:0.025)

10-34-0 $0.12 Normal Distribution (Quinn 2016)

(Standard Deviation:0.013)

UAN 28% $0.06 Normal Distribution (Quinn 2016)

(Standard Deviation:0.011)

N-Serve $12.29/ha Triangular Distribution Expert Opinion*

(±10% of the average)

Labor and machinery costs involved in fertilization $/ha

Anhydrous Ammonia $30.26 Triangular Distribution (Plastina et al. 2016)

(Range: $17.29 - 49.40)

Side-dressing $27.54 Triangular Distribution (Plastina et al. 2016)

(Range: $14.82 - 37.05)

Late Season $19.76 Triangular Distribution Expert Opinion*

(Range: $9.88 - 29.64)

Corn Price ($/bushel)

Corn Price $3.54 Normal Distribution (Iowa State University Extension 
2017)

(Standard Deviation: 0.22)

Note: *Farmers and extension specialists in the state were consulted. Cost of $1,108/ha was considered to account the cost involved in seed, 
chemical, machinery and equipment use.It remained same across the treatments.

Table 4: Corn grain yield by N timing and rate treatments.

Corn Yield (ton/ha) Standard Deviation (ton/ha)

Planter N Rates (kg/ha) Planter N Rates (kg/ha)

Timing Treatment 11 45 78 10 40 70

A 8.8 10.6 13.5 1.5 1.9 2

AL 11.8 13.3 15.2 1.2 1.7 1.3

AM 11.9 13.8 15.1 1.7 1.8 1.7

AML 14.7 14.9 15.4 1.2 1.5 1.2

PA 15.5 15.8 15.6 2 1.7 2

PAL 15 15.4 14.9 1.7 1.4 1.2

PAM 15.2 16.1 16 1.2 1.1 1.4

PAML 16.4 15.8 16.5 1.3 1.4 1.3

Baseline 15.2 1.9

Statistical Analyses
Corn yields from various N treatments were analyzed using 

both one-way and two-way ANOVA. One-way ANOVA with 
Tukey test was conducted to examine whether there were any 
significant differences in means of corn yields between eight 
N timing treatments at three planter N rates and the baseline 
treatment. Because the treatments plots were uneven in size, 

equal number of yield observations (i.e., 150 observations per 
treatments) were randomly selected for ANOVA analyses. Tukey 
test provided pair wise comparison between group means. Two-
way ANOVA was used to examine the impact of timing and at 
planting N rates on corn yield. Yield response to N was modeled 
as a quadratic plateau function using nlsfit in ‘R’ statistical 
software package to estimate the economic optimum N rate at 
which yield response to increasing N application plateaus. This 
model was chosen over linear, quadratic and linear plateau 
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models as it provided the highest R2 and lower residuals. In 
models with plateaus, maximum yield occurs at the plateau.

Results and Discussion
Corn yield response to nitrogen application timing 
and rate

Two-way ANOVA showed a significant influence of N 
application timing, N rate at planting, and their interactions on 
corn yield. The average corn yield was highest for the treatment 
PAML that received the maximum amount of N fertilizer, and 
was lowest for the treatment A that received the least amount 
of fertilizer (i.e., only at planting). There was high variability in 
corn yield in treatment A followed by AM, AL and PA, which could 
be attributed to varying degree of N stress in these treatments. 
The amount of N application at planting was found to have 
a significant impact on corn yield of the treatments that were 
unfertilized prior to planting such as A, AL, AM and AML. A high 
degree of N stress due to application of lower amounts of N is 
likely to lower corn yields in these treatments. With an increase 
in the N application rate (i.e., from 11 to 78kg ha-1) at planting, 
corn yields were found to increase significantly (p<0.05) (Table 
4). For the treatments that received N prior to planting (i.e., PA, 
PAL, PAM and PAML), corn yield did not increase significantly 
(p>0.05) with an increased N rate at planting (Figure 1a).

Pairwise comparisons of corn yields indicated that, with 
lower N application at planting, the differences in corn yields 
between baseline and other N timing treatments increased 

significantly (p<0.05). However, with higher N application 
at planting, there were minimum yield differences among N 
timing treatments (Figure 1b). For example, when 11kg N/ha 
was applied at planting, there were significant differences in 
corn yield among treatments such as baseline, AL, AM and PA. 
But, with the application of 78kg N/ha at planting, there were 
minimum differences in corn yield among the same treatments. 
The percent differences in average corn yield from various 
treatments relative to the baseline ranged between -42 to 8%, -30 
to 6%, and -11 to 9% with N application of 11, 45, and 78kg N/ha 
at planting, respectively. Additionally, unlike treatments receiving 
zero N prior to planting, for most of the treatments receiving N 
prior to planting, such as PA, PAL and PAML, the differences in 
corn yield were insignificant. There were significant differences 
(p<0.05) in corn yield between treatments A10, A40 and A70, 
but the difference in corn yield between treatments such as 
PAML10, PAML40 and PAML70 were minimum and insignificant.

In some N treatment plots, the lack of adequate N early in 
the growing season resulted in yield loss that was regained with 
additional N application during V7 and V11 stages (Figure 2). 
This was apparent in the yield response curve of the treatments 
that received 11 kg N/ha at planting. The in-season economic 
optimum N rates were 160, 148 and 95kg ha-1 for treatment plots 
receiving 11, 45 and 78 kg ha-1 N at planting, respectively (Table 
5). This optimum N rate is lower than the N application in the 
baseline treatment. This suggests that in-season N application 
has potential to avoid N related yield loss with lower use of N 
than the baseline.

Table 5: Quadratic-Plateau fit function for corn grain yield as a function of N.

Planter N Pass

Parameters 11 45 78

a 7.67 9.55 12

b 0.08 0.06 0.0416NS

c 0 0 -0.0002NS

R2 0.93 0.95 0.61

Critical N(kg/ha) 160 148 95

Note: NS- not significant at p<0.05.

Figure 1: Mean corn grain yield for baseline and eight N timing treatments at three planter N rates. Within each treatment (a) bars that do 
not share a letter are statistically different at p<0.05, (b) percent difference in yield based on baseline average yield.
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Figure 2: Quadratic-plateau fit of corn grain yield response to 
N application summarized based on three N application rates 
at planting. Critical N indicates the N rate after which corn yield 
response either plateaus or declines. Dashed horizontal and 
vertical lines indicate the yield and N fertilizer use in the baseline 
treatment.

Figure 3: Profit comparison by nitrogen fertilization timing and 
rate. Timing treatments are organized by units of N (kg/ha) with 
planter. Red dashed line indicates net profit under the baseline 
treatment. Boxplots show the distribution of economic returns.

Economic return analyses
Economic return analyses based on Monte Carlo simulations 

suggested that net profit of corn production in various N 
treatments varied considerably, and was related mainly to 
corn yield and the N fertilizer application rate at planting. 
Unlike treatments that received N application prior to planting, 
treatments that received zero N application prior to planting 
were found to yield higher economic return due to in-season 
N applications with higher N at planting. For example, with at 
planting application of 11kg N/ha, treatment PA had the highest 
mean economic return followed by PAML and AML. But with 78kg 
N/ha at planting, the economic returns of treatments such as AL, 
AM and AML was found to be higher than PA, PAL, PAM and PAML 

(Figure 3). Also, the treatments such as AM70, AL70 and AML10 
that received only in-season N applications were found to yield 
higher mean economic returns than the baseline, and returns 
were higher by $1.37/ha, $11/ha and $47/ha, respectively.

Although in-season N application helped recover N stress 
related yield loss to some extent in treatments such as A, AM, 
AL and AML, yields in these treatments were significantly lower 
than the baseline treatment, and resulted in comparatively 
lower economic returns. However, in treatments receiving N 
prior to planting, application of in-season N corn yield was not 
significantly different from the baseline. Use of in-season N 
application was thus an additional cost to these treatments that 
reduced the economic returns of them compared to the baseline. 
For example, although the treatments such as PAML70, PAM70 
and PA70 had higher corn yield than the baseline treatment, the 
increased yield did not cover the additional fertilizer costs.

It is also important to notice that although the mean economic 
returns of various treatments involving in-season N application 
such as AL40, AM40, AML40, A70, AL70, AM70 and AML70 were 
less than the baseline, the range of economic returns from these 
treatments coincided with the range of economic benefit from the 
baseline treatment. This suggests that in-season N treatments 
can provide higher or equivalent economic return than the 
baseline or the treatments with prior N application. Additionally, 
findings of this study suggest that higher application of N does 
not always result in higher yield and economic returns.

Summary and Conclusion
The results from this study demonstrated that the N 

management practices involving in-season fertilizer applications 
with zero N application prior to planting have the potential to 
perform better in terms of both crop productivity and economic 
returns than the N management practices that involve N 
application prior to planting. The study observed the lowest yield 
and economic return from treatment A that received N only at 
planting. Unlike treatments receiving zero N application prior to 
planting, treatments receiving N application prior to planting did 
not show significant increase in yield and economic returns with 
the application of in-season N. Treatments such as AML10, AL70 
and AM70 were found to have higher economic returns than 
the baseline and other N treatments. Although the uncertainty 
analyses based on Monte Carlo simulation suggested that the in-
season N application can perform better than the baseline, the 
findings should be used with caution as these results only reflect 
the performance of certain fertilizer strategies on corn yields of 
one field. Additionally, variabilities in labor costs and price for 
corn and fertilizers were based on only two years of data (i.e., 
2015- 2016). Additional experiments are needed to test similar 
strategies for more fields and years. Although preliminary, 
findings of this study suggest that corn yield can be improved 
by adopting in-season N application practices rather than the 
practices that focus on N application prior to planting.
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