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Abstract. Efficient nitrogen (N) management is critical for sustainable agriculture. The ideal N
management for corn fluctuates annually due to variations in weather conditions. Hence, precise
and in-season N application strategies are essential to achieve optimum corn yield while
minimizing negative impacts on the environment. This study was conducted in two farmers’ fields
located in Autaugaville, AL (Field A) and Courtland, AL (Field B). Each field was delineated into
three management zones (MZs) using historical yield data. The treatments involved three nitrogen
(N) levels: the farmer's N rate, below the farmer's N rate, and above the farmer's N rate (9% of
the farmer's N rate for Field A and +28% of the farmer's N rate for Field B). Each treatment was
applied to 24 corn strips across the field within each MZ. Data was collected on corn ear length,
kernel weight, kernel % moisture, and grain yield. The result revealed variations between the
actual N applied and grain yield. Increasing N above the farmer's rate resulted in an increase in
grain yield in the high MZ. However, in the medium MZ, N applied above the farmer's rate did not
result in any significant increase in grain yield across all fields. In Field A, the highest nitrogen
productivity (NP) was achieved at the lowest N rate (144 kg N ha-1) in both Medium and High
MZs, while the highest yields and profits were observed at higher N rates (200 and 255 kg N ha-
1). In Field B, similar trends were observed, with the highest yields and profits at the highest N
rates (383 and 402 kg N ha-1) in both Medium and High MZs. The EONR varied across MZs,
emphasizing the importance of site-specific N management. The different levels of nitrogen rate
tested suggest that optimized N applications could maintain yields while enhancing NP and
profitability. The study's findings highlighted the benefits of precision agriculture tools for
sustainable and efficient nitrogen management.
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Introduction

The United States of America (USA) is the largest producer and exporter of corn. Although
nitrogen use efficiency (NUE) has decreased in some regions in recent years, other farmers are
increasing nitrogen (N) use to maximize crop yields. However, the over- or under-application of
N fertilizer can lead to detrimental effects such as soil acidification, reduced crop yield, and
increased nitrate pollution in groundwater (Rath et al., 2021). Farmers and crop consultants face
challenges determining the optimal in-season N application rates for corn production due to the
inherent variability in soil properties, within-field variability, and weather conditions. Increasing
NUE does not only rely on identifying the economic optimum nitrogen rate but also addressing
the within-field N needs. This complexity underscores the need for efficient technologies that
consider various factors for prescribing in-season N management.

Several methods such as algorithms based on readings from active or passive remote sensors
(Aula et al., 2020; Franzen et al., 2016) and crop growth models (Sela et al., 2016; Thompson et
al., 2024) have been used to improve in-season site-specific N management. Both approaches
rely on an assessment of past or in-season crop yield. A study conducted in Mississippi across
eight years showed that the use of chlorophyll content-based vegetation indices was more
sensitive to corn nitrogen rate differences than other indices and was better in-season yield
predictors. A study conducted in the upper Midwest pointed out that vegetation indices derived
from either active or passive sensors have a strong power for corn yield prediction at the growth
stages V12 and R1, however, they have limited utility for sidedress application of N which occurs
between the V4 and V8 growth stages (Paiao et al., 2020). In contrast, the use of crop growth
model-based tools such as Adapt N has shown promising results for in-season N management
(Osmond et al., 2018; Sela et al.,, 2016). Adapt-N is a crop-model-based digital application
designed to address these challenges by integrating data on soil conditions, crop status, and
management practices with the latest weather data to prescribe variable rate N applications.
Previous studies have demonstrated the benefits of site-specific N management in enhancing
both economic and environmental sustainability (Barker & Sawyer, 2017; Dobermann et al., 2011;
Wang et al., 2020). These benefits include lower fertilizer costs, higher returns, and reduced
nitrate leaching (van Es et al., 2020). This study evaluates the performance of Adapt-N
prescriptions in on-farm settings across Alabama, comparing its prescriptions with traditional
farmer practices. The study also evaluated the corn response to different N rates across within-
field management zones. The findings from this research contribute to the growing body of
evidence supporting the adoption of precision agriculture tools for sustainable and efficient N
management.

Materials and Methods

On-Farm Experimental fields

In 2023, two on-farm research trials were conducted in corn fields under irrigated
conditions. Field A (32°19'03.5"N 86°48'10.0"W) was located in Northwest Alabama (AL),
and field B (34°41'47.9"N 87°14'38.8"W)) in the Central part of the state. The predominant
soil texture was McQueen silt loam in Field A and Decatur silty clay loam in Field B
(SSURGO, NRCS). The information on the location and basic crop planting information
for each field is summarized in Table 1.
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Table 1. Location and basic crop management information of the study fields

Location Field A Field B
(Autauga, AL) (Courtland, AL)
Test Size (ha) 73 40
Seeding rate (seeds ha™) 79,074 79,074 and 84,016
Planting date 04/11/2023 04/05/2023
Corn hybrid REVERE-1898C DKC 65-99
Row spacing (cm) 91 76
Soil texture McQueen silt loam Decatur silty clay loam
Management Zones

The delineation of Management Zones (MZ) varied between Fields A and B. For Field A,
MZ was calculated based on the spatial corn yield variance. For Field B, MZ matched the
farmer's defined zones based on field knowledge and two seeding rates. Historical yield
data collected from yield monitors were used to calculate spatial yield variance, identifying
two management zones with potentially different crop productivity. This process followed
the methodology outlined by Basso et al. (2012) and Cammarano et al. (2020), which
involves quantifying spatial and temporal variability in crop yield data to delineate zones
for optimized management. The spatial variability of yield for field A from 2022 and 2023
was calculated using the relative percentage difference of yield at each location from the
average yield of the entire field, according to equation (1):

— 1 ik—Vk
o = = Thet [P x 100] (1)

where n is the total number of available years, k = 1, ... , n is the integer corresponding
to every year, o;;% is the average percentage difference at location /, y, is the average of
the variable obtained for the whole field at year kK, y;  is the variable monitored at location
| at year k. Points that have high values of ¢;; are associated with high yields, and lower
values represent lower yields. Figure 2 illustrates the management zones of spatial yield
variance for Fields A and B.
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Fig. 1. Management zones of spatial yield variance delineated based on historical yield data.
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Nitrogen treatments

The corn response to N application across management zones was evaluated using three
different N rates. In 2023, three replications of three N rates ranging from 55 to 166 Kg
N/ha and 133 to 220 Kg N/ha were established at fields A and B, respectively. The N rates
corresponded to an increase (T1) or decrease (T2) of the nitrogen rate with respect to the
rate established by the farmer (Farmer’s practice). In field A, the amount increased or
decreased was 56 kg ha'', while in field B it was 33 kg ha-1, as indicated in Table 2. Each
N treatment covered various corn rows and spanned the length of the field across various
management zones. The liquid Urea Ammonium nitrate (28%-Field A and 32%-Field B)
was used as the N source. The liquid Urea Ammonium nitrate was applied using the liquid
application equipment 11m wide in Field A and 18m wide in Field B. The application was
done in two splits: 1/3 applied at planting and 2/3 applied at the V5-V6 corn growth stage
as side-dress.

Table 2: Information on nitrogen fertilizer application

Time of application Field A Field B
Date Rate (kg ha™) Date Rate (kg ha™)
Pre-planting N/A 0 3/16/2023 130
At planting 4/11/2023 89 4/5/2023 46
Medium MZ
T2: 55 T2: 133
F: 169
T1: 201
At sidedress 5/16/2023 F: 111 5/19/2023
High MZ
T2: 154
T1: 166 F: 188
T1: 220
Nitrogen source UAN (28-0-0)-5S UAN (32-0-0)
Experimental design

The study design is a paired strip trial comparison with three replications, three different
nitrogen rates for Field A, and nine different nitrogen rates for Field B, in two management
zones. The N treatments were applied at the V5-V6 corn growth stage. Field A received
N through a Y-drop surface application system, while Field B utilized a three-point hitch
liquid applicator injection system. Additionally, Field B was applied using a variable rate
prescription map with the John Deere Farmers account based on the layout of the N
treatments. The geometry of the strips was defined based on the width of the farmer’s
equipment, which facilitates the application of the N rates and ensures each pass of the
grain combine will cover the various N rate treatments and also georeferenced the data
collected from each treatment zone. Each N rate treatment on field A was composed of
12 rows and 24 rows on field B.
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Fig. 2. Management zones, N treatments layout, and sampling locations.

The Adapt-N tool

This tool is an adaptive in-season nitrogen (N) recommendation tool created to enhance
the precision of nitrogen applications in corn production. According to Sela et al. (2016),
the tool integrates soil, crop, and management data with real-time weather information to
provide site-specific N recommendations. This approach aims to improve N use efficiency,
increase economic returns, and reduce environmental impacts associated with N fertilizer
application. This tool employs a dynamic simulation model that accounts for various
factors affecting N dynamic in corn fields. By using weather data and detailed site-specific
inputs, the tool can adjust N recommendations throughout the growing season. For
accurate N recommendations, Adapt-N requires weather, soil, crop, management and
fertilizer information where some data is weighted heavier than others, the accuracy on
these inputs influences the quality of the tool recommendation. The inputs rated as high
weight corresponds to soil drainage and organic matter, prior crop, sod information,
expected yield, manure and nitrogen applications, irrigation, cover crops, rooting depth
and soil nitrate test.

In this study, the Adapt-N tool was employed to assess its nitrogen (N) management
recommendations compared to traditional farmer practices during the growing season.
Accounts for two fields were created on the Adapt-N website, where necessary data
inputs were provided. On the day of sidedress application, the Adapt-N tool was used to
generate a variable rate nitrogen prescription map for each field. The goal is to compare
the Adapt-N prescriptions with respect to the farmer’s conventional N application plans,
however, the prescriptions from Adapt-N were not implemented due to the farmers'
apprehensions and the fact that it was the first time using the tool. Instead, the farmers
agreed to test two different rates besides their own rate. By monitoring these different
rates throughout the growing season, | aimed to determine whether the Adapt-N tool could
offer more precise and efficient N management compared to the farmer's practice,
potentially enhancing crop yield, increasing economic returns, and reducing
environmental impacts.
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Data collection

Comprehensive data was collected within each N treatment and management zone,
including measurements of corn ear length and kernel weight at harvest, complemented
by moisture% analysis for yield estimation. In total, 23 and 53 sampling locations were
identified for final yield data collection in fields A and B, respectively. Sampling was
conducted on each treatment by management zone in three replications. In field A,
samples were collected from rows 5 and 7, while in field B, samples were collected from
rows 5 and 15. Corn growth development and final yield data were collected within 91 cm
length/row on two rows/sampling points in each of the N treatments. The data collection
spanned the entire growing season, with specific attention to key growth stages.

Data analysis and calculations

Corn ear length and grain yield as a response to different nitrogen rates and management
zones were subjected to multivariate analysis of variance (MANOVA) to identify significant
differences, using a 90% confidence interval; this analysis was performed using the
function aov from the package stats in R (R Core Team, 2023). The nitrogen productivity
was determined by the ratio of grain yield to the total amount of nitrogen applied (Flynn
et al., 2023). Additionally, the economical optimal nitrogen rate (EONR) was calculated
from the N response equations by setting the first derivative of the fitted response curve
equal to the grain and N fertilizer price ratio (US$ 0.2087 kg-1 grain: US$ 0.49 kg-1 N for
UAN28% and US$ 0.65 kg-1 N for UAN32%) (NASS, 2023).

Results and Discussion

Evaluating Corn Yield Response to Variable Nitrogen Rates and Management Zones
The corn grain yield across different nitrogen (N) treatments and management zones (MZ)
for Fields A and B showed variation. In both fields, an increasing trend in corn yield was
observed as the N rate increased, especially in the High MZ. This suggests that areas
with better soil conditions and higher productivity potential responded more positively to
increased N applications. However, there were no significant differences in yield when
considering N rates, management zones, and their interactions.

In Field A, within the Medium MZ, the farmer's practice of 200 kg N ha™! resulted in the
highest yield among the N treatments, while the 144 kg N ha' treatment yielded the
lowest. Increasing the N application by 56 Kg N ha™' as a side-dress did not result in a
significant yield increase, suggesting that the MZ may have reached its yield potential
with the farmer’s rate. In the High MZ, the 255 kg N ha™' treatment outyielded the other
two N treatments, with the yield difference being more pronounced compared to the
Medium MZ. In Field B, both MZs, showed a moderate yield increase trend as the N rate
increased, particularly when comparing the medium and high rates of 351 and 383 kg
N/ha, respectively. Increasing the N rate by 33 kg N ha™ resulted in a slight yield increase,
indicating that the yield potential might not have been fully reached with the farmer's
practice but was close to optimal. In the High MZ, an exponential trend was observed,
with yield reaching a plateau at 402 kg N ha™', where no significant difference was seen
compared to the farmer's practice.

These results indicate that in both fields, higher N rates generally increased yields,
especially in the high MZ. This suggests that areas with better soil conditions and higher
productivity potential respond more positively to increased N applications and
underscores the importance of tailoring N management to specific field conditions. The
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yield differences across MZs highlight the need for precise N application rates to achieve
both economic and environmental sustainability. Variations in soil fertility, moisture
availability, and overall growing conditions between the Medium and High MZs likely
influenced the differences in yield responses. The High MZs in both fields showed a more
pronounced vyield increase with higher N rates, suggesting better soil conditions and
higher productivity potential.
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Fig. 4. Comparison of hand harvest corn yield across different N rates and management zones.

Corn ear length and yield response

The ear length and corn grain yield response showed distinct trends and variations across
different N treatments and MZ, highlighting the complexity of nitrogen management in
optimizing both yield and crop quality. There was no statistically significant difference in
corn ear length. At field A in the Medium MZ, the farmer's practice of 200 kg N ha-1
resulted in the highest grain yield but not the longest ear length, which was achieved with
the 144 kg N ha™! treatment. Conversely, in the High MZ, both grain yield and ear length
increased as the nitrogen rate increased, with the 255 kg N ha™! treatment leading to the
highest values for both variables. In field B, the Medium MZ has less pronounced corn
ear length differences with respect to the nitrogen rate increase, with moderate values for
both yield and ear length observed at the farmer's practice 351 kg N ha™'. The High MZ
in Field B, the farmer’s rate of 370 kg N ha™' has a slightly greater response among the N
treatments, with the 402 kg N ha™' treatment achieving the highest yield, though ear length
did not increase beyond the farmer's practice level.

The findings on corn ear length are consistent with the results reported by Shigueru
Okumura et al. (2014) that optimal nitrogen rates enhance ear length by improving the
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plant's nutritional status and growth. Furthermore, the study by Inman et al. (2005)
supports the concept of spatial variability and its impact on nitrogen uptake and crop yield.
The variability in ear length observed across different management zones in fields A and
B can be attributed to the site-specific nitrogen management strategies. This suggests
that these specific N rates were more effective in meeting the nitrogen needs of the corn
in these zones, promoting better ear development.
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Fig. 5. Comparison of corn ear length (mm) response across different N rates and management zones.

Nitrogen productivity

The evaluation of nitrogen productivity (NP) across different nitrogen treatments and
management zones in fields A and B revealed distinct trends and highlighted the
importance of optimizing nitrogen application rates for efficient crop production (Table 3).
At field A, in the medium MZ, the lowest nitrogen rate of 144 kg N ha”-1 achieved the
highest nitrogen productivity (NP) of 98.40 kg grain/kg N applied, suggesting that this rate
was the most efficient in converting applied nitrogen into grain yield. Conversely, the
highest N rate of 255 kg N ha™', despite yielding 15,148 kg ha™', had the lowest NP of
59.40 kg grain/kg N, demonstrating diminishing returns at higher N rates. This trend was
similarly observed in the High MZ, where the 144 kg N ha' rate achieved the highest NP
of 103.01 kg grain/kg N, while the highest yield at 255 kg N ha™' corresponded with a
lower NP of 63.75 kg grain/kg N. These findings suggest that applying nitrogen at 144 kg
N ha™ on this field maximizes the crop's ability to utilize available nitrogen effectively
without wastage, which is crucial for both economic and environmental sustainability.

At field B in the medium MZ, the lowest N rate of 315 kg N ha™! had the highest NP of 42
kg grain/kg N applied, while the highest N rate of 402 kg N ha™' had the lowest NP of
35.05 kg grain/kg N applied, similar to the trends observed in field A. In the High MZ, the
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farmer's practice of 370 kg N ha' resulted in the highest yield of 13,921 kg ha™' and a
moderate NP of 37.62 kg grain/kg N, balancing yield and efficiency. The highest N rate,
402 kg N ha™', produced 14,091 kg ha™! but had the lowest NP of 35.05 kg grain/kg N,
reflecting reduced efficiency at the highest N rate. These results indicate that lower
nitrogen rates generally lead to higher nitrogen productivity, highlighting the importance
of efficient nitrogen use. Higher N rates, while increasing yields, tend to decrease NP,
underscoring the need for balanced nitrogen management to optimize both yield and
nitrogen productivity.

Previous research has indicated that the observed trends in NP across fields A and B,
where lower nitrogen rates generally resulted in higher NP, emphasize the need for
optimized nitrogen application rates. Brentrup et al. (2016) argue that balanced nitrogen
use, which maximizes NP, is crucial for sustainability and efficiency to minimize
environmental risks. Similarly, Flynn et al. (2023) show that excessive nitrogen application
can decrease nitrogen uptake and yield, suggesting that lower, optimized nitrogen rates
enhance NP and overall efficiency validating the importance of site-specific nitrogen
management to maximize NP, yield, and sustainability.

Economical optimal nitrogen rate (EONR) and profit ($)

The EONR and corn yield response indicate that higher nitrogen rates generally led to
increased yields but do not always align with the highest EONR (Table 3). At field Ain the
Medium MZ, the EONR was 209 kg N ha™', the highest yield in this zone was achieved
with the farmer's practice of 200 kg N ha™, yielding 15,692 kg ha' on average and
resulting in the highest profit, demonstrating an effective balance between yield and
profitability. In the High MZ, the EONR and treatment N rate of 255 kg N ha™! was the
same, resulting in the highest yield of 16,257 kg ha™' on average and the highest profit.
At field B in the Medium MZ, the EONR was 383 kg N ha" with the highest yield and profit
observed at the highest nitrogen rate of 383 kg N ha™, yielding 14,054 kg ha™' on average.
Similarly, in the High MZ, the EONR was 389 kg N ha™!, with the highest yield of 14,091
kg ha™ at the highest nitrogen rate of 402 kg N ha"'. These results suggest that while
higher nitrogen rates maximize yields and profits, aligning with EONR values is crucial for
achieving both economic and environmental sustainability. The economic and
environmental benefits of site-specific nitrogen management include lower fertilizer costs
and potentially higher returns, as demonstrated by Sela et al. (2017), as well as reduced
nitrate leaching, a critical environmental concern, as shown by Van Es et al. (2020).
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Table 3. Nitrogen Rates, Corn Yield, Nitrogen Productivity (NP), Economically Optimum Nitrogen Rate (EONR), and Profit
Across Different Management Zones and Treatments in Fields A and B.

Field MZ Treat (Tfé‘j'r']g‘) (ggff’]‘;) Pr‘oigl?gtfvr;ty EONR  Profit($)
A Medium_MZ T2 144 14170 98.40 209 2887
A Medium_MZ F 200 15692 78.46 209 3177
A Medium_MZ 1 255 15148 59.40 209 3036
A High_MZ T2 144 14834 103.01 255 3025
A High_MZ F 200 15022 75.11 255 3037
A High_MZ 1 255 16257 63.75 255 3268
B Medium_MZ 1 315 13230 42.00 383 2607
B Medium_MZ F 351 13081 37.27 383 2558
B Medium_MZ T2 383 14054 36.69 383 2745
B High_MZ 1 336 12491 37.18 389 2442
B High_MZ F 370 13921 37.62 389 2724
B High_MZ T2 402 14091 35.05 389 2744

Conclusion

This study demonstrates that optimizing nitrogen application rates is crucial for enhancing
corn yield, ear length, nitrogen productivity (NP), and achieving the economically optimum
nitrogen rate (EONR). The findings indicate that higher nitrogen rates generally lead to
increased yields, particularly in high-productivity zones, but do not always align with the
highest NP values. In Field A, the highest NP was observed at the lowest N rate, while
the highest yields and profits were achieved at higher rates. Field B exhibited similar
trends, with the highest yields and profits corresponding to the highest nitrogen rates. The
EONR from field A demonstrates that in the Medium MZ, the EONR was 209 kg N ha™',
which closely aligned with the farmer's practice of 200 kg N ha™'. This rate resulted in the
highest yield of 15,692 kg ha™' and the highest profit, highlighting an effective balance
between yield and profitability. In the High MZ, the EONR and the highest yield were
achieved at the same nitrogen rate of 255 kg N ha™, yielding 16,257 kg ha™! and resulting
in the highest profit. In contrast, in field B, both MZ showed that the highest yield and
profit were observed at the highest nitrogen rate of 383 and 402 kg N ha', respectively.
These findings highlight the benefits of precision agriculture tools in achieving economic
and environmental sustainability through tailored nitrogen management strategies.
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