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ABSTRACT

Urea is the most commonly used N fertilizer, but has been found to be easily lost
to the environment through volatilization and leaching. Enhanced efficiency fertilizers
(EEF) have been developed to help prevent these losses. Field studies were conducted
from 2009 to 2011 to determine the efficacy of five enhanced efficiency (EE) urea
products compared to untreated urea, when surface-applied to no-till maize (Zea mays
L.) grown on a Mexico Silt Loam (fine, smectitic, mesic, Vertic Epiaqualf). Multiple
methods were employed to analyze the EE urea products. To determine NH3
volatilization, a static semi-open chamber system was employed to trap NH3 in foam
sorbers soaked with 0.73 M H3PO4:33% glycerine (v:v) solution. Cumulative volatilization
losses at 82 d after application ranged from 163 mg N m-2 to 767 mg N m-2 (2.57% to
8.37% of the applied N). Soil NO3- and NH4+ levels were also measured to follow the
plant available N throughout the season. Soil NH4+ and NO3- levels were highest at
approximately 30 days after fertilization and then significantly declined. Products that
delayed the release of N the longest, such as Duration-75 and ESN, produced higher
yields independent of ammonia volatilization.
Maize leaf or canopy characteristics were assessed using a chlorophyll meter,
reflectance spectrometry, and aerial imaging to examine whether treatment differences
could be detected with these approaches. Normalized difference vegetation index
(NDVI) and green normalized difference vegetation index (GNDVI) were calculated
based on spectroradiometer measurements and NDVI was also calculated based on
1

aerial imaging. It was determined that both NDVI and GNDVI correlated best with N
concentration early in the season. Through aerial imaging, yield maps were produced
that gave indication of the effectiveness of each product.

2

1. INTRODUCTION

The fertilizer industry, and in effect the agriculture industry, is constantly being
evaluated for its role in overall environmental health. Both public and private sectors of
the fertilizer industry are working to increase fertilizer efficiency, while maintaining or
lowering costs. Research is being conducted to increase fertilizer efficiency through
evaluation of available products and development of new products with a large focus on
nitrogen (N). Nitrogen is a macronutrient; a nutrient that is needed in large quantities
by plants, and typically applied in the largest amounts to non-legumes. Nitrogen is a
critical nutrient throughout the lifecycle of all plants. It is a building block for DNA, RNA,
proteins, enzymes, chlorophyll, and is critical in many metabolic processes throughout
the plant.
Presently, the most common N fertilizer worldwide is urea (CO(NH2)2). The
International Fertilizer Industry Association (IFA) reported that world urea usage was
more than 56 million Mg in 2009 (IFA, 2011). Nitrogen-phosphorus-potassium (NPK)
compounds and ammonium phosphate (AP) were the next most utilized N sources
worldwide with 7.5 million Mg each (IFA, 2011).
The United States used approximately 11 million Mg of N fertilizers in 2009.
Direct applied ammonia (NH3), usually in the form of anhydrous ammonia (AA),
accounted for 29.5%, N solutions accounted for 27% and urea accounted for 21%. These
three forms of N fertilizers are the most commonly used each year (IFA, 2011).
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Missouri producers used more than 759,000 Mg of N in Fall 2010 - Spring 2011
and urea accounted for approximately 26% of this N (Service, 2009). Urea utilization is
slowly increasing each year due to the high prices and the difficult application of other N
fertilizers. Anhydrous ammonia used to be the predominate form of N fertilizer applied
in the United States and Missouri. In Fall 2010-Spring 2011, AA accounted for 27% of the
N fertilizer used in Missouri (Service, 2009). Producers are moving away from AA and
ammonium nitrate (AN) fertilizers as they are becoming more tightly controlled and/or
expensive.
The price of N fertilizers has drastically increased over the last 10 years. The
nearly tripling of the price has been a result of high energy inputs needed to produce
fertilizers. Loss of fertilizer via NH3 volatilization or nitrate (NO3-) leaching compounds
this problem as producers purchase fertilizer that will never reach their crop. Lost N will
ultimately affect a producer’s profit. Despite this loss, many producers have switched to
using urea as their N fertilizer since the price of AA has quadrupled, whereas the price of
urea has tripled (Huang, 2009).
The ease of transport and high percentage of N (46%) for urea fertilizer has also
contributed to increased usage. Urea is produced by combining liquid NH3 and
compressed carbon dioxide, made deliberately or as a by-product when refining natural
gases, petroleum, and coal. During production, urea is formed into prills or granules for
ease of handling, transport, and application. The urea is coated with a compound that
prevents “caking,” adding to the ease of international transport (Overdahl et al., 2012).
Despite the numerous benefits of urea, such as high N concentration and easy handling,
4

there are several drawbacks. Urea is readily hydrolyzed by urease, an enzyme
ubiquitously found in agricultural soils and predominately produced by bacteria and
fungi and can be found in plant residues and organic matter (OM). Urease causes the
transformation of urea into NH4+. The NH4+ can be taken up by plants or lost from the
soil through various pathways. One pathway of loss is the conversion of NH4+ to NH3.
Once in the NH3 form, the N can be lost through volatilization. Ammonium (NH4+)can
also be converted to nitrite (N02-), then NO3-, which can be lost through leaching. The
conversion of NH4+ into N02-, and then into NO3- is catalyzed by Nitrobacteria,
specifically Nitrosomonas and Nitrobacter, respectively. Plants must take up N from the
soil either as NH4+ or NO3-, with NO3- being the form most commonly taken up by plants.
The pathway that urea follows creates opportunity for N to be lost at almost every step
(Figure 1).
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Figure 1. The nitrogen cycle.
Nitrogen fertilizers can be lost through numerous processes. Volatilization is the
loss of N through NH3 gas being emitted to the atmosphere (Vitousek et al., 1997). Many
values have been reported for NH3 volatilization, ranging from 3% (McInnes et al., 1986)
to 30% (Fowler and Brydon, 1989; Fox and Hoffman, 1981; Keller and Mengel, 1986) and
some reporting losses of 50% or greater (Ernst and Massey, 1960; Fenn and Kissel, 1973;
Hargrove et al., 1977). Denitrification is the loss of N when nitrogen gas (N2) and nitrous
oxide (N2O) gas are released from the soil. Leaching is the loss of N by way of NO2- and
NO3- into subsoils, out of reach of plant roots (Vitousek et al., 1997). This can lead to
6

reduced water quality in surrounding areas and watersheds. Nitrate plus NO2- levels are
regulated by the EPA to be no more than 10 mg L-1 of drinking water (EPA, 2012).
Pathways of N loss limit the amount of N that is readily available to plants ultimately
resulting in lower yields to producers.
The forms of N that are released to the atmosphere each have a different impact
on the N balance and the environment. Nitrous oxide can lead to acid rain and has
Global Warming Potential (GWP) as it is considered a greenhouse gas (Lashof and Ahuja,
1990). Excess NO3- can cause eutrophication, hypoxia and the formation of carcinogenic
nitrosamines (Rabalais et al., 2002). While all these forms of N naturally occur in the
environment, humans have changed the ecological balance through cultural practices.
Large scale application of fertilizers for agricultural practices greatly contributes to the
accumulation of N compounds. Ecological concerns have led to extensive research for
fertilizer N loss prevention from previously mentioned pathways (Vitousek et al., 1997).

1.1 Enhanced Efficiency Fertilizers
Due to the widespread usage of urea, researchers have focused on identifying
ways to increase efficiency by reducing N volatilization and/or leaching. In recent years,
many fertilizer companies have developed products to increase N fertilizer efficiency.
The resulting N fertilizers have been labeled Enhanced Efficiency Fertilizers (EEF). A
number of strategies have been developed to alter the fate of fertilizer N in the soil. The
approaches include polymer coatings, urease inhibitors (UI), and nitrification inhibitors
(NI), with UI and NI being used together or separately. Polymer coatings encase the N
7

fertilizer and are activated by temperature and soil moisture. When soil temperature
and moisture reach the correct levels, the coating begins to deteriorate, allowing the
fertilizer to be released to its surroundings. The UIs block the process of the urease
enzyme found in all soils. Among UIs, N-(n-butyl) thiophosphoric triamide (NBPT) has
been noted to be the most effective compound. It was able to retard hydrolysis in soils
ranging in pH, organic C, sand and clay by an average of 76% for seven days and 39% for
fourteen days. In two of the tested soils, NBPT was able to retard hydrolysis by 92% for
seven days and 91% for fourteen days. NBPT is able to form a stable complex with urea
(McCarty et al., 1989), thus slowing the pH and NH4+ concentration increase and
reducing the rate of hydrolysis, resulting in a decrease of urea-NH3 volatilization
(Bremner and Chai, 1986). The NIs block NH4+ from being converted to NO3- by
interfering with the Nitrosomonas and Nitrobacter bacteria that cause the conversion
(Nelson and Huber, 1992). All three approaches are used with urea fertilizers in an effort
to decrease urea loss through volatilization and leaching. Each of the three types of
products is designed to protect urea from hydrolysis or nitrification until the plants are
at a developmental stage that would enable them to use significant amounts of N. This
aids in the prevention of fertilizer loss while providing N to plants when it is needed in
large quantities.
Urea EEFs have many environmental factors to overcome as well as shifts in
cultural practices that can affect the placement and means of application. All of these
influences affect the fertilizer use efficiency (FUE). Advances in FUE are being made by
improving crop N uptake efficiency as well as improving the fertilizers themselves.
8

Nitrogen fertilizer use efficiency can be influenced in numerous ways including: form of
N applied (Andraski and Bundy, 2008; Fox and Hoffman, 1981; Wang and Below, 1992),
tillage practice (Andraski and Bundy, 2008; Jones et al., 1969), amount and type of
residue remaining on the field (Andraski and Bundy, 2008; Eckert et al., 1986; Jones et
al., 1969; Maskina et al., 1993), rate of fertilizer applied (Ma et al., 2010; Volk, 1959),
timing of fertilizer application (Ma et al., 2010; Meyer et al., 1960), application method
(granular, liquid, injected, banded, pre-plant, sidedress, etc.) (Bandel et al., 1984; Fowler
and Brydon, 1989; Fox et al., 1986; Mengel, 1982; Meyer et al., 1960; Raun et al., 1989;
Volk, 1959), soil moisture and/or rainfall after application (Clay et al., 1990; Fox and
Hoffman, 1981; Jones et al., 1969; Keller and Mengel, 1986; Ma et al., 2010; Meyer et
al., 1960; Raun et al., 1989; Rozas et al., 1999; Unger, 1978), soil temperature (Clay et
al., 1990; Fisher and Parks, 1958; Rozas et al., 1999; Volk, 1959), soil type (Giocchini et
al. 2008; Bremner and Chay 1986; Watson et al. 1994), soil pH and CEC (Ernst and
Massey, 1960; Meyer et al., 1960; Volk, 1959), and other factors.

1.2 Factors Affecting Nitrogen Fertilizer Use Efficiency
1.2.1 Soil Type
Soil type can play an important role in nitrogen FUE. Clay is a small particle (<2
µm) that has more surface area per volume than sand (0.0625 – 2 mm) or silt (>2 µm 0.0625 nm). Soils with higher clay content can retain more N due to increased surface
area.
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The Central Claypan Areas cover ~4 million ha in Missouri and Illinois (USDANRCS, 2006). A claypan is a dense clay layer 0.1-0.6 m below the soil surface resulting in
slow permeability of water and nutrients (Jiang et al., 2007; Myers et al., 2007). Claypan
soils are classified as having horizons that are 45-65% clay (Bray, 1935), which can affect
the movement of fertilizers through the soil and attachment to soil particles making
nutrients unavailable for plant uptake. Clay loses less N than sand and silt because of its
ability to retain nutrients on its surface. For instance, Gioacchini et al. (2002) showed
that, of 120 kg ha-1 urea that was applied, a silt loam soils lost 11.6 kg ha-1 of the urea
while clay loam soils lost only 4.8 kg ha-1. Further, they found that treatment of urea
with NBPT dramatically reduced losses of N in both silt loam and clay loam soils (91%
and 54%, respectively) (Gioacchini et al., 2002). Other researchers have shown that
NBPT urease inhibitors are less effective in soils with high organic C and high clay
content than in soils with high sand content (Bremner and Chai, 1986; Watson et al.,
1994).
1.2.4 Soil pH
Ernst and Massey (1960) showed that increasing soil pH can significantly increase
NH3 volatilization. They found that, at soil pH of 5.0, loss of N applied due to
volatilization was less than 10% while at soil pH of 7.5 losses approximated 50%.
Research conducted by Meyer et al. (1960) concluded that N loss via NH3 volatilization
decreased with decreasing soil pH. In this research, loss of NH3 from soil with a pH of 5.6
was less than 4%, whereas a soil with a pH of 7.8 had a loss of 16%. When urea was
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treated with NBPT, NH3 volatilization was reduced 100 times over untreated urea. When
soil pH was investigated, it was noticed that soil pH increased from 6.5 to 7.2 with NBPT
treated urea, while soil pH increased from 6.5 to 9.0 in urea only and DCD treated urea
treatments (Clay et al., 1990). This propensity of NBPT to reduce the increase of soil pH
could be a major contributor to its effectiveness as a UI. Loss of NH3 from surface
applied urea can also be substantial in soils with less than 10 meq of exchange capacity
or an absorption potential below 1.5 mg (Volk, 1959).
1.2.6 Rainfall
Rainfall amount and timing as well as soil moisture content can strongly affect urea
breakdown and efficiency. Meyer et al. (1960) conducted a greenhouse study to test
the influence of simulated rain events shortly after fertilizer application. They concluded
that when rain occurred immediately after broadcast application of urea, there was no
loss of NH3 from the urea. These results were similar to effect of urea incorporation into
the soil. Further, Fox and Hoffman (1981) found that rainfall of at least 10 mm soon
after urea application minimized NH3 volatilization. However, volatilization increased
for each day without rain or with less than 10 mm of rain with low rain resulting in
volatilization of 30% or greater. Keller and Mengel (1986) went a step further to state
that volatilization from urea could be nearly stopped by 25mm of rainfall. Broadcast
urea with moisture around the time of application can help equalize yields to that of
banded or dribbled fertilizer application in no-till maize (Raun et al., 1989). Based on

11

their work on N volatilization, Ma et al. (2010) concluded that rainfall was the most
important factor affecting NH3 volatilization.
1.2.2 Tillage
Tillage practice, especially in combination with fertilizer application method
(broadcast, incorporated, granular, liquid, etc.), can have a huge effect on FUE. When
the N fertilizer is placed below the soil surface, less N is lost than when surface applied.
This can be seen by a reduction in loss as NH3 through volatilization (Mengel, 1982).
Nevertheless, fertilizer application method is usually determined by the tillage practice
used by the producer. Conservation tillage (CT) practices have both advantages and
disadvantages but are becoming more common in Missouri for a variety of reasons. In
CT systems, residues remain on the soil surface. At the time of planting, a narrow furrow
is cut into the ground into which seeds are placed and covered with soil, causing
minimal disturbance to the soil. Conservation tillage practices can help protect against
soil and water loss, can result in higher yields, increase utilization of sloping topography,
provide greater CO2 sequestration, and reduce inputs such as labor, machinery and fuel.
Disadvantages also exist with CT including: possible increase in pest pressure and
delayed crop emergence in the spring due to slower increase of soil temperature
(Crosson, 1981).
Conservation tillage has increased from 37% to 42% in Missouri from 2005 to
2010, respectively (Team, 2011). As conservation tillage practices, including no-till,
become more common in Missouri, the fertilizer form used must be adjusted for
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increased efficiency. Urea is more effective when incorporated into the soil, however, in
a no-till situation, incorporation is not possible. Urea ammonium nitrate (UAN) and
anhydrous ammonia can be surface applied or knifed into the soil. When these
fertilizers are surface applied, a greater percentage is lost, mostly due to lack of
necessary moisture. When moisture is insufficient, the fertilizer remains on the soil
surface where breakdown begins, increasing losses due to wind moving gaseous N from
the soil surface to the atmosphere (Malhi et al., 1996).
No-till systems can also affect soil microbes. Nitrifying and denitrifying bacteria
were both found in higher concentrations in no-till soils than in conventionally tilled
soils but were found to metabolize N sources slower (Doran, 1980). This can result in
less N being available to plants.
1.2.3 Residue
The amount of residue remaining from the previous crop can have a large effect
on N fertilizer loss and FUE. Different tillage methods leave a range of residue amounts
on the field, with no-till leaving the most residues.
The influence of residue can be seen in the diurnal cycles of soil temperature and
water. The temperature amplitudes were greater in bare soil than residue covered soil
(9°C and 4°C respectively). Soil water amplitudes were greater in bare soil (4 kPa) than in
residue covered soil (2 kPa). Residue cover reduced NH3 volatilization due to increased
soil moisture. Ammonia volatilization was highest two days after urea application,
corresponding to the daily maximum soil temperature and decreasing soil water content
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(Clay et al., 1990). Volk (1959) reported that colder soil temperatures reduced NH3
losses, at least initially. Increasing soil temperature can significantly affect the amount
of NH3 and NO3- found in soil due to urea hydrolysis (Fisher and Parks, 1958). However,
while lower soil temperatures cause lower N loss by slowing soil microbe metabolism, it
also slows plant growth (Andraski and Bundy, 2008). Jones et al. (1969), compared
conventional tillage to no-till, and found that no-till plots yielded more grain than
conventional tillage plots, unless the conventional tillage plots were mulched. They
attributed this to the soil moisture content of these two treatments as the conventional
tillage with mulch and the no-till plots maintained higher water content and lower
runoff levels than plots that were conventional tillage only. A major factor to the
efficacy of the residue on soil moisture is the previous crop type and amount of previous
crop residue remaining. It can play a role in the yield of subsequent crops, N retention in
the soil, and plant available N (Eckert et al., 1986).
However, residue can have a negative influence on FUE. Application of urea to
OM rather than directly to the soil, results in greater NH3 volatilization losses (Meyer et
al., 1960; Volk, 1959). Soil moisture can help prevent NH3 volatilization and runoff but it
may still cause an increase in N loss through leaching and denitrification (Unger, 1978).
Decaying residue can immobilize a significant portion of the N applied when used in a
no-till system. This causes less N to be available to the crop (Doran, 1980). The
immobilization of N, via mineralization and nitrification, is greatest when approximately
60% of the soil pore space is filled with water. Due to the nature of increased residues
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maintaining high soil water content, N immobilization can be seen at its greatest in soils
that have high amounts of residues returned to the field (Maskina et al., 1993).
1.2.5 Fertilizer types
Producers have the opportunity to apply many different types of N fertilizers.
Available N fertilizers include direct applied, AN, AP, ammonium sulfate (AS), calcium
ammonium nitrate, NK compounds, NPK compounds, N solutions, urea, UAN, and
others. Each product has its advantages, whether it is ease of transport, ease of
application, percent N, cost, or perceived effectiveness. Producers in Missouri most
commonly use AA and urea. In March 2011, the price of AA was $737 Mg-1, while urea
was $518 Mg-1. These prices can be deceptive due to the difference in N percentage of
each product. The N percent for AA is 82% compared to 46% in urea. When figured for
168 kg ha-1 (common recommendation for maize in Missouri), AA costs about $169 ha-1
whereas urea costs approximately roughly $211 ha-1 (Wen, 2011). While the direct price
of AA is less, other considerations must be evaluated. Anhydrous ammonia is applied as
a liquid that must be stored under pressure, which can be dangerous, therefore the
applicator must have permits and specific equipment. Urea, on the other hand, is
granular making it easier to apply with regular fertilizer equipment and is much less
dangerous.
The type of N applied can affect how the fertilizer interacts with the
environment, and ultimately, how much is lost. When comparing incorporated AN and
AS with surface applied urea and UAN, urea and UAN produced less grain yield with
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lower N uptake by the plants. The urea and UAN also had volatilization levels up to 35%
(Fox and Hoffman, 1981). By comparing yield of maize fertilized with urea or AN, Fowler
and Brydon (1989) showed that yield differences were due to less N being available for
the crop as a result of denitrification or volatilization. Plants take up N mostly in the
form of NH4+ and NO3-. However, the relative availability of NH4+ and NO3- may influence
plant performance. For wheat, Wang and Below (1992) found that when N fertilizers
contain 25% NH4+-N compared to only NO3--N, yields were increased by up to 35%.

1.3 The Use of FUE-ND and FUE-15N to Determine Nitrogen Fate
Nitrogen is a nutrient that when applied to an agriculture field, can follow a
number of pathways; it can be taken up by a plant, volatilized as NH3, leached through
the soil, mineralized, etc. Determining the fate of N can be very informative for efforts
aimed at improving FUE. As N has steadily increased in price and the public has become
more aware of N pollution, research to improve FUE has seen an increase as well. This
research has been focused on chemical additives and cultural practices as well as
breeding for greater N use efficiency (NUE, amount of biomass or grain produced per
unit N in the plant). Fertilizer use efficiency and N partitioning have been investigated in
maize using either the N difference method (FUE-ND) or the 15N isotope dilution method
(FUE-15N). The FUE-ND is calculated as follows:
%FUE-ND = (PlantNfert – PlantNnonfert)/FertilizerN X 100
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where PlantNfert is total plant N (kg ha-1) from aboveground biomass for fertilized plots,
PlantNnonfert is total plant N (kg ha-1) from aboveground biomass for unfertilized plots,
and FertilizerN is the amount of fertilizer N (kg ha-1) applied (Rao et al., 1991).
The FUE-15N method utilizes the stable isotope 15N to trace N into and through a
plant. It is calculated as:
%FUE-15N = (a X TN)/(f X FertilizerN) X 100
where a is the atom% excess (above ground) in the plant tissue, f is the atom% excess in
the fertilizer, TN is the total amount of N (kg ha-1) in the above ground biomass, and
FertilizerN is the amount of fertilizer applied (kg ha-1) (Hauck and Bremner, 1976). This
method allows for the discrimination of soil derived N versus fertilizer derived N. The
natural abundance of 15N in the atmosphere is 0.3663 atom% 15N (Junk and Svec, 1958).
However, soil microbes discriminate against 15N over 14N (Shearer and Kohl, 1986)
causing soil to have slightly higher 15N levels (~0.3697 atom% 15N) (Karamanos et al.,
1981; Shearer et al., 1978; Steele et al., 1981). This method can compare enriched-15N
material to natural abundance material to determine FUE.
Many studies have been conducted to trace N through the plant to determine
pathways and mechanisms as well as allocation and remobilization of N in different
tissues. Below et al. (1985) used 15N to determine the efficacy of foliar-applied N. They
used 15N to trace the absorption and mobilization of N through the plant around the
time of anthesis. Gallais et al. (2006) utilized 15N to account for N remobilization via
amino acids from stover to grain, showing that newly synthesized amino acids that were
found in the grain had been first assimilated in the stover prior to being translocated
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into the grain. In a field experiment comparing high and low N levels, grain yield and N
accumulation were significantly reduced under low N rates. It was also observed that
the major source for grain 15N was from the stalk and leaves (45% each), while the roots
accounted for very little of the final grain 15N (Weiland and Ta, 1992). However,
discrepancies have been noted for the N taken up and is the amounts found in the endof-season aboveground biomass. Francis et al. (1993) used FUE-15N to determine the
source of the discrepancy. They hypothesize that 52 to 73% of unaccounted fertilizer
was most likely due to loss of N from above ground biomass, probably in the form of
NH3.
Fewer studies have been conducted on a field-wide basis to determine how
management practices affect FUE using 15N. While investigating FUE-15N, Nissen and
Wander (2003) found that no-till systems leached less N due to less N being available
early in the season compared to conventional tillage. Mapiki et al. (1993) conducted a
study to determine the affect of fertilizer rate on FUE and found that, as fertilizer rates
increased, FUE decreased. Total recovery by the plant and soil was 75% for 40 kg N ha-1,
55% for 80 kg N ha-1, and 54% for 120 kg N ha-1.
Despite the research conducted on FUE and tracing it through the plant, neither
the FUE-ND nor the FUE-15N methods has been utilized to determine the fate of
enhanced efficiency urea products in maize.
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1.4 The Use of Non-Destructive Tools to Determine Plant N Status
According to the National Research Council, in 1997, remote sensing was defined
as “the acquisition of information by a recording device not in physical contact with an
object being studied. Devices such as cameras, radar, lasers, or radio receivers can
collect information from remote locations such as airplanes or satellites” (Committee on
Assessing Crop Yield: Site-Specific Farming et al., 1997). Such diverse technology can be
applied to many different areas of research. This technology has been used for decades
but new applications are constantly being sought. Application of remote sensing for
agricultural purposes has garnered much attention for its use to determine plant health
and predict yields during the field season.
An early index resulting from remote sensing application on plants was the ratio
vegetation index (RVI), which is computed by dividing near-infrared reflectance (NIR) by
red reflectance (Jordan, 1969). Since then, many equations have been formulated to
modify and improve upon RVI to make it more useful in specific situations. One such
equation that is used to estimate green biomass would be the normalize difference
vegetation index (NDVI), where NDVI = (NIR-Red)/(NIR+Red) (Tucker, 1979).
Photosynthetically active radiation (PAR) absorbed by the canopy is the basis for the
correlation between NDVI and green biomass (Sellers, 1985; Sellers, 1987). One big
advantage in using remote sensing is the ability of the researcher to collect nondestructive data on the same plants, throughout the plant life cycle. This can be
important when working with small research plots. Remote sensing also allows
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diagnostics to be run on the same day on fields with a variety of treatments or at
different locations.
1.4.1 SPAD-502 Chlorophyll Meter
Certain nutrients, or lack thereof, can alter leaf and canopy light reflectance and
transmission, sometimes not visible to the human eye. Non-destructive tools can be
used to determine reflectance and/or transmission of light which can serve as surrogate
measures for relative nutrient content. Chlorophyll meters such as the SPAD-502
chlorophyll meter (Konica Minolta, Marunouchi, Chiyoda-ku, Tokyo, Japan) have
commonly been used to determine the health of a plant, especially in reference to plant
N status. The SPAD meter determines N content by giving a value of relative greenness.
This value of relative greenness can be directly related to plant N status due to N being a
major component of chlorophyll.
1.4.2 Indices Derived from Spectral Reflectance
Another noninvasive method to determine plant N levels is to examine leaf or
canopy reflectance using a spectrometer. Depending on manufacturer, field portable
spectrometers can measure reflectance across a wide range of wavelengths and specific
resolution of wavebands. For instance, a measurement range from 350 to 1800 nm
provides reflectance data for the visible spectrum as well as part of both the ultraviolet
and infrared spectra. This wide range can give information on radiation that is not
visible to the human eye, but that can have a large impact on plant life. The normalized
difference vegetation index (NDVI), where NDVI = (NIR-Red)/(NIR+Red), and the green
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normalized difference vegetation index (GNDVI), where GNDVI = (Green – Red) / (Green
+ Red) (Gitelson et al., 1996), are two indices commonly used for remote sensing of
plant material. Research has shown that NDVI measurements taken throughout the
growing season can help predict yield as well as FUE (Wiegand et al., 1991). Shanahan et
al. (2001) demonstrated that by spectral reflectance data to generate GNDVI during
midgrain filling, yield could be predicted with high probability. Ma et al. (1996) and
Aparicio et al. (2000) found that both indices could be positively correlated to yield with
best results occurring at anthesis.
1.4.3 Aerial Imaging
Aerial imaging can also provide spectral reflectance data than can be used to
calculate indices and/or to generate yield maps over large areas. Depending on the
cameras used, specific wavelengths are captured. For example, an Agricultural Digital
Camera (ADC) (Tetracam, Chatsworth, CA), records bands consisting of NIR (760-900
nm), Red (630-690 nm), and Green (500-570 nm). With the correct control colors in the
image, the color of a crop can be determined. As with the spectral reflectance data, the
color from an aerial image can give information as to the plant health. Blackmer et al.
(1994) demonstrated that N –deficient plants reflect more light than non-N-deficient
plants across the entire visible light spectrum. Leaf reflectance is negatively correlated
to chlorophyll content in the blue band (approximate wavelengths of 550 nm or 600
nm)(Adcock et al., 1990; Blackmer et al., 1994), and positively correlated to the nearinfrared band (approximate wavelength of 800 nm)(Adcock et al., 1990).
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Milfred and Kiefer (1976) determined through aerial imaging that photographs
taken of a crop at physiological maturity could provide information on crop canopy
differentiation in uniformly managed fields. However, to be effective as management
tools, aerial images need to be conducted early enough to allow implementation of
remedial management practices. Aerial imaging can also be a tool used to determine N
product efficacy as well as making early season predictions which could be useful for
testing and breeding programs.
Chlorophyll meters, spectral reflectance and aerial imaging can be used to
determine the health of a plant, and more specifically N status of the plant. That being
the case, remote sensing and digital image processing may be a viable way to determine
the efficacy of different treatments.

1.5 Objectives
The goal of this research was to determine the effectiveness of several types of
enhanced efficiency urea fertilizer products on maize growth and yield. Several
experiments were conducted with specific objectives designed to assess the fate of
fertilizer N, quantify maize growth and yield, and determine maize fertilizer use
efficiency of enhanced efficiency urea when the fertilizer is broadcast, surface-applied
on a no-till field.
Objective of Experiment 1: Determine the effect of enhanced efficiency urea
products on maize yield, seasonal soil mineral N dynamics, and N lost as gaseous NH3.
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Experiment 1: The first experiment was designed to determine how different EEF
urea products influence maize yield, soil mineral N pools, and NH3 volatilization losses
from the cropping system. Grain yield and seasonal soil NO3- and NH4+ dynamics were
determined in plots treated with enhanced efficiency urea products to understand the
amount of N from urea that is incorporated into the soil from rainfall and relate this to
the propensity for gaseous losses. A static, semi-open chamber system was used in
which foam sorbers impregnated with a 0.73 M H3PO4:33% glycerine (v:v) solution to
trap NH3 volatilized from the different urea products.
Objective of Experiment 2: Examine the use of non-destructive tools for their
suitability to predict plant N status, plant N content, and yield of maize treated with
enhanced efficiency urea products.
Experiment 2: The second experiment was designed to use non-destructive
sampling as a means of early yield prediction. Non-destructive techniques included a
SPAD-502 chlorophyll meter, spectral reflectance data from an analytical spectral
device, and aerial imaging. The SPAD meter and analytical spectral device were used to
test whether they could effectively predict yield and N concentration in maize when
enhanced efficiency urea fertilizers were used to test for differences among treatments.
The aerial imaging was used to create yield maps to potentially be used to predict yield
for each product.

The experimental setup to accomplish objectives 1 and 2 was also used to collect
data for determination of FUE-ND and FUE-15N. However, since the research examining
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the fate of 15N labeled fertilizer is still ongoing and not part of my MS thesis, the data
collected to date are assembled in the Appendix only.
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2. INFLUENCE OF ENHANCED EFFICIENCY UREA FERTILIZER APPLICATION ON
MAIZE YIELD, SOIL AMMONIUM AND NITRATE LEVELS AND LOSS OF
AMMONIA

2.1 Abstract
Urea is the most commonly used N fertilizer worldwide, but can be easily lost to
the environment through volatilization and leaching. Enhanced efficiency fertilizers
(EEF) have been developed to help prevent these losses. Field studies were conducted
from 2009 to 2011 to determine the efficacy of five EEF urea products compare to
untreated urea when surface applied to no-till maize (Zea mays L.) on a Mexico Silt
Loam (fine, smectitic, mesic, Vertic Epiaqualf). Yield varied from year to year, but
products showed distinct trends with UAN and Duration-75 producing the highest yields
and the UI/NI products being equal to untreated urea. Measurements of top-soil nitrate
and ammonium levels were conducted to follow the plant available N throughout the
season. Levels were highest at approximately 30 days after fertilization and then
declined. However, soil ammonium and nitrate levels were influenced by product type;
the polymer coated products, Duration-75 and ESN, as well as UAN produced the
highest level of ammonium while the urease and nitrification inhibitors, Agrotain,
Nutrisphere, and SuperU, produced the higher nitrate levels. To determine ammonia
volatilization, a static semi-open chamber system was employed using foam sorbers
soaked in 0.73 M H3PO4:33% glycerine (v:v) solution to trap ammonia. Over the course
of 82 days following fertilizer application, cumulative volatilization ranged from 2.57 to
8.37% of the nitogen applied, but volatilization of specific products varied among years,
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most likely as a result of differing rainfall patterns. Application of products that delayed
the release of N the longest, such as Duration-75 and ESN, resulted in higher yields
independent of ammonia volatilization.

2.2 Introduction
The most commonly used N fertilizer worldwide is urea (CO(NH2)2). The
International Fertilizer Industry Association (IFA) reported that in 2009 world urea usage
was more than 56 million Mg. The N fertilizers that are most commonly used after urea
were nitrogen-phosphorus-potassium (NPK) compounds and ammonium phosphate
(AP) with 7.5 million Mg each (IFA, 2011). Urea is commonly used because it is easily
transported and applied as well as having a high percent of N (46%). Despite this, there
are drawbacks. Urea is easily hydrolyzed by urease, an enzyme found in soil that is
produced by bacteria and fungi as well as released from organic matter (OM). Once urea
is hydrolyzed, it can be lost from the soil through multiple pathways, such as
volatilization of NH3 or leaching of NO2- and NO3- (Equation 1).
urease

CO(NH2)2 + H20 → NH4+ + OH- ↔ NH3(gas) + H20

Nitrosomonas

2NH4

+

+ 3O2 ↔ 2NO2- + 2H2O + 4H+

Nitrobacter

2NO2- + O2 ↔ 2NO3Equation 1. The transformation of urea to ammonium and ammonia, ammonium to
nitrite, and nitrite to nitrate.
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Urea is affected by many environmental factors as well as cultural practices that
determine the placement and means of application, all of which affect the N fertilizer
use efficiency (FUE). Fertilizer use efficiency is influenced by many different factors,
including the form of N applied (Andraski and Bundy, 2008; Fox and Hoffman, 1981;
Wang and Below, 1992), the tillage practices used (Andraski and Bundy, 2008; Jones et
al., 1969), the amount and type of residue left on the field (Andraski and Bundy, 2008;
Eckert et al., 1986; Jones et al., 1969; Maskina et al., 1993), the rate of fertilizer applied
(Ma et al., 2010; Volk, 1959), the timing of fertilizer application (Ma et al., 2010; Meyer
et al., 1960), how it is applied (granular, liquid, injected, banded, pre-plant, sidedress,
etc.) (Bandel et al., 1984; Fowler and Brydon, 1989; Fox et al., 1986; Mengel, 1982;
Meyer et al., 1960; Raun et al., 1989; Volk, 1959), soil moisture and/or rainfall after
application (Clay et al., 1990; Fox and Hoffman, 1981; Jones et al., 1969; Keller and
Mengel, 1986; Ma et al., 2010; Meyer et al., 1960; Raun et al., 1989; Rozas et al., 1999;
Unger, 1978), soil temperature (Clay et al., 1990; Fisher and Parks, 1958; Rozas et al.,
1999; Volk, 1959), soil type (Giocchini et al. 2008; Bremner and Chay 1986; Watson et al.
1994), and soil pH and CEC (Ernst and Massey, 1960; Meyer et al., 1960; Volk, 1959).
The Central Claypan Areas cover approximately 4 million ha in Missouri and
Illinois (USDA-NRCS, 2006). A claypan is a dense clay layer 0.1-0.6 m below the soil
surface resulting in slow permeability of water and nutrients (Jiang et al., 2007; Myers et
al., 2007). Claypan soils are classified as having horizons that are 45-65% clay (Bray,
1935), which can affect the movement of fertilizers through the soil and attachment to
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soil particles making nutrients unavailable for plant uptake. Clay loses less N than sand
and silt because of its ability to retain nutrients on its surface. For instance, Gioacchini et
al. (2002) showed that, of 120 kg ha-1 urea that was applied, a silt loam soils lost 11.6 kg
ha-1 of the urea, while clay loam soils lost only 4.8 kg ha-1. Further, they found that
treatment of urea with NBPT dramatically reduced losses of N in both silt loam and clay
loam soils (91% and 54%, respectively) (Gioacchini et al., 2002). Other researchers have
shown that NBPT urease inhibitors are less effective in soils with high organic C and high
clay content than in soils with high sand content (Bremner and Chai, 1986; Watson et
al., 1994).
When N fertilizer is incorporated, it is less likely to be lost through leaching or
volatilization but the decision to incorporate is usually determined by the tillage practice
employed by the farmer. As conservation tillage (CT) practices are becoming more
common for a variety of reasons, management of fertilizer must be reevaluated.
Conservation tillage can have a great benefit to the soil by reducing soil losses to wind
and water erosion. However, CT practices can have an insulating effect on the soil
resulting in lower soil temperatures in the spring. Nitrifying and denitrifying bacteria
were both found in higher concentrations in no-till soils than in conventionally tilled
soils, but metabolized N at a slower rate (Doran, 1980). This can result in less N being
available to plants.
By comparing yield of maize fertilized with urea or AN, Fowler and Brydon (1989)
showed that yield differences were due to less N being available for the crop as a result
of denitrification or volatilization. Extensive research has been conducted on urea to
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determine what environmental factors contribute to the process and rate of
volatilization. A broad range of volatilization levels have been reported, including some
as low as 3% of the N fertilizer applied (McInnes et al., 1986), while others found up to
30% (Fowler and Brydon, 1989; Keller and Mengel, 1986)and some as high as 50% or
greater (Ernst and Massey, 1960; Hargrove et al., 1977).
Rainfall amount and timing as well as soil moisture content can strongly affect
urea breakdown and efficiency. Meyer et al. (1960) conducted a greenhouse study to
test the influence of simulated rain events shortly after fertilizer application. They
concluded that when rain occurred immediately after broadcast application of urea,
there was no loss of NH3 from the urea. These results were similar to effect of urea
incorporation into the soil. Further, Fox and Hoffman (1981) found that rainfall of at
least 10 mm soon after urea application minimized NH3 volatilization. However,
volatilization increased for each day without rain or with less than 10 mm of rain with
low rain resulting in volatilization of 30% or greater. Keller and Mengel (1986) went a
step further to state that volatilization from urea could be nearly stopped by 25mm of
rainfall. Broadcast urea with moisture around the time of application can help equalize
yields to that of banded or dribbled N fertilizer application in no-till maize (Raun et al.,
1989). Based on their work on N volatilization, Ma et al. (2010) concluded that rainfall
was the most important factor affecting NH3 volatilization. However, without the aid of
irrigation, producers are dependent on rainfall to reduce losses.
When NO3- is not absorbed by plants, it is susceptible to leaching into the
groundwater. This can most easily happen before crop growth is substantial or after
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crops have died or become dormant. Nitrate leaching happens to a lesser degree during
normal crop growth due to plant uptake but is still possible. When N fertilizers are used
at rates higher than recommended, the likelihood of NO3- pollution is increased and
contributes to lower water quality in surrounding areas and watersheds. Nitrate plus
NO2- levels are regulated by the EPA to be no more than 10 mg L-1 of drinking
water(EPA, 2012).
Due to the widespread usage of urea, researchers have focused on identifying
ways to increase efficiency by reducing volatilization and/or leaching. In recent years,
many fertilizer companies have developed products to increase fertilizer efficiency. The
resulting fertilizers have been labeled Enhanced Efficiency Fertilizers (EEF). A number of
strategies have been developed to alter the fate of fertilizer N in the soil. The
approaches include polymer coatings, urease inhibitors (UI), and nitrification inhibitors
(NI), with UI and NI being used together or separately. Polymer coatings encase the N
fertilizer and are activated by temperature and soil moisture. When soil temperature
and moisture reach the correct levels, the coating begins to deteriorate, allowing the
fertilizer to be released to its surroundings. The UIs block the process of the urease
enzyme found in all soils. Among UIs, N-(n-butyl) thiophosphoric triamide (NBPT) has
been noted to be the most effective compound as it was able to retard hydrolysis in
soils ranging in pH, organic C, sand and clay by an average of 76% for seven days and
39% for fourteen days. In two of the tested soils, NBPT was able to retard hydrolysis by
92% for seven days and 91% for 14 days. NBPT is able to form a stable complex with
urea (McCarty et al., 1989) thus slowing the pH and NH4+ concentration increase and
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reducing the rate of hydrolysis, resulting in a decrease of urea-NH3 volatilization
(Bremner and Chai, 1986). The NIs block NH4+ from being converted to NO3- by
interfering with the Nitrosomonas and Nitrobacter bacteria that cause the conversion
(Nelson and Huber, 1992). All three approaches are used with urea fertilizers in an effort
to decrease urea loss through volatilization and leaching. Each of the three types of
products is designed to protect urea from hydrolysis or nitrification until the plants are
at a developmental stage that would enable them to use significant amounts of N. This
aids in the prevention of fertilizer loss while providing N to plants when it is needed in
large quantities.
The price of N fertilizers has drastically increased over the last 10 years. The
nearly tripling of the price has been a result of high energy inputs needed to produce
fertilizers. Loss of fertilizer via NH3 volatilization or NO3- leaching compounds this
problem as producers purchase fertilizer that will never reach their crop. Lost N will
ultimately affect a producer’s profit. Despite this loss, many producers have switched to
using urea as their N fertilizer since the price of AA has quadrupled, whereas the price of
urea has tripled (Huang, 2009).
Due to various environmental influences and management practices, large
portions of the urea applied by a producer may be lost through volatilization or
leaching. The goal of this study was to evaluate the effect of polymer coating, urease
inhibitors, nitrification inhibitors or both urease and nitrification inhibitors on N
volatilization and soil mineral N levels from surface applied urea in no-till maize
production. Therefore, the specific objectives of this study were to assess the fate of
31

fertilizer N, quantify maize growth and yield, and determine maize fertilizer use
efficiency of enhanced efficiency urea when the fertilizer is broadcast, surface-applied
on a no-till field.

2.3 Materials and Methods
This experiment was conducted for three years, 2009 to 2011, at the University
of Missouri Bradford Research and Extension Center, Columbia, Missouri (38 53’ N; 92
12’ W). The soil at the research site is classified as a Mexico Silt Loam (fine, smectitic,
mesic, Vertic Epiaqualf) and was in no-till soybean (Glycine max L.) each previous
season. Maize (Zea mays L.) hybrid Pioneer 33M16 was no-till planted in 0.76-m rows to
achieve 78,000 plants ha-1. Nitrogen treatments were broadcast applied at a rate
equivalent to 168 kg N ha-1 using untreated urea, Agrotain (UI)(Agrotain Int. LLC, St.
Louis, MO, USA), Nutrisphere (UI and NI)(SFP, Leawood KS, USA), SuperU (UI and NI)
(Agrotain Internatinoal LLC, St. Louis, MO, USA), ESN (polymer coated urea)(Agrium Inc.
Denver, CO, USA), Duration-75 (polymer coated urea) )(Agrium Inc. Denver, CO, USA),
and UAN (used for comparison), and a zero N control. Each treatment was randomly
assigned to 6.1 x 29.7 m plots and replicated four times. At maturity, maize was
harvested from two rows from each plot (29.7 m length) using a research combine.

32

Table 1. Treatments, planting date of maize, fertilization date, sampling dates at days
after fertilization (DAF), and harvest date for 2009, 2010, and 2011.
2009
Zero N, Untreated urea, Agrotain treated urea, Duration-75,
Nutrisphere treated urea, ESN, UAN
Planting
20-May
Fertilization
21-May
Volatilization Sampling (DAF) 1 2 3 4 5 7 10 15 20 25
Soil Sampling (DAF)
19 33 46 83
Harvest
20-October
Treatments

2010
Treatments
Planting
Fertilization
Volatilization
Sampling (DAF)
Soil Sampling (DAF)
Harvest

Zero N, Untreated urea, Agrotain treated urea, Duration-75,
Nutrisphere treated urea, ESN, UAN, SuperU
24-May
26-May
1 2 3 4 5 7 10 15 20 25 30 35 40 47 54
61 68 75 82
27 49 71 91
7-October

2011
Treatments
Planting
Fertilization
Volatilization
Sampling (DAF)
Soil Sampling (DAF)
Harvest

Zero N, Untreated urea, Agrotain treated urea, Duration-75,
Nutrisphere treated urea, ESN, UAN, SuperU
9-May
13-May
1 2 3 4 5 7 10 15 20 25 30 35 40 47 54
61 68 75 82
27 46 68 97
11-October

To assess soil mineral N dynamics, soil samples were collected with a 25.4 mm
diameter handheld soil sampler. In-season and post-harvest samples were taken in
three depth increments (0-50 mm, 50-150 mm, and 150-250 mm) with four samples
composited per plot. Each composite sample was placed in a Ziploc bag and then stored
in a cooler on ice until extraction.
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For NO3- and NH4+ extraction, 20 g of homogenized, field-moist soil was weighed
into a 500 ml flask containing 100 ml of 2 M KCl. Parafilm was then placed over the
mouth of the flask and the flask was placed on an orbital shaker for 30 minutes at 200
rpm. The samples were then filtered through a Fisher Q2 filter using a vacuum pump
and a 50 mL aliquot of the extract was frozen until analysis. Ammonium and nitate
analyses were conducted with a Lachat QuickChem 8000 auto ion analyzer using
QuickChem® Method 12-107-06-2-A and12-107-04-1-b , respectively (Lachat
Instruments, Loveland, CO, USA).
Ammonia loss due to volatilization was measured using a semiopen-static system
as described by Griggs et al. (2007). This system uses 0.13 x 0.75 m (dxh) clear, acrylic
tubing placed into 0.15 x 0.10 m (dxh) rings (schedule 120 PVC) that were imbedded 50
mm into the soil within each plot (Image 1). Nine of these rings were imbedded in each
plot so that chambers could be moved to a new location at each sampling (Image 2). The
area within each ring was covered while whole plots were broadcast fertilized, then a
pre-weighed quantity of fertilizer corresponding to the whole plot application was
applied within each ring (Image 3). Polyethylene buckets supported by wooden stakes
were suspended above the chamber to keep rainfall and debris from entering the
chamber, yet allow for air circulation (Image 4). Polyurethane foam sorbers 25.4 mm
thick were cut slightly larger than the inside diameter of the acrylic tubes in order for
the sorbers to remain in place during the trapping process. Sorbers were washed with
detergent and deionized water prior to trapping and after each extraction. To trap
volatilized NH3, sorbers were impregnated with 18 mL of a 0.73 M H3PO4:33% glycerine
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(v:v) solution. This amount saturated the sorbers without excess dripping down the
inside of the chambers. Each chamber contained two sorbers; one sorber was placed
150 mm from the top of the chamber to absorb NH3 volatilized from the soil and the
second sorber was placed level to the top of the chamber to avoid contamination from
the atmosphere (Image 5). At each sampling date, both sorbers were replaced and
chambers were moved to a new ring in the plot. Ammonia from the sorbers was
extracted by soaking in 100 mL 2 M KCl solution in a 3.8 L Ziploc bag, followed by hand
squeezing to flush the solution out of the sorbers. A 50 mL aliquot of the 2 M KCl extract
was frozen until analysis. Ammonia analysis was conducted with a Lachat QuickChem
8000 auto ion analyzer using QuickChem® Method 12-107-06-2-A (Lachat Instruments,
Loveland, CO, USA).
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Image 1. Fertilizer applied inside ring for ammonia loss determination.

Image 2. View of field with ammonia volatilization chambers assembled.
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Image 3. Ammonia volatilization chamber with stake and bucket.

Image 4. Application of fertilizer for ammonia volatilization collection chamber.
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Image 5. Ammonia volatilization chamber assembled.

Image 6. Field with active ammonia volatilization chambers.
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Statistical Analysis
Grain yield and cumulative NH3 losses for each product were compared by
ANOVA using PROC MIXED (SAS 9.2, SAS Institute, Cary, NC, USA)(SAS, 2011) specifying
replication and all interactions with replication as random. Mean separation was
conducted with Fisher’s protected least significant difference (LSD) test at P≤0.05.
Results for grain yield, ammonia losses, and soil NO3- and NH4+ levels differed between
years so analyses were conducted within years.

2.4 Results and Discussion
Both precipitation and temperature conditions differed considerably among the
three growing seasons of this study (Figure 2 and Figure 3, respectively). For instance,
total precipitation for each year, and the seasonal distribution pattern deviated among
years with 2009 receiving 338.6 mm rainfall, 2010 receiving 304.8 mm, and 2011
receiving 240.3 mm. Further, in 2009, significant rainfall (>10 mm) occurred 4 days after
fertilization (DAF), in 2010 rainfall occurred 7 DAF, and in 2011, rain occurred the day of
fertilization. On July 3, 2011, a hail storm damaged the maize; however the study was
continued as planned. The maize also experienced a moderate drought from mid-July
until harvest of the same year.
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Figure 2. Cumulative precipitation (mm) from day of fertilizing of maize treated with EEF urea products, untreated urea, UAN,
or Zero N.
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Figure 3. Daily temperature (°C) from day of fertilizing of maize treated with EEF urea products, untreated urea, UAN, or Zero
N.

2.4.1 Yield
Maize yields for the three years of the experiment were variable (Figure 4).
Despite the variability of weather among years, N source produced had distinct yield
trends. As expected, all N fertilization treatments outyielded the zero N control in every
year. Significant differences among N treatments were observed in 2009 and 2010, but
not in 2011. Maize yields in 2011 were lowest overall. Hail damage in July, as well as a
moderate drought, likely caused the low yields and masked treatment differences that
were observed in the previous two years. However, UAN and Duration-75 always
produced the highest yields, while all inhibitor products performed comparable to
untreated urea.
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Figure 4. Yield (Mg ha-1) of maize treated with EEF urea products compared to untreated urea, UAN, and Zero N treatments.
Different letters indicate significant difference using Fisher’s LSD (p<0.05)

2.4.2 Soil Ammonium and Nitrate
As urea is hydrolyzed by urease and N undergoes subsequent conversions, N
enters numerous distinct pools. Therefore, top soil at 0-50 mm, 50-150 mm, and 150250 mm depths was examined for NH4+ and NO3- levels in all N treatments at several
time points over the course of the growing season.
Total NH4+ (all three depth increments) for each treatment across years showed
consistent trends (Figure 5, Figure 6, and Figure 7). For all three years, there were
treatment differences at early soil testing (June), but very little mid to late season (July
and August) (Table 13, Table 14 and Table 15). This was due to lack of NH3 found in the
soil late in the season. UAN usually produced the highest NH4+ levels with Duration-75
typically being the treatment with the second highest soil NH4+ levels. As mentioned
previously, these products also produced the highest maize yields. ESN tended to follow
the trend for NH4+ in the soil of Duration-75, but to a lesser degree. The UI and NI
products were usually comparative to each other and urea in soil NH4+. By 46 DAF, most
treatments had low levels of NH4+. In 2009, UAN reached peak total NH4+ (combined soil
depths) at slightly above 0.1 g NH4 kg-1 soil while all other treatments contained 0.06 g
NH4 kg-1 soil or less, with Duration-75 having the second highest levels of NH4+ (Figure
5). In 2010 and 2011, with the exception of UAN, NH4+ levels were less than 0.035 g NH4
kg-1 soil, Duratoin-75 again had the second highest levels (Figure 6 and Figure 7,
respectively).
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In all years, the treatments that maintained high NH4+ levels in the top 50 mm
tended to have the greatest yield, usually UAN, Duration-75 and ESN. These products
also maintained higher levels for longer. For example, in 2009, by 33 DAF and later,
Duration-75, ESN, and UAN maintained high levels of NH4+ in the top 50 mm while all
other products had negligible amounts. The same trend can be seen in 2010 and 2011.
Most treatments had low levels of NH4+ at in the third depth at all dates. The treatments
that had NH4+ in the third depth were UI/NI, which did not yield as high.

44

19
33
46

UAN

Urea

0.1

Nutrisphere

Agrotain

ESN

Duration-75

Zero N

UAN

Urea

Nutrisphere

Agrotain

ESN

Duration-75

Zero N

UAN

Urea

Nutrisphere

Agrotain

ESN

Duration-75

Zero N

UAN

Urea

Nutrisphere

Agrotain

ESN

Duration-75

Zero N

45
Soil ammonium (g NH4 kg-1 soil)
0.12
150-250 mm

50-150 mm

0-50 mm

0.08

0.06

0.04

0.02

0

83

Days after fertilization

Figure 5. 2009 soil ammonium (g NH4 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.
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Figure 6. 2010 soil ammonium (g NH4 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.
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Figure 7. 2011 soil ammonium (g NH4 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.

Conversely to total NH4+, total soil NO3- levels usually were higher for UI and NI
products, although only Agrotain usually produced higher levels. These differences were
observed early in the season, by 46 DAF, soil NO3- was negligible. Duration-75 and ESN
produced lower soil NO3- levels than the UI and NI. However, the products that
produced the greatest yields were UAN, Duration-75 and ESN. This may be due to the
form of N the maize was able to take up; yield may have been increased due to the
higher levels of NH4+ being available to the crops. This would correspond to findings by
Below et al. (1985), who reported that higher levels of NH4+ available for maize uptake
resulted in higher yields than maize that had only NO3-. In 2009, at early samplings, total
NO3- reached up to 0.12 g NO3 kg-1 soil (Figure 8), whereas in 2010 and 2011, total NO3levels peaked around 0.05 g NO3 kg-1 soil (Figure 9 and Figure 10, respectively). In 2009
and 2011, Agrotain consistently produced greater NO3- than the other treatments. While
Agrotain produced lower yield compared to the polymer coated products and UAN, it
had the greatest yield in 2009 and 2010 among the UI/NI products. In 2010, when
SuperU produced more soil NO3- than Agrotain, SuperU also had a greater yield (Figure
4). While the UI/NI products never produced higher yields than Duration-75, it appears
that among the inhibitor type products of EEF urea, the one that maintained the highest
NO3- concentrations produced the highest yields.
In most instances, a majority of the NH4+ and NO3- could be found in the top 0-50
mm compared to the lower 200 mm. This localization might have been caused by the
surface application and suggests little leaching in these years. It is probable that
approximately 40 days after fertilization most of the available N had been taken up by
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the crop or leached deeper into the soil. Interestingly, beyond approximately 80 DAF,
NH4+ and NO3- levels began to increase. This may have been due to continued
mineralization at a time of reduced uptake and possibly the decomposition of the maize
roots in late August when the grain is the strongest sink. It is also noted that UAN and
Duration-75 usually produced the highest levels of NH4+ at this time and also the highest
yields (Figure 4).
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Figure 8. 2009 soil nitrate (g NO3 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and UAN.
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Figure 9. 2010 soil nitrate (g NO3 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and UAN.
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Figure 10. 2011 soil nitrate (g NO3 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.

2.4.3 Ammonia Volatilization
While it is important to examine the pools of soil mineral N which are available
for plant uptake, NH3 volatilization data could provide important information on the
temporal pattern of N losses.
In each year, differences in cumulative volatilization were observed among
products (Figure 11, Figure 12 and Figure 13). The products produced different results
based on timing of rainfall in relation to when the fertilizer should become available. In
all three years, ESN and Duration-75, caused N release approximately 10 to 15 days after
fertilization, based on increased NH3 volatilization, whereas other products were
available to the maize upon application. The biggest difference between the three years
is that in 2009 and 2010, there was rainfall during or soon after that release point. In
2011, that was not the case; rainfall did not occur again until 35 DAF, or approximately
20 days after the fertilizer was released. This is the only year of the three where ESN and
Duration had significantly higher N losses than the other products. This is probably due
to the mechanism these products employ to delay release of N. Due to the polymer
coating, ESN and Duration-75 are not fully incorporated into the soil like the other
products. This led to more of the ESN and Duration-75 remaining on the surface of the
soil and when the protective coating wore off, there was no rainfall for incorporation. It
is apparent that the amount of loss from these two products is most obvious during
2011 and during the period of no rainfall; however, loss slowed down once rainfall
occurred again around 35 DAF (Figure 11, Figure 12, and Figure 13).
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Volatilization trends following treatment with inhibitor products were similar to
those of polymer coated products, but the timing was different. Since the inhibitor
products are available for environmental interaction upon application, the
environmental effects can be noticed soon after the fertilizer is applied. Nutrisphere
tended to produce the highest N losses of the inhibitor products. In both 2009 and 2010,
Nutrisphere had the highest initial N loss. In 2011, the only product that had a higher
initial N loss was SuperU. Both Nutrisphere and SuperU are UI and NI. For 2010 and
2011, these products had almost identical patterns of NH3 volatilization. Agrotain
tended to produce slightly less loss than Nutrisphere and SuperU in all years, although
not statistically different. The inhibitors tended to decrease NH3 volatilization compared
to untreated urea with the exception of Nutrisphere in 2009. The UAN treatment used
for comparison, exhibited losses that were generally average compared to the other
products.
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Table 2. Cumulative percent loss at 25 days after fertilization (DAF) and 82 days after
fertilization of nitrogen fertilizer applied to maize.
Treatment
Nutrisphere
Urea
UAN
ESN
Agrotain
Duration-75
Zero N

2009
Cumulative % loss (25 DAF)*
6.08 A
4.80 AB
4.10 AB
3.95 ABC
2.61 ABC
1.47 BC
0.46 C

Treatment
Urea
Agrotain
SuperU
Nutrisphere
UAN
Duration-75
ESN
Zero N

2010
Cumulative % loss (25 DAF)*
6.15 A
4.49 AB
5.51 A
5.32 A
5.06 A
1.99 C
2.72 BC
1.50 C

Cumulative % loss (82 DAF)*
8.37 A
7.54 AB
7.36 AB
6.89 AB
6.14 AB
5.17 BC
4.92 BC
2.74 C

Treatment
ESN
Duration-75
Urea
SuperU
Nutrisphere
Agrotain
Zero N

2011
Cumulative % loss (25 DAF)*
4.37 A
1.75 BC
2.33 B
1.65 BC
1.79 BC
1.27 CD
.57 D

Cumulative % loss (82 DAF)*
8.36 A
6.77 B
3.57 C
3.26 C
2.88 C
2.57 CD
1.78 D

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 11. 2009 nitrogen loss (mg N m-2) via ammonia volatilization from maize fertilized with enhanced efficiency urea
products, untreated urea, or UAN.
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Figure 12. 2010 nitrogen loss (mg N m-2) via ammonia volatilization from maize fertilized with enhanced efficiency urea
products, untreated urea, or UAN.
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Figure 13. 2011 nitrogen loss (mg N m-2) via ammonia volatilization from maize fertilized with enhanced efficiency urea
products or untreated urea.

Previous research examining N volatilization losses from urea fertilizer has
shown that the timing and amount of precipitation relative to fertilizer application
strongly influences the percent fertilizer N loss (Meyer et al. (1960). Temperature can
also have an impact on NH3 volatilization. In 2009, when there was little rainfall at the
beginning of the season, temperatures were also relatively high, contributing to the high
levels of NH3 volatilization (Figure 2 and Figure 3). Temperatures in 2010 were similar to
that in 2009; it was high when there was little rainfall, leading to high NH3 volatilization.
Temperatures in 2011 were different: this season began with rainfall and had lower
temperatures than 2009 and 2010, contributing to lower NH3 volatilization (Figure 2 and
Figure 3).
The differences in precipitation and temperature were a likely reason for
significant year effects on yield, NH3 volatilization losses, and soil mineral N levels.
Because of the significant year effect, data were analyzed and are presented separately
by year. Fox and Hoffman (1981) stated
“if at least 10 mm of rain falls within 2 days after urea application, no NH3
volatilization loss will occur; if 10 mm or more rain falls 3 days after the
urea is applied, volatilization losses will be slight (<10%); if 3-5 mm of rain
falls within 5 days, or 7-9 mm within 9 days, volatilization losses can be
moderate (10-39%) and if no rain falls within 6 days, the loss can be
substantial (>30%).”
Fox and Hoffman made this statement about untreated urea. This is commonly referred
to when discussing the importance of rainfall on urea-ammonium volatilization.
However, volatilization was not measured directly, so volatilization may have been
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overestimated. In 2009, significant rainfall (>10 mm) occurred 4 days after fertilization
(DAF), in 2010 rainfall occurred 7 DAF, and in 2011, rain occurred the day of fertilization.
The variability of rainfall after fertilization for these years should give a good indication
of whether the above statement about urea can be applied to the EEFs used in this
experiment. For 2009, with 16.76 mm of rain occurring 4 DAF, loss should fall in the
moderate level of NH3 volatilization of 10-39%. That was not the case for any of the
products used in 2009, as seen in Table 2. The 2010 results were much the same; the
fertilizer received 17.02 mm rain 7 DAF, also falling into the moderate loss category, but
the actual loss due to volatilization did not fit in the range suggested. Contrastingly, in
2011, the fertilizer received 11.68 mm of rain the day of application. According to Fox
and Hoffman, there should be negligible amounts of loss or no loss at all. This was not
the case; for all three years, under different conditions, none of the products had NH3
volatilization in the ranges suggested by Fox and Hoffman. This may be because Fox and
Hoffman did not measure volatilization loss, but rather measured N taken up by maize
and assumed that amount applied minus amount taken up would be what was lost
through volatilization. This is an incorrect assumption because there are many ways N
can be lost, including volatilization, leaching, runoff, denitrification, and mineralization.
To get a more accurate reading of loss, cumulative losses per day must be examined.
This data showed distinctive trends for cumulative N loss over the course of a
field season. Cumulative losses at 25 days after fertilization were always below 7%, and
at 82 days after fertilization cumulative losses were always below 9%, even for
untreated urea. In contrast, others have noted losses via NH3 volatilization to range
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from 30 to 50% of the applied fertilizer N (Ernst and Massey, 1960; Fenn and Kissel,
1973; Fowler and Brydon, 1989; Keller and Mengel, 1986). However, McInnes et al.
(1986) reported NH3 volatilization losses from urea fertilizer in wheat of 7.6% of the
fertilizer applied, more closely aligning with those observed in this study.
Ammonia volatilization is important due to its environmental effects and can be
notable to the producer when losses are substantial. However, correlation analyses
between NH3 volatilization and yield revealed only a few significant relationships.
Negative correlations were noted for Urea’s and Zero N’s 25 day cumulative losses in
2009 (R2 of 0.86 and 0.96, respectively), Agrotain 82 day cumulative losses in 2010 (R2 of
0.93), and Duration-75’s 82 day cumulative losses in 2011 R2 of 0.82). While these
correlations are high, they were only noted one of the three years. Considering the
comparatively low volatile N losses, the lack of consistently strong relationships
between NH3 volatilization and yield were not surprising.

2.5 Conclusions
During the most significant time of growth for maize, Duration-75, ESN, and UAN
generally produced the highest levels of NH4+ found in the soil. This could have
contributed to these products usually producing the highest yields. Wang and Below
(1992) found that when N fertilizers contain 25% NH4+-N compared to only NO3--N,
yields can be increased by up to 35%. The release of N from urea during significant
growth in maize can have a positive effect on yield as seen in 2011, when ESN and
Duration-75 produced the greatest N loss via NH3 volatilization, but still produced the
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highest yields. This can most likely be attributed to the release of N when the plants
most needed it. This delayed release allows there to be greater amounts of NH4+ and
NO3- to be found in the soil at the time of greatest growth.
Ammonia volatilization intensity between years varied. Part of this variability can
be attributed to the differences in climatic events in relation to the availability of the N.
Based on the data, it can be assumed that the PCU products, ESN and Duration-75,
release N from the urea around 15 DAF, causing these products to be exposed to
different weather patterns than the other products. However, in two of the three years,
Duration-75 and ESN produced lower NH3 volatilization than UI/NI or untreated urea.
The UI/NI treatment NH3 volatilization levels were comparable to untreated urea each
year. Timing of rainfall in relation to application or release of N appears to affect the
treatments in this study but as that was not a parameter that was controlled, further
research must be conducted.
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3. USING NON-DESTRUCTIVE TOOLS TO ASSESS IMPACT OF ENHANCED
EFFICIENCY UREA PRODUCTS IN MAIZE

3.1 Abstract
Urea is the most commonly used N fertilizer, but can be easily lost to the
environment through volatilization and leaching. Enhanced efficiency fertilizers (EEF)
have been developed to help reduce these losses. Field studies were conducted from
2009 to 2011 to determine the efficacy of five EEF urea products compared to untreated
urea when surface applied to no-till maize (Zea mays L.) grown on a Mexico Silt Loam
soil (fine, smectitic, mesic, Vertic Epiaqualf). Non-destructive techniques were utilized to
determine differences among treated urea. Techniques included a SPAD-502 chlorophyll
meter, spectral reflectance data, and aerial imaging. Normalized difference vegetation
index (NDVI) and green normalized difference vegetation index (GNDVI) were calculated
using spectral reflectance data and NDVI was calculated based on aerial imaging. There
was low correlation between GNDVI and NDVI to yield (below 0.60) at specific sampling
dates and little to no correlation to N concentration across treatments. Through aerial
imaging, yield maps were produced that gave indication of the effectiveness of each
product. The aerial images were also correlated to yield by product and determined
effective dates for each product for aerial images to predict yield. It was determined
that aerial imaging results in better yield prediction than SPAD and spectral reflectance
data as a late season aerial image resulted in an R2 of 0.73, greater than the other
methods.
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3.2 Introduction
The most commonly used N fertilizer worldwide is urea (CO(NH2)2). The
International Fertilizer Industry Association (IFA) reported that in 2009 world urea usage
was more than 56 million Mg. The N fertilizers that are most commonly used after urea
were nitrogen-phosphorus-potassium (NPK) compounds and ammonium phosphate
(AP) with 7.5 million Mg each (IFA, 2011). Urea is commonly used because it is easily
transported and applied as well as having a high percent of N (46%). Despite this, there
are drawbacks. Urea is easily hydrolyzed by urease, an enzyme found in soil that is
produced by bacteria and fungi as well as released from organic matter (OM). Once urea
is hydrolyzed, it can be lost from the soil through multiple pathways, such as
volatilization of NH3 or leaching of NO2- and NO3-.
Urea is affected by many environmental factors as well as cultural practices that
determine the placement and means of application, all of which affect the N fertilizer
use efficiency (FUE). Fertilizer use efficiency is influenced by many different factors,
including the form of N applied (Andraski and Bundy, 2008; Fox and Hoffman, 1981;
Wang and Below, 1992), the tillage practices used (Andraski and Bundy, 2008; Jones et
al., 1969), the amount and type of residue left on the field (Andraski and Bundy, 2008;
Eckert et al., 1986; Jones et al., 1969; Maskina et al., 1993), the rate of N fertilizer
applied (Ma et al., 2010; Volk, 1959), the timing of fertilizer application (Ma et al., 2010;
Meyer et al., 1960), how it is applied (granular, liquid, injected, banded, pre-plant,
sidedress, etc.) (Bandel et al., 1984; Fowler and Brydon, 1989; Fox et al., 1986; Mengel,

64

1982; Meyer et al., 1960; Raun et al., 1989; Volk, 1959), soil moisture and/or rainfall
after application (Clay et al., 1990; Fox and Hoffman, 1981; Jones et al., 1969; Keller and
Mengel, 1986; Ma et al., 2010; Meyer et al., 1960; Raun et al., 1989; Rozas et al., 1999;
Unger, 1978), soil temperature (Clay et al., 1990; Fisher and Parks, 1958; Rozas et al.,
1999; Volk, 1959), soil type (Giocchini et al. 2008; Bremner and Chay 1986; Watson et al.
1994), and soil pH and CEC (Ernst and Massey, 1960; Meyer et al., 1960; Volk, 1959).
Due to the widespread usage of urea, researchers have focused on identifying
ways to increase efficiency by reducing volatilization and/or leaching. In recent years,
many fertilizer companies have developed products to increase fertilizer efficiency. The
resulting fertilizers have been labeled Enhanced Efficiency Fertilizers (EEF). A number of
strategies have been developed to alter the fate of fertilizer N in the soil. The
approaches include polymer coatings, urease inhibitors (UI), and nitrification inhibitors
(NI), with UI and NI being used together or separately. Polymer coatings encase the N
fertilizer and are activated by temperature and soil moisture. When soil temperature
and moisture reach the correct levels, the coating begins to deteriorate, allowing the
fertilizer to be released to its surroundings. The UIs block the process of the urease
enzyme found in all soils. Among UIs, N-(n-butyl) thiophosphoric triamide (NBPT) has
been noted to be the most effective compound as it was able to retard hydrolysis in
soils ranging in pH, organic C, sand and clay by an average of 76% for seven days and
39% for fourteen days. In two tested soils, NBPT was able to retard hydrolysis by 92%
for seven days and 91% for fourteen days. NBPT was able to form a stable complex with
urea (McCarty et al., 1989), thus slowing the pH and NH4+ concentration increase and
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reducing the rate of hydrolysis, resulting in a decrease of urea-NH3 volatilization
(Bremner and Chai, 1986). The NIs block NH4+ from being converted to NO3- by
interfering with the Nitrosomonas and Nitrobacter bacteria that cause the conversion
(Nelson and Huber, 1992). Polymer coatings, urease inhibitors, and nitrification
inhibitors are used with urea fertilizers in an effort to decrease urea loss through
volatilization and leaching. Each of the three types of products is designed to protect
urea from hydrolysis or nitrification until the plants are at a developmental stage that
would enable them to use significant amounts of N. This aids in the prevention of
fertilizer loss while providing N to plants when it is needed in large quantities.
The National Research Council, in 1997, defined remote sensing as “the
acquisition of information by a recording device not in physical contact with an object
being studied. Devices such as cameras, radar, lasers, or radio receivers can collect
information from remote locations such as airplanes or satellites” (Committee on
Assessing Crop Yield: Site-Specific Farming et al., 1997). Such diverse technology can be
applied to many different areas of research. This technology has been used for decades,
but new applications are constantly being sought. Application of remote sensing for
agricultural purposes has garnered much attention for its use to determine plant health
and predict yields during the field season.
An early index resulting from remote sensing application on plants was the ratio
vegetation index (RVI), which is computed by dividing near-infrared reflectance (NIR) by
red reflectance (Jordan, 1969). Since then, many equations have been formulated to
modify and improve upon RVI to make it more useful in specific situations. One such
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equation that is used to estimate green biomass is the normalized difference vegetation
index (NDVI), where NDVI = (NIR-Red)/(NIR+Red) (Tucker, 1979). Photosynthetically
active radiation (PAR) absorbed by the canopy is the basis for the correlation between
NDVI and green biomass (Sellers, 1985; Sellers, 1987).
One big advantage in using remote sensing is the ability of the researcher to
collect non-destructive data on the same plants, throughout the plant life cycle. This can
be important when working with small research plots. Remote sensing also allows
diagnostics to be run on the same day on fields with a variety of treatments or at
different locations.
Certain nutrients, or lack thereof, can alter leaf and canopy light reflectance and
transmission, sometimes not visible to the human eye. Non-destructive tools can be
used to determine reflectance and/or transmission of light, which can serve as surrogate
measures for relative nutrient content. Chlorophyll meters, such as the SPAD-502
chlorophyll meter (Konica Minolta, Marunouchi, Chiyoda-ku, Tokyo, Japan), have
commonly been used to determine the health of a plant, especially in reference to plant
N status. The SPAD meter determines N content by giving a value of relative greenness.
This value of relative greenness can be directly related to plant N status due to N being a
structural component of chlorophyll.
Another noninvasive method to determine plant N levels is to examine leaf or
canopy reflectance using a spectrometer. Depending on manufacturer, field portable
spectrometers can measure reflectance across a wide range of wavelengths and specific
resolution of wavebands. For instance, a measurement range from 350 nm to 1800 nm
67

provides reflectance data for the visible spectrum as well as part of both the ultraviolet
and infrared spectra. This wide range can give information on radiation that is not
visible to the human eye, but that can have a large impact on plant life. The normalized
difference vegetation index (NDVI), where NDVI = (NIR-Red)/(NIR+Red), and the green
normalized difference vegetation index (GNDVI), where GNDVI = (Green – Red) / (Green
+ Red) (Gitelson et al., 1996), are two indices commonly used for remote sensing of
plant material. Research has shown that NDVI measurements taken throughout the
growing season can help predict yield as well as FUE (Wiegand et al., 1991). Shanahan et
al. (2001) demonstrated that by using spectral reflectance data to generate GNDVI
during midgrain filling, yield could be predicted with high probability. Ma et al. (1996)
and Aparicio et al. (2000) found that both GNDVI and NDVI could be positively
correlated to yield with best results occurring at anthesis.
Aerial imaging can also provide spectral reflectance data than can be used to
calculate indices and/or to generate yield maps over large areas. Depending on the
cameras used, specific wavelengths are captured. For example, an Agricultural Digital
Camera (ADC) (Tetracam, Chatsworth, CA), records bands consisting of NIR (760-900
nm), Red (630-690 nm), and Green (500-570 nm). With the correct control colors in the
image, the color of a crop can be determined. As with the spectral reflectance data, the
color from an aerial image can give information as to the plant health. Blackmer et al.
(1994) demonstrated that N –deficient plants reflect more light than non-N-deficient
plants across the entire visible light spectrum. Leaf reflectance is negatively correlated
to chlorophyll content in the blue band (approximate wavelengths of 550 nm or 600
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nm)(Adcock et al., 1990; Blackmer et al., 1994), and positively correlated to the nearinfrared band (approximate wavelength of 800 nm)(Adcock et al., 1990). Thus,
chlorophyll meters, spectral reflectance and aerial imaging can be used determine the
health of a plant, specifically N status of the plant. When looking at plants in the field,
reflectance of red wavelengths are increased and infrared wavelengths are decreased
because of leaf pigmentation (Bausch et al., 1994).
The objective of this research was to use non-destructive sampling as a means of
early yield prediction and to examine whether these techniques can distinguish
between EEF urea treatments. Non-destructive techniques included a SPAD-502
chlorophyll meter, spectral reflectance data from an analytical spectral device, and
aerial imaging. The SPAD meter and analytical spectral device were used to test whether
they could effectively predict yield and N concentration in maize when enhanced
efficiency urea fertilizers were used to test for differences among treatments. Aerial
imaging was used to create yield maps that could be used to predict yield for each
product.

3.3 Materials and Methods
This experiment was conducted for three years, 2009 to 2011, in three different
fields at the University of Missouri Bradford Research and Extension Center Columbia,
Missouri (38 53’ N; 92 12’ W). The soil at each field is classified as a Mexico Silt Loam
(fine, smectitic, mesic, Vertic Epiaqualf) and was in no-till soybean (Glycine max L.)
production in each previous season. Maize hybrid (Zea mays L.) Pioneer 33M16 was no69

till planted in 0.76 m rows to achieve 78,000 plants ha-1. In addition to a zero N control,
N treatments were broadcast applied at a rate equivalent to 168 kg N ha-1 using
untreated urea, Agrotain (UI) treated urea, Nutrisphere (UI and NI) treated urea, SuperU
(UI and NI), ESN (polymer coated urea), Duration-75 (polymer coated urea), and 28%
urea-ammonium-nitrate (UAN) (used as a non-granular urea comparison). Each
treatment was arranged in a randomized complete block design with four replications
and 6.1 x 29.7 m plots. In 2009, seven treatments were evaluated (zero fertilizer N, urea,
Agrotain, Duration-75, Nutrisphere, ESN, and UAN), and in 2010 and 2011 SuperU was
added as an additional treatment. Maize was planted on May 20, 2009, May 24, 2010,
and May 9, 2011 and fertilizer treatments were applied on May 21, 2009, May 26, 2010,
and May 13, 2011. Weed control was maintained by glyphosate (0.62 L ha-1 rate)
applications and soil nutrient levels amended based on soil test results.

3.3.1 Plant Sampling, Processing, and Tissue Analyses
To assess applied-N fate, sampling of biomass was conducted. At each biomass
sampling date, 1 m row length was chosen at random within each plot and the plants
were cut 50 mm above ground and weighed. At the first harvest, all plants were used to
determine dry weight. At subsequent harvests, a three plant subsample was used.
Plants were separated into stems, leaves, and ears, depending on the growth stage at
the time of sampling. Each sample was dried at 55°C and weighed. Samples were ground
to pass a 1 mm filter with a Thomas-Wiley (Thomas Scientific, Swedesboro, NJ) and Udy
cyclone mill (Udy Corp., Ft. Collins, CO, USA) and stored until analysis. Total N
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concentration for each sample was determined using a LECO FP-428 N analyzer (LECO
Corp., St. Joseph, MI). Nitrogen concentration was used to calculate N content based on
biomass weight.
3.3.2 Collection of SPAD meter data
The 502 Minolta SPAD meter (Spectrum Technologies, Inc., Plainfield, IL) was
used to measure chlorophyll content. Readings were taken four to five times
approximately 3 weeks apart throughout the growing season. SPAD readings were taken
on three plants per plot with three readings per plant and the average was used to
represent the plot. Readings were taken on the most recent fully developed leaf until
the maize reached reproduction. After onset of reproductive development, the ear leaf
was used for SPAD readings.
3.3.3 Ground-based Canopy Spectral Reflectance Measurements
To assess canopy spectral reflectance of each plot, a field spectrometer
(FieldSpec) (FieldSpec, ASD, Boulder, CO) was used to acquire readings coinciding with
biomass harvests, in approximately three-week intervals. The FieldSpec measured
radiance from 350 to 1800 nm. The optical sensor was held approximately 1 m above
the canopy in nadir position. Three readings were taken per plot at each sampling date
and the mean for each plot was used for the calculation of indices. Due to hail damage
in early July of 2011, sampling frequency was reduced compared to 2009 and 2010. The
reflectance data were used to calculate NDVI (900 nm – 600 nm)/(900 nm + 600 nm)
(Peñuelas et al., 1997) and GNDVI (780 nm – 550 nm)/(780 nm + 550 nm)(Gitelson et al.,
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1996) for each plot. These indices were then correlated to yield to determine their
predictive value for each treatment. The FieldSpec data was also correlated to N
concentration and N content to determine wavelengths for prediction that best fit the
range of products used.
3.3.4 Aerial Imaging to Produce Yield Maps
Each aerial photo was taken to determine spectral differences between the
treatments. For the 2009 field season, images were taken on two dates, July 17 (57 DAF)
(Figure 14 and Figure 15) and August 23 (94 DAF) (Figure 16 and Figure 17). For the 2010
field season, images were taken on July 11 (44 DAF) (Figure 18 and Figure 19). All images
were taken between 11:00 am and 2:00 pm. The images were taken with an Agricultural
Digital Camera (ADC) (Tetracam, Chatsworth, CA), which records bands consisting of NIR
(760-900 nm), Red (630-690 nm), and Green (500-570 nm). There were 5 ground control
points (GCP) used for calibration of reflectance. The GCP were wooden panels, 1.5 m x
1.5 m, that were painted white (three panels), gray (one panel), and black (one panel).
The panels were used for radiometric correction using the FieldSpec. The panels were
placed at the corners of the field with the fifth panel placed in the center of one side of
the field. For each date, colored panchromatic (CP) and colored infrared (CIR) photos
were taken.
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Figure 14. Colored infrared (CIR) photo of maize fertilized with enhanced efficiency
urea products, untreated urea, and UAN. July 17, 2009 (57 DAF).

Figure 15. Colored panchromatic (CP) photo of maize of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN. July 17, 2009 (57 DAF).

Figure 16. Colored infrared (CIR) photo of maize of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN. August 23, 2009 (94 DAF).
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Figure 17. Colored panchromatic (CP) photo of maize of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN. August 23, 2009 (94 DAF).

Figure 18. Colored infrared (CIR) photo of maize of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN. July 11, 2010 (44 DAF).

Figure 19. Colored panchromatic (CP) photo of maize of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN. July 11, 2010 (44 DAF).
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For the NDVI calculations, the CIR photos were used to determine differences
among the treatments. To extract the data for NDVI from the photos, ERDAS/Imagine
(ERDAS Inc, Norcross, GA) was used. Each image was first geocorrected. Then, area of
interest (AOI) boxes were placed to fit the treatments in the field. Once this was done,
the image was calibrated to the surface reflectance using the panels (Figure 20) that had
been placed in the field and the ground-based reflectance values obtained with the
FieldSpec.

white panel

gray panel

white panel
black panel

white panel

Figure 20. Panels that were used to calibrate surface reflectance.

To calibrate, the panel reflectance for each band, the image digital number (DN)
values for each panel were used to construct a linear regression. The panel’s reflectance
was obtained by averaging the Fieldspec readings for each band: NIR bands, red bands,
and green bands (Table 3, Table 4, and Table 5).
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Table 3. Fieldspec and DN values for each band used to calculate the regression of
enhanced efficiency urea products, untreated urea, and UAN at 57 days after
fertilization (DAF).
57 DAF 2009
NE CORNER
N MIDDLE
NW CORNER
SW CORNER
SE CORNER

NIR
0.513959
0.07563
0.513981
0.199283
0.838782

FIELDSPEC
RED
GREEN
0.546919 0.57164
0.074177 0.073097
0.53419 0.550393
0.221544 0.241352
0.838544 0.843017

NIR
246
53
255
143
255

DN
RED
63
28
72
20
68

GREEN
251
51
177
110
255

Table 4. Fieldspec and DN values for each band used to calculate the regression of
enhanced efficiency urea products, untreated urea, and UAN at 94 days after
fertilization (DAF).
94 DAF 2009
NE CORNER
N MIDDLE
NW CORNER
SW CORNER
SE CORNER

NIR
0.502947
0.864865
0.291989
0.623627
0.046112

FIELDSPEC
RED
GREEN
0.527805 0.549308
0.841556 0.837846
0.32033 0.341097
0.641287 0.651812
0.046114 0.047162

NIR
92
128
57
119
37

DN
RED
34
119
23
75
12

GREEN
55
136
40
100
10

Table 5. Fieldspec and DN values for each band used to calculate the regression of
enhanced efficiency urea products, untreated urea, and UAN at 44 days after
fertilization (DAF).
44 DAF2010
NW CORNER
SW CORNER
SE CORNER
E Middle
NE CORNER

NIR
0.049035
0.519582
0.455378
0.201595
0.802437

FIELDSPEC
RED
GREEN
0.048794 0.049556
0.528856 0.553858
0.467997 0.494781
0.210344 0.230059
0.745866 0.748657

76

NIR
92
185
183
105
227

DN
RED
24
64
83
35
71

GREEN
59
169
175
94

Table 6. Coefficient of determination (R2) using surface reflectance and DN values at
57 and 94 days after fertilization, 2009 and 44 days after fertilization, 2010.
Date
57 DAF 2009

94 DAF 2009

44 DAF 2010

Band
NIR
Red
Green
NIR
Red
Green
NIR
Red
Green

Y
0.003x-0.1338
0.0107x-0.0935
0.032x-0.0858
0.0078x-0.2094
0.0063x+0.1437
0.0058x+0.089
0.005x-0.3823
0.0094x-0.1194
0.0041x-0.1738

Coefficient of
Determination R²
0.7882
0.7479
0.8918
0.9511
0.8305
0.9126
0.9614
0.7275
0.9745

Using the values in the regression for each band per date (Table 6), a model was
developed to create an image that had true surface reflectance values (Figure 21).
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Figure 21. Model used to calibrate surface reflectance.
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Using this corrected image and the AOIs, the NDVI for each treatment was
calculated. A model was then used to convert the surface reflectance adjusted image
into an NDVI image. This model ran the NDVI equation ((NIR-Red)/(NIR+Red)) to adjust
each pixel. The adjusted image was then put into a yield map model that used the slope
and intercept from the NDVI regression. Once the image was generated, the raster
attributes for each DN value were labeled with a color to make a yield map (the higher
the yield, the darker green the pixel) (Figure 22, Figure 23, and Figure 24).
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0 nitrogen
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Figure 22. Yield map generated from 57 days after fertilization image, 2009, of maize fertilized with enhanced efficiency urea
products, untreated urea and UAN.
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Figure 23. Yield map for 94 days after fertilization, 2009, image of maize fertilized with enhanced efficiency urea products,
untreated urea and UAN.

Figure 24. Yield map for 44 days after fertilization, 2010 image of maize fertilized with
enhanced efficiency urea products, untreated urea and UAN.
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3.3.5 Statistical Analysis
SPAD readings, GNDVI and NDVI values were compared by ANOVA using PROC
MIXED (SAS 9.2, SAS Institute, Cary, NC, USA)(SAS, 2011) specifying replication and all
interactions with replication as random. Mean separation was conducted with Fisher’s
protected least significant difference (LSD) test at P≤0.05. Results for SPAD, GNDVI, and
NDVI differed between years so analyses were conducted within years. Correlation
analysis using PROC CORR was conducted to identify GNDVI, NDVI and other
wavelengths that were closely associated N concentration in the leaves. Variables
significantly correlated with N concentration were further analyzed with PROC REG to
investigate the relationship with grain yield.

3.4 Results and Discussion
Outputs from non-invasive techniques employed in this study were correlated
with N concentration, N content, and previously presented yield results (Figure 25).
Briefly, although all treatments except for the zero N control were treated with the
same quantity of N, modulation of N availability by the different enhancement products
resulted in treatment differences in N concentration, N content, and yield. Results were
strongly influenced by the environmental conditions in the individual years, resulting in
variations in the extent of treatment differences for these traits. The timing and
intensity of rainfall after fertilizer application was likely of particular significance relative
to the distinctions among years. Further, in addition to a moderate drought in 2011, a
hail storm at the beginning of July likely contributed to the lower yields observed in that
83

year. However, despite the variability of weather among years, products exhibited
distinct trends. For example, UAN and Duration-75 always produced the highest yielding
products while, yields in the inhibitor product treatments were comparable to
untreated urea.
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Figure 25. Yield (Mg ha-1) of maize fertilized with EEF urea products compared to untreated urea, UAN, and Zero N treatments.
Different letters indicate significant difference using Fisher’s LSD (p<0.05)

3.4.1 Using a SPAD meter to Determine Efficacy of Enhanced Efficiency
Urea Products
The SPAD-502 chlorophyll meter has become widely accepted as a tool to
measure plant health, particularly plant N status. In this study, SPAD measurements
were taken throughout the maize growing season and then correlated to yield, N
concentration and N content. The correlations were then used to determine an
approximate date that is best suited for predicting yield (Table 7 and Figure 26, Figure
27, and Figure 28), N concentration, and N content with this method.
In 2009, significant differences in SPAD values were observed among treatments
on two of the four sampling dates. At 27 DAF, Agrotain, Nutrisphere, and urea had
significantly higher SPAD readings than the other treatments. The lower SPAD readings
for the PCU products, Duration-75 and ESN, were probably due to their delayed release
of urea. Similarly, by 48 DAF the UI/NI treatments still had the highest values but the
PCU treatments had values that were much closer to the UI/NI treatments. Beyond 48
DAF, only the zero N control differed from all the other treatments (Table 7 and Figure
26).
In 2010, at 22 DAF, Agrotain, Nutrisphere, urea and SuperU had high SPAD levels
compared to other treatments. While the PCU products were still less than the UI/NI
products at 34 DAF, based on growth changes and soil data (data not shown here) the
PCU products had been released resulting in increased SPAD readings. Similar to 2009,
there was very little difference between treatments beyond 48 DAF. By 81 DAF,
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separation could again be seen among treatments, with Duration-75 and UAN having
significantly higher SPAD readings than all other treatments (Table 7 and Figure 26).
For 2011, there was very little difference between SPAD values at any of the
dates (Table 7 and Figure 26). The highest correlation of SPAD to yield for SuperU and
ESN were at similar days after fertilization as in 2010. Agrotain had high correlation at
63 DAF and UAN had high correlation at 82 DAF. Zero N, Nutrisphere, Duration-75 and
urea all had correlations that were too low to be considered useful (Figure 28).
The strength of the relationship of SPAD readings with yield depends on the
sampling date, year, and treatment. Correlation analyses were conducted to examine
these relationships and only those with coefficients of determination of 0.50 or greater
were considered to be of interest. SPAD readings for some of the treatments correlated
well with yield at multiple sampling dates while for other treatments, no strong
correlations were found (Figure 28). In 2009, Duration-75 SPAD readings were best
correlated with yield at 27 DAF (R2 =0.60). This is interesting as Duration-75, based on
growth and soil data, had just begun to release N by that time, therefore it should be
similar to Zero N. Zero N and ESN had their highest correlation at 69 DAF and Agrotain
and UAN had their highest correlation at 91 DAF. SPAD readings had high correlation
across treatments with yield at 69 and 91 DAF in 2009 (Figure 27).
However, in 2010 only a few of the treatments had good correlations of SPAD
values and yield around the same time as in 2009. UAN and SuperU were well
correlated at 22 DAF, while Zero N and ESN were well correlated at 34 DAF. All other
treatments had high correlation at 48 DAF (Figure 28). Interestingly, correlation of SPAD
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values and yield across treatments were best at 81 DAF, when no individual treatment
had its highest correlation. Although, Duration-75 did have a correlation greater than
0.80, it was not Duration-75’s best correlation (Figure 27).
Across treatments, the best correlations of SPAD with yield were consistently
observed on the last sampling dates (Figure 27). However, even on the last sampling
dates, coefficients of determination only reached 0.70, 0.59, and 0.30 for 2009, 2010,
and 2011, respectively. The low coefficients of determination in 2011 were most likely
the result of hail damage causing poor plant health and low yields.
Shaver et al. (2011) found increasing correlation between SPAD and yield from
the V8 stage to the V12 stage (corresponding to approximately 20 DAF through 45 DAF
in this study) and then decreased correlation from V12 to V14 (approximately 45 DAF to
60 DAF). That was not the trend for any of the years in this study, and this result may be
attributed to the differences in timing of N availability caused by the different products
tested in this study and environmental factors, such as water availability and hail
damage.
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Table 7. SPAD values for days after fertilization (DAF) of maize fertilized with
enhanced efficiency urea products, untreated urea, and UAN with final yield (Mg ha-1).
2009
DAF
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea

SPAD*
27
31.8 C
44.6 A
41.8 AB
43.9 A
39.2 B
34.3 C
43.5 A

48
42.8 E
53.5 ABC
50.7 D
54.2 AB
52.0 BCD
55.7 D
51.3 CD

2010
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

22
24.9 D
40.7 AB
36.7 BC
42.6 A
34.1 C
34.6 C
41.1 AB
44.5 A

2011
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

28
37.1 C
45.7 A
42.5 AB
44.3 A
38.7 BC
45.4 A
44.1 A

34
32.6 D
44.4 ABC
41.8 C
46.9 AB
43.9 ABC
48.1 A
42.1 BC
46.1 ABC

69
32.8 B
55.8 A
57.4 A
55.0 A
59.8 A
55.8 A
54.8 A

SPAD*
48
36.9 B
49.1 A
52.9 A
48.7 A
52.9 A
51.4 A
46.4 A
50.4 A

SPAD*
38
63
49.6 B
4.47 B
54.2 A
4.61 A
48.6 B
3.92 A
51.5 AB
4.86 A
49.2 B
4.73 A
54.5 A
3.63 A
51.7 AB
4.19 A
51.4 AB
52.9 A

91
31.8 D
48.9 ABC
51.0 ABC
48.0 BC
56.5 A
55.9 AB
44.9 C

62
33.0 E
46.6 BC
51.5 AB
47.3 BC
47.5 BC
53.8 A
40.1 D
43.7 CD

82
32.6 C
48.6 AB
44.1 AB
41.2 AB
44.0 AB
40.3 BC
45.3 AB

Yield
Mg ha-1
2.96
8.62
8.71
7.81
10.78
9.72
8.09

81
24.8 E
34.1 BC
33.4 BCD
27.6 DE
45.4 A
46.2 A
29.8 CDE
37.3 B

Yield
Mg ha-1
1.10
3.12
5.05
2.92
7.03
8.98
3.84
1.10

Yield
Mg ha-1
1.79
4.47
4.61
3.92
4.86
4.73
3.63
4.19

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 26. SPAD values for days after fertilization of maize fertilized with enhanced efficiency urea products, untreated urea,
and UAN.
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Figure 27. Coefficient of determination for SPAD vs. yield for days after fertilization of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN.
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Figure 28. Coefficient of determination for days after fertilization of SPAD vs. yield by treatment of maize fertilized with
enhanced efficiency urea products, untreated urea, and UAN.
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While yield is the most important factor when considering FUE, other factors,
such as N concentration and N content, may also be important. When correlation
analyses were conducted between N concentration and SPAD across all sampling dates,
only three treatments had significant correlation, Zero N, SuperU, and urea. Zero N and
urea had low R2 (0.17 and 0.13, respectively), while SuperU had the highest R2 at 0.42.
When SPAD was correlated to leaf N concentration and analyzed by sampling
date, many significant correlations were found. In 2009, SPAD showed a relationship
with leaf N concentration at every sampling date; 27 DAF had the highest correlation
(0.73) followed by 91 DAF (0.61), then 69 DAF (0.24) and 48 DAF had the lowest
correlation (0.15).The correlations for 2010 were not as high as in 2009, but there were
poor correlations at 22 DAF (0.16), 34 DAF (0.30) and 62 DAF (0.22). Despite these
correlations in 2010, these values were not high enough to be considered beneficial.
There was no relationship between SPAD and N concentration in 2011. This was
probably due to the damage sustained by the maize from hail. For both 2009 and 2010,
the correlation between leaf N concentrations and SPAD were lowest or nonexistent at
approximately 48 DAF. At this date, plants had entered the reproductive stage and were
beginning to develop ears, sinks for the N in the plant. The maize plants had most likely
begun translocating N from leaves into the developing ears.
There were very few correlations between SPAD and leaf N concentration across
all treatments and all dates. The only correlation observed was in 2010, but the R2 was
not considered valuable as it was only 0.15.
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Maize leaf N concentration is valuable during the season but does not reflect the
size of the plants. In order to take plant biomass into consideration, N content was also
determined and correlated to SPAD. There were more correlations between SPAD and N
content when considering treatment across all sampling dates, compared to N
concentration. Similar to N concentration, SuperU produced the highest correlation of
leaf N content to SPAD with R2 of 0.48. Urea had the next highest R2 of 0.38, then
Agrotain with an R2 of 0.29. All other treatments had an R2 of 0.25 or less. Duration-75
was the only product that did not have a correlation between N content and SPAD.
While the correlation of N content with SPAD readings were generally greater
than the correlations with leaf N concentration and SPAD for each treatment, the
opposite is true when examining the correlation of N content and SPAD by sampling
date. In 2009, the highest correlation was observed at 27 DAF (0.62) followed by 91 DAF
(0.54) and then 69 DAF (0.23). These R2 are all lower than those for N concentration at
the same sampling time. There was only one significant correlation in 2010; 34 DAF with
an R2 of 0.29. When correlation by year was studied, N content had higher correlation
compared to N concentration. The coefficient of determination in 2009 was 0.27 while
in 2010 it was 0.25. There was no correlation observed in 2011. Although the correlation
of leaf N content to SPAD is greater than the correlation observed with leaf N
concentration, these values were too low to be of value for predictive purposes.
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3.4.2 Using Spectral Reflectance Data to Determine Efficacy of Enhanced
Efficiency Urea Products
To evaluate the EEF urea products’ effect on N uptake and final yield, the
FieldSpec spectral reflectance data were used to determine NDVI and GNDVI values for
each product at varying dates. These data were then correlated with final yields to
determine an approximate date that would be best suited for predicting yield with this
method. The indices were also correlated to N concentration and N content.
Green Normalized Difference Vegetation Index
As expected given that GNDVI produces a value for leaf greenness, the GNDVI
values for the zero N treatment were consistently lowest among treatments in all years.
In 2009, GNDVIs of Duration-75 and ESN were lower than those of other products at 28
DAF, but by 48 DAF the differences were not statistically different (Table 8 and Figure
29). This was most likely due to the delayed release of the PCU products. Very few
differences in GNDVI among treatments were observed in 2010, except at 89 DAF. At
this time, Nutrisphere had a lower GNDVI value than the other treatments with the
exception of the zero N treatment and Agrotain (Table 8 and Figure 29). In 2011, GNDVI
values for SuperU, urea, and Agrotain were greater than for the other treatments at 46
DAF. By 109 DAF, GNDVIs of ESN, Duration-75, and UAN were greater than those of
other treatments (Table 8 and Figure 29). This indicates that these products maintained
plant greenness longer than the other tested products. GNDVI values for maize tended
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to have the same trends as were found in wheat with the highest values being found at
anthesis and then declining until maturity (Prasad et al., 2007).
However, when GNDVI values were correlated to yield, different trends were
noted. Each individual treatment has a point during the season at which it is best
correlated to the final yield. Correlations with coefficients of determination lower than
0.50 were not considered useful for yield predictions. In 2009, UAN had high correlation
of GNDVI with yield at 28 DAF. Zero N, Agrotain, and urea had high correlation with yield
at 90 DAF. All other treatments had coefficients of determination for GNDVI versus yield
too low to consider useful (Figure 30). While this information is valuable for each
treatment, it is necessary to know if a given sampling date can be correlated to yield for
all treatments. When considering the coefficient of determination across treatments
(Figure 31), 48 DAF correlates GNDVI best with yield but the observed relationships
were too weak (R2 = 0.53 ) to be considered useful.
The correlation of GNDVI to yield in 2010 did not coincide with the correlations
in 2009. Zero N and urea had their best correlation at 29 DAF. Agrotain and UAN had
high correlation of GNDVI to yield at 48 DAF, ESN and Duration-75 at 66 DAF, and
Nutrisphere at 89 DAF. SuperU had high correlation at both 66 DAF and 109 DAF (0.88
and 0.89, respectively) (Figure 30). The coefficient of determination across treatments
showed that 89 DAF can best predict yield from GNDVI, but the coefficient of
determination was only around 0.50.
In 2011, GNDVI and yield did not result in a high coefficient of determination at
the time that had the best values. Instead, at 46 DAF, zero N and Duration-75 had high
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correlations. At 109 DAF, correlations were best for Agrotain, UAN, and urea with
Agrotain having a near perfect correlation (Figure 30). Similar to 2009 and 2010,
correlation across treatments at each date were not useful as they were low (below
0.30) (Figure 31).
The results observed in this study were similar to those of Prasad et al. (2007), as
correlation of GNDVI to yield was only able to explain approximately 50% or less of the
variation among treatments.
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Table 8. GNDVI values for days after fertilization (DAF) of maize fertilized with
enhanced efficiency urea products, untreated urea, and UAN with final yield (Mg ha -1).
2009
DAF
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea

GNDVI*
28
0.43 E
0.59 AB
0.57 BC
0.61 A
0.55 C
0.47 D
0.60 AB

48
0.66 C
0.81 AB
0.78 B
0.81 AB
0.79 AB
0.81 A
0.81 AB

2010
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

2011
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

29
0.51 C
0.65 AB
0.66 AB
0.70 A
0.62 B
0.67 AB
0.76 A
0.70 A

48
0.61 B
0.77 A
0.80 A
0.80 A
0.77 A
0.81 A
0.77 A
0.81 A

GNDVI*
46
109
0.60 C
0.49 D
0.71 A
0.56 ABC
0.66 B
0.60 A
0.67 B
0.52 CD
0.66 B
0.59 AB
0.65 B
0.61 A
0.70 A
0.53 CD
0.70 A
0.56 BC

68
0.66 C
0.77 AB
0.78 A
0.76 AB
0.77 A
0.76 AB
0.74 B

GNDVI*
66
0.61 C
0.71 AB
0.73 A
0.72 AB
0.75 A
0.74 A
0.67 B
0.72 AB

90
0.57 C
0.68 B
0.70 AB
0.68 B
0.74 AB
0.74 A
0.68 B

89
0.55 CD
0.55 CD
0.66 AB
0.52 D
0.69 A
0.68 A
0.58 C
0.63 B

Yield
Mg ha-1
2.96
8.62
8.71
7.81
10.78
9.72
8.09

109
0.41 A
0.36 AB
0.39 A
0.33 B
0.38 A
0.34 AB
0.34 AB
0.37 AB

Yield
Mg ha-1
1.10
3.12
5.05
2.92
7.03
8.98
3.84
1.10

Yield
Mg ha-1
1.79
4.47
4.61
3.92
4.86
4.73
3.63
4.19

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 29. GNDVI for days after fertilization of maize fertilized with enhanced efficiency urea products, untreated urea, and
UAN.
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Figure 30. Coefficient of determination of GNDVI vs. yield by treatment of maize fertilized with enhanced efficiency urea
products, untreated urea, and UAN.
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Figure 31. Coefficient of determination for GNDVI vs. yield of maize fertilized with enhanced efficiency urea products,
untreated urea, and UAN.

Correlation between GNDVI and N concentration and N content were also
considered. Across all sampling dates, SuperU produced the highest correlation with
GNDVI and N concentration with an R2 of 0.49. UAN had the next highest correlation at
0.37. Agrotain, Nutrisphere, and Duration-75 had correlations between 0.1 and 0.2. The
other treatments did not show significant correlations between GNDVI and N
concentration.
The correlations of GNDVI to leaf N concentration were also evaluated by
sampling date. While there were correlations, none were consistent between years. In
2009, the only correlation was at 68 DAF (0.26). There were two significant correlations
in 2010; the highest was at 89 DAF (0.40) and the other was at 29 DAF (0.20). In 2011,
the only correlation was at 109 DAF (0.14). Despite correlations for GNDVI and N
concentration being moderate to low when examined by treatment or by sampling date,
the correlation by year yielded better results. In 2010, the R2 for GNDVI to N
concentration was 0.40. The correlation in 2011 was even greater at 0.62. It is
interesting to note that in the year with the highest correlation, the plants were
damaged and were not representative of a normal year. The year with the most normal
growth and yield was 2009 and there was no significant correlation observed.
As with SPAD, GNDVI was also analyzed for correlation with N content. Similarly,
there were more correlations of GNDVI to N content than N concentration. The
products with the greatest correlation to N concentration showed a weaker correlation
with leaf N content, usually by half; the coefficient of determination for SuperU was
0.22 and UAN was 0.16. All other products had a coefficient of determination between
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GNDVI and N content that was less than 0.20. Correlations were also observed by
sampling date, but all were 0.25 or less. As with N concentration, correlations between
N content and GNDVI by sampling dates were not consistent and could only be observed
in one year. Nitrogen content was correlated to GNDVI by year but all correlations were
less than 0.25.
Normalized Difference Vegetation Index
Treatment effects on NDVI were examined for 2009, 2010, and 2011. In 2009,
few significant differences in NDVI values were observed among treatments, with the
exception of 28 DAF. At this date, Agrotain, Nutrisphere, and urea had similar values and
were greater than other treatments. For 2010, very few differences in NDVIs were
observed at any date. In 2011, at 46 DAF, the Agrotain NDVI was greater than that for
most other treatments, and the UAN NDVI was lower than for many treatments. At 109
DAF, there was more separation in NDVIs between treatments; Agrotain, ESN, Duration75 and UAN had greater NDVIs than the other treatments (Table 9 and Figure 32).
As with GNDVI, each treatment had a date at which NDVI best correlated with
yield, but coefficients of determination below 0.50 were considered not to be useful. In
2009, zero N had the best correlation with yield at 48 DAF. ESN also had its highest
correlation at 48 DAF but the correlation was considered low as it was only 0.53. Urea
had its strongest correlation at 68 DAF. All other treatments were considered to not
have useful correlation at any date. In 2010, Zero N, Agrotain, and UAN had high
correlation at 48 DAF. SuperU had high correlation of 0.99 at 66 DAF. Urea had high
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correlation at 89 DAF. In 2011, Zero N had extremely strong correlation of NDVI to yield
at 109 DAF of 0.97 (Figure 33).
Other research has noted R2 of NDVI to maize yield of 0.76 (Teal et al., 2006) and
0.65 (Inman et al., 2007) during the season. Ma et al. (2001) determined that NDVI could
account for 65% of the variability of yield in soybeans at maturity. However, in this study
correlations of NDVI with yield across EEF urea were extremely low, never greater than
0.40 and not useful to predict yield in this situation (Figure 34). As most of the
aforementioned research utilized UAN and not enhanced efficiency products, it can be
hypothesized that the treatments in this study differed in FUE.
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Table 9. NDVI values for days after fertilization (DAF) of maize fertilized with enhanced
efficiency urea products, untreated urea, and UAN with final yield (Mg ha-1).
2009
DAF
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea

NDVI*
28
0.57 D
0.75 A
0.72 AB
0.77 A
0.69 B
0.62 C
0.76 A

48
0.87 B
0.93 A
0.92 A
0.93 A
0.92 A
0.93 A
0.93 A

2010
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

2011
0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

29
0.68 C
0.83 AB
0.84 AB
0.85 A
0.79 B
0.83 AB
0.90 A
0.86 A

48
0.84 B
0.91 A
0.92 A
0.94 A
0.91 A
0.93 A
0.93 A
0.93 A

NDVI*
46
109
0.71 E
0.61 D
0.83 A
0.69 AB
0.79 BCD 0.72 A
0.79 BCD 0.63 CD
0.78 CD
0.71 A
0.77 D
0.73 A
0.82 ABC 0.65 BCD
0.83 AB
0.65 BC

68
0.86 C
0.89 ABC
0.90 A
0.89 AB
0.89 ABC
0.87 BC
0.89 ABC

NDVI*
66
0.83 B
0.86 AB
0.87 A
0.86 AB
0.89 A
0.86 AB
0.86 AB
0.87 AB

90
0.77 C
0.82 ABC
0.84 AB
0.80 BC
0.86 A
0.87 A
0.86 A

89
0.74 BC
0.72 C
0.80 AB
0.72 C
0.82 A
0.82 A
0.79 AB
0.77 ABC

Yield
Mg ha-1
2.96
8.62
8.71
7.81
10.78
9.72
8.09

109
0.41 A
0.29 B
0.31 AB
0.23 B
0.32 AB
0.25 B
0.26 B
0.29 B

Yield
Mg ha-1
1.10
3.12
5.05
2.92
7.03
8.98
3.84
1.10

Yield
Mg ha-1
1.79
4.47
4.61
3.92
4.86
4.73
3.63
4.19

Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 32. NDVI for days after fertilization of maize fertilized with enhanced efficiency urea products, untreated urea, and
UAN.
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Figure 33. Coefficient of determination of NDVI vs. yield by treatment of maize fertilized with enhanced efficiency urea
products, untreated urea, and UAN.

1

108

Coefficient of Determination (R2)

0.8

0.6

0.4

0.2

0

28

48

68
2009

90

29

48

66

2010
Days after fertilization

89

109

46

109
2011

Figure 34. Coefficient of determination for NDVI vs. yield of maize fertilized with enhanced efficiency urea products, untreated
urea, and UAN.

In addition to examining the correlation between NDVI and yield, NDVI was
correlated with N concentration and N content. The results of correlation of NDVI to N
concentration were very similar to GNDVI. SuperU and UAN had the greatest
correlations (0.43 and 0.37, respectively), while other treatments had R2 below 0.25.
There were few correlations by sampling date with no consistencies between years.
Examination of NDVI – N concentration relationships across treatments and sampling
dates within year revealed a coefficient of determination of only 0.06. However, for
2010 and 2011, closer relationships were observed as evidenced by R2s of 0.36 and 0.62,
respectively. As with GNDVI, the strongest correlation was observed in 2011, when the
plants sustained damage and had substandard yields.
Correlations between N content and NDVI were very similar to GNDVI. The
correlations by treatment were less than with N concentration as all treatments had an
R2 below 0.25. When examined by sampling date, only two significant correlations for all
three years were observed, one at 48 DAF in 2010 and one at 109 DAF in 2011 with both
having an R2 below 0.25. Upon investigating the correlation between NDVI and N
content by year, each year had a coefficient of determination below 0.25.
While there were instances when GNDVI and NDVI were moderately correlated
to N concentration, these relationships were never consistent. However, both indices
correlated better to N concentration than to N content.
The spectral reflectance data were also examined to determine if there were any
specific wavelengths that were better correlated to plant N concentration and final yield
than the standard indices of GNDVI and NDVI. At specific sampling dates, several
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wavelengths or wavelength bands were found to be highly correlated to leaf tissue N
concentration in both 2009 and 2010, but not 2011 (Table 10). Hail damage in 2011
changed canopy reflectance and was likely the reason for the lack of consistency.
Table 10. Coefficient of determination of wavelengths correlated to N concentration in
the leaf tissue maize fertilized with enhanced efficiency urea products, untreated
urea, and UAN.
DAF
28
28
48
28
68
68
90
90

Wavelength
761
779
946
640 to 656
530 to 541
730 to 735
531 to 533
702 to 715

Coefficient of Determination (R2)
2009
2010
0.89
0.75
0.89
0.76
0.76
0.71
0.975 to 0.976
0.73
0.84 to 0.85
0.82
0.85
0.90 to 0.93
0.93
0.81
0.94
0.78 to 0.82

The positive correlation in the NIR region is consistent with findings of Adcock et
al. (1990), and the negative correlation around 550 nm confirms results by Adcock et al.
(1990) and Blackmer et al. (1994).

Table 11. Yield correlated to wavelengths that correlate well to N concentration in the
leaf tissue of maize fertilized with enhanced efficiency urea products, untreated urea,
and UAN. Only correlations that were above 0.50 for two years are shown.

Wavelength
530 to 541
640 to 656
702 to 715
730 to 735

Highest
correlation
DAF
90
90
90
66

Coefficient of Determination (R2)
2009
0.883-0.886
0.739-0.819
0.859-0.91
0.873-0.909
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2010
0.632-0.64
0.57 -0.602
0.633-0.646
0.715-0.721

The wavelengths that best correlated with leaf N concentration were then
correlated to yield within a year. Strong correlations, particularly in 2009, were
observed late in the growing season, mostly around 90 DAF (Table 11).
There were no wavelengths that were highly correlated to yield across all dates
for any treatment. However, N concentration correlated to 537 – 541 nm at 90 DAF for
Zero N and also to 530 – 541 nm at 48 DAF for Duration-75. There were no wavelengths
that correlated well to concentration across all dates for any treatment.
Yield was not consistently correlated to N concentration, NDVI, GNDVI, or any of
the identified wavelengths for any of the products. The correlations that were identified
were weak and could only be found at one sampling date per product. Correlation
across treatment presented moderate R2s, with GNDVI having better correlation to yield
than NDVI. GNDVI had a consistent, moderate correlation at 90 DAF. While GNDVI and
NDVI had many correlations to both N concentration and N content, these correlations
were weak and not considered useful.
3.4.3 Using Aerial Imaging to Produce Yield Maps
To analyze the effects of enhanced efficiency urea products, aerial images of
maize were taken and then processed to generated yield maps that can be used to
determine the treatment effects. The NDVI calculated for each plot was compared to
maize yield to create a scatter plot for the entire field for 57 DAF and 94 DAF in 2009
(Figure 35 and Figure 36, respectively), and 44 DAF in 2010 (Figure 37).
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Figure 35. Scatter plot for normalized difference vegetative index (NDVI) vs yield at 57
days after fertilization (DAF), 2009 of maize fertilized with enhanced efficiency urea
products, untreated urea, and UAN.
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Figure 36. Scatter plot for normalized difference vegetative index (NDVI) vs yield at 94
days after fertilization (DAF), 2009 of maize fertilized with enhanced efficiency urea
products, untreated urea, and UAN.
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Figure 37. Scatter plot for normalized difference vegetative index (NDVI) vs yield at 44
days after fertilization (DAF), 2010 of maize fertilized with enhanced efficiency urea
products, untreated urea, and UAN.

NDVI for each plot was also used to determine the coefficient of determination
for each treatment at each date (Table 12).

Table 12. Coefficient of determination (R²) of NDVI and yield from aerial images.

0N
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
Super U

Coefficient of Determination R²
57 DAF 2009
94 DAF 2009
44 DAF 2010
0.9318
0.7311
0.712
0.1925
0.537
0.268
0.5134
0.8065
0.0453
0.7078
0.8196
0.6688
0.2852
0.095
0.0075
0.7976
0.7511
0.001
0.6402
0.698
0.6876
0.4183

The coefficient of determination for untreated urea was similar to the R2 of 0.64
and 0.47 reported by Tomer et al. (1997) for the two years of their study. However, their
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correlations were for the entire growing season rather than at specific sampling dates as
presented in this study. Shanahan et al. (2001) found slightly higher R2 of 0.72 at a date
corresponding to approximately 70 DAF in this study. Based on the coefficient of
determination of the NDVI and yield for each image in this study, it is apparent that the
treatments have different dates at which the correlation of NDVI and yield is best (Table
12). This is most likely due to the method the products employ to enhance the urea; the
UI/NI treatments’ N is readily available to the plant upon application while the PCU
products have a delayed release. Therefore, the plants are receiving N at different times
in the growing season and reflect this difference in color.

3.5 Conclusions
Through the use of non-destructive sampling methods, much can be learned
about crops, their interaction with the environment, and how efficiently they use inputs.
Both GNDVI and NDVI determined from ground-based reflectance measurements
tended to have higher correlations with yield later in the season. However, these
correlations were relatively low, thus raising questions about the utility of such
measurements for the prediction of maize yields. Characterization of overall plant
health earlier in the season would be of benefit for rectifying any nutrient deficiencies
noted. Quality of GNDVI- and NDVI-based yield predictions was not consistent among
treatments within sampling dates, suggesting that treatment specific samplings should
be used. However, the use of different treatment specific models does not seem
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practical as producers may change production practices and fertilizer sources over time
and between fields.
GNDVI and NDVI were not highly correlated with leaf N concentration at the
sampling dates analyzed in this study. This may be due to the variability of N availability
among products, as the N was released at different times to maize roots. There were
some treatments with moderate correlation with N concentration, but these
correlations were below 0.50, and thus not considered useful for prediction.
When other wavelengths were examined for correlation with leaf N
concentration and yield, there were similar results for GNDVI and NDVI. For example,
there were wavelengths that correlated well to N concentration ,but few correlated well
to yield. Wavelengths that correlated well to N concentration were not consistently high
enough to use for yield prediction and they were too late in the season for producers to
use the information to add fertilizer for yield benefit.
Aerial imaging can be used to calculate NDVI and predict yields. The
aforementioned data shows this to be true in maize. Based on the yield maps created
from the NDVI regression, differences in EEF urea products were visualized. NDVI from
aerial imaging as a yield predictor prior to onset of reproductive growth (for maize in
Missouri, this is usually early to mid-July) appears to be less precise, but is more
effective later in the season across all treatments. However, the best sampling date may
vary between products. This method appears to be a more effective method for
predicting yield than ground based spectral reflectance.
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APPENDIX A

The following tables represent NO3- and NH4+ levels from the soil for 2009- 2011.
Significance was determined using SAS to perform a t-test with p<.05.
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Table 13. 2009 soil ammonium (g NH4 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.
2009 g NH4 kg-1 soil

Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN

0-50 mm
0.0111 B
0.0203 B
0.0147 B
0.0297 B
0.0057 B
0.0000 B
0.0725 A

19 DAF
50-150 mm 150-250 mm
0.0000 B
0.0000 A
0.0011 B
0.0000 A
0.0000 B
0.0188 A
0.0000 B
0.0000 A
0.0000 B
0.0000 A
0.0000 B
0.0000 A
0.0322 A
0.0000 A
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Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN

0-50 mm
0.0011 B
0.0140 AB
0.0019 B
0.0456 A
0.0002 B
0.0005 B
0.0395 AB

33 DAF
50-150 mm
0.0127 A
0.0014 A
0.0011 A
0.0069 A
0.0163 A
0.0101 A
0.0286 A

46 DAF
0-50 mm 50-150 mm
0.0024 B 0.0005 B
0.0081 B 0.0005 B
0.0006 B 0.0005 B
0.0081 B 0.0016 B
0.0008 B 0.0010 B
0.0003 B 0.0008 B
0.0647 A 0.0367 A

150-250 mm
0.0004 A
0.0041 A
0.0009 A
0.0024 A
0.0006 A
0.0005 A
0.0014 A

150-250 mm
0.0007 B
0.0008 AB
0.0006 B
0.0007 AB
0.0009 B
0.0007 B
0.0021 A

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

83 DAF
0-50 mm 50-150 mm
0.0000 B 0.0000 A
0.0007 B 0.0000 A
0.0000 B 0.0000 A
0.0052 A 0.0000 A
0.0000 B 0.0000 A
0.0000 B 0.0001 A
0.0000 B 0.0008 A

150-250 mm
0.0000 A
0.0000 A
0.0002 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A

Table 14. 2010 soil ammonium (g NH4 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.
2010 g NH4 kg-1 soil

Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN
SuperU

0-50 mm
0.0009 B
0.0086 AB
0.0017 B
0.0144 AB
0.0012 B
0.0013 B
0.0208 A
0.0081 AB

27 DAF
49 DAF
50-150 mm 150-250 mm 0-50 mm
50-150 mm 150-250 mm
0.0004 AB
0.0005 A
0.0003 BC
0.0001 B
0.0001 B
0.0009 AB
0.0009 A
0.0007 ABC 0.0010 A
0.0005 B
0.0007 AB
0.0007 A
0.0002 C
0.0001 B
0.0002 B
0.0004 AB
0.0008 A
0.0022 A
0.0002 AB 0.0044 A
0.0003 B
0.0007 A
0.0002 BC
0.0005 AB 0.0005 B
0.0003 B
0.0007 A
0.0005 C
0.0015 AB 0.0007 B
0.0017 A
0.0013 A
0.0020 AB
0.0000 B
0.0004 B
0.0012 AB
0.0018 A
0.0004 BC
0.0001 B
0.0000 B
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0-50 mm
Agrotain
0.0000 B
ESN
0.0000 B
Nutrisphere 0.0000 B
Duration-75 0.0018 A
Urea
0.0000 B
Zero N
0.0000 B
UAN
0.0000 B
SuperU
0.0000 B

71 DAF
50-150 mm
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0005 A
0.0000 A
0.0000 A
0.0000 A

150-250 mm
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

0-50 mm
0.0000 B
0.0003 B
0.0000 B
0.0037 A
0.0000 B
0.0009 B
0.0004 B
0.0000 B

91 DAF
50-150 mm
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0007 A
0.0000 A
0.0000 A

150-250 mm
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A

Table 15. 2011 soil ammonium (g NH4 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and
UAN.
2011 g NH4 kg-1 soil

Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN
SuperU

0-50 mm
0.0032 AB
0.0267 A
0.0035 AB
0.0023 AB
0.0039 AB
0.0012 B

27 DAF
50-150 mm
mmA
0.0017
0.0024 A
0.0015 A
0.0020 A
0.0025 A
0.0015 A

0.0031 AB 0.0019 A

150-250 mm 0-50 mm
0.0018 AB
0.0013 B
0.0033 A
0.0017 B
0.0020 AB
0.0009 B
0.0015 B
0.0072 B
0.0023 AB
0.0015 B
0.0017 AB
0.0029 B
0.0593 A
0.0021 AB
0.0014 B

120
0-50 mm
Agrotain
0.0002 A
ESN
0.0002 A
Nutrisphere 0.0002 A
Duration-75 0.0054 A
Urea
0.0003 A
Zero N
0.0003 A
UAN
0.0005 A
SuperU
0.0003 A

46 DAF
50-150 mm
0.0010 B
0.0010 B
0.0009 B
0.0011 B
0.0013 B
0.0024 AB
0.0034 A
0.0011 B

68 DAF
50-150 mm
0.0003 A
0.0004 A
0.0003 A
0.0005 A
0.0003 A
0.0007 A
0.0006 A
0.0007 A

150-250 mm
0.0011 B
0.0011 B
0.0011 B
0.0014 AB
0.0014 AB
0.0014 AB
0.0031 A
0.0013 AB

150-250 mm
0.0005 A
0.0001 C
0.0004 ABC
0.0003 ABC
0.0001 BC
0.0007 AB
0.0005 ABC
0.0002 ABC

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

0-50 mm
0.0015 A
0.0019 A
0.0014 A
0.0040 A
0.0016 A
0.0020 A
0.0034 A
0.0016 A

97 DAF
50-150 mm
0.0015 A
0.0016 A
0.0016 A
0.0017 A
0.0013 A
0.0016 A
0.0026 A
0.0015 A

150-250 mm
0.0019 AB
0.0014 B
0.0014 B
0.0024 AB
0.0014 B
0.0018 AB
0.0073 A
0.0013 B

Table 16. 2009 soil nitrate (g NO3 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and UAN.
2009 g NO3 kg-1 soil

Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN

0-50 mm
0.0978 A
0.0305 CD
0.0702 AB
0.0123 D
0.0708 AB
0.0026 D
0.0554 BC

19 DAF
50-150 mm
0.0159 A
0.0057 BC
0.0092 ABC
0.0032 C
0.0107 AB
0.0026 C
0.0129 A

150-250 mm
0.0057 A
0.0019 C
0.0045 AB
0.0014 C
0.0032 BC
0.0018 C
0.0029 BC
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Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN

0-50 mm
0.0679 A
0.0419 AB
0.0169 B
0.0402 AB
0.0408 AB
0.0054 B
0.0701 A

0-50 mm
0.0171 A
0.0173 AB
0.0093 B
0.0225 AB
0.0125 AB
0.0019 B
0.0644 A

33 DAF
50-150 mm
0.0161 A
0.0083 AB
0.0045 B
0.0049 AB
0.0087 AB
0.0025 B
0.0276 A

46 DAF
50-150 mm
0.0063 B
0.0040 B
0.0034 B
0.0063 B
0.0054 B
0.0007 B
0.0390 A

150-250 mm
0.0052 A
0.0096 AB
0.0033 B
0.0020 AB
0.0055 AB
0.0014 B
0.0053 A

150-250 mm
0.0031 B
0.0006 B
0.0005 B
0.0031 B
0.0028 B
0.0001 B
0.0200 A

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

0-50 mm
0.0022 BC
0.0036 BC
0.0016 BC
0.0079 A
0.0013 C
0.0013 C
0.0022 BC

83 DAF
50-150 mm
0.0008 AB
0.0011 AB
0.0007 B
0.0012 AB
0.0013 AB
0.0010 AB
0.0019 A

150-250 mm
0.0003 A
0.0004 A
0.0009 A
0.0002 A
0.0003 A
0.0002 A
0.0008 A

Table 17. 2010 soil nitrate (g NO3 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and UAN.
2010 g NO3 kg-1 soil

Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN
SuperU

0-50 mm
0.0143 BCD
0.0104 CD
0.0099 CD
0.0059 CD
0.0189 ABC
0.0018 D
0.0314 A
0.0262 AB

27 DAF
50-150 mm
0.0038 BCD
0.0015 CD
0.0020 CD
0.0020 CD
0.0054 BC
0.0006 D
0.0131 A
0.0067 B

150-250 mm
0.0019 BC
0.0011 C
0.0020 BC
0.0010 C
0.0017 BC
0.0009 C
0.0064 A
0.0041 AB

0-50 mm
0.0003 B
0.0016 B
0.0003 B
0.0030 AB
0.0003 B
0.0006 B
0.0053 A
0.0008 B
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0-50 mm
Agrotain
0.0001 AB
ESN
0.0003 A
Nutrisphere 0.0000 B
Duration-75 0.0002 AB
Urea
0.0002 AB
Zero N
0.0001 AB
UAN
0.0001 AB
SuperU
0.0002 AB

71 DAF
50-150 mm
0.0000 A
0.0000 A
0.0001 A
0.0000 A
0.0000 A
0.0000 A
0.0001 A
0.0001 A

49 DAF
50-150 mm
0.0001 B
0.0004 B
0.0001 B
0.0005 AB
0.0002 B
0.0004 AB
0.0010 A
0.0003 B

150-250 mm
0.0000 A
0.0001 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0001 A

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

150-250 mm
0.0000
B
0.0001
B
0.0002
B
0.0003
B
0.0002
B
0.0006
B
0.0021
A
0.0007
B

0-50 mm
0.0003 BC
0.0002 C
0.0001 C
0.0004 A
0.0003 BC
0.0003 C
0.0004 AB
0.0002 C

91 DAF
50-150 mm
0.0004 A
0.0000 A
0.0000 A
0.0001 A
0.0001 A
0.0001 A
0.0000 A
0.0001 A

150-250 mm
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0000 A
0.0001 A
0.0000 A
0.0000 A

Table 18. 2011 soil nitrate (g NO3 kg-1 soil) of maize treated with enhanced efficiency urea products, untreated urea, and UAN.
2011 g NO3 kg-1 soil

Agrotain
ESN
Nutrisphere
Duration-75
Urea
Zero N
UAN
SuperU

0-50 mm
0.0265 AB
0.0185 ABC
0.0233 ABC
0.0071 BC
0.0258 AB
0.0061 C

27 DAF
50-150 mm
0.0138 A
0.0023 A
0.0050 A
0.0081 A
0.0160 A
0.0033 A

150-250 mm
0.0042
A
0.0016
C
0.0021
BC
0.0020
C
0.0034
AB
0.0016
C

0.0268 A

0.0074 A

0.0034

AB
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0-50 mm
Agrotain
0.0014 AB
ESN
0.0011 AB
Nutrisphere 0.0004 AB
Duration-75 0.0020 A
Urea
0.0002 B
Zero N
0.0003 B
UAN
0.0017 AB
SuperU
0.0005 AB

0-50 mm
0.0254
0.0192
0.0033
0.0142
0.0135
0.0015
0.0186
0.0160

A
AB
B
AB
AB
B
AB
AB

68 DAF
50-150 mm
0.0015 A
0.0010 A
0.0003 A
0.0005 A
0.0004 A
0.0013 A
0.0019 A
0.0020 A

46 DAF
50-150 mm
0.0063 A
0.0015 A
0.0005 A
0.0008 A
0.0006 A
0.0005 A
0.0066 A
0.0070 A

150-250 mm
0.0003 A
0.0004 A
0.0001 A
0.0001 A
0.0003 A
0.0001 A
0.0006 A
0.0004 A

*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

150-250 mm
0.0014 A
0.0006 AB
0.0005 AB
0.0005 AB
0.0004 B
0.0004 B
0.0009 AB
0.0015 A

0-50 mm
0.0019 B
0.0035 AB
0.0033 AB
0.0054 A
0.0020 B
0.0021 B
0.0037 AB
0.0025 B

97 DAF
50-150 mm
0.0007 AB
0.0035 A
0.0014 AB
0.0019 AB
0.0009 AB
0.0007 B
0.0029 AB
0.0011 AB

150-250 mm
0.0006
A
0.0018
A
0.0008
A
0.0011
A
0.0007
A
0.0007
A
0.0014
A
0.0010
A

The following is supplemental data of fertilizer use efficiency (FUE) as calculated
by the difference method (FUE-ND) and the 15N isotope dilution method (FUE-15N).
The FUE-ND method was calculated as:
%FUE-ND = (PlantNfert – PlantNnonfert)/FertilizerN X 100
where PlantNfert is total plant N (kg ha-1) from aboveground biomass for fertilized plots,
PlantNnonfert is total plant N (kg ha-1) from aboveground biomass for unfertilized plots,
and FertilizerN is the amount of fertilizer N (kg ha-1) applied (Rao et al., 1991).
The FUE-15N.was calculated as:
%FUE-15N = (a X TN)/(f X FertiilzerN) X 100
where a is the atom% excess (above ground) in the plant tissue, TN is the total
amount of N (kg ha-1) in the above ground biomass, f is the atom% excess in the
fertilizer, and FertilizerN is the amount of fertilizer applied (kg ha-1) (Hauck and
Bremner, 1976).
Nitrogen derived from fertilizer (NDFF) was used to follow the flow of N into and
out of the leaves. NDFF was calculated by dividing the atom% excess from the leaves by
the atom% excess applied as fertilizer (Fritschi et al., 2004).
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Figure 38. Fertilizer use efficiency (FUE) using the difference method (ND) and the 15N method (15N).
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Table 19. Fertilizer use efficiency utilizing the difference method (FUE-ND).
FUE-ND*
Yield (Mg ha-1)
2009
2010
2011
2009 2010 2011
Agrotain
39.97 B
11.46 C
35.82 B
8.62 3.12 4.47
ESN
40.76 B
23.69 C
34.83 B
8.71 5.05 4.61
Nutrisphere 42.93 AB
14.13 C
19.99 B
7.81 2.92 3.92
Duration-75 61.68 A
44.64 B
44.20 A
10.78 7.03 4.86
UAN
58.16 A
64.16 A
48.69 A
9.72 8.98 4.73
Urea
37.32 B
22.92 C
18.21 B
8.09 3.84 3.63
SuperU
43.24 B
33.95 B
6.87 4.19
*Different letters indicate significant difference using Fisher’s LSD (p<0.05).

Table 20. Coefficient of determination (R2) between FUE-ND and yield.
Agrotain
ESN
Nutrisphere
Duration-75
UAN
Urea
SuperU

Coefficient of Determination (R2)
0.7172
0.4842
0.7203
0.5771
0.4051
0.8263
0.5642

Table 21. Fertilizer use efficiency, utilizing the 15N dilution method (FUE-15N), of final
harvest samples.
leaf

stem cob

grain

Total*

2009

Agrotain
Duration-75
Urea

7.98
5.46
7.52

4.34
2.43
2.78

%
1.09 23.85 37.25 A
1.48 29.58 29.58 B
1.42 19.70 31.43 A

2010

Agrotain
Duration-75
Urea

2.09
2.69
2.26

0.90
1.12
2.79

0.54 5.19 8.72 B
1.04 10.67 15.53 A
0.32 6.02 11.40 A

Yield
Mg ha-1
8.6
10.8
8.1
3.1
7.0
3.8

Agrotain
5.28 2.56 0.69 6.97 15.49 A
4.5
2011
Duration-75
4.00 1.36 0.44 5.94 11.74 A
4.9
Urea
3.35 1.89 0.41 5.69 11.34 A
3.6
*Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 39. 2009 Percent Nitrogen Derived from Fertilizer.
Table 22. Percent nitrogen derived from fertilizer (NDFF) for 2009.
2009*
DAF
28
48
68
90
Agrotain
72.95 A 55.54 A 47.88 A 48.10 A
Duration-75 64.76 A 46.23 B 36.85 B 36.21 C
Urea
64.93 A 51.61 A 45.97 A 43.61 B
*Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 40. 2010 Percent Nitrogen Derived from Fertilizer.
Table 23. Percent nitrogen derived from fertilizer (NDFF) for 2010.
2010*
DAF
29
48
66
89
Agrotain
36.45 B 16.59 B 33.48 A
Duration-75
40.23 B 24.13 A 31.53 A
Urea
45.01 A 12.72 B 36.05 A
*Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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Figure 41. 2011 Percent Nitrogen Derived from Fertilizer.
Table 24. Percent nitrogen derived from fertilizer (NDFF) for 2010.
2011
DAF
28
46
67
88
Agrotain
33.78 A 37.22 A 32.13 A 12.71 B
Duration-75 26.88 B 31.68 B 23.98 B 11.14 B
Urea
32.01 A 40.70 A 33.77 A 16.76 A
* Different letters indicate significant difference using Fisher’s LSD (p<0.05).
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