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ABSTRACT

Nitrogen loss minimization is the main challenge to sustainable crop production and reducing environmental and
economic losses. There is a new approach to urea application in liquid form (LU) so that the NH4* can be evenly
distributed throughout the soil profile, soil particles adsorb it and reduce the local substrate concentration inhibiting
further transformation. Liquid urea has been hydrolyzed even prior to soil application, whereas the urea in granulated urea
(GU) must be hydrolyzed after application before it can be transformed to NH4*. Increased urea application frequency
with lower doses can lower the NH4* concentration in soil compared to a single application. These mechanisms reduce
the N loss potential and increase the N crop uptake potential of applied N by conforming to the proper synchronization
between N availability and crop N demand as well as reduce N loss potential as NHj3 volatilization, NOs" leaching and N,O
emission. The inconsistent results and clarifications from various studies highlight the importance and benefits of relating
the effect of LU application on N loss minimization, N availability and corn (Zea mays L.) yield. This review summarizes
the potential ways of N losses and their management and provides the scientific reference to achieve sustainable corn
yield and reduce N losses.
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INTRODUCTION

Corn (Zea mays L.) is one of the most important and extensively cultivated cereal crops all over the globe. It is used as
food, animal feed and manufacturing goods such as milk to toothpaste, shoe polish, ethanol in the first world, provides
food, feed and dietary safety in the third world’s nations of Africa, Asia and Latin America (Ranum et al., 2014; USA .gov,
2019). It is grown on about 160 million hectares of land, 11% area of the entire world’s cropland (Linquist et al., 2012),
and above 73% of the corn cultivated area is located in developing countries. It is expected that the demand for corn for
food and feed will be rising, governed by higher population growth and commercial advancement (Shiferaw et al., 2011).

The agricultural system is the primary source of greenhouse gas (GHG) emission, and more than half of applied N to
the soil as granulated urea (GU) is lost through gaseous and leaching loss resulting in low N use efficiency (NUE) (Sutton
etal.,2011; Khan et al., 2014). The surface application of urea is the principal anthropogenic cause of gaseous emissions.
Faulty application method, excessive use, uneven distribution, seasonal variation, climatic interference, and edaphic
factors promote loss of applied urea which causes low NUE and increases the cost of crop production and disruption of
the natural ecosystem.
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The gaseous and leaching loss of N mainly depends on the rate of urea hydrolysis, N mineralization and density of urea
in soil. Soil moisture content is one of the influential factors that starts the urea hydrolysis process (Abera et al., 2012)
and maintained soil total N content. It affected N mineralization and losses (Fu et al., 2019). Faster hydrolysis promotes
higher urea mineralization, and higher soil water content increases the hydrolysis as well as the mineralization of urea.
On the other hand, fast urea hydrolysis reduced gaseous N losses as it diffused the applied urea and NH4* in the deeper
soil layer (Kissel, 1988). The NH3 volatilization, N>O emission and leaching of N increased with the increased rate of
urea applications (Zhang et al., 2015; Ma et al., 2019; Degaspari et al., 2020). However, N losses can be minimized if
urea hydrolysis is fast so that the ammonium cations (NH4") are more uniformly distributed throughout the soil profile.
Researchers have projected several methods to reduce N losses and improve the efficiency of urea application. There is
no single method that can effectively restrict NO3 leaching, N>O and NHj losses from applied urea except by reducing
the application rate. The process of urea hydrolysis started earlier in the liquid urea (LU) application because the urea
had already been hydrolyzed even before it was applied to the soil. At the same time, the GU needed time to absorb water
before it can be hydrolyzed. Therefore, earlier urea hydrolysis may promote faster N mineralization. Application of LU
could be distributed throughout the soil column, ensuring lower N concentrations in the soils.

Ammonia (NH3) volatilization loss

Nitrogen loss as NH3 volatilization is the most problematic as NH3 is a corrosive GHG that causes environmental
degradation. This loss becomes more alarming when urea is broadcasted (Mira et al., 2017). These losses in farming areas
range as high as 64% of applied N, depending on the variations of sources, rates, places, and times of N fertilizers applied
(Pan et al., 2016). The NHj3 volatilization loss reduces NUE, hence, increases crop production costs (Recio et al., 2018).
The agricultural sector emits the highest (98%) NHj3 volatilization, and 35% is estimated from N fertilization (Fontelle
et al., 2014). In addition, more than 50% of applied urea is lost through NH3 volatilization (Majaron et al., 2020). Urea,
ammonium sulphate, ammonium nitrate, and urea ammonium nitrate (UAN) are N fertilizers that are all vulnerable to
NHs volatilization (Dari et al., 2019).

As a gas, NH; is likely to be volatilized to the atmosphere when present in the soil, water or manure and shows a
significant affinity to water. The basic determinants of volatilization rate are NH; reactions in water. The process of NH3
volatilization (Simpson, 1981; Vlek et al., 1981) is as follows:

Tto atmosphere
NH4* (absorbed) < NH4* (in solution) <5 NHj (in solution) 5 NHj3 (gas in solution)

The ammonia volatilization rate can be regulated by the withdrawal rate and dispersion of NHj into the air and by
concentration alteration of NH4* or NH3 in soil solution (Figure 1). The partial pressure difference of NH3 between the
liquid phase and the surrounding atmosphere is the driving force of NH; volatilization (Freney et al., 1983).

Figure 1. Mechanisms of ammonia volatilization from applied urea in soil (Liang et al., 2014).
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The immediate contact of urea granule to the soil particles increases the adsorption of NH4* to the soil colloids,
which effectively reduces the NH4* conversion to volatile NH3 of applied N in the presence of sufficient moisture
(Silva et al., 1995). Likewise, Cabezas et al. (1997) stated that a suitable amount of moisture in the field affects the
ammonia volatilization loss from surface-applied urea by diluting the hydroxyl ions concentration, which accounts for the
conversion of NHy4* to volatile NHs*. Therefore, ammonia volatilization decreases when soil provides optimum moisture
for urea hydrolysis and disperse inside the soil profile for the adsorption by the particles.

The amount of NHj3 losses is also affected by the soil pH, buffer capacity, cation exchange capacity (CEC), organic
matter (OM), N source and rate, fertilization time, and placement of urea (Randall and Sawer, 2008; Rimski-Korsakov et
al., 2012). A higher rate of urea application increases the NH; volatilization loss (Ma et al., 2019). Periodic differences
in soil wetness, heat, and precipitation sharply also influence NH3 volatilization loss. Initial soil wetness resulted in the
maximum NHj3 volatilization. The seasonal variation in the field significantly affects NH3 volatilization loss because soil
moisture, temperature, and rainfall are different from season to season.

Urea concentration and pH significantly stimulate NH3 volatilization. During hydrolysis of the surface applied urea,
the local soil pH increases depending on the urea concentration. This will increase the soil pH and promotes higher NH3
volatilization. Urea in a solution form (e.g., LU) may decrease the local urea density as it defuses quickly into the soil
column. This process prevents the unexpected rise in soil pH. Besides, it decreases the local NH3 concentration because
of the higher adsorption by the soil particles.

Nitrous oxide (N2O) emission loss

Agricultural soil is a prime source of N>O emission that is active in lowering the NUE of applied urea (Zhang et al., 2019;
Yao et al., 2020), the most injurious greenhouse gas (IPCC, 2014). Microbial nitrification and denitrification processes
in general soils contribute to about 70% of the world’s N>O emissions (Syakila and Kroeze, 2011; Braker and Conrad,
2011). The nitrification rates are greatly affected by the physical, chemical, and biological properties of soil, such as
nutrient status, pH, and moisture content. The highest rate of nitrification occurs at around field capacity moisture content.
In wetter or very dry soils than field capacity moisture content, the rate of nitrification is slower. In addition, nitrification
rates are greatly variable depending on the density and diversity of nitrifying soil microbes and substrate concentration,
and the presence of oxygen (Parkin, 1993; Stark and Firestone, 1996). Light textured soils promote higher nitrification
due to their higher aeration potential than heavy-textured soils. The lower substrate concentration decreases the rate of
nitrification. Therefore, fast urea hydrolysis disperses the NH4* ions inside the soil profile, decreasing the local NH4*
concentration, hence, lower nitrification. Furthermore, synchronized urea application to plant N uptake potential can
reduce the substrate concentration in soil.

The denitrification is a major contributor to overall N,O emissions from applied urea while soil having relatively
higher moisture content and low (5.0 to 7.5) soil pH (Clark et al., 2012; Goulding, 2016). Regular and heavy year-round
precipitation and relatively high temperatures may influence numerous biochemical processes to discharge atmospheric
N>O during N conversions (Khalil et al., 2001). The N losses increase with the increase of precipitation frequency and/or
intensity along with N application rates under tropical conditions (Owino and Sigunga, 2012).

Nitrogen leaching loss

Nitrogen leaching is the most crucial N loss pathway and an estimated about 19% of applied N leaches out from agricultural
systems globally, contaminating groundwater and eutrophication of surface water creating lots of economic loss and
health hazards (Zhu et al., 2009; Sutton et al., 2011; Zhou and Butterbach-Bahl, 2014). Nitrogen leaching loss decreases
crop growth, development, and NUE. Leaching is more problematic in light-textured upland soil (Puga et al., 2020). The
amount of nitrate leached from a soil system depends on the nitrate concentration in the soil solution along with rainfall
pattern, irrigation mechanism and soil texture, while the nitrate concentration in the soil solution depends on the rates of
N application, nitrification, denitrification, plant uptake, etc. (Cameron et al., 2013). Nitrate ions are unlike to be adsorbed
by the soil particles, and leaching down occurs by the combination of three principal processes convection, dispersion,
and diffusion. Normally the nitrate drains out through either mass flow of water (convection), dispersion inside the soil
particles, or the substrate movement from high concentration to low concentrate water (diffusion). In most agricultural
systems, all the three mechanisms are active collectively though one of the processes is more dominant (McLenaghen et
al., 1996; Cameron et al., 2013).
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Nitrate (NO3) is transformed from ammonium (NH4*) through nitrification catalyzed by ammonia-oxidizing bacteria.
The rate of NOs™ formation depends on the various soil factors, such as soil pH, moisture content and fertility status, and
the maximum rate of nitrification at the field capacity moisture content (Haynes et al., 1986). The favorable conditions
for nitrification increase NOs™ leaching while plant uptake and denitrification decrease NO3 concentration in the soil
solution, thus reducing the risk of NOj3" leaching. The clayey soil with higher CEC adsorbs more NH4* ions on its surfaces;
therefore, they have lower NH4* concentrations in the soil solution. The LU application reduces the NH4* concentration
in the soil by dispersing the NH4" into the soil profile and decreasing the NH4* concentration in the soil (Motasim et al.,
2021b). In addition, the increase in urea application frequency with lower doses lowers the NH4* concentration in soil
compared to a single application. These mechanisms reduce the rate of nitrification and ensure less NO3 concentration in
soil solution, therefore, decreasing the potential of NOs™ leaching.

Nitrogen leaching decreases the NUE of applied N fertilizer significantly (Puga et al., 2020). Nitrogen leaching was
higher in light-textured upland soil than in relatively heavier soils (Gioacchini et al., 2002; Motasim et al., 2021b), and
the higher application rate of urea increased higher N leaching loss (Ma et al., 2019). On the other hand, the slower
transformation of NH4*-N and faster hydrolysis of applied urea decreased the leaching loss of N (Zuki, 2020). When
applied at the right time and placed at a proper position, N leaching from soil decreased, and the NUE was increased
(Nasielski et al., 2020).

Nitrogen use efficiency (NUE)
Nitrogen use efficiency (NUE) is the portion of applied urea that the plant consumes for growth and development. It is
the ultimate output of plant N absorption and assimilation efficiency of absorbed N. Agronomic operations, the use of
controlled released or enhanced efficiency fertilizers, incorporation or impregnation of urea fertilizer to various organic
or inorganic materials can significantly increase NUE and yield of corn (Latifah et al., 2017; Martins et al., 2017; Zhang
et al., 2017; Kubota et al., 2018). The conventional tillage in the rain-fed condition also increased corn yield and NUE
(Pareja-Sdnchez et al., 2019) while urea top dressing decreased corn grain yield by 6.8%-9.8%, NUE by 13.2%-14.3%
with annual net loss increased by 15.4%-21.8% compared to coated urea at the similar rates of N application (Zheng et
al., 2017). In addition, the N uptake in grain increases with the increase of N application frequency compared to a single
or double application, while total N uptake and biomass production also increase significantly (Lii et al., 2012).

In the case of late-sown corn, a high plant population density effectively increased the accumulative N uptake (Maltese
et al., 2019), and late harvest of the crop increased yield and improved NUE in corn. The delayed harvest promoted N
accumulation and physiological NUE; thus, grain productivity increased by promoting N accumulation after tasseling
and N movement to grain (Liu et al., 2019). In addition, the interaction between plant density and N availability has been
found effective on the growth and development of the corn plant. Higher plant density under low-N conditions significantly
increased the grain yield of corn (Adu et al., 2018). Timing and placement of urea fertilizer significantly reduce N losses,
increase NUE and grain yield of corn which also depends on the mean emission factor of total N. There is a correlation
between the total N input and cumulative emissions and emission factors. Increasing N input increases the risk potential of
N losses. Moreover, surplus N application increases the risk of N emission to the atmosphere (Martins et al., 2017; Cardenas
et al., 2019). Best management practices that synchronize optimum irrigation, sufficient N availability, and effective N
uptake can maximize the NUE of crops. The combination of proper irrigation methods and split N fertilizers application
can significantly improve the NUE of a crop (Chilundo et al., 2016). In addition, the application of N fertilizers by mixing
to the irrigation system promotes continuous N supply to the crop and reduces the risk of N losses as emission or leaching.

The placement of N fertilizers also increases NUE by reducing N losses. In the surface application, a high level
of applied N is immobilized by other than the crop or increases N losses with increasing soil pH, temperature, and
surface stover. Application of N fertilizers in-band or side-dress, soil mixing or injecting into the soil have been proved
to be the most efficient in improving N availability than surface broadcasting (Ullah et al., 2019). Deep placement of N
fertilizers increases N recovery efficiency by 55% and decreases 91% ammonia volatilization loss than surface broadcast
application (Yao et al., 2018). It increases the N availability within the rhizosphere, increases N uptake, corn yields and
ultimately NUE (Paustian et al., 2004). In addition, while UAN was applied 2-3 cm deep, it resulted in higher growth
and development in crop production. Moreover, deep placement of LU increases the 20% yield compared to broadcast
granular urea (Holloway et al., 2001; Ii et al., 2017), whereas Watkins (2013) have not found any advantages on the
surface and subsurface application of UAN.
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Factors influencing NUE

Nitrogen use efficiency (NUE) is a very dynamic and complex perception affected by various factors. The genetic
characteristics of crops mainly affect the NUE of urea as the high-yielding modern crop verities utilized applied urea more
efficiently (Muchow, 1998; Tolessa et al., 2007). The environmental parameters influence the growth and development
of crops as well as the N demand for crops and N availability in the soil. The crop N demand with uptake capacity and
N availability with loss minimization are the major issues of NUE (Yadav et al., 2017). In contrast, N availability and
losses are greatly affected by various environmental and physicochemical properties of soil. Fertilizer application method,
timing, and placement influence the NUE of the crop, while the application of modified urea (e.g., controlled released
fertilizers, slow-release fertilizer, coated urea, etc.) fertilizers minimizes losses. In addition, the use of UAN or LU, sub-
surface urea application, mechanical application, and splits application of urea effectively increase the NUE of crops
(Holloway et al., 2001; Lii et al., 2012; Singh et al., 2013; Steusloff et al., 2019).

Best management practice (BMP) is a technique that synchronizes optimum irrigation, sufficient N availability, and
efficient N uptake to increase NUE. Effective irrigation management and splits urea application can boost NUE (Cassman
et al., 2002; Chilundo et al., 2018; Ullah et al., 2019).

The influential factors of NUE may be classified into three major groups:

Nitrogen demand of the crop: NUE is crucially affected by the N demand of a crop. Nitrogen demand depends on
various environmental parameters such as the surrounding temperature, solar hour, amount and distribution of rainfall,
and relative humidity. These parameters influence the growth and development and the N demand (Hutchinson et al.,
2002; Yadav et al.,2017). The interactions of these parameters mainly control the crop performance and the agro-climate
of a region. Besides, seasonal variation with fluctuation in climatic parameters also interferes with N demand (Mosier
et al., 2002).

The high-yielding modern corn varieties can increase the NUE while growing under sufficient N available conditions
in the well-fertilized field. But if they grow under low fertilized fields, NUE will remarkably decrease. The low N
demand genotype has low NUE, even if it grows in a high N available field. Optimum and stable NUE is expected from
genetically N efficient crop varieties only (Tolessa et al., 2007). Biotic and abiotic stresses crucially affect the NUE as
they will negatively influence plant growth and development. The biotic stresses, such as pests and abiotic stresses, such
as drought conditions, salinity, extreme temperature, harmfully affect crop growth and development and lower the NUE
(Gong et al., 2014).

Nitrogen supply to crop: Nitrogen supply to crop is a continuous process through decomposition of OM and mineralization
of applied N fertilizers. Consistent and sufficient N supply from OM decomposition is comparatively less because of the
slower mineralization rate. In contrast, fertilizer contributes a larger N supply due to its quick availability through a higher
mineralization rate.

The rate of N mineralization is significantly promoted by various soil factors (soil moisture content, temperature,
pH, texture, aeration, microbiological activity) and environmental factors (precipitation, sunshine hour, air velocity,
topography, vegetation) For example, low soil moisture content and temperature reduce the rate of N mineralization
(Giller et al., 2004; Yadav et al., 2017). Suitable soil and environmental conditions increase the rate of mineralization and
N availability to the plant. Nitrogen use efficiency declines if N is oversupplied or when the plant suffers from severe
moisture deficiency (Muchow, 1998). Efficient N management is possible only when the N is applied according to the
demand of the plant, specifically, by supplying N based on the crop growth stages.

Nitrogen loss minimization: Nitrogen loss decreases the N availability, and the plant suffers nutrient stress which
severely decreases the NUE. Moreover, different types of nutrient losses from the soil crop system lower the NUE of a
crop. Suitable environmental conditions will reduce stress in plants and increase crop N demand. Nevertheless, N demand
cannot be fulfilled if N loss is huge, creating lower N recovery of applied N fertilizer (Yadav et al., 2017). Gaseous loss,
runoff and leaching loss of N from the rhizosphere reduce the NUE of a cultivation system (Mosier et al., 2002). Urea
top dressing promotes the high N loss, and about 10%-80% N loss from urea remains unexplained (Torello et al., 1983).
The leaching loss of NOs™ and volatilization loss of NH3 are the leading N loss mechanisms estimated as 78% and 93% of
the yearly loss from applied urea, respectively (Zhou et al., 2016). In addition, about 0.1% to 2.0% urea is lost from the
systems as N>O gas depending on the soil-environmental conditions (de Klein et al., 2001).
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Nitrogen loss management is the most effective way to increase crop uptake and increase the NUE. Researchers have
developed some user-friendly, cost-efficient, stable and eco-friendly technologies that can effectively reduce N loss and
ultimately increase the NUE of the crop. Physical, mechanical or chemical methods, such as coated and slow/controlled
release urea, using liquefied urea (UAN, LU), subsurface or root zone application, mechanical application, and splits
application are the commonly used technologies to minimize N loss. A combination of two or more techniques may be
required to increase the NUE of the crop efficiently.

Efficacy of LU fertilizer

The liquid form of N has several benefits and has started to be recognized all over the world. The use of liquid fertilizers
in the USA fertilizer market is rising compared to granular fertilizer, and the use of liquid fertilizer has been advised for
beneficial corn production (Leikam, 2010). The use of LU and split application was recorded beneficial to GU application
in grain corn production (Motasim et al., 2022). The application of liquid N fertilizer in wheat increases its production and
has higher NUE (Holloway, 1996). The benefits of LU application are discussed below.

Effects of LU on reduction of N losses
Liquid urea application to soil significantly reduces the risk of N losses, increases plant N utilization, and keeps the
environment sound. Liquid N fertilizer (e.g., UAN) significantly reduces cumulative NH3 volatilization and N>O
emission more than granular urea (GU) (Wang et al., 2020). Nitrogen loss in the form of NH3 from the top-dressed GU
was higher (25% of used N) than from two LU (UAN and Nitamin) (18% of used N) in experimental plot and laboratory
incubations. In addition, both LU recorded about 70% uptake efficiency of ammonium nitrate (Vaio, 2006). Besides,
surface and deep placement of liquid N (e.g., UAN) significantly minimized the leaching loss of N in corn cultivation
in poorly drained claypan soils (Steusloff et al., 2019). The LU application also reduced the gaseous loss from applied
urea (Motasim et al., 2021a).

Applications of liquid fertilizers can decrease the emission of soil greenhouse gases (e.g., N>O), producing higher yields
than granular fertilizers. Researchers found that applications of liquid N fertilizer significantly lowered total N,O emission
with the emission factors ranging from 0.0%-0.1%, but it was 0.6%-11.0% in solid fertilizers (Toonsiri et al., 2016).

Effects of LU on growth and development of plant
The liquid source of N fertilizers significantly affects the growth and development of the plant as it reduces N losses and
increases N availability to the plant. The urea ammonium nitrate (UAN), a liquid fertilizer, can significantly increase
plant height, root length, root surface area and root tips of wheat. The application of UAN at 2-3 cm depth below the seed
has resulted in maximum performance of seedlings growth and development (Blackshaw et al., 2002; Silva et al., 2017;
Sundaram et al., 2017). However, other researchers did not find any benefits of the sub-surface application of UAN over
broadcast surface application (Shapiro et al., 2016). The application of LU in the split resulted in higher corn yield and
NUE than the GU application (Motasim et al., 2022).

A significant impact of LU application on growth and development in cereal production has been recorded as it resulted
in higher grain yield and maximum protein content in grain (Walsh and Christiaens, 2016). Holloway (1996) found that
the application of liquid N fertilizer increased wheat production significantly.

Effects of LU on NUE

Liquid urea has been suggested as the best N fertilizer source for cereal (e.g., corn, spring wheat) cropping systems.
The LU was a better and more efficient N source than GU, while no performance difference among liquid N fertilizers
(UAN and High NRG-N, a commercial liquid N fertilizer) on the uptake, NUE, grain yield and grain protein content
were observed (Walsh and Christiaens, 2016). Liquid N fertilizer increases NUE and results in 19% higher NUE than
GU in winter wheat. It is also more economical, cost-beneficial and has positive effects on the gradual N uptake by the
plant in maintaining equilibrium into the soil-crop nutrient mechanism than typical granular fertilizer (Holloway et al.,
2001; McLaughlin et al., 2011). It is recommendable during tropical or temperate growing seasons for quicker recovery
of N demand. In addition, it is less corrosive, a lesser risk of leaf burn than other liquid N fertilizers like UAN (Wesley
et al., 1998). The combined application of liquid N fertilizers with irrigation water or agrochemicals (e.g., herbicides or
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pesticides) is more money, time, and labor efficient than a separate application. Liquid fertilizers are easily transported,
preserved and can be precisely calibrated during use for effective plant growth and development (Boyer et al., 2010;
Johnson et al., 2013). Liquid urea and its dilutions are suitable for deep placement by mechanical means (Sundaram et al.,
2017). The application of LU resulted in higher corn yield and NUE compared to the GU at the same rate of application
(Motasim et al., 2022).

Liquid N fertilizer (e.g., UAN, ammonium nitrate) application decreased gaseous loss (NH3 and N,O), increased
NUE compared to GU (Vaio, 2006; Jones et al., 2013; Cowan et al., 2019). Urea ammonium nitrate (13.0 kg N,O ha)
significantly reduced N,O emission than GU (21.4 kg N>O ha™') application and increased corn yield by 9.1% (Ren et
al., 2021). Liquid urea is a hydrolyzed form of urea that distributes quickly throughout the soil profile and no longer
stays on the soil surface. It has a lower risk of loss and has a higher mineralization potential than the GU. It ensures
faster N availability to plants and reduces further transformation (nitrification and denitrification) (Motasim et al., 2021b)
and losses (e.g., leaching loss) (Motasim et al., 2021b). Moreover, the frequency of LU application can improve crop
production as well as increase NUE (Motasim et al., 2022).

Timing and splits of N applications
Split N application increases NUE and reduces N losses as there is a synchronization between the time of application and
the crop nutrient demand. The main objective of timing N application to corn is to supply an appropriate amount of N
depending on the requirement of the crop at that particular time. If the corn is lacking N supply during active vegetative
growth stages, yield losses are unavoidable. On the other hand, if N applied exceeds the crop’s demand, the cost of
production will increase, which will reduce farm income and increase the risk of environmental pollution.

The split application of N plays an important role in the growth, development and yield of corn by lowering leaching
and gaseous losses. Corn takes up 60% of the N requirement during V8 to V16 stages (Figure 2). Pre-planting application
or application before the V2 stage increases the risk of leaching loss (Butzen, 2011).

Effects of split N application on N losses reduction

Split N applications decrease loss potential and increase the N availability for the crop. Lower N loss was recorded from
three split applications (12.7%) than in single applications (27.9%) (Wang et al., 2016). This loss difference is due to the
proper synchronization between N availability and crop N demand under the split N applications. At the V9 stage, the
corn plant demands massive N nutrients to upkeep the rapid growth of biomass, leading to higher NUE by supplying N.
In addition, the application of N at the peak of plant N demand can increase the grain yields and NUE, reducing the soil
N loss potential. The N losses are closely associated with the N application method and dose. Moreover, deep placement
of N fertilizers can reduce N loss potential than surface application (Cui et al., 2008; Liu et al., 2015).

Figure 2. Demand of NPK and water requirement of corn in its life cycle (Colless, 1992).
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Effects of split N application on growth and development of plant
Split N application is effective in the corn production system by improving the yield contributing parameters and yield.
Split N application effectively minimizes soil N losses and competent N use at critical growing and developing stages
of corn. Three split applications of N resulted in higher growth and development of corn than single or double split
applications due to continuous N availability and achieved higher NUE (Hammad et al., 2011; Olaiya et al., 2020). In
addition, leaf color chart (LCC) based N application was more economical to reduce N losses from soil ensuring higher
NUE, preferably in the rainfall prone areas and coarser textured soils where N is more susceptible to be lost (Vetsch
and Randall, 2004; Davies et al., 2020; Gharge et al., 2020). The split application of LU resulted in higher growth and
development of grain corn than that of the GU application (Motasim et al., 2022).

Split N application promotes N accumulation, and physiological NUE by promoting N accumulation after tasseling
and N movement to grain (Liu et al., 2019).

Effects of split N application on yield and NUE

The yield of corn is significantly affected by the split application of N fertilizers. The corn yield was increased with the
increasing N application frequency, and three split applications of N at the V2, V16, and R1 stages resulted in the highest
yield compared to single or two split applications (Hammad et al., 2011). This higher grain yield with split N application
is mainly due to the higher growth and development of corn plants. Split N application also increases the uptake potential
and reduces loss potential (e.g., leaching) of N, which leads to higher growth, development and NUE of corn. Root zone
application of N increased corn yield by about 7% more than the broadcast method, with a significant increase of the N
uptake from the fertilizer by 28.5% because this application method increased the N recovery by 28.7% and reduced the
loss potential by 30.2% (Jiang et al., 2018).

Split application of N improves effective synchronicity between crop-N requirement and soil-N availability, improving
NUE while reducing N loss potential. Application of N before the V9 stage increased the N loss potential (mainly
leaching), though the N loss potential decreases and N uptake potential increases in the N application after the VO stage
(Figure 3). From the V9 stage, the corn plant is physiologically active to uptake sufficient N from the soil. Application of
N in the R1 stage increased the corn yield; later stage (R3 stage) application also increased the corn yield in case of severe
N deficiency situation though the yield was not economical. The application of LU in the split recorded higher results
in higher corn yield and NUE than the GU application (Motasim et al., 2022). The yield and economic potentiality may
depend upon the severity of N deficiency (Binder et al., 2000; Hammad et al., 2011).

Figure 3. Nitrogen uptake and loss potential of corn in its growing stages (Jones, 2020).
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CONCLUSIONS

The use of liquid urea (LU) fertilizer is another effective technology to improve the N use efficiency (NUE) of urea
fertilizer by increasing N uptake and decreasing losses from the soil. The use of LU fertilizer as an alternative to granular
urea (GU) is expanding as it reduces the possible loss potential and increases the NH4* and NOs concentration in
soil which improves N availability. It has been recommended for profitable cereal production because it gave a better
performance in crop yield, and the use of liquid fertilizer has been recommended for more economical corn production.
Liquid N fertilizers can be transported, stored and calibrated easily for a precise application. It can also be combined with
other chemicals and irrigation water. The LU is more ecofriendly, more efficiently taken up by crops and has 19% higher
NUE than the GU. The use of LU was found to have less NH3 loss and higher DM yield and increased NUE in corn than
the GU. The split application of LU also increased the corn yield and use efficiency of applied urea. The appropriate rate
of LU application in synchronization with the appropriate crop stage plays a vital role to maximize corn yield, NUE and
reduce the possible environmental pollution.

ACKNOWLEDGEMENTS

The authors are thankful for the support from the Universiti Putra Malaysia (Vote No. 6282521-10201) and National
Agricultural Technology Programme (NATP): Phase-II Project, Bangladesh Agricultural Research Council. The authors
are also thankful to the Ministry of Agriculture, Peoples Republic of Bangladesh and Soil Resource Development Institute.

REFERENCES

Abera, G., Wolde-meskel, E., Beyene, S., and Bakken, L.R. 2012. Nitrogen mineralization dynamics under different moisture
regimes in tropical soils. International Journal of Soil Science 7(4):132-145.

Adu, G.B., Alidu, H., Amegbor, I.K., Abdulai, M.S., Nutsugah, S.K., Obeng-Antwi, K., et al. 2018. Performance of maize
populations under different nitrogen rates in northern Ghana. Annals of Agricultural Sciences 63(2):145-152.

Binder, D.L., Sander, D.H., and Walters, D.T. 2000. Maize response to time of nitrogen application as affected by level of
nitrogen deficiency. Agronomy Journal 92(6):1228-1236. doi:10.2134/agronj2000.9261228x.

Blackshaw, R.E., Semach, G., and Janzen, H.H. 2002. Fertilizer application method affects nitrogen uptake in weeds and wheat.
Weed Science 50(5):634-641.

Boyer, C.N., Brorsen, B.W., Solie, J.B., Arnall, D.B., and Raun, W.R. 2010. Economics of pre-plant, topdress, and variable
rate nitrogen application in winter wheat. Agricultural and Applied Economics Association’s 2010 (AAEA), Canadian
Agricultural Economics Society (CAES) and Western Agricultural Economics Association (WAEA) Joint Annual Meeting,
Denver, Colorado. 25-27 July. Agricultural and Applied Economics Association (AAEA), Milwaukee, Wisconsin, USA.

Braker, G., and Conrad, R. 2011. Diversity, structure, and size of N,O-producing microbial communities in soils-what matters
for their functioning? Advances in Applied Microbiology 75:33-70.

Butzen, S. 2011. Nitrogen application timing in corn production. Pioneer Crop Focus 21(6):1-5. https://www.pioneer.com/us/
agronomy/nitrogen_application_timing.html (accessed 5 July 2020).

Cabezas, W.A R., Korndorfer, G.H., e Motta, S.A. 1997. Volatilizacdo de N-NH3 na cultura de milho: I. Efeito da irrigacdo e
substituic@o parcial da ureia por sulfato de amonio. Revista Brasileira de Ciéncia do Solo 21(3):481-487.

Cameron, K.C., Di, H.J., and Moir, J.L. 2013. Nitrogen losses from the soil/plant system: a review. Annals of Applied Biology
162:145-173. doi:10.1111/aab.12014.

Cardenas, L.M., Bhogal, A., Chadwick, D.R., McGeough, K., Misselbrook, T., Rees, R.M., et al. 2019. Science of the Total
Environment 661:696-710. doi:10.1016/j.scitotenv.2019.01.082.

Cassman, K.G., Dobermann, A., and Walters, D.T. 2002. Agroecosystems, nitrogen-use efficiency, and nitrogen management.
AMBIO: A Journal of Human Environment 31(2):132-140.

Chilundo, M., Joel, A., Wesstrom, I., Brito, R., and Messing, 1. 2016. Effects of reduced irrigation dose and slow release
fertiliser on nitrogen use efficiency and crop yield in a semi-arid loamy sand. Agricultural Water Management 168:68-77.
doi:10.1016/j.agwat.2016.02.004.

Chilundo, M., Joel, A., Wesstrom, 1., Brito, R., and Messing, I. 2018. Influence of irrigation and fertilisation management on the
seasonal distribution of water and nitrogen in a semi-arid loamy sandy soil. Agricultural Water Management 199:120-137.
doi:10.1016/j.agwat.2017.12.020.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022 653



Clark, .M., Buchkina, N., Jhurreea, D., Goulding, K.W.T., and Hirsch, P.R. 2012. Impacts of nitrogen application rates on the
activity and diversity of denitrifying bacteria in the Broadbalk Wheat Experiment. Philosophical Transactions of the Royal
Society B: Biological Sciences 367(1593):1235-1244. doi:10.1098/rstb.2011.0314.

Colless, J. M. 1992. Maize growing. New South Wales Agriculture, Orange, Australia.

Cowan, N., Levy, P., Moring, A., Simmons, I., Bache, C., Stephens, A., et al. 2019. Nitrogen use efficiency and N>O and NH3
losses attributed to three fertiliser types applied to an intensively managed silage crop. Biogeosciences 16(23):4731-4745.
doi:10.5194/bg-16-4731-2019.

Cui, Z., Chen, X., Miao, Y., Zhang, F., Sun, Q., Schroeder, J., et al. 2008. On-farm evaluation of the improved soil
Nmin-based nitrogen management for summer maize in North China Plain. Agronomy Journals 100(3):517-525.
doi:10.2134/AGRONJ2007.0194.

Dari, B., Rogers, C.W., and Walsh, O.S. 2019. Understanding factors controlling ammonia volatilization from fertilizer nitrogen
applications. Bulletin 926. University of Idaho Extension, Moscow, Idaho, USA. Available at http://www.extension.uidaho.
edu/publishing/pdf/BUL/BUL926.pdf.

Davies, B., Coulter, J.A., and Pagliari, P.H. 2020. Timing and rate of nitrogen fertilization influence maize yield and nitrogen
use efficiency. PLOS ONE 15(5):1-19. doi:10.1371/journal.pone.0233674.

de Klein, C.A.M., Sherlock, R.R., Cameron, K.C., and van der Weerden, T.J. 2001. Nitrous oxide emissions from agricultural
soils in New Zealand —a review of current knowledge and directions for future research. Journal of the Royal Society New
Zealand 31(3):543-574.

Degaspari, [.A.M., Soares, J.R., Montezano, Z.F., del Grosso, S.J., Vitti, A.C., Rossetto, R., et al. 2020. Nitrogen sources and
application rates affect emissions of NoO and NHj3 in sugarcane. Nutrient Cycling in Agroecosystems 0123456789:16.
doi:10.1007/s10705-019-10045-w.

Fontelle, J.P., Chang, J.P., et Vincent, J. 2014. Organisation et méthodes des inventaires nationaux des émissions atmosphériques
en France. Citepa, Paris, France.

Freney, J.R., Simpson, J.R., and Denmead, O.T. 1983. Volatilization of ammonia. p. 1-32. In Freney, J.R. and Simpson, J.R.
(eds.) Gaseous loss of nitrogen from plant-soil systems. Springer, Dordrecht, Switzerland.

Fu, W., Wang, X., and Wei, X. 2019. No response of soil N mineralization to experimental warming in a northern middle-high
latitude agro-ecosystem. Science of the Total Environment 659:240-248.

Gharge, P.V., Karpe, A H., and Patil, PR. 2020. Effect of split nitrogen application on growth parameters of maize. International
Journal of Chemical Studies 8(3):1030-1033. doi:10.22271/chemi.2020.v8.i13m.9332.

Giller, K.E., Chalk, P., Dobermann, A., Hammond, L., Heffer, P., Ladha, J.K., et al. 2004. Emerging technologies to increase
the efficiency of use of fertilizer nitrogen. p. 35-51. In Mosier, A .R., Syers, J.K., and Freney, J.R. (eds.) Agriculture and the
nitrogen cycle. Assessing the impacts of fertilizer use on food production and the environment. Island Press, Washington
D.C.,USA.

Gioacchini, P., Nastri, A., Marzadori, C., Giovannini, C., Antisari, L.V., and Gessa, C. 2002. Influence of urease
and nitrification inhibitors on N losses from soils fertilized with urea. Biology and Fertility of Soils 36(2):129-
135.doi:10.1007/s00374-002-0521-1.

Gong, F., Yang, L., Tai, F., Hu, X., and Wang, W. 2014. “Omics” of maize stress response for sustainable food production:
Opportunities and challenges. Omics: A Journal of Integrative Biology 18(12):714-732. doi:10.1089/0mi.2014.0125.

Goulding, K.W.T. 2016. Soil acidification and the importance of liming agricultural soils with particular reference to the United
Kingdom. Soil Use and Management 32(3):390-399. doi:10.1111/sum.12270.

Hammad, H.M., Ahmad, A., Wajid, A., and Akhter, J. 2011. Maize response to time and rate of nitrogen application. Pakistan
Journal of Botany 43(4):1935-1942.

Haynes, R.J., Cameron, K.C., Goh, K.M., and Sherlock, R.R. 1986. Mineral nitrogen in the plant-soil system. Academic Press,
New York, New York, USA.

Holloway, R.E. 1996. Zinc as a subsoil nutrient for cereals. PhD Thesis. University of Adelaide, Adelaide, Australia.

Holloway, R.E., Bertrand, I., Frischke, A.J., Brace, D.M., and McLaughlin, M.J. 2001. Improving fertiliser efficiency on
calcareous and alkaline soils with fluid sources of P, N and Zn. Plant and Soil 236:209-219.

Hutchinson, C., Simonne, E., Solano, P., Meldrum, J., and Livingston-Way, P. 2002. Testing of controlled release fertilizer
programs for seep irrigated Irish potato production. Journal of Plant Nutrition 26(9):1709-1723.

Ii, FE.J., Nelson, K.A., and Motavalli, P.P. 2017. Urea fertilizer placement impacts on corn growth and nitrogen utilization in a
poorly-drained claypan soil. Journal of Agricultural Science 9(1):28-40. doi:10.5539/jas.vOn1p28.

IPCC. 2014. Topic 3: Future pathways for adaption, mitigation and sustainable development. In Pachauri, R K., and Meyer, L.A.
(eds.) Core Writing Team, Climate Change 2014: Synthesis report, Contribution of Working Groups I, II and III to the fifth
assessment report of the Intergovernmental Panel on Climate Change. Intergovernmental Panel on Climate Change (IPCC),
Geneva, Switzerland.

Jiang, C.,Lu,D.,Zu, C., Shen,J., Wang, S., Guo, Z., et al. 2018. One-time root-zone N fertilization increases maize yield, NUE
and reduces soil N losses in lime concretion black soil. Scientific Reports 8(1):1-10. doi:10.1038/s41598-018-28642-0.
Johnson, M.C., Palou-Rivera, I., and Frank, E.D. 2013. Energy consumption during the manufacture of nutrients for algae

cultivation. Algal Research 2(4):426-436. doi:10.1016/j.algal.2013.08.003.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022 654



Jones, D. 2020. Top dressing fertilizer for maize: Why timing is key. Crop Nutrition Laboratory Services, Nairobi, Kenya.
https://cropnuts.com/top-dressing-fertilizer-for-maize/#:~:text=Top%20dressing %20fertilizer%20for%20maize %20
works%20best%20when%?20the %20timing ,0f%20the %20key %20growth%20stages (accessed 23 January 2020).

Jones, C., Brown, B.D., Engel, R., Horneck, D., and Olson-Rutz, K. 2013. Management to minimize nitrogen fertilizer
volatilization. Extension Bulletin EB0209. Montana State University and Montana State University Extension, Bozeman,
Montana, USA. Available at https://landresources.montana.edu/soilfertility/documents/PDF/pub/UvolBMPEB0209 .pdf.

Khalil, M.I., Boeckx, P., Rosenani, A.B., and Van Cleemput, O. 2001. Nitrogen transformations and emission of greenhouse
gases from three acid soils of humid tropics amended with N sources and moisture regime. II. Nitrous oxide and methane
fluxes. Communications in Soil Science and Plant Analysis 32(17-18):2909-2924. doi:10.1081/CSS-120000971.

Khan, M.J., Malik, A., Zaman, M., Khan, Q., Rehman, H., and Kalimullah. 2014. Nitrogen use efficiency and yield of maize
crop as affected by agrotain coated urea in arid calcareous soils. Soil and Environment 33(1):1-6.

Kissel, D.E. 1988. Management of urea fertilizer. North Central Regional Extension Publication, Kansas State University,
Manhattan, Kansas, USA.

Kubota, H., Igbal, M., Quideau, S., Dyck, M., and Spaner, D. 2018. Agronomic and physiological aspects of nitrogen use
efficiency in conventional and organic cereal-based production systems. Renewable Agriculture and Food System 33(5):443-
466. doi:10.1017/S1742170517000163.

Latifah, O., Ahmed, O.H., N.M.A., and Majid, A. 2017. Enhancing nutrients use efficiency and grain yield of Zea mays L.
cultivated on a tropical acid soil using pappy husk compost and clinoptilolite zeolite. Bulgarian Journal of Agricultural
Science 23(3):418-428.

Leikam, D.F. 2010. Fluid fertilizers: Properties and characteristics. Fluid Fertilizer Marketing and Technology Workshop,
Tampa, Florida. Fluid Fertilizer Foundation, Manhattan, Kansas, USA.

Liang, W.Z., Classen, J.J., Shah, S.B., and Sharma-Shivappa, R. 2014. Ammonia fate and transport mechanisms in broiler litter.
Water, Air, and Soil Pollution 225:1812. doi:10.1007/s11270-013-1812-x.

Linquist, B., Van Groenigen, K.J., Adviento-Borbe, M.A., Pittelkow, C., and Van Kessel, C. 2012. An agronomic
assessment of greenhouse gas emissions from major cereal crops. Global Change Biology 18(1):194-209.
doi:10.1111/j.1365-2486.2011.02502 x.

Liu, T.Q., Fan, D.J., Zhang, X.X., Chen, J., Li, C.F., and Cao, C.G. 2015. Deep placement of nitrogen fertilizers reduces
ammonia volatilization and increases nitrogen utilization efficiency in no-tillage paddy fields in central China. Field Crops
Research 184:80-90. doi:10.1016/j.fcr.2015.09.011.

Liu,Z., Gao,J., Gao, F., Liu, P., Zhao, B., and Zhang, J. 2019. Late harvest improves yield and nitrogen utilization efficiency of
summer maize. Field Crops Research 232:88-94. doi:10.1016/j.fcr.2018.12.014.

Li, P., Zhang, J.W,, Jin, LB, Liu, W., Dong, S.T., and Liu, P. 2012. Effects of nitrogen application stage on grain yield and
nitrogen use efficiency of high-yield summer maize. Plant, Soil and Environment 58(5):211-216.

Ma,Z.,Yue,Y.,Feng, M., Li, Y.,Ma, X., Zhao, X., et al. 2019. Mitigation of ammonia volatilization and nitrate leaching via loss
control urea triggered H-bond forces. Scientific Reports 9:15140. doi:10.1038/s41598-019-51566-2.

Majaron, V.F., da Silva, M.G., Bortoletto-Santos, R., Klaic, R., Giroto, A., Guimaraes, G.F., et al. 2020. Synergy between
castor oil polyurethane/starch polymer coating and local acidification by A. niger for increasing the efficiency of nitrogen
fertilization using urea granules. Industrial Crops and Products 154:112717. doi:10.1016/j.indcrop.2020.112717.

Maltese, N.E., Melchiori, R.J.M., Maddonni, G.A., Ferreyra, J.M., and Caviglia, O.P.. 2019. Nitrogen economy of early and
late-sown maize crops. Field Crops Research 231:40-50. doi:10.1016/j.fcr.2018.11.007.

Martins, M.R., Sant’ Anna, S.A.C., Zaman, M., Santos, R.C., Monteiro, R.C., Alves, B.J.R., et al. 2017. Strategies for the use of
urease and nitrification inhibitors with urea: Impact on N,O and NH3 emissions, fertilizer-'>N recovery and maize yield in a
tropical soil. Agriculture, Ecosystem & Environment 247:54-62.

McLaughlin, M.J., McBeath, TM., Smernik, R., Stacey, S.P., Ajiboye, B., and Guppy, C. 2011. The chemical nature of P
accumulation in agricultural soils-implications for fertiliser management and design: An Australian perspective. Plant and
Soil 349(1-2):69-87. doi:10.1007/s11104-011-0907-7.

McLenaghen, R.D., Cameron, K.C., Lampkin, N.H., Daly, M.L., and Deo, B. 1996. Nitrate leaching from ploughed pasture
and the effectiveness of winter catch crops in reducing leaching losses. New Zealand Journal of Agricultural Research
39(3):413-420. doi:10.1080/00288233.1996.9513202.

Mira, A.B., Cantarella, H., Souza-Netto, G.J.M., Moreira, L.A., Kamogawa, M.Y., and Otto, R. 2017. Optimizing urease
inhibitor usage to reduce ammonia emission following urea application over crop residues. Agriculture, Ecosystems and
Environment 248:105-112. doi:10.1016/j.agee.2017.07.032.

Mosier, A.R., Bleken, M.A., Chaiwanakupt, P., Ellis, E.C., Freney, J.R., et al. 2002. Policy implications of human-accelerated
nitrogen cycling. Biogeochemistry 52:281-320.

Motasim, M.A., Samsuri, A.W., Sukor, A.S.A., and Adibah, A.M. 2021b. Nitrogen dynamics in tropical soils treated with liquid
and granular urea fertilizers. Agriculture 11:546. doi:10.3390/su13063128.

Motasim, M.A., Samsuri, A.W., Sukor, A.S.A., and Adibah, A.M. 2021a. Gaseous nitrogen losses from tropical soils with liquid
or granular urea fertilizer application. Sustainability 13(6):3128. doi:10.3390/su13063128.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022 655



Motasim, M.A., Samsuri, A.W., Sukor, A.S.A., and Adibah, A.M. 2022. Effects of liquid urea application frequency on the
growth and grain yield of corn (Zea mays L.) Communications in Soil Science and Plant Analysis 53(7):2245-2256.
doi:10.1080/00103624.2022.2071435.

Muchow, R.C. 1998. Nitrogen utilization efficiency in maize and grain sorghum. Field Crops Research 56:209-216.

Nasielski, J., Grant, B., Smith, W., Niemeyer, C., Janovicek, K., and Deen, B. 2020. Effect of nitrogen source, placement
and timing on the environmental performance of economically optimum nitrogen rates in maize. Field Crops Research
246:107686. doi:10.1016/j.fcr.2019.107686.

Olaiya, A.O., Oyafajo, A.T., Atayese, M.O., and Bodunde, J.G. 2020. Nitrogen use efficiency of extra early maize varieties
as affected by split nitrogen application in two agroecologies of Nigeria. MOJ Food Process & Technology 8(1):5-11.
doi:10.15406/mojfpt.2020.08.00235.

Owino, C., and Sigunga, D.O. 2012. Effects of rainfall pattern and fertilizer nitrogen on nitrogen loss in bypass flow in Vertisols
at the onset of rain season under tropical environments. Journal of Environmental Science and Water Resource 1(9):207-215.

Pan, B.,Lam, S K., Mosier, A., Luo, Y., and Chen, D. 2016. Ammonia volatilization from synthetic fertilizers and its mitigation
strategies: A global synthesis. Agriculture Ecosystems and Environment 232:283-289. doi:10.1016/j.agee.2016.08.019.

Pareja-Sanchez, E., Plaza-Bonilla, D., Alvaro—Fuentes, J., and Cantero-Martinez, C. 2019. Is it feasible to reduce tillage and N
use while improving maize yield in irrigated Mediterranean agroecosystems? European Journal of Agronomy 109:125919.
doi:10.1016/j.€ja.2019.125919.

Parkin, T.B. 1993. Spatial variability of microbial processes in soil— A review. Journal of Environmental Quality 22(3):409-
417. doi:10.2134/jeq1993.00472425002200030004x..

Paustian, K., Babcock, B.A., Hatfield, J., Kling, C.L., Lal, R., et al. 2004. Climate change and greenhouse gas mitigation:
Challenges and opportunities for agriculture. Task Force Report 141. Council for Agricultural Science and Technology
(CAST), Ames, Iowa, USA. https://www.ars.usda.gov/research/publications/publication/?seqNo115=165697.

Puga, A.P., Grutzmacher, P., Cerri, C.E.P., Ribeirinho, V.S., and de Andrade, C.A. 2020. Biochar-based nitrogen fertilizers:
Greenhouse gas emissions, use efficiency, and maize yield in tropical soils. Science of the Total Environment 704:135375.
doi:10.1016/j.scitotenv.2019.135375.

Randall, G.W., and Sawer, E.J. 2008. Nitrogen application timing, forms, and additives. p. 73-85. Final Report: Gulf Hypoxia
and Local Water Quality Concerns Workshop. American Society of Agricultural and Biological Engineers, St. Joseph,
Michigan, USA.

Ranum, P., Pefia-Rosas, J.P., and Garcia-Casal, M.N. 2014. Global maize production, utilization, and consumption. Annals of
New York Academy of Sciences 1312(1):105-112. doi:10.1111/nyas.12396.

Recio, J., Vallejo, A., Le-Nog, J., Garnier, J., Garcia-Marco, S., Alvarez, J M., et al. 2018. Science of the Total Environment
636:427-436. doi:10.1016/j.scitotenv.2018.04.294.

Ren, B., Guo, Y., Liu, P., Zhao, B., and Zhang, J. 2021. Effects of urea-ammonium nitrate solution on yield, N,O emission,
and nitrogen efficiency of summer maize under integration of water and fertilizer. Frontiers in Plant Science 12:700331.
doi:10.3389/fpls.2021.700331.

Rimski-Korsakov, H., Rubio, G., and Lavado, R.S. 2012. Fate of the nitrogen from fertilizers in field-grown maize. Nutrient
Cycling in Agroecosystems 93(3):253-263.

Shapiro, C., Attia, A., Ulloa, S., and Mainz, M. 2016. Use of five nitrogen source and placement systems for improved nitrogen
management of irrigated corn. Soil Science Society America Journal 80(6):1663-1674. doi:10.2136/sssaj2015.10.0363.
Shiferaw, B., Prasanna, B.M., Hellin, J., and Binziger, M. 2011. Crops that feed the world 6. Past successes and future challenges

to the role played by maize in global food security. Food Security 3(3):307-327. doi:10.1007/s12571-011-0140-5.

Silva, A.J., Lima Junior, M.A., Pereira, N.C.M., e Fraga, V. da S. 1995. Perdas de amdnia por volatilizacio proveniente da uréia
aplicada a solos dos tropicos imidos. Revista Brasileira Ciéncia do Solo 19:141-144.

Silva, M.J. da, Magalhdes, H.C.J., and Graziano, F.P.S. 2017. Liquid fertilizer application to ratoon cane using a soil punching
method. Soil and Tillage Research 165:279-285. doi:10.1016/j.stil1.2016.08.020.

Simpson, J.R. 1981. A modelling approach to nitrogen cycling in agro-ecosystems. Nitrogen cycling in South-East Asian wet
monsoonal ecosystems. p. 174-180. Proceedings of a regional workshop arranged by the SCOPE/UNEP International
Nitrogen Unit of the Royal Swedish Academy of Sciences and the Chiang Mai University, Thailand. 5-10 Nov 1979.
Australian Academy of Science, Canberra, Australia.

Singh, J., Mahal, J.S., Manes, G.S., and Singh, M. 2013. Development and evaluation of nitrogen (liquid urea) applicator for
straw mulched no-till wheat residue simultaneously. Agricultural Engineering International: CIGR Journals 15(4):30-38.

Stark,J.M., and Firestone, M K. 1996. Kinetic characteristics of ammonium-oxidizer communities in a California oak woodland-
annual grassland. Soil Biology and Biochemistry 28(10-11):1307-1317. doi:10.1016/S0038-0717(96)00133-2.

Steusloff, T.W., Singh, G., Nelson, K.A., and Motavalli, P.P. 2019. Enhanced efficiency liquid nitrogen fertilizer management
for corn production. Internal Journal of Agronomy 2019:9879273. doi:10.1155/2019/9879273.

Sundaram, P.K., Mani, I., and Lande, S. 2017. Effect of liquid urea ammonium nitrate application at varying depths on root and
shoot growth in wheat (Triticum aestivum). Indian Journal of Agricultural Sciences 87(10):1288-1294.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022 656



Sutton, M.A., Oenema, O., Erisman, J.W., Leip, A., van Grinsven, H., and Winiwarter, W. 2011. Too much of a good thing?
Nature 472:156-161. doi:10.1038/472159a.

Syakila, A., and Kroeze, C. 2011. The global nitrous oxide budget revisited. Greenhouse Gas Measurement and Management
1(1):17-26. doi:10.3763/ghgmm.2010.0007.

Tolessa, D., Du Preez, C.C., and Ceronio, G.M. 2007. Comparison of maize genotypes for grain yield, nitrogen uptake and use
efficiency in Western Ethiopia. South African Journal of Plant and Soil 24(2):70-76. doi:10.1080/02571862.2007.10634784.

Toonsiri, P., Del Grosso, S.J., Sukor, A., and Davis, J.G.2016. Greenhouse gas emissions from solid and liquid organic fertilizers
applied to lettuce. Journal of Environmental Quality 45(6):1812-1821. doi:10.2134/jeq2015.12.0623.

Torello, W.A., Wehner, D.J., and Turgeon, A.J. 1983. Ammonia volatilization from fertilized turfgrass stands 1. Agronomy
Journal 75(3):454-456. doi:10.2134/agronj1983.00021962007500030009x..

Ullah, H., Santiago-Arenas, R., Ferdous, Z., Attia, A, and Datta, A. 2019. Improving water use efficiency, nitrogen use efficiency,
and radiation use efficiency in field crops under drought stress: A review. Advances in Agronomy156:109-157.

USA.gov. 2019. National Science FoundationlUSA.gov. Available at https://www.usa.gov/federal-agencies/national-science-
foundation.

Vaio, N. 2006. Ammonia volatilization and N-uptake from urea, urea ammonium nitrate (UAN) and Nitamin® (Urea polymer)
applied to tall fescue in Georgia. MSc thesis. Faculty of Graduate School, University of Georgia, Athens, Georgia.

Vetsch, J.A., and Randall, G.W. 2004. Corn production as affected by nitrogen application timing and tillage. Agronomy Journal
96:502-509. doi:10.2134/agronj2004.0502.

Vlek, PL.G., Fillery, I.R.P., and Burford, J.R. 1981. Accession, transformation, and loss of nitrogen in soils of the arid region.
Plant and Soil 58(1):133-175.

Walsh, O.S., and Christiaens, R.J. 2016. Relative efficacy of liquid nitrogen fertilizers in dryland spring wheat. International
Journal of Agronomy 2016:6850672. doi:10.1155/2016/6850672.

Wang, H., Koébke, S., and Dittert, K. 2020. Use of urease and nitrification inhibitors to reduce gaseous nitrogen
emissions from fertilizers containing ammonium nitrate and urea. Global Ecology and Conservation 22:e00933.
doi:10.1016/j.gecco.2020.e00933.

Wang, S., Luo, S., Yue, S., Shen, Y., and Li, S. 2016. Fate of N fertilizer under different nitrogen split applications to plastic
mulched maize in semiarid farmland. Nutrient Cycling in Agroecosystems 105(2):129-140. doi:10.1007/s10705-016-9780-3.

Watkins, PH. 2013. Nitrogen management in corn: Influences of urea ammonium nitrate (UAN) applications with and without
nitrogen stabilizer products. MSc thesis. Faculty of Graduate School, University of Maryland, College Park, Maryland, USA.

Wesley, T.L., Lamond, R.E., Martin, V.L., and Duncan, S.R. 1998. Effects of late-season nitrogen fertilizer on irrigated soybean
yield and composition. Journal of Production Agriculture 11(3):331-336. doi:10.2134/jpa1998.0331.

Yadav, M.R., Kumar, R., Parihar, C.M., Yadav, R.K., Jat, S.L., Ram, H., et al. 2017. Strategies for improving nitrogen use
efficiency: A review. Agricultural Reviews 38:29-40. doi:10.18805/ag.v0iof.7306.

Yao,Y.,Zeng,K., and Song, Y. 2020. Biological nitrification inhibitor for reducing N>O and NH3 emissions simultaneously under
root zone fertilization in a Chinese rice field. Environmental Pollution 264(3):114821. doi:10.1016/j.envpol.2020.114821.

Yao, Y., Zhang, M., Tian, Y., Zhao, M., Zhang, B., Zhao, M., et al. 2018. Urea deep placement for minimizing NH3 loss in an
intensive rice cropping system. Field Crops Research 218:254-266.

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., and Shen, Y. 2015. Managing nitrogen for sustainable
development. Nature 528(7580):51-59.

Zhang, W., Liang,Z.,He, X., Wang, X, Shi, X., Zou, C., et al. 2019. The effects of controlled release urea on maize productivity
and reactive nitrogen losses: A meta-analysis. Environmental Pollution 246:559-565. doi:10.1016/j.envpol.2018.12.059.
Zhang,M., Tian,Y.,Zhao,M.,Yin,B.,and Zhu,Z.2017. The assessment of nitrate leaching in a rice—wheat rotation system using

an improved agronomic practice aimed to increase rice crop yields. Agriculture, Ecosystems and Environment 241:100-109.

Zheng, W., Liu, Z., Zhang, M., Shi, Y., Zhu, Q., Sun, Y., et al. 2017. Improving crop yields, nitrogen use efficiencies, and profits
by using mixtures of coated controlled-released and uncoated urea in a wheat-maize system. Field Crops Research 205:106-
115. doi:10.1016/j.fcr.2017.02.009.

Zhou, M., and Butterbach-Bahl, K. 2014. Assessment of nitrate leaching loss on a yield-scaled basis from maize and wheat
cropping systems. Plant and Soil 374(1-2):977-991. doi:10.1007/s11104-013-1876-9.

Zhou, M., Zhu, B., Briiggemann, N., Dannenmann, M., Wang, Y., and Butterbach-Bahl, K. 2016. Sustaining crop productivity
while reducing environmental nitrogen losses in the subtropical wheat-maize cropping systems: A comprehensive case study
of nitrogen cycling and balance. Agriculture, Ecosystems and Environment 231:1-14. doi:10.1016/j.agee.2016.06.022.

Zhu, B., Wang, T., Kuang, F., Luo, Z., Tang, J., and Xu, T. 2009. Measurements of nitrate leaching from a hillslope cropland in
the Central Sichuan Basin, China. Soil Science Society of America Journal 73(4):1419-1426.

Zuki, M.M.B M. 2020. Nitrogen (N) transformation of NBPT treated urea on growth and yield of maize (Zea mays var. Thai
Super Sweet). Master thesis. Dept. Land Management, Universiti Putra Malaysia, Serdang, Malaysia.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022 657



