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ABSTRACT 

Agricultural soils are a major source of nitrous oxide (N2O) which can have a 

significant environmental impact on global warming and ozone depletion.  

Atmospheric N2O concentrations have rapidly increased between 1950 and the 

present.  As a result, many scientists have conducted research on the impacts of 

agriculture on N2O emissions.  However, there is little information on soil N2O 

emissions under different soil water contents as affected by drainage and irrigation in 

claypan soils.  Improved and cost-effective management practices to increase N use 

efficiency (NUE) and reduce environmental pollution are necessary.  In addition, 

slow-release N fertilizers (SRF) have not been extensively tested for agronomic crops 

as some N fertilizer sources may become more difficult to obtain.  The objectives of 

this research were to determine the relationship between soil N2O efflux, temperature, 

soil NO3
--N, and soil water content and to examine the performance of slow-release N 

fertilizer compared to conventional urea in relation to crop N uptake and 

environmental N loss under four drainage/irrigation treatments in a claypan soil in 

northeast Missouri.  The treatments consisted of: 1) no irrigation or drainage (NIN), 

2) no irrigation and drainage (NID), 3) subirrigation and drainage (SUB), and  

4) overhead irrigation and no drainage (OND).  The plots were split into N fertilizer 

treatments of pre-plant-applied conventional urea or polymer-coated urea at rates of 0, 

140, and 280 kg N ha-1.  All N fertilizer was broadcast-applied and incorporated.  

Measurements of surface soil N2O efflux, soil water content, soil temperature, and 
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soil NO3
--N were periodically collected for each drainage/irrigation and N treatment 

during the 2004 and 2005 growing seasons.  Water samples from suction lysimeters 

installed at two depths (15 and 45 cm) were also collected to measure NO3
- 

concentrations under each drainage/irrigation and N treatment.  At the beginning of 

the relatively higher rainfall year of 2004, significantly lower soil N2O flux was 

measured with application of PCU under no drainage or irrigation and no drainage 

and overhead irrigation.  However, no consistent differences in soil N2O efflux 

between fertilizers were observed in 2005, probably due to the lower precipitation 

experienced during that year.  Higher NO3
--N concentrations were found in lysimeters 

under application of urea at the beginning of the 2004 growing season.  In contrast, 

PCU led to higher NO3
--N concentration in lysimeters later in the growing season.  

Generally, N fertilization increased crop N uptake, silage and grain yields.  However, 

no differences were observed between fertilizer treatments in any of the two years.  

Overhead irrigation played a major role in improvement of corn silage and grain 

yields in 2005 due to the low rainfall experienced that year.  The results of this study 

showed no improvement in N uptake with use of PCU, but suggest that PCU may be 

effective in reducing environmental N losses under relatively wet climatic conditions 

early in the growing season.  However, no significant advantages were seen under low 

rainfall conditions.  Therefore, further research is needed to better assess PCU 

performance under a range of soil characteristics and environmental conditions.   
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Abbreviations: ammonium nitrogen (NH4
+-N), days after N application 

(DAA), drainage and no irrigation (NID), drainage and subirrigation (SUB), gas 

chromatography (GC), nitrogen use efficiency (NUE), nitrous oxide (N2O), nitrate 

nitrogen (NO3
--N), no drainage and no irrigation (NIN), no drainage and overhead 

irrigation (OND), percent water-filled pore space (WFPS), polymer-coated urea 

(PCU), slow-release N fertilizer (SRF), and soil gravimetric water content (θg). 
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CHAPTER 1 
 

GENERAL INTRODUCTION 
 
Importance of N2O emissions 
 

The concentration of atmospheric nitrous oxide (N2O) gas has increased 16% 

over the last 250 years (Dalal et al., 2003) at a rate of 0.25 % year -1 (Jenkinson, 

1990).  Agricultural soils account for approximately 70% of total N2O emissions 

(Mosier, 1998) and are the largest source of this gas in the U.S. (Walters, 2005).  

Nitrogen (N) fertilization has been observed to increase soil N2O emissions, 

especially during the first six weeks after N application (Mosier, 1998).   

Nitrous oxide is a more potent greenhouse gas than carbon dioxide (CO2) and 

has a residence time in the atmosphere of 150 years (Duxbury et al., 1993; Robertson, 

1993).  The global warming potential of N2O is 320 compared to that of CO2 (IPCC, 

2001).  The major impact of N2O emissions on global warming has stimulated 

increased research efforts to understand the factors affecting soil N2O efflux and to 

develop strategies to reduce N2O emissions.  However, soil N2O emissions are 

characterized by high spatial and temporal variability which makes it difficult to 

extrapolate results from one type of soil to another (Mosier et al., 1996). 

Factors influencing N2O efflux 
 
Environmental factors 
 

Nitrous oxide gas is produced primarily through the denitrification process, 

although the nitrification process has also been observed to be an important source of 

N2O under certain conditions (Bremmer and Blackmer, 1978; Pathak, 1999).  For 

example, when soil water content is below field capacity or approximately 60% 

water-filled pore space (WFPS), nitrification plays a major role in N2O production 

(Rudaz et al., 1991).   
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Under aerobic conditions, soil organic matter (SOM) is oxidized to CO2 using 

oxygen (O2) as the terminal electron acceptor.  However, when O2 becomes limiting, 

nitrate (NO3
-) may be used as an alternative electron acceptor with the subsequent 

formation of N2O or atmospheric nitrogen (N2).  This process is known as 

denitrification.  Aerobic bacteria with the ability of reducing nitrogen (N) oxides 

when oxygen is limiting are the primary organisms involved in the denitrification 

process, although many different bacterial groups are able to denitrify.  (Firestone and 

Davidson, 1989; Hutchinson and Davidson, 1993).   

Environmental factors that affect soil N2O emissions include soil water content, 

soil aeration, soil temperature, available soil NO3
-, soil N mineralization, soil total 

organic C (TOC), soil pH, salinity, (Granli and Bøckman, 1994; Dalal et al., 2003), soil 

texture, soil morphology, and changes in soil bulk density caused by compaction 

(Freney, 1997a). 

Soil water content and O2 availability are both major factors that affect soil N2O 

efflux.  When water-filled pore space (WFPS) is above 60 to 70%, oxygen diffusion 

decreases and both gaseous N2O and N2 are released, whereas at WFPS greater than 80 

to 90%, N2 is the primary N form released (Granli and Bøckman, 1994).  Similar results 

were obtained by Rudaz et al. (1999) under pasture who observed at WFPS greater than 

72% (field capacity) that N2O accounted for most of the N released while when WFPS 

was higher than 80 to 90%, N2O was reduced to N2.  Denitrifying bacteria use 

alternative electron acceptors to O2 under anaerobic conditions or in the presence of low 

O2 concentrations (Firestone and Davidson, 1989; Hutchinson and Davidson, 1993).   

Nitrous oxide emissions have been observed to increase as temperature rises up 

to an optimum level between 5 and 37 °C.  Above 37 °C, the ratio of N2O/N2 declines 

resulting in higher N2 emissions (Freney et al., 1978; Dalal et al., 2003).  However, 
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other scientists found no relationship between soil temperature and soil N2O flux rates 

(Rudaz et al., 1999). 

Soil total organic C supply favors N2O emissions as soil respiration is 

stimulated and denitrification occurs, thereby affecting oxygen supply (Mosier, 1998).  

Schuster and Conrad (1992) observed that addition of glucose favored denitrification, 

especially at high soil water contents.  

Soil N mineralization and available soil NO3
- are also important factors 

affecting soil N2O efflux.  Kaiser et al. (1996) found a significant correlation  

(r = 0.64*) of mineral N content with N2O emissions during periods of vegetative 

growth.  In addition, this study observed that decreasing N fertilization rates did not 

result in a proportional decrease in soil N2O losses, suggesting that N2O efflux in soils 

with a high N-mineralization potential were less affected by N fertilization reductions.   

Generally, high levels of soil NO3
- favor N2O production by stimulating 

denitrification and inhibiting the reduction of N2O to N2 (Firestone et al., 1980; Dalal 

et al., 2003).  A study with irrigated corn in Spain showed that soil N2O efflux peaks 

coincided with high soil NO3
- -N levels (Sánchez et al., 2001). 

The conventional concept is that optimum soil pH for denitrification ranges 

between 6 and 8, although reduction of NO3
- has been detected at pH as low as 3.5 

(Sylvia et al., 2005: 353).  However, review of the research conducted in the past 50 

years does not provide a clear relation between pH and potential denitrification.  In an 

incubation study, Wiljer and Delwiche (1954) demonstrated that below pH 7, N2O is 

the major product of denitrification as the reduction to N2 is inhibited under acidic 

conditions.  Below pH 6, denitrification slows down but even at pH 4.9 most of the 

added nitrate was lost within 2 weeks.   
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A few decades later, Parkin et al. (1985) measured denitrification over a 1 to 2 

hour incubation (instead of over several days) in acid and neutral soils that had been 

adjusted to different pH levels.  The denitrification enzyme activity showed different 

optimum pH levels, which were near the natural pH values of each soil.  This finding 

led them to conclude that the denitrifier community adapts to the natural soil pH 

which results in denitrification in acidic soils.   

In the next decade, there were more attempts to relate pH and denitrification 

rates.  In this research, soil N2O production was observed to be dependent on soil pH: 

N2O increased when the pH of an alkaline soil was lowered from 7.8 to 6.5 and 

decreased when the pH of an acidic soil was raised from 4 to 7 (Nägele and Conrad, 

1990).  In contrast, Drury et al. (1991) did not find a significant correlation between 

soil pH and potential denitrification.  Finally, Šimek and Cooper (2002) concluded 

that pH may impact denitrification indirectly through the availability of TOC and N 

mineralization.  However, the effect of pH on the denitrification products seems clear: 

when the pH is decreased, the N2O:N2 ratio increases as more N2O is produced 

(Šimek and Cooper, 2002; Šimek et al., 2002) while in alkaline soils, N2 is a more 

important denitrification product than N2O and, consequently, the N2O:N2 ratio 

decreases (Šimek et al., 2002). 

The effect of soil salinity on denitrification is to inhibit nitrous oxide reductase. 

Therefore, in saline soils, most N2O produced from the soil results from nitrification 

(Pathak, 1999). 

Soil morphology, texture, and their effects on soil water content and drainage 

are important factors affecting soil N2O emissions.  Claypan soils exhibit greater rates 

of N2O emissions due to their relatively high clay content in the subsoil (Pathak, 
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1999) and poor drainage.  This type of soil may be more readily saturated after 

rainfall events, and become more susceptible to N2O losses than well-drained soils.   

Different studies have addressed the effect of changes in soil bulk density on 

N2O losses.  For instance, Ruser et al. (1998) observed that 68% of the total N2O 

release in a potato field was emitted from areas of relatively high soil bulk density due 

to compaction by tractor traffic.  Flessa et al. (2002) also associated high N2O 

emissions with soil compaction due to machinery.  However, Ginting and Eghball 

(2005) did not find any significant effect of wheel traffic on bulk density and N2O 

flux in a no-till irrigated-corn field in Nebraska.  

Management factors 

Management practices that influence the rate and magnitude of denitrification 

include N fertilizer management (i.e., the type, rate, and method of application), (Granli 

and Bøckman, 1994; Dalal et al., 2003), tillage practices, irrigation, drainage, and 

vegetative cover (Freney, 1997a).  

Nitrogen fertilizer source has a large impact on N losses.  Goossens et al. (2001) 

observed high fertilizer N losses, ranging from 3 to 11%, from cattle slurry, synthetic 

fertilizer, and manure.  Nitrogen losses were low for arable lands (0.3-1.0%) while 

those for managed grasslands were up to 11.4%.  In contrast, in a study by Jambert et 

al. (1997) in irrigated corn, using anhydrous ammonia as N source, 3.9% of the N 

applied was lost as N2O.  Moreover, Eichner (1990) summarized available data on N2O 

emissions from soils.  The highest flux is for anhydrous ammonia, between 0.8 and 

6.8% of the N applied, 0.07-0.2% for urea, between 0.04 and 1.7% for ammonium 

nitrate, between 0.08 and 0.18% for ammonium sulfate, 0.001% for ammonium 

phosphate and 0.5% for N solutions.  
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Soil N2O emissions are higher for fall and split applications as compared to 

spring and a single application at the beginning of the season (Henault et al., 1998; Hao 

et al., 2001).  Surface N fertilizer applications will likely increase N losses in 

comparison to incorporation into the soil after application (Burke and Lashof, 1990).  In 

addition, N2O losses generally increase as rates of N fertilizer applications increase 

(Kaiser et al., 1998).   

Tillage practices can have a large impact on gaseous N losses (Aulakh et al., 

1984).  Nitrous oxide emissions were higher in no-tilled crop fields than under 

conventional tillage due to higher surface soil water content, higher bulk density (and 

therefore, less air diffusion), more anaerobic soil aggregates, and a larger denitrifying 

microbial community (Aulakh et al., 1984).  Doran (1980) also found a larger 

population of denitrifiers in no-tilled systems as compared to fields under 

conventional tillage.   

In regards to drainage and irrigation practices, Freney et al. (1978) and 

Hutchinson et al. (1993) have observed increases in soil N2O flux after wetting of a 

dry soil.  Therefore, irrigation practices can increase soil N2O emissions (Jambert et 

al., 1997).  On the other hand, research on the effect of water table management on 

N2O showed that denitrification rates during the growing season were higher under 

subirrigation treatments than in free drainage with open drains (Elmi et al., 2005).  

However, this higher denitrification rate did not result in greater N2O production 

under the subirrigation treatment because more N2 was produced under this treatment 

than under free drainage (Elmi et al., 2005). 

Another management practice that influences denitrification is use of 

continuous vegetative covers or intercrops.  The vegetation helps to recycle residual N 
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after harvesting so N does not stay in the soil and become susceptible to 

environmental loss (Duxbury, 1994; Freney, 1997a).   

Nitrate leaching  
 

Mineral N fertilizers may be oxidized in the soil to nitrite (NO2
-) and then to 

nitrate (NO3
-) by microorganisms in a process called nitrification (Sylvia et al., 2005: 

350).  Nitrification is an aerobic process mediated by chemoautotrophic bacteria: 

ammonium oxidation is carried out by the genera Nitrosomonas and Nitrospira while 

nitrite oxidation to NO3
- is mediated by the genera Nitrobacter (Hutchinson and 

Davidson, 1993; Sylvia et al., 2005: 346-347).   

Because NO3
- is a negatively charged ion and the soil particles have a net 

negative charge as well, NO3
- is not strongly retained in the soil.  In addition, NO3

- is 

very mobile and soluble in water.  Consequently, NO3
- is susceptible to be leached 

through the soil profile to groundwater, especially following crop harvest since there 

is little transpiration and evaporation usually decreases.  Rainfall after harvest will 

tend to drain more rapidly through the soil increasing the possibility of NO3
- leaching 

(Magdoff, 1991).  When high NO3
- content waters reach a lake, the growth of aquatic 

plants, including algae, is enhanced.  Therefore, oxygen levels are depleted as those 

algae die and are decomposed by microorganisms.  As a result, fish and other animals 

cannot survive under these anoxic conditions and die.  This situation is known as 

eutrophication (Newbould, 1989; Shaviv and Mikkelsen, 1993).   

Due to the deleterious effects of high nitrate levels in water and food on 

human and animal health, the U.S. Environmental Protection Agency and the 

European Union have established a drinking-water standard of 10 and 11.3 mg NO3
- -

N L-1, respectively (EU, 1998; USEPA, 1995).  Nitrate levels superior to these values 

are associated with methemoglobinemia, which can be fatal in infants. 
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To better address NO3
- leaching in the US, a groundwater vulnerability index 

for N for each state was calculated (Kellogg et al., 1994).  This index shows that N 

fertilizer leaching potential is highest in the Corn Belt States.  Missouri ranks 12th in 

average leaching vulnerability score for N fertilizer.  This index was calculated as the 

product of the percolation factor (average annual percolation of water through the root 

zone) by the estimates of excess N fertilizer applied (Kellogg et al., 1994).   

Both environmental factors and management practices affect nitrification and, 

therefore, NO3
- formation.  Environmental factors that affect nitrate leaching include: 

1) ammonium availability, as NH4
+ needs to be present to be oxidized to NO3

- ; 2) soil 

O2 concentration, for nitrification to occur, certain O2 levels need to be present in the 

soil since most nitrifiers are strictly aerobic; 3) soil pH, nitrifiers grow best at neutral 

pH conditions with minimal nitrification rates at pH lower than 4.5; and 4) 

temperature, nitrifying bacteria have been observed to grow poorly under low 

temperature conditions (Sylvia et al., 2005: 354).   

Management practices that affect nitrate leaching include fertilizer 

management (Hauck, 1990), drainage and irrigation practices, and other land use and 

agricultural practices (Dinnes et al., 2002).  The amount of residual NO3
- -N in the soil 

is greatly affected by fertilization.  Leachable N in soil increases rapidly at N fertilizer 

rates that either increase yield little or do not increase yields at all.  This situation is 

very frequent in U.S. corn systems (Hauck, 1990).  Therefore, larger applications of N 

fertilizer than needed for optimum crop yields can cause NO3
- -N accumulations in the 

soil profile (Jokela and Randall, 1989).  But even at optimum N fertilization rates, 

fertilizer N accumulation in the soil can occur leading to possible N leaching losses 

(Roth and Fox, 1990).  In fact, Jokela and Randall (1989) conducted a study of the 

effects of N application rate on residual NO3
- -N in non-irrigated corn and concluded 
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that when N rate was increased, soil NO3
- -N was also higher.  The same results were 

obtained by Burkart and Kolpin (1993).  Another study showed no significant 

differences in soil NO3
- -N among several N fertilizer rates, although there was a clear 

trend of higher soil NO3
- -N levels with the highest fertilizer N application which may 

cause accumulation in the soil profile and leaching into groundwater in the long term 

(Elmi et al., 2002).  

Drainage is assumed to increase the loss of nitrates from the soil (Thomas et 

al., 1992) and irrigation also impacts NO3
- -N leaching.  For example, Isidoro et al. 

(2006) studied the effects of surface irrigation on soil NO3
- -N concentrations.  They 

found that 75% of the total NO3
- -N exported by drainage took place when irrigation 

was applied.  

Controlled drainage-subirrigation systems are being tested as a way to 

minimize NO3
- -N losses.  These systems regulate drainage depth with a water level 

control device and supply additional water to maintain a water table level sufficient to 

meet crop water requirements.  This practice can reduce NO3
- pollution since the 

water table is raised because of the addition of water from below during nutrient 

application periods (Thomas et al., 1992).  Consequently, soil saturation increases and 

O2 diffusion is impeded, thus promoting NO3
- reduction by denitrification (Elmi et al., 

2002).  This practice has been observed to reduce NO3
- concentration in tile drainage 

water by 25% as compared to free drainage (Drury et al., 1997) and between 2 and 

45% in different growing seasons in a study by Elmi et al. (2002).  However, a 

possible negative environmental consequence may be increased N2O losses, although 

the released N2O may be further reduced to N2 (Elmi et al., 2002).  Kliewer and 

Gilliam (1995) showed that N2O emissions accounted only for 2% of the N denitrified 

as a result of water table management.  
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Another factor that affects soil and groundwater NO3
- -N levels is land use and 

agricultural practices.  Lands in tillable, dryland crop production or in summer fallow 

were observed to have higher soil NO3
- -N levels as a consequence of the release of 

organic N and subsequent N mineralization and nitrification (Bauder et al., 1993).  In 

a study by Burkart and Kolpin (1993), near-surface aquifers with a percentage of the 

surrounding land planted to greater than 25-30% corn or soybean had a higher 

frequency of nitrate levels equal to or exceeding 3.0 mg L-1.  Similar results were 

found when irrigation had been used in areas surrounding wells.    

Nitrogen management to reduce N losses 

 Nitrogen losses and the impact of those losses on water contamination may be 

reduced by improving N fertilizer management and other cultural practices to increase 

efficient N use by crop plants.  Management strategies to reduce soil N loss include 

improved timing of N fertilizer applications, better use of soil and plant testing 

procedures to determine N availability, switching to use of variable-rate N fertilizer 

applications and other more effective N fertilizer application methods, application of 

nitrification or urease inhibitors, and use of N fertilizer sources that are suitable for 

local environmental conditions (Dinnes et al., 2002). 

 In order to reduce N losses, the time between N application and crop uptake 

should be minimized and the amount of inorganic N in the soil after the growing 

season and before the next crop has established its root system should be limited 

(Dinnes et al., 2002).  Spring split applications prior and after planting instead of a 

single dose in fall before planting has been observed to be an effective practice to 

reduce N losses (Motavalli et al., 2006).  In addition, method of fertilizer application 

has an effect on N losses.  For example, banding, injection or incorporation of the N 

fertilizer reduces losses compared to surface applications (Burke and Lashof, 1990). 
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Presidedress and late-spring soil nitrate tests are used to monitor N 

mineralization and better account for soil available N before applying N fertilizers.  

These tests assume that by late spring after planting the effects of N mineralization, 

leaching, and losses in general after the harvest of the last crop can be determined.  

Therefore, soil needs to be sampled approximately 6 weeks after planting to estimate 

if additional N fertilizer needs to be applied (Dinnes et al., 2002).   

 Another method to decrease N losses is through use of variable-rate 

technology, which is based on the concept that within a field, most of the nitrate 

leached comes from a small area.  By identifying spatial variability, zones that do not 

require additional N and those that are vulnerable to leaching would be limited in N 

fertilizer or not fertilized at all (Dinnes et al., 2002).  In addition, Motavalli et al. 

(2005) has conducted research on variable source N fertilizer applications with 

conventional and polymer-coated urea.   

 Urease and nitrification inhibitors limit the activity of soil urease enzyme 

which promotes the conversion of urea to ammonium (Motavalli et al., 2006), and the 

activity of Nitrosomonas bacteria which is responsible for converting ammonium to 

nitrite (Freney, 1997b).  Therefore, the conversion of N fertilizers to NO3
- is slowed 

down before peak demand by the crop, reducing the potential for N loss (Dinnes et al., 

2002).  

Nitrogen use efficiency   
 
 Nitrogen use efficiency (NUE) is the proportion of N inputs that are removed 

in harvested crop biomass, contained in recycled crop residues, and incorporated into 

soil organic matter and inorganic N pools (Cassman et al., 2002).  Nitrogen use 

efficiency values of approximately 37% have been reported for cereal crops in the 

USA (Cassman et al., 2002) while others have estimated cereal NUE in developed 
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countries to be approximately 42% with worldwide NUE is approximately 33% (Raun 

and Johnson, 1999).  In the last 25 years, NUE has generally improved in USA corn 

systems due to: 1) better fertilizer management that includes a shift of fall to spring 

application and use of split fertilizer applications over the growing season rather than 

a single large preplant application; 2) increased yields and better crop growth as a 

consequence of greater stress tolerance of hybrids, and 3) conservation tillage 

practices and higher plant densities (Cassman et al., 2002).  

High N recovery rates by crop plants may decrease N losses to the 

environment (Fernández-Escobar et al., 2003).  Management practices that reduce N 

losses, and thereby improve NUE, include promotion of root growth, improved timing 

and method of N fertilizer application to meet crop N demands, application of N 

sources at optimum rates taking into account all N sources in the soil, incorporation of 

the fertilizer in the soil rather than surface application so N losses to the environment 

are minimized (Dalal et al., 2003), in-season N applications (Raun and Johnson, 

1999), utilization of new technology such as Global Positioning System (GPS) and 

Geographical Information System (GIS) software to assess in-field variation and, 

consequently, ensure more precise amount of fertilizer to be added spatially, 

application of enhanced efficiency fertilizers (e.g., nitrification and urease inhibitors 

and slow/controlled release fertilizers), and use of continuous cover crops that utilize 

the remaining N in the soil after harvest (Dalal et al., 2003).  Other production 

practices that have been observed to increase NUE are crop rotation to reduce residual 

soil N (Huang et al., 1996) and application of low N rates with light and frequent 

irrigation (Russelle et al., 1981). 
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Use of slow-release N fertilizers to mitigate N losses 
 

Slow-release fertilizers (SRF) are being tested for use with agronomic crops as 

an alternative to conventional N fertilizers in order to improve NUE and decrease N 

losses to the environment.  There are two main types of slow-release N fertilizers with 

different modes of action: 1) condensation products of urea and urea-aldehydes (e.g. 

urea-formaldehyde, urea-crotonaldehyde, and urea-isobutyraldehyde based products) 

and 2) coated urea fertilizers (e.g. sulfur-coated, polymer-coated, and a mix of sulfur 

and polymer-coated urea) (Trenkel, 1997).    

Barbieri et al. (2006) compared the effects of SRF urea and conventional urea 

under no-tillage on corn yields.  Their results showed no significant differences 

between fertilizers in neither grain N content nor NUE, although SRF urea treatments 

had higher NUE than treatments with non-coated urea.  

In another study by Shoji et al. (2001) in corn, SRF did significantly increase 

NUE and reduce N2O emissions from conventional urea.  The total flux values for the 

160-day experiment were 101 and 315 mg N m-2 for SRF and urea, respectively, 

which represented total N2O-N losses of 0.59 and 2.02 % of fertilizer N.  In addition, 

N fertilizer recovery under SRF application was almost two fold of that under urea 

treatment.   

Research comparing effects of fall and spring-applied slow-release N fertilizer 

(ESN) and conventional urea in 2003 and 2004 in Iowa showed inconsistent results  

(González, 2005).  Fall-applied SRF yielded significantly higher than urea in 2003 

whereas the following year no differences were seen.  The author attributed this 

difference to changes in coating components during the manufacture of the product 

and higher temperatures at the beginning of the 2004 season than average mean 

temperatures that might have favored permeability of the SRF to moisture which 
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thereby, affected N release as well.  Similar results were obtained with spring 

applications at two different locations: no significant differences in 2003 but 

significantly higher corn grain yields under SRF treatment in 2004 in location 1, and 

higher yields with SRF the first year whereas no information is provided in 2004 for 

location 2.  The reasons for the yield increase in one out of the two years were 

attributed to differences in hybrids and soil and weather conditions at the two 

locations. 

Slow-release N fertilizers when applied close to the seed or seedling have a 

relatively lower potential for causing plant toxicity or injury due to high ionic 

concentrations as compared to conventional N fertilizers.  Therefore, larger amounts 

of slow-release N fertilizer can be applied in banded applications at or shortly after 

planting resulting in savings in time, labor, and energy (Trenkel, 1997).  Timing of 

fertilizer application can also possibly be done at more convenient times for farming 

operations, such as in the fall or pre-plant, while also minimizing environmental N 

loss.  This potential control over N release with use of slow release N fertilizer may 

allow for improved synchronization of N release with plant N needs, thereby 

minimizing NO3
- leaching, ammonium (NH4

+) volatilization (Mikkelsen et al., 1994), 

and soil N2O emissions (Shaviv and Mikkelsen, 1993).   

However, slow-release N fertilizer may also have several disadvantages.  First, 

the cost of SRF is usually higher compared to that of conventional N fertilizers.  

Second, handling and storage of the slow-release N fertilizers may require extra 

precautions to avoid damage to the fertilizer granules.  Insuring uniform quality of the 

slow-release N fertilizer product (e.g. polymer coating thickness) may also be an 

important factor affecting actual N release patterns. 
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The slow-release N fertilizer that was tested for this research is ESN® 

(Agrium, Inc. Denver, Colorado), which is a polymer-coated urea.  Its mode of action 

is by water moving into the urea granule through the micro-thin polymer coating 

allowing the urea N to dissolve.  Finally, urea N moves out through the coating into 

soil solution.  Nutrient diffusion is controlled by temperature and affected by moisture 

which also governs plant growth and nutrient demand.   

Claypan soils 
 

Soil morphology and texture may influence soil N2O emissions and NO3
- 

leaching.  For example, claypan soils, with an argillic horizon between 13 and 46 cm 

deep and clay contents higher than 450 g kg -1, limit water infiltration (Jamison and 

Peters, 1967; Blanco-Canqui et al., 2002).  Consequently, claypan soils often have 

high soil water content in the overlying horizons which possibly makes these soils 

more susceptible to soil N2O losses compared to well-drained soils.  Therefore, 

irrigated soils may have higher N2O rates than non-irrigated soils due to increased 

water content.  In addition, claypan soils when dry often present preferential flow 

paths that allow NO3
- to leach, increasing the potential for groundwater contamination 

(Pomes et al., 1998).   The Midwest claypan region encompasses an area of about 4 

million ha within Missouri, Illinois and Kansas (Anderson et al., 1990), and includes 

large areas of agricultural production with corn and soybean crops. 

Objectives 

 The objectives of this research were to: 1) determine the relationship between 

soil N2O efflux, soil temperature, NO3
- -N, and soil gravimetric water content, and 2) 

to compare the effectiveness of slow-release N fertilizer compared to non-coated urea 

in relation to crop N use and environmental N loss under different drainage/irrigation 

practices in claypan soils. 
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Hypotheses 
 
 The hypotheses were: 1) soil N2O efflux would be lower using polymer-coated 

urea N fertilizer compared to conventional urea because of increased NUE and 

therefore, less N losses, 2) nitrate levels in soil water samples from suction lysimeters 

would be higher in conventional urea-treated plots earlier in the growing season as 

compared to the slow-release urea-treated plots due to the different nutrient release 

characteristics of the two N fertilizer materials, 3) nitrate levels in suction lysimeters 

and N2O losses would be higher in irrigated, non-drained plots due to higher soil 

water content, 4) silage and grain yields and N uptake would be higher when slow-

release fertilizer was applied because the N release rate in polymer-coated urea is 

controlled by temperature which also governs plant growth and so more N is being 

taken up by the plant and less N is lost into the environment, 5) soil temperature, soil 

gravimetric water content, and soil NO3
--N influence N2O efflux, 6) N uptake would 

be lower at the highest fertilizer rate because more N is available but it is used less 

efficiently, and 7) irrigation would increase grain yields and N uptake under dry 

conditions since water might be limiting plant growth whereas drainage would 

increase crop growth and N use parameters under relatively wet conditions. 

Outline of thesis  

 Each chapter has been written in a format for submission for publication in a 

refereed journal.  Chapter 2 discusses the effects of fertilizer type and rate, soil water 

content, soil temperature, soil NO3
- -N, and drainage and irrigation practices on 

production of soil N2O.  Chapter 3 evaluates NO3
- -N concentrations in water, slow-

release and non-coated urea fertilizers and their effects on N content, N uptake, and 

silage and grain yields.  References, tables, and figures are at the end of each chapter. 
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CHAPTER 2. SOIL N2O EMISSIONS DUE TO DIFFERENCES IN N 
FERTILIZER SOURCES AND IRRIGATION AND DRAINAGE PRACTICES 
 

ABSTRACT 
 

Reduction of nitrous oxide (N2O) emissions resulting from nitrogen (N) 

fertilization is a high public priority because of its role in global warming and ozone 

depletion.  Among the management practices being recommended to reduce soil N2O 

emissions from N fertilization is use of slow release N fertilizers (SRF).  However, 

the effectiveness of this type of fertilizer has not been extensively tested under a range 

of environmental conditions that may occur due to climatic variation and use of 

different irrigation and drainage systems.  The objectives of this study were to 

determine the relationship between soil N2O flux, temperature, soil NO3
- -N, and soil 

gravimetric water content and to assess the effects of slow-release N fertilizers (i.e., 

polymer-coated urea-PCU) and conventional urea on soil surface N2O efflux rate and 

estimated cumulative N2O efflux on claypan soils in northeast Missouri.  The 

experimental plots were in a corn-soybean rotation, and contained one of four 

drainage and irrigation treatments: 1) no irrigation or drainage (NIN), 2) no irrigation 

and drainage (NID), 3) subirrigation and drainage (SUB), and 4) overhead irrigation 

and no drainage (OND).   The plots were split into N fertilizer treatments of 

conventional urea or PCU at rates of 0, 140, and 280 kg N ha-1.  All N fertilizer was 

broadcast-applied prior to planting and incorporated.  Measurements of surface soil 

N2O efflux, soil water content, soil temperature, and soil NO3
--N were periodically 

collected for each drainage/irrigation and N treatment during the 2004 and 2005 

growing seasons.  At the beginning of the relatively higher rainfall year of 2004, 

significantly lower soil N2O flux was measured with application of PCU when no 

drainage or irrigation was present.  Similar results were found with overhead 

irrigation and no drainage.  In contrast, there were no consistent differences in soil 
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N2O efflux between fertilizers in 2005, most probably due to the lower rainfall 

experienced during that year.  Multiple regression analysis indicated that soil NO3
--N, 

temperature, water content, and the time after N fertilizer application only explained a 

small proportion of the variation observed in soil N2O efflux and estimated 

cumulative release.  The results of this study suggest that PCU may be effective in 

reducing soil N2O efflux under relatively wet climatic conditions early in the growing 

season.  

INTRODUCTION 

Public concerns about rising anthropogenic nitrous oxide (N2O) gas emissions 

are increasing due to the contribution of this gas to global warming and ozone 

depletion.  Atmospheric N2O absorbs infra-red radiation and accounts for 6 to 8% of 

the greenhouse effect (Robertson, 1993) with a rate of increase of about 0.25 % year -1 

(Jenkinson, 1990).  Nitrous oxide has a residence time in the atmosphere of 150 years 

(Duxbury et al., 1993; Robertson, 1993) and a global warming potential of 320 

compared to that of carbon dioxide (CO2) (IPCC, 2001).  Atmospheric concentrations 

of this gas have been continuously increasing since 1750 but rose more rapidly 

between 1950 and the present (Duxbury et al., 1993).   

A parallel increase of agricultural nitrogen (N) fertilizer inputs and 

atmospheric N2O levels has been observed (Duxbury, 1994; Kaiser and Ruser, 2000), 

indicating that agricultural soils are a very important source of this gas.  Estimates of 

the contribution of agriculture to anthropogenic emissions range from 23% (USEPA, 

1990) to between 29 to 46% (Eichner, 1990).  More specifically, agriculture is 

responsible for 70 to 81% of increasing N2O concentrations since the second half of 

the twentieth century (Bouwman, 1990).  A major factor affecting N2O emissions 

from agriculture is extensive use of N fertilizers for crop production (Robertson, 
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1993; Duxbury, 1994; Ruser et al., 1998).  With an expected increase in area of 

agricultural cropped land to 950 million hectares by 2025 in developing countries, N 

fertilization inputs are estimated to become a total of 140 Tg N yr-1 (USEPA, 1990).  

If no mitigation practices are used, the agricultural contribution to N2O emissions is 

expected to double (Duxbury et al., 1993).   

Several factors and practices affect the soil N2O emissions, including soil water 

content and O2 concentration, NO3
- (nitrate) levels, fertilizer management (source, rate 

and method of application), temperature, organic C (carbon) supply, N mineralization, 

soil pH and salinity (Granli and Bøckman, 1994; Dalal et al., 2003), tillage practices, 

irrigation, artificial drainage, soil morphology and texture, soil compaction, vegetation, 

and land use practices (Freney, 1997).   

Soil moisture is a very important factor affecting soil N2O efflux.  Water-filled 

pore space above 60 to 70% hinders oxygen diffusion and N2O and N2 are released by 

denitrification whereas N2 is the primary N form released at WFPS greater than 80-90% 

(Granli and Bøckman, 1994).  Another factor affecting N2O rates is soil NO3
-.  

Generally, high levels of soil NO3
- favor N2O production by stimulating denitrification 

while inhibiting its reduction to N2 (Dalal et al., 2003).   

Fertilizer management practices have a major impact on N losses.  Cumulative 

soil N2O emissions are usually relatively small, typically less than 1% of the fertilizer N 

applied (Hutchinson and Davidson, 1993).  However, Bailey et al. (2005) found N2O-N 

levels as high as 10.5% in claypan soils in Missouri and Goossens et al. (2001) also 

observed high fertilizer N losses, ranging from 3 to 11%, from cattle slurry, synthetic 

fertilizer, and manure.  Nitrogen losses were low for arable lands (0.3-1.0%) while 

those for managed grasslands were up to 11.4%.  In contrast, in a study by Jambert et 

al. (1997) in irrigated maize, using anhydrous ammonia as the N source, 3.9% of the N 
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applied was lost as N2O.  Finally, Eichner (1990) summarized available data on N2O 

emissions from soils.  The highest observed N2O flux was between 0.5 and 6.8% of the 

N applied as anhydrous ammonia, between 0.07 and 0.5% for urea, between 0.03 and 

1.7% for ammonium nitrate, ammonium sulfate, and ammonium phosphate, and 

between 0.001 and 0.5% for N solutions.  

The method of fertilizer application also affects soil N2O losses.  For example, 

soil N2O emissions are higher for fall and split applications as compared to spring and 

a single application at the beginning of the season (Henault et al., 1998; Hao et al., 

2001).  Broadcasting N fertilizer will likely increase N losses in comparison to 

incorporation into the soil after application (Burke and Lashof, 1990).  In addition, 

this increase in N2O losses is affected also by the fertilizer rate with emissions often 

higher as the fertilizer amounts increase (Kaiser et al., 1998).   

Nitrous oxide emissions increase as temperature increases to an optimal level 

between 5 and 37 °C.  Above 37 °C, the ratio of N2O/ N2 declines resulting in higher N2 

emissions (Freney et al., 1978; Dalal et al., 2003).  Organic C supply also favors N2O 

emissions by denitrification.  Aerobic soil respiration is stimulated to decompose the 

organic C.  Therefore, oxygen is depleted and when there is no more oxygen available, 

other terminal electron acceptors, such as NO3
-, are used resulting in N2O formation 

(Sylvia et al., 2005: 359).  Schuster and Conrad (1992) observed that addition of 

glucose favored denitrification, especially at high soil moisture contents.  

For drainage and irrigation practices, Hutchinson et al. (1993) observed a large 

increase in soil N2O emission after wetting a dry soil.  Freney et al. (1978) have also 

shown that even small quantities of water increased the rate of N2O production in air 

dried soils.  Moreover, increasing the amount of water added to the soil increased the 
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rate of the N2O emissions (Aulakh et al., 1984).  Therefore, irrigation practices will 

affect N2O emissions (Jambert et al., 1997). 

Research on the effect of water table management on N2O has shown that the 

soil denitrification rate, during the growing season, was higher under subirrigation 

treatments than under free drainage with open drains due to the higher WFPS in the 

subirrigation treatments.  However, this higher rate of denitrification did not result in 

greater N2O production, because more N2 rather than N2O was produced under the 

subirrigation treatment compared to the free drainage treatment (Elmi et al., 2005). 

Soil morphology and texture and their effects on soil water content and 

drainage are important factors affecting soil N2O emissions.  Soils with high clay 

content exhibit greater rates of N2O emissions (Pathak, 1999).  Claypan soils have an 

argillic horizon between 13 and 46 cm deep and a 100% increase in clay content from 

the surface to the argillic horizon that reduces drainage and air movement (Jamison et 

al., 1968; Blanco-Canqui et al., 2002).  In addition, root growth is restricted to the 

overlying horizon (Pomes et al., 1998).  Due to the relatively poor internal drainage, 

claypan soils may become more readily saturated after rainfall events, which make 

them more susceptible to N2O losses than well-drained soils.  Claypan soils cover 

41,000 km2 of Missouri, Kansas, Oklahoma, Illinois, Indiana, and Ohio, known as the 

Central Claypan Region (Pomes et al., 1998).  This soil class is also present in the 

Texas Claypan and the Northern Claypan Regions in the states of Texas and 

California, respectively.   

Slow-release formulations, urease, and nitrification inhibitors may be an 

effective method to decrease N2O losses (Pathak, 1999). Slow-release fertilizers (SRF) 

are being tested as an alternative to conventional fertilizers to decrease N losses to the 

environment.  Delgado and Mosier (1996) studied how urea and a slow-release N 
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fertilizer affected N2O emissions on irrigated spring barley.  Nitrous oxide flux was 

reduced by use of the slow-release N fertilizer following fertilization compared to urea 

during the first 3 weeks after N application.  However, during the following 60 days, 

N2O emissions were higher under the slow-release fertilizer application.  This study 

showed a relatively large release of N2O after fertilization and the first irrigation of the 

season (Delgado and Mosier, 1996).  Research on corn and barley showed N2O 

emissions to decrease by 81% after SRF application compared to urea on a field planted 

to barley while in corn, total N2O-N losses following SRF were one third of those from 

urea (Shoji et al., 2001).  Similar results were obtained in a study conducted in Ohio to 

compare the effects of spring and fall-applied polymer-coated urea (PCU) and urea at 

two different rates on N2O losses.  Results showed that N2O emissions from PCU 

treatments were significantly lower than those from urea (Blaylock et al., 2004).     

Slow-release N fertilizers reduce toxicity caused by high ionic concentrations as 

a result of the fast dissolution of conventional fertilizers.  Therefore, larger amounts can 

be applied resulting in savings in time, labor, and energy (Trenkel, 1997).  In addition, 

the nutrient release is synchronized with the plant N needs minimizing N2O emissions 

(Shaviv and Mikkelsen, 1993), NO3
- leaching, and ammonium (NH4

+) volatilization 

(Mikkelsen et al., 1994).  However, SRF also present several disadvantages.  Farmers 

prefer to apply fertilizers based on yield goal and crop growth throughout the growing 

season, which is not possible with one single application at the beginning of the season.  

Yet the cost of production of slow-release fertilizers is very high compared to that of 

the conventional formulas (Trenkel, 1997). 

Although the processes of N2O production in soil and its controlling factors 

have been widely studied (Kaiser et al., 1998; Goossens et al., 2001), more research is 

needed to understand soil N2O emissions under different soil water contents as 
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affected by drainage and irrigation in claypan soils. In addition, new N fertilizer 

sources need to be tested as an alternative to conventional fertilizers to study their 

capability of reducing N2O efflux.  However, a challenge for this research effort is the 

high spatial and temporal variability of soil N2O emissions over different types of 

soils or even across a specific field (Eichner, 1990; Mosier et al., 1996).   

The objective of this chapter is to determine surface soil N2O emissions as a 

function of climate, the source and rate of N fertilizer, and the use of irrigation and 

drainage in a claypan soil planted to corn in Northeast Missouri.  We hypothesized 

that use of slow-release fertilizer would change the pattern of N release in the soil and 

reduce soil N2O efflux compared to use of conventional urea fertilizer.  In addition, 

soil N2O efflux would be a function of differences in soil water content, soil 

temperature, and soil NO3
- -N content as a result of the N fertilizer and 

irrigation/drainage treatments used in the research. 

MATERIALS AND METHODS 

Experimental design 

This research was conducted using established drainage and irrigation plots at 

the University of Missouri Drainage and Subirrigation (MUDS) Experiment at the 

Ross Jones Farm in Knox County, Missouri, USA.  The experimental design was 

arranged as a split plot design with three replications and with irrigation/drainage as 

the main plots and subplots of N treatments, 6.1 m tile drain spacing, and sufficient 

space allocated to have a complete set of treatments in both corn (Zea mays L.) and 

soybean [Glycine max (L.) Merr.]) each year.  Each irrigation or drainage plot with 

the 6.1 m tile drain spacing was 45.6 m long and 18.2 m wide and were in a corn-

soybean rotation.  For this study, only the plots planted to corn were used.   
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The drainage/irrigation main plots consisted of: 1) no drainage or irrigation 

(NIN), 2) drainage with tile drains spaced 6.1 m apart and no irrigation (NID), 3) 

drainage with tile drains spaced 6.1 m apart and subirrigation (SUB), and 4) no 

drainage and overhead sprinkler irrigation (OND).  The 45.6 m length of the 

drainage/irrigation plots were then randomly split into five N fertilizer plots 

measuring 9.1 m in length with treatments of a control and conventional urea or 

polymer-coated urea (ESN®, Agrium, Inc., Alberta, Canada) applied at rates of 140, 

and 280 kg N ha-1.  All N fertilizer was broadcast-applied pre-plant and immediately 

incorporated with a field cultivator to a depth of approximately 10 to 12 cm to 

minimize potential ammonia (NH3) volatilization.   

 Irrigation application times and amounts were based on the Woodruff chart 

which relies on the accumulated water from rainfall and the water use of the crop 

during the growing season.  In 2004, the subirrigated plots received 0.6 cm of water in 

July, 0.2 cm in August, and 0.3 cm in September for a total of 1.1 cm.  Since 2005 

was drier than the previous year, the total subirrigation water was 3.5 cm: 1 cm in 

June, 2 cm in July and 0.5 in September.  The overhead irrigated plots, however, 

received 4.3 and 0 cm in June, 20.3 and 11.4 cm in July, and 5.6 and 2.8 cm in August 

totaling 30.2 and 14.2 cm for the 2004 and 2005 growing seasons, respectively.   

 The soils in the study area are classified as a Putnam silt loam (fine, smectitic, 

mesic Vertic Albaqaulfs) with poor drainage and a Bt horizon with a claypan at a 

depth of approximately 51 cm.  The initial soil organic matter content was measured 

to a depth of 15 cm prior to planting and was found to be 1.9 ± 0.1% in 2004 and 2.2 

± 0.1% in 2005.  Initial soil pH (0.01 M CaCl2) was 6.8 ± 0.3 in 2004 and 6.7 ± 0.1 in 

2005.  
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All plots were chisel-plowed on 17 November, 2003 and then disk-harrowed 

on 24 March before application of the N fertilizer treatments.  In 2005, plots were 

only disk-harrowed on 13 March.  All plots received pre-plant broadcast applications 

of N, P and K fertilizer (19 kg N ha-1, 40 kg P ha-1, and 131 kg K ha-1 in 2004 and 13 

kg N ha-1, 30 kg P ha-1, and 112 kg K ha-1 in 2005) based on University of Missouri 

recommendations.  The small amount of N fertilizer was added because of the use of 

diammonium phosphate fertilizer in the blended P and K fertilizer.  Corn hybrid 

‘Pioneer 33P67’ was planted in 75 cm rows at a seeding rate of approximately 81,500 

seeds ha-1 on 15 April, 2004 and 8 April, 2005.  Weeds were controlled with a 

postemergence application of Lumax® (Syngenta, Greensboro, SC) at 7.0 L ha-1.  

Warrior® (Syngenta, Greensboro, SC) insecticide was applied in May, 2005 at a rate 

of 0.28 L ha-1.  Corn grain was harvested on 30 August, 2004 and 29 August, 2005.   

Gas efflux measurements 

 Five collection collars (12.5 cm high and 20 cm inside diameter) of polyvinyl 

chloride (pvc) were placed in each plot to a depth of 5 cm shortly after planting.  Gas 

sampling occurred from 20 April through 30 September, 2004 and from 14 April 

through 22 September, 2005.  Prior to N2O collection, a flexible pvc cap was placed 

over the top of the collar into stop screws and a hose clamp tightened.  The volume of 

the closed chamber was approximately 6.6 L. The chamber was subsequently covered 

with a white bucket to minimize the effects of solar radiation.  The chambers were left 

undisturbed approximately one hour and then the headspace of the chamber was 

mixed with a 60 mL syringe and 21 gauge needle.  The syringe was pumped about 4 

times to thoroughly mix the air inside the chamber.  Then, an 8 mL sample was taken 

from the headspace using a 10 mL syringe.  The gas samples were injected into 5 mL 

serum bottles that were previously evacuated.  Soil temperature was measured in 
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triplicate around each collar during the gas collection with a digital thermometer at 

the 5 cm depth. 

 Nitrous oxide samples were transported to the laboratory in a cooler and stored 

at room temperature until they were analyzed on a gas chromatograph (GC) (Buck 

Scientific Inc., East Norwalk, CT, USA).  The GC was fitted with an electron capture 

detector (ECD) and a 1.8 m Porapak Q column.  Subsamples of 1.5 mL were injected 

into the GC from the serum bottles.  The concentration of the subsample was 

determined based on a standard curve using incremental aliquots of a 10 µL L-1 N2O 

standard gas (Scott Specialty Gases, Plumsteadville, PA, USA). 

Soil sampling and analyses 

 Soil samples were collected at each sampling within 0.5 m of the collar to a 

depth of 5 cm with a hand trowel to determine gravimetric soil water content and soil 

NO3
--N.  The samples were transported to the laboratory in a cooler and stored at  

3.9°C.  A small portion of the soil samples (between 25 and 45 g) was oven-dried at 

105°C to determine gravimetric soil water content and the rest of the soil was air-

dried.  Once dried, the samples were ground and passed through a sieve with 2 mm 

openings prior to analysis.  For determination of soil NO3
--N, 4.0 g of soil was shaken 

with 40 mL of 2 M KCl for an hour on a reciprocal shaker before being filtered with 

Whatman #42 filter paper.  The extracts were then analyzed for NO3
--N using a 

Lachat Quikchem flow injection analyzer (Zellweger Analytics, Inc., 1997).   

Statistical analysis 

Soil nitrous oxide efflux rate, estimated cumulative soil N2O, soil gravimetric 

water content, soil temperature, soil NO3
- -N levels, and regression data were analyzed 

with SAS (SAS Institute, 2006).  PROC MIXED was used for the analysis of variance 

for the soil properties, N2O and cumulative N2O efflux.  PROC REG was used for 
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stepwise multiple regression analysis for each soil property and efflux rates.  All 

statistical analyses were tested for significance at α ≤ 0.05.  

RESULTS AND DISCUSSION 

Precipitation and soil water content 

 Precipitation patterns in the 2004 and 2005 growing seasons differed 

considerably (Figure 2.1 A&B).  Cumulative precipitation at the Ross Jones Farm was 

539 mm during 2004 whereas in 2005, rainfall totaled less than half of that in the 

previous year (266 mm).  In 2004, precipitation was consistent throughout the 

summer, but 2005 was a relatively dry year with isolated rainfall events.   

 In 2004, gravimetric soil water content in the top 5 cm of soil was usually 

highest at the beginning of the season except in plots with overhead irrigation that had 

higher values at the last sampling date (Fig. 2.2 A-D).  Gravimetric soil water content 

was affected by precipitation events and irrigation and drainage conditions.  Early in 

the season (up to 39 DAA), several rainfall events occurred and the cumulative 

precipitation totaled 7.57 cm.  During the next 18 days (up to 57 DAA), the 

cumulative precipitation was 19.28 cm.  Due to the small precipitation events that 

occurred in the first period, soil gravimetric water content varied in response to those 

rains.  However, from 39 to 57 DAA, precipitation increased considerably affecting 

gravimetric soil water content, regardless of irrigation and drainage conditions.  In the 

next two weeks (up to 70 DAA), the scarce 1.8 cm of rainfall were responsible for the 

decrease in soil gravimetric water content in all treatments.  From 70 to 84 DAA, soil 

water content started increasing again due to several precipitation events.   

Gravimetric soil water content behaved differently among the 

drainage/irrigation treatments from 84 to 113 DAA (Fig. 2.2 A-D).  In the overhead 

irrigated, non-drained plots in 2004, irrigation water was added (1.37, 2.60, 3.61, and 
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3.51 cm of water applied 99, 102, 104, and 106 DAA, respectively) causing an 

observed increase in gravimetric soil water content (Figure 2.2 C).  The other three 

irrigation/drainage treatments gravimetric soil water content either decreased or 

stayed constant to increase again at the end of the season regardless of type of 

fertilizer applied and drainage/irrigation combination (Figure 2.2 A, B&D).   

A few significant differences were observed in 2004 among urea and polymer-

coated urea (PCU)-treated and non-treated plots.  Overhead irrigated, non-drained 

plots had higher gravimetric soil water content the first day of the growing season and 

57 DAA when no fertilizer was applied as compared to PCU-treated plots (Figure 2.2 

C).  In addition, urea-treated plots with overhead irrigation showed significantly 

higher water content 18 DAA than plots treated with PCU fertilizer (Figure 2.2 C).  In 

the subirrigated plots, no significant differences were observed (Figure 2.2 D).  

However, non-irrigated, drained-plots had significantly higher water content when no 

fertilizer was applied in two days (57 and 113 DAA) (Figure 2.2B).   

The differences observed in soil gravimetric water content between fertilized 

and control plots with drainage and no irrigation may be due to the lack of N 

fertilization, which limited plant growth.  In fact, control plots had significantly lower 

N content (Table 3.3), N uptake (Table 3.4), and grain yields (Figure 3.3).  Therefore, 

soil water uptake was possibly lower and consequently, soil gravimetric water content 

was higher in control plots as compared to treated plots.  There is a positive 

relationship between soil gravimetric water content and yield response that reflects 

the positive response of plants to higher available water (Corwin et al., 2003).  In 

contrast, control plots showed lower water content than treated plots in the non-

irrigated, non-drained plots only at the beginning of the season (Figure 2.2A). 
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In 2005, gravimetric soil water content was highest the first day sampled (6 

DAA) in all drainage/irrigation treatments, except in the overhead irrigated plots 

where reached its maximum 110 DAA due to artificial irrigation (Figure 2.3 A-D).  

Because the second sampling happened several days after the precipitation events, 

gravimetric soil water content decreased and increased again 61 and 67 DAA due to 

several rainfall events.  However, the increase was greater in the overhead-irrigated 

plots as a consequence of the addition of irrigation of 1.47 cm of water 56 DAA 

(Figure 2.3C).  No new precipitation events occurred the following days causing 

water content to drop sharply with the exception of overhead-irrigated plots where 

this decrease was moderate because of 11.89 cm of water applied between 76 and 96 

DAA.  A few days later (110 DAA), because of a rainfall, gravimetric soil water 

content increased in all treatments and more mildly in the overhead irrigated plots.  

Throughout the rest of the season, water content decreased and increased alternatively 

following the pattern of precipitation.  

As was observed in 2004, urea and PCU-treated plots in 2005 did not often 

have significantly different gravimetric soil water content within the same 

drainage/irrigation treatment.  Overhead irrigation increased gravimetric soil water 

content after 80 DAA (27 June) due to water added in June, July, and August.   In 

these plots, the only significant difference was observed 61 DAA when PCU-treated 

plots had lower gravimetric soil water content than control plots.  Drained and non-

irrigated plots that had been fertilized with PCU had lower gravimetric soil water 

content than urea-fertilized and control plots 49 DAA (Figure 2.3.B).  In contrast, 

neither non-irrigated, non-drained nor subirrigated, drained-plots showed any 

significant difference among fertilizer treatments (Figures 2.3A&D).   
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Soil temperature 

Soil temperature followed a similar trend in all drainage/treatments in 2004 

(Figure 2.4 A-D).  It increased sharply 18 DAA and it leveled off until 63 DAA to 

decrease the next two sampling dates. Some differences were seen among fertilizer 

treatments at 113 DAA.  Soil temperature increased in all drainage and irrigation 

treatments except in subirrigated plots where temperature readings were lower for 

fertilized-plots.  Soil temperature continued decreasing at the end of the season.  

Overhead-irrigated plots had significantly higher soil temperature the 1 DAA as 

compared to the control plots (Figure 2.4 C).  However, at 13 DAA urea-treated plots 

had higher soil temperature than non-treated plots. Toward the end of the season (84 

and 113 DAA), higher soil temperatures were recorded in control plots probably due 

to a poor develop canopy which allows sunlight to reach the soil.  However, 

subirrigated and drained plots had higher soil temperatures with PCU- fertilized plots 

at 84 and 133 DAA than urea-treated plots at 113 DAA (Figure 2.4.D).  When no 

irrigation was applied and drainage was present, plots with PCU fertilizer showed 

higher readings than control plots only at 39 DAA (Figure 2.4.B), whereas in non-

irrigated, non-drained plots no significant differences were observed among fertilizer 

treatments (Figure 2.4.A). 

In 2005, soil temperature increased rapidly at the beginning of the season 

(Figure 2.5 A-D).  After 41 DAA, the temperature fluctuated continuously increasing 

and decreasing throughout the rest of the sampling period.  Generally, control plots 

had higher soil temperature in all drainage/irrigation treatments from 80 DAA to the 

end of the season, although significant differences were only observed 80, 125, and 

154 DAA in plots with overhead irrigation (Figure 2.5.C) where untreated plots had 

higher soil temperature as compared to fertilized-plots.  The same differences among 
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fertilizer treatments were seen 125 and 141 DAA in subirrigated plots (Figure 2.5.D).  

However, in non-irrigated and drained plots, PCU-fertilized plots had significantly 

higher soil temperatures 27 DAA, while higher temperature was measured in control 

plots 141 DAA compared to PCU plots (Figure 2.5.B).  Non-irrigated, non-drained 

plots showed significant differences 27 and 54 DAA with higher soil temperatures in 

PCU-treated plots in comparison to urea-treated plots, and urea and non-treated plots, 

respectively (Figure 2.5.A).   

Soil nitrate 

Soil NO3
- -N was also measured in both 2004 and 2005 to study its effects on 

soil surface N2O efflux (Figure 2.6 A-D and 2.7 A-D).  In general, the control plots 

tended to have lower soil NO3
- -N levels than fertilized plots in both growing seasons. 

In 2004, soil NO3
- -N was higher at the beginning of the season (up to 39 DAA) in all 

drainage and irrigation treatments (Figure 2.6 A-D).  In the overhead-irrigated plots, 

PCU-treated plots showed significantly higher levels of soil NO3
- -N than control 

plots 11, 13, and 63 DAA.  Treated-plots (both urea and PCU) had higher NO3
- -N 

than non-treated plots 39 DAA (Figure 2.6.C).  On the other hand, in subirrigated 

plots, soil NO3
- -N was observed to be higher, especially early in the season in plots 

that received urea (Figure 2.6.D).  However, those differences were significant only 

18 and 39 DAA with the exception of the first sampling day when soil NO3
- -N was 

higher in plots with PCU than in the control.  In these three days, urea-treated plots 

had higher levels than control and control and PCU-fertilized plots, respectively.  

Later in the season (70 DAA), urea-fertilized plots again had soil NO3
- -N levels 

higher than non-fertilized plots.  Non-irrigated, drained plots had higher soil NO3
- -N 

levels when fertilized with urea throughout most of the season, except at the 

beginning where PCU plots usually had higher levels (Figure 2.6.B).  When no 
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drainage and no irrigation were present, PCU-treated plots had higher soil NO3
- -N 

content than urea-treated plots the first 5 sampling days whereas the opposite occurred 

in the rest of the season (Figure 2.6.A).  However, those differences were significantly 

higher for PCU than for non-treated plots only 11 and 18 DAA whereas urea-treated 

plots had higher levels than non-treated, and PCU and control plots 63 and 70 DAA, 

respectively.  

 In the 2005 season and for all sampling dates, PCU fertilizer showed 

consistently higher soil NO3
- -N levels than urea and control plots with overhead 

irrigation (Figure 2.7.C).  Significant differences were observed in the middle of the 

season with PCU treatments having higher levels than the control (49, 61, and 67 

DAA) and both, urea and PCU-treated plots, had higher soil nitrate-N levels than 

untreated plots 6 DAA.  Between the two fertilizers, significant differences in soil 

NO3
- -N were found at three sampling dates (54, 80, and 167 DAA)  when PCU-

treated plots showed higher levels than urea plots (Figure 2.7.C). The highest soil 

NO3
- -N levels were measured in subirrigated plots under urea treatment 61 DAA 

(Figure 2.7.D).  Of the two fertilizers tested, PCU-treated plots tended to have more 

stable soil NO3
- -N content throughout the season.  No significant differences were 

found between PCU and urea.  Thus, urea showed higher levels than untreated-plots 

6, 49, and 125 DAA, whereas 54, 61, 110 DAA higher levels were measured in 

control plots as compared to treated plots.  The lowest soil NO3
- -N was measured in 

unfertilized plots in non-irrigated, drained plots (Figure 2.7.B).  Polymer-coated urea 

treated-plots showed higher soil NO3
- -N levels consistently throughout the season 

except for the first sampling date.  Significant differences were observed 49, 67, and 

110, and 61 and 125 DAA, when plots treated with PCU had more soil NO3
- -N than 

untreated plots and than both urea and control plots, respectively.  Only at the end of 
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the season (154 DAA), treated plots (independently of the fertilizer applied) were 

found to have higher levels than the control.  No significant differences were observed 

with no irrigation and no drainage (Figure 2.7.A).  Generally, PCU plots had higher 

soil NO3
- -N than urea plots, although urea-treated plots showed more soil NO3

- -N at 

specific sampling dates toward the end of the growing season.  However, few 

significant differences were observed between fertilizers.   

 Soil NO3
- -N is related to soil N2O efflux since at high soil NO3

- -N levels, 

denitrification is promoted.  In our study, temperature was always between 5 and 

37°C, which is the optimum temperature range for denitrification to occur (Freney et 

al., 1978; Dalal et al., 2003).  Consequently, it is possible that the high levels of soil 

NO3
- -N levels found in all the drainage and irrigation treatments of this study were 

responsible for the observed N2O peak at 57 DAA.  Burton et al. (1997) attributed 

higher N2O levels under alfalfa to the contribution of the legume to soil N content, 

which increased N2O concentrations after rainfall stimulated denitrification (Burton et 

al., 1997).  However, Rochette et al. (2004) found no clear relationship between soil 

mineral N content and soil N2O levels.  In fact, they observed that higher N2O 

emissions occurred when soil mineral N levels were relatively low (Rochette et al., 

2004). 

Soil nitrous oxide efflux 

Effects of fertilizer type on soil surface N2O efflux under each 

drainage/irrigation treatment in 2004 are shown in Figure 2.8 A-D.  No significant 

differences were observed in 2004 with treatments of no irrigation and drainage 

(Figure 2.8 B) or of subirrigation and drainage (Figure 2.8 D) probably due to less 

saturated conditions in these environments.  However, in the absence of irrigation and 

drainage, urea-treated plots had higher N2O efflux early in the season than PCU-
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treated or the control, although these differences were only significant at 13 and 18 

DAA (Figure 2.8A).  Significantly higher N2O emissions were found only at 84 DAA 

in treated-plots in comparison to the untreated plots (Figure 2.8 A).  In the overhead 

irrigated, non-drained plots, soil N2O flux was significantly lower in the PCU-treated 

plots at the beginning of the season (Figure 2.8C). 

In 2005, the PCU-treated plots had higher soil N2O efflux than that of the urea 

plots 49 DAA when drainage was not restricted and no irrigation was applied (Figure 

2.9 B).  For the rest of the sampling dates, very similar rates of N2O efflux were 

measured in treated and untreated plots.  Under no irrigation and no drainage 

conditions, higher N2O efflux was measured in plots treated with PCU as compared to 

urea-treated plots and the control at 61 and 110 DAA (Figure 2.9 A).  However, urea 

had higher soil N2O efflux than PCU 97 DAA.  The only significant differences in 

soil N2O efflux between fertilizers occurred when artificial overhead irrigation was 

applied after 41 DAA when urea released significantly lower N2O compared to the 

PCU and control plots (Figure 2.9 C).  Significantly lower soil N2O efflux also 

occurred in the control as compared to fertilized-plots under overhead irrigation 125 

DAA (Figure 2.9 C).  In contrast, no significant differences were observed in the 

subirrigated plots despite a large peak of N2O efflux in urea-treated plots 41 DAA 

(Figure 2.9 D).  

Different patterns of N2O efflux were observed in both growing seasons, 

probably due to the differences in precipitation patterns between the two years.  Due 

to the relatively wet year of 2004, higher maximum soil N2O efflux rates were 

observed in all drainage and irrigation treatments with the exception of subirrigated 

plots (Figures 2.8 A-D).  Less overhead irrigation water was applied to the overhead 

irrigation treatment in 2004 as compared to 2005 (53.9 cm and 26.6 cm, respectively) 
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to balance the differences in soil water content.  Despite this increase in water applied 

in 2005, soil N2O efflux rates were lower in overhead-irrigated plots.     

The overall step-wise multiple regression model for soil surface N2O efflux in 

2004 is shown in Table 2.1.  Soil temperature and gravimetric soil water content were 

the variables selected for the model.  The partial r2 values for these variables were 

0.06* and 0.04*, respectively.  Soil nitrate-N and time (DAA) were excluded from the 

model.  In 2005, DAA, gravimetric water content, and soil nitrate-N were found to 

significantly explain variation in N2O efflux (Table 2.2) with partial r2 values of 

0.12*, 0.05*, and 0.06*, respectively.   

The peak of N2O-N efflux rate in 2004 was generally observed 57 DAA (11 

June ), except for plots with overhead irrigation where another peak was detected 63 

DAA.  In 2005, it was observed 61 DAA (8 June) in all drainage/irrigation treatments 

with the exception of subirrigated, drained plots where the highest peak was observed 

49 DAA (27 May).  These results contrast with findings by Bailey et al. (2005) who 

also examined soil N2O efflux in claypan soils in Northeastern Missouri.  They 

observed peak soil N2O-N efflux on or shortly after the N fertilizer application date.  

The delay in our soil N2O efflux peaks may be due to an earlier application of the N 

fertilizer or possibly the incorporation of the applied fertilizers in our study.  In our 

study, fertilizers were applied in early or mid April and immediately incorporated, in 

contrast to research conducted by Bailey et al. (2005) where the N fertilizer 

application date was in early May and the fertilizer was surface applied with no-till 

management.   

Cumulative soil nitrous oxide 

In 2004, cumulative soil N2O-N emissions had a large increase approximately 

63 DAA for treatments that did not have drainage (Figure 2.10 A&C)  In addition, 
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final cumulative N2O-N was higher in plots with overhead irrigation and either urea 

or PCU N fertilizer (Figure 2.10 A&C).  Since 2004 was generally a wetter year than 

2005, more soil N2O evolved from this type of plot as compared to the other three 

irrigation/drainage treatments.  There were no significant differences in cumulative 

soil N2O-N emissions among N fertilizer treatments in non-irrigated, non-drained 

plots (Figure 2.10.A).  The control had significantly lower cumulative N2O-N than the 

urea fertilized-plots 39, 57, 63, 84, and 113 DAA and was lower than both fertilizers 

70 and 133 DAA.  However, during the last sampling date of 2004, urea plots showed 

higher amounts than PCU and the control (Figure 2.10.B).  One significant difference 

in cumulative soil N2O-N emissions among the N fertilizer treatments was observed 

in subirrigated plots, with urea plots releasing more cumulative N2O than PCU-treated 

or untreated plots 57 DAA (Figure 2.10 D).  Finally, overhead-irrigated and urea-

treated plots had significantly higher cumulative N2O rates.  Thus, early in the season 

(13 and 18 DAA), cumulative soil N2O-N emissions from urea plots were 

significantly higher than those from PCU, higher than the control 39 and 57 DAA, 

and greater than the control 63 DAA (Figure 2.10 C).      

In contrast to the previous year, overhead-irrigated and fertilized plots in 2005 

released the lowest amount of cumulative soil N2O as a result of fewer rainfall events 

(Figure 2.11C).  The only significant differences were found in plots with no drainage 

and no irrigation where PCU plots showed higher cumulative N2O evolved than urea 

and the control in all sampling dates of the season from 80 DAA (Figure 2.11A).  

Subirrigated plots were measured to have the highest cumulative N2O rates under urea 

treatment as a consequence of the N2O peak that occurred at 41 DAA.  The only 

significant difference, however, was seen at the beginning of the season when urea 

plots had higher amounts than the control (Figure 2.11D).       
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Soil temperature, soil NO3
- -N, and time (DAA) were the variables selected for 

the overall step-wise multiple regression model for soil cumulative N2O rate in 2004 

(Table 2.3).  The partial r2 values for these variables were 0.02* and 0.03*, and 0.33*, 

respectively.  Soil gravimetric water content was excluded from the model.  In 2005, 

DAA and soil nitrate-N were observed to impact cumulative N2O efflux (Table 2.4) 

with partial r2 values of 0.08*, 0.08*, respectively.   

The highest cumulative N2O rates were measured in irrigated plots both years.  

Thus, in 2004 cumulative N2O reached 1.71 g N2O-N m-2 under urea treatment when 

overhead irrigation was applied and no drainage was present (Figure 2.10C).  The 

maximum value was 4.29 g N2O-N m-2 in 2005 (Figure 2.11D) in subirrigated and 

drained plots under urea fertilizer treatment in a dry year.  These rates accounted for 

6.1 and 15.3% of the fertilizer N applied, respectively.  Other researchers have found 

high rates as well.  Bailey et al (2005) found cumulative N2O-N rates that represented 

10.5% of the fertilizer applied to a maize field in a claypan soil in Missouri.  

Goossens et al. (2001) also observed high fertilizer N losses, accounting for 11% of 

the total fertilizer whereas Sainz Rozas et al. (2004) found cumulative N2O losses of 

6.5 kg N ha-1 that represented approximately 7.7% of the amount of fertilizer applied 

in a field planted to corn under no tillage.  

CONCLUSIONS 

Polymer-coated urea significantly reduced soil N2O flux at the beginning of 

the relatively higher rainfall year of 2004 with no drainage or irrigation and with no 

drainage and overhead irrigation.  Only a few differences between urea and PCU were 

observed in 2005.  Urea reduced soil N2O flux at two sampling dates under drainage 

and no irrigation conditions.  In 2004, cumulative soil N2O flux under PCU 

application was not different from that of the control when there was no irrigation or 
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drainage throughout most of the 2004 growing season whereas it was lower when 

overhead irrigation was applied.  In contrast, differences in cumulative soil N2O flux 

in 2005 were only observed in overhead-irrigated plots, which showed lower 

cumulative soil N2O flux with conventional urea application. 

Variation observed in soil N2O efflux and cumulative release were only 

explained partially by soil NO3
--N, temperature, water content, and the time after N 

fertilizer application.  The results of this study indicate that PCU may be an effective 

N source in reducing soil N2O efflux under relatively wet climatic conditions early in 

the growing season but may not be as effective in dry years. 
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Table 2.1. Multiple regression model for the relationship between soil gravimetric 
water content (θg) and temperature (TEMP) with N2O efflux from 5 DAA up to 168 
DAA in 2004. 
 

 N2O efflux 

Regression model r 2 P > F n† 

N2O =  8.11 θg + 11.05 TEMP – 327.28 0.10 <0.0001 359 

n† = number of observations 
 
Table 2.2. Multiple regression model for the relationship between nitrate-N (NO3

-), 
days after application of N fertilizer (DAA), and soil gravimetric water content (θg) 
with N2O efflux from 6 DAA up to 167 DAA in 2005. 
 

 N2O efflux 

Regression model r 2 P > F n† 

N2O = 0.30 NO3
- - 0.96 DAA + 9.65 θg -15.62 0.23 <0.0001 410 

n† = number of observations 
 
Table 2.3. Multiple regression model for the relationship between nitrate-N (NO3

-), 
days after application of N fertilizer (DAA), and temperature (TEMP) with 
cumulative soil N2O (CUM) from 5 DAA up to 168 DAA in 2004. 
 

 Cumulative soil N2O 

Regression model r 2 P > F n† 

CUM =  5.00 NO3
- + 61.96 DAA - 48.51 TEMP-367.64 0.38 <0.0001 395 

n† = number of observations 
 
 
Table 2.4. Multiple regression model for the relationship between nitrate-N (NO3

-) 
and days after application of N fertilizer (DAA) with cumulative soil N2O (CUM) 
from 6 DAA up to 167 DAA in 2005. 
 

 Cumulative soil N2O 

Regression model r 2 P > F n† 

CUM = 20.24 NO3
- + 93.02 DAA – 2645.47 0.17 <0.0001 410 

n† = number of observations 
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Figure 2.1. Daily precipitation (bars) and cumulative precipitation (line) for the (A.) 
2004 and (B.) 2005 growing seasons before and after application of N fertilizer (15 
April and 8 April, respectively).  Arrows indicate time of corn planting, fertilizer 
application, and corn harvesting.  
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Figure 2.2. Gravimetric soil water content in the 0-5 cm depth with different N fertilizer treatments at the 280 kg N ha-1 rate in 2004  
at the (A.) non-irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained 
plots.  DAA is days after application of N fertilizer. Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD 
at α ≤ 0.05.  NS denotes not significantly different. 



 

- 52 - 

G
ra

vi
m

et
ric

 s
oi

l w
at

er
 c

on
te

nt
 (%

)

0

10

20

30

40

Control
Urea
PCU

A.

NS

NS

NS
NS

NS

NSNS

NS

NS

NS NS

NS

No irrigation, no drainage B . N o  irrig a tio n , d ra in a g e

N S N S

N S

N S

N SN S

N S

N S

N S

N S
N S

 

D A A

0 30 60 90 120 150 180

G
ra

vi
m

et
ric

 s
oi

l w
at

er
 c

on
te

nt
 (%

)

0

10

20

30

40

O verh ead  irrig a tio n , n o  d ra in ag eC .

N S

N S

N S

N S

N S

N S

N S

N S

N S

N S

N S

N S

S u b irr ig a t io n , d ra in a g e

D A A

0 3 0 6 0 9 0 1 2 0 1 5 0 1 8 0

D .

N S

N S

N S

N S N S

N S

N S

N S

N S

N S

N S

N S

 

Figure 2.3. Gravimetric soil water content in the 0-5 cm depth with different N fertilizer treatments at the 280 kg N ha-1 rate in 2005 at 
the (A.) non-irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  
DAA is days after application of N fertilizer. Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 
0.05.  NS denotes not significantly different. 
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Figure 2.4. Soil temperature in the 0-5 cm depth with different N fertilizer treatments at the 280 kg N ha-1 rate in 2004 at the (A.) non-
irrigated, non-drained,     (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is 
days after application of N  fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  
NS denotes not significantly different. 
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Figure 2.5. Soil temperature in the 0-5 cm depth with different N fertilizer treatments at the 280 kg N ha-1 rate in 2005 at the (A.) non-
irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is 
days after application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  
NS denotes not significantly different. 
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Figure 2.6. Soil nitrate-N in the 0-5 cm depth with different N fertilizer treatments at the 280 kg N ha-1 rate in 2004 at the (A.) non-
irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is 
days after application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  
NS denotes not significantly different. 
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Figure 2.7. Soil nitrate-N in the 0-5 cm depth with different N fertilizer treatments at the 280 kg N ha-1 rate in 2005 at the (A.) non-
irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is 
days after application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  
NS denotes not significantly different. 
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Figure 2.8. Soil surface N2O efflux with different N fertilizer treatments at the 280 kg N ha-1 rate in 2004 at the (A.) non-irrigated, non-
drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is days after 
application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  NS denotes 
not significantly different. 
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Figure 2.9. Soil surface N2O efflux with different N fertilizer treatments at the 280 kg N ha-1 rate in 2005 at the (A.) non-irrigated, non-
drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is days after 
application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  NS denotes 
not significantly different. 
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Figure 2.10. Estimated cumulative N2O efflux with different N fertilizer treatments at the 280 kg N ha-1 rate in 2004 at the (A.) non-
irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA is 
days after application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD at α ≤ 0.05.  
NS denotes not significantly different. 
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Figure 2.11. Estimated cumulative N2O efflux with different N fertilizer treatments at the 280 kg N ha-1 rate in 2005 at the (A.) non- 
irrigated, non-drained, (B.) non-irrigated, drained, (C.) overhead irrigated, non-drained, and (D.) subirrigated, drained plots.  DAA  
is days after application of N fertilizer.  Designation (PCU) denotes polymer-coated urea fertilizers.  Vertical bars show LSD  
at α ≤ 0.05.  NS denotes not significantly different. 
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CHAPTER 3. THE EFFECTS OF N FERTILIZER SOURCES AND 
IRRIGATION AND DRAINAGE PRACTICES ON NITRATE LOSS AND 

CROP NITROGEN USE AND YIELDS  
 

ABSTRACT 
 

 Nitrogen (N) losses from fertilization may cause a decrease in water quality 

through nitrate (NO3
-) leaching and a reduction in agricultural productivity due to 

lower crop N uptake and yields.  Use of slow-release N fertilizers (e.g., polymer-

coated urea or PCU) may improve crop N use compared to conventional N fertilizers 

and reduce environmental N losses.  However, these fertilizers have not been 

extensively studied under different water management practices that may cause a 

range in environmental conditions.  The objective of this study was to examine the 

performance of PCUs compared to conventional urea in relation to crop N uptake, 

yields, and NO3
- losses on claypan soils in northeast Missouri.  The experimental 

plots were in a corn-soybean rotation, and contained one of four drainage and 

irrigation treatments: 1) no irrigation or drainage (NIN), 2) no irrigation and drainage 

with tile drains spaced 6.1 m apart (NID), 3) subirrigation and drainage with tile 

drains spaced 6.1 m apart (SUB), and 4) overhead irrigation and no drainage (OND).  

The plots were split into N fertilizer treatments of pre-plant-applied conventional urea 

or polymer-coated urea at rates of 0, 140, and 280 kg N ha-1.  All N fertilizer was 

broadcast-applied prior to planting and incorporated.  Water samples from suction 

lysimeters installed at two depths (15 and 45 cm) were collected throughout the 2004 

and 2005 growing seasons to measure NO3
- concentrations under each 

drainage/irrigation and N treatment.  Higher NO3
- concentrations were found under 

application of conventional urea at the beginning of the 2004 growing season.  In 

contrast, PCU resulted in higher NO3
- concentrations later in the growing season.  

Generally, N fertilization increased crop N uptake and silage and grain yields.  
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However, no differences were observed between PCU and urea treatments in the two 

years.  Overhead irrigation increased corn silage and grain yields in 2005, due to the 

low rainfall experienced that year.  The results of this study showed no improvement 

in N uptake with use of PCU, but possible advantages were observed in reduction of 

environmental N loss by decreasing NO3
- concentrations early in the growing season. 

INTRODUCTION 
 

Nitrate losses 
 

Groundwater quality is directly affected by nitrate (NO3
-) pollution due to 

excessive N fertilizer applications and other agricultural practices (Knox and Moody, 

1991).  Nitrate is an anion that results from the microbial oxidation of mineral N 

fertilizers in the soil, known as nitrification (Sylvia et al., 2005: 346).  Nitrification is 

an aerobic process mediated by chemoautotrophic bacteria: ammonium oxidation is 

carried out by the genera Nitrosomonas and Nitrospira while nitrite (NO2
-) oxidation 

to NO3
- is mediated by the genera Nitrobacter (Hutchinson and Davidson, 1993).  

Since NO3
- is very mobile, soluble in water, and is not retained by the soil particles, it 

is very susceptible to be leached to groundwater, especially prior to crop growth or 

following crop harvest when transpiration stops.  Therefore, before planting or after 

harvest, the likelihood of increased water percolation and NO3
- leaching is higher 

(Magdoff, 1991).   

In the United States, N losses in crop production are of concern because of 

extensive agricultural land areas, relatively high N fertilizer application rates, for 

agricultural purposes and considerable amounts of NO3
- -N released in drainage 

waters from agricultural soils (Cambardella et al., 1999).  When high NO3
- content 

waters reach a lake, the growth of aquatic plants, including algae, is enhanced.  

Therefore, oxygen levels are depleted as those algae are decomposed by 
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microorganisms.  As a result, aquatic animals can not survive under these low-oxygen 

conditions.  This situation is called eutrophication (Shaviv and Mikkelsen, 1993).  

Because of these consequences, the U.S. Environmental Protection Agency has 

established a drinking-water standard of 10 mg NO3
- -N L-1 (USEPA, 1995) while the 

guideline in Europe is 11.3 mg NO3
- -N L-1 (Hunter, 2001). 

 Environmental factors and management practices affect nitrification and soil 

NO3
- levels.  Environmental factors include: 1) ammonium (NH4

+) availability, since 

NO3
- is formed through the oxidation of NH4

+; 2) soil O2 levels, certain O2 levels need 

to be present in the soil for nitrification to take place as most nitrifiers are strictly 

aerobic; 3) soil pH, nitrifiers grow best at pH 6.5 to 8.0 (Sylvia et al., 2005: 353), 

although nitrification also occurs in acid soils (Šimek and Cooper, 2002); 4) 

temperature, nitrifying bacteria have been observed to grow poorly under low 

temperature conditions (Sylvia et al., 2005: 354); 5) mineralization of soil organic N, 

which has been shown by many studies to be responsible for substantial nitrate losses 

during the winter and spring before N is applied to fall-sown cereals (Randall and 

Goss, 2001) and also when N uptake is not synchronized with NO3
- production as a 

results of soil organic matter mineralization (Cambardella et al., 1999); and 6) 

precipitation, since NO3
--N loadings depends on volume of drainage water and NO3

-- -

N concentration in that water.  In turn, the drainage volume is influenced by the 

amount of precipitation during the growing season and the temporal distribution of 

that precipitation within a year (Randall and Goss, 2001).  



- 64 - 

Management practices to reduce nitrate loss 

Management practices that affect NO3
- -N losses are cropping systems, rate, 

time, and method of fertilizer N application, use of nitrification inhibitors, tillage 

system, water table management (drainage and irrigation practices), and drain tile 

spacing (Randall and Goss, 2001).     

The amount of residual NO3
- -N in the soil is largely affected by fertilization. 

Soil NO3
- -N concentrations have been observed to increase with increasing fertilizer 

N rates (Balkcom et al., 2003).  Therefore, larger applications of N fertilizer than 

needed for optimum crop yields can cause NO3
- -N accumulations in the soil profile 

(Jokela and Randall, 1989).  Thus, several studies concluded that when fertilizer is 

applied at larger rates, soil residual NO3
- -N increases (Jokela and Randall, 1989; 

Burkart and Kolpin, 1993).  Mikkelsen et al. (1994) reported much higher N leaching 

losses when doubling fertilizer application rate.  Consequently, several researchers 

have emphasized the importance of synchronizing fertilizer N applications with plant 

uptake to minimize N losses (Jokela and Randall, 1989; Balkcom et al., 2003). 

One management practice that may reduce N loss is application of slow or 

controlled release N fertilizers (SRF), such as polymer-coated urea (PCU).  This type 

of fertilizer is designed to release nutrients in a controlled manner matching plant 

demands.  However, SRFs are of limited use since costs can be between two and eight 

times as much as those of standard fertilizers (Blaylock et al., 2004).  Several studies 

have shown the potential of SRF to minimize N losses through leaching.  One study in 

Ohio compared the effects of spring and fall-applied polymer-coated urea (PCU), 

urea, and urea-ammonium nitrate (UAN) at two different rates on N losses (Blaylock 

et al., 2004).  Nitrate-N losses from spring-applied PCU at 34 and 50 kg N ha-1 did not 

differ significantly from the control. However, losses from urea and UAN were 
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significantly greater than the control but not different from each other.  Fall-applied 

PCU at the highest rate produced larger N leaching losses than the other N sources 

without any plausible explanation (Blaylock et al., 2004).  Mikkelsen et al. (1994) 

tested coated and non-coated SRF in a greenhouse experiment.  They found larger 

NO3
- leaching losses under non-coated fertilizer applications.  However, due to 

differences between potting media and soil, they concluded results were not 

transferable to soil-based field conditions.  In addition, Wang and Alva (1996) 

observed that up to 30% of the N applied as SRF can be leached as compared to more 

than 88% N leaching after readily soluble ammonium nitrate application in sandy 

soils.  Other experiment compared NO3
- losses on potatoes among coated fertilizers, 

urea, and manure.  Coated fertilizer reduced N leaching as compared to the other N 

sources, which did not show any significant difference between them (Waddell et al., 

2000).  Zvomuya et al. (2003) tested in the field single applications of SRF versus 

split applications of urea on potatoes.  Results showed 34 to 49% and 38% lower NO3
- 

leaching with SRF under standard and excessive irrigation, respectively.   

 Time and method of N application have been observed to impact N leaching.  

Spring split applications prior and after planting instead of a single application in the 

fall may reduce N losses (Motavalli et al., 2006).  The same management practice was 

recommended by Blaylock et al. (2004) as they reported very high NO3
- -N losses 

from fall applications as compared to spring applications.  Spring N application is 

preferred to fall application due to the potential for winter N loss between fertilizer 

application and N uptake by the crop (Randall and Goss, 2001; Blaylock et al., 2004; 

Randall and Sawyer, 2006) and multiple fertilizer applications to a pre-plant single 

one (Keeney and Follett, 1991).  
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 Another management factor observed to affect NO3
- -N leaching is use of 

irrigation and drainage (Thomas et al., 1992).  Soil water content increases due to 

precipitation and irrigation practices whereas it decreases because of crop use and 

evaporation.  Water percolation occurs when the soil water content is between 

saturation and field capacity (Williams and Kissel, 1991).  For nitrate leaching to 

occur, more water must infiltrate into the soil than is lost by evapotranspiration (Smith 

and Cassel, 1991).  Consequently, residual soil NO3
- -N is especially susceptible to 

leaching by off-season precipitation and/or by overirrigation at the beginning of the 

next season (Bock and Hergert, 1991).  

Controlled drainage is used to maintain the water table at a certain height to 

maximize storage of water for crop utilization.  Reductions in NO3
- -N leaching under 

controlled drainage is the result of reduced volume of drainage water and increased 

soil denitrification due to a high water table (Randall and Goss, 2001).   

 Generally, drain tile spacing has been shown to have no effect on NO3
- -N 

losses (Randall and Goss, 2001).  However, Kladivko et al. (1999) in a study 

comparing drain flow, NO3
- -N concentrations, and NO3

- -N losses with 20, 10, and 5 

m tile drain spacings concluded 5 m spacing had the highest NO3
- -N losses due to 

higher drain flow.  However, NO3
- -N concentrations were not significantly affected 

by drain spacing.   

Management practices affecting crop yields, N uptake, and N content  

Fertilizer management (i.e., type of fertilizer, rate, time, and method of N 

source application), urease and nitrification inhibitors, crop rotations, tillage systems, 

and irrigation and drainage practices are known to affect yields, (Randall and Sawyer, 

2006) N uptake, and N content. 
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Drury and Tan (1994) concluded in a study in Canada comparing the effects of 

N fertilization on continuous corn and crop rotations that fertilization increases corn 

yields.  Cumulative yields for unfertilized continuous corn were 74% lower than 

fertilized continuous corn whereas yields in unfertilized plots decreased 41% in corn 

rotation (Drury and Tan, 1994).   

Polymer-coated urea fertilizers are being tested as a means to increase corn 

yields.  Blaylock et al. (2004, 2005) showed that pre-plant PCU yielded higher by 

about 0.4 and 0.7 Mg ha-1 than pre-plant urea at equal N rates.  Some negative 

responses to PCU were found as well.  Thus, approximately half of the reductions in 

yields greater than 0.31 Mg ha-1 were observed when comparing surface-applied PCU 

and ammonium nitrate (Blaylock et al., 2004, 2005).  Results from a 3-year study on 

the effects of a single application of PCU and split applications of urea at rates of 140 

and 280 kg ha-1 on potatoes yields showed 12 to 19% higher yields with PCU 

application at the high rate compared with applications of urea (Zmovuya et al., 

2003).  González (2005) conducted an experiment in two locations in two consecutive 

years in Iowa to compare performance of spring-applied PCU and conventional urea 

on grain yields.  Results showed no significant differences in corn grain yields 

between urea and PCU for one location whereas at two locations, PCU performed 

better.  No data was available for the fourth location. 

Nitrogen fertilizer rates also affect yields and N uptake.  Al-Kaisi and Yin 

(2003) applied different irrigation and N rates on corn at two years to determine 

accurate irrigation and N management for this crop.  Results showed that N rate 

affected significantly plant N uptake at the middle and late growth stages.  Thus, at 

the middle and late stage, N uptake increased as the N rate increased up to 140 kg ha-1 

whereas N uptake was not significantly higher for greater N rates (Al-Kaisi and Yin, 
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2003).  Grain yields also responded to N rate.  For instance, when N rate increased 

from 140 to 250 kg ha-1, grain yields were increased under the highest irrigation 

treatment (Al-Kaisi and Yin, 2003).   

Urease and nitrification inhibitors also influence grain yields.  Raun and 

Johnson (1999) stated that urease and nitrification inhibitors have the ability to 

prevent N losses when applied with the fertilizer, and therefore, may increase yields. 

 Drainage removes excess water from the soil being drain tiles especially 

important in poorly-drained soils.  Consequently, crop yields are improved with 

drainage because of a deeper unrestricted root zone for greater root systems and yields 

(Randall and Goss, 2001).  Research comparing subirrigation during the growing 

season and controlled drainage outside of the growing season, showed higher corn 

and soybean yields in subirrigated/controlled-drained plots as compared to 

subsurface-drained plots (Fisher et al., 1999).  This response was attributed to reduced 

water stress and more efficient use of N under subirrigation and controlled drainage.  

Moreover, corn and soybean N uptake was also increased in plots with controlled 

drainage and subirrigation as compared to plots with subsurface drainage (Fisher et 

al., 1999).  These results are in agreement with findings by Drury et al.(1997), who 

concluded that use of subirrigation and controlled drainage can increase crop yields.   

In general, irrigation causes an increase in soil water content, which enhances 

corn yield and N uptake response to N fertilization (Wienhold et al., 1995).  Results 

by Al-Kaisi and Yin (2003) showed a significant and positive impact of increased soil 

water content on corn yield response to N rates.  Moreover, grain yield and N uptake 

responded similarly at the middle and late growth stages to irrigation treatment: N 

uptake did not vary under different irrigation treatments at the early and middle 

growth stages whereas irrigation did affect significantly N uptake at the late growth.  
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In the first year, the highest irrigation treatment significantly increased N uptake as 

compared to the lowest and intermediate irrigation rates.  However, irrigation 

treatments did not cause differences in N uptake the following year (Al-Kaisi and Yin, 

2003).  When the applied irrigation was 0.80 of the estimated evapotranspiration, 

grain yields were generally similar to those under 1.00 of evapotranspiration.  

However, the fact that 0.60 of evapotranspiration produced significant lower yields 

highlights the importance of irrigation on corn grain yields under low soil water 

content (Al-Kaisi and Yin, 2003).          

While many researchers have studied the effects of source, rate, and time of N 

application and the negative effects of high NO3
- -N levels in water, more information 

is needed on the potential of conventional and slow-release N sources to increase corn 

yields and leaching of NO3
- under different drainage and climatic conditions.  The 

objectives of this chapter were to compare NO3
- -N concentrations in soil water samples 

in conventional urea and PCU-treated plots under different irrigation/drainage 

treatments.  In addition, differences in crop yields and N use were assessed.  We 

hypothesized that NO3
- -N levels would be higher in conventional urea-treated plots as 

compared to PCU-treated plots due to the faster conversion of urea into NO3
- -N as 

compared to PCU.  We also hypothesized that silage yields, N content, N uptake, and 

grain yields would be higher under fertilized plots as compared with control plots, and 

in PCU-treated plots compared with conventional urea application due to differences in 

rates of N release between the two fertilizers.  
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MATERIALS AND METHODS 

Experimental design 

 Description, location, and other characteristics of the plots and treatments used 

in this research can be found in chapter 2 of this thesis. 

Water samples and analyses 

 Soil water samples were collected throughout both growing seasons using 4.9 

cm diameter PVC ceramic cup suction lysimeters (Soil Moisture Equipment Corp, 

Santa Barbara, CA).  The lysimeters were placed in each plot in the field after 

planting at depths of 15 and 45 cm depth using a hand auger for the shallow depth and 

a gas-powered auger for the deeper depth.  These two depths were chosen to measure 

NO3
--N concentrations where the claypan started and in the root zone, respectively.  

When tile drains or subirrigation lines were present, the lysimeters were placed in the 

middle between two lines.  After the lysimeter was installed in the soil, bentonite was 

added around the base of the lysimeter to prevent side flow.  All lysimeters were 

placed under a suction of approximately 60 kPa.  At each sampling time, water was 

collected using a suction pump and the samples stored in 125 ml Nalgene bottles.  In 

2004, a relatively wet year, sufficient water was found in the lysimeters to obtain a 

sample on 6 dates (5 June, 14 June, 22 June, 9 July, 10 August, 2 September, and 21 

September)  whereas in 2005, a relatively dry year, only 2 dates (2 June and 14 June) 

had sufficient water for complete sample collection.   

Collected lysimeter water samples were transported in a cooler and stored at 

3.9 °C before being filtered using 12.5 cm diameter Whatman #42 filter paper and 

analyzed using a Lachat Quikchem flow injection analyzer (Zellweger Analytics, Inc., 

1997) for determination of NO3
--N. 
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Plant sampling, silage and grain yields and analyses 

 Whole plant corn tissue samples were collected two times during the 2004 and 

2005 growing seasons (14 June and 28 June; and 2 June and 22 June, respectively).  

Three replications of each drainage/irrigation and N fertilizer treatment were 

collected.  These data are presented in the Appendix.  In addition, corn silage yields 

were determined after physiological maturity on 30 August, 2004 and 29 August, 

2005 by harvesting and weighing whole aboveground plants from one 7.6 m row per 

plot.  Plant populations were determined by counting the number of plants in each 

row.  The whole plants were subsequently ground in a chopper/mulcher and a 

subsample collected for determination of silage moisture content and total N.  The 

plant subsamples were dried at approximately 70 °C and then ground in a stainless 

steel Wiley Mill to pass a 1-mm sieve.  The ground samples were then analyzed for 

total N by combustion using a LECO Truspec C/N analyzer (LECO Corp., St. Joseph, 

MI, USA).  A two-row plot combine was used to harvest corn grain from two 7.6 m 

rows per plot and for determination of grain moisture content.  Both corn grain and 

silage yields are expressed on an oven-dry weight basis.  Nitrogen uptake was 

determined as the product of N content (%) and silage yield. 

Statistical analysis 

Silage yield, N content, N uptake, grain yields, and NO3
- -N levels in water 

were statistically analyzed with SAS (SAS Institute, 2006).  PROC GLM was used for 

the analysis of variance and means for silage yields, N content, N uptake, and grain 

yields were separated using Fisher’s (protected) LSD whereas Duncan’s multiple 

range test (DMRT) was used to separate the means for nitrate-N in the water samples.  

All statistical analyses were tested for significance at α ≤ 0.05.  



- 72 - 

RESULTS AND DISCUSSION 
 

Nitrate-N in lysimeters 
 

Nitrate-N levels contained in suction lysimeter water samples at depths of 15 

and 45 cm were highly variable and collection of samples in 2004 began 60 days after 

N application (DAA) since insufficient water was in the soil to enter the suction 

lysimeters until that date (Figure 3.1 A&B).  The interaction between 

drainage/irrigation and N rate was significant (p<0.05) only 117 DAA at the 15 cm 

depth in 2004.  Therefore, NO3
--N levels for that day for the control, PCU, and urea 

plots are shown for each drainage/irrigation treatment (Figure 3.1 C).  No statistics 

could be run due to the low number of lysimeters found with water this day (N=14). 

In non-irrigated, non-drained plots, only water was found in PCU-treated plots 

whereas in non-irrigated, drained the highest NO3
--N levels were found after 

application of PCU at the high rate (Figure 3.1 C).  When overhead irrigation was 

applied, higher NO3
--N levels in plots treated with 140 kg N ha-1 as PCU as compared 

to plots treated with urea at the same rate.  In addition, subirrigated plots showed 

higher NO3
--N levels when 280 kg ha-1 of PCU was applied as compared to smaller 

applications of either urea or PCU (Figure 3.1 C).  

At a depth of 15 cm and the first sampling day (60 DAA), control plots 

showed significant lower NO3
--N levels than the other plots except PCU-fertilized 

plots at a rate of 140 kg ha-1, which NO3
--N levels did not significantly differ from 

those of the control plots (Figure 3.1 A).  Nitrate-N was measured again 8 days later 

(68 DAA) and the control plots had the lowest NO3
--N amounts even though the  

NO3
--N levels in the control plots were only significant lower than those of the high 

urea rate.  Sampling 85 DAA showed that water samples from PCU and urea-treated 

plots at the highest rate had higher levels than the fertilized-plots at the lowest rate 
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and the check plots.  However, these differences were not significant.  Similarly, for 

the last two sampling dates (140 and 159 DAA), no significant differences were 

observed between fertilizers and with the control plots.  At the 45 cm depth, drainage 

and irrigation practices did not affect NO3
--N levels in 2004.  At the first sampling 

date, plots that had been fertilized with urea at the lower rate had higher NO3
--N 

amounts that plots treated with PCU at the same rate (Figure 3.1 B).  Later in the 

season (68 DAA), plots that had received the highest application of urea showed 

significantly higher NO3
--N levels whereas 85, 117, and 140 DAA no significant 

differences were observed.  For the last date (159 DAA), the water samples in the 

control plots had lower NO3
--N levels than plots receiving 280 kg ha-1 of urea or PCU.  

In addition, plots fertilized with 280 kg ha-1 of PCU showed higher water NO3
--N 

levels than plots with 140 kg ha-1 of either N source (Figure 3.1 B).   

In 2005, a relatively dry year, sufficient water was found in the lysimeters 

only at two sampling dates (55 and 67 DAA) (Figure 3.2 A&B).  At the 15 cm depth, 

more NO3
--N was measured in the fertilized plots as compared to the control plots 

even though no significant differences were observed between PCU and urea at both 

rates of application (Figure 3.2 A).  In contrast, no significant differences were 

observed 67 DAA.  At depth of 45 cm and 55 DAA, control and fertilized plots did 

not differ significantly in the NO3
--N levels measured (Figure 3.2 B).  Urea-fertilized 

plots at a rate of 280 kg ha-1 had higher NO3
--N levels in water samples than all other 

treatments while the control plots showed the lowest levels at 55 and 67 DAA.  This 

difference was not significant at 55 DAA whereas at 67 DAA, the difference was 

significant (Figure 3.2 B). 

Generally, the higher N fertilization rates caused higher NO3
--N levels at the 

two depths and in both years which confirms what was observed by Zvomuya et al. 
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(2003) in a study of nitrate leaching under PCU and urea in a potato field.  Mikkelsen 

et al. (1994) also observed increased N leaching losses in a greenhouse experiment 

when the fertilizer application was doubled.    

Despite the high variability in NO3
--N contained in the water samples, the 

NO3
--N at the two depths was generally higher in the urea-treated plots compared to 

the polymer-coated urea in the beginning of the 2004 season (60, 68 and 85 DAA) 

and then lower later in the season (140 and 159 DAA) (Figure 3.1 A&B).  These 

results are in agreement with what is understood about the mode of N release with the 

PCU material studied in this research.  Water enters the PCU granule, dissolves the N 

and thereby, N is released through the polymer according to the soil temperature, 

which also governs plant N demand and therefore, corn growth.  Consequently, higher 

levels of NO3
--N were expected toward the end of the season whereas conventional 

urea released more N at the beginning of the season and decreased as the growing 

season progresses.  

Silage yields 

 Silage yields for each growing season were compared among 

drainage/irrigation and N treatments (Table 3.1).  In 2004, silage yields were 

generally lower in the control plots as compared to fertilized plots across drainage and 

irrigation treatments (Table 3.1).  Significant differences in silage yield due to 

drainage/irrigation treatments were observed only in the plots receiving 280 kg N ha-1 

as urea.  In those plots, overhead irrigation produced higher yields than plots which 

were subirrigated (SUB) or plots that received no irrigation and were drained (NID).  

Significant differences in silage yields were also observed between N 

treatments under each irrigation/drainage treatment.  For example, in non-irrigated 

and overhead-irrigated plots, control plots had lower silage yields than fertilized plots 
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whereas in subirrigated plots, control plots only had lower yields than plots treated 

with 140 kg N ha-1 as PCU (Table 3.1). 

In 2005, drainage/irrigation did not have any effect on silage yields in the 

control plots (Table 3.2).  However, because of the relatively low rainfall in 2005, 

overhead irrigation increased silage yields in treated plots regardless of the fertilizer 

and the application rate.  Furthermore, subirrigated plots usually outyielded non-

irrigated, non-drained plots (Table 3.2).  Significant differences within 

drainage/irrigation treatments between N treatments were observed as well, except in 

non-irrigated, non-drained plots.  Silage yields were higher in non-irrigated, drained 

plots when urea at the lower rate was applied as compared to the control plots.  When 

overhead irrigation was added, fertilized plots showed higher silage yields than the 

control plots, even though no significant differences were observed among fertilizers 

and application rates.  Finally, subirrigated and drained plots showed higher silage 

yields than the check plots when 280 kg N ha-1 as PCU or urea was applied (Table 

3.2). 

Silage yields with broadcast incorporated urea and PCU did not significantly 

differ in our study.  The same results were observed by Randall and Vetsch in 

Minnesota (2003; 2004; 2005).  In those studies, performance of urea and PCU were 

compared on corn using several methods of application (deep-banded, broadcast with 

and without incorporation), application times (fall, pre-plant, and after planting), and 

N rates (0, 67, and 134 kg N ha-1).  In 2003, no significant differences were found in 

silage yields between PCU and urea under any of the application methods at the same 

N rate (Randall and Vetsch, 2003).  Results for the 2004 season were similar to those 

of the previous year.  Silage yields differences were found among fertilizers applied at 

different methods but not under the same application method.  When PCU and urea 



- 76 - 

were broadcast and incorporated in the soil, both fertilizers produced the same silage 

yields (Randall and Vetsch, 2004).  In 2005, significant higher silage yields were 

observed with PCU as compared to urea when the N sources were deep banded.  

When fertilizers were broadcast and incorporated, differences in silage yields were 

not significant at α = 0.10 (Randall and Vetsch, 2005).   

Nitrogen content 

 In 2004, drainage and irrigation treatments did not have a significant effect on 

silage tissue N content but significant differences were observed across N fertilizer 

treatments within each drainage/irrigation treatment (Table 3.3).  For example, N 

content of the tissue samples from the control plots was lower than that from the 

treated plots under all drainage/irrigation practices.  Differences between fertilizers 

were not significant in any drainage/irrigation treatment except in the non-irrigated, 

non-drained plots where corn contained more N in urea-treated plots at 280 kg ha-1 

than when fertilized at 140 kg ha-1 with either of the two N sources (Table 3.3). 

In 2005, the only significant difference in silage tissue N content among 

drainage and irrigation treatments was observed for the control plots when non-

irrigated, non-drained plots showed higher N content than that of the other treatments 

(Table 3.3).  Within each drainage/irrigation treatment, N fertilizer treatments 

significantly increased N content over the control, with the exception of non-irrigated 

and non-drained plots.  When no irrigation was applied and drainage was present, 

control plots showed lower N content than PCU at both rates and urea at the higher 

rate.  In plots with overhead irrigation, unfertilized plots had lower N content than 

fertilized plots.  In addition, PCU-treated plots at the highest N rate were observed to 

have silage tissue with higher N content than those in the urea plots treated with 140 

kg N ha-1.  Finally, corn under subirrigation and fertilized with 280 kg N ha-1 as urea 
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or PCU had higher N content levels than urea-fertilized plots at the lowest N rate or 

when no fertilizer was applied (Table 3.3).   

 Generally, N content in 2004 and 2005 did not respond differently to PCU and 

urea.  Additionally, drainage and irrigation treatments did not generally affect N 

content either.  Similar results were found in a study by Randall and Vetsch (2004).  

Nitrogen content of plant tissue was not significantly influenced by the N source.  

Similarly, the following year they did not observe significant differences in stover N 

content between urea and PCU applied at the same rate.  However, concentrations of 

N in the stover were significantly higher for the 134 kg N ha-1 rate as compared to the 

67 kg ha-1 rate.  The same study one year later showed, as the previous year, no 

differences between both fertilizers (Randall and Vetsch, 2005). 

Nitrogen uptake 

 Generally, N uptake increased as N rate was increased, although the 

differences were not always significant (Table 3.4).  Significant differences were 

observed only among drainage/irrigation treatments for urea-treated plots with the 280 

kg N ha-1 application in 2004.  In this treatment, non-drained plots (with and without 

irrigation) showed higher N uptake than non-irrigated, drained plots and subirrigated, 

drained plots.  However, non-irrigated, non-drained plots had the lowest N uptake 

values in the control plots.  Urea-treated plots at 280 kg N ha-1 had significantly 

higher N uptake than plots receiving 140 kg N ha-1 from any of the two N sources.  In 

the other three drainage and irrigation treatments, control plots had significantly lower 

N uptake than plots that were treated with N fertilizer.  Significant differences 

between fertilizers at the same rate were not found (Table 3.4).   

 In 2005, no significant differences were observed among drainage and 

irrigation treatments in the control plots, but differences between irrigation/drainage 
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treatments were observed when N fertilizer was applied.  In general, the overhead-

irrigated plots showed significantly higher N uptake than the other three treatments.  

When PCU was applied at the high rate, the highest N uptake was observed in plots 

with overhead irrigation while plots with subirrigation had higher N uptake values 

than the non-irrigated, non-drained plots.  However, under application of 280 kg N  

ha-1 as urea, non-irrigated plots showed significantly lower N uptake than overhead-

irrigated plots (Table 3.4).  When N sources within each drainage/irrigation treatment 

were compared, significant differences were observed between fertilizers and the 

control plots when no irrigation and no drainage were present.  In contrast, non-

irrigated, drained-plots had significantly lower N uptake in the control plots as 

compared to plots treated with PCU at both rates and with urea at the high rate.  Corn 

plants in overhead-irrigated and fertilized plots showed significantly higher N uptake 

than those in the check plots while no significant differences were observed between 

fertilizers applied at the same rate.  On the other hand, there were no significant 

differences between PCU and urea at the same rate in subirrigated plots.  Moreover, 

plots treated with PCU at the low rate did not show significantly lower N uptake than 

higher applications of urea or PCU whereas low application of conventional urea did 

show lower N uptake than under the same rate of PCU (Table 3.4).   

These results are in agreement with what other researchers have found in 

several studies with PCU and urea.  Randall and Vetsch (2003; 2004) found 

significant differences when plots were fertilized as compared to the control plots.  

However, there was no significant difference between urea and PCU in N uptake in 

2003 and 2004 even though higher N uptake was observed under the highest 

application rate (112 kg N ha-1) as compared to the low rate of 67 kg N ha-1.  

However, results in 2005 showed that N uptake increased significantly by PCU 
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compared to urea and by application of 112 kg N ha-1 as compared to 67 kg N ha-1 

(Randall and Vetsch, 2005).   

Another study by Schwab et al. (2002) assessed the effects of PCU and urea 

on N uptake and wheat yields on imperfectly drained soils at two sites.  Fertilizer was 

applied at 67 kg N ha-1 and treatments consisted of incorporated and non-incorporated 

PCU and urea applied in fall, top-dressed PCU or urea applied in January, February, 

or March.  A blend of urea and PCU was applied in February and was compared to a 

split application of urea in February and March.  Generally, wheat N uptake was 

higher for PCU than urea when comparing pre-plant application treatments, which 

indicates that the PCU coating prevented some N losses (Schwab et al., 2002).  

Results for the second site showed no significant differences in N uptake between 

fertilizers.   

Grain yields 

 Grain yields generally increased with increasing N rates in 2004 and 2005.  

The results show that in the 2004 growing season, grain yields in fertilized plots were 

higher than the control plots across all drainage and irrigation treatments (Figure 3.5 

A).  Since 2004 was a relatively wet year in which rainfall was above average in the 

spring and consistent throughout the summer, drainage may have affected corn plant 

growth positively by draining excessive water from the soil.  In addition, fertilizer 

application produced higher yields than with no addition of fertilizer, causing corn in 

treated plots to have greater growth and possibly depleting gravimetric soil water 

content faster than in the control plots.  In fact, unfertilized plots in 2004 had higher 

gravimetric soil water content than the control plots in non-irrigated, drained plots 57 

and 113 DAA (Refer to Figure 2.2). 
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In 2005, fertilized plots showed significantly higher yields than the untreated 

plots.  Some yield advantage was observed with drainage, but, in general the largest 

response occurred when irrigation was applied (Figure. 3.5 B). The importance of 

irrigation in 2005 was due to lower rainfall experienced during the growing season.  

Different yield responses to application of urea and PCU have been reported.  

Similar to our results, research in Minnesota in 2003 showed no significant 

differences between both fertilizers (Randall and Vetsch, 2003).  The same results 

were obtained in 2004 with the exception of 67 kg N ha-1 spring pre-plant application 

that yielded higher grain yields than urea (Randall and Vetsch, 2004).  Research 

conducted at two locations in Iowa showed no significant differences between spring-

applied urea and PCU for one location in 2003 whereas at the other location that same 

year and one year later, PCU yielded higher than urea (González, 2005).  Differences 

in response to PCU were attributed to different soil and weather conditions and 

chemical and/or physical modification in the coating of the PCU used in the study 

(González, 2005).     

In contrast, another study by Brown (2005; 2006) on the pre-plant broadcast 

performance of PCU and urea on irrigated hard red spring wheat showed significantly 

higher yields with PCU at 134 and 268 kg N ha-1 rates but no differences were found 

at the intermediate application rate (200 kg N ha-1).  However, Brown did not attribute 

the yield increase at the lowest rate to insufficient N in the pre-plant urea treatment 

(since protein concentration was above the value considered necessary to maximize 

production of hard red spring wheat), but to excessive N available under the urea 

treatment (Brown, 2005).  In 2006, results of the same study showed significant 

higher grain yields with PCU at 200 and 268 kg N ha-1 applications (Brown, 2006).  

More studies have reported higher yields with use of PCU.  Thus, in a study by 
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Schwab et al. (2002), results showed that pre-plant PCU produced higher yields than 

urea.  In addition, urea applied in February produced lower yields than urea applied in 

either January or March whereas February PCU yields were not significantly different 

from February and March yields.  This indicates that some urea was lost through 

denitrification, leaching, or volatilization but PCU was not subject to as much loss 

(Schwab et al., 2002).  In fact, yield with application of PCU was not significantly 

different from that of the split application of urea (Schwab et al., 2002; Schwab and 

Murdock, 2005).  

There are several possible reasons to explain the lack of yield increase with 

PCU as compared to conventional urea in our study.  In this study, the urea and PCU 

were incorporated, thereby limiting ammonia volatilization losses that may occur with 

surface applications of urea.  The quantity and timing of rainfall at the study site in 

the early season may have limited nitrate leaching losses that may be higher with the 

faster releasing urea compared to the slower releasing PCU fertilizer material.  

Additional data taken from the site for plots with larger tile drain spacings than the  

6.1 m spacings considered in this research indicated that grain yields were 

significantly higher with PCU applications compared to urea in non-drained plots  

(K. Nelson, personal communication).  Those results suggest that tile drain spacing 

may be an important factor affecting response to PCU.  

CONCLUSIONS 

 The results of this study suggest that N release from conventional urea and 

PCU in years of relatively higher rainfall may be characterized by early release of 

urea N at the beginning of the growing season and later release of PCU N during the 

season.  We hypothesized this difference was because of the temperature-based- N 

release of PCU that delayed N release as compared to conventional urea.  Such 
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delayed N release may be advantageous for reduction of environmental N loss, but 

was not observed to have any advantage in improving N uptake in comparison to 

conventional urea. 

 Generally, drainage and irrigation treatments did not have any effect on silage 

yields in 2004 whereas it increased with overhead irrigation in 2005.  The same trend 

was observed in N uptake and grain yields in 2005, but surprisingly, not in N content. 

A plausible explanation for the increase of N uptake and silage and grain yields is that 

irrigation reduced water stress in the relatively low rainfall year of 2005.  Conversely, 

since 2004 was a relatively wet year, N uptake was not increased significantly by the 

application of irrigation.  Due to the difference in precipitation records between 2004 

and 2005, overhead irrigation was the major contributor to the increase in yields in 

2005.  

 On the other hand, no differences were found in silage and grain yields 

between PCU and conventional urea at the same N rate in any of the two years.  

However, N fertilization usually increased both silage and grain yields.  Similar 

results were observed for N content.  Generally, PCU and urea increased N content 

and N uptake as compared to no application of fertilizers but no differences between 

N sources were seen. 

The lack of differences in yield and N uptake between conventional urea and 

PCU was attributed to the possible lack of climatic conditions (e.g., heavy rainfall in 

the early growing season) and management practices (e.g., surface fertilizer 

application with incorporation) that would promote increased N losses from 

conventional urea compared to PCU.  These results suggest that agronomic 

advantages of using PCU, such as increased grain yields and increased N use 

efficiency, may occur only under certain climatic and management conditions, which 
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were not established under the climatic and drainage /irrigation treatments used in this 

study. Further research may be needed to establish what those conditions may be in 

order to provide appropriate advice to producers considering use of these 

slow/controlled N fertilizer sources. 
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   Table 3.1. Silage yield in the 2004 growing season resulting from applications of conventional (U) and  
         polymer-coated (PCU) urea under different drainage and irrigation treatments. 
 
                        _______________________________________________________________________________________ 
 

 N                                                                    Silage yield                                                         
  treatment   
   NIN† NID‡   OND§     SUB¶ LSD* (0.05) 
  _______________________________________________________________________________________ 
  kg N ha-1                  ------------------------------------------------ Mg ha-1 --------------------------------------------- 
 
  Control               12.82    13.51 11.22  15.15 NS    
       
  140 U                19.78    21.22 20.51  21.98 NS 
     
                    140 PCU          20.10 20.45 25.98  24.06 NS  
      
                     280 U     24.43 21.06 26.72 19.68               4.64    
   
  280 PCU     22.54 21.12 24.85 19.29 NS    
     
  
        LSD* (0.05)                     5.28   4.02   7.48    7.11 
                        _______________________________________________________________________________________ 
 
 * LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
 †  NIN = No irrigation, no drainage 
 ‡  NID = No irrigation, drainage 
 §  OND = Overhead irrigation, no drainage 
 ¶  SUB = Subirrigation, drainage 
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   Table 3.2. Silage yield in the 2005 growing season resulting from applications of conventional (U) and  
         polymer-coated (PCU) urea under different drainage and irrigation treatments. 
                        _______________________________________________________________________________________ 
 

 N                                                                   Silage yield                                                          
  treatment   
   NIN† NID‡   OND§     SUB¶  LSD* (0.05) 
  _______________________________________________________________________________________ 
     kg N ha-1                 ------------------------------------------------- Mg ha-1 -------------------------------------------- 
 
  Control             12.26    11.58 11.63     9.84  NS     
      
                    140 U             12.90    13.60 24.45   13.42 3.84 
     
  140 PCU     12.18 14.48 21.82  12.76 2.99    
   
  280 U     10.56 13.21 24.13 14.69 3.44    
   
  280 PCU     10.95 13.90 22.95 14.76 4.27    
     
  
                        LSD* (0.05)        NS             2.88                     3.87                  3.67 
                        _______________________________________________________________________________________ 
 
 * LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
 †  NIN = No irrigation, no drainage 
 ‡  NID = No irrigation, drainage 
 §  OND = Overhead irrigation, no drainage 
 ¶  SUB = Subirrigation, drainage 
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Table 3.3. Nitrogen content of harvested silage tissue in the 2004 and 2005 growing seasons resulting from applications of  
      conventional (U) and polymer-coated (PCU) urea under different drainage and irrigation treatments. 
_____________________________________________________________________________________________________________ 

 
 N                                                      2004                                                                                             2005                                            
treatment                                                                     
  NIN† NID‡   OND§ SUB¶ LSD* (0.05)        NIN† NID‡   OND§ SUB¶ LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1       ------------------------------------------------------------------------ % ---------------------------------------------------------------------        
 
Control  0.49   0.68  0.61  0.62 NS 1.06    0.79          0.60      0.80           0.22 
            
140 U  0.86 0.92  0.93  1.03  NS 1.18    0.91   0.98    0.94  NS 
     
140 PCU  0.80 0.91 0.94 1.03  NS 1.26    1.16   1.02   1.10  NS 
    
280 U  1.04 1.06  1.03 0.95 NS 1.01 1.23   1.16   1.33  NS 
     
280 PCU  0.97 1.01      1.04 1.07 NS 1.38 1.23   1.18   1.35  NS  
      
  
LSD* (0.05)           0.18  0.20  0.23  0.24   NS  0.32   0.19   0.38  
_____________________________________________________________________________________________________________ 
 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage 
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Table 3.4. Nitrogen uptake of harvested silage tissue in the 2004 and 2005 growing seasons resulting from applications of conventional (U) and  
                 polymer- coated (PCU) urea under different drainage and irrigation treatments. 

 
_____________________________________________________________________________________________________________ 

 
N                                                    2004                                                                                              2005                                             

treatment                                                                     
  NIN†  NID‡   OND§ SUB¶ LSD* (0.05)        NIN†  NID‡   OND§ SUB¶  LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1        ---------------------------------------------------------------------- kg ha-1------------------------------------------------------------------- 
 
Control     65      93       70       100   NS     128      97      70      78   NS  
          
140 U   170     198    193      227 NS     151    123    238    124       41 
     
140 PCU   163   186             242    247            NS    153         166    222         142      52 
    
280 U   256   224    272    189  63    111    164    277    195      96  
   
280 PCU   219   213             259     206 NS    149          167    267    190      28  
        
  
LSD* (0.05)             74 59               86      79  NS      46   46   61   
_____________________________________________________________________________________________________________ 
 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage 
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 Figure 3.1. Nitrate-N contained in water samples collected from suction lysimeters installed at (A) the 15 cm depth and (B) the 45 cm depth in 
plots receiving different rates of conventional or polymer-coated urea in 2004.  The values are averaged over the drainage/irrigation treatments 
except 10 August 2004 (117 DAA) when the drainage/irrigation and N rate interaction was significant.  Data for this day is shown in (C).  DAA 
is days after N application. The vertical DMRT bars indicate when the nitrate-N values due to the imposed treatments are statistically different at 
α ≤ 0.05.  PCU denotes polymer coated urea and NS denotes not statistically different.
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Figure 3.2. Nitrate-N contained in water samples collected from suction lysimeters   
installed at (A) the 15 cm depth and (B) the 45 cm depth in plots receiving different 
rates of conventional or polymer-coated urea in 2005.  The values are averaged over 
the drainage/irrigation treatments. DAA is days after N application. The vertical 
DMRT bars indicate when the nitrate-N values due to the imposed treatments are 
statistically different at α ≤ 0.05. PCU denotes polymer coated urea and NS denotes 
not statistically different. 
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Figure 3.3.  Corn grain yield response in (A) 2004 and (B) 2005 to applications of 
conventional and polymer-coated urea under different drainage and irrigation 
treatments at rates of 140 and 280 kg N ha-1.  PCU denotes polymer-coated urea.  The 
vertical LSD bar indicates when the yields due to the imposed treatments are 
statistically different at α ≤ 0.05. 
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CHAPTER 4 
 

CONCLUSIONS 
 

 The objectives of this study were to determine the relationship between soil 

N2O flux, soil temperature, soil NO3
--N, and soil gravimetric water content; to 

establish the effects of a slow-release N fertilizer- polymer-coated urea (PCU) - and 

conventional urea on soil surface N2O efflux rate and cumulative N2O efflux; and to 

examine the performance of PCU compared to conventional urea in relation to crop N 

uptake, yields, and NO3
- losses on claypan soils in northeast Missouri.  The 

conclusions of this study are: 

1. Polymer-coated urea decreased soil N2O flux at the beginning of the 

relatively high rainfall 2004 growing season when no drainage or irrigation 

was present as well as with overhead irrigation and no drainage.  In contrast, 

in the relatively drier year of 2005, no consistent reductions in soil N2O 

efflux between fertilizers were observed.  This result suggests that the PCU 

fertilizer may be more effective than urea in relatively wetter years when 

potential N loss is higher or when crop growth can respond to the differences 

in N availability between the two N fertilizer sources. 

2. Cumulative soil N2O production in 2004 after urea application was 

statistically higher from that of unfertilized plots in non-irrigated, non-

drained plots throughout most of the growing season and higher from that of 

PCU-treated plots when overhead irrigation was applied.  However, in a dry 

year with no irrigation or drainage, PCU was responsible for significantly 

higher cumulative N2O efflux than urea and control plots in 2005.   

3. In a relatively wet year, higher NO3
--N concentrations in lysimeters were 

observed with application of urea than PCU.  Urea N was mainly released at 
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the beginning of the growing season while release of PCU N occurred later 

in the season in accordance with characteristics of delayed N release of 

polymer-coated urea. 

4. Silage yields did not differ among drainage and irrigation treatments in  

 2004.  In contrast, overhead irrigation produced higher silage yields in      

 2005.  In 2004 and in 2005, neither urea nor PCU produced significantly  

 different silage yields. 

5. Similar to what was observed for silage yields, drainage or irrigation did not  

  have any effect on N uptake in 2004.  However, overhead irrigation played a  

  major role in N uptake in 2005 leveling-off the scarce rainfall experienced  

  that year.  Again, both fertilizers affected N uptake in the 2004 and 2005  

  growing seasons equally.    

6. Generally, drainage and irrigation practices did not affect plant tissue N  

 content in any of the growing seasons.  Moreover, N content showed a  

 similar response under both fertilizers.  Therefore, we observed no  

 significant differences between the two fertilizers with the application rates  

 used in this study. 

7. Conventional urea and PCU increased grain yields in all drainage and      

irrigation treatments in 2004.  In contrast, overhead irrigation and 

subirrigation produced higher yields with application of urea or PCU than 

with no N fertilizer added in 2005. 

 The results of this study indicate that PCUs decreased soil N2O efflux 

compared to conventional urea early in the season of a relatively wet year.  

Furthermore, soil cumulative N2O efflux was also reduced at some sampling dates in 

2004 with overhead irrigation and applications of PCUs as compared with urea.  
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Moreover, with no drainage or irrigation, PCU showed the same cumulative N2O 

efflux as the control plots throughout most of the 2004 growing season.  Advantages 

in the use of PCUs in reducing NO3
--N concentrations at the beginning of the season 

were also observed.  However, PCUs caused no increase in grain yields in any of the 

two years, although grain yields were higher with PCU than with no N fertilizer 

which may be due to incorporation of the N source.   

 The main disadvantage of the use of PCU at a large scale is the price versus 

the additional benefits that use of PCU may produce.  Polymer-coated urea fertilizers 

are generally more expensive than conventional N sources, primarily due to the 

manufacture of the coating.  In addition, quality control of the PCU fertilizer may be 

important since the polymer coating cannot have any cracks that may cause unwanted 

N release early in the season.  

 Polymer-coated urea fertilizers have a promising potential in reducing 

environmental N losses and increasing grain yields under different drainage and 

irrigation practices.  Our results show a better performance of PCU than urea under 

high precipitation and irrigation conditions.  However, no benefits were seen under 

low rainfall.  Therefore, more research is needed to better assess PCU performance 

under a range of soil characteristics and environmental conditions, including the 

relatively dry conditions that may occur periodically in north east Missouri.   

The introduction of tile drainage and subirrigation lines at different intervals 

also poses unique methodological challenges for sampling because of the possible 

spatial variation that may occur in soil water content and soil N between the tile and 

subirrigation lines.  Further study may be needed to compare the fate of the applied N 

from the two N fertilizer sources in soil close to the tile drain and then away from it 
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since it was our general visual observation that crop performance also varied over this 

distance.   

Another challenge we were not able to address in this study was the total N 

loss through the drainage lines.  Quantifying the relative NO3
--N losses through tile 

lines with the use of the two N fertilizer sources would allow for a better 

understanding of the relative importance of this N loss mechanism in claypan soils 

and assist in evaluating whether use of the PCU fertilizer would reduce this potential 

source of environmental contamination if this type of drainage and subirrigation 

system were widely adopted in the Central Claypan Region.   



 

 

APPENDICES 
    
Appendix 1. Silage yield in 14 June and 28 June 2004 resulting from applications of conventional (U) and polymer-coated (PCU)  
       urea under different drainage and irrigation treatments. 
_____________________________________________________________________________________________________________ 

 
 N                                               14 June 2004                                                                              28 June 2004                                       
treatment                                                                     
  NIN† NID‡   OND§ SUB¶ LSD* (0.05)        NIN† NID‡   OND§ SUB¶ LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1       ------------------------------------------------------------------------ Mg ha-1 ---------------------------------------------------------------        
 
Control  1.54   1.68  1.18  1.47             0.49 4.73    4.22          3.65      4.63           NS 
            
140 U  1.64 1.92  2.01  1.79   NS 5.28    5.19   5.74    5.68           NS  
   
140 PCU  1.65 2.38 2.16 2.47             0.58 5.40    5.77   6.33   6.05         0.86  
    
280 U  2.09 2.01  1.92 1.85  NS 6.00 5.90   5.96   6.05           NS  
     
280 PCU  2.01 1.84      1.87 2.16  NS 4.93 6.22   5.43   6.24         1.28  
      
  
LSD* (0.05)           NS  0.49  0.67  0.48  NS   1.18   1.26   1.82  
_____________________________________________________________________________________________________________ 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage
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Appendix 2. Silage yield in 2 June and 22 June 2005 resulting from applications of conventional (U) and polymer-coated (PCU)  
       urea under different drainage and irrigation treatments. 
_____________________________________________________________________________________________________________ 

 
 N                                               2 June 2005                                                                                 22 June 2005                                       
treatment                                                                     
  NIN†  NID‡   OND§ SUB¶ LSD* (0.05)            NIN†   NID‡   OND§ SUB¶ LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1       ------------------------------------------------------------------------ Mg ha-1 ---------------------------------------------------------------        
 
Control  1.45        1.71          1.64    1.44  NS   3.12  2.82      3.97 2.55               NS 
            
140 U  2.12        2.15          2.15    1.95  NS  4.18  3.54      5.24 3.33  1.55 
     
140 PCU 2.01     2.03            2.20    2.27  NS          4.46  5.16       4.97 3.27  1.58 
      
280 U 1.72     2.27            2.65    2.48             0.91          4.07        5.03      5.09 4.64    NS  
                     
280 PCU 1.79           2.51            2.06         2.14  0.54          3.90  5.76       3.41 2.64  2.29  
       
  
LSD* (0.05)  NS   NS             0.87      0.51       NS  1.70      1.78    1.30 
_____________________________________________________________________________________________________________ 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage

- 100 - 



 

 

Appendix 3. Nitrogen content of whole corn tissue samples in 14 June and 28 June 2004 resulting from applications of  
         conventional (U) and polymer-coated (PCU) urea under different drainage and irrigation treatments. 
_____________________________________________________________________________________________________________ 

 
 N                                               14 June 2004                                                                                28 June 2004                                     
treatment                                                                     
  NIN† NID‡   OND§ SUB¶ LSD* (0.05)        NIN† NID‡   OND§ SUB¶ LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1       ------------------------------------------------------------------------ % ---------------------------------------------------------------------        
 
Control  3.12   2.64  2.48  2.17 0.47 1.44    1.22          1.29      1.27 NS            
            
140 U  3.29 3.25  3.46  3.63  NS 2.16    2.04   2.33    2.02 NS  
     
140 PCU  3.31 3.24 3.36 3.36  NS 2.35    2.07   2.13   2.33 NS 
    
280 U  3.67 3.75  3.59 3.65 NS 2.41 2.29   2.47   2.33 NS  
     
280 PCU  3.56 3.69      3.58 3.44 NS 2.52 2.55   2.45   2.47 NS   
      
  
LSD* (0.05)           0.33  0.41  0.44  0.21  0.31  0.35   0.27   0.42  
_____________________________________________________________________________________________________________ 
 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage
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Appendix 4. Nitrogen content of whole corn tissue samples in 2 June and 22 June 2005 resulting from applications of  
         conventional (U) and polymer-coated (PCU) urea under different drainage and irrigation treatments. 
_____________________________________________________________________________________________________________ 

 
 N                                               2 June 2005                                                                                  22 June 2005                                      
treatment                                                                     
  NIN† NID‡   OND§ SUB¶ LSD* (0.05)        NIN† NID‡   OND§ SUB¶ LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1       ------------------------------------------------------------------------ % ---------------------------------------------------------------------        
 
Control  3.09   2.87  3.17  3.04 NS 2.04    1.69          2.39      1.90 NS            
            
140 U  3.88 4.14  3.73  3.48            0.64 2.82    2.11   3.20    2.07          0.71  
     
140 PCU  3.71 3.90 3.57 3.67  NS 2.80    2.97   2.90   2.14          0.59  
    
280 U  4.02 4.40  4.25 2.98 NS 2.90 3.00   2.73   2.38 NS  
     
280 PCU  3.68 4.08      3.73 3.69 NS 2.91 3.18   2.58   1.78          0.88  
      
  
LSD* (0.05)           0.77  0.24  0.82   NS   NS  0.64    NS    NS  
_____________________________________________________________________________________________________________ 
 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage
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Appendix 5. Nitrogen uptake of whole corn tissue samples in 14 June and 28 June 2004 resulting from applications of conventional (U) and  
                    polymer- coated (PCU) urea under different drainage and irrigation treatments. 

 
_____________________________________________________________________________________________________________ 

 
N                                               14 June 2004                                                                               28 June 2004                                        

treatment                                                                     
  NIN†  NID‡   OND§ SUB¶ LSD* (0.05)        NIN†  NID‡   OND§ SUB¶  LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1        ---------------------------------------------------------------------- kg ha-1----------------------------------------------------------------- 
 
Control     48       44      28        31    14       69      51      48      59   NS  
          
140 U     54       64      69       65             NS        114    108    124    120     NS     
     
140 PCU     55     77               73     83              21    127        119    135         140    NS     
    
280 U     77     74      69     67 NS    143    137    145    141     NS  
   
280 PCU     71     67               66          69 NS        126          158    132    151      NS  
        
  
LSD* (0.05)             24 20               25     13   49      34   25   44   
_____________________________________________________________________________________________________________ 
 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage 
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Appendix 6. Nitrogen uptake of whole corn tissue samples in 2 June and 22 June 2005 resulting from applications of conventional (U) and  
                    polymer- coated (PCU) urea under different drainage and irrigation treatments. 

 
_____________________________________________________________________________________________________________ 
 

N                                                2 June 2005                                                                                 22 June 2005                                       
treatment                                                                     
  NIN†  NID‡   OND§ SUB¶ LSD* (0.05)        NIN†  NID‡   OND§ SUB¶  LSD* (0.05) 
_____________________________________________________________________________________________________________ 
kg N ha-1        ---------------------------------------------------------------------- kg ha-1----------------------------------------------------------------- 
 
Control     45       49      51        45   NS      72         49            97    74   NS  
          
140 U     82       90      82       69  NS       118         77          168    68     60      
     
140 PCU     79     80               79     84             NS      125      154    143         69    58      
    
280 U     73   102    114     76             NS   124 154    145  114     NS   
   
280 PCU     66   102               76          80  24   117       183      96    54      84  
        
  
LSD* (0.05)             38              38               42     34 NS   60  NS 57   
_____________________________________________________________________________________________________________ 
 
* LSD(0.05)  = Least Significant Difference at p < 0.05; NS = Not statistically significant 
†  NIN = No irrigation, no drainage 
‡  NID = No irrigation, drainage 
§  OND = Overhead irrigation, no drainage 
¶  SUB = Subirrigation, drainage 
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