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Abstract 

Approaches in controlling nitrogen (N) loss from preflood fertilizer applications in 

delayed flood rice (Oryza stiva) production in the mid-southern U.S.A. typically involves 

treating urea with urease inhibitors like N-(n-butyl) thiophosphoric triamide (NBPT). Limited 

research exists on managing N utilizing the combined effects of treating urea with a urease 

inhibitor and subsequently adding a physical zinc (Zn) sulfate coating. Zinc deficiency is also a 

major soil fertility constraint in flooded rice production. The objectives of this study were to: (i) 

determine the ammonia volatilization potential of experimental zinc sulfate coated urea (ZSCU) 

fertilizers on four rice soils in a controlled environment, (ii) quantify ammonia volatilization 

losses from surface broadcast experimental ZSCU fertilizers under field conditions, (iii) evaluate 

the effect of experimental ZSCU fertilizer use as an N source in rice production, and (iv) 

evaluate experimental ZSCU fertilizer as a Zn fertilizer source in rice production. Experimental 

ZSCU fertilizers used in the controlled environment study and field trial included; RCO3, RCO2, 

RCO5, RCO1, RCO4, RCO1S and RCO4S. To evaluate ZSCU as a Zn source, five preplant and 

four preflood Zn fertilizer treatment combinations were evaluated alongside the control and the 

recommended practice of applying granular Zn sulfate. In comparison to urea, application of 

experimental ZSCU and urea treated with NBPT in the controlled experiment reduced ammonia 

loss 14 – 81 and 27 – 64%, respectively, across all soils. Cumulative ammonia loss from RCO4 

and RCO4S was comparable to the NBPT-urea at a rate of 0.9 g NBPT kg-1 (w/w). Cumulative 

ammonia losses from the field trial ranged from 3.1–15.1 and 5.4 –22.5% in 2014 and 2015, 

respectively. Cumulative ammonia loss from ZSCU fertilizers was significantly lower than urea 

but greater than urea treated with NBPT in both years. Urea treated with NBPT out yielded all 

other N fertilizers in 2015. Experimental ZSCU fertilizers, particularly those containing B and 
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NBPT, did reduce ammonia volatilization in soils susceptible to ammonia volatilization; 

however, the effect in controlling ammonia volatilization did not result in increased rice yield. 

The experimental ZSCU was similar to surface broadcast Zn sulfate alone, despite the improved 

distribution when applying similar rates. 
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Chapter 1. General Introduction 

1.1 Introduction 

Nitrogen (N) is the most important fertilizer nutrient for optimizing rice (Oryza stiva) 

grain yield potential. Urea and ammonium sulfate are the most commonly used N fertilizers for 

preflood fertilizer applications in the mid-southern United States (Norman et al., 2009; Rogers et 

al., 2015). Urea is the preferred N fertilizer source due to its relative low cost, its high N content 

(46%), and ease in handling. A 1:1 blend of urea and ammonium sulfate is also often used for 

preflood N fertilization in rice (Griggs et al., 2007; Dillion et al., 2012). The blend between the 

two N sources improves crop N efficiency as compared to urea alone; however, the lower N 

content of blended fertilizer (33%) and its higher cost per kilogram of N discourages its use 

(Harrell and Saichuk, 2016). Fertilizer N in rice is surface broadcast at the 4- to 5-leaf stage of 

rice development (preflood N fertilization) and the remainder is at applied mid-season between 

the panicle initiation and panicle differential stages of development. When preflood N fertilizer 

applications are left on the soil surface for an extended period of time prior to flooding much of 

the N can be lost due to ammonia volatilization and subsequent nitrification/denitrification 

(Craswell and Vlek, 1979).  

Surface broadcast urea is hydrolyzed to ammonium bicarbonate in the presence of the 

urease enzyme and favorable environmental conditions (Wahl et al., 2006). The bicarbonate 

raises soil pH, creating an ideal condition for rapid conversion of ammonium to ammonia which 

escapes into the atmosphere (Mikkelsen et al., 1978; Craswell and Vlek, 1979; Griggs et al., 

2007). Ammonia volatilization has been documented as the primary N loss pathways from 

surface broadcast preflood urea fertilization (Reddy, 1982; Keeney and Sahrawat, 1986; Francis 

et al., 2012). Ammonia volatilization may account for 24 – 80% loss from surface broadcast 
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preflood urea applications in rice depending on management practices and prevailing 

environmental conditions during and following application (Cai et al., 2002; Francis et al., 2008; 

Norman et al., 2009; Griggs et al., 2007; Dillion et al., 2012). Substatial loss of N as ammonia 

has the potential to limit rice productivity and contribute to atmospheric pollution (Janssens et 

al., 2010; Phoenix et al., 2012). Controlling ammonia volatilization in rice production greatly 

improves the efficiency of N preflood urea, increases grain yield, and protects the environment 

(Francis et al., 2012; Phoenix et al., 2012).  

Ammonia volatilization from surface broadcast urea has been a concern for decades and 

several efforts have been made with regard to the development and implementation of strategies 

to control ammonia volatility (Bremner and Chai, 1989; Al-Kanani et al., 1994; Rawluk et al., 

2001). Ammonia volatilization can be influenced by management practices, soil properties, and 

prevailing weather conditions during and after N fertilizer application (Aneja et al., 2000a). The 

environmental factors are often interrelated and not clearly distinguish under field conditions. 

Management practices are factors that are constantly being manipulated to control ammonia 

volatilization. Some of these practices have been successful, to a varying extent, in decreasing 

ammonia volatilization. Management practices that commonly influence ammonia volatilization 

are water management, timing of fertilization, fertilizer source, and additional modifications of 

the fertilizer source (Jones et al., 2007; Jones et al., 2013). Studies have shown that establishing a 

permanent flood within 3 d after preflood N fertilization can effectively reduce volatilization (De 

Datta and Patrick, 1986; Savin et al., 2007). Norman et al. (2009) reported that the amount of 

ammonia loss when the flood is delayed 5 d after preflood N fertilization is more than twice the 

loss observed compared to 2 d after fertilization. Establishing permanent flood in a timely 

manner is impossible for many commercial farms as result of irrigation constraints. On average, 
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it may take 10 d for many commercial fields to establish a permanent flood. Incorporating and 

surface banding of urea are effective means of suppressing ammonia volatilization; however, 

these practices are not feasible in rice production systems. Blending urea with KCl or CaCl2 has 

been reported to reduce ammonia volatilization from surface broadcast urea (Al-Kanani et al., 

1994). 

Current strategies employed in controlling ammonia volatilization focus on modifying 

urea fertilizers to slow down urea hydrolysis (Trenkel, 2010; Timilsena et al., 2015). These 

modified urea fertilizers are characterized as enhanced efficiency nitrogen fertilizers (EENF). 

Enhanced efficiency nitrogen fertilizers are prepared by chemically treating urea with urease 

inhibitors or physically coating urea with another fertilizer nutrient or polymer. Urea treated with 

urease inhibitors have been document as an effective strategy to reduce ammonia volatilization 

from surface broadcast urea (Bremner and Chai, 1989; McCarty et al., 1989; Watson, 2000). 

Urease inhibitors may disrupt the function of the urease enzyme through following modes: (1) 

chelating compounds that cause inhibition due to complex formation with one of the nickel (Ni) 

atoms at the active site of urease, and (2) competitive inhibitors that resemble urea molecules and 

bind to the active site of the urease enzyme (Amtul et al., 2002). Several chemicals and metals 

have been evaluated as potential urease inhibitors (Clay et al., 1990; Amtul et al., 2002). Among 

the chemicals evaluated, N-(n-propyl) thiophosphoric acid triamide (NPPT) and N-(n-butyl) 

thiophosphoric triamide (NBPT) have been identified as effective in reducing ammonia 

volatilization (Engel et al., 2011; Griggs et al., 2007; Dillon et al., 2012). The most commonly 

used urease inhibitor in rice production is NBPT, because of its effectiveness across different soil 

types and cropping systems (Bremner and Chai, 1989; Al-Kanani et al., 1994; Rawluk et al., 

2001; Tian et al., 2015). Rawluk et al. (2001) reported that the use of 0.05 – 0.15 g kg-1 NBPT 
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(w/w) reduced total ammonia loss by 28 – 88% over 21 d. Norman et al. (2009) reported that 

cumulative ammonia volatilization decreased by more than 50% two weeks after fertilization. 

Engel et al. (2011) reported that urea treated with 0.1 g kg-1 NBPT reduced cumulative ammonia 

losses by 66%. Studies have reported that sulfate compounds of metals, such as Zinc (Zn) and 

Copper (Cu); can decrease ammonia volatilization (Bremner and Douglas, 1971; Reddy and 

Sharma, 2000). Boric acid and other boron (B) compounds have also been cited as urease 

inhibitors (Tabatabi, 1977; Benini et al., 2004; Singh et al., 2013; Pursell et al., 2014).  

Urea coated with nutrient or polymers were developed primarily to supply N gradually 

over the growing season, but studies have reported the inhibitory effect of these fertilizers on 

ammonia volatilization (Xu et al., 2012). Physical coatings decrease the urea surface area for 

urease attack, thus slow down urea hydrolysis and subsequently minimizing the rate of ammonia 

volatilization. Reduction in ammonia volatilization from polymer-coated urea fertilizers has been 

documented on rice fields (Tian et al., 2015). Nutrient-coated urea, such as sulfur coated urea, 

has been documented to reduce ammonia volatilization (Jantalia et al., 2012). However, the 

inhibitory effects of polymer- and nutrient-coated urea fertilizers on ammonia volatilization are 

inconsistent across cropping systems and soil types (Tian et al., 2015).  

Zinc deficiency is the most documented micronutrient deficiency in flooded rice fields in 

the mid-southern United States (Slaton et al., 2005a). In most cases, seedling rice that exhibit Zn 

deficiency symptoms will have a delay in maturity and subsequent reduction in grain yield, 

particularly for susceptible cultivars. In severe cases, the entire rice stand may be lost. Plant 

breeding offers a cost effective approach to improve Zn deficiency. Currently, the use of 

fertilizers is the best possible solution to ameliorating Zn deficiency. Zinc deficient rice fields are 

commonly ameliorated with Zn sulfate, Zn chelates (Zn-EDTA, Zn-NTA), and products from 
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natural organic ligands (Mikkelsen and Kuo, 1977; Slaton et al., 2005). Zinc sulfate is very 

soluble and highly bioavailable when applied initially; however, their bioavailability declines 

with time because it can be transformed into insoluble Zn forms. Organic Zn fertilizer sources 

have been documented to increase grain yield and tissue Zn concentration; however, their high 

cost limits their use and application (Slaton et al., 2005). 

1.2 Justification 

Louisiana ranks as the third highest rice-producing state in the U.S.A., accounting for 

15% of total rice production in 2015 (USDA, 2016). Approximately two-thirds of rice is 

cultivated in the southwest region of Louisiana covering Acadia, Allen, Calcasieu, Cameron, 

Evangeline, Jefferson Davis, St. Landry, and Vermilion parishes (Salassi and Deliberto, 2013). 

Common soil fertility constraints associated with flooded rice production in these regions are 

low N use efficiency and Zn deficiency (Harrell and Saichuk, 2016). The low N use efficiency 

has been partly attributed to ammonia volatilization. Studies conducted in Louisiana have shown 

ammonia volatilization losses from surface applied urea after 10 d generally range from 17 – 

33% (Dillion et al., 2012). The dominant coastal prairie soils in southwest Louisiana are 

characterized by inherently low Zn and hence its deficiency is a common occurrence (Weindorf, 

2008). Flooding decreases Zn availability for rice uptake (Rehman et al., 2012). Zinc 

deficiencies have been further compounded by cultivating high yielding rice varieties, increased 

adoption of laser leveling techniques, and improved purity of inorganic fertilizers (Brye, 2006). 

A cost effective fertilizer, such as one of the experimental Zn sulfate coated urea fertilizers 

(ZSCU) which can simultaneously reduce ammonia volatilization and correct Zn deficiency 

would be extremely valuable to the mid-southern commercial rice industry. 
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Several strides have been examined to effectively control ammonia volatilization by 

treating urea with a urease inhibitor or coating urea with a nutrient or polymer independently. 

However, current efforts are aimed at developing urea fertilizers that combine urease inhibitor 

and physical coatings (Frame et al., 2012). This ammonia control strategy includes the addition 

of micronutrients as a surface coating on a urea granule which improves the distribution of 

micronutrients that are only required by plants in minute quantities. Combining a low 

concentration of NBPT with B in addition to a nutrient coating on urea, may improve the 

reliability of the nutrient coated urea fertilizer to effectively minimize ammonia volatilization 

and increase rice productivity. Experimental ZSCU fertilizers with or without urease inhibitors 

have been recently developed (Brooks Whitehurst Associates Inc., New Bern, NC). The urease 

inhibitors contained in some of these experimental ZSCU fertilizers included NBPT and/or B.  

No study has quantified ammonia volatilization and grain yield potential of Zn sulfate coated 

urea in combination with NBPT and/or B fertilizer in delayed flood rice production systems.  

1.3 Objectives 

The overall objective of this study was to investigate experimental ZSCU fertilizers as an 

alternate strategy for controlling ammonia volatilization and as a Zn fertilizer source in rice. The 

specific objectives were to: (i) determine the ammonia volatilization potential of urea, urea 

treated with three rates of NBPT, and four experimental ZSCU fertilizers on four rice soils at 2/3 

field capacity in a controlled environment,  (ii) quantify ammonia volatilization losses from 

surface broadcast experimental ZSCU fertilizers under field conditions, (iii) evaluate the effect 

of experimental ZSCU fertilizers as an N source on biomass, N uptake, nitrogen use efficiency, 

and grain yield in a delayed flood rice production system, and (iv) evaluate experimental ZSCU 

fertilizer as Zn fertilizer source in a delayed flood rice production system. 
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Chapter 2. Volatilization Potential of N-(n-butyl) Thiophosphoric Triamide (NBPT) 

Treated Urea and Zinc Sulfate Coated Urea Fertilizers 

2.1 Introduction 

Urea and ammonia sulfate fertilizers are commonly used for preflood nitrogen (N) 

fertilization in commercial rice (Oryza sativa) production in the mid-southern United States 

(Norman et al., 2009; Harrell et al., 2015). Urea is preferred to ammonium sulfate due to its 

lower cost per kilogram of N despite its susceptibility to ammonia volatilization (Griggs et al., 

2007; Junejo et al., 2011). Ammonia volatilization from surface applied preflood urea fertilizer 

in delayed-flood rice production is well documented in the mid-southern United States (Norman 

et al., 2009; Dillion et al., 2012). Volatility losses of 24 – 80% of the total applied N from 

preflood urea applications in rice have been reported (Cai et al., 2002; Sommer et al. 2004; 

Griggs et al., 2007; Francis et al., 2008; Norman et al., 2009; Dillion et al., 2012; Behera et al., 

2013). Excessive gaseous losses from preflood N fertilizer applications are agronomically and 

economically detrimental for commercial rice farmers (Singh et al., 2012). Nitrogen loss as 

ammonia can be curtailed with appropriate fertilizer management practices, such as establishing 

flooded fields in a timely manner (Savin et al., 2007). However, this practice is not plausible in 

many large commercial rice fields mainly due to irrigation constraints.  

Currently, novel approaches to minimizing ammonia volatility have centered on treating 

or physically coating urea fertilizers to temporarily halt urea hydrolysis. Incubation studies 

showed that simultaneous application of urea and potassium chloride (KCl) reduced ammonia 

volatilization from 46 to 4.5% (Rapport and Axley, 1984; Gameh et al., 1990; Reddy and 

Sharma, 2000). Modified urea fertilizers such as these are often referred to as enhanced 

efficiency nitrogen fertilizers (EENF) (Trenkel, 2010). Enhanced efficiency nitrogen fertilizers 



 

12 
 

have been shown to offer agronomic, economic, and environmental benefits over urea fertilizers 

(Rawluk et al., 2001; Golden et al., 2011; Timilsena et al., 2015).  

Urease inhibitors used in combination with urea as EENF have long been recognized as 

an effective strategy to suppress ammonia volatilization from surface applied urea. The most 

commonly used urease inhibitor is N-(n-butyl) thiophosphoric triamide (NBPT). This urease 

inhibitor works by forming a complex with one of the nickel (Ni) atoms at the active site of the 

urease enzyme (Amtul et al., 2002). The efficacy of NBPT in mitigating volatilization is well 

documented for various agricultural crops and field situations (Griggs et al., 2007; Engel et al., 

2011; Dillion et al., 2012). Rawluk et al. (2001) reported that the use of 0.05 – 0.15% NBPT 

reduced total ammonia loss by 28 – 88% over 21 d. Norman et al. (2009) reported that 

cumulative ammonia volatilization decreased by more than 50% two weeks after fertilization. 

Engel et al. (2011) reported that urea treated with 0.1% NBPT reduced cumulative ammonia 

losses by 66%.  

Other approaches to reducing the potential for ammonia volatilization besides organic 

urease inhibitors have included inorganic urease inhibitors and physical coating. Studies have 

reported that sulfate compound of metals, such as Zn and Cu; can decrease ammonia 

volatilization (Bremner and Douglas, 1971; Reddy and Sharma, 2000). Boric acid and other 

boron compounds have also been cited as urease inhibitors (Tabatabi, 1977; Benini et al., 2004; 

Singh et al., 2013; Pursell et al., 2014). Urea with nutrient and polymer coatings, commonly 

referred to as controlled release fertilizers, are manufactured primarily to synchronize N release 

to meet a plant’s N demand. Polymer and nutrient coatings can temporally reduce ammonia 

volatilization of urea (Trenkel, 2010; Timilsena et al., 2015). Black et al. (1985) reported a 20% 

reduction in ammonia volatilization from a sulfur coated urea fertilizer.  
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Soil moisture content plays an important role in urea hydrolysis and subsequently 

ammonia volatilization (Bock and Kissel, 1988; Lui et al., 2007; Rochette et al., 2009a). 

Ammonia volatility potential is maximized when the soil moisture content is at or near field 

capacity (Bouwmeester et al., 1985). Field capacity (FC) is the measure of water retained by the 

soil matrix at 33 kPa of suction (Bell and Van Keulen, 1996). Field capacity can be accurately 

predicted from a soil moisture characteristic curve (SMCC) which describes the relationship 

between wetness and matric potential using various mathematical models (Hillel, 2004). Soil 

wetness refers to gravimetric or volumetric moisture content of the soil. The SMCC for 

undisturbed core samples does not only predict FC but can also be a reliable predictor of 

moisture behavior of a soil across a wide range of suction values experienced in the field. Thus, 

the SMCC predicts the soil water storage and availability for plant uptake and fertilizer 

decomposition. Soil properties such as texture, structure, and organic matter content influence 

the shape of the soil moisture characteristic curve. As such, the moisture content and behavior of 

soils in the same soil order and textural class may differ. For example, moisture retained at low 

suction (< 100 kPa) values is primarily influenced by soil structure while higher suction values 

are primarily influenced by soil texture and specific surface area (Hillel, 2004). Limited studies 

have been conducted to evaluate ammonia volatilization potential from rice paddy soils based on 

equivalent soil moisture content determined from a SMCC. 

Several advances have been made to minimize ammonia volatilization by chemical and 

physical means independently; however, efforts are also being made to develop N fertilizers that 

simultaneously utilize multiple approaches to address ammonia volatilization as well as other 

nutritional deficiencies often encountered in crop production (Frame et al., 2012). This 

multipronged approach often includes the addition of a micronutrient compound as a surface 
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coating, which can reduce ammonia volatilization and also improve the distribution of the 

micronutrient. Most approaches at controlling ammonia volatilization in commercial rice 

production in the mid-southern U.S. involve only the use of a urease inhibitor applied onto urea, 

namely NBPT. The potential synergic effect of urea treated with NBPT and subsequently coating 

it with a micronutrient has not been extensively explored. Therefore, preliminary research is 

needed to evaluate the volatility potential of NBPT treated urea used in combination with a 

micronutrient coating in a controlled laboratory environment prior to further testing in field 

trials. The objectives of this study were to (i) determine soil moisture, chemical, and physical 

characteristics of four common mid-southern United States rice soils, and (ii) determine the 

ammonia volatilization potential of urea, urea treated with three rates of NBPT, and four 

experimental zinc sulfate coated urea (ZSCU) fertilizers on four rice soils at 2/3 field capacity in 

a controlled environment. 

2.2 Materials and Methods 

2.2.1 Experimental Soils 

Four soils from rice fields in southwest Louisiana were selected for the trials based on 

varying soil physical or chemical characteristics. The soils included Kinder silt loam (Fine, silty, 

siliceous, active, thermic Typic Glossaqualfs; N 30° 16.521’ W 92°), Mowata silt loam (Fine 

smectitic, thermic, Typic Glossaqualfs; N 30° 38.820’ W 92° 30.585), and two Crowley silt loam 

(Fine smectitic, thermic, Typic Albaqualfs) soils. The two Crowley silt loam soils differed in 

surface texture of the top 15 cm and pH and are referred to as Crowley H (N 30° 16.88’ W 92° 

25.083; silt; pH 7.4) and Crowley L (N 30° 14.840’ W 92° 21.196; silt loam; pH 6.6) in this trial. 

Composite soil samples were collected from surface soil to a depth of 15 cm.  The soils were air 

dried, sieved through a 2 mm sieve, and analyzed for selected chemical and physical properties. 
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Soil pH was analyzed using a 1:1 soil to water ratio (Thomas, 1996). Total soil N and C were 

determined by dry combustion analysis using a LECO TruSpec CN analyzer (LECO, Corp., St. 

Joseph, MI). The particle size distribution and field capacity of soils were determined using the 

hydrometer and pressure plate methods, respectively (Gee and Or, 2002; Topp and Ferré, 2002). 

Cation exchange capacity was determined by Kjeldahl distillation using ammonium acetate 

method (Sumner and Miller, 1996). Nutrients were extracted with the Mehlich III and 

Diethylenetriaminepentaacetic acid (DTPA) solutions, respectively (Mehlich, 1984; Lindsay and 

Norvell, 1978).  Elemental concentrations in the extracts were measured using inductively 

coupled plasma atomic emission spectroscopy. Mean values of selected chemical and physical 

soil properties are presented in Tables 2.1 and 2.2, respectively. 

2.2.2 Soil Moisture Characteristic Curve 

The SMCCs of the soils were determined using the pressure plate procedure (Topp and 

Ferré, 2002). Undisturbed core samples (5 cm in diameter and 2 cm thick) were collected from 

the top 6 cm of the soil surface. The soil cores were trimmed at both ends to ensure maximum 

surface contact. Undisturbed core samples were saturated on porous ceramic plates for one week 

and then transferred to the pressure plate apparatus. Suction was applied at nine different levels 

incrementally (10, 30, 50, 75, 100, 300, 1000, and 1500 kPa) encompassing the important 

moisture range for agricultural soils (33 and 1500 kPa for FC and wilting point, respectively). 

Four replicates were used for each soil at a given suction. After the final suction (1500 kPa), the 

core samples were oven dried at 105°C to quantify the volumetric moisture content and bulk 

density. The van Genuchten (1980) equation was used to fit the experimental data using Sigma 

plot (Systat Software, San Jose, CA). 
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Table 2.1 Chemical properties of Crowley H, Crowley L, Kinder, and Mowata silt loam soils (0-15 cm). 

      Mehlich III extractable  DTPA extractable 

Soil† pH CEC‡ OM§ C N P K Ca Mg Na S Cu Zn Fe Mn 

  cmolc kg-1 ----------------------------------------g kg-1------------------------------------------- ------------mg kg-1---------------- 

Crowley L 6.6 5.8 15 8.4 1.0 16 89 1367 238 58 8.3 1.0 4.4 58 47 

Crowley H 7.4 13.3 21 10.8 1.2 73 89 2522 430 109 6.3 1.0 6.4 158 19 

Kinder 6.6 6.6 15 8.5 0.8 7.4 83 1083 163 52 8.7 1.1 6.9 99 49 

Mowata 5.8 6.1 11 6.2 0.6 4.4 69 809 192 50 9.3 0.6 11 46 76 
†Crowley L, Crowley silt loam (pH 6.6); Crowley H, Crowley silt loam (pH 7.4). 
‡CEC, cation exchange capacity. 
§OM, Organic matter. 

 

Table 2.2 Physical properties of Crowley H, Crowley L, Kinder, and Mowata silt loam soils (0-15 cm). 

Soil† Sand Silt Clay Texture‡ Bulk density FC§ 

 -----------------g kg-1-----------------  g cm-3 cm3 cm-3 

Crowley L 41 802 157 SL 1.39 0.36 

Crowley H 33 860 107 S 1.34 0.39 

Kinder 84 784 132 SL 1.46 0.38 

Mowata 164 614 222 SL 1.49 0.29 
†Crowley L, Crowley silt loam (pH 6.6); Crowley H, Crowley silt loam (pH 7.4). 
‡Texture, USDA textural class. 
§FC, Field capacity; FC was determined at 33 kPa using the pressure plate procedure (Topp and Ferré, 2002). 
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The van Genuchten equation can be expressed as: 
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where θs and θr represents saturated and residual moisture content, respectively, and α, n, and m 

are parameters directly dependent on the shape of curve. The van Genuchten parameters for each 

soil are presented in Table 2.3. Soil water suction was plotted on a logarithmic normal scale 

since it extends over several orders for the range of volumetric moisture content measured in this 

study. Soil moisture concentration was also determined independently from the SMCCs at 33 

kPa (FC) for all soils and is presented in Table 2.3. 

Table 2.3 van Genuchten equation parameters for Crowley H, Crowley L, Kinder, and Mowata 

silt loam soils (0 – 6 cm). 

 Van Genuchten equation parameters‡ 

Soil† α n θr θs 

 cm-3  --------cm3 cm-3-------- 

Crowley L 0.009 1.47 0.100 0.47 

Crowley H 0.006 1.53 0.123 0.48 

Kinder 0.009 1.47 0.100 0.47 

Mowata 0.012 1.39 0.061 0.43 
†Crowley L, Crowley silt loam (pH 6.6); Crowley H, Crowley silt loam (pH 7.4). 
‡α and n, fitting coefficient; θr, residual moisture content; θs, saturated moisture content. 

2.2.2 Fertilizer Treatments 

Eight N fertilizers were evaluated.  Fertilizer N sources included urea, urea treated with 

three rates of NBPT (0.3, 0.6, and 0.9 g kg-1 NBPT which corresponds 0.33, 0.5, and 1 times the 

labeled application rate (ArboriteAg, Weyerhaeuser Company), and four experimental ZSCU 

fertilizers. The experimental ZSCU fertilizers were manufactured by Brooks Whitehurst 

Associates Inc. They were identified as RCO3, RCO5, RCO4 and RCO4S. RCO3 was urea with 

a Zn sulfate coating. RCO5 was urea coated with Zn sulfate with an additional binding agent 
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containing 1.7 g kg-1 B. RCO4 was urea which was first treated with 0.6 g kg-1 NBPT and then 

coated with Zn sulfate using a binder with 1.7 g B kg-1. RCO4S was similar to RCO4 except it 

had an additional coating of calcium sulfate after the NBPT was treated on the urea and prior to 

the addition of the Zn sulfate coating. The elemental composition and concentration of the 

experimental fertilizers are presented in Table 2.4.  

Table 2.4 Elemental composition and concentration of experimental zinc sulfate coated urea 

(ZSCU) fertilizers. 

ZSCU† N P Ca S B Zn NBPT‡ 

 -----------------------------------------g kg-1----------------------------------------- 

RCO3 389.5 54.0 0.0 12.0 0.0 20.0 0.0 

RCO4 392.2 55.0 0.0 11.0 1.7 20.0 0.6 

RCO5 392.2 55.0 0.0 11.0 1.7 20.0 0.0 

RCO4S 392.2 55.0 3.0 11.0 1.7 20.0 0.6 
†ZSCU, Zinc sulfated coated urea; RCO3, ZSCU only; RCO4, ZSCU + 1.7 g B kg-1 + 0.6 g kg-1 

NBPT; RCO4S, ZSCU + 1.7 g B kg-1 + 0.6 g kg-1 NBPT+ CaSO4 coating; RCO5, ZSCU + 1.7 g 

B kg-1  
‡NBPT, N-(n-butyl) thiophosphoric triamide. 

2.2.4 Ammonia Volatilization Study 

The laboratory volatilization study was carried out at the H. Rouse Caffey Rice Research 

Station in Crowley, Louisiana. Ammonia volatilization from each of the four soils was evaluated 

in four separate trials. Four environment regulated boxes containing six glass chambers were 

used for each trial. The 8 fertilizer treatments were randomized among the 24 soil chambers for 

each soil, thus 3 replication of each fertilizer were present for each of the 4 soils. Ammonia 

volatilization potential was measured in the glass chambers contained inside customized, 

environment regulated cabinets (Woodward et al., 2011). The glass chambers had a total volume 

of 1200 mL and were sealed with air-tight lids. The glass chamber lids were fitted with three air-

tight openings. The first was used to attach a thermocouple to monitor soil temperature while the 

other two were used to attach tubing for an air inlet and outlet.  
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To initiate the volatility study, the glass chambers were filled with 500 g of air-dried soil 

sieved through a 2 mm mesh sieve. Deionized water was added to each soil at a moisture content 

equivalent to 22 kPa soil water suction representing 2/3 field capacity (Table 2.3). This ensured 

that moisture was adequate and not limiting for ammonia volatilization. The glass chambers were 

sealed and incubated for 48 h prior to the start of the experiment at a constant temperature of 

26°C. Nitrogen fertilizer granules (2 – 2.38 mm) were then surface applied at an equivalent N 

rate of 135 kg ha-1 based on the exposed soil surface area within the glass chambers.  

To collect ammonia released from fertilizer materials, air was passed through two 

humistats prior to passing through the volatilization chambers. The air flow was through each 

chamber was regulated by calibrating individual flow control units which preceded the 

humistats. The air flow was set to 1 liter per minute which represents a turnover rate of 33 – 35 

second. 

After passing through the volatilization chambers, the air containing any ammonia gas 

was captured in 100 ml of 0.02 M orthophosphoric acid. The orthophosphoric acid traps were 

changed 1, 2, 3, 4, 5, 6, 7, 9, 11, 13, and 14 d after the application of the N fertilzer. Acid traps 

were weighed prior to and after each sampling time in order to ensure accurate volume 

correction. Ammonium was measured with an automated QuikChem® 8500 Series 2 flow 

injection analyzer system by salicylate-hypochlorite method (QuikChem® Method 12-107-06-2-

H) (Lachat Instruments, Loveland, CO). Cumulative ammonia volatilized 5, 9, and 14 d after 

application was reported and discussed in this study. Cumulative ammonia volatilization after 5 d 

was evaluated since it coincides with the period of rapid ammonia loss. Monitoring ammonia 

loss during this period provided an opportunity to evaluate the performance of experimental 
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fertilizers. In delayed-flood rice production, producers on average establish permanent flood 

within 10 d following preflood N application. 

2.2.5 Statistical Analysis 

Analysis of variance of the SMCC suction data was performed using the PROC MIXED 

procedure in SAS 9.4 (SAS Institute, 2013). Treatment means were separated using the Tukey 

multiple comparison test at α = 0.05. Analysis of variance of the cumulative ammonia volatilized 

after 5, 9, and 14 d after N fertilization was conducted separately using the PROC MIXED 

procedure in SAS. Soil and N fertilizer source were considered fixed effects while replication 

was considered a random effect. Mean separation of significant effects was determined by using 

orthogonal contrasts analysis at α = 0.05.  

2.3 Results and Discussion 

2.3.1 Soil Moisture Characteristic Curve 

A soil’s available moisture content has an impact on urea hydrolysis and subsequent 

ammonia volatilization (Sommer et al., 2004; Lui et al., 2007). The SMCC of the four soils used 

in this study are presented in Fig. 2.1. The curves were developed to evaluate moisture behavior 

of the soils and can be a reliable methodology to predict moisture at FC. The van Genuchten 

equation showed a good fit for the entire range of suction for all four soils (R2 = 0.97 – 0.99). 

The incremental suction of the Crowley H and Crowley L soils did not encompass abrupt 

changes in volumetric soil moisture content at low suctions (10 – 100 kPa) and; therefore, the 

equation is only considered a good predictor of the moisture retention within this range of 

suction (Hillel, 2004). The shape of SMCC for Crowley L and H soils were similar, and the 

shape of curve is considered an intermediate between silt and clay soils (Hillel, 2004). Despite 

the similarities in the shape of the Crowley H and Crowley L curves, the moisture retained at 
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lower suctions (<100 kPa) for the Crowley H was significantly higher than Crowley L with the 

exception of the retention at 10 kPa (Table 2.5). Changes in the moisture retention of soils with a 

similar particle size distribution at low suctions (<100 kPa) are typically explained by changes in 

soil structure (Hillel, 2004; Tuller and Or, 2003). The Crowley L has been in a rice-fallow 

rotation for more than two decades, while the Crowley H soil has been in a rice-soybean rotation 

for a similar time frame. Undisturbed core samples of both soils were taken in the winter of 

2015.  The Crowley L was in the one-year fallow period when the samples were taken, while the 

Crowley H soil was following the soybean (Glycine max) crop and post-harvest fall tillage. The 

rotation differences between the two soils may help partially explain the potential soil structure 

differences predicted by the SMCC of these two soils at low soil suctions (<100 kPa). In 

addition, the Crowley H soil had a higher soil organic matter content which may further help 

explain the difference in moisture retention between these two soils (Table 2.1). Changes in the 

soil moisture retention of soils at high suction (>100 kPa) values are typically explained by 

changes in soil particle size distribution (Hillel, 2003). The moisture content at high suction 

(>100 kPa) did not differ between the Crowley L and H soils (Table 2.5). The lack of difference 

is explained by only the slight differences observed in the soil particle size distribution of the two 

soils (Table 2.2). 

The van Genuchten equation resulted in a good fit (R2 = 0.99 and R2 = 0.99 for Kinder 

and Mowata, respectively) for the moisture retention data of the Kinder and Mowata soils (Fig. 

2.1) for the entire suction range. The shape of SMCCs for the Kinder and Mowata soils were 

more linear at low suction (<100 kPa) values as compared with the Crowley L and Crowley H 

soils.  Their shape did not provide a distinct change in wetness versus suction. Linear van 

Genuchten models within the low suction range (<100 kPa) are considered to be less reliable 
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predictors of soil moisture retention as compared to models which are curvilinear within this 

range. A gradual decrease in wetness was observed for the Mowata and Kinder soils. The 

difference in shape of Crowley soils compared to Kinder and Mowata soils can be attributed 

higher sand contents in later soils. The high sand contents suggest that the pore sized in Mowata 

and Kinder soils may be larger and hence drainage is faster. Nonetheless, the SMCCs imply that 

FC estimation was not possible to achieve for Mowata and Kinder soils thus moisture content at 

FC values selected will be arbitrary between 50 – 100 kPa.  Therefore, independent FC values 

determined at 33 kPa were used for the ammonia volatilization experiment (Table 2.2).  

 
Figure 2.1 Soil moisture characteristic curves for a) Crowley H (pH 7.4), b) Crowley L (pH 6.6), 

c) Mowata, and d) Kinder silt loam soils at water suction points of 10, 30, 50, 75, 100, 300, 500, 

100, and 1500 kPa. 
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Table 2.5 Mean volumetric moisture content for Crowley H, Crowley L, Kinder, and Mowata silt loam soils at 10, 30, 50, 75, 100, 

300, 500, 1000, and 1500 kPa of soil water suction.   

Soil† 
Soil water suction 

10 30 50 75 100 300 500 1000 1500 

 cm3 cm-3 

Crowley L 0.39 ab 0.34 b 0.30 b 0.24 b 0.21 b 0.16 a 0.13 ab 0.10 ab 0.09 a 

Crowley H 0.40 a 0.36 a 0.32 a 0.30 a 0.28 a 0.14 a 0.16 ab 0.14 a 0.11 a 

Kinder 0.37 b 0.31 c 0.28 b 0.25 b 0.23 b 0.18 a 0.18 a 0.14 a 0.13 a 

Mowata 0.34 c 0.27 d 0.23 c 0.21 c 0.19 c 0.13 a 0.11 b 0.09 b 0.09 a 
†Crowley L, Crowley silt loam (pH 6.6); Crowley H, Crowley silt loam (pH 7.4). 

Means followed by the same letters within each column are not significantly different using Tukey’s test P (0.05). 
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2.3.2 Ammonia Volatilization 

The ANOVA for the main effects of soil and N sources and their interaction are shown in 

Table 2.6. There was a significant interaction between soil and N fertilizer source for cumulative 

ammonia volatilization loss after 5, 9, and 14 d following application (Table 2.6). However, the 

main effects are reported and discussed in order to present results that generate meaningful 

comparisons. Ammonia volatilization between the N fertilizer sources was evaluated for each 

soil using orthogonal contrasts. Orthogonal contrasts were preferred over traditional multiple 

range tests to avoid increasing the chance of a type 2 error. Cumulative ammonia volatilization 

loss from each N fertilizer source was also compared across soils using orthogonal contrasts. 

2.3.2.1 Urea  

Cumulative ammonia loss during the first 5 d following urea application is shown in 

Table 2.7. During this period, ammonia loss from urea on Mowata, Crowley H, Crowley L, and 

Kinder soils was 5.1, 9.5, 12.7, and 13.9%, respectively. With the exception of Mowata soil, 

ammonia volatilization from urea during the first 5 d represented 46 – 60% of the total ammonia 

loss during the 14 d study (Tables 2.7 and 2.9). The high ammonia loss following urea 

application during the first 5 d is attributed to urea hydrolysis. Urea hydrolysis raised the soil pH 

around the urea granules and increased the conversion of ammonium to ammonia (Mikkelson, 

2009). Mikkelsen (2009) reported that pH surrounding the urea granules increased from 4.9 to 9 

following urea application within the first 3 d which coincided with the highest daily ammonia 

loss. In this study, the highest daily ammonia loss following urea application was measured 4 d 

after fertilizer application with the exception of the Mowata soil (Fig. 2.2). The buffering 

capacity of Mowata soil may have delayed the peak ammonia loss until 6 d after fertilization 

(Fig. 2.2). Previous studies have shown that urea can volatilize at least 50% of the total ammonia 
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loss within its first 5 d after application (Rawluk et al., 2001; Norman et al., 2009; Holcomb et 

al., 2011). 

Urea volatilized significantly less ammonia from the Mowata soil as compared to the 

other soils (Table 2.7). Since soil pH and buffering capacity have a strong effect on ammonia 

volatilization, the relatively lower ammonia loss on the Mowata soil may be partly attributed to 

the soil properties. The pH of the Crowley H, Crowley L, Kinder, and Mowata soils was 7.4, 6.6, 

6.6, and 5.8, respectively (Table 2.1). Acidic soils can neutralize OH- ions produced during urea 

hydrolysis. Therefore, urea hydrolysis in the Mowata soil may not have significantly elevated the 

soil pH around each granule to promote a high rate of ammonia volatilization (Fenn and Hossner, 

1985; Reddy and Sharma, 2000). Furthermore, acidic soils favor the protonation of ammonia into 

ammonium thus suppressing ammonia volatilization. Soil properties that influence buffering 

capacity, such as cation exchange capacity (CEC) and organic matter (OM) (Table 2.1) were 

either lower or comparable to the other soils except for the clay content of the Mowata soil 

(Table 2.2). The high clay content may have temporary delayed a rapid increase in soil pH 

during the first 5 d. Cumulative ammonia loss from Crowley H was significantly lower than the 

Crowley L and Kinder soils despite having the highest soil pH (Table 2.7). This can be partially 

explained by CEC which was approximately 2 times higher compared to the other soils (Table 

2.1). The higher CEC likely increased ammonium retention and decreased ammonium 

concentration in soil solution, thus reducing the potential for ammonia volatilization (Jones et al., 

2007; Reddy and DeLaune, 2008). According to Keller and Mengel (1986) ammonia 

volatilization from a soil with a CEC of 7 cmolc kg-1 following urea application was about 3 

times greater than the soil with a CEC of 12 cmolc kg-1. The higher OM content of Crowley H 

may have also contributed to suppressing ammonia volatilization (Francis et al., 2008). In 
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addition, the high levels of exchangeable Ca in the Crowley H soil may have counteracted the 

pH increase produced by urea hydrolysis. 

Cumulative ammonia loss after 9 d following urea application on the Mowata, Crowley 

H, Crowley L, and Kinder soils were 11.8, 14.2, 21.9 and 22.5%, respectively. Ammonia loss 

during the first 5 d increased by 49, 62, 72, and 130% over the next 4 d in Crowley H, Kinder, 

Crowley L, and Mowata soils, respectively (Table 2.8). Cumulative ammonia loss on Mowata 

soil following urea application was statistically similar to Crowley H soil but lower than Crowley 

L and Kinder soils. The reason for the difference in ammonia volatility between soils is similar 

to what was reported for the first 5 d. Cumulative ammonia loss after d 9 following urea 

application represented 80 – 92% of total ammonia loss by the end of the study (Table 2.8). The 

results from the current study shows that the time between urea application and the first 9 d prior 

to flooding is very important, particularly for poorly buffered soils. Up to 23% of the available N 

supplied by urea can be lost as ammonia when flooding is delayed until 9 d following 

application.  

A decline in the daily ammonia volatilization rate of urea was observed after d 9 for all 

soils (Fig. 2.2). In Crowley H and Mowata soils, cumulative ammonia loss from urea leveled off 

11 d after N fertilization (Fig. 2.3). However, in Crowley L and Kinder soils, ammonia 

volatilization proceeded until the end of the study. The low ammonium concentration in soil 

solution and the decline in soil pH from H+ ions potentially produced during nitrification may 

have decreased ammonia volatility (Francis et al., 2008). Cumulative ammonia loss from urea at 

the end of study for Mowata, Crowley H, Kinder, and Crowley L soils fertilized with urea was 

14, 15.5, 25.8, and 27.5%, respectively (Fig. 2.2; Table 2.9). Cumulative ammonia loss on the 
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Mowata soil following urea application was statistically similar to Crowley H soil but lower than 

Crowley L and Kinder soils. 

2.3.2.2 Urea Treated with NBPT 

The inhibitory effect of NBPT on ammonia volatilization loss from urea was evaluated at 

three application rates; 0.3, 0.6, and 0.9 g kg-1 NBPT. Cumulative ammonia volatilization after 5 

d from 0.3, 0.6 and 0.9 g kg-1 NBPT-treated urea for all soils is presented in Table 2.7. Urea 

treated with NBPT effectively suppressed ammonia volatilization on all soils during the first 5 d. 

Only 0.3 – 4.1% of the NBPT-treated urea applied on soil surface had volatilized during the first 

5 d compared to 5.1 – 13.9% from urea (Table 2.7). Similarly, Norman et al. (2009) reported that 

the cumulative ammonia loss after 5 d from 0.8 g kg-1 NBPT-treated urea ranged from 1.7 – 

2.2%. The treatment of urea with NBPT has been reported to slow urea hydrolysis and, thus, 

temporarily avoided rapid increase in soil pH which serves as a catalyst for increased ammonia 

volatilization. Slow urea hydrolysis also reduces the availability of ammonium to convert into 

ammonia (Jones et al., 2007). NBPT inhibits urea hydrolysis due to its similar fit in the binding 

site of the urease enzyme which temporary halts the ability of urease to attack urea and promote 

urea hydrolysis (Amtul et al., 2002).  

Ammonia volatilization was slightly higher for urea treated with 0.3 g kg-1 NBPT (1.2 – 

4.1%) than urea treated with 0.6 (0.5 – 2.0%) and 0.9 g kg-1 NBPT (0.3 – 1.8%); however, the 

difference was not statistically significant (Table 2.7). Generally, an increase in inhibitory effect 

is expected with increasing NBPT application rates (Rawluk et al., 2001). Urea treated with 0.3, 

0.6, and 0.9 g kg-1 NBPT reduced cumulative ammonia volatilization during the first 5 d by 57 – 

89, 81 – 91, and 81 – 94%, respectively (Table 2.7). During the first 5 d, ammonia volatilization 

from 0.3 g kg-1 NBPT-treated urea was statistically similar between the Crowley H, Crowley L 
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and Kinder soils; however, ammonia volatilization was significantly higher for the Crowley H 

soil as compared to the Mowata soil (Table 2.7). Cumulative ammonia volatilization from the 0.6 

and 0.9 g kg-1 NBPT treated urea was not significantly different among the four soils despite 

small differences in the cumulative amount of ammonia volatilized. This suggests that soil 

properties may not influence the performance of NBPT during the first 5 d after application for 

rates of NBPT at 0.6 – 0.9 g kg-1; however, rates of 0.3 g kg-1 may not be sufficient to suppress 

volatilization for some soils.   

Cumulative ammonia volatilization from 0.3, 0.6, and 0.9 g kg-1 NBPT-treated urea on 

experimental soils 9 d after fertilization is shown in Table 2.8. Cumulative ammonia 

volatilization during the first 9 d from 0.3, 0.6, and 0.9 g kg-1 NBPT-treated urea across soils 

were 6.0 – 7.2, 4.3 – 9.0, and 3.5 – 7.0%, respectively. Cumulative ammonia loss from all rates 

of NBPT-treated urea between 5 and 9 d was higher than the first 5 d after fertilization. This 

occurred because the addition of NBPT delayed urea hydrolysis and subsequently ammonia 

volatilization until 6 d after fertilizer application as shown in Fig. 2. Urea treated with 0.3, 0.6, 

and 0.9 g kg-1 NBPT to the urea reduced ammonia loss by 39 – 72, 60 – 74, and 68 – 77%, 

respectively, across all soils. The range of loss reported in this study was within the range 

reported previously (Dillon et al., 2012; Norman et al., 2009). A significant difference in 

ammonia volatilization loss between rates of NBPT-treated urea during the time period between 

5 and 9 d after application was only evident when the N was applied on the Mowata soil. When 

applied onto the Mowata soil, the loss from the 0.3 g kg-1 (7.1%) was higher than the 0.9 g kg-1 

NBPT-treated urea (3.5%). Cumulative N loss was statistically similar 9 d after application of the 

0.3 g kg-1 NBPT-treated urea on all four soils. In contrast, the loss from 0.6, and 0.9 g kg-1 of 

NBPT-treated urea during the same period was significantly different between soils. The 
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ammonia volatilized from the 0.9 g kg-1 NBPT-treated urea 9 d after application on the Mowata 

soil was comparable to the Crowley H but was lower than the Kinder and Crowley L soils. There 

was no significant difference between Crowley H, Crowley L, and Kinder soils. Studies have 

reported that ammonia volatilization from NBPT-treated urea is dependent on soil properties 

(Rawluk eta al., 2001; Cantarella et al., 2008). Generally, ammonia volatilization was lower on 

soils with lower ammonia volatilization potential from urea. The daily ammonia loss for all rates 

of NBPT-treated urea fertilizers 9 d after application was similar or higher than urea indicating 

that the inhibitory effect of modified fertilizers declined gradually (Fig. 2). The decrease in 

efficiency can be attributed to degradation of NBPT or displacement of NBPT by urea at the 

urease enzyme active site (Jones et al., 2013).  

Cumulative ammonia volatilization loss for all rates of NBPT treated urea 14 d after 

fertilization is shown in Fig. 2 and Table 2.9. The total ammonia loss from 0.3, 0.6, and 0.9 g kg-

1 NBPT-treated urea across soils was 8.5 – 11.4, 5.6 – 13.4, and 5.7 – 11.5%, respectively. 

During the 14 d study, 0.3, 0.6, and 0.9 g kg-1 NBPT added to urea reduced ammonia loss by 27 

– 60, 37 – 64, and 40 – 63%, respectively, across all soils. The addition of NBPT significantly 

reduced ammonia loss from all soils; however, its effect was minimal in the Mowata soil. 

Cumulative ammonia loss was not different between all NBPT rates for each soil apart from the 

Kinder soil, where the loss from 0.3 was higher than 0.9 g kg-1 NBPT. Cumulative N loss 14 d 

after application of the 0.3g kg-1 NBPT-treated urea was statistically similar between the four 

soils. However, the total cumulative volatilization loss from the 0.6 and 0.9 g kg-1 NBPT-treated 

urea during the same period was significantly lower for the Crowley H soil as compared to the 

Crowley L and Kinder soils. In cases where flooding cannot be established in a timely manner, a 

urease inhibitor should be used to reduce the potential of N losses from ammonia volatilization. 
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2.3.2.3 Physical Coating Only (RCO3) 

Ammonia volatilization potential was evaluated for four experimental zinc sulfate coated 

urea (ZSCU) fertilizers; RCO3, RCO5, RCO4, and RCO4S. The RCO3 fertilizer was 

manufactured by physically coating urea granules with zinc sulfate. The cumulative ammonia 

volatilization 5 d after fertilization for RCO3 is shown in Table 2.7. During the first 5 d after 

fertilization, RCO3 volatilized 1.3, 5.5, 7.5, and 8.3% of total N applied on Mowata, Crowley L, 

Kinder, and Crowley H soils, respectively. During this time, RCO3 reduced ammonia 

volatilization by 41 – 89% across four soils as compared to urea. The reduction in the amount of 

ammonia volatilized from RCO3 as compared to urea contradicts previous findings by Hawke 

and Baldock (2010). The authors reported that there was no evidence that zinc sulfate coated 

urea (10 g Zn kg-1) reduced ammonia volatilization during the 7 d trial. The ZSCU used in the 

current study (20 g kg-1) may have been relatively thicker than those used in the previous study 

(10 g Zn kg-1) since twice as much Zn was added to urea. Physical coatings decrease the urea 

surface area for urease attack, thus slow down urea hydrolysis and subsequently minimize the 

rate of ammonia volatilization. The zinc coating of RCO3 was less effective than NBPT in 

reducing volatile N losses during the first 5 d (Table 2.7); however, there was some delay in 

volatile N losses for all soils except Crowley H (Fig. 2). We believe that this is due to the higher 

pH of the Crowley H soil. All the rates of NBPT-treated urea 5 d after application reduced 

volatilization as compared to RCO3 across soils with the exception of the Mowata soil (Table 

2.7). This suggests that a physical coating of a single metal ion alone will not be as effective as 

NBPT on soils with a high volatilization potential in the first 5 d after fertilizer application. The 

amount of ammonia volatilized 9 d after fertilization for RCO3 applied on the Mowata, Crowley 

H, Kinder, and Crowley L soils was 7.4, 12.4, 14.2, and 15.1%, respectively. Cumulative 
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3.2.4 Statistical Analysis 

A randomized complete block design with four replications was used in both the yield 

and volatilization trials. Data was analyzed using the PROC MIXED procedure in SAS 9.4 (SAS 

Institute, 2013). Nitrogen source and rate were considered fixed effects while block was 

considered a random effect. Orthogonal contrasts were used to compare significant treatment 

effects. 

3.3 Results and Discussion 

3.3.1 Ammonia Volatilization 

Cumulative ammonia loss at each sampling period for the 15 d study in 2014 and 2015 is 

shown in Fig. 1. Total volatilization loss at the end of the 15 d trial for both years is presented in 

Table 3.3.  In 2014, appreciable volatilization from urea and the experimental ZSCU fertilizers 

did not occur until 3 d after fertilization (Fig. 1). The low volatilization rate over the first 3 d 

after N fertilization was most likely due to soil moisture at the time of application which slowed 

urea hydrolysis. Previous research has shown that surface soil moisture at the time of fertilizer 

application can significantly influence urea hydrolysis (Rochette et al., 2009a; 2009b; Jones et 

al., 2013). The volatilization loss rate from urea and all experimental ZSCU fertilizers was much 

higher between 3 and 11 d after fertilization. Ammonia captured 11 d after for urea the ZSCU 

fertilizers 11 d after fertilization was minimal and tended to reach equilibrium.  The low 

volatilization rate after 11 d post fertilization can be partially explained by the establishment of 

the flood. Once a soil is submerged and the soil becomes anaerobic, ammonia becomes stable 

and volatilization ceases. Ammonia volatilization from urea treated with NBPT and physically 

blended with zinc sulfate was less than 1% until 7 d after fertilization, increased to 

approximately 3.1% by 11 d after fertilization, and then became stable. Total cumulative 
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ammonia volatilization loss 15 d after fertilization differed significantly between some N 

fertilizer sources in 2014 (Table 3.3). Urea lost which volatilized 15 % of total N applied 15 d 

after application.  

The total ammonia loss from urea treated with NBPT 15 d after application was only 3 

%, representing an 80% reduction compared to urea. The inhibitory effect of NBPT on ammonia 

volatilization observed in present study is in agreement with previous studies (Dillion et al., 

2012). Urea treated with NBPT volatilized less ammonia because the NBPT delays urea 

hydrolysis by occupying the microsites from which urea enzymes attacks urea (Amtul et al., 

2002). The slow hydrolysis of urea prevented the rapid rise in soil pH which serves as a catalyst 

for conversion of ammonium to ammonia (Jones et al., 2013). Moreover, since urea hydrolysis is 

relatively slow, NH4
+ released is quickly retained on soil surface, consequently limiting its 

availability for conversion into ammonia (Francis et al., 2008). Urea treated with NBPT did not 

show appreciable N losses due to ammonia volatilization until 5 d after application.  Total 

cumulative ammonia loss from urea over the 15 d trial was 22.5% which was significantly higher 

than any other fertilizer source (Table 3.3).   

Total cumulative ammonia loss from experimental ZSCU fertilizers in increasing order 

was RCO4 (10.6%) < RCO1 (11.3%) < RCO5 (12.0%) < RCO3 (13.1%) < RCO2 (13.3%). 

RCO3 (physical coating only) decreased ammonia volatilization by 13% over urea. The loss 

from RCO3 was statistically similar to urea which is consistent with previous finding Hawke and 

Baldock (2010), but in contrast to observation by Frame et al. (2012) where significant reduction 

in urea volatilization levels was reported. This confirm report from previous studies that 

ammonia loss from coated urea fertilizers are generally higher compared to NBPT treated urea 

(Tian et al., 2015). The RCO2 and RCO5 which comprised of 1.0 and 1.7 g B kg-1 in addition to 



 

58 
 

the zinc sulfate coating reduced ammonia volatilization by 11and 20%, respectively, compared to 

urea but the increase was not significant. The lack of difference in the amount of ammonia loss 

from ZSCU fertilizers containing B as compared to urea contradicts findings in the controlled 

environment study. The lack of difference in ammonia loss may be attributed to abrasion of the 

zinc sulfate coating which may have caused fractures and increase the urea decomposition and 

consequently ammonia volatilization (Bierman et al., 2015). Furthermore, urea coated with boric 

acid can melt and decompose more quickly than urea alone at lower relative humidity (Pursell et 

al., 2013). During fertilizer application, some of the coatings appear to dissolve leaving the urea 

exposed with no protection. This may partly explain the lack of difference in ammonia loss 

between experimental fertilizer and urea. Among the experimental fertilizers evaluated, RCO4 

and RCO1 (ZSCU fertilizers containing B and NBPT) were most effective in minimizing 

ammonia volatilization in comparison to urea. RCO1 and RCO4 significantly reduced ammonia 

loss by 25 and 29%, respectively compared to urea. The reduction in comparison to urea was 

similar to that reported for calcium sulfate and potassium sulfate coated urea containing NBPT 

(Frame et al., 2012). The varying B concentration in ZSCU fertilizer with NBPT did not 

influence the amount of ammonia volatilized. Urea treated with NBPT volatilized the same 

amount of ammonia as RCO1 and RCO4 (Table 3.3). This observation implies that that treating 

urea granules with 0.6 g kg-1 NBPT and boron prior to coating with zinc sulfate is effective in 

reducing ammonia loss even under conditions that favor lower ammonia volatilization from urea.  

Cumulative ammonia loss from urea in 2015 was 1.5 times greater than 2014 (Table 3.3). 

In 2015, ammonia volatilization from urea and all experimental ZSCU fertilizers began much 

earlier and was detectable 1 d after fertilization (Fig. 3.1). Volatilization losses from urea and the 

ZSCU fertilizers were rapid for the first 5 d after fertilization and then began to tamper off.  The 
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ammonia loss during this period accounted for nearly 17.2% of total N applied. The increased 

rate of volatilization during the first few days after application observed in 2015 was likely due 

to environmental conditions such as the higher temperature at fertilization in 2015 (Fig. 3.2) and 

a higher soil moisture as compared with 2014.Surface soil moisture and warmer temperature 

during fertilizer application may have played a role in the increase rate of urea hydrolysis and 

volatilization in 2015 (Rochette et al., 2009; Jones et al., 2013). The total ammonia loss reported 

in present study is consistent with previous studies in the mid-southern United State (Griggs et 

al., 2007; Dillion et al., 2012; Golden et al., Rogers et al., 2015). In 2015, cumulative ammonia 

volatilization loss 15 d after application differed significantly among N fertilizer sources (Table 

3.3). The total amount of ammonia volatilized from each N fertilizer is shown in Table 3.3. The 

greatest cumulative ammonia loss occurred on plots fertilized with urea (22.5%).  

The peak daily ammonia volatilization for urea treated with NBPT occurred between day 

6 and 7 in comparison to urea which occurred within the first 3 d. Cumulative ammonia 

volatilization from urea treated with NBPT 15 d after application was 5.4% in 2015. Urea treated 

with NBPT drastically reduced urea volatilization levels by 76% during the 15 d trial. The 

inhibitory effect of NBPT on ammonia volatilization is similar to those reported in literature 

(Rawluk et al., 2001).  

Cumulative ammonia volatilization loss from all experimental ZSCU fertilizers 15 d after 

fertilization is shown in Table 3.3. During this period, RCO2, RCO1, RCO5, RCO4, RCO4S, 

RCO3, and RCO1S volatilized 6.7, 9.5, 11.6, 14.2, 15.3, 16.9, and 17.2% of total N applied 

respectively. Application of RCO3 (ZSCU fertilizer with only physical coating) significantly 

reduced urea volatilization levels by 25% (Table 3.3). The lower loss does give credence that the 

physical coating on urea can delay urease attack, slow urea hydrolysis and minimize ammonia 
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volatilization when conditions favor ammonia volatilization (Frame et al., 2012). Addition of B 

to physical coating (RCO2 and RCO5) significantly reduced ammonia volatilization by 49 – 

70% compared to urea fertilizer. Ammonia loss from RCO3 was significantly higher than RCO2 

but similar to RCO5. Laboratory studies have shown that urea coated with boric acid or boron 

compound can significantly decrease ammonia volatilization by 30 – 70% (Pursell et al., 2014).  

Cumulative ammonia loss from experimental ZSCU fertilizers containing boron combined with 

0.6 g kg-1 NBPT (RCO1 & RCO4) significantly reduced ammonia loss by 37 – 58% in 

comparison to urea. The loss from RCO1 & RCO4 was similar to that from RCO2, RCO3 and 

RCO5. The results from present study suggest that additional coating of urea granules with 0.6 g 

kg-1 NBPT prior to coating with boron and zinc sulfate did not provide addition al benefit. The 

ammonia loss from RCO1S and RCO4S (15.3 and 17.2%) were not significantly different from 

urea despite a 24 – 32% reduction compared to urea. In comparison with the other ZSCU 

fertilizers, the ammonia loss from RCO1S and RCO4S were higher than RCO1 and RCO2 

fertilizers. Also, the ammonia loss from RCO1S and RCO4S fertilizers was 3.2 and 2.9 times 

greater compared to NBPT treated urea.  
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Figure 3.1 Mean cumulative N loss from urea, urea treated with NBPT, and experimental zinc 

sulfate coated urea (ZSCU) fertilizers for 15 d after application on Crowley silt loam in a) 2014 

and b) 2015. 
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Figure 3.2  Mean daily temperatures inside and outside ammonia volatilization chambers in a) 

2014 and b) 2015. 
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Table 3.3 Cumulative ammonia volatilization loss from N fertilizer sources 15 d after application 

in 2014 and 2015. 

N fertilizer source 2014 2015 

 --------------------%-------------------- 

Urea 15.0 a 22.5 a 

Urea + ZnSO4 14.9 a - 

Urea + NBPT - 5.4 e 

Urea + NBPT + ZnSO4 3.1 c - 

RCO3 13.1 ab 16.9 b 

RCO2 13.3 ab 6.7 e 

RCO5 12.0 ab 11.6 cd 

RCO1 11.3 b 9.5 de 

RCO4 10.6 b 14.2 bc 

RCO1S - 17.2 b 

RCO4S - 15.3 bc 
†NBPT, N-(n-butyl)thiophosphoric triamide; ZnSO4, Zinc sulfate; ZSCU, Zinc sulfate coated 

urea fertilizer; RCO3, ZSCU only; RCO2, ZSCU+1.0 g B kg-1; RCO5, ZSCU+1.7 g B kg-1; 

RCO1, ZSCU+1.0 g B kg-1+0.3 g kg-1 NBPT; RCO4, ZSCU+1.7 g B kg-1+0.3 g kg-1 NBPT; 

RCO1S, RCO1+0.3 g Ca kg-1; RCO4S, RCO4+0.3 g Ca kg-1; Urea + ZnSO4, Zinc sulfate was 

added to urea to supply equivalent Zn from ZSCU fertilizer; Urea + NBPT, NBPT (Arborite Ag 

applied onto urea at 0.9 g kg-1 NBPT)-treated urea; Urea + NBPT + ZnSO4, zinc sulfate was 

added to NBPT (Arborite Ag applied onto urea at 0.9 g kg-1 NBPT)-treated urea. 

Means followed by the same letters within each column are not significantly different P(0.05). 

3.3.2 Grain Yield 

The average grain yield from control plots was (7538 kg ha-1) which was typically higher 

than reported in other studies (Griggs et al., 2007; Norman et al., 2009). Nonetheless, studies 

have also reported very high rice grain yield from unfertilized N plot in drill seeded delay-

flooded rice production system (Tubana et al., 2012). The relatively high yield from unfertilized 

plots suggests that the soil supplied appreciable from N mineralization. A significant N source x 

rate interaction for grain yield was evident in 2014 (Table 3.4). However, the differences 

between N sources are reported and discussed for each application rate separately to present 

results in a manner that generate meaningful comparisons. The mean grain yield for N fertilizer 
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sources at the 67 kg N ha-1 rate and 134 kg N ha-1 rate in 2014 are shown in Table 3.7. Grain 

yield was significantly different among N sources at the 67 kg N ha-1 rate but similar at the 134 

kg N ha-1 rate in 2014 (Table 3.5). Grain yield did not differ significantly between urea (10199 

kg ha-1) and urea: zinc sulfate blend (10286 kg ha-1) at the 67 kg N ha-1 suggesting that the 

addition of ZnSO4 to urea during preflood N application did not impact grain yield. Interesting, 

the rice grain yield from plots fertilized using urea treated with NBPT (9908 kg ha-1) were 

statistically similar to that of urea (with/without ZnSO4) at the 67 kg N ha-1 (Table 3.7). 

Sufficient N supply from the soil is responsible for the lack of difference for rice grain yield. The 

grain yield for the experimental ZSCU fertilizers; RCO3, RCO2, RCO5, RCO1, RCO4 applied 

at 67 kg ha-1 were 9129, 8772, 9609, 8503, and 10261 kg N ha-1, respectively. RCO3 (physically 

coating only) did not improve rice grain yield over urea and hence did not provide addition 

benefit. RCO2 (Physical coating plus 1.0 g B kg-1) was out yielded by urea but there was no 

significant difference between RCO5 (Physical coating plus 1.7 g B kg-1). Zinc sulfated coated 

urea fertilizers with 1.0 g B kg-1 and 0.6 g kg-1 NBPT were lower than urea fertilizers. This 

observation highlights some of the inconsistencies associated with coated fertilizers reported in 

other studies (Tian et al., 2015). The highest rice grain yield among experimental ZSCU 

fertilizers was observed in RCO4 (1.0 g B kg-1 and 0.6 g kg-1 NBPT) which was statistically 

similar to RCO3 and RCO5 but out yielded RCO1 and RCO2. 

The lack of grain yield difference among N fertilizer treatments at 134 kg ha-1suggests 

that ammonia volatilization did not limit grain yield at this rate in 2014 (Table 3.3; Table 3.7). 

This may be partly explained by rainfall events following fertilizer application. There was 2 

rainfall events (39 mm) 8 d after fertilizer application which coincided with periods close to 

maximum daily ammonia volatilization in 2014 (Fig. 3.1). The rainfall incorporated urea 
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granules and suppressed ammonia volatilization. As such, the ammonia losses reported in the 

chambers may be higher than in the open field. Holcomb et al. (2011) noted that application of 

14.6 mm after urea application can decrease ammonia volatilization by 90%. Furthermore, the 

high grain yield from control plots (6413 kg ha-1) indicate that the soil may have supplied 

sufficient N to counteract any N loss via ammonia and other processes; hence grain yield was 

limited by factors other than N.  

Grain yield in 2015 was generally lower for all the treatment compared to 2014. Greater 

cumulative ammonia volatilization losses from N fertilizers in 2015 than 2014 (Fig. 3.2) may 

partly explain the difference in grain yield. Furthermore, the relatively high grain yield from 

control plot suggests that N from the soil may have compensated N losses via ammonia 

volatilization. Mean rice grain yield from N fertilizer treatment in 2015 is presented in Table 3.8. 

There was no significant interaction effect on rice grain yield in 2015; however N sources and 

rate resulted in different grain yields (Table 3.4). The average grain yield pooled across 

application rate from plots fertilized with urea was 6725 kg N ha-1 in 2015. Addition of zinc 

sulfate to urea (6920 kg N ha-1) did not significantly increase grain yield as compared to urea 

only. The grain yield reported in present study is lower than reported from previous study on the 

same soil type (Dillion et al., 2012). Grain yield from urea treated with 0.9 g kg-1 NBBT was not 

significantly different compared to urea treated with 0.9 g kg-1 NBBT and zinc sulfate (Table 

3.8). Urea treated with 0.9 g kg-1 NBPT significantly increased grain yield by 24 – 26% 

compared to urea in 2015. Studies that have compare urea to NBPT treated urea in drill seed 

delayed-flood rice production systems have reported significant grain yield increase (Norman et 

al., 2009) while other reported no significant increase (Dillion et al., 2012). The significant 

difference observed in 2015 and 2014 suggest that when conditions are ideal for greater 
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ammonia loss, addition of NBPT can result in significant grain yield increase over urea. The 

grain yield from experimental fertilizers was higher than urea and urea applied simultaneously 

with zinc sulfate with the exception of RCO3 (physical coating only). However, the yield 

increase form experimental fertilizers over urea were not significantly different (Table 3.8).  

3.3.3 Aboveground Biomass 

Biomass harvested in 2014 was not significantly influence by the interaction between N 

rate and N fertilizer source (Table 3.4). The biomass from unfertilized N plot (6413 kg ha-1) in 

2014 was 18 – 35 % less compared to plots fertilized with N (Table 3.5). Biomass from 

unfertilized N plot in present study was exceptionally high and a deviation from those reported 

from previous studies from same fields (Linscombe et al., 2009; Linscombe et al., 2010). The 

aboveground biomass sampled at 50% heading from plots treated with N fertilizers in 2014 is 

presented in Table 3.5. Biomass differed significantly between N fertilizer rates; but was not 

significantly affected by N fertilizer sources in 2014 (Tables 3.4 and 3.5). The average biomass 

for RCO1, RCO5, RCO3, RCO2, Urea, Urea + ZnSO4 + NBPT, Urea + ZnSO4, and RCO4 in 

2014 was  7871, 8378, 8567, 8706, 8714, 8932, 9451, and 9925 kg ha-1, respectively. Shivay et 

al. (2008) did not also notice significant differences in rice stray yield between zinc sulfate 

coated urea fertilizers and urea fertilizers. Other studies have shown contrasting results of the 

effect of coated urea fertilizer application on biomass production in rice. For instance, coated 

urea fertilizers resulted in significant reduction biomass production in aerobic rice compared to 

urea (Rose, 2015). The author attributed the lower biomass yield to delayed early growth. The 

tissue N of rice plants in this study (10.1 – 12.7 g kg-1) form fertilized plots coupled with the 

relatively high biomass yield from control plots suggest that the N was not  a limiting factor to 

biomass. This may partly explain why the low ammonia volatilization losses from urea treated 
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with NBPT did not result in higher biomass compared to urea and the experimental ZSCU 

fertilizers (Table 3.3; Table 3.5). Mean biomass from the 134 kg N ha-1 rate (9476 kg ha-1) was 

significantly higher than the 67 kg N ha-1rate (8115 kg ha-1). 

The biomass yield for N fertilizer sources in 2015 is presented in Table 3.8. Biomass 

from control plots (3694 kg ha-1) was 40 – 51 % less than literature fertilized N plots (Table 3.8). 

The biomass yield of unfertilized plots is in agreement with results reported Rehman et al. (2012) 

wherein there was similar yield difference in biomass yield of rice plant with and without N 

fertilization. Inherently low N in unfertilized plots decreased the ability of plants from these plots 

to synthesize proteins, enzymes and metabolic processes essential for synthesis of energy, which 

ultimately limited plant biomass (Marschner, 2012). There was no significant interaction 

between N fertilizer source and N rate in 2015. Biomass was similar among N fertilizer sources 

but different for N rates (Table 3.4). Urea treated with NBPT (7124 kg ha-1) and urea treated 

with NBPT plus zinc sulfate (7481 kg ha-1) increased biomass in comparison to the other N 

fertilizers with the exception of RCO1S (6133 – 6677 kg ha-1). Nonetheless, these increases were 

statistically the same. The lack of differences suggests that N, which influences biomass was not 

limiting despite the significant differences in ammonia volatilization from N fertilizer sources 

(Marschner, 2012). The average biomass pooled across application rate for RCO3, RCO5, 

RCO4, RCO2, RCO4S, RCO1, and RCO1S were 6440, 6592, 6628, 6821, 7048, 7049, 7182, and 

respectively. Biomass yields from four of the experimental ZSCU fertilizers were higher than 

those from urea although the difference was not significant. As expected biomass increased with 

N fertilizer rate whereby biomass at the 134 kg N ha-1 rate (7540 kg ha-1) was significantly 

higher compared to 67 kg N ha-1 rate (6034 kg ha-1).  
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3.3.4 Nitrogen Uptake 

Nitrogen uptake in 2014 differed significantly among N fertilizer sources and rates; but 

was not affected by their interaction (Table 3.4). Interestingly, the highest N uptake was 

numerically greatest for plots fertilized with urea applied simultaneous with zinc sulfate (111 kg 

ha-1). Although this N uptake was slightly higher than urea only (95.1 kg ha-1), the difference 

was not significant. Urea treated with NBPT (101 kg ha-1) did not significantly improve N uptake 

over urea. Mean N uptake pooled across application rate for RCO1, RCO5, RCO2, RCO3, and 

RCO5 were 86, 89, 90, 93, 95, and 104 kg N ha-1, respectively. There was no significant 

difference in N uptake among experimental fertilizers (Table 3.5). Lack of difference was not 

surprising considering N uptake strongly correlates with biomass yield. Nitrogen uptake pooled 

across N sources increased significantly with application rate. The N uptake at the 0, 67, and 134 

kg N ha-1 rates were 57, 82, and 110 kg ha-1, respectively. The N uptake from the highest rate 

was significantly higher compared to the lowest rate and unfertilized N plot. 

Nitrogen uptake by rice in 2015 was significantly influenced by N fertilizer source x N 

rate interaction (Table 3.4); however, the differences between N sources are reported and 

discussed for each application rate separately in order to present results that generate meaningful 

comparisons. The N uptake for all the N sources at each application rate is reported in Table 

3.10. Nitrogen uptake from plots fertilized with urea at the 67 kg N ha-1 rate was 54.2 kg N ha-1 

which was comparable to urea applied simultaneous with zinc sulfate (Table 3.10). Urea treated 

with NBPT significantly increased N uptake by 17 – 33% compared to urea at 67 kg N ha-1 rate. 

There was no difference in N uptake between NBPT-treated urea (63.7 kg N ha-1) and NBPT-

treated urea applied simultaneous with zinc sulfate (72.2 kg N ha-1) (Table 10). The N uptake 

from RCO1, RCO4S, RCO5, RCO3, RCO2, RCO1S, and RCO4 applied at 67 kg N ha-1 rate 
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were 47.3, 47.8, 51.5, 52.4, 53.5, 53.7, and 57.3%, respectively. Nitrogen uptake did not 

significantly differ among ZSCU fertilizer (Table 3.10). Among the five ZSCU fertilizers 

evaluated, only N uptake from RCO4 was statistically similar to NBPT-treated urea at 67 kg N 

ha-1 rate. The N uptake from experimental ZSCU fertilizers was not significantly different in 

comparison to urea.  

When urea was applied at 134 kg N ha-1, the rice took up 73.6 kg N ha-1 which was 

statistically similar to urea applied simultaneously with zinc sulfate at the same rate (Table 3.10). 

Urea treated with NBPT improved N uptake by 29 – 38% in comparison to urea. Simultaneous 

application of NBPT-treated urea and zinc sulfate did not improve N uptake over NBPT-treated 

urea (Table 3.10). Physically coating urea with zinc sulfate (RCO3) did not affect N uptake 

compared to urea. The addition of boron (B) to the physical coating (RCO2 and RCO5) 

improved N uptake by 18% over urea; however this increase was not significant (Table 3.10). 

Application rate of B in ZSCU fertilizer did not affect N uptake. Nitrogen uptake from RCO5 

and RCO3 were not significantly different from RCO3 fertilizers.  Addition of NBPT to ZSCU 

fertilizers containing 1.0 g B kg-1 (RCO2) increased N uptake over urea while that containing 1.7 

g B kg-1 (RCO5) did not affect N uptake compared to urea (Table 3.10). Nonetheless, N uptake 

from RCO1 and RCO4 were not significantly different from urea. The addition of calcium 

sulfate coating to RCO1 and RCO4 increase N uptake by 19 – 35%, respectively. However, only 

the N uptake from RCO4S applied at 134 kg N ha-1 was significantly higher than urea (Table 

3.10). The N uptake RCO4S was statistically similar to the other experimental ZSCU fertilizers 

with the exception of RCO3 and RCO4. 
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3.3.5 Nitrogen Use Efficiency 

Nitrogen use efficiency in 2014 was not affected by the interaction of N source and rate 

as well as N source and rate effects in 2014 (Table 3.4). The NUE reported in 2014 was 

generally lower than documented in other studies. The lower NUE was expected considering that 

biomass and N uptake from the unfertilized N plots showed that the soil supplied substantial 

amount of N. Hence, there was sufficient N available to rice plant thereby decreasing the 

efficiency of applied N fertilizers. The above reason may partly explain the lack of significant 

difference among N fertilizer sources and rates in 2014.  

Nitrogen use efficiency differed significantly among N source but was not affected by N 

rate in 2015 (Table 3.4). Nitrogen use efficiency from urea (35.3 %) was similar to that from 

simultaneous application of urea and zinc sulfate (31.0 %). Urea treated with NBPT (52.9 – 

56.6%) significantly improved NUE compared to urea (Table 3.8). Physically coating urea with 

zinc sulfate (RCO3) did not significantly increase NUE over urea fertilizer and was significantly 

lower than NBPT-treated urea fertilizers. Zinc sulfate coated urea fertilizers containing B (RCO2 

and RCO5) showed higher NUE compared to urea but the differences were not significant. 

RCO2 was statistically comparable to NBPT-treated urea while RCO5 was significantly lower 

than NBPT-treated urea. The NUE from plots fertilized with ZSCU fertilizers in combination 

with B and NBPT (RCO1 and RCO4) was similar to that of urea fertilized plots, RCO3, RCO2 

and RCO5 (Table 3.8). However, the N use was less efficient compared to NBPT-treated urea. 

Although the extra CaSO4 coating in addition to ZSCU containing NBPT and B did not 

significantly improved NUE over urea, its NUE was statistically similar to urea treated with 

NBPT. 
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Table 3.4 Test of fixed effect and interactions for biomass yield, N uptake, nitrogen use 

efficiency (NUE), and grain yield for 2014 and 2015. 

Year Source of variation Biomass N Uptake NUE Yield 

2014 Rate <.0001 <.0001 0.4341 <.0001 

 N source 0.0729 0.0330 0.3002 0.0170 

 Rate x N source 0.3910 0.1808 0.4894 0.0317 

2015      

 N Rate <.0001 <.0001 0.8359 <.0001 

 N Source 0.4649 0.0009 0.0033 <.0001 

 Rate x N source 0.0918 0.0191 0.1538 0.2424 

 

Table 3.5 The effect of N fertilizer sources on biomass yield, N uptake, and nitrogen use 

efficiency (NUE) of rice at 50% heading in 2014 

N source† Biomass N Uptake NUE 

 -------------kg ha-1------------- % 

Urea 8714 a 95.1 ab 50.9 a 

Urea + ZnSO4 9925 a 111.1 a 52.3 a 

Urea + NBPT + ZnSO4 8932 a 100.7 ab 47.1 a 

RCO3 8567 a 92.7 ab 38.5 a 

RCO2 8706 a 89.9 ab 45.2 a 

RCO5 8378 a 89.1 ab 41.3 a 

RCO1 7871 a 85.6 b 34.0 a 

RCO4 9451 a 104.2 ab 48.4 a 

Mean biomass and N uptake for control plots were 6413 and 56.6 kg ha-1 , respectively. 
†NBPT, N-(n-butyl)thiophosphoric triamide; ZnSO4, Zinc sulfate; ZSCU, Zinc sulfate coated 

urea fertilizer; RCO3, ZSCU only; RCO2, ZSCU+1.0 g B kg-1; RCO5, ZSCU+1.7 g B kg-1; 

RCO1, ZSCU+1.0 g B kg-1+0.3 g kg-1 NBPT; RCO4, ZSCU+1.7 g B kg-1+0.3 g kg-1 NBPT; 

Urea + ZnSO4, zinc sulfate was added to urea to supply equivalent Zn from ZSCU fertilizer; 

Urea + NBPT + ZnSO4, zinc sulfate was added to NBPT (Arborite Ag applied onto urea at 0.9 g 

kg-1 NBPT)-treated urea. 

Means followed by the same letters within each column are not significantly different P (0.05). 
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Table 3.6 The effect of N rate effect on biomass yield, N uptake, and nitrogen use efficiency 

(NUE) of rice at 50% heading in 2014. 

N rate Biomass N Uptake NUE 

 ------------kg ha-1----------- % 

67 8115 b 82.2 b 45.6 a 

134 9479 a 110.2 a 42.4 a 

Means followed by the same letters within each column are not significantly different P (0.05). 

Table 3.7 Mean grain yield for N fertilizer sources at the 67 kg N ha-1 rate and 134 kg N ha-1 rate 

in 2014. 

N source† 67 134 

 --------------kg ha-1------------- 

Urea 10199 a 11152 a 

Urea + ZnSO4 10286 a 10295 a 

Urea + NBPT + ZnSO4 9908 a 10581 a 

RCO3 9129 ab 10750 a 

RCO2 8772 b 10921 a 

RCO5 9609 ab 10524 a 

RCO1 8503 b 10556 a 

RCO4 10261 a 10986 a 

Grain yield for control plots was 7538 kg ha-1 
†NBPT, N-(n-butyl)thiophosphoric triamide; ZnSO4, Zinc sulfate; ZSCU, Zinc sulfate coated 

urea fertilizer; RCO3, ZSCU only; RCO2, ZSCU+1.0 g B kg-1; RCO5, ZSCU+1.7 g B kg-1; 

RCO1, ZSCU+1.0 g B kg-1+0.3 g kg-1 NBPT; RCO4, ZSCU+1.7 g B kg-1+0.3 g kg-1 NBPT; 

Urea + ZnSO4, zinc sulfate was added to urea to supply equivalent Zn from ZSCU fertilizer; 

Urea + NBPT + ZnSO4, zinc sulfate was added to NBPT (Arborite Ag applied onto urea at 0.9 g 

kg-1 NBPT)-treated urea. 

Means followed by the same letters within each column are not significantly different P (0.05). 
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Table 3.8 The effect of N fertilizer sources on biomass yield, nitrogen use efficiency (NUE), and 

grain yield in 2015. 

N source† Biomass NUE Yield 

 kg ha-1 % kg ha-1 

Urea 6677 a 35.3 cd 6725 b 

Urea + ZnSO4 6133 a 31.0 d 6920 b 

Urea + NBPT 7124 a 52.9 ab 9145 a 

Urea + NBPT + ZnSO4 7481 a 56.6 a 9144 a 

RCO3 6440 a 36.1 cd 6701 b 

RCO2 6821 a 45.3 abc 7301 b 

RCO5 6592 a 42.2 bcd 7408 b 

RCO1 7049 a 36.7 cd 7363 b 

RCO4 6628 a 39.2 cd 7026 b 

RCO1S 7182 a 44.9 abc 7327 b 

RCO4S 7048 a 43.2 abcd 7389 b 

Mean biomass and grain yield for control plots were 3694 and 4045 kg ha-1, respectively. 
†NBPT, N-(n-butyl)thiophosphoric triamide; ZnSO4, Zinc sulfate; ZSCU, Zinc sulfate coated 

urea fertilizer; RCO3, ZSCU only; RCO2, ZSCU+1.0 g B kg-1; RCO5, ZSCU+1.7 g B kg-1; 

RCO1, ZSCU+1.0 g B kg-1+0.3 g kg-1 NBPT; RCO4, ZSCU+1.7 g B kg-1+0.3 g kg-1 NBPT; 

RCO1S, RCO1+0.3 g Ca kg-1; RCO4S, RCO4+0.3 g Ca kg-1; Urea + ZnSO4, Zinc sulfate was 

added to urea to supply equivalent Zn from ZSCU fertilizer; Urea + NBPT, NBPT (Arborite Ag 

applied onto urea at 0.9 g kg-1 NBPT)-treated urea; Urea + NBPT + ZnSO4, zinc sulfate was 

added to NBPT (Arborite Ag applied onto urea at 0.9 g kg-1 NBPT)-treated urea. 

Means followed by the same letters within each column are not significantly different P (0.05). 
 

Table 3.9 The effect of N rate on biomass yield, nitrogen use efficiency (NUE), and grain yield 

in 2015. 

N rate Biomass NUE Yield 

 kg ha-1 % kg ha-1 

67 6034 b 40.9 a 6357 a 

134 7540 a 40.4 a 8303 b 

Means followed by the same letters within each column are not significantly different P (0.05). 
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Table 3.10 Mean N uptake for N fertilizer sources at the 67 kg N ha-1 rate and 134 kg N ha-1 rate 

in 2015. 

N fertilizer source† 67 134 

 -------------kg ha-1------------- 

Urea 54.2 b 73.6 bcd 

Urea + ZnSO4 53.5 b 58.5 d 

Urea + NBPT 63.7 a 101.3 a 

Urea + NBPT + ZnSO4 72.2 a 94.8 ab 

RCO3 52.4 b 72.3 cd 

RCO2 53.5 b 86.5 abc 

RCO5 51.5 b 86.5 abc 

RCO1 47.3 b 90.9 abc 

RCO4 57.3 ab 69.5 cd 

RCO1S 53.7 b 87.6 abc 

RCO4S 47.8 b 99.3 a 
†NBPT, N-(n-butyl)thiophosphoric triamide; ZnSO4, Zinc sulfate; ZSCU, Zinc sulfate coated 

urea fertilizer; RCO3, ZSCU only; RCO2, ZSCU+1.0 g B kg-1; RCO5, ZSCU+1.7 g B kg-1; 

RCO1, ZSCU+1.0 g B kg-1+0.3 g kg-1 NBPT; RCO4, ZSCU+1.7 g B kg-1+0.3 g kg-1 NBPT; 

RCO1S, RCO1+0.3 g Ca kg-1; RCO4S, RCO4+0.3 g Ca kg-1; Urea + ZnSO4, Zinc sulfate was 

added to urea to supply equivalent Zn from ZSCU fertilizer; Urea + NBPT, NBPT (Arborite Ag 

applied onto urea at 0.9 g kg-1 NBPT)-treated urea; Urea + NBPT + ZnSO4, zinc sulfate was 

added to NBPT (Arborite Ag applied onto urea at 0.9 g kg-1 NBPT)-treated urea. 

Means followed by the same letters within each column are not significantly different P (0.05). 

3.4 Conclusions 

The goal of this study was to evaluate experimental zinc sulfate coated urea (ZSCU) 

fertilizers with different compositions as a reliable alternative to controlling ammonia 

volatilization and improving rice productivity. The cumulative ammonia volatilization from urea 

was 15.0 and 22.5% in 2014 and 2015, respectively. Urea treated with NBPT delayed ammonia 

volatilization and significantly reduced urea volatilization losses regardless of the amount of total 

ammonia loss. In contrast, the experimental ZSCU fertilizers were only effective in controlling 

ammonia volatilization when ammonia volatility was higher. The physical coating with zinc 

sulfate alone did significantly reduce ammonia volatilization in comparison to urea. Addition of 
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B to the physical coating had an additive effect in reducing ammonia volatilization whereas 

when ZSCU in combination with NBPT and B did not provide additive effect over physical 

coating. Overall, ammonia volatilization control was generally greater for urea treated with 

NBPT than the experimental ZSCU fertilizers evaluated in this trial. In the first year of study, the 

differences in ammonia volatilization did not influence biomass and nitrogen use efficiency. Rice 

plants receiving NBPT treated urea and experimental ZSCU fertilizers had similar biomass yield 

and NUE as urea. Grain yield was similar among all fertilizer treatments at 135 kg N ha-1. In the 

second year, biomass was similar for all N fertilizer sources but urea treated with NBPT out 

yielded all other N fertilizers. The results suggest that the experimental ZSCU fertilizers have 

potential to control ammonia volatilization but do not result in increased grain yield. 
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Chapter 4. Evaluation of Zinc Sulfate Coated Urea Fertilizer as a Potential Zinc Source in 

Drill-seeded Delayed Flood Rice Production 

4.1 Introduction 

Zinc (Zn) deficiency is the most documented micronutrient deficiency in flooded rice 

fields in the mid-southern United States of America (Slaton et al., 2005; Harrell and Saichuk, 

2016). Zinc is an essential micronutrient plays an integral role in several plant physiological 

functions such as structural integrity, protein synthesis and gene expression (Cakmak, 2000; 

Broadley et al., 2007; Palmer and Guerinot, 2009; Marschner, 2012). Zinc deficiency results in 

various symptoms which typically occur between the 2-leaf and mid-tillering stages in rice 

(Wissuwa et al., 2006). Visual Zn deficient symptoms commonly observed in seedling rice 

include basal chlorosis, bronzing of leaves, stunt growth and reduced tillering (Marschner, 2012; 

Sharma et al., 2013). In most cases, seedling rice that recovers from these symptoms will show 

delayed maturity and subsequently reduction in grain yield particularly for susceptible cultivar 

(Hafeez et al., 2012). In severe cases, the entire rice stand may be lost. Zinc deficiency in flooded 

rice fields has been attributed to a wide range of soil conditions: inherently low plant available 

Zn, high soil pH (> 7.0), low redox potential, high soil organic matter and bicarbonate content, 

high plant available P and cold temperature (Alloway, 2008; Hafeez et al., 2012). Zinc 

deficiency in rice fields has increase with the cultivation of high yielding rice varieties, crop 

intensification, adoption of laser leveling techniques and improved purity of inorganic fertilizers 

(Slaton et al., 2001; Brye, 2006; Naik and Das, 2007; Graham et al., 2007).  

Despite breeding efforts, Zn deficiency has intensified over the years. In order to identify 

and improve rice cultivar tolerant to Zn deficiency, soil and foliar fertilization are the most 

feasible means of addressing Zn deficiency (White and Broadley, 2005). Rice fields with low 
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plant available Zn are commonly ameliorated with zinc sulfate because of its high water 

solubility which can be easily blended with preplant P and K (Mikkelsen and Kuo, 1977; Stalon 

et al., 2005). According to Bashir (1999), ZnSO4 fertilizer is very soluble and highly bioavailable 

when applied initially, however,  bioavailability declines shortly because of transformation into 

insoluble Zn forms. Other sources such Zn chelates (Zn-EDTA, Zn-NTA) and products from 

natural organic ligands (Zn lignosulfonate) are used in rice fields across the United States (Slaton 

et al., 2005). Generally, organic Zn fertilizer sources are more effective in correcting Zn 

deficiency in comparison to inorganic source such as zinc sulfate; however, the high costs of 

organic Zn fertilizer limit use and application. Studies have investigated the effect of split 

application and Zn source as an alternative strategy to improve Zn availability in flooded rice 

production (Naik and Das, 2007). Naik and Das, 2007 reported that the effect of split application 

Zn fertilizer depended on zinc source. According to the authors, split application of zinc sulfate 

can improve rice yield whiles Zn EDTA did not affect grain yield as compared to respective 

single application.  

In recent years, controlled release fertilizers, particularly nutrient-coated have gained 

increased attention. Nutrient-coated urea fertilizers are developed primarily to control ammonia 

volatilization losses and synchronize N release to meet plant demand; however, they can 

potentially mitigate other nutritional deficiencies (Trenkel, 2010; Timilsena et al., 2015). An 

added advantage for these innovative fertilizers is potential for a relatively even distribution of 

Zn considering large rates of application. The challenge in using controlled-release urea fertilizer 

is the amount of Zn that can be supplied as starter fertilizer because of its high N content. 

Generally, only 16.8 – 22 kg N ha-1 starter N is recommended due to poor N management 

(Harrell and Saichuk, 2016). In order to evaluate controlled release urea fertilizer as a Zn source, 


