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{BSTRACT

Rawluk, Christine Dawn Lyons. M.Sc. The University of Manitoba, }day 2000.
Effect of Soil Texture. Temperature and Irrigation on the Performance of Urea Fertilizers
Amended with the Urease Inhibitor N-(n-butvl) Thiophosphoric Triamide (NBPT).
Major professors; Cynthia A. Grant and Geza J. Racz.

Ammonia volatilization can decrease the efficiency of surface-applied urea

fertilizers by decreasing the amount of fertilizer N available in the soil for plant

utilization. Three field experiments using lysimeters were conducted to investigate the

ability of the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) to reduce

volatile losses of N from surface-applied urea fertilizers under soil texture, temperafure

and moisture regimes representative of Westem Manitoba. Urea and UAN were amended

with NBPT and surface-applied under modified zero tillage. The effectiveness of NBPT

was assessed relative to unamended urea fertilizers by measuring NH, volatilization from

urea and UAN fertilizers over a 2 and 3 week period after fertilizatíon and measuring the

amount of soil N in the 0-30 cm depth of soil. The ability of NBPT to reduce NH,

volatilizatíon from urea was evaluated for varying rates of NBPT. The impact of NBPT

use with urea and UAN on N availability to wheat plants and recovery in soil after plant

growth was also assessed.

N-(n-butyl) thiophosphoric triamide delayed the onset of NH, volatilization and

reduced the total NH, loss under all soil texture and temperature conditions in the field.

Total NH, volatilization decreased in the order of non-irrigated > irrigated > non-irrigated

+NBPT > irrigated+NBPT and was greater from urea than UAN. Amendment of urea



with NBPT at rates of 0.05 to 015% significantly reduced NH, volatilization with greater

suppression of NH, loss with the 0.i0 and 0.1.5Yorates than with the0.05o/orate,

particularly in the second and third weeks after fertilization. The inhibitor was most

effective during periods of peak NH, loss from unamended urea where NH, losses were

reduced by about 82-96% when averaged for all studies.

The NH, conserved through use of NBPT resulted in increased soil N as a

proportion of total N measured in the soil plus the air. Soil N was concentrated within i0

cm of the soil surface with greater NOr' for irrigated NBPT treatments and greater

exchangeable NHo* and urea for non-irrigated NBPT treatments. Soil N was gteater in

May on the Newdale CL soil where soil and temperature conditions were less conducive

to NH, volatilization. In contrast, when plants were grown and soil sampling was

delayed until 6 to 8 weeks after fertilization,NBPT amendment and irrigation had

minimal effect on N form and distribution in soil for the different soil texture and

temperature conditions. Delayed time to soil sampling and elevated background soil N

likely masked any initial effects of irrigation or NBPT on urea hydrolysis and distribution

of hydrolysis products in the soil. Plant biomass and N content were increased when urea

was treated with NBPT as compared to unamended urea. Averaged for all studies, plant

N content increased by 24% when urea was amended with NBPT but decreasedby 4o/o

when NBPT was applied with UAN. However, these effects were not significant because

modified growing conditions within the lysimeter resulted in uneven emergence and

excessive moisture and heat stress.

Results of this research indicate NBPT is suitable for use in Western Manitoba to

reduce NH, volatilization from surface-applied urea fertilizers and to increase the amount

of fertilizer N in soil for plant utilization.
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1. INTRODUCTION

Urea is currently the most popular nitrogen fefülizer in Western Canada

(Agriculture and Agri-Food Canada 1999) as it is comparatively safe to handle and

readily available in either liquid or granular form. However, NH, derived from surface-

applied rrrea may be volatilized to the atmosphere if urea hydrolysis proceeds at or near

the soil surface, thereby reducing total fertilizer N in the soil. In addition to reducing the

efficiency of the fefülizer N application, NH, volatllization may affect air quality. Urea

is the primary fefülizer source of NH, emissions to the atmosphere in Canada, estimated

at71 GgN or 15% of total NH, emissions from agriculture in 1990 (Janzen 1999). The

majority of volatilized NH, returns to the surface with rainfall as it is readily soluble in

water, having a mean residence time in the troposphere of only 14 days (Schlesinger

1991). Ammonia can contribute to soil and surface water acidification, may induce

toxicity in aquatic organisms and plants, or may stimulate eutrophication of water bodies

and nutrient competition or exclusion in plants (Ianzen 1999; McGinn et al. 1997). At

high atmospheric concentrations ammonia may form NO* (Isermann 1994) or be

converted to the greenhouse gas nitrous oxide (Janzen 1999). Although approximately

80% of total agriculture NH, emissions are from livestock animals, contributions from

mismanagement of urea fertilizers should also be considered as a source of atmospheric

contamination.

The dynamics of NH, volaTilization from surface-applied urea and the soil,



weather and management factors controlling NH, loss have been thoroughly investigated

separately. However, the actual magnitude of a volatilization event under non-static field

conditions where these factors interact is difficult to quantify and predict. Generally the

potential for ammoniavolatilization from surface application of urea increases with i)

increases in soil temperature, ii) slow to moderate drying of a moist soil, iii) decreases in

clay and organic matter content, or increased coarseness of soil texture, and iv) increases

in soil pH (Mclnnes et al. 1986; Hargrove 1988; Clay et al. 1990; Watson et al. 1994b).

Zero or reduced tillage is increasing in popularity, practiced on an estimated 2.3

million acres of total seeded acres of cereals, oilseeds and peas in Manitoba in 1998'.

The payment of protein premiums for CWRS wheat has rekindled interest in in-crop N

applications to elevate protein content (Grant and Flaten 1998). In-crop fertilization of

perennial and forage crops is also practiced. Surface application of N fertilizer is

preferred under these cropping systems as it avoids risk of seedling damage, does not

disrupt root systems, compromise seed-bed quality or lead to loss of soii moisture, and

reduces time, labour and energy costs compared to incorporation, subsurface banding or

seed-row placement (Grant et al. 1996a). The potential for NH, loss may be increased

with surface application of urea under these conditions where accumulation of organic

material on soil surfaces may support high urease activity and may impede movement of

urea into the soii with infilhating water (Bymes and Freney 1995).

The susceptibility of surface-applied urea to reduced use efficiency due to NH,

volatilization and the declining availability of NH.NO, in Western Canada have created

the need for an altemate N source suitable for surface application under a range of

I Personal communication. B.
7 - 3l"t Street. Brandon, MB.

Bradley. Manitoba North Dakota ZeroTlllage Association.
R7B 2J5



weather, soil and management conditions in the field. The potential risk of excessive

NH, emissions to the atmosphere in localized areas from urea and manures is an

additional incentive to identify an alternative N source.

Research spærning the last decade has shown amendment of urea with the urease

inhibitor N-(n-butyl) thiophosphoric triamide (ltIBPT) to be an effective means of

improving the effrciency of surface-applied urea (Byrnes and Freney 1995; Bremner

1995). The inhibitor reduces the rate of urea hydrolysis and NH, formation, thereby

decreasing the potential for NH, volatilization to the atmosphere. However, the

contribution of NBPT to improved retention of fertilizer N in the soil, and hence

availability to plants, is more diff,rcult to evaluate and define due to the inherent

variability in weather and soil conditions in the field.

In our studies, field experiments using lysimeters were conducted to evaluate the

performance of NBPT under modified zero tillage management and under soil and

weather conditions representative of the Black Soil Zone of Western Manitoba to assess

the suitability of NBPT for use in Manitoba and similar areas. Studies were designed to

investigate the capacity of NBPT to reduce NH, loss from surface applications of

granular urea and liquid UAN when applied to fwo texturally different soils at two soil

temperature and moisture regimes. The performance of NBPT was evaluated to

determine its effect on i) the distribution and form of urea hydrolysis products in soil and

ii) the amount of soil N available for crop uptake and growth. An additional component

of this research was to identify an appropri ate rate of application of NBPT when surface-

applied with urea under variable field conditions.



2. LITERATURE REVIEW

2.1 Introduction

Urea is currently the most popular nitrogen fefüIizer worldwide and has been for

over two decades. The dominant ferfllizer N sources in Canada are urea and anhydrous

ammonia with 6 x 105 torures urea and 6.6 x 105 tonnes anhydrous ammonia used in the

199611997 calender year (Intemational Fertilizer Industry Association 1998). In'Western

Canada,1998 retail sales ofurea exceeded all other N sources, including anhydrous

ammonia (Agriculture and Agri-Food Cana da 1"999).

Urea is an inert molecule (COG{H)r) which is enzymatically or chemically

hydrolyzed to ammonium and carbon dioxide. The urease ertzyme catalyses urea

hydrolysis and is the typical pathway of urea degradation because chemical hydrolysis

proceeds very slowly in comparison. Ammonium can convert to NH, which may be lost

to the atmosphere if present near the soil surface. The activity of urease defines the rate

of urea hydrolysis which establishes the extent of NH, formation in soil. Amendment of

urea fertilizers with an urease inhibitor may reduce NH, volatilization losses from

surface-applied urea by interfering with urease activity to slow the rate of urea hydrolysis

(Yeomans 1991). The potential magnitude and duration of NH, volatilization and urease

inhibitor performance are governed by soil physicochemical properties, environmental

conditions and management practices.



2.2 The Urease Enzyme

2.2.1 lJrease Structure and Hydrolysis Mechanism

Soil urease is inherently heterogeneous, composed of urease from plants,

microorganisms and soil fauna (Skujins 1978). Microorganisms are commonly viewed as

the dominant contributors to soil urease (Bremner and Mulvaney 1978; Lai and Tabatabai

1992). To understand the origin and properties of soil urease, it is useful to review the

composition of microbial and plant ureases. The structure and catalysis mechanism of the

urease enzyme (ur.ea amidohydrolase EC 3.5.1.5) have been identified through

comprehensive study of purified extracts of soybean and jack bean urease and several

microbial ureases. The most extensively studied urease enzyme is that ofjack bean

(Canavalia ensiformis), first crystallizedín 1926 by James Sumner (Andrews et al. 1984).

Blakeley andZemer (1984) and co-workers (1980) as cited in Kolodziej (199a)

developed the best available model for urease structure, identiffing the essential

constituents, hydrolysis catalysis mechanism and the catalytic role of nickel (Andrews et

al. 1984) (Figure 2.1). Essential components of each active urease subunit at resting state

are two Ni(ID ions, a carboxylate ion, a general base and a unique thiol of the cysteine

residue. Modifîcation of any single one of these essential components may render the

entire enzyme inactive (Andrews et al. 1984) as observed with nickel removal from

urease enzymes of some bacteria (Mobley and Hausinger 1989).

According to the model, the two Ni ions, a water coordinated Ni(II)" and an OH-

coordinated Ni(II)b, are oriented opposite to each other at a maximal spacing of 6Ä..

Initially urea displaces the Ni(If"-coordinated water from the active site to form an O-

coordinated complex with Ni(II)u. During this step, the carboxylate ion stabilizes the



positively charged nitrogen of the urea-Ni(If" complex, promoting nucleophilic attack of

the complex by the Ni(IÐu co-ordinated hydroxide ion. A general base aids in hydroxide

addition to urea, resulting in the formation of a tetrahedral intermediate among urea and

the two nickel ions, and the release of NHo*. The active thiol group may serve as a

general acid catalyst to release ca¡bamate from the active site. Water then enters the

active site and the enzyme resting state is reestablished (Kolodz iej D9a).

o
I

HTNCNH2
\

-À- \
H¡o

xn,coo{-H,o

I
' Nr-oåi

I

N'H. /.{

Figure 2.1 Proposed mechanism of urease-catalyzed hydrolysis (From Kolodziej 1994).

Purified microbial and plant ureases have a similar structural composition and

therefore are likely to exhibit similar catalytic mechanisms. The purified jack bean

urease is a homopolymeric hexamer of weight Mr: 590,000 arranged as two stacked

trimers, having a total of 6 identical subunits of molecular weight ill.4r:90,777 with one

active site per subunit (Kolodziej 1994). By comparison, purified microbial ureases are

generally lower in molecular weight, typically in the range Mr:200,000 to 250,000



(Mobley and Hausinger 1989) and are commonly heteropolymeric, composed of three

non-identical subunits (øFV) of different molecular weights: Mro:60,000-70,000, Mru :

10,000-17,000 and Mrr:8,000-12,000, with generally two Ni atoms per each ø subunit

(Kolodziej 1994). This heteromeric structure is typical for many bacteria, particularly

gram negative bacteria, while some gram positive bacteria appeff to contain only a single

subunit type (Mobley and Hausinger 1989).

Similarities between plant fiack bean and soybean) and several bacterial urease

protein sequences may be evidence that plant protein sequences evolved from bacterial

protein sequences. Homology of aligned plant and bacterial protein sequences supports

the concept that fusion of bacterial structural genes preceded formation of plant urease

genes (Kolodziej 1994). The similarities in active sites and enzyme chemistry of both

urease sources may also be evidence of this evolution.

2.2.2 Urease in Soil

The individual fractions of urease in soil, namely endocellular enzymes, free

exoenzymes and bound enzymes, comprise the total potential urease activity in soil

(Burns 1977). The relative contribution of each fraction depends on microbial activity

and associated production of urease, rate of enzyme degradation, and the capacity of the

soil to stabilize and protect the enzyme. The capacity of the soil to stabilize urease

depends largely on soil structure and clay and organic matter content. For example,

Paulson and Kurtz (1969) found bound, stable urease comprised 79-89% of the total soil

urease present in the soils examined. Table 2.1 provides a conceptual overview of the

components of soil urease.



Table 2.1 Conceptual view of components of soil enzymes (From Skujins 1978).

Urease is continually added to the soil via excretion from microorganisms or

release upon cell lysis, and via plant root exudation or plant residue additions to soil. At

the same time, urease is continuously removed from the soil environment. Endocellular

urease is present in viabie cells and non-lysed dead cells. Cell lysis or cellular excretion

results in free (in soil solution) or extracellularly attached urease. Free extracellula¡

urease is subject to enzymatic proteolysis, microbial degradation and physicochemical-

induced denaturation. Extracellular urease may also be chemically and physically altered

and assimilated within soil organo-clay complexes. Endocellular urease may also be

intimately associated with soil colloids through occlusion of intact microbial cells (Lai

and Tabatab ai 1992). Bound or occluded urease is typically more recalcitrant and stable

as the colloid pore structure provides protection from larger proteolytic enzymes and

microorganisms while permitting substrate diffusion to bound urease (Burns 1977).

Urease-soil-organic matter colloid bonds may be chemical or physical in nature

(Weetall 1975 in Lai and Tabatabai 1992). Ionic, covalent or hydrogen bonding,
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adsorption, and cross linking are means of chemical enzyme immobilization. Physical

mechanisms include entrapment and microencapsulation of urease or microbes in the

complex during humus formation (Bums et al. I9l2 in Pettit et aI. 1976). The presence

of coatings such as aluminum hydroxides on clay surfaces may reduce the capacity of a

mineral to bind urease by limiting enzpe access to structural "holes" or reactive surfaces

(Gianfreda et aI. 1992). Conversely, the association of organic matter with soil may

enhance the suitability of the surface for urease stabilization (Lai and Tabatabai 1992).

2.2.3 Urease Activity

Urease activity is defined as the amount of urea hydrolyzed per unit soil per unit

time. This measurement represents the potential urease activity for a specific urea

concentration applied under a unique set of soil, environment and management

conditions. The potential activity of each soil urease fraction is a function of both time

and soil characteristics (Pettit et al. L976). For example, consistent microbial activity

over time maintains a constant supply of urease to the soil. Properties of the soil

environment, both stable and variable, regulate urease production, persistence,

functioning, and thus overall potential urease activity in the soil (Kissel and Cabrera

198S). Changes in weather and management will lead to changes in substrate (urea)

concentration, organic matter content and distribution, soil pH, soil temperature, and soil

moisture (Kissel and Cabrera 1988). Cation exchange capacity, sand, silt and clay

fractions, clay-organo complexes, and soil surface area are more stable properties of the

soil environment, being a product of the soil mineralogy and parent material (Bremner

and Mulvaney 1978). Detailed statistical analyses for numerous soils repeatedly identifed

organic carbon, total nitrogen and cation exchange capacity as the soil factors most



strongly related to potential urease activity (Reynolds et al. 1985; Baligar et al. 1991;

Bremner and Mulvaney 1978).

Response of soil urease to substrate follows a first order reaction, increasing as

substrate concentration increases until substrate is no longer limiting. Therefore, soils

with relatively high potential urease activity, such as fine textured soils, require more

substrate to achieve enzpe saturation. Urease activity may initially be lower in

localized areas of ureafertilizer application, increasing over time as urea diffuses oufward

and becomes more accessible to the soil urease (Kissel and Cabrera 1988). Uniform

mixing of urea with soil improves the substrate-urease contact (Singh and Nye 1984;

Tabatabai and Bremner 1972), increasing the rate of activity.

2.3 Reactions of Urea and Urea Hydrolysis Products in Soil

The urease catalyzed hydrolysis of urea yieids two ammonium ions:

co(NrrIJ2 + H* + z]F^zo 
urease 

> 2NH4* + HCo3-

HCOr-+ H* * COz(g) + H2O (pK" 6.4)

Ammonium and ammonia establish

NH4*("q) + oHi"Ð + NHr,", + H*1uq) + oHl"a

i1l

tzl

10

pIÇ:9.3 t3l



[Mr] : K F{H4*l

tHl

In soil, inorganic C from urea can react to generate proton(s), reducing the total proton

consumption of urea hydrolysis (Koelliker and Kissel 1988). Above pH8.2, the majority

of urea-derived inorganic C is present as HCOr- and a portion is present as COrz- as

illustrated in Eq. [5], reducing the total H* consumption from two to less than 1 H* per

mole urea hydrolyzed (Kissel et al. 1988).

HCO3-+ Ff + COrt- (pK, 10.3)

The tendency towards Eq. [5] also increases if [CO,'-] and [Ca*] in soil solution are

sufficient to exceed the CaCO, solubility product and CaCO, precipitates, decreasing net

consumption of H* even further. The net result is a reduction in the pH increase

accompanying urea hydrolysis once pH exceeds 8.2 which should reduce the extent of

NH, formation according to Eq. [3] and Eq. [4].

Equation [4] illustrates ffio*] and soil pH as the dominant forces driving NH,

formation. Rapid hydrolysis of urea results in localized areas of high F\rI{41 and thus a

high potential for NH, formation. Initially following urea hydrolysis the soil pH

increases and approaches the ammoniacal-N equilibrium pÇ favouring increased [Mr].

The potential for NH, formation gradually diminishes with outward diffusion of NHo*

and pH decrease via proton release during ammoniacal N oxidation to NOr- and urea-

derived CO, reaction with water (Eqs. [2] and [5]). The soil pH is also reduced as H*

generated during NH, formation accumulates in the soil.

t4l

t5l
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Ammonium in soil is subject to various physical transformations and transport

reactions (Eq. t6l) (Sherlock and Goh 1985). The nature or chemistry of the soil solution

as well as transport processes in the soil and at the soiVair interface govern the extent of

ammonia volatilization.

NH4*(fi*.d) * NHo*,"*.nangeabte) + NHo*,u, * NH¡ (uÐ * M¡ (g)soil + M, 1r¡u* t6l

Ammonium in soil is fixed in clay matrices, held in an exchangeable form on the

surfaces of clay and clay-organo complexes, and present in the soil solution [6].

Exchangeable NHo* and solution NHo* are removed from the equilibrium system via plant

uptake, and microbial immobilization and nitrification. An equilibrium between

F{H4n("Ð] and ffir,t], F{H3("Ð] and ffir,r),oir], ffid between soil and atmospheric

gaseous NH, establishes. Removal of NHo* from the system reduces [NHo*,^r] and

[NH3(.Ð]. The lower concentration of NHr,u4 reduces lNHr1g¡,oilJ, and thus the

concentration gradient between gaseous NH, in the soil and the atmosphere.

The difference between [MrtrXo,,] and ffir,r,u*] determines NH, volatilization

losses (Koelliker and Kissel 1988). Yolatilization occurs along a positive diffusion

gradient driven by high [NHrrrxo,,] located a short distance from the soiVair interface.

Thus, a decrease in the concentration gradient between M:1g¡,o¡ and NHr,r,u,. results in

decreased NH, volatilization. The ultimate control of NH, loss is the partial pressure

difference between Mr(r),o,, and NH, (e)ur. ât the soil/air interface with high NH,

volatilization when the pressure difference is high (Nelson 1982).
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2.4 Factors Affecting Urea Hydrolysis and Ammonia Volatilization

The potential for NH, volatilization is established by the rate of urea hydrolysis or

wease activity and subsequent conversions, and by the factors governing ammonia

volatllization. The combination of soil physicochemical parameters, weather or

environmental components, and management practices at the application site establishes

what percentage of urea-N may be lost via NH, volatilization (Tisdale et al. 1993).

2.4.1 Soil Properties

The fundamental soil characteristics influencing urea hydrolysis and NH,

volatilízation dynamics are cation exchange capacity (CEC), organic matter content,

urease activity, soil pH, titratable acidity and soil texture (Nelson, 1982; Hargtove 1988;

Kissel and Cabrera 1988; Watson et al.l994b). Urease activity, soil pH and titratable

acidity control the rate of urea hydrolysis and NH, formation. Titratable acidity, or H*

buffering capacity, is the capacity of a soil to resist pH increase via H* release to soil

solution. Soil texture, CEC and organic matter affect the movement of urea and

ammoniacal N in soil and NHo* retention. Toews and Soper (i978) found losses were

greatest from a high pH soil with a low CEC and observed higher loss in the presence of

free carbonates. Watson et al. (I994b) explained 90.6% of total variation in NH, loss

from 16 soils with the soil properties titratable acidity, pH in water, urease activity and

CEC. Urease activity was positively and highly significantly correlated with organic C,

total N and CEC and to a lesser degree with clay, sand and surface area for 21 diverse

Iowa soils where organic matter content explained most variation in urease activity

(Zantua et al. 1977). Organic matter content may indicate if urease is primarily in the
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form of stabilized urease-organic matter complexes, or as free living endocellular or

exocellular urease.

The CEC, which is dependent on soil texture and organic matter content, provides

a sink for NHo* and reduces lNHr,,o,] [6]. Coarse textured soils characteristically have a

lower CEC and organic matter content, larger more uniformly distributed soil pores, and

lower water holding capacity than clay-rich soils. Low CEC and organic matter content

favour increased NH4* concentration in the soil solution which drives the equilibrium

towards NH, formation. The resultant elevated NH, levels, in combination with the large

pore size, uniform pore matrix and low water holding capacity of coarse soils, create a

positive gradient for NH, diffusion to the atmosphere. Drying of a coarse textured soil

results in upward movement of urea and water towards the surface as water evaporates

from the soil surface. As evaporation continues, urea and NH, concentrate near the soil

surface, increasing the positive gradient between Mrlg¡.oir and NHr,r,u,- and the potential

for volatilization. Fine textured soils with increased clay content have smaller pores,

higher CEC, organic matter content and water holding capacity than coarse textured soils

and are subsequently less conducive to volatile loss of ammonia than sandy soils. Al-

Kanani et al. (1991) found differences between losses from a moist and a dry soil were

reduced with higher clay content, because NHo* absorption capacity increases with clay

content. However, the higher tortuosity of fine textured soils can lead to a reduced rate of

infiltration of surface-applied urea and its reaction products, which may result in

significant NH, loss from the surface. The reduction in loss as a function of ability of

urea to diffuse away from the point of application has been observed by others

(Christianson et al. 1993;' Carmona et al. 1990).

Soils with high clay content support a high and more stable urease activity. High
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organic matter content and microbial activity, a stable oxygen and water environment,

and a complex pore matrix provide an optimal environment for urease production,

protection, stabilization and hence, activity. Conversely, a coarse textured soil with low

clay content would support a more dynamic urease activity, corresponding to periods of

improved soil moisture, which stimulates microbial activity and urease production. The

urease activity of this soil type would likely be more sporadic as the bulk of urease would

be unprotected endocellular and exfracellular urease due to the low capacity of a coarse

soil for enzyme protection and stabilization.

Urease activity may vary with soil pH. Generally, urease activity is maximal in

the pH range 6.5-7.5 (Bremner and Mulvaney 1978; Kolodziej 1994). Free extracellular

urease is more sensitive to pH fluctuation than stabilized soil urease, as the soil and

organic matter moderate the environment in which bound urease functions @aligar et al,

1991). IJrea concentration may complicate the effect of pH on urease activity. Singh and

Nye (1984) observed greatest rates of urea hydrolysis at a pH of 7.8 and pH of 4.9 for low

and high urea concentrations, respectively.

Soil solution pH and rate of NHo* conversion, consumption or diffusion from

point of application will influence the rate and duration of NH, formation (Singh and Nye

1984). Soil pH establishes the ratio of NH, to NHo* in soil solution (Eqs. [3] and [4]) and

the persistence of ammoniacal N in soil solution in the fertllizer microsite. Proton

consumption during urea hydrolysis restricts NOr- formation as high [Mr] inhibits

nitrification of NOr- to NOr-. Also, as pH increases, [NHr] and the potential for NH,

volatilization increase if NH3 concentrates near the soil surface.

High pH soils are more prone to NH, loss than low pH soils (Hendrickson and

Douglass 1993). High buffenng capacity, or high [H.] of low pH soils restricts pH
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increase of urea hydrolysis by releasing protons to soil solution as they are consumed

during hydrolysis. Conversely, on a high pH soil, abundant base cations such as Ca* and

Mg* restrict the pH decrease accompanying NH4* - NH, + H*, increasing the extent of

NH, formation. However, findings are not always consistent and may be affected by

other soil properties such as texture (Christianson et al. 1993).

2.4.2 Environmental Conditions

Weather conditions affect both the soil and atmospheric environment, and often

produce short term fluxes in soil temperature and water content. Temperafure, relative

humidity, wind speed, soil water content and rainfall patterns (timing, duration, frequency

and quantity of precipitation) (Hargrove 1988; Kissei and Cabrera 1988) establish the

extent of granular urea dissolution, potential urease activity and associated rate of

hydrolysis, as well as the magnitude, duration and pattem of NH, volatilization. The

magnitude of NH, loss ultimately depends on soil water conditions and the influence of

temperature on these conditions.

The influence of environmental factors on urea hydrolysis and NH, loss has been

intensely studied in laboratory settings, but the complex interactions and inherent

interrelatedness of these factors in the field is more difficult to elucidate and limits the

ability to accurately predict the potential magnitude of NH, volatilization from a field

(Ferguson and Kissel 1986; Mclnnes et al. 1986; Black et al. 1987; Reynolds and V/olf

1987; Clay et a1.1990; Al-Kanani et al. 1991; Watson et al. 1994a; Grant et al. 1996b).

For example, a similar rainfall pattern may either amplify or minimize the extent of NH,

loss, depending on the initial soil water content (Bouwmeester et al. 1985). Frequent

small rainfall events on a soil that was initially dry may prolong the duration of NH,
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volatilization with loss occurring in bursts. In contrast, small rainfall events on a wet soil

may increase downward movement of urea and ammoniacal N, reducing total NH, loss.

2.4.2.1 Soil and Air Temperature. Temperature influences urea hydrolysis and NH,

loss a number of different ways. 1) Urease activity, and thus rate of urea hydrolysis and

NH, formation, increase with increases in temperature within the range encountered

during the growing season. Moyo et al. (1989) and Xu et al. (1993) found the Arhenius

equation appropriately described the urease activityitemperature relationship in the 5 to

45"C temperature range. Soil urease activity has been observed at -10 and -20"C

(Bremner andZantua I9l5), which may have ramifications for NH, loss from fall-applied

urea fertilizer. 2) The diffusion, and thus mobility of urea and ammoniacal N, increases

with increases in temperafure. The direction of diffusion may be upward under moderate

soil drying or downward if the soil is moist or receives rainfall. Zhengping et al. (1996)

observed some up\Ã/ard NH4* diffusion when urea \Mas placed 3-4 cmbelow the soil

surface at I0o/o, but not 20%o soll moisture content. 3) Both the NHo*/lrtrH, equilibrium [3]

and the ammoniacal N transformation/transport reactions [6] shift toward Mrtrl

formation as temperature increases. The higher concentration of NHr,g)soir creâtes a large

concentration gradient between Mrlg¡soir and NHr,r,u,n,. leading to significant NH3

volatllizalion Q.{elson 1982; O'Deen and Follet 1992). 4) V/ater evaporation or water

flux from the soil surface increases with increases in temperature. Mclnnes et al. (1986)

and Clay et al. (i990) reported diumal pattems of maximum NH, loss during periods of

higher temperature and lower soil water content. As increased temperature dries the soil,

soil water carries NH, and urea upwards. When the water evaporates, ammonia

concentrates near the surface, creating a positive gradient between M¡(g).oir and NHrr,u,n',.
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Cumulative ammonia loss and rate of loss are greater under warm moist conditions than

under hot dry conditions which promote slow drying and rapid drying, respectively

(Beyrouty et al. 1988).

2.4.2.2 Soil Water Flux. Relative humidity, wind velocity, soil water content and

rainfall patterns are dynamic and closely related components of the soil and atmospheric

environment, defining the soil water flux of a system. Soil water content, or water

potential, sets the stage for urea dissolution and hydrolysis. Sufficient soil moisture is

required for granular dissolution which must occur for urea hydrolysis to proceed.

Urease activity is inversely proportional to negative water potential. As negative water

potential decreases, that is as the soil moisture increases, the rate of hydrolysis increases.

Kissel and Cabrera (1988) observed optimal urease activity around -20t<Pa soil water

potential, lowering slightly as the soil dpproached saturation and decreasing markedly as

the soil neared dryness for both avery fine sandy loam and a clay soil. Incident rain

transports urea downward. Fenn and Miyamoto (1981) observed urea movement to lag

behind water movement only slightly. The depth of downward movement is proportional

to the rate, amount and duration of rain intercepting the soil. Conversely, evaporation of

water from the soil induces mass flow of urea towards the soil surface (Ferguson and

Kissel 1986) to increase the amount of urea near the soil surface. Relative humidity and

wind velocity establish the rate of soil drying or water evaporation, and thus the extent of

upward transport of urea.

Volatile loss of NH, is maximum under conditions conducive to urea dissolution

and hydrolysis but not to transport of urea and NH, away from soil surface, or when

conditions promote upward movement of water and urea or NH, along an evaporative
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stream. Such conditions occur when 1) initial soil water content is adequate for urea

dissolution and hydrolysis but insufficient for downward diffusion of urea, or is subject to

moderate drying (Mclnnes et al. 1986). Dissolution and hydrolysis occur at water

contents ranging from above field capacity (-0.1 MPa) to near permanent wilting point,

with hydrolysis proceeding untii near dryness is reached (-1.4 MPa) (Black et al. 1987;

Al-Kanani et al. 1991); 2) initial soil water content is low and relative humidity is high

(50-95%) or rainfall events are small and frequent. Specific humidity, or actual water

content in air may be a more important indicator of atmospheric moisture than relative

humidity. Beyrouty et al. (1988) observed increased urea hydrolysis and NH, loss once

specific humidity was high enough for dissolution, while relative humidity did not

accurately reflect air moisture status.

If heightened evaporation or moderate drying occurs after an accumulation of

NHr, volatilization losses may be very high (Bouweemester et al. 1985; Reynolds and

V/olf 1987). Ammonia has an extremely high affinity for water. In soil solution NH, is

closely associated with water through hydrogen bonding, being present as 2NHr'HrO or

NH3.H2O (Cotton and Wilkinson 1962). Due to this strong affinity, NH, preferentially

moves with soil water. As soil water evaporates into the atmosphere, NHr{e) transported

with water concentrates near the soil surface. Wind at the soil surface also reduces the

thickness of the boundary layer directly above the surface which reduces [Mrrrlo,.] at the

soiVair interface. The overall result is a high [Mrr*l] in soil a short distance from the

soil/air interface creating a strong positive gradient for NH, volatilization.

Conversely, NHr volatilization is minimal if environmentai conditions either

prevent urea dissolution and hydrolysis, or facilitate downward movement of urea and

hydrolysis products to depth in soil (Mclnnes et al. 1986) such as when 1) the soil is
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initially dry followed by a prolonged or heavy rainfall where dissolution is prevented

prior to soil wetting;2) the soil is initially wet, permitting urea and ammoniacal N

diffusion into the soil; 3) a large rainfall event or a number of smaller successive events

occur directly following urea application; or 4) a moist soil dries rapidly before granule

dissolution or hydrolysis proceeds, where intact granules are stranded on the soil surface,

or where upward movement of urea with water ceases. Bouwmeester et al. (1985) found

a2.4 cmrain immediately following urea surface application was equivalent to banding

urea at a depth of 2.5 cm. However, the benefits of a rainfall event diminish with

increased delay following urea application if initial soil moisture content is sufficient for

hydrolysis and NH, formation to proceed (Black et al. t987).

The extent of NH, volatilization followingaraínfall event may also be related to

soil diffusion and retention characteristics (Christianson et al. 1993). The rate of urea

hydrolysis and NH, volatilization is more extreme in coarse textured soils due to the rapid

wetting/drying capacity or water flux and lower capacity for NHo* retention. The large

uniformly distributed pores of a coarse textured soil permit rapid movement of water and

air and extend the depth of soii subject to air and water fluxes. If urea is transported far

enough with incident rain or irrigation water to limit upward movement of urea and NH,

with soil drying, urea hydrolysis proceeds at depth and NH, volatllization losses are

negligible. Conversely, a light rainfall may be insufficient to move urea beyond the

"flux" zone and urea is rapidly transported back to the surface with soil drying where NH,

concentrates as soil water evaporates, leading to high NH, loss. The complex pore matrix

of a fine textured soil holds water and ammoniacal N more tightly in the soil and restricts

water flux. Consequently NH, is less susceptible to loss on a clay soil than a coarse soil,

as soil drying is restricted to the surface layer due to the high matric potential of clay

20



soils. However, urea and NH, must diffuse below this drying layer for losses to be low.

2.4.3 Management Factors

Management practices in agricultural systems such as tillage frequency, residue

management, and the quantity, placement, timing and form of urea fertilizer applied

influence ammonia volatilization potential as they modiff the soil environment both

physically and chemically.

2.4.3.1 Tillage PractÍce and Residue Management. Urease activity is a function of

soil organic matter content and the amount and distribution of organic residue additions,

the extent and duration of which is influenced by residue management practices

(Reynolds et al. 1985). Cultivation distributes plant residues within the soil to the depth

of tillage, improving soil-residue contact. Microbial activity also increases with residue

incorporation as organic material is a microbial substrate. Both plants and microbes are

primary sources of urease; therefore, increasing the concentration of each at depth with

tiliing also increases urease concentration and activity within the depth of tillage. In a

cultivated soil, urease activity is predominantly associated with free extracellular and

endocellular urease? as repeated disturbance and aggregate destruction limits the extent of

stable urease-colloid bonding.

Urease activity in non-cultivated soils is greater than that of cultivated soils, but is

concentrated in the upper 0 to10 cm of soil. Dick (1984) observed 3 to 5 times higher

urease activity at the surface of non-cultivated versus cultivated soils for two different

soils. UndeÍ zero tillage, crop residues and plant roots accumulate on and below the soil

surface, respectively. Microbial activity and hence urease production and activity
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concentrates near the soil surface where labile organic material accumulates. Limited

disturbance of soil colloids and aggregates leads to a greater proportion of protected soil

urease. Soil aggregates and colloids protect the enzymes and microbes from predators,

which in tum encourages elevated urease activity.

Retaining crop residues on the soil surface modifies the temperature and moisture

environment of the surface where urea is applied, supports high urease activity, and

obstructs movement of surface-applied urea into the soil, particularly solution urea as it is

absorbed by the residue, all of which may promote rapid hydrolysis and substantial NH,

loss (llargrove 1988). Residue urease activity, associated with organic matter and

microorganisms, is much greater than urease activity in soil. Urease activity in corn and

wheat residues have been reported to exceed soil urease activity by approximately 47

(Beyrouty et al. 1988) and20 (Mclnnes et al. 1986) times, respectively. Beyrouty et al.

(1988) measured NH, losses of 35 and 7%o dunng a20 day study from urea surface-

applied to a no-till and conventional till soil, respectively.

If urea moves or is placed below the residue cover to be in direct contact with the

soil surface, NH3 volatllization potential is reduced (Clay et al. 1990). The residue-

covered soil environment is cooler, moister and less dynamic than that of a bare soil, with

the extended boundary layer creating a more static atmospheric environment directly

above the soil surface. The residue layer creates a physical boundary which restricts the

exchange of NH, formed in the interlayer air with the greater atmospheric air. Also,

accumulation of NHr,r, in the interlayer is limited as the cool, moist soil environment

promotes downward movement of urea.
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2.4.3.2 Urea Fertilizer Placement, Quantity, Timing and Form. Ammonia losses

from urea fertilizers can be avoided by subsurface placement which reduces the

volatilization gradient between M:1g¡,oir and NHr,r,u* (Bouwmeester et al. 1985).

Subsurface placement also provides an opportunity for most of the ammoniacal N to be

adsorbed as NHo*. Zhengping et al. (1996) reported limited NH4* at the soil surface from

urea placed in soil columns 3-4 cmbelow the soil surface, particularly under moist soil

conditions. However, under reduced or zero tillage, subsurface placement of urea is

undesirable due to the accompanying soil disturbance.

Concentrating surface applications of urea granules in bands as opposed to

broadcastin gmay reduce NH, volatilization. Applying urea fertilizer in bands restricts

urease contact and increases the total amount of water required per given area for granule

dissolution and hydrolysis. As a result, the rate of hydrolysis and NH, formation is

reduced which allows more time for incident rainfall to transport urea away from the soil

surface. In support of this, Toews (1971) observed in laboratory experiments that as the

concentration of urea increased, the percent of N lost as NH, decreased. Losses at 24

hours were 85, 65 and 42o/o of applied N af 25, i00 and 300 ppm urea-N. ln their review,

Mulvaney and Bremner (1981) reported larger quantities of water were required to

completely hydrolyze higher concentrations of urea in some studies. Surface band

placement in zero tillage, where surface residues accumulate, may also reduce

immobilization losses of N by decreasing microbial contact with the fertilizer. However,

if surface soil moisture is adequate for urea hydrolysis to proceed at the soil surface, the

duration and total magnitude of NH, loss may be higher with this placement as NH, is

concentrated in a smaller area and thus is more susceptible to loss if formed near or at the

soil surface.
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Pafterns of ammonia loss from liquid urea ammonium nitrate (UAN) are similar

to loss patterns from granular urea, although on a smaller scale, likely because UAN is

only 50Yo urea-N. Unlike granular urea, dissolution of UAN is not required and

hydrolysis can commence immediately after UAN application, even under dry conditions.

Under zero tillage, surface-applied UAN may be readily absorbed by surface residues.

This process may increase NH, volatilization as hydrolysis then occurs on the residue

surface where environmental conditions are more conducive to NH, volatilization than at

the soil surface below the residue cover. Concentrating UAN in surface bands ("dribble"

application) may reduce NH, loss as losses tend to be higher with spray applications of

liquid N sources (Hargrove 1988). Fairlie and Goos (1936) found NH, loss from dribble

applications were consistently lower than from spray applications of UAN applied at rates

ranging from 170 to 190 kg N hat. Al-Kanani and MacKerzie (1992) reported NH,

losses from UAN of 0.8 to 9.So/oof applied N, with lower losses from conventional tillage

fhanzero tillage due to residue accumulation in the latter. The NH.NO, component of

UAN has an acidic reaction zone which should restrict the pH increase accompanying

urea hydrolysis and thus should also contribute to reducing overall NH, loss from UAN.

Timing fertilizer applications to coincide with periods of adequate rainfall,

moderately high soil moisture and cool soil temperature may reduce NH, volatilizationby

promoting diffusion of urea and ammonia away from the point of application and slowing

the rate of hydrolysis, while reducing soil drying at surface (Malhi et al. 1996). Irrigation

immediately following surface application will be similarly effective by moving urea into

the soil.

The efÍiciency of urea surface applications may also be improved by modifying

urea fertilizer or by co-application with various compounds to directly interfere with
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urease-urea contact, urease activity or the soil chemistry. Coating urea granules with

substances such as sulphur restricts urease-urea contact and slows granule dissolution

(Gould et al. 1986), thereby slowing the rate of hydrolysis. Increasing the size of urea

granules (Nommik 1973) may have an effect similar to increasing urea concentration by

slowing dissolution and hydrolysis. Applying urea with acidic compounds such as

phosphates (Fan and Mackenzie 1993) or highly soluble Ca and Mg salts (Evangelou

1990) can modi$r soil pH to restrict the pH increase accompanying urea hydrolysis which

in tum restricts NH, formation. However, the suitability of this practice depends on soil

chemical properties. For example, phosphate is immobile and readily precipitates with

Ca in alkaline soils; thus, plant availability of surface-applied P will be limited and the

pH effect will be of short duration.

Treating urea with a urease inhibitor may reduce NH, loss by delaying and/or

lengthening the hydrolysis process, thereby retarding NH, formation and enabling

downward movement of urea. A vast array of herbicides, insecticides, fungicides and

other compounds, such as hydroquinone, have been tested as urease inhibitors (Mulvaney

and Bremner 1981; Medina and Radel 1988; Yeomans I99I; Bremner 1995). To date,

the most promising compound for inhibition of soil urease activity is the phosphoroamide

N-(n-butyl) thiophosphoric triamide (Bremner 1 995).

2.5 The Urease Inhibitor N-(n-butyl) Thiophosphoric Triamide

Manipulating the dynamics of urea hydrolysis with urease inhibitors has attracted

much interest, with recent developments identifuing phosphoroamides as an effective

group of inhibitors (Yeomans 1991), particularly N-(n-butyl) thiophosphoric triamide
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(NTBPT) (Chai and Bremner 1987; Bremner et al. I99L; Byrnes and Freney 1995). The

high capacity of NBPT to reduce NH, loss from surface applications of urea fertilizers

has been reported in a number of field and laboratory studies across a range of

concentrations (Christianson et al. i990; Carmona et al. 1990; Christianson et al. 1993;

Watson et al. l994ab; Vittori Antisari et al. 1996; Grant et al. 1996b). Bremner and Chai

(1989) reported NBPT (0.47% w/w) on average decreased NH, loss from 52 to 5%o when

soils were incubated for 14 days, where 59%o urea-N remained with NBPT but 0% with

unamended wea. For NBPT to significantiy reduce NH, loss, there must exist a strong

potential for NH, volatllization in the absence of the inhibitor. Therefore, NBPT benefit

is more readily observed with controlled experiments where conditions are optimal for

high NH, loss as compared to evaluation in the field where conditions are not always

conducive to NH, volatilization.

2.5.1 Mechanism of Urease Inhibition

N-(n-butyl) thiophosphoric triamide itself is a weak inhibitor of urease activity.

Once in contact with soil, NBPT converts to its oxon analog N-(n-butyl) phosphoric

triamide OIBPTO), which is a strong inhibitor of urease activity in soil (Creason et al.

1990). Oxygen is required for this conversion which does not proceed under saturated or

anaerobic conditions (Keerthisinghe and Freney 1994). McCarty et al. (1989) found

NBPT was a poor inhibitor of pure microbial and plant urease in purified extracts but an

effective inhibitor of soil urease. In the soil, inhibition persisted as NBPT degraded to

NBPTO, while the absence of oxygen in the purified extracts prevented NBPTO

formation and thus any pronounced urease inhibition.

N-(n-butyl) thiophosphoric triamide and NBPTO are classified as structural

26



analogs of urea, possessing bond angles and lengths similar to urea which enable the

compounds to occupy the urease enz)rme active site to inhibit urea hydrolysis (Byrnes

and Freney 1995) (Figure 2.2). Urease inhibition is complete with the formation of a

diamidophosphate-urease complex where NBPT occupies the enzyme active site,

inactivatin g the eruyme and precluding urea hydrolysis. N-(n-butyl) thiophosphoric

triamide restricts hydrolysis for several days, delaying the period of maximum NH, loss

(Watson et al. 1994a; Grant et al. 1996b) and improving the opportunity for rainfall to

move urea into the soil to restrict NH, loss (Hendrickson 1992).

s
il

cH!-(cH:)!-ry-F-NH.-tt
H NH.

N-(n-buryl) thiophosphoris triamidc

o

cH,-(cH:)¡-*-[-NH,lt
H NH.

N.(n-hrtyl) phcphoric ûirnidc

Figure 2.2 Chemical structure of NBPT and NBPTO.

2.5.2 Performance and Suitability of NBPT for Agricultural Use

To qualiff as an urease inhibitor for agricultural purposes, a compound must

satisff a set of criteria (Medina and Radel 1988; G¡ant and Bailey 1997). The compound

must 1) specifically and persistently inhibit urease activity and be stable in urea fertílizer,

2) not adversely affect environment health, crop health or crop consumer health, 3)

inhibit urease activity over a range of soil and environment conditions for a suitable

duration at a reasonable concentration, and 4) be cost effective over the long-term. N-(n-

butyl) thiophosphoric triamide, marketed as Agrotain by IMC-Global, meets the criteria,

is registered for agricultural use in the USA, and was registered for use in Canada in
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March 1999.

The effectiveness of NBPT is a function of both the rate of conversion to

NBPTO, which is affected by soil constituents which catalyze the thio-oxon conversion,

and the stability of NBPT and its derivative in soil (Christianson et al. 1990). Although

NBPTO is the dominant inhibitory compound and inhibition by NBPTO is of greater

magnitude than that of NBPT when tested in pure enzpe assays (Keerthisinghe and

Blakeley 1995), the total capacity for urease inhibition is greater with NBPT than with

NBPTO. Hendrickson and Douglass (1993) related this inhibitory capacity to the

enhanced persistence of a larger quantity of NBPTO derived from NBPT than pure

NBPTO. Although NBPT conversion to NBPTO coÍrmences almost immediately

following application to soil (McCarty et al. 1989), the disappearance of pure NBPTO is

more rapid than that of NBPTO formed from NBPT degradation. Also, because NBPT is

more persistent in soil than NBPTO, NBPT-derived NBPTO and inhibitory performance

will persist in the soil for a longer time, as it is formed over time in the soil. Hendrickson

and Douglass (1993) recovered NBPT (05% w/w) and NBPTO from NBPT up to 2

weeks after application to an incubated soil (pH 6.9), while NBPTO degradation was

complete within 8 days after application. The rate of disappearance decreased as initial

NBPT concentration increased.

The persistence of urease inhibition may also be related to the similarity of urea

and NBPTA{BPTO movement in soil. Christianson and Howard (1994) observed

movement of NBPT and NBPTO closely matched that of urea on soil thin-layer

chromatography plates in the laboratory. Over time NBPT movement lagged slightly

behind urea, which the authors attributed to the concurrent conversion of NBPT to

NBPTO.
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The relatively rapid degradation of NBPT and NBPTO in soil limits the duration

of any negative health effects on the environment, phytotoxic effects, or health effects to

crop consumers. N-(n-butyl) thiophosphoric triamide toxicity, as presented in the

commercial product information guide, is very low for aquatic organisms and does not

affect soil bacterial populations (Anonymous 1996). Incidence of leaf-tip necrosis at

higher concentrations of NBPT appears to be due to accumulation of toxic levels of urea

in plant tissue rather than NBPT-induced toxicity (Bremner and Krogmeier 1988;

Krogmeier et al. 1989).

As NBPT interferes with the actual hydrolysis process, soil and environmental

factors which affect urea hydrolysis and movement of urea and NHo* will also impact on

the performance of NBPT as a urease inhibitor. For example, arainfall event in

conjunction with NBPT use would likely reduce NH, loss to a greater extent than if

precipitation did not occur before the inhibitor degraded by moving unhydrolyzed urea

into the soil. In the absence of urea and NH, movement away from the surface, use of

NBPT would merely sustain a reduced rate of NH, loss for a longer duration and not

reduce total NH, loss (Christianson et al. 1993).

The greatest positive benefit of NBPT will likely be observed on high pH soils

which are more prone to ammonia loss than soils of low pH (Beyrouty et al. 1988).

Hendrickson and Douglass (i993) observed a greater magnitude and duration of urease

inhibition with NBPT on a neutral soil than an acid soil, even when the pH of the acid

soil was artif,rcially increased to that of the neutral soil by the addition of Ca(OH)r. Clay

et al. (1990) found NBPT decreased the rate of urea hydrolysis and the accompanying pH

increase. Use of NBPT (0.5% w/w) restricted the soil pH increase from 6.5 to 7.2 versus

the observed increase from 6.5 to 9.0 without NBPT. N-(n-butyl) thiophosphoric
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triamide has also been more effective in soils with high NH, loss from unamended urea,

specifically those with low titratable acidity, low moisture content, low organic matter

and high pH (V/atson et al. 1994b).

The magnitude and persistence of NBPT in soil depends on the rate of NBPTO

formation and the stability of NBPTO in soil relative to the urea hydrolysis rate. For

successful urease inhibition, the rate of NBPT conversion to NBPTO must exceed the rate

of urea hydrolysis (Keerthisinghe and Blakeley 1995). N-(n-butyl) thiophosphoric

triamide may be less effective in soils amended with residues and at higher temperatures,

as increased residue content and temperature coincide with increased urease activity. Use

of NBPT with urea reduced NH, loss from26%oto lo/o when applied to soil plus residue

and from 92 to 39%o when applied to residue without soil (Beyrouty et al. i988).

Carmona et al. (1990) observed a decrease in reiative NBPT performance as soil

temperature increased from 18 to 32"C. At higher temperatures and increased residue

content, the rate of urease activity and urea hydrolysis may exceed the rate of NBPT

conversion to NBPTO, or the rate of inhibitor degradation may be more rapid, requiring a

higher rate of NBPT to suppress NH, losses.

The amount of product required for optimal suppression of loss is also a key

consideration in evaluating an inhibitor. Watson et al. (1994a) calculated an optimum

NBPT rate of 0.Io/owlw, achieving 93%inhibítion of NH, loss for their site conditions.

In their studies, the magnitude of NH, volatllization reduction decreased with increasing

rates beyond 0.lo/o, illustrating diminishing retums at higher rates. At very low

concentrations the disappearance rate of NBPT is more rapid, somewhat reducing the

persistence of inhibition (Hendrickson and Douglass 1993). However, effective

inhibition has been observed even at concentrations as low as 0.005% to 0.jI%ó wlw
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(Carmona et al. 1990; Watson et al. 1994a). Christianson et al. (1990) observed 1.5 to 3

times lower NH, losses at an NBPT concentration of 0.1% versus 0.01% although urea

hydrolysis was still inhibited by about 680/o at the lower concentration.

Improving the efficiency of urea surface applications alone is insufficient to

justiff use of NBPT. The conservation of N with NBPT use must be translated to

increased yield and plant uptake of N to achieve a return on input investment. Conditions

are not conducive to NH, volatilization every year; therefore, NBPT is a long-term

management tool, maintaining yield potential in years when considerable NH, loss in the

absence of NBPT would limit N supply to the crop and significantly detract from yield.

It is important to remember NBPT does not completely and indefinitely prevent urea

hydrolysis but rather slows the conversion, the extent of delay and concentration of

NBPT applied being positively related (Carmona et al. 1990) and dependent on soil,

environmental and management conditions.

2.6 Distribution of Urea and Nitrogen Reaction Products in Soil

The extent and pattem of NH, loss are not necessarily solely related to the pattern

of urea hydrolysis (Carmona et al. 1990). Urea movement and subsequent conversions

and equilibrium reactions of urea-derived ammoniacal N in soil also alter the potential for

NH, volatilization. The capacity of the soil for movement and retention determine the

spatial and temporal distribution of surface-applied urea and successive N reaction

products in soil, combined with environmental conditions following urea fertilization.

Amendment of urea with NBPT may alter the distribution pattern of urea and reaction

products with depth in soil and may interfere with N conversions (Christianson et al.
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1993; Vittori Antisari et al. 1996; Zhengping et al. 1996). N-(n-butyl thiophosphoric

triamide slows urea hydrolysis and the accompanying pH and [Mol increase in soil,

permitting downward movement with soil water or incident rain. Irrigation, a single

rainfall event or multiple small consecutive rainfalls equivalent to about 2 to 2.5 cm

(Bouwmeester et al. 1985; Anonymous 1996) should induce a similar scenario. Reduced

NH, volatilization and rapid nitrification are more likely with increased water infiltration

prior to urea hydrolysis because the movement of NHo* in soil water is much slower than

that of urea.

IJrea movement and ammoniacal N diffusion rates increase as water content and

soil temperature increase. Nitrate accumulates with increased outward diffusion of urea

and NHo* from the application zone as high ffir] and high pH inhibit nitrate formation

(Schmidt 1982). Zhengping et al. (1996) found low soil moisture content (10%) limited

movement of urea and ammoniacal N from the zone of placement, restricting NOr-

formation to the periphery of the fefülizer reaction zone, all of which was delayed with

use of NBPT. However, at20o/o moisture content, more rapid diffusion and hydrolysis

led to more rapid NOr- accumulation. At the higher moisture content, NBPT slowed

hydrolysis but prevented NHo* accumulation. Ammonium was quickly nitrified to NOr-

as NBPT eliminated pH- and NHr- induced inhibition of NOr-formation.

Soil properties also influence distribution and formation of urea-N and N

hydrolysis products in soil. Bremner and Chai (1989) observed the proportion of urea-N

present as exchangeable NHo* was markedly greater in soils with higher organic matter,

clay content and CEC, perhaps because these soils could retain more NHo* on their

greater total surface area and exchange sites to limit the extent of subsequent N

conversions in soil solution as in Eq. [6]. Christianson et al. (1993) found the capacity of
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a soil to permit diffusion dictated the effectiveness of NBPT in reducing NH1* and pH

accumulation in the fefülizer microsite as reduced [Mol and greater diffusion was

detected on a sandy textured soil þH 5.2) than on a clay soil (pH 8.2) when urea treated

rvith NBPT was surface-applied. Nitrification was most rapid at0.5o/o NBPT where the

time to pH and NH4* accumulation was delayed the most. Nitrate accumulated where

NH4* concentration was the lowest and decreased inward towards the zone of urea

placement. However, initial soil pH may have partially confounded these findings as the

maximum pH associated with hydrolysis is lower on an acid soil versus an alkaline soil.

Soil pH is highly correlated with NHo*, NOr- and NOr- formation from urea with and

without NBPT (V/atson et al.I994b).

The rate of NBPT applied with urea may affect the formation and distribution of

urea-N and hydrolysis products in soil. Christianson et al. (1990) reported increased

recovery of urea in the 0-5 cm depth with increased NBPT rate from 0 to 0.IYo over a l0

day period when downward movement was prevented. Watson et al. (I99aa) found the

quantity of urea and NHo* remaining increased with increased rate of NBPT while

nitrification was significantly reduced at0.28Yo NBPT. Bremner and Chai (1989)

reported NBPT (0.47% w/w) on average decreased nitrite formation from 1l to Io/o when

soils were incubated for 14 days. Research by Vittori Antisari et al. (1996) showed the

ratio of NOr-:NOr- from urea increased as NBPT concentration increased. Use of NBPT

may have reduced the inhibition of nitrate formation because of resulting lower [Nrf{3].

The influence of NBPT application on formation and distribution of urea

hydrolysis products in soil is temporary, merely delaying the conversion of urea-N to

nitrate. W'atson et al. (I994a) found no significant effect of NBPT on recovery to l5 cm

at 5 cm depth increments 6 weeks after application. Christianson et al. (1990) measured
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greater levels of NHo* at 0.01o/o NBPT than at 0.I0% in the 0-5 cm depth mid way

through a 10 day laboratory study although final NHo* content was similar.

2.7 PlantYield and Recovery of Urea-N Surface-Applied with NBPT

N-(n-butyl) thiophosphoric triamide has been shown to be a proficient inhibitor of

soil urease, improving the efficiency of urea-N fertilizer applications by reducing the

extent of NH, loss to the atmosphere. However, for NBPT to be economically viable, the

savings in fefülizer nitrogen availability must result in increased plant uptake of fertilizer

N and increased yield or improved crop quality (Grant and Bailey 1997).

Effects of NBPT on grain yield and plant uptake of fertilizer N has predominantly

been studied with corn and is dependent on the overall capacity of the crop to benefit

from the increased quantity of available N. Crop response to NBPT will generally occur

when conditions are conducive to large NH, or immobilization losses and N is limiting to

crop production (Murphy and Ferguson 1997) in the absence of NBPT, so that the

conserved fertilizer N is utilized by the crop (Hendrickson 1992). Use of NBPT with

urea shows most promise when surface-applied to a soil with an accumulated layer of

residue and/or to a moist soil subject to evaporation or drying (Murphy and Ferguson

1997) where loss of fertilizer N may be detrimental to yield. For example, corn yield in a

ridge till system responded positively to NBPT applied with urea (5.6 bu acre-r increase)

in only one year of a 3 year field study. The authors concluded conditions were not

conducive to NH, loss, or N was not limiting to yield, in the other 2 years (Murphy and

Ferguson 1997). Results from 78 trails conducted in the USA over a 5 year period

showed on average NBPT increased grain yields by 4.3 bu acre-r and 1.6 bu acre-r when
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applied with urea and UAN, respectively (Hendrickson 1 992). Fox and Piekielek (1993)

found amendment of urea with NBPT significantly improved corn yield and N uptake

with broadcast urea and significantly increased N uptake with sprayed UAN.

A limited number of field experiments evaluating yield response to NBPT-

amended urea in crops other than corn have been conducted. Gezgin and Bayrakll (1995)

reported winter wheat grain yield increased from3763 kg ha' with unamended urea to

4443 and 4313 kgha-r with amendment of urea with NBPT at rates of 0.25 and 05%

w/w, respectively. Field experiments with surface applications of urea to perennial

ryegrass (Watson et al.1994a) showed N conserved through use of NBPT amended-urea

(0.05% w/w) was utilized by the plant and translated into a 9o/o increase in dry matter

yield. Percent N utilization also significantly increased from 32 to 3gYowith use of

NBPT.

Some preliminary studies in Manitoba indicate there is potential for increased

crop response when urea is amended with NBPT. In a 3 year study, NBPT consistently

increased grain yield of barley under zero tlllage when surface broadcast with urea (Grant

and Bailey 1997). In a growth chamber experiment, vegetative yield and plant nitrogen

accumulation of wheat increased with increased rates of NBPT from 0 to 0.25o/owlw

surface-applied with urea, indicating transference of N conserved from volatilization to

plant growth (Xiaobin et al. 1995).

A legitimate concern with the use of urease inhibitors is the potential plant

physiological impact which may accompany use of elevated rates of NBPT with urea,

where intact urea may be taken up by the plant ('Watson et al.1994a; Yeomans i991).

Vy'atson et al. (1994a) found reduced dry matter yield response at NBPT rates greater than

0.1% where the higher rates perhaps induced plant dama ge. Leaf típ necrosis,
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accompanied by urea accumulation in plant tissue, has been observed in sorghum and

wheat with foliar applications of NBPT-treated urea (Bremner and Krogmeier 1988;

Krogmeier et al. 1989), indicating urea toxicity as opposed to direct NBPT toxicity.

Use of NBPT will only improve crop productivity when soil, environment and

management conditions result in significant NH3 volatllízation from surface applications

of unamended urea creating an N deficiency to the growing crop. A heightened

understanding of conditions contributing to NBPT effectiveness will assist in predicting

whether there will be economic benefits to using NBPT on the Eastern Canadian prairies.
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3. AMMONIA VOL A"TILTZATION AND SOIL N FOLLOWING SURFACE

APPLICATION OF UREA FERTILIZERS \ryITH AND WITHOUT NBPT:

EFFECT OF SOIL TEXTURE, TEMPERATURE AND IRRIGATION

3.1 Abstract

Field studies using lysimeters were conducted under modified zero Tillage

conditions on two Orthic Black Chernozemic soils, a Stockton fine sandy loam and a

Newdale clay loam, to assess the effect of the urease inhibitor N-(n-bufyl) thiophosphoric

triamide (NTBPT) on NH, volatilization and distribution of urea hydrolysis products in the

soil from surface-applied urea and urea ammonium nitrate (UAN) with and without

irrigation. The studies v/ere ran in May and again in July to evaluate NBPT performance

under varying temperature regimes. Ammonia losses were measured to 12 days after

fertilization (DAF) in 1996 and to 21 DAF in 1997, after which soil exchangeable NHo-

N, NO3-N and urea-N content were determined. Total NH3 volatilization decreased in the

order of non-irrigated > irrigated > non-irrigated+NBPT > irrigated+NBPT and was

greater from urea than UAN. Ammonia loss varied from 16.9 to 36.2 o/o and 8.0 to 3L5%

of applied N for unamended urea and UAN, respectively with rate and amount of loss

being greatest for the Stockton fine sandy loam soil fertilized in July. N-(n-butyl)

thiophosphoric triamide was most effective in reducing NH, loss during periods of peak

NH, loss from unamended urea, reducing NH, loss by 83-98% and delaying the period of
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maximum loss until at least 8 DAF. For each study, soil nitrogen content to 30 cm

decreased in the order of NO3-N > NH4-N > urea-N for most treatments. Nitrogen form

and distribution in soil was influenced more by irrigation than by NBPT as irrigation

enhanced downward movement of NOr- and nitrification of NHo* to NOr-. Urea and NHo*

content at 0-5 cm were greatest for non-irrigated urea and UAN amended with NBPT

whereas soil NOr- varied inconsistently with treatment. The proportion of total N

measured (soil N plus volatilized NHr-N) that was present in the soil was greater with

NBPT than without, indicating that the reduction in NH, volatilization resulted in

increased soil N.

3.2 Introduction

Urea fertilizer is rapidly hydrolyzed by urease enzymes in soil and organtc

material to 2NHo* and HCOr- (Koelliker and Kissel 1988). The efficiency of urea

fefülizer applications is reduced if this ammonia is lost through volatilization.

Volatilization of NH, is a function of: i) urea hydrolysis rate or rate of NHo* formation, ii)

equitibrium among NH, and NHo* in soil solution and NH, in soil air (NiH4*(uÐ + NHr,ur+

M:(e),o'), iii) NH3 exchange between soil and atmosphere CJH:1g¡so¡ = M¡(e)o,,), and iv)

exchange befween NHo* in solution and soil exchange sites (ftrHo*(ex¡ = NHo+1"4) (Sherlock

and Goh 1985). The amount of NHo*,u, present is also altered by removal of NHo* from

the soil via plant uptake, immobilization and nitrification. Ammonia volatilization

proceeds when there is a sufficient difference in the partial pressure between M:(g),oir âfld

Mrir¡u,' at the soil/air interface due to an elevated concentration of NHr,g¡so¡ netr the soil

surface (Koelliker and Kissel 1988). The potential for NH, loss is greatest when urea is
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surface-applied to residue covered soil, such as under zero tlllage where urease activity is

elevated and movement of urea into the soil prior to hydrolysis may be impeded (Byrnes

and Freney 1995). Since a relatively large land areain Manitoba is zero-tilled, an

efficient means of providingfertrlizer N under these conditions is needed.

The urease inhibitor N-(n-butyl) thiophosphoric triamide INBPT) may slow NH,

formation from surface-applied urea by inactivating urease enzymes (Kolodziej L994) to

delay the period of maximum NH, loss (Clay et al. 1990; Carmona et al. 1990). N-(n-

butyl) thiophosphoric triamide decreases NHo* accumulation and pH increase

accompanying urea hydrolysis (Schmidt 1982) and lengthens the time frame over which

urea can move into the soil with infiltrating water to reduce the potential for NH,

volatilization (Grant et a|. 1996b). Amendment of urea with NBPT may alter the

distribution pattern of urea and hydrolysis products with depth in soil and may interfere

with N conversions. Use of NBPT with urea has been shown in laboratory studies to

increase diffrrsion of urea from the placement zone, slow conversion of urea and decrease

accumulation of NH.-N versus NO3-N when studied under varying soil and moisture

conditions (Christianson et al. 1993; Vittori Antisari et al. 1996; Zhengping et al. 1996).

The objective of this study was to characteize the effect of NBPT applied with

urea and UAN fertilizers on anÌmoníavolatllízation, and the spatial distribution and

dominant species of urea hydrolysis products in soil as influenced by variable weather

and soil parameters of zero tilled fields in Manitoba.

3.3 Materials and Methods

Field experiments using lysimeters were conducted in 1996 and 1997 on Stockton
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fine sandy loam (FSL) and Newdale clay loam (CL) Orthic Black Chernozemic soils

(Table 3.1) (Goh eT al. 1993; Hendershot et al. I993ab; Ianzen 1993). Field trials were

run in mid-May and mid-July for each year and for each soil. YolatilizedNH, was

measured for 12 DAF in 1996 and for2I DAF in 1997. Studies in 1996 trials

commenced May 2T and July 16 on the Newdale CL and May 28 and July 17 on the

Stockton FSL. Trials in 1997 began try':ay 20 and July 24 onthe Newdale CL and May 6

and July 24 onthe Stockton FSL. Soil moisture contents determined at seeding in May

from a directly adjacent study were33o/o andL2o/o for the Newdale CL and Stockton FSL

soil, respectively in 1996 and34Yo and 18%o, respectively in 1997. Daily air temperature

and soil temperature within the cylinders at 1 cm below the soil surface were recorded

throughout each trial period. Data recording in May 1997 was delayed until 7 DAF and 3

DAF on the Newdate CL and the Stockfon FSL soil, respectively, and ended at 9 DAF in

July 1997 on the Newdale CL due to equipment failure (Figures 3.1 and3.2).

Table 3.1 Selected chemical and physical characteristics of soils used'.

Soil Sand Silt Clay FC BD CEC OC CaCO, pH EC

Name % % % % gcm-3 cmolkg-t % % PS/cm

Newdale

(1ee6)

Stockton

(1ee6)

Newdale

(ree7)

Stockton

(tee7)

32.2 36.3 31.5 30 l.r7

'All determinations made using 0-15 cm depth composite samples.
v FC: field capacity; BD: bulk density; CEC: cation exchange capacity; OC: organic

carbon; pH in water; EC: electrical conductivity saturated paste method'

76.0 11.8 12.2 23 1.15

46.7

23.r

35.8 32.2 32.0 32 1.31

75.5 tr.4 13.1 19 1.34

49.8 4.3 t.6

0.3

3.6

t.423.2 2.1

8.2

8.2

8.0

7.62.7

4.9

r092

740

7s6
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Each individual experiment was set up as a randomized complete block design

having three replicates with 10 treatments occurring once in each block. The treatments

were an irrigated and a non-irrigated control (no fertilizer or NBPT), 100 kg N ha'' as urea

with and without NBPT (0.14%w/w) both with and without irrigation, and 100 kg N ha'

as UAN with and without NBPT (0.14% w/w) both with and without irrigation.

Irrigation consisted of adding the equival ent of 2 cm of deionízed water at 2 and 8 DAF.

Study design and ammonia capture and analysis procedures followed that of Grant

et al. (1996b), derived from the methodologies of Nommik (1973) and Fairlie and Goos

(1986). White polyvinyl chloride (PVC) cylinders (lysimeters),20 cm in length by 15 cm

diameter, were inserted into the soil to a depth of 5 cm with minimal disturbance of the

soil. Prior to treatment application, surface residue was cleared from the immediate area

of fertilizer placement within each cylinder to allow direct contact of fertilizer with soil

and to eliminate any direct effects of residue on urea hydroiysis and ammonia

volatilization. Filter paper was placed on the soil surface in each lysimeter and 150 mL

distilled water added 24hrs prior to fertilizer addition to attain equivalent soil surface

moisture content within all lysimeters at a site. Fertilizer treatments were dispensed on

the soil surface within a2 cmdiameter areaatthe centre of each PVC cylinder.

Immediately followingfefülization, each cylinder was fitted with two polyfoam

discs, 2.5 cmthick and 16 cm in diameter, previously double washed with distilled water,

0.001M H2SO4 and a glycerol-phosphoric acid solution (100 ml I4.7 M H3PO4, 125 ml

glycerol and2275 ml deionized water), thoroughly wrung after each washing. The lower

disc was inserted in the cylinder at 5 cm above the soil surface to trap volatilized NH, and

the second disc placed 5 cm below the top of the cylinder to prevent drying and

atmospheric ammonia contamination of the lower disc. Each disc was designed to fit
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tightly within the cylinder to minimize escape of gaseous NHr. Clear plexiglass sheets

were positioned atop four corner-placed reinforcing bars approximately 30 cm above the

lysimeters in each block to provide protection from rainfall but permit incident sunlight.

On specified DAF during each trial (at I,2, 5,8, 12 DAF in 1996 and extended to

15, 19 and 21 DAF in1997) the lower disc was removed, immediately replaced by a fresh

disc and placed in a sealed, airtight plastic bag containing2Í} ml2lr4 KCl. Each disc

was thoroughly rinsed in the KCI solution to extract the trapped ammonia, and the

solution decanted into vials, sealed and stored frozen until analysis. The KCI extract was

analyzed at room temperature for ammonium-nitrogen content using a Technicon

Autoanalyzer (Technicon Industrial Systems I9l 7).

At the end of each trial period all soil at the 0-5 cm and 5-10 cm depths was

removed and three soil cores taken from each lysimeter at 10-20 and 20-30 cm

increments and composited by depth. Field moist samples were extracted and analyzed

for exchangeable NH4-N and NOr-N (Maynard and Kalra 1993) and urea-N (Bremner

1982) using a Technicon Autoanalyzer (Technicon Industrial Systems 1980). Technical

difficulties rendered NH4-N data in 1996 below 0.25 mgkg-r as unreliable. Values below

this limit are reported as "nd".

Statistical analyses were conducted on log-transformed data (log + 1) (Little and

Hills 1978) using the MIXED models procedure of the SAS Institute, Inc. (Littell et al.

1998) as the design supported both fixed and random effects. Ammonia volatilization

and soil nitrogen data were analysed separately. As significant interactions occurred

between year, soil, study and treatment for NH3-N (Table 3.2) and for soil exchangeable

NH4-N, NO3-N and urea-N data (Table 3.3), the data was analysed separately by study,

soil and year. Least squares means standard error and contrast analysis probabilities are
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reported. Statistical analysis of ammoni avolatilization data was performed on date

groupings for the period prior to initial irrigation at 2 DAF , and from 2 to 5 DAF, 5 to 1,2

DAF, 12 to 2I DAF (1997 only) and on total NH, loss. Soil nitrate, ammonium and urea-

nitrogen data were analyzed separately by depth. For some depths and times, particularly

at lower depths and in July, there were insufficient data values to statistically analyze

NH4-N and urea-N data. Statistical analyses were also performed on log-transformed

data (log + 1) of total soil N measured in soil as a percent of total N recovered (soil N

plus volatilized NHr-N). Data was log-transformed as the variance of non-transformed

data was not homogeneous as determined using the F,*-test (Sokal and Rohlf 198i).

Table 3.2 Pr>F, F and LS means standard error values for log-transformed NH,-N data.
Sum to 2 DAF Sum 2 to 5 DAF Sum 5 to 12 DAF Sum 12 to 21 DAF

Fvalue Pr>F ,Evalue Pr>F ,Fvalue Pr>F -Fvalue Pr>FSource

Soil

Study

Soil*Study

Year

Year*Soil
Year*Study

Year*Soil*Study
Treatrnent

Soil*Treatment

Study*Treatment

Soil*Study*Treatonent
Year*Treatrnent

Year*Soil*Treatrnent

Year*Study*Treatment

0.82 ns 36.45 E

2s2.24 E 678.27 E

0.00 ns

12.e9 E

31.81 1
L2t.t2 E

6.05 *

53.72 '.* 58.66 E

4s.84 E 6.17 *{'

4.35 *I L58 *;k* 26.24 E

63.70 \
11.85 *r<*

33.96 E

1.8 *r<

9.02 *¡< 94.56 E

73.03 E 2t1.66 E 207.e6 1

1.23 ns

L03 ns

4.96 *

0.51 ns

)7,7) Y
5

26.58 E

111.9 E

6.8 E

10.43 €
3.07 ***
le.ls E

2.98 **r(

12.07 E

4.09 €
0.01

YearxSoil*Study*Treatnent 2.89 'k**
LS Means Std Er¡or 0.09

0.54 ns

32.0e E

0.95 ns

t4.33 E

7.23 FÞ

7.e6 E

1.19 ns

t7.e3 1

2.41 ¡<r'

1t.22 E

5.e0 1

3.63 t,

3.63 E

0.09

2.95 *.**

26.48 1
3.I I ***

13.51 E

3.50 {<rc*

3.67 F:
3.3 r*r

0.15
*,**,***,É : significant at p : 0.05, 0.01, 0.001 and 0.0001 levels, respectively; DAF : Days After

Fertilization; Study : May or July trial period.
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Table 3.3 Probabilitv values and LS means standard error for log-transformed soil N data.

0-5 cm Depth 5-10 cm Depth l0-20 cm Depth 20-30 cm Depth

Nq,-N \FIr-N Urea-N NOr-N NFIr-N Urea-N NOr-N NHr-N Urea-N NQ"-N N¡L-N Urea-N

Soil

Study

Soil*Study

Year (Y)

Y*Soil
Y*Study

Y*Soil+Study
Treatment (T)

Soil*T
Study*T
Soil*Study*T
Y*T
Y*Soil*T
Y*Study*T

FFns
NSEÉ
nsqns
**+ ns E

ns +* ns

ns€**
ns ns ns
tcxqç9
ns ns ns
*{.t( nS nS

ns ns ns

ns*ns
nsns*
*i( nS +*

nsqnsnsE
Et,€€E
ns ns ns ns ns

ns€nsnsÉ
+*É*{<'tE
*Ens*€
*nsns*ns
€*nsÉ*
ns ns ns ns ns

ns ns ns ns ns

ns ns ns ns ns
*€ns*å
ns ns ns ns ns

ns ns ns ns ns

nsEnsnsE

E

ns

ns

ns

ns

ns

e
ns

ns

ns

ns

ns

ns

ns

Fns
E ***q

*** ns

F +*+

*{.{< nS
P **
q

ns ns
*ns

*i {. nS

** ns

ns*
Fns
ns **

*** t(**

*ns

ns

r
ns

ns

Y*Soil*Study*T ** ns ns

ns

ns

ns

NS

ns

ns

ns

NS

ns

ns

0.08LSMeansSE 0.09 0.17 0.11 0.1 0.08 0.1 0.11 0.09 0.08 0.11 0.09

*,**,***,1: significant at p = 0.05, 0.01, 0.001 and 0.0001 levels, respectively; DAF = Days After
Fertilization; Study : May or July trial period.

3.4 Results and Discussion

3.4.L Ammonia Volatilization

Yolatllization of ammonia from surface-applied urea and UAN decreased in the

order of non-irrigated > irrigated > non-irrigated plus NBPT CÀII+NBPT) > irrigated plus

NBPT (I+NBPT) for all trials. The only exception was the study on the Stockton FSL

soil in July 1997 where NH, volatilizatíonbeyond the 8 DAF sampling period from

NI+NBPT urea and UAN exceeded loss from irrigated treatments without NBPT (Figures

3.1 and 3.2). Both irrigation and NBPT significantly decreased NH, volatilization.

Ammonia volatilization from irrigated treatments plus NBPT ranged from 1 .2 to 24.IYo

for urea and3.2 to 13.2o/o for UAN as compared to 16.9 to 36.8Yo andT .2 to 3L.5o/o fot

unamended urea and UAN, respectively.
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--r-NI+NBPT ---^--I+NBPT

UAN: CL soil, May

-. Temp.

U.AN: CL soil, July
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Days After Fertilization Days Afrer Fertilization

Figure 3.1 Cumulative NH3-N loss from urea and UAÌ.{ wittt and without irrigation and

NBPT for two soils in May and July in 1996, minus controls (I = irrigated, NI: non-irrigated).
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Figure 3.2 Cumulative NH3-N loss from urea and UAN with and without irrigation and

NBPT for two soils in May and July in 1997, minus contols (I: irrigated, NI: non-irrigated).
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Yolatilization was lowest during the first week with M+NBPT, with irrigation in the

second week and with I+NBPT throughout the study duration. For all treatments, total

NH, loss and rate of loss were consistently greater in July than May and greater for the

Stockton FSL than for the Newdale CL soil. Ammonia loss from urea treatments

generally exceeded loss from corresponding UAN treatments (Tables 3.4 and 3.5) where

the difference was greater for the unamended treatments than the treatments with NBPT.

Table 3.4 Contrast analysis and LS means standard error values for log-transformed
1996 NH.-N data.

Sum to 2 DAF Sum2to5DAF
Newdale CL Stockton FSL Newdale CL Stockton FSL

May July May July May July May July
yy***ççY.YYssb5bbs
* ns t<*'k ,<**< ** ***< e \

*rt É rs ns

NS NS NS

YYYb55
FFF

F ***
5

Contrast

Treat. vs Cont.

Urea vs UAN
lvs2
7vs8
1 and2 vs 3 and 4

7and8vs9and10
2vs3
8vs9
LS Means Std Err

NS NS NS NS

ns ns ns ns

g9
**t g

S5
nS ***

{<*:ß *t<tc

NS

t
ç

I
t(**

t< dc

0.24
1\ns{<

0.1 1 0.28 0.1 I 0.5 i
F. *** F

0.23 0.23 0,31

Urea vs UAN 1 E 1
F *** ,kt< F ,b:Þ

Sum 5 fo l2- DAF Sum to 12 DAF
Newdale CL Stockton FSL Newdale CL Stockton FSL

May July May July May July May July

\EEE"\ËEE"
çç****yF{.**SS55

***< tc,t(tc ns q ** ns ns **

ÉnsEEE\€ns
7 andS vs 9 and 10 E ns*** 9***yF5ÞÞ*nslns

Contrast
Treat. vs Cont.

1vs2
7vs8
I and2 vs 3 and 4

2 vs3
8vs9

nsL***1
ns*nsnsnsnsnsns

LS Means Std Err 0.48 0.40 0.57 0.30 0.54 0.51 0.58 0.53
*,**,* **,å : significant at p : 0.05, 0.01, 0.001 and 0.0001 levels, respectively; DAF : Days After
Fertilization; Treat. : Treatment; Cont. = Control; NI : Non-irrigated; I: Irrigated; 1 = NI Urea;

2 = IIJrea;3 : NI Urea+NBPT; 4 = lUrea+NBPT; 7 = M UAN; 8 : I UAN; 9 : NI
UAN+NBPT and l0 = I UAN+NBPT.
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Table 3.5 Contrast analysis and LS means standard error values for log-transformed
1997 NH.,-N data.

Contrast
Treat. vs Cont.

Urea vs UAN
ivs2
7vs8
7 and? vs 3 and 4

7 andS vs 9 and l0
2vs 3
8vs9

LS Means Std Err

Sum to 2 DAF
Newdale CL Stockton FSL
May Jrly May July

ct-c999
nsq**
NS NS NS

ns ns ns **

0.08 0.14 0.1 I 0.28

Sum2to5DAF
Newdale CL Stockton FSL
May July May July

ttYz
9999

rß

NS

NS

ç
***

I
NS

0.4r

NS

t<tc*

F:
cg
t
I

NS

0.14

ns ns ns

F.*F>Þ
nsnsE
*** nS rtd(*

tq

5
NS

NS

*

NS

NS

*x
ç

NSE
** {<

,,b5
*** t

I
ts **t<
I
nsE
0.30 0.1 I

Sum 5 to 12 DAF
Newdale CL Stoclcton FSL
Mav July May July

Sum 12 to 21 DAF
Newdale CL Stockton FSL
May July May JulyContrast

Treat. vs Cont.

Urea vs UAN
Lvs2
7vs8
I and2 vs 3 and 4

7and8vs9and10
2vs3
8vs9

LS Means Std Err

tcctE*{<{<vE9999599
nS *** € nS nS ** ** *(

YXLYE***?Eb9s955S
E**.*\E6nsEt,
E**t<E**Y***{<c9999
É ns € rs t<** ns *** 

1

6nsns**EEEE,** nS E rc{<* € ns *** 
E

0.17 0.45 0.2 0.57 0.22 0.55 0.31 0.37

Contrast
Treat. vs Cont.

Urea vs UAN
1vs2
7vs8
1 and2 vs 3 and 4

7 andB vs 9 and l0
2vs3
8vs9

LS Means Std En

Sum to 21 DAF
Newdale CL Stockton FSL

May July May July

**

I
tg
t
s
tg
{.

0.22

9
NS

z
I
t-g
tI

NS

NS

***
,lc rß rß

I
NS

NS

F:
NS

t
I

NS

0.55

NS

:
0.27

NS

0.62
*,**,* **,€ : significant at p = 0.05, 0.01, 0.00 i and 0.0001 levels, respectively; DAF : Days After
Fertilization;Treat.:Treatment;Cont,:Control; NI:Non-irrigated; I:Irrigated; 1:NIUrea;
Z=IUrea;3 : M Urea+NBPT;4:I Urea+NBPT; 7:M UAN; 8: I UAN; 9: NI
UAN+NBPT and 10 : I UAN+NBPT.
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N-(n-butyl) thiophosphoric triamide markedly decreased the rate and total

cumulative amount of NH, volatilized from urea and UAN fertilizers for the 12 d sfudies

in1996 and the 21 d studies in 1997 (Figures 3.1 and 3.2). The inhibitorwas most

effective during periods of peak loss from unamended treatments, delaying the onset of

loss until 2 to 5 DAF in July and until 5 to 8 DAF in May, and postponing the period of

peak NH, loss until the second and third weeks after fertilization. In contrast, peak loss

from unamended urea and UAN occurred within the first 2 to 5 DAF in May and 5 to 8

DAF in July. Cumulative NH, loss during the first 5 days after fertilizationranged from

0.4o/o to 26.2% for unamended fertilizer treatments but from only 0.Io/o to 8.9%o for

NBPT-amended treatments, while losses from 12to 21 DAF in 1997 were 0.1 to 2.6%

and 0.0 to 9.3%o, for treatments without and with NBPT, respectively. Thus, significant

probability values of NBPT treatments versus unamended fefülizer treatments for the

cumulative loss during the 12 to 21 DAF period for the 1997 studies represent increased

rate of NH, loss from NBPT-treated urea and UAN relative to unamended treatments

(Tables 3.4 and 3.5). Sigruficant differences at other periods were due to lower loss from

urea and UAN with NBPT than without NBPT. Others have reported temperature and

NBPT suppression of ammonia loss similar to that which we observed (V/atson et al.

1994a; Clay et al.1990; Mclnnes et al. 1986; Carmona et al. 1990).

The extent of NH, loss is dependent on soil and air temperature, initial surface soil

moisture status, timing and duration of rainfall events, relative humidity, wind velocity

and soil properties. These variables establish the rate of soil drying (Ferguson and Kissel

1986; Reynolds and V/olf 1987) and inhltration of urea (Black et al. 1987), and provide

the environment within which NBPT performs. The addition of water prior to fertilizer

application and the wanner soil temperatures in July likely accelerated the rate of urea
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dissolution and increased urease activity to overcome urease inhibition prior to sufficient

downward movement of urea. 
""r.our, 

et al. (1988) measured accelerated NH, loss

under warm, moist conditions. Similarly, Bremner et al. (1991) observed decreased

persistence of urease inhibition when temperatures were increased from 15 to 30'C for a

"field-moist" soil.

Although the pattern of loss with and without irrigation was similar, the addition

of water to the soil reduced NH3 volattlization for both fertilizers under all field

conditions. The product information guide for Agrotain, the commercial source of

NBPT, states use of NBPT at the prescribed rate of 0.i4o/owlw provides control of NH,

loss equivalent to 2 cm of rain (Anonymous 1996). However, results of this experiment

show timing of the rainfall event is critical. If rain does not occur for a few days

following urea application, NH, loss can be reduced to a greater extent with use of NBPT

than with rainfall. Irrigation (2 cm) at2DAI depressed, but did not consistently

eliminate NH, volatilizalionboth in the presence and absence of NBPT, particularly

under warm soil temperatures. An additional2 cm irrigation was required to prevent

further NH, loss. Irrigation in combination with NBPT provided the greatest control of

NH, volatilization, restricting total NH, loss to less than 14.9% from urea and9.3%o fuom

UAN, most notably for the July studies on the Stockton FSL soil where loss potential was

the greatest.

The relative humidity was elevated in this experiment by use of moist polyfoam

discs which impeded drying of the soil surface, especially on the Newdale CL soil which

has a greater water holding capacity. Ferguson and Kissel (1986) measured greater NH,

loss when humid air was passed over soil near field capacity versus dry air. In addition,

the modified conditions of our studies likely created an artiftcially large NH,

50



concentration gradient between the soil surface and the air directly above, where [NHrr.'o]

was kept low by the polyfoam disc simulating wind removal of NH, to maintain the

gradient for NH, loss. As such, NH, losses likely proceeded for an extended duration in

this modified field study as compared to what might occur under true field conditions

where wind would dry the soil surface. More rapid drying of the soil surface would have

created a barrier Iayer, particularly on the Newdale CL soil, which would have restricted

NH, movement to the surface, resulting in reduced NH, loss.

The potential magnitude of an NH, volatilization event and hence NBPT

effectiveness, depend on soil factors which affect urea and NH4* movement and NHo*

retention (Sherlock and Goh 1985; Christianson et al. 1993; Carmona et al. 1990). These

factors include soil texture, cation exchange capacity (CEC), organic matter content,

urease activity and soil pH (Nelson 1982; Koelliker and Kissel 1988). These properties

determine the soil's capacity for diffusion, air and water flux and for retention of

ammoniacal N and water. Soil pH, or more specifically the H*-buffering capacity against

a pH increase or, in calcareous soils, soil buffering capacity against a pH decrease due to

CaCO, (Hargrove 1988), is the most important factor. The volatilizationpotential is

greatest on high pH soils which are not buffered against hydrolysis pH increase or

maintain an elevated pH for a longer duration (Watson et al. I994b), such as the soils

used in our experiment.

The greatest loss of NH, for all treatments was observed on the Stockton FSL soil,

particularly in July when the soil was warmer, where loss from NI+NBPT averaged

25.3% for urea and 15.6%o for UAN. The Stockton FSL had low CEC, organic matter

content and water holding capacity and likely had uniformly distributed pores with a high

soil water flux, conditions ideal for NH., formation and volatilization. The Newdale CL
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had higher CEC and organic matter content and greater water holding capacity, and likely

supported smaller pores with more complex distribution and lower soil water flux, and

therefore was less conducive to NH, formation and volatilization. As a result, cumulative

NH, loss from the Stockton FSL ranged from 0.2 to 32.3%o in May and from 4.2 to 36.2%

in July, with lower ranges of 0.3 to 23.0o/o and 1.3 to 28.Io/o for the Newdale CL in May

and July, respectively.

3.4.2 Soit Nitrogen Content

For all treatments urea, exchangeable NHo* and NOr- were most abundant at 0-5

cm and decreased with depth (Tables 3.6 to 3.9). Nitrate was more abundant than

exchangeable NHo* at all depths with the exception of the non-irrigated treatments for the

Stockton FSL studies where exchangeable NHo* and NOr- content were similar. The total

amount of soil N measured was greater in May than July where exchangeable NHo*

content was higher for the Stockton FSL than the Newdale CL soil, and NOr-higher for

the CL than the FSL soil (FSL: mean exchangeable NH.-N :37.2 kg N ha-r, mean NO3-N

: 58.66 kg N ha'; CL: mean exchangeable NH'-N: 11.9 kg N ha-r, mean NO3-N :83.4

kg N hat). The amount of soil urea measured was markedly lower than other N species,

particularly in July, ranging from 0.0 to 16.0 kg N ha-t. Significant but inconsistent

differences in soil N content were observed between urea and UAN treatments.

Differences between the i996 md 1997 trials may have resulted from variations in

weather and previous site management, the one week difference in study period length or

a combination of both.
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Irrigation Non-lrrig. Irrigated Non-Inig. Irrigated Non-lnig. Inigated Non-lnig. Irrigated Non-lnig. Inigated Bulk Density
Fertilizer '' Urea Urea Urea+NRPT Urea+NRPT Control Control UAN UAN UAN+NBPT UAN+NRPT n cln-,
Depth
0-5 cm 13.6 26.5 15.9 I
5-10 cm 3.0 ' 0.2 2.9 0.9 0.7 1.6 5.0 4.2 3.0 3.9 t.t8
10-20 cm 4.1 0.5 2.6 2.0 1.0 6.2 7.8 9.9 5.6 4.s 1.32
20-30 cm 6.3 0.5 I .l I .6 I .6 4.7 7.4 6.9 6.9 l . r t.3i

Total 26.9 27.8 22.4 5.7 4.4 t4.4 40.6 26.2 2z.B -sJ
Pepth _- . NO.-N (ke N ha-¡ì
0-5 cm 75.3 52.0 64.1 55.0 ¡0.1 4.6 85.7 55.1 56.7 5BJ ll8
5-10 cm 6.5 !3.0 7.t 17.0 5.5 3.7 14.8 16.1 7.i 13.3 t.l8
10-20 cm 8.4 20.9 8.7 19.3 6.6 7.2 l3.l 20.7 8.8 25.3 t.3z
20-30 cB . fr0_ !?.2 ?.5. 12.3 6.2 7.1 s.3 I1.2 6.9 13.6 1.37Toral 97.2 98.9 87.4 103.6 zB.3 22.6 122.0 103.mpeprh .. urer-NfteNha-r)
0-5 cm 4.0 2.1 5.4 2.4 1.0 0.7 t.4 0.5 . t.t
5-10 cm 0.1 1.2 1.6 0.8 1.3 0.7 23 r.6 r.9 2.3 l.l8
10-20 cm 2.9 2.7 2.0 3.8 2.2 1.9 2.3 4.1 l.i 1.6 t.3z

(JI
UJ

Ptlth ,, ==- == == NH.n-N(kgNh":tl
2.4 5.0 4.0 8. t l. t 8

5-10 cm nd nd nd nd nd nd nd nd 0.5 nd l.lg
10-20 cm nd nd nd nd nd nd nd nd nd nd l.3z
20-30 cm . nd g4 .r-r4 nd nd nd nd nd nd nd 1.37Total 4.2 0.9 7.5 3.6 0.0 0.0 2.4

Pepth .. . I-\9r-N (ke N Ea,rt
0-5 cm 64.0 44,8 68.1 46.2 l0.l 8.0
5-10 cm 4.9 6.7 4.9 12.0 3.9 3.4 8,1 l5.z 4.3 8.8 l.t8
10-20 cm 2.6 7.3 2.1 14.3 2.5 3.3 5.5 lz.B '3.2 t3.9 l.3z
20-30 cm 1.2 3.3 0.8 4.8 1.4 1.9 3.3 7.9 0.8 5.0 t.37

Pelth ,, Ulei-N(keNha:tl
0-5 cm 0.6 0.4 1.3 0.0 0.0 0.4. 0.t
5- l0 cm 0.0 0.0 0. I 0.0 0.4 0. I 0.0 o.z 0.4 ' 0.0 I . I 8
10-20 cm 0.0 0.0 0.0 0.8 0.0 0.3 0.0 0.0 0.0 0.4 t.32

1.6 1.8 6.6 3.6 3.4 4.5 1.0 1.0 t.9 1.3 t.37

Total
1.0 0.0 0.0 0.8 0.0 0.0 0.0 0.7 0.0 0.5 t.37
t.7 0.4 t.4 1.6 0.4 0.7 0.2 1.2 1.2 0.9



Irrigation Non-Irrig. Irrigated Non-lrrig. Irrigated Non-lnig. Irrigated Non-lnig. Inigated Non-lrrig. Irrigated Bulk Density
Fertilizer ' Urea Urea Urea+NRPT IIrea+NRPT Control Contlol UAN UAN IIAN+NRÞT ltAN+NRpT s c--l
Pelth _.- ... NHo-N(kgNha''ì
0-5 cm 34.5 29.4 58.8 40.9 2.3 4.4 38.9 30.9 4z.l 24j ll5
5-10 cm 4.7 4.0 5.5 4.6 2.8 2.5 5.3 S.'t 5.7 9.0 l.l5
10-20 cm 3.5 3.1 7.5 5.1 1.9 2.3 5.6 5.9 4.t 4.1 l.zt
20-30 cm 2.0 3.4 2.9 2.9 1.4 1.5 5.5 7.4 2.5 2.5 t.zg

Pepth .-_ nOr-n,U*nn"-"
0-5 cm 38.8 42.8 30.8 36.9 12.2 7.7 45.3 37.6 4tB 3f-7 l.t5
5-10 cm 6.6 7.7 - 7.1 8.3 5.3 4.1 5.7 tt.1 7.3 I1.3 l.l5
10-20 cm 4.8 8.7 7.5 8.1 6.0 3.8 4.0 10.4 7.7 9.6 t.zl
20-30 cm 4.3 7.4 5.4 5.1 4.7 3.7 4.5 8.1 6.2 7.1 t.zg

Pepth . .. Urea-N fts N ha't)
0-5cm 1.4 2.1 5.3 1.7 0.3 1.5 l.l 0.4 M
5-10 cm 1.0 0.7 1.5 l.l 0.2 0.3 0.4 0.7 0.1 0.0 t.l5
l0-C0 cm 0.4 1.6 0.0 0.5 0.2 0.9 0.9 0.0 0.0 0.0 t.zt

(,t
Þ 20-30 cm 0.8 1.0

P"l'h ,,, == ,,= NH.o-N(kgNha.¡ì
9.9 l t.0 46.0 l4.l t.l s

5-10 cm nd nd nd nd nd nd nd nd nd nd l.l5
10-20 cm nd nd nd nd nd nd nd nd nd nd l.zl
20-30 cm nd nd nd nd nd nd nd nd nd nd l.2g

DeIth -_. ..- Ngr-N(kgNhrr)
0-5 cm 30.4 38.4 39.2 40.2 7.0 8.1 40i.1
5-10 cm 5.1 5.5 3.2 6.4 2.1 z.s 3.2 4.6 4.0 7.7 t.l5
10-20 cm 1.9 2.9 1.4 4.6 1.4 2.0 t.z 3.8 z.t 4.6 l.zt
20-30 cm 2.1 3.9 I.3 9.5 t.2 I.6 t.z z.z L9 z.t t.zg

PePth ,, .. ure¡-N(keNha-t)
0-5 cm 0.0 0.2 2.7 0.1 0.5 0.0 . 0.0 t .15
5- l0 cm 0.3 0.2 0.0 0.0 0.0 0.0 0.2 0. I 0.0 0. I I . I 5
10-20 cm 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 o.z 0.2 l.2l
20-30 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 irzg0.3 0;t

0.5 2.5 0.7 0.0 0.0 0.0 t.29



Irrigation Non-lrrig. Inigated Non-Irrig. Irrigated Non-lrrig. Inigated NonJrrig. Irrigated Non-lnig. Irrigated Bulk DensityFertilizer Urea Urea Urea+NBPT Urea+NRPT Controt Control IIAN IIÂN rtÂN+NÞÞT rtÀNtr\rÞD.r _ - -l

5-10 cm 1.4 . 1.5 1.7 1.9 1.9 Lt 0.7 l.z 0.8 0.7 1.22
10-20 cm 2.7 3.3 3.9 3.8 3.0 1.3 2.t l.t t.3 t.s l.z7

Urea Urea Urea+NBPT Urea+NRpT Controt Contrgl ttAN tùN IIAN+NRÞT tltNiNnpr

0-5 cm 47.t 43.0 86.7 i1.s M.g ffi

Total

5-10 cm 8.8 16.3 t0.8 t7.6-ru cm ü.ð tÕ.3 r0.8 17.6 7.4 6.9 10.6 13.2 9.0 21.3
10-20 cm 9.2 13.9 ' 14.4 lB.8 r r.3 l3.z '1.3 t4.l t3.9 19.0 1.27
20-30 cm 7.2 14.3 13.2 9.5 r2.3 16.5 6.7 16.8 13.9 s.s 1.3

,.r,n == U=rga_NtkeNli,)
0-5 cm 2.2 0.9 7.7 t.l 3.3 t.6 1.22
5-10 cm 0.8 0.8 1.2 t.5 0.8 Ll 0.5 0.8 1.0 1.0 t.22

l;8= ?.? =10 4.4 z.r. r.z l.g r.s 1.6 . r.7 1.3

(,t
L,I

10-20 cm t.2 1.5 2.0 z.t 1.9 r.8 l.l l.z z.z 2.0 t.zj
20-30 cr . ?.? !.I .l-.4- 2.0 t.9 t.9 0.9 l.l t.4 t.7 1.3

5-10 cm 5.4 3.3 2.7 6.2

cm 49.5 34.0 31.5 62.5 4.8

,l 9.0 4.9 7.7 5A

10-20 cm 1.3 1.0 0.9 0.6 r.0 1.2 2.3 Ll 1.8 2.t
20-30 cm 0.3 0.3 0.4 0.s 0.s 0.3 0.4 0.0 0.0 0.2

cm f.4 3.5 2.7 6.2 r.5 2.3 7.2 6.5 ',g.g 
r3.2

t*,t == U=re=a-N(ksNlir)
0-5 cm 2.9 1.9 9.5 1.7 0.7 o.re
5-10 cm 1.5 1.8 l.l 0.5 0.0 0.0 1.5 l.t 0.5 0.3 1.22
10-20 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 l .2730.p,, g.g g.q _9i0, qg 9.0 0.0 0.0 0.0 0.0 0.0 1.3

N ha'l

NH,-N lks N ha-l

NO.-N (ke N ha-

I

I
I
I

.22
7)

.27
t.3



Irrigation Nonlrrig. Inigated Non-lrrig. Inigated Non-lnig. Inigated Non-lnig. Inigated Non-lnig. lnigated Bulk DensityFertilizer Urea Urea Urea+NBPT Urea+NBPT Control Control trqN flnN UAN+NRÞT UAN;NRPr 
";;-r'P?th .- . NHo-l'l (Lg N tt"'tl

0-5 cm 43.3 8.8 3l.l 7.6 4.
5-10 cm 6.0 8.2 5.7 t2.7 4.i 4.8 4.9 5.8 5.9 6. t l.i4l0-20cm 14.4 9.7 9.7 10.6 9.7 l0.z il.t 10.0 t0.4 8.5 t.33
20-30 cm l5.l 9. ¡ 8.8 8.6 8.4 8.6 6.4 8.9 I I .6 9.5 t.zj

?=,lt === triO_r-N(keN!a_')
0-5 cm 35.6 37.0 27.0 23.2 5.1 22 7ti 35J 38.4 -]].2 1.345-l0cm 7.8 25.8 5.3 27.6 5.t 3.7 7.7 10.9 7.6 zl.B 1.34
10-20 cm 9.6 12.9 8.7 t5.0 9.2 8.9 g.g t4.6 9.3 l4.r 1.33
20-30 cm 10.7 7.4 9.7 14.2 r r.3 t7.l 9.6 I1.0 tz.z t0.6 t.z.t

prrrh , = U=rça_N (ke N 
!¡q 

r)

0-5 cm 1.7 1.5 l l.3 1.0 8.6 t.9 t.34
5-10 cm 1.2 1.2 1.2 0.7 Ll 0.8 1.0 0.2 0.9 t.5 1.34
10-20 cm 2.t 2.7 2.t 1.6 1.6 1.5 0.5 0.7 z.z 3.3 t.3320-30c9 . . ?.?_ ?'7 .t,4- l-t t.7 2.2 0.8 0.7 z.z 2.3 t.27(¡

o\

5-10 cm 4.9 4-6 4.0 5.5 4.3 2.8 3.3 3.1 3.3 z.B 1.34
10-20 cm to.1 8.3 t3.6 t0.4 7.8 4.7 6.1 6.7 6.5 5.7 1.33

0 c+ . _43_ f-9, 9.0_ tr5_ 8.3 a.6 5.0 6.0 7.8 6.0 t.27

5-10 cm
l0-20 cm
20-30 cm

oral M.2 25.2 57.0 29.6 2

0-5 cm
5-10 cm
l0-20 cm
20-30 cm

29.1
5.t
4.8
2.5

Total

22.8
6.3

6.7
2.2

t.8
1.0

0.6
0.6

0.6
t.0
0.5
0.6

4.5
6.1

36. I

48.7

12.6
14.0

1.7

1.0

0.7
0.7

.8

.2

.8

7

3

I

t.
0.
0.

5

5

0

Nha

t 3.6

5.5
4.0
4.6
t<

0.0
0.0
0.0
0.4

.6

.7
5

I

1.5

0.7
0.0

40.7

t 6.5
3.5

1.5

2.2
1.4

0.0
0.0

48.0

4.3
2.0
0.9

2.3
0.0
0.0

2.2
t.9
0.0
0.0

85.6

2.0
2.1

0.0
0.0

r.34
r.33
t.27

L34
1.34
r.33
1.27



Bremner and Chai (1989) reported a greater proportion of urea-N present as

exchangeable NH.* in soils with higher organic matter, clay content and CEC. In contrast

to these findings, a higher relative proportion of mineral N was present as exchangeable

NHo* for the Stockton FSL soil than for the Newdale CL soil for all studies and all

treatments (Tables 3.6 to 3.9), although soil pH was similar (7.8-8.2) and the CEC,

organic matter content and clay content of the Stockton FSL soil was markedly lower

than that of the Newdale CL soil (Table 3.1). Ammonium content in soils of the control

treatments was elevated for the Stockton FSL relative to the Newdale CL soil in 1997.

Nitrification of NHo* may have been restricted to a greater extent on the Stockton FSL

soil than on the Newdale CL soil. Higher immobilization of NHo* and NHo* fixation by

organic matter (Vittori Antisari et al. 1996) or interlayer clays (Mamo et al. 1993; Tisdale

et al. 1993) of the clay loam soil may also have contributed to differences in

exchangeable NHo* content, as the total N measured in soil was lower for the clay loam

soil than the fine sandy loam soil in 1997. An altemate possibility is that mineralization

may have been greater for the 1997 Stockton FSL soil than for the Newdale CL soil due

to differences in substrate quality (Moulin and Beckie 1994; Smith et al. 1,993), as the

preceding crop was barley for the fine sandy loam soil and canola for clay loam soil. The

Stockton FSL may also have contained a more labile pool of organic material associated

with more frequent wet/dry cycles of this soil (Killham 1994). The presence of urea in

control samples is less easily explained and may indicate an effor in analysis procedures.

The lower levels of soil N measured in July relative to May may be due to enhanced

immobilization, movement either laterally or vertically out of the sample area or greater

volatilization losses accompanying increased soil temperature in July.

Differences between irrigated and non-irrigated treatments were more consistently
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significant than differences due to the presence or absence of NBPT (Tables 3.10 and

3.11). A higher percent of total soil N measured was present as NO3-, and a lower percent

as urea and exchangeable NHo*, with irrigation than without for both urea and UAN,

particularly with NBPT. There was lower exchangeable NHo* at 0-5 cm and greater

downward movement of NOr- for irrigated treatments than for corresponding non-

irrigated treatments. Irrigation or increased water content enhances the rate of N

transformations in soil (Singh and Beauchamp 1988) via dilution and distribution to

improve N accessibility to soil microorganisms and enzymes. The impact of NBPT on

urea-N distribution in soil is more subtle but can be enhanced when used in conjunction

with irrigation or when soil water content is higher (Zhengping 1996). The actual impact

of irrigation on N form and distribution in soil may have been confounded by increased

total soil N with use of NBPT.

N-(n-butyl) thiophosphoric triamide with urea or UAN did not always influence

final N form and distribution when measurement was restricted to the conclusion of the2

and 3 week field studies. The relative proportion of exchangeable NHo*, NOr- and urea

likely changed during the course of the studies and final recoveries may not have

reflected intermediate N levels. Laboratory studies have shown NBPT to only

temporarily impact N transformations in soil (Zhengping1996; Christianson et al. 1990;

Christianson et al. 1993) where final urea, exchangeable NHo* and NOr- content were

similar for urea with and without NBPT, particularly at higher moisture content and

alkaline pH.
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Table 3.10 Contrast analysis and LS means standard error values for

Juty M"y *NQ¡-N Fxch' NH,-N Urea-N No¡-N Exch. NHr-N Urea-N No¡-N Exch. NHI-N Urea-N No¡-N Fxch. NHr-N Urea-N
Contrastr l9q6 lqaT loq6 lqqT lgq6 tqaT lqq6 lqq? lqq6 tqqT tqq6 lqq7 tq96 tq97 tqa6 lqqT lqq6 tqq? taq6 taqT lqq6 lqqT t996 lqqT
Tfeat vS C t+* +rt *lt 't t¡ nS ++t +tl *{¡ nS nS 'f t't *** +** nS nS nS nS r* ** nS nS ns r++
Urea vs UAN ns ns ns ns *+ ns ns ns ns ns * 'it* ns ns +¡r* **:i * ns ns * ns ns ns ns
lvs2 * ns ns ns ns ns ns ns ns ns ns ns ¡t* '¡ *t ns ns ns ns ns ns ns ns ns
7vs8 *¡t * {t ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns +r ns ns ns ns ns
3 vs 4 ns 't** t¡l **t nS *'** ns * nS t*t ¡i¡l* t*'t t*t ns ns ns ns ns +r* nS ns * ns ns
9 vs l0 ns *+* ns +* . + ns i** ns ns ns *'3* ns ns ¡r* ns ns ns ns *'r¡* ns I ns ,i* ns
lvs3 ns ** ns ¡r+ ns 'r+ ns ns ns ns ns * ns ns ns ns ns ns ns ns ns + ns ns
7vs9 * ns ns ns ns ns ns ns ns ns ** ns *'¡ ns ns ns ns ns *t ns * ns *'f ns
Zvs 4 ns ns *+'Ì ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns *r ns ns ns ns ns
8vsl0 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns ns ns ns

0-5 cm Depth

(.t¡
\o

LS Means SE 0.12 0.19 0.44 0.31 0.39 0.32 0.19 0.26 0.72 0.42 0.t5 0.31 0.17 0.18 0.37 0.19 0.42 0.24 0.16 0.39 0.13 0.14 0.t I 0.33

contrast 1996 t997 1996 1997 1996 t997 1996 1997 1996 1997 1996 tgg7 1996 lgg7 1996 tggT tgg6 tggT tgg6 lggT tgg6 lggl 1996 tggl

NO¡-N Fxch. NHI-N Urea-N NOcl.I Exch. NHI-N Urea-N NO¡-N Exch. NH'N Urea-N NO¡:N Fxch. NHr-N Urea_N

Urea vs UAN * ns +¡tr +*t ns ns ns ns ns ns - ns ns ** *+ ns ns ns ns - ns ns

-transformed soil N data for the Newdale cl

l0-20 cm Depth

lvs2 'r*'| ns + ns ns ns ns ns - ns ns - +:r r *r ns ns ns ns ns _ ns *
7vs8 +* tt ns ns ns ns + ns - ns ns - ns * ns ns ns ns ns {¡t - ns. ns
3vs4 *r* ns ns ns ns ns i** ns - *t t¡r - ** ns ns ns ns ns ns ns - ns ns
9 vs l0 'r** ns ns ns ns ns ût ns - ns ns - :r* ns *+ ns ns ns ns ns .- ns ns
lvs3 ns + ns ns ns ns ns ns - ns ns - ns ns ** ns ns ns ns ns - ns *

Mav Julv Mrv

7vs9 I lr ns ns ns 'ns ns ns - ns. ns - ns ns ns ns ns ns ns +* - ns ns
2vs4 ns nS ns ns ns ns ns ns - ns ,tt - ns ns ns ,ù ns ns ns ns _ ns ns
8vsl0 ns ns + ns ns ns ns ns - ns ns ns ns 'r¡* ns ns ns ns ns - ns ns

LSMeansSE 0.13 0.17 0.34 0.20 0.46 0.24 0.38 0.24 - 0.20 0.ll -. 0.12 0.2t 0.31 0.t9 0.48 0.26 0.44 0.08 - 0.19 0.t4*'+*'*++Significantatp=0.05,0.0land0.00lIevels,respectively;ns=notsignificantatp<0.05leveland'-'=in'ui¡

"Treat=NTreatments;C=Control;Nl=Non-inigated;I=Irrigated;l:NIUrea;2:lUrea; 3=NIUrea+NBpT;4=lUrea+NBpT; 7=NIUAN;
8-l UAN;9=NI UAN+NBPT; l0= I UAN+NBPTand SE=Standard Error.

Jury Mav Julv

5-10 cm Denth

20-i0 cm Denth



Table 3.1I Contrast ana

Contrastl

Treat vs C

Urea vs UAN ns **t ns *+* +*t ns ns nS ns ++* ns ** ns ns * + t* ns ns ns - +* ns *+

I vs 2 ns ns ns **¡r ns ns ns ns ns *+r ns ns ns t+ ns ns ns ns ns ns - ns ns ns

7vs8 ns ns ns ns ns. ns ns ns ns ** ns ns *t ns ns ns ns t*t ns ns - ns ns ns

3 vs 4 ns ns ns *t* ns 'l*t ns ns ns '+r rt r+ ns *rt ns 't ns ns t ns - ns ns ns

9 vs l0 ns ns ns t*{' -ns ns ns ns ns +t+ ns ns ns t ns ns ns ns ns + - ns ns ns

lvs3 ns ns ns ns ns ** ns ns ns ns '¡** ns ns ns ns ns ns ns ns ns - ns ns ns

7vs9 ns ns ns ns ns ns ns ns + ns ns ns ns ns ns ns ns ns * ns - ns ns ns

2vs4 ns ¡t't ns ns ns ns ns ** ns ns ns ns ns ns ns ns ns ns ns t - ns ns ns

8vsl0 ns ns ns t* ns ns ns ns ns ns ns ns ns ** ns ns ns *** ns ns - ns ns ns

Mqy July May

NO¡-N Fxch. NH,-N Urea-N NO¡-N Fxch. NHgN Urea-N NOrN Exch. NH,-N Urea-N NO¡-N Fxch NH,-N Urea-N

tqg6 tqqT tq96'tgq7 tqg6 tqqT tqq6 rq97 laq6 taqT tq96 t9q7 l9q6 rq97 lq96 lqqT l9q6 l9q7 lqq6 lq97 la96 lc)97 lqq6 lagT
*+* 't*+ +** ¡t** nS nS +** ¡¡+* ** ¡t** nS t* tt t+* t+t nS nS nS tr +t+ - nS nS tt*

and LS means standard error values for lo

o\o

0-5 cm Denth

LS Means SE 0.16 0.12 0.30 0.22 0.38 0.37 0.19 0.48 0.90 0.28 0.31 0.28 0.17 0.31 0.18 0.17 0.34 0.19 0.25 0.40

NO¡-N Exch. NH.-N Urea-N NO¡-N Exch. NH¡-N Urea-N NO¡-N Exch. NHI-N Urea-N NO¡-N Fxch. NHI-N Urea-N

Conrrast tqq6 lqqT 1996 lqqT lqq6 l9q7 laq6 laqT lqq6 l9q7 lqq6 laqT lqq6 la97 lqq6 lqqT lqq6 lqgT lqq6 lqqT lq96 l9g7 lqa6 lqqT

Treat vs C *t* ns +t ns ns ns ns ns - ns ns ns 't'i ns ns ns ns ¡is ns ns - ns - ns

UreavsUAN n6 ns ns ns .ns ns ns ns ** ns *¡r ns ns ns ns ns ns ns ns - t - *

lvs2 t ns ns ns ns ns ns ns - ns ns ns r ns ns ns ns ns ns ns - ns - ns

?vs8 tt* ns ns ns ns ns +* ns - ns ns ns ttt ns ns ns ns ns ns ns - ns. - ns

3vs4 ns I ns ns ns ns ** ns - ns ns ns ns ns ns ns ns ns +t ns - ns - ns

9vsl0 ns Ds ns ns ns ns ns ns - ns ns ns ns ns ns ns ns ns ns ns .- ns - ns

lvs3 ns ns ns ns ns ns ns ns - ns ns ns ns ns ns ns ns ns ns ns - ns - ns

7vs9 t* ns ns ns ns * ns ns - ns. ns ns ns ns ns + ns ns ns ns ns - ns

2vs4 ns ns ns ns ns ns ns ns - ns ns ns ns ns ns ns ns ns ns ns - ns - ns

8vsl0 ns ns ns ns ns .ns ns ns - ns ns ns ns ns ns ns ns ns ns ns - ns - ns

LS Means SE 0.16 0.24 0.34 0.14 0.24 0.25 0.35 0.53 - 0.38 0.09 0.18 0.18 0.32 0.40 0.25 0.30 0.23 0.47 0.40 - 0.39 - 0. I 8

nsformed soil N data for the Stockton fine

l0-20 cm ì-lepth

Mav

*,r*,**+ Significant at p = 0.05, 0.01 and 0.001 levels, respectively; ns = not signiñcant at p < 0.05 level and' -'= insufficient non-zero values for statistical analysis.

'Treat=NTreatments;C=Control;NI=Non-inigated;l:lrrigated;l=NIUrea;2=IUrea;3=NIUrea+NBPT;4=lUrea+NBPT;7=NIUAN;
8 = I UAN; 9 = NI UAN+NBPT; l0: I UAN+NBPT and SE: Standard Enor.

loam soil.
5-l 0 cm F)enth

ftrlw Mev ftrlv

?O-?fì ¡m fìpnth
- 0.34 0. l5 0.33



The most consistent treatment difference for the various N forms at the different

depths occurred between NBPT treatments with and without irrigation. Urea and

exchangeable NHo* at 0-5 cm were significantly increased by the use of NBPT with urea

and UAN in the absence of irrigation, averaging 5.8 and 23.3 kgN ha-r, respectively for

urea, and 2.5 and2l.4kgN har, respectively for UAN. With irrigation, NBPT did not

generally significantly alter final soil urea, exchangeable NHo* and NOr- content relative

to unamended urea and UAN. Although use of NBPT increased the proportion of soil N

present as urea and exchangeable NH4* in the first 5 cm of soil, NBPT did not increase

downward movement of urea, exchangeable NHo* or NOr-. Irrigation was required to

transport fertllizer N to the lower depths. Movement of N may have been better assessed

under controlled laboratory conditions using smaller depth increments to reveal subtle

effects of NBPT on diffusion of N from the placement zone as observed by others

(Christianson et al. 1993 ; Zhengpíng et al. 199 6).

The effects of irrigation and NBPT were more pronounced on the Newdale CL

soil than on the Stockton FSL soil. In the latter, use of NBPT in the absence of irrigation

resulted in increased urea and exchangeable NHo* at 0-5 cm depth and significantly lower

NO3-, as a percent of the total N measured in the soil, relative to other treatments.

Conversely, Ch¡istianson et al. (1993) found a less pronounced effect of NBPT on a clay

soll (46% clay) which restricted movement of urea and NHo* from the placement zone.

However, the different pH of the soils of their studies may also have been a contributing

factor (silty loam: 5.2; clay:8.2).

The proportion of all N measured in each study (soil N plus volatilized NH,

recovered in the lysimeters) that was present in the soil was greater with NBPT than

without (Tables 3.I2 and 3.13 and Figures 3.3 and 3.4), indicating soil N was increased
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by the conservation of fertilizer N from NH, loss. This increase in soil N as a proportion

of all N measured was lower in July than in May (p < 0.0001) and for the Stockton FSL

soil than for the Newdale CL soil (p:0.0044). The total amount of N measured in the

soil (kg N ha-r), although variable, was also greatest for NBPT treatments for all periods

exceptMayL996 fortheNewdaleCLand 1997 for theStocktonFSLsoil. Thisnitrogen

was localized within 10 cm of the soil surface, even with irrigation, and therefore would

have been readily accessible to plants, were they grown. Increased plant N accumulation

and positive crop yield response to surface applications of NBPT-amended urea have

been observed, for example with com (Hendrickson 1992), perennial ryegrass ('Watson et

al.I994a), wheat (Xiabon et al. 1995) and barley (Grant and Bailey 1997).
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Table 3' l2 Contrast analysis and LS means standard enor values for log-transformed NH3-N, exchangeable NH4-N, NO3-N and urea-N as a percent of total N measured
for the Newdale clay loam soil.

contrasrz tqq6 rqeT raq6 rsq? ,rrt'"frt 'ffi"Ë Ëig, ffi ffi 
"traflg7 

trË- rrrfi,Treatvsc ¡r* ns ns ns 't* 't* 6 6 5 E E ns E +** E *+ E {,*r
Urea vs UAN ns t+ ** * ns . ns q ; É "r 

,7 **r ni ns E ¡i,r* +* *,r*
lvs2 ns 6 nt ns ns ns Ë 6 ; 6 ns ns ns ns ns ns ns ns ns ns/vsõ ns ns ns ns ns ns ns *r ns 6 nt nS ns ns ** ns ns ns ns ns
3 vs 4 ns ns *** ns ns ns ns ns 'r *** ** 6 n, 'ù,Ì ns ns *,r ns € ns9vsl0 ns ns ns ns ns ns ns ns * 6 ns ns _ ns ns _ ns ns ns nslvs3 ns *+* ns ns ns ns 1 1 6 6 :* * ns ns ns * +¡r* ns + ns7vs9 ns ns 'ns ns' ns ns ns ** ns ( n, ns _ ns ¡r* _ ** ns r*r ns
2 vs 4 ns ns ¡**¡Ì ns ns ns :r+* ns € q *** ns ns ns * ns q +*+ 6 **
8vsl0 ns ns ns ns ns ns ns ns *i E ns ns - ns ns - ns ns ns ns
LS Means SE 0.09 0.06 0.29 0.31 0.56 0.42 0.01 0.49 0.26 0.t6 0.05 o.l2 0.69 0.M 0.45 0.37 0.03 0.04 0.17 0.36

3 =NI Urea+NBPT;4 = I Urea+NBPT;7=NI UAN;8= I UAN;9=NI UAN+NBPT; t0= Inigated UAN+NBpTand SE= Standa¡d Error.*, t*, ***, { = significant at p = 0.05, 0.01, 0.001 and 0.0001 levels, respectively; ns: not significant ât p < 0.05 level;'-'=ìot available.o\
tJ)

Table3'13 ContrastanalysisandLSmeansstanda¡derrorvaluesforlog-transformedNH3-N,exchangeableNH4-N,No3-Nandurea-NasapercentoftotalNmeasured
for the Stockton fine sandy loam soil.

r\rr¡-r\ Ëxcn. NFrr-N Urea_N Total Soil_N NH¡_N. NOËNconrrastz l9q6 t9s7 ras6 rqqT rqs6 rq97 rqq6 rggT rq96 rqqT Lggj--lggj- 1116 Ë )ggl rqqT rq96 raq? rqq6 ßq..TreatvsC € nt 'ùr* * - trt Ë g E I ns _ *¡i _ ns *i* ( € EUreavsUAN **t ns ns ns - t 6 "r E, E n, *+ - *+ _ ns Ë ns q nslvs2 ns 6 nt 'rt* ns ns ; 6 nr i nr ns ns ns ns ns ns ns ns ns7 vs 8 ns ns ns ns ns ns ns *i* ns ** ns ns ns ns ns ns ns ,r*{. ns ns3vs4 +1 6 nt ¡t* ns i* ns ns ns Ë r*t ( ns ns ns ns ns **r ns E9 vs l0 ns t*¡t ns **{' - ns ns nS *'ß ** **:r r,l _ ns : ns . ns ** ns *,nlvs3 ns ns ns ns ns 't* E E E Ë n, ns ns ns ns ns ns ns ns ns7vs9 ns ns ns ns +¡r * ns Ë ni E . ns _ ns ns ns ns * *+ ns2vs4 ns ns ns ns ns ns **:r ns € ** ns ,r* ns ns ns ns ns *r ns q8vsl0 ns ns ns +* - ns ns *¡r q € ns ns ns - ns ns ns r+ nsLS Means SE 0.08 0. I 0 0-21 0. l0 0.5q 0.41 0.03 0.01 0.32 0.21 0.08 0. t 4 0.45 0.34 0.98 0.39 0.07 0.04 0.28 0.26

3=NIUrea+NBPT;4=lUrea+NBPT;7=NIUAN;8=IUAN;9:NIUAN+NBpT;10=tnigatedUAN+NBPTandSE=StandardEnor.
*,t*,***,(=significantatp=0.05,0.0l,0.00land0.000llevels,respectively; 

ns=notsignifiäntatp<0.05 level;,-,=notavailable.
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3.5 Conclusions

Use of NBPT resulted in a reduction in volatile losses of NH, from urea and UAN

and an accumulation of urea-N and exchangeable NH,-N near the soil surface relative to

unamended treatments. Ammonia-N conserved through use of NBPT with urea and

UAN increased the proportion of total N measured in soil OIH4-N, NO3-N, urea-lrtr) plus

in air ffir-N) that was present as soil N. This conserved N was readily available for

plant uptake as it was generally localízed in the upper 10 cm of soil.

How effective NBPT will be in a particular soil will be determined by the ability

of urea to diffirse away from the surface and of NHo* to be retained on exchange surfaces

or be nitrified to NOr-. Unless rainfall within 24kus of application is imminent, or soils

are very moist and cool, NBPT will improve the efficiency of surface-applied urea and

UAN. If rainfall does not occur within approximately two weeks and conditions for NH,

loss persist, NH3 volatilization from NBPT-treated urea may approach a magnitude

similar to loss from unamended urea. Thus, the timing and amount of rainfall following

urea fertilizer application may be the most critical factor determining the magnitude of

NH, loss and the transformation and distribution of urea and hydrolysis products in the

soil, and hence NBPT effectiveness. These studies demonstrate the urease inhibitor

NBPT can be used to mitigate NH, loss, and to an extent, alter the distribution of urea-

derived N in soil under arange of conditions, particularly in the absence of a timely

rainfall.
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4. AMMONIA LOSS FROM UREA AMENDED WITH VARYING RATES OF

NBPT APPLIED TO SOILS OF DIFFERING TEXTURE AND TEMPERATURE

4.1 Abstract

Field studies using lysimeters were conducted in 1996 and 1997 under modified

zero tlllage to compare the amount of ammoniavolatllized from surface applications of

granular urea (100 kg N hat) treated with varying concentrations of the urease inhibitor

N-(n-butyl) thiophosphoric triamide (NBPT) (0.00, 0.05, 0.10 and 0.15% NBPT w/w).

The studies were conducted on two Orthic Black Chernozemic soils, a Stockton fine

sandy loam and a Newdale clay loam, in May and again in July to determine the

influence of soil texture and temperature on NBPT performance at the varying rates.

Ammonia losses were measured at various times to 12 days after fertilization (DAF) in

1996 andto 21 DAF in 1997. Total NH, losses decreased in the order of 0.00% > 0.05%

> 0.15o/o> 0.l0yo where NBPT delayed peak NH, volatllization until the second and third

weeks of the studies. The NH, loss did not always differ significantly among the various

rates of NBPT although consistently greater suppression of NH, loss was achieved at the

0.10 and 0.15% rates than at the 0.05% rate. Use of NBPT with urea reduced total NH,

loss by 28-88% over the entire study duration, and by 82 to 960/o during periods of peak

loss from unamended urea. Ammonia volatilization losses from NBPT-amended urea

treatments were lower in May than in July with similar performance in both soils while

total NH, loss in July was lower for the clay loam soil than the fine sandy loam soil.
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4.2 Introduction

Urea is the domínant form of fertilizer nitrogen produced, transported and

consumed world-wide as it is economical to manufacture and distribute, and is an

efficient nitrogen source if properly managed (Harre and Bridges 1988; Byrnes and

Freney 1995). In'Westem Canada,1998 retail sales of ureafertilizer exceeded sales of all

other N sources (Agriculture and Agri-Food Canada 1999). Once applied to the soil, urea

is rapidly hydrolyzed by urease enzymes in the soil and organic material to yield 2 NH4*

per COffir), (Sherlock and Goh 1985). This ammonium is susceptible to volatile loss

to the atmosphere as NHr,r, if present in sufficient concentration near the soil surface

(Koelliker and Kissel 1988). The potential for NH, volatilization is greatest under zero

tillage where urea fertilizer is surface-appiied to residue-enriched soil. Grant et al.

(1996b) observed NH, loss from urea surface-applied to zero tillage at 38 and 83% of

applied N in May and August, respectively, while'Watson et al. (1994a) reported a

maximum loss of 20.8o/o for a temperate grassland.

Treating urea fertilizer with the urease inhibitor NBPT may reduce the magnitude

of NH, loss from surface applications of urea (Clay et al. 1990; Bremner et al. 199i).

Once applied to the soil, NBPT converts to its oxon analog N-(n-butyl) phosphoric

triamide CNTBPTO) which is the actual inhibitor of urease activity (McCarty et al. 1989;

Creason et al. 1990). The inhibitor occupies the urease active site, inactivating the

enzyme (Mobley and Hausinger 1989; Kolodziej 1994) and delaying the period of

maximum NH, loss (V/atson et al. 1994a). The delay in hydrolysis reduces the

concentration of NH, present near the soil surface which decreases the potential for NH,

volatilization (Grant et al. 1996b) and improves the opportunity for rainfall to move urea
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into the soil (Hendrickson 1992).

The performance of NBPT at varying concentrations has been studied under

controlled laboratory conditions which showed increased inhibition of urease activity

with increasing rate of NBPT applied with urea (Watson et al.I994a: Carmona et al.

1990). Christianson et al. (1990) observed 68% inhibition of urea hydrolysis at0.01%o

NBPT w/w with 1.5 to 3 times lower NH, losses when the rate was increased to 0.1% .

Field trials addressing this issue are limited (V/atson et al. 1994a) and although

results tend to agree with laboratory studies, the extension and applicability of these

results to the Chernozemic soils of the Eastern Canadian Prairies is restricted. Field

studies were conducted in 1996 arñ 1997 on two Black Chernozemic soils of different

textures under zero tillage at two temperature regimes to assess the influence of various

rates of NBPT on NH, volatilization.

4.3 Materials and Methods

Field experiments were conducted in 1996 and 1997 in mid-May and mid-July on

two Orthic Black Chernozemic soils of differing physical and chemical properties (Table

a.1) (Goh etal.1993; Hendershotetal. L993ab;Jaruen1993). The 1996 trials

commenced May 2I and July 16 on the Newdale clay loam (CL) soil and May 28 and

July 17 on the Stockton fine sandy loam (FSL) soil. Trials in 1997 began May 20 and

July 24 on the Newdale CL soil and May 6 and July 24 on the Stockton FSL soil. Soil

moisture contents determined at seeding in May from a directly adjacent study were 33o/o

and 22o/o for the Newdale CL and Stockton FSL soil, respectively, in 1996, and 34o/o and

lSYo for the Newdale CL and Stockton FSL soil, respectively, in L997 .
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Table 4.i Selected chemical and physical characteristics of soils used'v.

Soil

Name

Sand Silt Clay FC BD CEC

% % % % gcm-3 cmolkg-'

OC

o//o

CaCO,

o//o

pH EC

pSlcm

Newdale 32.2

(ree6)

Stockton 76.0

(lee6)

Newdale 35.8

(1ee7)

Stockton 75.5

(1ee7)

36.3 3 1.5 30 t.r7

11.8 12.2 23 1.15

32.2 32.0 32

Il.4 13. i 19

1.3 1

t.34

49.8

23.t

46.7

23.2

8.0

7.6

8.2

8.2

r.6

0.3

3.6

1.4

4.3

2.7

4.9

2.1

896

1092

740

756

'All determinations made using 0-15 cm depth composite samples.
v FC : field capacify; BD : bulk density; CEC : cation exchange capacity; OC : organic

carbon; pH in water; EC : electrical conductivity saturated paste method.

Each experiment was arranged as a randomized complete block design having

three replicates with 5 treatments occurring once in each block. The treatments consisted

of a controi (no fertilizer or NBPT) and 100 kg ureaN har at rates of 0.0, 0.05, 0.10 and

0.I5% NBPT w/w. Study design and ammonia capfure and analysis procedures followed

that of Grant et al. (i996b), derived from the methodologies of Nommik (1973) and

Fairlie and Goos (1986). White polyvinyl chloride (PVC) cylinders, 20 cmin length by

15 cm diameter, were inserted 5 cm into the soil with minimal soil disturbance. Prior to

treatment application, surface residue was cleared from the immediate arca of fertilizer

placement within each cylinder to allow direct contact of fertilizer with soil to eliminate

any direct effects of residue on urea hydrolysis and ammoniavolatllization. Filter paper

was placed on the soil surface in each cylinder and 150 mL distilled water added 24 hrs

prior to fertilizer addition to attain equivalent soil surface moisture content within all

lysimeters at a site. Fertilizer treatments were dispensed on the soil surface within a2 cm

diameter area at the centre of each PVC cylinder.
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Immediately followingfertllization, each cylinder was fitted with ¡ø¡o polyfoam

discs, 2.5 cm thick and 16 cm in diameter, previously double washed with distilled water,

0.001M H2SO4 and a glycerol-phosphoric acid solution (100 ml I4.7 M H3PO4, I25 ml

glycerol and2275 ml deionized water), thoroughly wrung after each washing. The lower

disc was inserted in the cylinder at 5 cm above the soil surface to trap volatilized NH, and

the second disc placed 5 cm below the top of the cylinder to prevent drying and

atmospheric NH, contamination of the lower disc. Each disc was designed to fit tightly

within the cylinder to minimi ze escape of gaseous ammonia. Clear plexiglass sheets were

positioned atop four corner-placed reinforcing bars approximately 30 cm above the

cylinders in each block to provide protection from rainfall but permit incident sunlight.

On specified days after fertilization (DAF) during each trial (at7,2,5, 8, 12 DAF

in1996 and extended to 15, 19 and 21 DAF in1997) the lower disc was removed,

immediately replaced by a fresh disc and placed in a sealed, airtight plastic bag

containing 250 ml2M KCl. Each disc was thoroughly rinsed in the KCI solution to

extract the trapped ammonia and the solution decanted into vials, sealed and stored frozen

until analysis. The KCI extract was analyzed at room temperafure for ammonium-

nitrogen content using a Technicon Autoanalyzer (Technicon Industrial Systems 1977).

Daily minimum, maximum and average air temperature, and soil temperature

within the cylinders at i cm below the soil surface, were recorded throughout each study

period on each soil in both study years. Data recording in May 1997 was delayed until 7

DAF on the Newdale CL and until 3 DAF on the Stockton FSL, and in July 1997 on the

Newdale CL soil, data recording ended at 9 DAF due to equipment failure (Figure 4.1).

Statistical analyses were conducted on log{ransformed data (log + 1) (Steel et al.

1997) using the MIXED models procedure of the SAS Institute, Inc. (Littell et al. 1998)
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as the design supported both fixed and random effects. Analyses were performed on

cumulative gaseous ammonia loss to 5 DAF, from 5 DAF to 12 DAF, from 15 to 21 DAF

(1997 only) and on total NH, loss. Data was analysed separately by trial and year as

significant interactions occurred between year, soil, study period and treatment (Table

4.2). Least squares means standard error and contrast analysis probabilities are reported.

Table 4.2 Probability, F values and LS means standard error for log-transformed
NH.-N data. ' 

Sum to 5 DAF' Sum 5 to 12 DAF Sum 15 to 21 DAFv

NDFDDFFvalue Pr>F NDFDDFFvalue Pr>F NDFDDF.Fvalue Pr>F
1 16 18.34 0.0006 I 16 33.30 0.0001 I 8 14.33 0.0054

I 16 290.41 0.0001 I 16 60.59 0.0001 I 8 0.01 ns

r t6 4.st 0.0496 I 16 24.64 0.000r I 8 12.00 0.0085

I 16 19.35 0.0004 I 16 3.55 ns 0 -

1 16 3.20 ns I 16 0.01 ns 0 -

1 16 6.53 0.02t2 I 16 8.39 0.0105 0 -

l 16 15.07 0.0013 1 16 12.45 0.0028 0 -

4 64 265.910.0001 4 64 223.60 0.0001 4 32 28.58 0.0001

4 64 1.57 ns 4 64 5.99 0.0004 4 32 3.22 0.0251

4 64 26.65 0.0001 4 64 32.58 0.0001 4 32 4.03 0.0093

4 64 1.09 ns 4 64 3.29 0.0163 4 32 4.54 0.0051

4 64 3.26 0.0169 4 64 4.63 0.0024 0 -

4 64 0.93 ns 4 64 1.13 ns 0 -

4 64 0.46 ns 4 64 3.57 0.0109 0 -

4 64 2.02 ns 4 64 4.41 0.0030 0 -

0.11 0.17 0.22

Source*

Soil (S)

Study (St)

Soil*Study
Year (Y)
Year*Soil
Year*Study
Year*Soil*Study
Treatment (T)
Soil*Treatrnent
Study*Treatment

S*St*T
Year*Treatment

Y*S*T
Y*St*T
Y,''S'r'St;r'T

LS Means Std Error

'DAF: Days After Ferfilization.
Y Data available for 1997 only.
* Study: May or July trial period.

1.4 Results

Total NH, volatilization loss from untreated urea during the 12 d studies in 1,996

and the 21 d studies in 1997 was similar for each trial, in the range of 20 to 26'/o,withthe

exception of the July 1997 trial on the Stockton FSL soil where NH, loss was 50% of

applied urea*N (Figure 4.1). Ammonia loss from untreated urea began within 2 DAF in
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the July trials but not until 5 DAF in the May trials. The peak rate of NH, volatilization

from untreated urea was generally reached by 5 DAF in July and 12 DAF in May.

N-(n-butyl) thiophosphoric triamide applied with urea at rates of 0.05, 0.10 and

0.15% significantly reduced NH, volatilization (Tables 4.3 and4.4). Use of NBPT

delayed the period of peak NH, loss until the second or third week after fertilization and

reduced total NH, loss by 28-58% in the 1996 and 1997 studies. The pattem of NH, loss

over the 12 and 21 d studies was best described by a quadratic equation (Tables 4.3 and

4.4). Extending the study period by 9 d in 1997 showed loss from NBPT{reated urea

continued to gradually increase for the duration of the study. Ammonia volatilization

losses from NBPT treatments were generally lower at the end of the 21 d studies in 1997

than at the end of 12 d studies ]n 1996.

N-(n-butyl) thiophosphoric triamide performance was signiñcantly different for

the two soils and the fwo trial dates (Table 4.2). The inhibitory effect was less persistent

in the July trials where NH, loss from treated urea occurred by 5 DAF, whereas NH, loss

from NBPT-amended urea during the May trials was negligible until at least 8 DAF

(Figure 4.1). The rate and extent of NH, loss from NBPT-treated urea was lower on the

Newdale CL than the Stockton FSL soil, particularly in July where rate of loss from all

treatments was accelerated due to increased soil temperatures. In July, the various rates

of NBPT reduced ammonia losses by about half as much on the Stockton FSL soil as on

the Newdale CL soil in both years.

The duration and magnitude of urease inhibition was slightly higher at the 0.i0

and 0.l5Yo rates than at the 0.05% rate although the differences were predominantly

significant for the May studies in 1997 (Table 4.4). Ammonia volatilization throughout

each study was very similar at the 0.10 and 0.I5% rates. Use of NBPT at 0.05, 0.10 and
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0.15% lv/w reduced NH, loss by i) May Newdale CL soil: 77 .4,84.2 and 84.7o/o, ii) July

Newdale CL soil: 69.r,74.4 and75.0o/o, iii) May Stockton FSL soil: 64.2,80.7 and.

81.0o/o, and iv) July Stockton FSL soil: 3 l.0,43.7 and36.80/o, respectively.

Table 4.3 Contrast analysis and standard error values for log-transformed 1996 NH.,-N data.
Sum to 5 DAF Sum 5 to 12 DAF Sum to 12 DAF

Newdale CL Stockton FSL Newdale CL Stockton FSL Newdale CL Stockton FSL
Source May Jqly May July May Juty May July May July May Julv
Treatnent
LS Means SE

Contrast

UvsNBPTU 0.0001 0.0001 0.0001 0.0003 ns ns 0.0002 ns 0.0001 0.0037 0.0001 0.0288
0.05% vs 0.15% 0.0136 ns ns ns ns ns ns ns ns ns ns ns
0.10% vs 0.15% ns ns ns ns ns ns ns ns ns ns ns ns
qua&atic 0.0001 0.0001 0.0001 0.0006 0.0001 0.0098 0.0001 0.0019 0.0001 0.0004 0.0001 0.0003
DAF = Days After Fertilization; SE: Standard Error and U: Urea.

Table 4.4 Contrast analysis and standard error values for log-transformed 1997 NH"-N data.
SUrn tO 5 DAF Sum 5 to 12 DAF

0.0001 0.0001 0.0001 0.0007 0.0001 0.0033 0.0001 0.0006 0.0001 0.0003 0.0001 0.0004
0.18 0.36 0.16 0.59 0.39 0.78 0.44 0.51 0.43 0.82 0.6 l.O2

Newdale CL
Muy July

Stockton FSL Newdale CL Stockton FSL
May July May July Mav July

0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
0.07 0.25 0.12 0.31 0.25 0.37 0.23

Source

Treatment
LS Means SE

Contrast
U vs NBPT U
0.05% vs 0.15o/o

0.10% vs 0.15%

0.0001 0.0001

NS NS

NS NS

0.0001 0.0001

0.0001

0.0016

0.0087

0.0001

0.0001

NS

NS

0.0001

0.0001

0.0386

NS

0.0001

0.0001 0.0001

0.0294 0.0077
ns ns

0.0001 0.0001

0.59

NS

NS

NS

0.0001uadratic

Sum 15 to 21 DAF Sum to 21 DAF
Newdale CL Stockton FSL Newdale CL Stockton FSL

Source l4uy July May July May July May July
Treatnent 0.0005 ns

LS Means SE 0.24 0.44
Contrast
UvsNBPTU ns ns

0.05% vs 0.15% ns

0.10% vs 0.15%o ns

0.0001 0.0036 0.0001 0.0001 0.0001
0.23 0.69 0.37

ns 0.0078 0.0001

ns 0.0009 ns 0.0359
ns 0.041 5 ns ns

0.44

0.0001

0.97

0.0001 ns

0.0012 ns

ns ns

0.000 r 0.0001

0.61

0.0002
NS

NS

0.0001quadratic 0.0004 ns 0.0001 ns 0.0001
DAF : Days After Fertilization; SE : Standard Error and U : Urea.
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4.5 Discussion

The pattern and magnitude of NH, loss from NBPT-treated urea varied between

soils and between the May and July trials, being related to soil and weather factors. Soil

factors predominantly establish the potential for NH, production and volatilization while

the actual magnitude of a volatilization event is determined by weather conditions

(Hargrove 1988). As temperature increases, the increased rate of hydrolysis favours NH,

formation (I'Ielson 1982) and subsequent losses via NH, volaÍllization can be high if soil

and moisture conditions are also conducive to loss. Soil temperatures were similar in

both years with the exception of the Stockton FSL soil in May 1997 where temperatures

were exceptionally low, ranging from 5 to 15'C during the first 19 days of the trial.

Total NH, volatilization at the 0.00 to 0.I5% NBPT rates were lowest in this trial

demonstrating the predominant role of weather conditions on the magnitude of NH,

v olatilizatíon from surface-applied urea.

The exceptionally high losses measured in 1997 on the Stockton FSL July trial for

all treatments are most likely due to the high soil temperatures (20-25'C) and moist soil

conditions (60 mm rain prior to start of study), which resulted in rapid granular

dissolution and urea hydrolysis. The accelerated rate of urea dissolution provided the

urease enzqewith abundant substrate while the warm soil temperatures promoted

increased urease activity to more rapidly overcome the NBPT inhibitory effect.

Ammonia would have concentrated near the soil surface, creating a high gradient for NH,

volattlization in the initial days of the study as the soil surface dried, before sufficient

downward movement of urea and hydrolysis products into the soil profile could proceed

to decrease the potential for NH, loss.
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There is a maximum number of enzyme active sites that can be occupied at a

given concentration of NBPT. Therefore if urease activity and concentration of dissolved

urea increase such as under warm, moist soil conditions, then there exists a lower

percentage of total enzyme active sites that can be occupied by NBPT. Under these

conditions a greater concentration of NBPT is required to achieve a level of inhibition

equivalent to when loss potential is low such as when the soil is cool and dry. This

scenario may explain the slightly more persistent inhibition observed for all studies at the

0.10 and 0.I5% rates than at the 0.05% rate of NBPT and the gradual increase in NH,

volatllization from all rates of NBPT-treated urea as urea hydrolysis progressed over the

duration of the experiment. Hendrickson and Douglass (1993) found minimal amounts of

NBPT and NBPTO remained at the conclusion of a 1,4 d laboratory experiment.

The duration of NBPT activity is shorter at higher temperatures (Clay et al. 1990;

Bremner et al. 199I; Watson et al.l994a; Grant et al. I996b) which promote greater

urease activity. Therefore, at higher temperatures the hydrolysis rate may surpass the rate

of NBPT conversion to NBPTO or the rate of inhibitor degradation may be more rapid.

Enhanced loss at all rates of NBPT in the July trials relative to the May trials for both

soils coincided with elevated soil temperatures. In addition, the 0.05o/o rate was less

persistent than the higher rates in the July trials.

The greatest potential for positive effects of NBPT will likely be observed on soils

with high potential for loss from unamended urea such as coarse textured soils with warrn

temperatures or elevated urease activity, high soil water flux or drying conditions, low

CEC, low organic matter, and high pH (Watson et al. I994b). Under these conditions

downward diffusion of urea and NHo* and retention of NHo* on the soil is limited, and

NH, formation is rapid (Sherlock and Goh 1985). In our studies NBPT was most
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effective during the first week after fertilization and on the soils most prone to NH, loss.

The potential for NH, volatilization from urea was greatest on the Stockton FSL soil in

the July trial, where soil physical and chemical conditions in combination with soil

environment conditions, namely warm soil temperatures and moist, drying soil, were

conducive to NH, formation and volatilization. In the May trials, control was greatest at

5 and 8 DAF tn 1996 and 5 to 12 DAF in 1997, which coincided with periods of peak

loss from unamended urea.

The 0.10 and0.l5% NBPT rates were similar in effectiveness; therefore, the

0.10% rate provided optimal performance per economic investment. In agreement with

findings of this experiment, Watson et al. (1994a) calculated an optimum NBPT rate of

0.10% w/w based on the observation of diminishing retums.

4.6 Conclusions

Ammonia loss from surface-applied urea was significantly reduced with use of

NBPT at rates of 0.05, 0.10 and 0.15%. Suppression of NH, loss was slightly greater and

of longer duration at the 0.10 and 0.15% rates than at the 0.05% rate. The greatest

reduction in NH, loss occurred during the first week of the studies when NH, losses were

greatest from unamended urea. Use of NBPT delayed the peak period of loss until the

second and third weeks of the studies. Ammonia loss from all treatments was greatest in

July when wafin soil temperatures would have resulted in rapid granular dissolution,

elevated urease activity, and upward movement of urea and NH, to the soil surface in the

evaporation stream, resulting in high concentrations of NH, near the soil surface.

Ammonia losses at this time were greater on the Stockton FSL soil versus the Newdale
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CL soil likely because of greater aeration of the FSL soil due to characteristic continuous

pore structure, and lower capacity for retention of NHo* due to the lower organic matter

content and CEC.

The commercial rate of NBPT application to urea is 0.14o/o w/w. This research

indicates a lower rate of NBPT may be suitable for surface applications of urea under

zero tillage field conditions in Western Marritoba. Further field research is required to

evaluate performance of NBPT with surface applications of urea to residue-covered soil

and to determine the potential yield benefit at lower rates of NBPT.
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5. PLANT RESPONSE AND SOIL N FOLLOWING SURFACE APPLICATION

OF UREA FERTILIZERS WITH AND WITHOUT NBPT: EFFECT OF

SOIL TEXTURE, TEMPERATURE AND IRRIGATION

5.1 Abstract

Field studies using lysimeters were conducted in May and July of 1996 and1997

on two Orthic Black Chernozems, a Stockton fine sandy loam and a Newdale clay loam,

under modified zero tillage to investigate the influence of irrigation, soil texture and

temperature on total N uptake and biomass of CWRS wheat, and soil N as NOr- and

exchangeable NHo* following surface-application of urea (60 kg N ha-') and UAN (60 kg

N ha-') with and without the urease inhibitor NBPT. Fertilization and irrigation had little

or no effect on plant biomass and N accumulation of wheat grown on either soil.

Growing conditions within the lysimeters resulted in uneven emergence and poor plant

growth, possibly due to heat and moisture stress. Use of NBPT with urea generally

increased plant biomass and N accumulation whereas NBPT-amended UAN tended to

slightly decrease biomass and total N uptake. Forms and distribution of N in the soil

were not significantly affected by N source, NBPT amendment or irrigation, but varied

significantly with year, soil type, study period and depth to 10 cm. There were no

consistent patterns of soil N distribution with depth for the various treatment

combinations. Nitrogen removal by plants, extended time befween fertilizer application
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any initial effects of irrigation or NBPT on urea hydrolysis and distribution of hydrolysis

products in the soils evaluated. Overall this experiment failed to meet the objective of

identifying a possible crop response to NBPT-amended urea and UAN as the design and

environmental conditions restricted plant growth and uptake of N. In addition, high

residual soil N was not limiting to plant growth as had been intended.

5.2 Introduction

Urea is currently the most important agricultural nitrogen fertilizer worldwide

(International Fertilizer Industry Association 1998) and is the major granular fertilizer for

agricultural use in Western Canada (Agriculture and Agri-Food Canada 1998). Once

applied to the soil, urea hydrolyzes to NHo* which can further dissociate to NHr.

Ammonia present near the soil surface may be volatilized to the atmosphere which

reduces the amount of fertilizer N available for crop uptake. Surface applications of urea

to soil under zero tillage are particularly susceptible to high NH, losses as hydrolysis may

proceed on the residue-enriched surface prior to urea moving into the soil (Byrnes and

Freney 1995). Malhi et al. (1996) reported poor uptake of N by barley when urea \¡/as

broadcast under zero tillage relative to other methods of placement. Surface-applied urea

ammonium nitrate is also susceptible to NH, volatllízation although generally at a lower

magnitude than that of surface-applied urea (Hargrove 1988).

Amendment of urea with the urease inhibitor N-(n-butyl) thiophosphoric triamide

(f.rBPT) can reduce NH, loss from surface applications of urea (Grant et al. 1996b;

Watson et al.I994a) and UAN (Fox and Piekielek 1993) in the field by delaying urea
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hydrolysis. This delay decreases the rate of NH, formation and increases the probability

of incident rain moving urea into the soil. Use of NBPT shows most promise for

reducing NH, volatilizationunder conditions conducive to high NH, volatilization

(Watson et al. t994b) and NHo* immobilization such as surface application of urea to a

zero tillage system soil (Al-Kanani and Mackenzie L992) or to a moist soil subject to

evaporation or drying (Clay et al. 1990). However, for NBPT to be economically viable,

the conserved N must be available to plants to increase plant N content and yield. Crop

response to NBPT application will only occur when conditions are conducive to large

volatllization or immobilization losses and when N is limiting to crop production

(Murphy and Fergus on 1997).

Crop response to improved efficiency of urea application with use of NBPT has

predominantly been studied with corn and has been shown to depend on the overall

capacity of the crop to benefit from the increased quantity of available N. Results from

78 trials with corn conducted over a five year period across the United States showed

NBPT increased grain yields by an average of 4.3 bu acre-r and 1.6 bu acre-t when applied

with urea and UAN, respectively. Com yield in a ridge till system increased when NBPT

was used with urea (5.6 bu acre-r increase) in only one year of a 3 year field study where

it was concluded that soil and weather conditions were not conducive to NH, loss, or

nitrogen was not limiting to yield in the other years (Murphy and Ferguson 1997).

Limited information is available on the effectiveness of NBPT-amended urea to

improve plant availability of N in the soils of Western Canada (Grant and Bailey 1997;

Xiaobin et al. 1995). Field sfudies were conducted in Manitoba in 1996 and 1997 with

zero-till wheat to assess the influence of NBPT on plant yield, N accumulation in plant

tissue, and spatial distribution of NOr- and NHo* in soil when surface-applied with urea
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and UAN under varying soil texture and temperature.

5.3 Materials and Methods

Field experiments were conducted in May and July in L996 and 1997 (Table 5.1)

on Orthic Black Chernozemic soils of differing physical and chemical properties (Table

5.2) (Goh et al. 1993; Hendershot et al. l993ab; Janzen 1993). Soil moisture contents

determined at seeding in May from a directly adjacent study were33o/o and22%o for the

Newdale CL and Stockton FSL soil, respectively in 1996, and34Yo and ISYo for the

Newdale CL and Stockton FSL soil, respectively in 1997. In the May studies, Katepwa

wheat (Triticum aestivum L.) was direct-seeded into existing stubble and residue from the

previous year's crop, simulating zerc-trllage management. For the July studies, Katepwa

wheat was hand seeded between rows seeded in May, mowed to a height of 2.5 cm and

cleared of fresh residue just prior to seeding in July. Daily air temperature and soil

temperature at 5 and 30 cm were recorded throughout each trial period (Table 5.3).

Table 5.1 Study periods for the 1996 and 1997 studies.

May July

Start End Start End

Newdale CL soil

r996

1997

Stockton FSL soil

t996
199l

ll{,ay 2I
}l4:ay 20

May 28

May 06

July 03

July i0

July 02

June 25

July 16

July 13

July 16

July 11

August 26

September 13

August 26

September 13
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Table 5.2 Selected chemical and physical characteristics of soils used'.

Soil Sand Silt Clay FC BD CEC OC CaCO, pH EC

Name % % % % gcm-3 cmolkg-r % % uslcm

Newdale 32.2 36.3 3 1 .5 30 l.l7 49.8 4.3 I .6 8.0 896

(tee6)

Stockton 76.0 11.8 12.2 23 1.15 23.1 2.7 0.3 7.6 1092

(tee6)

Newdale 35.8 32.2 32.0 32 L31 46.7 4.9 3.6 8.2 740

(lee7)

Stockton 75.5 l1r4 13.1 19 1.34 23.2 2.1 1.4 8.2 756

(ree7)

" All determinations made using 0-15 cm depth composite samples.
v FC : field capacity; BD : bulk densify; CEC = cation exchange capaciLy; OC : organic

carbon; pH in water; EC : electrical conductivity saturated paste method.

Table 5.3 Meteorological data collected during each study period.

Clay Loam Soil Fine Sandy Loam Soil

May July May July

t996 1997 1996 r997', 1996 l99l 1996 1997

Precipitation (mm) 76 188 118 1 67 185 67 103

Air Temp ("C)
Mean 16.7 17.7 18.2 20.1 15.8 16.2 18.0 16.7

Low 9.4 11.6 11.3 13.6 7.8 8.8 10.2 9.0

High 24.8 24.2 26.0 27.4 23.1 23.6 26.3 25.1

Mean Soil Temp
5 cm ('C) 16.3 i9.5 19.4 2118 18.4 19.0 20.4 19.4

Mean Soil Temp
30 cm ("C) 14.5 15.5 l9.I 19.9 18.0 17.7 22.5 19.6

' Data available from July 13 to July 29 only due to equipment failure.

White polyvinyl chloride (PVC) cylinders, 20 cm in length by 15 cm diameter,

were inserted in the soil to a depth of 5 cm within the seed row with minimal soil

disturbance. Prior to treatment application, excess residue was removed from within each
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cylinder to maintain similar percent residue coverage among treatments, and all residue

was cleared from the immediate area of fertilizer placement. Filter paper was placed on

the soil surface in each cylinder and 150 mL distilled water added 24lus prior to fertilizer

addition to attain equivalent soil surface moisture content within all lysimeters at a site.

Fertilizer treatments were dispensed on the soil surface within a2 cm diameter area at the

centre of each cylinder. Clear plexiglass sheets were positioned atop four comer-placed

reinforcing bars approximately 30 cm above the cylinders in each block for the first2

weeks of the study to accommodate irrigation treatments and were then removed to allow

incident rainfall to reach the soil.

Each individual study was ananged as a split-plot design with completely

randomized blocks. Irrigation was the main plot unit and was randomized within each

replicate while the sub-plot consisted of the fertilizer treatments randomly assigned

within eachirngation plot. The treatments were an irrigated and a non-irrigated control

(no fertilizer or NBPT), 60 kg N ha-t as urea with and without NBPT (0.I4% w/w) both

with and without irrigation, and 60 kg N ha' as urea ammonium nitrate (UAN) with and

without NBPT (0.I4% w/w) both with and without irrigation. Irrigation consisted of

adding the equivalent of 2 cm of deionized water at2 and 8 days after fertilization (DAF)

with additional watering periods at26 and 33 DAF for the Stockton FSL May trial in

1997 in an attempt to alleviate moisture stress.

Plants within the lysimeters were harvested at boot, air-dried, weighed, ground

with a stainless steel Wiley mill to pass through a 1 mm screen, and analysed for total N

(Isaac and Johnson 1976). The number of plants harvested per lysimeter ranged from 0 to

8. This extreme variation was due to uneven emergence and death of plants caused by

heat and moisture stress. After plant removal, all soil at the 0-5 cm and 5-10 cm depths
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\¡/as removed, and three soil cores (2.5 cm diameter) taken from each lysimeter at 10-20,

20-30 and 30-60 cm depths, composited by depth. Multiple heavy rainfalls (97 mm)

followed crop removal on the Stockton FSL soil in May 1997, delaying soil removal for

15 days, although the soil was covered with plastic during this period. Field moist soil

samples were extracted and analysed for exchangeable NH4-N and NOr-N (Maynard and

Kalra 1993). Technical diffrculties rendered NH4-N data in 1996 below 0.25 mgkg-r as

un¡eliable. Values below this limit are reported as "nd".

Statistical analyses were conducted using the MIXED models procedure of the

SAS Institute, Inc. (Littell et al. 1998). There was no treatment by irrigation interaction

for plant biomass and N data (Table 5.4) and for soil N data (data not shown); therefore

data from the two irrigation regimes was combined to show the overall effect of each

fefülizer treatment. Contrast analysis probabilities and least squares means standard error

are reported for plant N and biomass and log-transformed (Little and Hills 1978) soil

NH4-N and NOr-N data for each study. Soil data for depths 10-20,20-30 and 30-60 cm

were combined because there were no significant differences among these depths for the

various fertilízer treatments. Statistical analyses of NH.-N data were not possible where

insufficient data were available in the 1996 studies due to technical difficulties.
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Table 5.4 Probability values and standard errors of effect of treatment, irrigation,
temperature and soil on total plant N and biomass of wheat.

t996 r997

Source

Irrigation

Treatment

Irrigation*Treatment

Soil

Irrigation*Soil

Treatment*Soil

Irrigation*Treat* Soil

Temperature'

Irri gation* Temp erature

Treatment*Temperature

Irrigation *Treat * Temp

Soil*Temperature

Irrigation*Soil*Temp

Treatment*Soil*Temp

Irrigation*Treat* Soil *Temp

LS Means Std Errory

Biomass

NS

NS

NS

NS

NS

ns

ns

t<

t<*

NS

ns

NS

NS

NS

NS

57.s

Total N

ns

NS

NS

NS

NS

NS

NS

t<,F

*

ns

ns

NS

NS

NS

NS

1.3

Biomass

NS

tq

NS

**{<

NS

t
ç

NS

ns

NS

ç

*

NS

NS

34.2

Total N

NS

tg

NS

**

NS

tg

*

NS

NS

0.6

NS

d! d<

NS

*{<

NS

tlc*

NS

*.tc*

*, **, ***, ( : significant at p : 0.05, 0.01, 0.001 and 0.000i levels; ns : not significant at

p < 0.05 level.
' Temperature : May and July study periods
v Least squares means standard error using Block*Irrigation as the error term.

5.4 Results and Discussion

5.4.1 Plant Biomass and N Accumulation

Treatment effects on plant biomass and N accumulation were only evident in the

1997 studies (Table 5.4) where biomass and total plant N uptake were markedly greater
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for the Newdale CL soil in May than other study periods (Tables 5.5 and 5.6). The

timing and quantity of precipitation during this study (188 mm) was not limiting to plant

growth as in the other trial periods. Although the Stockton FSL site received a similar

quantity of precipitation (185 mm), the plants had been harvested immediately before the

site received9T mm, at the end of a prominent dry period which severely hampered crop

performance. IJneven germination in the cylinders also contributed to high treatment

standard errors, restricting the number of significant treatment effects. In addition, poor

crop growth likely restricted plant uptake of nitrogen so that fertilizer N at 60 kg N har

plus residual and recently mineralized soil N likely provided sufficient N for plant

growth, even if a proportion of the ureafertilizer was volatilized as NHr.

There were no differences in plant biomass and N accumulation between urea and

UAN fertilizers. On average, amendment of urea with NBPT increased plant biomass

and plant N accumulation from 257.2 to 326.6 g m-2 and from 5.7 to 7.0 g N m-',

respectively. However, the response was only significant for the 1997 May study on the

Newdale CL soil where biomass and total plant N uptake increased from 315.8 to 670.8 g

m-2 and from 6.1 to 12.3 g N m-', respectively. Overall, amendment of UAN with NBPT

slightly decreased or did not alter plant biomass and N accumulation. On the Stockton

FSL soil in July 1997,totalplant N uptake decreased from 5.3 to 2.4 g N m-t when UAN

was amended with NBPT.
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Table 5.5 Plant biomass (g --'), contrast analysis values and LS means standard error for
wheat.

Newdale Clay Loam Soil Stockton Fine Sandy Loam Soil

May July Mav July

Treatment

M Urea

I Urea

M Urea+NBPT

I Urea+NBPT

M Control

I Control

NIUAN

I UAN

NI UAN+NBPT

I UAN+NBPT

Contrast

Treatment vs Conhol

Urea vs UAN

Urea vs NBPT+Urea

UAN vs NBPT+UAN

1996 1997 1996

232.9 245.0 442.3

238.3 386.6 270.1

303.3 648.3 361.1

317.5 693.4 381.8

272.t 725.6 246.7

187.3 328.6 221.0

293.0 s78.5 404.6

293.9 610.9 437.3

319.0 7 41.3 417 .7

33s.6 620.7 3r7.r

ns ns ns

1996 1997 1996 1997

317.7 196.3 5i8.0 168.3

329.7 186.0 184.3 196.4

310.5 r99.7 321.8 238.4

351.8 262.3 323.5 117 .r

188.3 256.4 310.3 135.1

283.5 222.1 204.3 137.5

291.1 t78.5 432.4 267.7

237.9 242.8 2t3.4 93.6

253.3 150.7 379.7 102.6

346.7 150.0 227.8 61.0

NS

NS NS NS NS

ns*nsns
46.7 203 73.7 33.1

r997

79.9

r22.9

151.5

241.4

r48.6

17t.4

155.4

175.8

115.4

125.8

NSNS

**

NS

ns

ns

NS

LS Means Std Error 40.4 80 155.1 34.7
)k,**,'k*{< : significant at p = 0.05, 0.01 and 0.001 levels, respectively; ns : not significant at

p < 0.05 level; NI : non-irrigated; I : irrigated.
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Table 5.6 Plant N accumulation (g N *-t), contrast analysis values and LS means
standard error for wheat.

Newdale Clay Loam Soil Stockton Fine Sandy Loam Soil

Mav July

Treatment

M Urea

I Urea

May

1996 1997

6.0 s.8

6.9 s.2

6.5 5.7

7.3 7.4

3.9 7.9

5.3 6.5

6.t 5.1

5.3 7.t

5.2 5.9

8.2 4.8

NS NS

NS NS

July

1996 1997

12.8 4.3

4.3 5.4

8.s 6.6

8.3 3.2

8.0 6.7

5.5 3.6

tt.4 6.2

5.7 4.4

8.9 2.6

6.3 2.2

NI Urea+NBPT 6.8

I Urea+NBPT 6.9

lrrl Control 5.6

I Control 3.9

l\II UAN 5.9

I UAN 6.6

l\II UAN+NBPT 6.4

I UAN+NBPT 8.0

Contrast

Treatment vs Control ns

Urea vs UAN ns

{Jrea vs NBPT+Urea ns

UANvsNBPT+UAN ns

LS Means Std Error 1.1

t996

4.9

5.7

1997

5.3

6.8

tt.7

12.8

12.1

5.9

10.9

9.0

13.2

1 1.8

1996

8.6

6.2

6.3

7.9

5.5

5.3

8.s

9.4

8.0

7.5

1997

1.0

2.2

2.5

3.5

2.6

2.5

2.2

2.7

1.8

1.8

NS

ns

**

NS

NS

NS

NS

NS

NS

NS

NS

ns ns

ns ns

NS NS

ns **

1.3 3.5 0.5 0.9 0.6 1.8 0.8
*,*{(,d<{<'& = significant at p = 0.05, 0.01 and 0.001 levels, respectively; ns : not significant at

p < 0.05 level; NI : non-irrigated; I : irrigated.

Other researchers have observed similar responses in plant N and yield with

NBPT-amended urea. In a 3 year study in Western Manitoba, NBPT consistently

increased grain yield of barley under zero tlllage when surface broadcast with urea (Grant

and Bailey 1997). In a growth chamber experiment, vegetative yield and plant nitrogen

accumulation of wheat increased with increased rates of NBPT from 0 to 0.25%ow/w

surface-applied with urea, indicating transference of N conserved from volatllizationto
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plant growth (Xiaobin et al. 1995). in field experiments, surface applications of urea with

NBPT to perennial ryegrass showed N conserved from NH, volatilization reduction

through use of NBPT was utilized by the plant and translated to dry matter yield (Watson

et al.1994a).

5.4.2 Soil Mineral N

Soil mineral N was lower in 1996 than in 1997 (Tables 5.7 to 5.10), coinciding

with lower total precipitation (Table 5.3). The majority of total soil N measured was

derived from residual mineral soil N and organic N mineralization and nitrification, as

indicated by the high soil N present in the unfertilized check treatments. Nitrification of

mineralized and fertilizer N was greater in July when temperatures were slightly higher

than in May, as indicated by a lower ratio of NH.-N to NO3-N in July than in May.

Overall, total N content in soil and in plant matter was greater on the Stockton FSL soil

than the Newdale CL soil, coinciding with greater soil-derived N (greater amounts in

control treatments). Lower soil N and plant N accumulation was anticipated on the fine

sandy loam soil where low soil moisture should have been more restricting to microbial

activity, plant growth and uptake of N in the transpiration stream. However, the Stockton

FSL soil may have supported a more labile pool of organic substrate which was readily

degraded when the soil was periodically moistened by irrigation or precipitation,

resulting in higher N recovery.
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Table 5.7

Irrigation Non-Irrig.
Fertilizer Urea

0-5 cm
5-10 cm
10-20 cm
20-30 cm
30-60 cm

0.28

0.20
0.20
0.10
0.60

Inigated Non-Irrig. Irrigated
Urea Ilrea+NRPT Urea+NBPT

Total

0-5 cm 0.48 0.31 0.31 0.42 0.23 0.21 0.4s o¡,.n 035 039 t.l85-l0cm 0.06 0.12 0.11 0.10 0.04 0.09 0.11 0.05 0.ll 0.17 1.18
10-20 cm 0.04 0.13 0.04 0.03 0.05 0.00 0.01 0.02 o.tz 0.09 t.32
20-30 cm 0.09 0.15 0.03 0.01 0.01 0.00 0.00 0.00 0.00 0.09 1.37
30-60 cm 0.06 0.48 0.04 0.00 0.38 0.00 0.00 o.o2 0.00 0.28 t.34foot O.Z¿ t -'

Newdale Clay T,oam Soil July

0.

0.

0.

0.

0.

t+
t4
20

2l
44

\o
b.J

t.3 8

0.26
0.18

0.29
0.26
1.05

0-5 cm
5-10 cm
10-20 cm
20-30 cm
30-60 cm

th NH,-N le N m-2

Newdale Clay I.oam Soil May

0.20
0.1 I
0.29
0.25

t.2t
2.03

Non-Irrig. Irrigated Non-Irrig.
Control Conhol UAN

the Newdale clav loam soi

nd
nd
nd
nd
nd

Total
rh

0-5 cm
5-10 cm
l0-20 cm
20-30 cm
30-60 cm

0.18
0.14
0.25
0.21

0.60
2.06

nd

nd

nd

nd

nd

0.02
0.02
0.05

0.05
0.28

0.37

0.08

0.00

0.00
0.00

1.37

0.20
nd
nd
nd
nd

0. l5
0.06
0.13

0.15

0.60

0.50
0.19
0.00
0.00
0.00

Irrigated Non-Inig. Irrigated Bulk Density
UAN UAN+NRPT UÁN+NBPT g Cfn-3

0.44

0.20

nd
nd
nd
nd
nd

0.17
0.06
0.15

0.15

0. l6

0.19
0.06
0.00
0.00
0.00

nd
nd
nd
nd
nd

0.15
0.16
0.00
0.00
0.40

0.69

0.47
0.14
0.00
0.00
0.00

nd
nd
nd
nd
nd

0.06
0.06
o.25
0.21

0.28
0.71

0.20
0.09

0.00
0.00
0.00

nd
nd
nd
nd
nd

-NleNm
0.25

l.l8
l. t8
1.32

t.37
1.34

0.87

0.1 I
0.00
0.00
0.00

0.13.

nd
nd
nd
nd

0.34
0.10
0.00
0.00
0.00

0.47
nd
nd
nd
nd

0.13

l.r0
0.34
0.00
0.00
0.00

0.47

nd
nd
nd
nd
nd

0.33
0.10
0.00
0.00
0.00

l.l8
l.l8
1.32

L37
t.34

0.51

0.21

0.00
0.00
0.00

l.l8
1.18

1.32

t.37
1.34



Irrigation
Fertilizer

.8 Soil exchan

0-5 cm
5-10 cm
l0-20 cm
20-30 cm
30-60 cm

Non-Inig. Irrigated Non-Inig. Irrigated Non-Inig. Irrigated Non-Inig. Irrigated Non-Irrig. Inigated Bulk Density

Urea Urea Urea+NBPT Urea+NBPT Control Confrol UAN UAN UAN+NBPT UAN+NRPT g cm'3

0.26
0.12
0.27

0.14

0.29

Total 1.08

and NO,-N ls N nL') with

0-5 cm
5-10 cm
10-20 cm

20-30 cm
30-60 cm

0.60
0.23

0.22
0.14
0.75

\o
u.)

0.09

0.03

0.01

0.00

0.06

0.20
0.10
0.17
0.19
0.46

Total

0-5 cm
5-10 cm
10-20 cm
20-30 cm

30-60 cm

0.16
0.06
0.04

0.00
0.25

Stockton Fine Sandy I.oam Soil May

0.20

0.46
0.18

0.22
0.23
0.62

t.t2

0.24

0. l0
0.0s

nd

nd

0.12
0.04
0.07
0.07
0. l7

0.50

Total 0.39

th

0.51

0.16
0.17
0.14
0.29

0-5 cm

5-10 cm
l0-ZO cm
20-30 cm
30-60 cm

t.72

0.20
0.08
0.08

nd
nd

0.41

0.05

0.00
0.00
0.26

0.47

0.26
0.14
0.22
0.28
1.08

loamsoil.1996.

0.32
0.rI
0.00
0.09

0.29

0.12

0.04

nd
nd
nd

0.37

0.12 0.09 0.09
0.0s 0.03 0.04

0.01 0.00 0.00
0.00 0.00 0.00

0.r2 0.00 0.24

0.73

0.32
0.16
0.3s
0.39
1.82

NO,-N le N m

1.01

0.21

0.25

0.19
o.26

0.58
0.10
nd
nd
nd

0.16

0.29 0.13 0.3't

0.60
0.22
0.27
0.23

1.04

3.04

0.72
0.16
0.00
0.00
0.16

0.14
0.08
nd
nd
nd

0.68

0.71

0.37
0.40
0.48
0.91

NH,-N (e N m

2.36

t.20
0.20
0.13

0.14
0.39

0.00
0.06
nd
nd
nd

0.15

0.05

0.07
0.05

0.38

0.22

0.40
0.53
0.48
0.55

1.53

2.86

0.26
0.14
0.10
0.12
0. l2

0.26
0.14
nd
nd
nd

0.15

0.0s
0.00
0.00
0.02

0.06

0.69

1.15

t.t5
t.2t
r.29
1.38

0.33

0.t2
0.09

0.16
0.91

0.95

0.22
0.13

nd
0.50

0.40

0.14
0.06
0.00
0.00
0.02

o.22

0.49
0.16
0.04
0.10
0.19

0.22
0.02
nd
nd
nd

1.81

l.t5
1.15

t.2l
1.29

1.38

0.22

t.42
0.23

0.18

0.28

0.82

1.20

0.20
nd

nd
nd

0.24

0.19
0.12
0.01

0.00
0.00

t.l5
l.l5
t.2l
r.29
1.38

1.40

1.66

0.27
0.36
0.48
0.82

l.l5
t.2l
1.29

1.38



Table 5.9 Soil exchangeable NH4-N and NO3-N (g N *t) with depth for the Newdale clay loam soil, 1997.

Irrigation Non-Inig.
Fertilizer Urea

0-5 cm
5-1Q cm
l0-20 cm
20-30 cm
30-60 cm

Newdale Clay I,oam Soil May
Irrigated Non-Irrig. Inigated Non-Inig. Inigated Non-Inig.
Urea Urea+NRPT Urea+NBPT Coptrol Control UAN

NH4-N (g N m-t)

0.18
0.16
0.31

0.26
1.08

Total 1.99

rh

0-5 cm
5-10 cm
l0-20 cm
20-30 cm
30-60 cm\c)è

0.16
0.15

0.26
0.27
0.66

0.32
0.16
0.16
0.10
0.73

0.11

0.12
0.29
0.30
0.75

Total

1.50

0-5.cm
5-10 cm
l0-20 cm
20-30 cm
30-60 cm

0.24

0.13

0.33

0.10
0.6s

1.47

0.09
0.13

0.23

0.22
0.86

1.56

Total 1.52 l.0l 1.40

Depth

0.17
0.t2
0.20
0.21

0.82

0.33

0.13

0.37

0.09
0.53

1.45

0-5 cm 0.54 0.19 0.81
5- l0 cm 0. 1 I 0.05 0. 13

10-20 cm 0.1 I O.l2 0.10
20-30 cm 0.08 0.05 0.10
30-60 cm 0.97 0.50 0.53

0.12 0.11

0.12 0.15
0.25 0.15
0.25 0.16
0.54 0.61

r.54

0.06
0.07
0.14
0.17
0.55

0.16 0.23 0.18 0.20
0.29 0.09 0.13 0.06
0.40 0.r4 0.09 0.46
0.1 r 0.07 0.06 0.02
0.91 0.42 0.31 o.tz

1.44

1.28 l.l9

0.16
0.08

0.19
0.30
0.68

NO3-N (g N m-t)

Total 1.81 0.92 1.66

1.88 0.95 0.77 0.

0.19
0.16
0.30
0.35

0.74

Irrigated Non-Inig. Irrigated Bulk Density

UAN UAN+NtrPT UAN+NBPT g-crn'3

Newdale ClayI,oam Soil July

0.12
0.08

0.19
0.26
0.89

0.18

0.17

0.31

0.3'1

l.19
1.74

NH.-N (g N m-t)

0. l3
0.11

0.30
0.20
0.77

1.54

0.18

0.2.0

0.25
0.31

1.20

2.22

0.32

0.15

0.17
0.16
0.55

0.15

0.09
0.13

0.0r
0.26

0.10
0.09
0.22
0.24
0.73

l.5l 1.38

NO3-N (g N m-t)

0.17
0.15

0.29
0.22

0.97

2.14

0.40 0.36
0.24 0.16
0.21 0.18
0.13 0.17
0.7s 0.89

0.14
0.l l
0.27
0.13

0.60

0.26

0.08

0.28

0.04

0.25
0.64

1.22

t.22
1.21

1.30

1.54

1.80

0.11

0.08

0.15

0.22
0.75

t.73 1.77

0.t7
0. l5
0.32
0.06
0.29

1.25

0.90

0.73

0.08

0.0s
0.00
0.20

0.r3
0.10
0.r5
0.15

0.61

1.32

1.22

1.22

1.27

1.30

1.54
0.99

0.25

0.08
0.02
0.02
0.36

0.05

0.07
0.2t
0.24
0.54

1.14

l.t0
0.21

0.05

0.03

0.33

1.22

1.22

1.27

r.30
1.54

l.l I

0.20

0.06
0.08

0.06
0.55

1.22

1.22

1.27

1.30

1.54



Table 5.10 Soil exchangeable NH¿-N and NO,-N (g N rn2) with depth for the Stockton hne sandy loam soil, 1997.

Stockton f ine Sandy I.oam Soil May
Irrigation Non-Irrig. Irrigated Non-Irrig. Irrigated Non-Inig. Inigated Non-Irrig. Inigated Non-Inig. Irrigated Bulk Density
Fertilizer Urea Urea Urea+NBPT Urea+NBPT Control Control UAN UAN UAN+NBPT UAN+NBPT g cm-3

0-5 cm
5-10 cm
10-20 cm
20-30 cm
30-60 cm

0. t5
0.14

0.30
0.2s
0.43

Total

0-5 cm
5-10 cm
l0-20 cm
20-30 cm
30-60 cm\o(J¡

0.t2
0.12

0.29

0.22

0.39

1.26

0.34
0.20
0.48

0.3 r

1.72

0.13

0.t7
0.30
0.28

0.63

Total

t.t4

0-5 cm
5-10 cm
l0-20 cm
20-30 cm
30-60 cm

0.29

0.r8
0.28

0.20

1.03

3.05

0.1s
0.14
0.32
0.25
0.73

1.52

0.19

0.07
0.16
0.21

0.39

0.35

0.20
0.37

0.2s
1.29

1.98

NH4-N (g N m-t)

Total

0-5 cm
5-10 cm
10-20 cm
20-30 cm
30-60 cm

0.15

0.14
0.26
0.33

0.80
1.59

0.07

0.07

0.12

0.07

0.30
l.0l

0.24
0.23

0.33

0.23

0.86
2.47

0. l5
0.19
0.41

0.3s
0.73

1.09

0.26

0.51

0.21

1.30

1.67

0.38
0.10
0.17
o.t7
0.36

N

0.64

0.39 0.36 0.29
0.3s 0.28 0.34
0.38 0.40 0.45
0.29 0.28 0.53
1.29 1.06 1.37

0.19
0.22
0.40
0.38

0.94

0.25

0.13

0. l3
0.09
2.r3

1.83

Nm

Stockton tr'ine Sandv f ,ogm Soil .hrlw

0.06
0.08

0.13

0.20
0.59

2.69 2.39 2.98

0.14
0.25
0.51

0.42
1.04

t.52
0.39
0.58
0.17
t.7 t

2.12

NH¿-N (g N m

0.08
0.09

0.17

0.16
0.44

1.06

0.21

0.19
0.32
0.26
0.75

2.34

0.29
0.20
0.69
0. l9
0.96

0.10
0.08

0.18
0.15

0.57

0.32
0.22
0.56
0.32
t.77

0.95

0.20
0.18
0.38
0.27
0.92

1.73

0.35

0.20
0.24
0.27

2.77

1.07

(g N r-t)

0.26
0.10
0.25

0.19
0.63

0.69
0.35

0.48

0.32
1.45

3. l9

1.34

1.34

l.33
t.27
1.38

0.2t
0.17
0.10
0. l3
1.64

1.95

0.14
0.13
0.18
0.1s
0.63

l^43

0.33
0.25
0.52
0.35
1.27

3.29

0.76
0.37
t.t4
0.68

1.93

0.30
0.13

0.22
0.16
0.63

1.23

1.34

t.34
r.33
1.27

1.38

2.72

0.63

0.22
0.49
0.13

1.53

0.r I
0.14
0.20
0.22
0.86

t.44

1.25

0,38
0.83

0.28

1.25

1.34

t.34
1.33

0.37
0.20
0.46
0. l9
1.64

1.27

1.38

1.34

1.34

1.33

|.21
1.38



Nitrate and exchangeable NH** content of control treatments were frequently not

significantly different from N fertilizer treatments, particularly in 1996 due to the

presence of residual soil N or recently mineralized N and plant uptake of N (Tables 5.1 1

and 5.I2). Treatment effects likely would have been more pronounced if more N-

deficient soils were used in these studies to induce afertllizer response. In addition, high

standard errors for some studies may have masked some treatment effects.

Fertilizer source had a greater impact on soil exchangeable NHo* and NOr- content

with depth than use of NBPT (Tables 5.11 and 5.I2). Measured soil N was greater with

UAN than with urea on the Stockton FSL at all depths, but not for the Newdale CL soil in

May where recovery was greater from urea than UAN treatments. Since plant N was not

significantly different for the two N sources, loss of N via NH, volatllization v/as likely

greater for urea than UAN, as observed in a concurrently conducted experiment.

Use of NBPT did not affect total soil mineral N measured. Amendment of urea

and UAN with NBPT did not consistently affect soil exchangeable NH4* and NOr-

content (Tables 5.1 1 and 5.12). Similarly, Watson et al. (I994a) found no significant

effect on NBPT of r5N recovery in soil at 5 cm increments to 15 cm after a 6 week period.

N-(n-butyl) thiophosphoric triamide only delays urea conversion and there was likely

sufficient time over the study duration for hydrolysis products from all N fertilizer

treatments to react and redistribute in the soil. The minimal differences between

treatments, N form and N distribution in soil with depth likely resulted from the

combination of the tengthy period from time of application to soil analysis and the

presence of residual or recently mineralized N.
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Table 5.1I Statistical

Sauce
Treatment

Depth

TreatmenttDepth

LS Means Std Enor" 0.18 0.33 0.13 . 0.26 0.28 0.08 0.13 0.32 0.20 0.19

Contrast

M,"y July May Jul:¿ May July

ryo¡:N NH1-N %NO¡-N NO¡-N NH|-N %NO¡-N NO¡-N NHI-N %NO¡-N NO¡-N NHI-N %NO¡-N NO¡-N NH|-N %NO¿-N NO¡-N NHi-N %NO¡-N

nsnsnsnsnsnsnsnsnsnsndndÙt**ndndnd

for

Treat vs Control

Urea vs UAN
Urea vs Urea+NBPT

UAN vs UAN+NBPT

\o\¡ Source *r" ffi ^"-" 
NarNffi=N No,=Nff%No,il Nqr{ # %No,=N uoruuffi-zuo.¡ Àro'=Nff%No.¡{

Treatment ns ns ns ns + ns ns ¡r* ns ns ns *!3 'r *** * ns ns ns

Depth - * ns ns ns ns

Treatment+Depth : - ns ns ns ns ns ns

LS Means Srd Enor" 0.19 0.24 0.06 0.28 0.35 0.10 0.16 0.18 0.10 0.08 0.28 0.14 0.07 0.12 0.05 0.21 0.50 0.23

-N and exchangeable NH4-N data, and NO3-N as

ns . ns ns ns. ns ns ns ns ns ns nd nd ns

nsnsnsnsnsnsns*nsnsndndns
nsnsnsnsnsnsnsnsnsnsndndt
nsnsnsnsnsnsnsnsnsnsndnd*

Conrau
Treat vs Control ns ns ns t tr t ns ns ns * ns ns ns

Urea vs UAN ns ns ns ns n ns ns 'r'r ns ns * ** ns

Depth 0-5 cm

Urea vs Urea+NBPT ns ns ns ns ns ns ns ns ns ns ns ns ns ns

UAN vs UAN+NBPT ns ns ns ns ns ns ns ** ns ns ns ns ** ns

.,tr,r**=signifìcantatp=9.65,0.0land0.00llevels,respectively; ns=notsignificantatp<0.05 level; nd=non-determinable; -=notavailable.
t Least squares means standa¡d error.

oftotal soil N for 1996.

nd nd ns ns ns nd nd nd

nd nd ns ns ns nd nd nd

nd nd 0.08 0.21 0.26 nd nd nd

Stockton Fine Sandy Loam Soil
Denth 5-t 0 cm

ns
*t+

ns

ns

ns nd nd nd
*+ nd nd nd

ns nd nd nd

ns nd nd nd

l-lcnth I lì-r(O ¡m

ns

'l*t

ns ns ns ns
*nsnsns
ns ns ns ns
*ns*ns



Table 5.12 Stastistical analyses for log-transformed soil

Yry July' May July May July

Source NO¡-N NH4-N %NO¡-N NO¡-N NHI-N %NOe-N NOËN NH1-N o¿NO¡-N NO¡-N NH4-N o/oNO¡-N NO¡-N NHI-N %NO¡-N NO¡-N NHr-N %NO¡:N

Treatment nS t*+ '3 nS nS nS *'t nS +t nS nS *r trt t*t r*t *** * nS

Depth t*t nS. trr '*' nS t*t
TreatmentrDepth - * ns ns ns ns ns

LS Means Std Enor" O.lt 0.10 0.04 . 0.23 0.23 0.10 0.10 0.13 0.05 0.17 0.28 0.19 0.07 0.14 0.05 0.13 0.26 0.19

Confrast

Treat vs Control ns - ** ns ns. ns ns ns ns ns ns ns ns *t '*+ ns **

urea vs uAN .ns 'r* *l ns ns ns ¡l*,! ns *,|* ns ns ns *t* ns r*r' **l
Urea vs Urea+NBPT ns +* ns ns ns ns ns ns ns ns ns *r!¡ ns ns ns ns

UAN vs UAN+NBPT ns ns ns ns ns ns ns ns ns ns ns ns ns ns *{t ns

Depth 0-5 cm ì-lepth 5-10 cm Þelth 10-60 cm

souce Nql{ffi-%NCI*N ffi%No*N No*Nffi-%No,=rr NorNffi%No.=rs No-Nd %No-N uoruu#-øuo.¡l
Treatment ns ns ns ns ns ns t * ns ns + ns ¡lt*'l +** ns ns *** ns

Depth *r+ 
. 
r*t tt* ns *¡3t

TreatmentrDepth : - ns ns ns ns ns ns

LSMeansStdEnor" 0.ll 0.10 0.04 0.24 0.18 0.03 0.ll 0.14 0.05 0.14 0.ll 0.04 0.09 0.10 0.04 0.12 0.09 0.04

\o
oo

-N and exchan

Connasl
Treat vs Control ns ns ns

Urea vs UAN ns ns ns

Urea vs Urea+NBPT ns ns ns

UAN vs UAN+NBPT *I nS ns

NH¿-N data, and NO¡-N as

t, rtt, ++t = significant at p = 0.05, 0.01 and 0.001
t Least squÍìres means standa¡d error.

oftotal soil N for 1997.

+r ns ns ns ns ns ns ns ns ns ns ns ns ns ns

nS nS nS +t +* nS nS *'t nS l++ t*l nS * *t'¡ nS

nsnsnsnsnsnsnsnsnsnsnsnsns*ns
nsnsnsnsnsnsnsnsnsns*.nsnsnsns
levels, respectively; ns = not significant at p < 0.05 level; nd = non-determinable; - = not available.

*ns
ns ns

ns ns

ns ns



5.5 Conclusions

In general, use of NBPT with urea usually tended to increase plant biomass and N

accumulation, but somewhat decreased both when applied',¡/ith UAN. Nitrogen source,

irrigation, or NBPT amendment did not consistently alter N form and distribution with

depth in soil, although N source had a greater effect than use of NBPT. Plant removal of

soil N, contribution of native or residual soil N and the time elapsed from fertilizer

application to soil sampling was likely sufficient to overcome any initial impact of NBPT

on N form and distribution in soil. The yield and plant N accumulation increases with

NBPT-amended urea likely would have been more pronounced if growing conditions

were not compromised by use of lysimeters and if native soil N availability for plant

growth was limiting as was intended.
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6. GENERAL DISCUSSION

Ammonia volatilization from surface-applied urea fertilizers reduces the amount

of fertilizer N available to the growing crop. Increasing the rate of urea fertilizer to

account for potential NH3 losses is a management approach to compensate for this

inefficiency. However, significant NH3 loss wili not occur every year and the excess

fertllizer N can accumulate in the soil, or can be lost from the soil-plant system via

denitrification or leaching. Excessive NH, emissions to the atmosphere from urea

fertilizers can also contribute to formation of the gteenhouse gas nitrous oxide (NrO),

acidification of soil and surface waters, toxicity of aquatic organisms and plants, or can

stimulate nutrient competition or exclusion in plants (Janzen 1999; McGinn and lanzen

1998; McGinn et al. 1997).

Indirect promotion of NrO formation and nitrate leaching to groundwater from

over fertili zationhave environmental and health implications, rendering this practice

environmentally irresponsible over time. Nitrous oxide is very stable in the troposphere,

with a mean lifetime of 150 years (Schlesinger 1991), and is a formidable greenhouse gas

with approximately 310 times the warming potential of CO, (Agriculture and Agri-Food

Canada, Environment Bureau 1999). The gas is transported to the stratosphere where it

photodissociates to nitric oxide (Schlesinger 1991), which contributes directly to

stratospheric ozone depletion (Janzen 1999). The maximum acceptable concentration of

nitrate in drinking water is 45 mg L-r, equivalent to 10 mg N L-' (Anonymous 1993).
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Elevated nitrate content in drinking water may cause methemoglobinemia in infants, also

known as blue baby syndrome, and may increase the incidence of stomach cancer

(Manitoba Agricultur e 1999).

Our research indicates a more environmentally sound approach than increasing

the fertilizer rate may be to restrict NH, volatilízation from surface-applied urea fertilizers

via amendment with the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT).

To serve as a practical alternative N source for surface applications, the inhibitor must

restrict the rate and total extent of NH, volatilization under a wide range of soil, weather

and management conditions. In our studies, NBPT markedly reduced NH, volatilization

and delayed periods of peak loss from urea and UAN fertilizers for the range of soil

temperatures and textures present in the field, providing effective control at all rates

evaluated (0.05 to 0.15%). The greatest reduction in NH, loss occurred during the first

week after application, and coincided with periods of maximum loss from unamended

urea, which occurred sooner after fertilization in July than in May and were more

pronoìmced on the Stockton FSL soil than on the Newdale CL soil. Total NH, losses

were reduced even fuither where the combination of NBPT and irrigation restricted NH,

volatilizatíon and moved unhydrolyzed urea into the soil, respectively.

According to these modified field studies, an appreciable quantity of NH, can

volatilize even when conditions are not generally thought to be conducive to loss, such as

on cool and moist fine textured soils, making regular use of NBPT a more viable option.

However, the study design restricted drying of the surface soil layer because the moist

polyfoam discs both prohibited air movement and eievated the humidity of the confined

air while still removing volatilized NH, to maintain a gradient for volatilizationfot a

longer period than may occur in the field. Under actual field conditions wind movement
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would typically dry the surface layer of soil to create a barrier between the moist NHr-

enriched soil and the atmospheric air to decrease the diffusion gradient and the duration

of NH, volatilization (Bouwmeester et al. 1985). Consequently, under field conditions

the duration and magnitude of NH, loss would likely be lower on a fine textured soil

where lower soil water flux, greater water retention and higher CEC would restrict NH,

diffusion to the atmosphere once the surface layer of soil dried, relative to a coarse

textured soil. Ferguson and Kissel (1986) observed transport of urea from depth to the

surface with evaporating water on a very fine sandy loam soil while Bouwmeester et al.

(i985) found reduced NH, loss with drying of a soil with a clay content of 470 mg kg-t at

wind speeds approximating those present in the field.

To be economically viable, the N conserved from use of NBPT must be translated

to increased soil N for crop consumption to ultimately increase crop yield and total N

uptake relative to unamended urea. These studies showed the proportion of total N (as

NO3-, urea and exchangeable NHo*in the soil plus as NH, in the air) present as soil N was

greatest when urea and UAN were treated with NBPT, corresponding to treatments with

the lowest NH, loss. At the conclusion of the two and three week studies, the increased

soil N rvas concentrated within the surface 10 cm of soil predominantly as NOr- and

exchangeable NHo* and therefore was available to plants. Estimated fertllizer N recovery,

calculated as total N minus N in control treatments, was generally less than the amount

applied. However, as irrigation predominantly transported NOr- within the surface 20

cm, leaching below the root zone was not likely the mode of fertilizer N loss. The

fertilizer N that was unaccounted for was likely temporarily immobilized or fixed. The

effect of NBPT on N form and distribution in soil is temporary (Zhengping et al1996;

Christianson et al. 1993). For the six to eight week studies where plants were grown, soil
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N content to 60 cm was not significantly different for the various treatments. The lower

total N measured (soil N plus plant N) in these studies relative to the two and th¡ee week

studies (soil N plus NH, in air) is likely due to unaccounted for NH, volatilization in

addition to immobilization,NHo* fixation or lateral movement of N from the sample area.

To achieve a relative yield increase with NBPT use, NH, loss from unamended

urea must create a nitrogen deficiency detrimental to crop performance. If soil N status

prior to fertilization, or capacity of the soil to supply N during the growing season are

sufficient to compensate for urea fertilizer loss as NH3, and crop N requirements are met,

use of NBPT is less likely to invoke a comparative yield response and thus will not be

economically beneficial. Similarly, use of NBPT will also not be advantageous if adverse

growing conditions hinder crop performance. 'Wheat biomass content or total N uptake

did not significantly increase with use of NBPT in our plant response experiment because

yield variability was high and soil N was not limiting to plant growth and development.

Mineralization and/or residual soil N compensated for N lost from unamended urea via

NH, volatihzation, and modified growing conditions impeded crop growth by inducing

severe heat and moisture stress to reduce crop N requirements. Howevet, zeto till field

experiments conducted in the same geographical locations on like textured soils showed

significantly increased grain yield of barley with broadcast NBPT-amended urea versus

unamended urea (Grant and Bailey 1997) indicating yield benefits are achievable under

Western Manitoba field conditions.
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7. SUMMARY AI{D CONCLUSIONS

The f,reld research showed use of NBPT, both with and without irrigation,

improved the efÍiciency of urea and UAN surface applications by reducing NH,

volatilization and increasing fertilizerderived N in soil relative to unamended urea and

UAN applications for both soil textures and both temperature regimes investigated.

Reductions in NH, volatilization were slightly greater and of longer duration at the 0. i 0

and0.I5Yo w/w rates of NBPT than at the 0.05% rate. The combination of NBPT and

irrigation provided the best control of NH, volatilization by delaying the onset of urea

hydrolysis and moving the unhydrolyzed urea away from the soil surface, respectively, to

minimize both early and later NH, losses. Total NH, loss was lower for UAN than for

urea, likely because UAN is only 50olo urea-N and the reaction zone of NH.NO, is acidic

which limits the pH increase of urea hydrolysis and hence NH, formation.

The persistence of NBPT activity was shortest in July on the Stockton FSL soil

where warm temperatures and coarse texture of the soil provided an ideal environment for

rapid hydrolysis and inhibitor degradation, therefore resulting in higher NH, loss and

lower recovery of N in soil. Patterns of NH, loss were similar for both soils in May

because cool soil temperatures likely slowed the rate of urea hydrolysis and upward

diffusion of NH, to limit the gradient for NH, loss to the atmosphere. Ammonia-N

conserved through use of NBPT was recovered as soil N, which was localized in the

upper 10 cm of soil.
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A significant crop response to NBPT use with urea and UAN was not observed,

although generally biomass and total N uptake were greater for NBPT-amended than for

unamended urea. Similarly, field research conducted on like soils in the same

geographical locations showed increased grain yield of barley with broadcast NBPT-

amended urea on zero tlll (Grant and Bailey L997).

N-(n-butyl) thiophosphoric triamide may not provide benefits every year since

NBPT performance is highly dependent on short term environmental conditions

surrounding the period of fertilizer application and on soil N supplying power. The lack

of response with the plants grown in these studies due to poor growing conditions, and

high residual or recently mineralized soil N supports this conclusion. However, when

soil and environmental conditions are conducive to high NH, volatilization where a

nitrogen deficiency would result, and when other conditions are not limiting to growth

and development, crop yield potential can be increased through the use of NBPT. Thus,

NBPT affords an alternative to the practice of over fertilization to compensate for N lost

via volatilization, while concurrently alleviating the negative environmental impact

which may accompany frequent over-fertilization, to provide long-term economic

benefits to crop production.

Additional research is required to evaluate crop response to surface-applied urea

and UAN amended with varying rates of NBPT in the field under variable soil, weather

and management conditions representative of Western Manitoba. The recommended rate

of urea treatment is 0.I4% NBPT w/w. Our preliminary research indicates significant

reductions in NH, loss from urea at levels as low as 0.05% NBPT w/w. If NBPT-

amended urea at lower rates can induce a crop yield response comparable to performance

at the recoÌnmended rate, use of this product would be more economical, making NBPT-
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treated urea an attractive alternative N source for use in Manitoba and other similar soil

and climatic areas.
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8. CONTRIBUTION TO KNOWLEDGE

The soil, environmental and management factors controlling ammonia

volatilization from surface-applied urea fertilizers are numerous and complex. When the

combination of conditions are favourable for significant ammonia loss, N availability to

the growing crop may be limiting, negatively affecting crop yield potential. While urea

efficiency is increased with subsurface placement, soil disturbance problems occur when

urea is placed below the soil surface in reduced oÍ zero tillage, perennial or forage crops,

or in-crop N fertilization. Our research demonstrated that, in systems whe¡e N surface

applications are preferred such as in zero tillage, treating urea with the urease inhibitor

NBPT may significantly restrict the magnitude and duration of NH, volatilization to

improve the efficiency of urea fertilization. N-(n-bufyl) thiophosphoric triamide

successfully delayed the onset of NH, volatilization and decreased the total magnitude of

NH, loss from surface applications of urea and UAN fertilizers under two broad soil

texture groups, coarse (Stockton fine sandy loam) and moderately fine (Newdale clay

loam) and two broad soil temperature regimes (cool and warm) conunon to Western

Manitoba, when applied with irrigation and without irrigation. The field studies

identified weather conditions surrounding the time of fertilizer application as the most

important criteria for determining the magnitude of NH, loss that could occur. Soil

factors related to texture established the extent of NH, volattlization that could occur

under weather conditions ideal for NH, loss.
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Our findings indicated the effect of NBPT on soil N form and distribution in soil

is only temporary, but that N conserved from NH, volatilizalion via use of NBPT was

translated to increased soil N content relative to unamended urea and UAN fertilizers.

Unfortunately, shortcomings in experimental design precluded the occurrence of any

significant response in plant N uptake and yield response to NBPT-amended urea relative

to unamended urea. However, research conducted at similar geographical locations on

like soils showed yield response with barley to NBPT use with broadcast urea (Grant and

Bailey 1997).

Overall our research demonstrated NBPT is suitable for use under field conditions

representative of the Black Soil Zone of Westem Manitoba. Use of NBPT is a means of

decreasing NH, emissions to the atmosphere to reduce agricultural contributions to

atmospheric pollution. Benefits of NBPT are likely to be more frequently observed with

urea than with UAN which is only 50% urea-N. N-(n-butyl) thiophosphoric triamide is

registered for use in Canada and is commercially available as Agrotain, marketed by

IMC-Global. Ultimately the economics will depend on the cost of the product versus the

frequency of observable yield advantages and money savings by the farmer, and if

farmers are willing to make the long term investment, as a response may not be observed

every year. The potential to apply NBPT at arate below the recommended raþ of 0.T4Yo

may make the product a more affordable and attractive alternative.
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10. APPENDICES

Appendix Ia. Daily meteorological data for the May study on the Newdale clay loam soil, 1996.

Date
Month/Day DAF

Air Mean Air High Air Low Soil 1 cm
"c OC OC "C

Precip.
mm

05/23

05/24

05/25

0s/26

05/27

05/28

05/29

0s/30

0s/31

06/0t

06102

06103

2 (r)

J

4

5

6

7

8 (r)

9

10

11

9.9

11.7

13.8

14.8

16.7

17.8

17.4

14.5

13.8

15.5

18.8

t7.2

19.0

23.4

25.9

26.4

28.9

26.8

22.9

16.1

25.4

5.3

4.2

3.7

4.8

2.6

4.0

6.2

s.8

10.1

10.2

8.1

I t0.7 9.3 0

8.4 0

9.5 0

11.7 0

13.2 0

r4.1 0

15.3 0

13.s 0

13.0 t6

14.3 3

r0.5 2

14.2 1t2 8.9 I 1.8 6.r

Appendix Ib. Daily meteorological data for the July study on the Newdale clay loam soil, 1996.

Date
Month/Day DAF

Air Mean Air High Air Low Soil I cm
"c OC "C OC

Precip.
mm

07/18

07 /r9

07/20

07121

07/22

07/23

07/24

07/25

07/26

07127

07/28

07129

I
2 (r)

3

4

5

¿
TJ

7

8 (r)

9

10

11

12

21.2

20.3

19.1

19.5

16.8

16.4

16.3

t7.2

17.4

15.9

t6.4

15.5

27.0

2s.2

23.r

23.7

21.7

2t.3

20.6

22.8

24.6

19.3

2t.6

20.0

17.4

t7.8

17.0

15.4

13.2

t2.t

12.9

13.1

1 1.6

13.0

t2.9

12.7

22.0

2r.4

20.r

20.s

18.6

17.5

17.4

18.0

19.5

'17.9

18.8

17.2

0

9

26

23

0

0

0

0

0

0

0

10

i18



Appendix Ic. Daily meteorological data for the May study on the Stockton fine sandy loam soil,
r996.

Date
Month/Day DAF

Air Mean
"C

Air High
"C

Air Low
OC

Soil I cm
OC

Precip.
mm

05/30

05131

06/0r

06/02

06/03

06/04

06/04

06/0s

06/06

06/07

06/08

06t09

I
2 (r)

J

4

5

6

7

8 (r)

9

10

11

12

18.4

15.3

14.5

16.r

10.8

16.0

15.8

r 5.8

12.7

16.5

18.8

22.8

29.1

21.7

19.9

23.7

14.8

27.2

22.7

22.7

17.0

24.2

28.3

33.1

6.7

tl.2
tt.2

10. r

8.0

5.9

9.52

9.5

9.0

8.8

9.9

171

16.4

14.6

14.1

15.2

1 1.9

15.6

14.7

13.1

0

20

2

0

0

0

0

T4

16.3 0

17.9 0

20.9 0

23.1 2

Appendix Id. Daily meteorological data for the July study on the Stockton fine sandy loam soil,
1996.

Date
MonthlDay DAF

Air Mean
"C

AirHi
OC

Air Low Soil 1 cmOC "C

07/18 1

07/19 2 (r)

07/20 3

07/21 4

07/22 5

07/23 6

07/24 7

22.0 30.6

24.9 33.4

14.6 24.1 0

l8.t 22.6 3

07 /25

07t26

07127

07/28

I (r)
9

10

11

22.8

21.8

2r.4

18.9

17.9

18.7

19.9

t8.2

29.6

28.6

27.4

26.t

19.2

t8.2

16.s

13. I

lt.7
t3.9

13.3

I 1.9

14.7

18.8 26.8

21.4 3

22.0 29

20.6 0

20.3 0

19.5 I

19.4 0

20.4 0

18.9 1

18.9 0

24.s

26.6

31.0

24.2

07/29 t2 18.4 24.7 t4.t t8.t 5

119



A!Þendix Ie. Daily metggrgl_ogical data for the May study on the Newdale clay loam soil, 1997.
Date AirMean AirHigh AirLow Soil 1@
Month/Day DAF oC oC "C oC oC mm

05/28

05129

05/30

05/3t

06/01

06/02

06103

06/04

06/05

06/06

06107

06/08

06/09

06/t0

O6/II

7

I (r)
9

10

1t

12

13

I4

15

t6

t7

18

t9
20

21

15.4

17.I

19.4

1.9.4

21.7

20.8

2t.l
19.9

18. i
17.8

20.0

21.3

23.s

22.5

2t.1

24.1

25.5

26.9

28.2

31.4

29.1

28.1

27.4

25.5

25.2

28.8

29.4

31.3

30.1

29.9

5.1

8.7

11.4

12.9

14.3

14.2

13.3

12.7

I 1.1

9.2

8.2

t2.8

14.1

15.2

r 1.6

13.2

14.3

15.2

15.6

16.9

17.8

18.2

i 8.3

t8.2

18.0

18.3

19.3

20.2

16.4

23.4

8.7

9.7

10.5

tl.4
11.9

12.9

13.7

14.3

14.7

14.8

15.0

r 5.5

16.1

16.7

17.1

0

0

0

0

I

0

0

0

0

0

0

0

0

0

0

ix If. Dail meteoro I data for the Julv stud on the Newdale clay loam soil, 1997.
Air High Air Low Soil 1 cm Soil 30 cm Precip,

OC "c "C mm

Date
Month/Day DAF

Air Mean
OC OC

07/24

07/25

07/26

07/27

07128

07/29

07/30

07131

08/01

1

2 (r)

3

4

5

6

7

8 (r)

9

22.5

22.6

20.4

18.1

r 6.5

18.3

19.4

2L6

21.3

31.0

29.3

26.3

26.0

2..2

27.2

26.4

30.s

3t.2

15.6

16.4

15.7

10.9

9.9

9.6

10.6

15.3

10.6

23.1

22.7

22.7

21.3

19.6

20.3

20.8

2t.9

22.0

19.8

20.2

20.7

20.8

20.2

19.6

19.8

t9.9

20.0

0

0

0

0

0

0

0

0

0

No weather data after August 1 because of equipment failure.

t20



Appendix Ig. Daily meteorological data for the May study on the Stockton fine sandy loam soil,
t997.

Date
Month/Day DAF

Air Mean
OC

Air High
OC

Air Low
oc

Soil I cm
OC

Soil 30 cm Precip.
"C mm

05/10

05/tl

05/12

0s/13

05/14

05/15

0s/16

0s/t7

05/l 8

0s/19

05/20

0s/21

0s/22

05123

05/24

05/2s

0s/26

05/27

0s/28

J

4

5

6

7

I (r)
9

10

t1

12

13

l4

15

l6
t7

18

t9
20

2t

13.5

8.1

5.8

5.5

2.4

J.J

1 1.1

7.3

2.0

5.2

4.3

5.5

9.2

9.8

9.8

10.8

12.5

14.5

14.8

24.2

14.7

12.8

10.9

9.0

15.1

22.6

16.s

3.9

10.4

9.4

12.0

14.9

17.9

16.8

17.8

20.4

23.5

24.3

2.9

3.1

0.2

1.0

-5.2

-8.8

-1.3

-0.6

-1.2

2.t

-4.7

-2.7

4.8

4.6

4.9

4.5

3.8

J.J

2.6

14.1

t2.2

11.2

9.3

8.4

7.3

11.9

lt.2
6.9

7.3

7.9

7.2

9.5

11.4

12.0

12.8

14.4

16.4

19.7

t0.l

10.5

10.0

9.7

8.3

7.8

8.3

9.9

9.4

7.6

7.4

7.4

7.4

8.5

10.1

10.8

11.7

12.8

14.2

0

2

0

0

0

0

0

1

0

0

0

5

0

0

0

0

0

0

0

12l



Appendix Ih. Daily meteorological dala for the July study on the Stockton fine sandy loam soil,
1997.

Date
Month/Day DAF

Air High Air Lowoc oc
Soil 30 cm Precip.

oC mm
Air Mean

OC
Soil 1 cm

OC

07/24

07/25

07126

07/27

07/28

07/29

07131

08/01

08/02

08/03

08/04

08/0s

08/06

08/07

08/08

08/09

08/10

08/1 1

08/12

08/1 3

I
2 (r)

3

4

5

6

8 (r)

9

10

11

12

13

t4

15

t6

l7

18

t9
20

2t

22.4

22.6

20.3

18.1

16.4

18.7

22.7

2t.3

18.1

19.8

19.8

20.2

21.6

25.1

23.5

12.4

14.4

16.0

12.7

14.9

33.6

32.r

26.5

26.7

25.5

29.3

32.7

33.0

27.2

30.8

30. I

28.9

32.0

36.0

33.5

16.1

22.4

26.5

2t.4

25.6

14.7

13.4

15.7

10.2

7.6

7.2

15.5

9.9

9.2

tl.4
9.3

t2.5

10.3

13.9

r s.8

8.4

8.3

7.t

3.8

t.2

23.9

25.5

26.0

24.8

23.4

23.8

24.8

24.8

23.0

24.1

24.2

24.8

25.4

26.9

26.3

18.1

17.7

18.6

18.3

19.1

22.7

22.9

23.4

23.2

22.7

22.2

23.3

23.5

23.5

22.5

22.5

22.7

22.7

23.4

24.5

23.3

20.2

19.8

19.8

19.2

4

I

0

10

0

5

1

0

0

0

0

I

1

0

1

0

2

0

0

4

t22



Appendix IIa. Cumulative NH¡-N loss (% of applied N) minus control for 1996 (Manuscript 3)

Days After Fertilization
8

Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT
Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT
Treatment

NI Urea

I Urea

M U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT
Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT

Newdale Clay Loam Soil: Ma
0.09

0. l6
0.00

0.01

0.t2
0.33

0.08

0.01

0.s8

0.39

0.07

0.05

0.49

0.85

0.23

0.13

7.22

4.50

0.96

0.45

2.s7

2.06

0.75

0.40

t4.44
7.90

2.23

1.28

6.22

3.16
1.66

0.81

16.93

8.39

4.tt
1.56

7.16

3.49

2.39

1.06

. Newdale Clay Loam Soil: July
3.01

4.09

0.55

0.60

4.98

3.84

0.77

1.02

16.87

15.76

1.84

1..54

t0.43

8.98

1.69

4.53

26.04

20.81

6.94

2.64

15.87

tl.73
3.94

s.68

24.3t
15.77

0.61

1.40

0.4s

0.43

0.19

27.48

2t.82
11.52

3.27

16.59

12.t5
5.30

6.58

29.83

19.83

2.06

3.59

2.74

t.24
0.34

28.13

22.03

14.23

3.92

17.05

12.3t

6.71

7.14

Stockton Fine Sandy Loam Soil:
0.07

0.08

0.02

0.04

0.07

0.i I
0.04

0.02

0.77

0.60

0. t0
0.09

0.17

0.25

0.08

0.07

32.29

21.26

7.2t
2.16

7.49

3.71

3.34

0.64

0.36 1.00

Stockfon Fine Sandy Loam Soil: July
s.09

2.74

ô.qs

1.09

1.60

1.20

0.47

0.29

16. t5
13.42

1.40

2.33

4.78

4.t3
0.91

0.80

25.80

22.0r
8.93

8.5s

12.60

I 1.r9
2.69

2.04

28.17

23.65

18.65

13.10

15.95

t2.71

5.25

3.43

29.46

24.t4
23.48

14.86

16.89

13.18

9.06

4.58

123



Appendix IIb. Cumulative NH3-N loss (% of applied l.I) minus control for 1997 (Manuscript 3).

Days After Fertilization
812 l5

Newdale Clay Loam Soil: May
2ll9

Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT
Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT
Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT
Treatment

NI Urea

I Urea

NI U+NBPT
I Urea+NBPT
NI UAN
I I.IAN
NI UAN+NBPT
I UAN+NBPT

0.07

0.04

0.01

0.01

0.14

0.13

0.16

0.10

0.22

0.23

0.13

0.07

0.44

0.40

0.36

0.30

4.09 15.88 20.97 2r.93
2.30 4.17 4.45 4.49
0.55 0.91 1.55 2.02
0.14 0.2r 0.24 0.26

3.58 8.45 tl.r4 1t.92
i.36 2.89 3.10 3.18

1.48 2.63 3.60 4,13

0.45 0.65 0.72 0.74

Newdale Clay Loam Soil: July

22.76 22.97

4.50 4.53

2.50 2.73

0.28 0.32

12.64 t2.97
3.20 3.22

4.77 5.03

0.75 0.76

0.0s

0.06

0.01

0.00

0.08

0.09

0.19

0.03

1.05 15.84 t7.49 18.91 19.30

0.89 12.79 13.08 13.13 13.32

0.10 i.03 2.09 4.99 6.22

0.11 0.96 1.39 1.88 2.0s

0.69 6.09 6.41 7.5s 7.77
0.s4 3.40 3.67 3.86 3.88

0.s6 2.84 3.74 4.49 4.84

0.16 0.95 i.13 r.28 t.28

Stockton Fine Sandy Loam Soil: May

19.62 t9.70
13.44 13.5 r

7.08 7.73

2.98 3.06

7.99 8.05

4.35 4.36

4.91 4.94

t.28 1.28

0.00

0.00

0.01

0.00

0.49

0.68

0.40

0.38

0.26 6.89 t5.93 18.90 19.63

0.23 036 1.01 1.05 1.05

0.07 0.31 0.50 0.84 r.07
0.04 0.07 0.13 0.t7 0.1.7

0.81 4.48 8.97 12.78 14.0s

1.15 3.96 6.28 6.74 6.88

0.82 r.s4 2.00 2.84 3.24

0.72 1.00 1,.t4 1.23 1.23

Stockton Fine Sandy Loam Soil: Julv

20.62 2t.10
1.1 l 1.t2
1.80 2.28

0.20 0.24

14.96 15.40

7.13 7.23

4.22 4.83

i.30 i.33

0.77

0.39

0.rI
0.09

t.28
0.63

0.42

0.44

3.51

2.30
' 0.29

0.25

3.31

2.82

1.03

0.97

26.18 30.31 33.65 34.92

15.30 i6.50 17.01 17.tt
3.r7 9.r3 17.84 2r.83
1.76 2.81 3.53 3.81

23.97 27.50 29.84 30.69

10.3 8 It .17 I 1 .50 Lr .67

7.2t 10.53 t7.06 t9.56
5.75 8.27 8.93 9.19

35.78 36.18

17.17 17.21

26.04 27.t0
4.12 4.20

3t.27 31.49

lt.72 11.76

21.47 22.tt
9.28 9.32

t24



Appendix IIIa. Variable NBPT Rate Study NH3-N (% of applied IÐ minus control in 1996

Treatment

Urea (0.00% NBPT)

Urea (0.05% NBPÐ
Urea (0.10% NBPT)

lJrea (0.15o/o NBPT)

Treatment

Urea (0.00% NBPT)

Urea (0.05% NBPT)

Urea (0.10% NBPT)

Urea (0.15% NBPT)

Treatment

Urea (0.00% NBPT)

Urea (0.05% NBPT)

Urea (0.10% NBPT)

Urea (0.15% NBPT)

Treatment

Urea (0.00% NBPT)

Urea (0.05% NBPT)

Urea (0.10% NBPT)

r.66 9.4
0.32 0.86

0.28 0.76

0.26 0.57

2.03 0.75

2.50 1.88

2.49 2.20

2.81 2.24

Newdale ClaY T oam Soil: JulY

125812

0.03

0.t2
0.05

0.05

0.43

0.11

0.09

0.01

5.86

0.92

0.39

0.32

10.18

2.9r
2.57

2.67

11.93

2.55

1.08

0.92

5.66

0.84

I.r7
1.56

Stockton Fine Sandy T oam Soil: Ma)¡
812

0.13

0.01

0.01

0.00

0.71

0.17

o. r¡
0.08

14.67 5.65 3.03

6.83

2.76

3.29

0.85 2.78

0.62 1.38

0.61 1.95

Stockton F'ine Sandy T oam Soil: July

125812

tJrea (0.15o/o NBPT)

2.56

0.22

0.21

0.09

7.70

0.44

0.59

0.46

t2.67
4.08

4.63

4.r5

1.93

6.19

5.24

6.42

0.92

5.68

2.50

5.02

t25



Appendix IIIb. Variable NBPT Rate Study NH3-N (% of applied N) minus conf¡ol in 1997

(Manuscript 4).

Treatment

Urea (0.00% NBPT)
Urea (0.05% NBPT)
Urea (0.10o/o NBPT)
Urea (0.15% NBPT)

Treatment

Urea (0.00% NBPT)
Urea (0.05Yo NBPT)
Urea (0.10% NBPT)
Urca(0.L5%o NBPT)

Treatment

Urea(0.00% NBPT)
Urea (0.05Yo NBPT)
Urea (0.10% NBPT)
Urea (0.15% NBPT)

Treatment

Urea (0.00%o NBPT)
Urea (0.05% NBPT)
Urea (0.10% NBPT)
Urea (0.15%o NBPT)

Newdale Clay T,oam Soil: May
Days After Fertilization

12 l5 19 21

0.04 0.21 4.53 10.84 4.36 1.12 0.70 0.19

0.07 0.10 0.64 092 t.37 1.03 1.23 0.49

0.03 0.10 0.63 0.62 t.4t 0.47 0.84 0.39

0.02 0.06 0.34 0.39 1.07 0.97 0.96 0.36

Newdale Clay T oam Soil: Jul)¡

8t215192t
0.09 1.70 18.30 3.03 1.91 0.55 0.44 0.r2
0.01 o.tz 2.rt 1.37 2.56 0.35 0.47 0.06

0.01 0.09 1.19 0.76 0.93 0.62 0.65 0.32

0.01 0.07 t.04 0.83 0.93 0.49 0.46 0.15

Stockton Fine Sandy T.oam Soil: MaY
12 15 19 2r

0.07 0.22 6.86 7.53 3.00 0.75 1.23 0.58

0.04 0.2L 0.34 0.40 0.91 0.69 r.73 0.92

0.03 0.05 0.28 0.24 0.74 0.39 1.24 0.72

0.09 0.09 0.21, 0.15 0,42 0.2s 0.79 0.53

Stockton Fine Sandy Loam Soil: July
812151921

0.70 2.70 33.21 4.55 6.64 t.14 0.84 0.2s

0.15 0.42 8.63 8.77 11.05 3.70 2.46 0.50

0.09 0.18 6.31 5.38 8.12 3.81 4.62 r.00

0.09 0.19 5.21 5.51 9.70 4.08 5.49 1.50
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Appendix IV. LSMeans total N as NO3-, exchangeable NHa' and plant N (g N m-2) for the 1996 and 1997 studies

(Manuscript 5).

Newdale Clay Loam Soil 1996

Treatment

NI Urea

I Urea

NI U+NBPT
I U+NBPT
NI Control
I Control
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT

Plant-N Total N NO¡-N

4.90 7.02 0.45

s.70 8.02 0.69

6.80 9.38 0.25

6.90 9.s2 0.61

5.60 7.68 0.28

3.90 4.64 0.37

5.90 7.56 0.44

6.60 7.65 l.M
6.40 7.69 0.43

8.00 9.88 0.71

NHI-N Plant-N

- 8.60

- 6.20

0.20 6.30

- 7.90

- 5.50

5.30

- 8.s0

0.13 9.40

0.47 8.00

- 7.50

NO¿-N

0.74

1.20

0.5s

0.56

0.71

0.30

0.56

0.36

0.58

1.01

NH1-N

1.38

t.t2
2.03

2.06

t.37

0.44

t.l0
0.69

0.7t
0.87

Total N

9.05

6.89

6.7 5

8.5 r

5.78

5.67

8.94

10.97

8.90

8.21

Newdale Clay Loam Soil I997
hrlv

Treatment

NI Urea

I Urea

NI U+NBPT
I U+NBPT
NI Control
I Control
NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT

5.30 8.76 r.8r
6.80 9.75 0.92

I 1.70 t4.70 I .66

12.80 t6.22 1.35

t2.10 14.33 1.73

5.90 7 .86 t.77
10.90 13.50 1.07

9.00 l r.86 0.73

t3.20 16.24 1.72

I r.80 14.59 0.94

Plant-N Total N

r.00 4.33

2.20 4.13

2.50 5.56

3.50 6.39

2.60 5.84

2.50 5.65

2.20 4.52

2.70 4.75

1.80 4.66

1.80 3.85

NO3-N

t.47
1.45

t.44
1.88

0.95

0.77

0.86

0.64

0.90

0.99

NHl-N
1.99

L50
1.56

1.54

t.28
l.l9
t.74
2.22

2.t4
r.80

Plant-N Total N NO¡-N NH1-N

t.52
l.0l
1.40

1.54

l.5l
1.38

t.25
1.32

1.14

l.l I

Stockton Fine Sandy Loam Soil 1996

Treatment

NI Urea

I Urea

NI U+NBPT

I U+NBPT
NI Control

I Control

NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT

NO¡-N

0.20

0.50

0.47

0.73

0.29

0. l3
0.37

0.69

0.22

0.22

NH1-N

L08

1.93

1.t2
t.72
1.27

1.98

3:04

2.36

2.86

3.so

6.00

6.90

6.50

7.30

3.90

5.30

6. l0
5.30

5.20

8.20

7.28

9.33

8.09

9.75

5.46

7.41

9.51

8.35

8.28

n.92

0.81

1.98

1.04

2.06

0.75

t.62
0.97
7o)
0.32

3.59

0.39

0.37

0. l6
0.68

0.22

0.06

0.40

l.8 r

0.24

L40

Plant-N Total N NO,-N NH4-N Plant-N Total N

12.80 14.00

4.30 6.65

8.50 9.70

8.30 I I.04

8.00 8.97

5.50 7.18

I L40 12.77

5.70 I 0.43

8.90 9.46

6.30 11.29

Stockton Fine Sandy Loam Soil 1997

Treatment

ì.iI Urea

I Urea

NI U+NBPT

I U+NBPT
NI Control

I Control

NI UAN
I UAN
NI UAN+NBPT
I UAN+NBPT

NHr-N PlanþN

1.26 5.80

t.t4 5.20

t.sz 5.70

1.59 7.40

t.67 7 .90

1.83 6.50

2.12 5.10

2.34 7.t0
t.73 5.90

1.95 4.80

Plan¡N Total N

4.30 8.74

5.40 8.77

6.60 t2.t6
3.20 6.59

6.70 I 1.49

3.60 6.92

6.20 t2.50
4.40 8.73

2.60 8.04

2.20 6.57

NO¡-N

3.C5

1.98

2.47

1.89

2.69

2.39

2.98

3.r9
3.29

2.72

Total N

i0.l I
8.32

9.69

10.88

t2.26
10.72

10.20

t2.63

10.92

9.47

N03-N

3.43

2.73

4.37

2.33

3.84

2.25

4.87

2.99

4.00
2.86

NHl-N
l.0 t
0.64

l.l9
r.06
0.9s

t.07
1.43

t.34
1.44

1.5 I

t27


