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Core Ideas

* Volatile NH, loss in the field was
quantified via the modified passive
flux method.

¢ Urease inhibitor (NBPT) or S-coated
urea reduced N loss by 39 to 53%
versus urea.

e Urea plus ammonium sulfate (Urea-
AS) reduced N loss by 19 to 28%
versus urea.

¢ A companion laboratory trial found
the same relative efficacy among
fertilizers.

Alternative Dry Nitrogen Fertilizers

Substantial ammonia (NH,) loss can occur when urea is broadcast without
incorporation. Choosing an alternate fertilizer (instead of urea) is one option
when incorporation of urea by tillage or sprinkler irrigation is not feasible.
This research evaluated alternative N fertilizer products (vs. urea) using the
modified passive flux method. Fertilizers were broadcast (168 kg N ha™') on
an Irrigon fine sandy loam soil (mesic Xeric Haplocambid), and not incorpo-
rated. Light showers (7 mm in 14 d after application) triggered NH, loss. After
34 d, ammonia-N loss was 14 to 17% of N applied as ammonium sulfate (AS)
or ASN (fused granule of ammonium sulfate and ammonium nitrate), 22% as
S-coated urea (SCU), 28% as urea + urease inhibitor NBPT [N-(n-butyl) thio-
phosphoric triamide], and 33 to 37% as blended or fused urea-AS fertilizers
(79:21 urea/ammonium sulfate, w/w) vs. 46% as urea. A companion 44-d lab-
oratory study (16°C) demonstrated a similar ranking of fertilizer efficacy. We
conclude that fusing AS with urea in a granule (instead of blending) did not
reduce NH, loss. Partial substitution of AN for AS in a fused granule (ASN) did
not provide additional benefit in reducing NH; loss vs. AS alone. Treated urea
products (SCU and urea + NBPT) had greatest efficacy in reducing NH; loss
during the first 10 d after application, with reduced efficacy thereafter, likely
due to the degradation of the coating (SCU) or the urease inhibitor NBPT.

Abbreviations: AN, ammonium nitrate, NH,NO5; AS, ammonium sulfate, (NH,),SO,; ASN,
a fused composite of ammonium sulfate and ammonium nitrate; Blended urea-AS, blended
urea and ammonium sulfate; CRB, Columbia River Basin; Fused urea-AS, fused granule of
urea and ammonium sulfate; NBPT, urease inhibitor N-(n-butyl) thiophosphoric triamide;
SCU, sulfur-coated urea; Urea + NBPT, urea coated with N-(n-butyl) thiophosphoric triamide.

mmonia (NH;) volatilization is an important pathway of loss from am-
monium (NH,) and urea containing fertilizers. According to the global

NH; budget compiled by Bouwman et al. (2002), fertilizer use in agri-

culture accounts for 25% of global NH; emissions. Ammonia loss from fertilizers
negatively impacts crop growth, farm profitability, human health and surrounding
ecosystems where it is deposited (Asman et al., 1998). Ammonia readily reacts with
NO, and SO, gases in the atmosphere to produce fine (<2.5 um), light-scattering
aerosol particles that are responsible for haze and adverse effects on cardiopulmo-
nary health (Asman et al.,, 1998; Ferm, 1998; Finlayson-Pitts and Pitts, 2000; Pope
and Dockery, 2006). Atmospheric NH 3 and secondary acrosols produced from re-
action with NH; can also be deposited on unintended locations, including ecosys-
tems with N-sensitive species (Fenn et al., 2003; Krupa, 2003; Geiser and Neitlich,
2007). For example, N-eutrophied forests in the Columbia River Basin (CRB) of
Oregon and Washington have responded to increased N inputs with increased
prevalence of nitrophilous and non-native lichen communities (Fenn et al., 2007).
Urea is the most common dry N fertilizer. It accounts for approximately 56%

of global N fertilizer consumption (International Fertilizer Industry Association,
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Table 1. Selected field studies evaluating NH, loss from urea and alternative fertilizers.

Ammonia-N losst

Urea +
Authors Crop and soil texture Measurement technique  Urea NBPT+ Urea-AS AS AN SCU
% of N applied
Dawar et al., 2011 Grazed pasture; silt loam soil Active flow chambers 17-19  5-6
Engel etal., 2011 Semi-arid field; sandy loam soil Passive flux 344 7
Grantetal., 1996 Wheat field; sandy loam soil Semi-open PVC chambers 38-83  3-13
Gezgin and Bayrakl, 1995  Wheat field; calcareous soil Semi-open PVC chambers  4-12  1-6 14-20 4-6
Hargrove et al., 1977 Bermudagrass field; calcareous clay soil 36-45 3-10
Knight et al., 2007 Putting green; loamy sand soil Active flow chambers 36-40 1-2 13-27
Lara-Cabezas etal., 1997 Corn field; clay loam soil Semi-open PVC chambers 41 23
Norman et al., 2009 Rice field; silt loam soil Semi-open chambers 2126  8-12  14-16 5-6
Rawluk et al., 2001 Field; clay loam and fine sandy loam soil Semi-open PVC chambers 20-50 4-36
Rochette et al., 2009 Field; silt clay loam soil Active flow wind tunnels  10-27 5

Sanz-Cobena et al., 2008  Sunflower field; silt loam soil

Passive flux 10 6

t Nitrogen sources: AS, ammonium sulfate; urea-AS, urea partially substituted with ammonium sulfate; AN, ammonium nitrate; SCU, sulfur-coated urea.

# NBPT, urease inhibitor N-(n-butyl) thiophosphoric triamide.

2017) due to its relatively high N content (460 g N kg™1), ease
and safety of handling, and low cost (Roy and Hammond, 2004;
Sommer et al., 2004). However, urea has a greater potential for
NH; volatilization than other N fertilizers. The potential for
NH;-N loss from urea is enhanced in soils with pH above 7,
especially those containing carbonates (Kissel et al., 2008). Soil
pH is also clevated by the hydrolysis of urea in soils that have
low H* buffering capacities (Kissel et al., 2008). As dry urea dis-
solves and hydrolyzes, H is consumed, and soil pH increases.
Environmental drivers of NH; loss include water evaporation
from the soil surface, presence of crop residues (source of ure-
ase), high temperature, and rapid air exchange at the soil surface
(Hargrove, 1988; Al-Kanani et al., 1991; Proctor et al,, 2010).
Incorporation of urea by rainfall, irrigation, or tillage reduces
NHj loss. Rochette et al. (2013), in a review of literature, re-
ported that NH; loss was reduced by an average of 12.5% per
centimeter of soil incorporation depth. Substantial loss of NH;
from surface-applied urea has been reported in the literature for
field studies using a variety of measurement methods (Table 1).
Improving the reliability of N fertilization practices is criti-
cally important in the CRB where sandy loam or loamy sand soil
textures increase the susceptibility of N loss via NO; leaching or
via NH; volatilization (Richerson, 2013). Several aquifers un-
derlying irrigated agriculture in the CRB are contaminated with
NOj and have been declared Groundwater Management Areas

Table 2. Ammonia volatilization loss following application of

by state environmental agencies: the Columbia Basin Ground
Water Management Area in Washington (http://www.cbgwma.
org) and the Lower Umatilla Basin Groundwater Management
Area (https://www.oregon.gov/deq/wq/programs/Pages/ GWP-
Management-Areas.aspx) in Oregon. Nitrogen fertilizer accounts
for approximately 80% of the N inputs to the 142,560 ha Lower
Umatilla Groundwater Management Area near Hermiston, OR
(Richerson, 2011). The loss of gaseous NH; adds uncertainty to
matching N fertilizer inputs to crop N needs. Most crops in the
CRB receive fertilizer in timely spring pre-plant applications or
in-season fertigation. However, winter wheat (Zriticum aestivum
L.) and perennial grass seed crops, such as Kentucky bluegrass
(Poa pratensis L.), grow actively during fall and early spring and
require high N rates (>100 kg N ha~!; Affeldt et al,, 2011). Dry
N fertilizer is typically applied to grass seed and winter wheat
crops between October and March when irrigation water is not
available. Recent research using the modified passive flux method
demonstrated significant NH loss from surface-applied dry urea
in fall or early spring in the CRB (Table 2) and in central Oregon
(Butler et al,, 2010; Butler and Simmons, 2012).

The efficacy of the urease inhibitor N-(n-butyl) thiophos-
phoric triamid (NBPT) in NHj loss reduction has been widely
documented in field studies around the world (Table 1). In the
Pacific Northwest, NBPT reduced NH, loss from urea by 72 to
93% in three field trials in the CRB (Table 2), and by 48 to 84%

broadcast urea and urea + NBPT in three prior field experiments in

the Lower Umatilla Basin, ORt. Methods used to monitor environmental variables and to measure NH, loss (modified passive flux
method) were the same as described for the present field study.

Environmental variables Ammonia loss
NH;—N loss
Urea-N  Application Wind Air Soil RH Cumulative Urea + reduction
Citation Cropt  Crop residue rate Date Duration speed temp. temp. precip. Urea NBPT with NBPT
kg ha'! d ms!  —°C— % mm % of N applied % vs. urea
Holcomb, 2011 KGB burned, regrowth 112 28 Sept. 2009 15 1.7 7.8 10.1 54 18.6 15 4 72
Horneck, 2013§  KGB new seeding 168 11 Oct. 2010 11 1.5 9.8 113 71 8.6 25 1 96
Holcomb, 2011~ WW in-crop (tillering) 112 9 Mar. 2010 24 2.4 69 7.8 65 9.6 60 5 93

t Major soil mapping unit present at all experimental locations was Adkins fine sandy loam, surface soil pH = 6.3 to 7.2.
+ KBG, Kentucky bluegrass (Poa pratensis L.) grown for seed; WW, winter wheat (Triticum aestivum L.).

§ Full experimental (unpublished) data for the site was compiled by D

.A. Horneck. Summary graph for cumulative NH; loss vs. days after

application was published in Extension Bulletin EB0209 by Montana State University (Horneck, 2013).
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in four field trials conducted in central Oregon (Butler et al.,
2010; Butler and Simmons, 2012). Previous Pacific Northwest
trials (Table 2) employed the same modified passive flux method
that was used in the present study.

Studies evaluating NH; loss reduction from alternative
fertilizers vs. urea are much more limited, especially those that
use micrometeorological methods that allow quantification of N
loss at the field level. Commercial fertilizers such as ammonium
sulfate [(NH,),SO, or AS] or fertilizer blends that contain am-
monium nitrate [NH,NO; or AN] usually have lower NH;
emissions than urea because they avoid the increase in soil pH
that accompanies urea hydrolysis (Sommer et al., 2004; Kissel et
al., 2008). Reported NH;~N emission from surface-applied AS
is almost always lower than for urea except when AS is applied to
calcareous soils (Harrison and Webb, 2001).

Chien et al. (2011) suggested that mixtures of urea with
AS might reduce NH; loss (vs. urea alone), due to (i) lower urea
application rate, and (ii) soil acidification as NH, (from AS) is
nitrified. Reported experimental data on the efficacy of urea-AS
blends or co-granulated products in reducing NH; loss (vs. urea
alone) is limited. Proportions of urea to AS and method of fer-
tilizer preparation (blending vs. co-granulation) varied among
studies. Several field studies reported that 1:1 urea/AS blends
(on an N weight basis) reduced NH; loss by about 50% (Lara-
Cabezas et al., 1997; Norman et al., 2009; Table 1). Oenema and
Velthof (1993) reported that co-granulated urea with AS (88%
N from urea, 12% N from AS) reduced NH; loss by 35% (vs.
urea alone), associated with reduced soil pH and reduced urea
hydrolysis rate (vs. urea alone) in a laboratory study.

Coating urea with sulfur is another way to reduce ammonia
loss (Jarrell and Boersma; 1979). Prasad (1976) reported that
NHj loss from a calcareous soil (pH 7.3) was reduced from 20%
of applied N for urea to 1 to 7% S for SCU (soil at 25% of water-
holding capacity, incubated at 32°C). Since the 1970s, technolo-
gies to improve the longevity of the S coat have been developed
(Azeem et al., 2014), but few papers have been published on the
efficacy in reducing NH; loss of “improved” SCU products.
Knight et al. (2007) reported NHj loss was reduced from 36
to 40% of N applied as urea to 13 to 27% as SCU. Hawke and
Baldock (2010) reported no difterence in NH; loss (7% of N ap-
plied) for SCU and urea from a 7-d laboratory incubation with a
calcareous soil (pH 8.4).

The objective of this study was to estimate NH;-N loss
from urea and alternative N fertilizers. Because all NH; mea-
surement methods have limitations in precision and accuracy,
we chose two distinctly different methods. We used a micro-
meteorological method in the field and an incubation method
in the laboratory. Micrometeorological methods provide quan-
titative estimates of NH;—N loss under actual field conditions
(Schjerring et al., 1992; Wood et al., 2000; Vaio et al., 2008;
Cabrera et al.,, 2011). Laboratory incubations provide relative
NH;-N loss estimates among fertilizers.

MATERIALS AND METHODS
Fertilizer Treatments

The same fertilizers were evaluated in field and in laborato-
ry experiments: urea prills (46% N); urea prills (46% N) coated
with a liquid formulation of NBPT (urea + NBPT, AgroTain
Ultra (Koch Fertilizer LLC, Wichita, KS) at the label recom-
mended rate of 3.1 L Mg~! urea; ammonium sulfate granules
(AS, 21% N) from a local supplier; bulk-blended urea prills
and AS granules (blended urea-AS, 40% N); chemically react-
ed, homogenous prills of ureca-AS (fused urea and AS, 40% N,
Yara International, Oslo, Norway); chemically reacted AS and
ammonium nitrate (AN) in a fused granule (ASN, 26% N, J.R.
Simplot, Boise ID and Honeywell, Morris Township, NJ); and
sulfur-coated urea (SCU, 39% N, Two Rivers Terminal, LLC,
Moses Lake, WA). Both blended urea-AS and fused urea-AS con-
tained 79% urea and 21% AS. The ASN contained 260 gkg ' N,
comprised of approximately 195 g kg_1 NH,-Nand 65 g kg_1
NO;-N (Chien et al,, 2013).

Field Experiment

The field experiment was conducted in Morrow County,
Oregon, between 20 Aug. and 25 Sept. 2013 on a 50-ha com-
mercial field mapped as an Irrigon fine sandy loam (mesic Xeric
Haplocambid) with 0 to 12% slope (Fig. 1). Prior to the start of
the field trial, straw from the previous wheat crop was incorporat-
ed to a depth of 10 cm by disking. The field was fallow except for
volunteer wheat. A composite soil sample (0-8 cm) was collected

Non-cultivated Dune Land l :

Fig. 1. Aerial image of the 50-ha field site taken 1 wk following conclusion
of experiment. Lines delineate the division of blocks, and small circles
of increased vegetation indicate the location of circular treatment plots.
Surroundings consisted of a hybrid poplar tree (Populus spp.) plantation
30 m from the north edge of the field; an alfalfa (Medicago sativa L.)
field 100 m from the east edge, dune land to the south of the field, and
a fallow, 55-ha fallow field positioned 30 m from the west edge of the
experiment site. Background measurement locations are indicated with
white dots next to “BG”.
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prior to fertilizer application and analyzed by routine agricultural
soil testing methods at AgSource Laboratories, Umatilla, OR using
methods for the US Western Region (Gavlak et al., 2005). Sand,
silt and clay were 740, 160, and 100 gkg_l, respectively (hydrome-
ter method); pH 6.7 (1:2 soil /water w/v); organic matter 24 gkg~!
(Walkley-Black method), CaCOyj equivalence 20 g kg~! (gravi-
metric analysis based on reaction of HCI with CaCOj;); CEC of
16.6 cmol (+) kg™! (saturation-displacement method, 1 mol L1
ammonium acetate, pH 7). Irrigation (approximately 50 mm) was
applied to the field 1 d before the experiment through a center-

pivot sprinkler system in an effort to stimulate the initial rate of

urea hydrolysis and the likelihood of NH; loss (Al-Kanani et al,,
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Fig. 2. Daily NH; loss (a) and daily precipitation (inset a), and
cumulative NH; loss (b) from field experiment, 20 Aug. to 25 Sept.
2013. Letters following the lines for cumulative NH; loss indicate
significant differences in cumulative NH; loss at the final sampling
date, according to LSD at P = 0.05. Regression equation parameters for
each sigmoid curve are given in Table 3.

1991). Irrigation was not applied thereafter. However, because of
warm, dry, windy conditions after irrigation, the soil surface dried
quickly prior to fertilizer application (1 d after irrigation).

Fertilizer treatments were broadcast by hand at an N ap-
plication rate of 168 kg ha™! inside circular plots (30 m diam-
eter) separated by at least 100 m. This rate of N application
approaches the maximum recommended N rate range for agro-
nomic crops such as grass seed and cereal crops in the CRB. This
N application rate was chosen to increase sensitivity in detecting
treatment differences in NH; loss. Separation of plots by 100
m minimized NH; contamination from adjacent plots (Vaio et
al,, 2008). Treatment plots were randomly arranged in four ap-
proximately 90° quarters (Fig. 1). Each field quarter adjoined a
different land cover: a hybrid poplar tree (Populus spp.) planta-
tion was 30 m north of the field and was continually harvested
during the study. A 50 ha alfalfa (Medicago sativa L.) field was
100 m cast. It was harvested between 28 Aug. and 31 Aug. 2013.
Dune land spanned south of the field, and a fallow 55-ha field
was 30 m west of the site. An Adcon Telemetry (Klosterneuberg,
Austria) weather station at the field site recorded precipitation
(Fig. 2a), air temperature and soil temperature at a depth of 20
cm (Supplemental Fig. Sla), and relative humidity (data not
shown). Wind speed (Supplemental Fig. S1b) and wind direc-
tion (Supplemental Fig. S2) data was obtained from an AgriMet
weather station (Bureau of Reclamation; Boise, ID) because the
weather station at the field site did not record wind data.

A modified passive flux method was used to estimate NH;
gas flux from fertilized plots (Wood et al., 2000; Holcomb et
al,, 2011). This method estimates emissions from time-averaged
horizontal flux densities of NH; gas, integrated at multiple sam-
pling heights within an affected air layer above a small, circular
treated plot (Wilson et al., 1982; Denmead, 1983). The method
establishes a linear, proportional relationship between the mass of
NHj collected and horizontal wind speed (Leuning et al., 1985).
Glass tubes (0.7 cm i.d. and 20 cm length), open on both ends,
were coated on the inside with oxalic acid (deposited with 3% w/v
oxalic acid in acetone solution, evaporated) to react with and trap
NHj from air as NH (Schjerring et al.,, 1992; Wood et al., 2000;
Vaio et al., 2008; Cabrera et al., 2011; Holcomb et al., 2011). A
stainless steel disc with a 1-mm i.d. hole in the center (Mikrolab
Aarhus A/S, Axel Kiers Vej 34, DK-8270 Hogjbjerg, Denmark)
was placed inside each flux sampling tube to decrease speed and
increase frictional resistance to the wind, thus improving NH;
collection efficiency (Schjerring et al., 1992).

The flux sampling tubes were arranged at heights of 0.45,
0.75, 1.50, 2.25, and 3.00 m on a 3-m pole. The pole was attached
to awind vane to rotate the samplers such that the open ends of the
tubes faced the wind (Supplemental Fig. S3). Poles were placed on
alevel, metal base (30 cm?) in the center of treated plots and in un-
treated background locations. A tripod to anchor the masts against
strong wind gusts was attached to poles approximately 1 m from
the base (Wood et al., 2000; Holcomb et al., 2011). At the end of
each sampling interval, flux sample tubes were removed, sealed at

both ends with 10-mm diam. plastic caps, and replaced with unex-
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posed, acid-coated tubes. Capped, removed tubes were refrigerated
in 3.8-L polyethylene bags (Ziploc, S.C. Johnson, Inc., Racine, W1)
until laboratory analysis. Sampling tubes were exchanged at 1 to 3
d intervals for 33 d after application. Flux sample collection tubes
were exchanged more frequently in the beginning of the study
when urea hydrolysis and NH, volatilization were expected to be
more active. Sampling periods were extended near the end of the
study after laboratory analyses indicated that NH; flux was dimin-
ishing. Flux sample tubes were cleaned in a 560°C furnace for 1 h
before reuse in the experiment (Cabrera et al., 2011).

Sorbed NH ,—N was eluted from flux sample tubes in the lab-
oratory by adding 2 mL of deionized water, capping tube ends and
shaking tubes for 10 min. The elution was analyzed for NH,~N
concentration using the modified indophenol blue method de-
scribed by Sims et al. (1995). Horizontal NH;-N flux (F , ugm=2
s71) from each sampler was then calculated with Eq. [1]:

= [1]
Trt KAt

where C is the concentration of NH,~N (ug mL™1) eluted from
sampling tubes; 7" is the volume of deionized water (2 mL) used
to elute NH $7is the radius of the hole in the stainless steel disc
(0.0005 m); K'is the correction factor (0.77) of increased NH; col-
lection, determined by Schjorring et al. (1992); and At is the time
interval (s) for which flux sample collection tubes were exposed.
Land covers adjacent to the field experiment (alfalfa, pop-
lar trees, dune land and other fields were likely to emit differing
rates of NH; and cause varying ambient NH; within the field
site (Freney et al., 1983). To account for ambient NH,4 differ-
ences, background NH; measurements were taken outside of
cach quadrant and at least 100 m away from any treatment plot
(Fig. 1). The four background concentrations were averaged to-
gether for a background NH; estimate that also accounted for
inconsistent wind direction. For each sampling interval, net
horizontal flux was determined by subtracting the background
NHj estimation (F, e bk ) from each treated plot (£, Total
flux density (F, ug N m~2 s~!) was then estimated by integrating

trt)'

horizontal fluxes with vertical intervals measured by each sam-

pler with Eq. [2]:

F:%Z( F, = F. e JAD (2]

where R is the radius of the treatment plot (15 m) and A represents
the height intervals measured by each sampler. Net flux was multi-
plied by the time interval of exposure to calculate NH;~N loss.

Laboratory Experiment

Soil (0-10 cm depth) mapped as Adkins fine sandy loam;
coarse-loamy, mixed, Haplocalcid was collected from an un-
cropped field site at the OSU Hermiston Research and Extension
Center and prepared for incubation by air-drying and sieving the
soil to pass a 2-mm screen.

A composite soil sample (0~10 cm) was collected and ana-

lyzed by routine agricultural soil testing methods at AgSource

Laboratories, Umatilla, OR, by methods for the US Western
Region (Gavlak etal., 2005). Sand, silt and clay were 820, 120, and
60 g kg1, respectively (hydrometer method); pH 6.8 (1:2 soil/
water w/v); organic matter 16 g kg™! (Walkley-Black method),
CaCOj; equivalence 37 gkg™! (gravimetric analysis based on reac-
tion of HCl with CaCO,); CEC of 8.9 emol_kg™! (saturation-
displacement method, 1 mol L~! ammonium acetate, pH 7).

Soil (250 g) was added to 0.9-L glass jars (incubation cham-
bers; Ball Corporation, Muncie IN). Deionized water (40 mL)
was added to soil in ecach chamber to bring it to field capacity
(=75 kPa; 160 g kg_l moisture w/w). This soil moisture was in-
tended to maximize NH; volatilization, which occurs most rap-
idly as soil water potential approaches —~100 kPa (Al-Kanani et
al, 1991). Incubation chambers were equilibrated to 15.6°C.
Fertilizers were applied to the soil surface at an N rate of 114 + 2
mg chamber™! (equivalent to 168 kg ha™! on a surface-area basis).
Fertilizer prills were not crushed or physically altered. Chambers
were covered with 1.5 mil (0.4 mm) thick polypropylene sandwich
bags (Ziploc, S.C. Johnson, Inc., Racine, WI) and loosely scaled
with a rubber band to minimize air escape without creating an-
aerobic conditions. Chambers were held at 15.6 + 1°C. The incu-
bation temperature was similar to 30-yr mean daily temperature
for the field site (Hermiston, OR, 17.4°C; http://www.wrcc.dri.
edu) in September.

Volatilized NH; was captured in a micro-centrifuge tube
containing 2 mL oxalic acid (3% w/v in deionized water) sus-
pended 5 cm above the soil surface in the incubation chambers.
The NH, trapping capacity of each tube was 14% of N applied.
Tubes were removed, capped, refrigerated and replaced with new
tubes and oxalic acid solution at 1- to 3-d intervals for 43 d after
fertilizer application. Ammonium N in the acid traps was deter-
mined using the indophenol blue method (Sims et al., 1995),
and NH;-N loss was expressed as a percentage of fertilizer N
applied. Control jars (no fertilizer, soil only) were included in
the incubation to correct for possible contamination between
incubation chambers. Cumulative NH;-N collected in control
jars was equivalent to 0.02% of N applied.

Statistical Analysis

Cumulative NH;-N loss vs. the number of days after N ap-
plication was estimated using a three parameter sigmoid model
in Sigmaplot v.11 (Systat, 2017):

B 3]

NH,-N loss (% of N applied)=
3N loss (% of N applied) l+exp[~(X—X,)/b)]

where 4 is NH;~N loss (% of applied N) at the end of the ex-
perimental period, the final “plateau” value; X is the number of
days after fertilizer application; X, is the inflection point in the
sigmoid curve where N loss in time goes from an exponential
increase to an exponential decrease [The X, parameter defines
the number of days after N fertilizer application when cumula-
tive NH;-N loss reaches 50% of its final value]; & is the curve
smoothing parameter for the near-linear portion of the sigmoid

curve [Higher values of 4 result in “flatter” curves].
High 1 fb 1 fl
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Fig. 3. Cumulative NH; loss in laboratory incubation chambers
(15.6°C) following application of broadcast N fertilizers at a rate
of 168 kg N ha’l. Letters following the lines indicate significant
differences in cumulative NH; loss at the final sampling date,
according to LSD at P = 0.05. Regression equation parameters for
each sigmoid curve are given in Table 3.

For both field and laboratory experiments, statistical analy-
sis of cumulative NH; loss at the final sampling date from all fer-
tilizer treatments (including those treatments not fit to Sigmoid
response functions) was performed using analysis of variance
procedures (Statistix 9; Analytical Software, 2008). Fertilizer
treatments were assigned as the fixed-effect variable; replications
were assigned as the random-effect in a mixed model. Means
were separated with a LSD test at P = 0.05.

Ammonia loss reduction vs. urea was calculated for both
field and laboratory experiments, so that fertilizer efficacy in
reducing NH; loss could be evaluated on a relative basis across
environments (laboratory and field):
(AF—urea)

urca

NH,—N loss reduction (%)= x 100 [4]

where “AF” is the NH;~N lost from alternative fertilizer treat-
ment (% of N applied); and “urea” is the NH;~N lost from urea
(% of N applied).

RESULTS
Field Experiment

The field experiment was conducted in a warm, windy en-
vironment, with periodic showers that stimulated NH, loss
(Supplemental Fig. S1). Air temperature fluctuated between 5.0
and 35.2°C, with an average of 21.0°C. Soil temperature ata depth
of 20 cm ranged between 13.8 to 40.0°C and averaged 25.2°C.
Wind speed (15-min average recordings) fluctuated between 0.0
and 1.5 m s™! and averaged 0.3 m s™!. Relative humidity varied
between 15.2 and 96.5% and averaged 55.8% (data not shown).
Cumulative precipitation totaled 35.1 mm from individual rain-

fall events: 0.2 mm at 1 d after fertilizer application, 3.3 mm at 6 d,
3.8 mm at 14 d, 15.8 mm at 17 d, 11.8 mm at 27 d, and 0.2 mm
at 32 d (Fig. 2a). Some of the NH; collection masts were knocked
down by wind gusts 27 d after fertilizer application, causing greater
variability in the results from that sampling period.

Two major peaks in daily NH; loss were observed follow-
ing precipitation of 3.3 mm at 6 d after fertilizer application and
3.8 mm at 14 d (Fig. 2a). Precipitation at 17 d did not trigger a
NH; loss peak, suggesting that rainfall was sufficient to move
urea below the soil surface. Urea, blended urea-AS and fused
urea-AS had high rates of NH; loss until rainfall ac 17 d. Loss of
NH; was delayed for the urea + NBPT and the SCU treatments.
Ammonia loss for these treatments was minimal following rain-
fall at 6 d, increasing markedly following the second rainfall at
14 d. Ammonia loss from AS and ASN treatments was not as
responsive to rainfall events at 6 and 15 d after fertilizer applica-
tion, when compared to fertilizers containing urea.

Sigmoid curve fitting provided additional insight into the
kinetics of NH; loss. We chose the sigmoid functions because
they fit the general pattern of NH; loss vs. time after urea ap-
plication: a lag phase after fertilizer application, when only small
amounts of NH; were lost, followed by a rapid phase of NH,
loss, and a final phase where the NH,4 loss rate approached zero
(plateau phase in cumulative NH accumulation).

All sigmoid equations for cumulative NHj; loss had P < 0.0001
for all three sigmoid regression parameters (4, b, X, in Eq. [3]).
Days to 50% cumulative NH;~N loss (X, parameter in sigmoid
equation) were similar (11 to 12 d) for urea, AS, blended urca-AS
and fused urea-AS and ASN. By contrast, urea + NBPT and SCU
treatments reached 50% cumulative NH;—N loss at 15 to 16 d. The
greater sigmoid equation X, values for urea + NBPT and SCU
treatments are likely associated with the ability of NBPT or SCU
to inhibit urea hydrolysis (NBPT) or urea diffusion from prill into
soil (SCU). Sigmoid regression parameter “6” describes the time
required for cumulative NH;—-N loss to move from the lag phase
to the plateau phase. Sigmoid equation “4” and “X” values were
similar for blended urea-AS, fused urea-AS and urea, indicating no
difference in kinetics of NH; loss vs. time due to the presence of AS.

At the end of the field trial, cumulative NH; loss, lowest to
highest was ASN = AS < SCU < blended urea-AS = fused urea-
AS < urea (P = 0.05; Fig. 2b). The final Sigmoid equation “pla-
teau” values (parameter “2” in Table 3) for cumulative NH;-N
loss were within 1% of N applied, compared to cumulative
NH;-N loss computed by averaging data across replications at
the final sampling date (34 d after fertilizer application; Fig. 2b).

Laboratory Experiment

The laboratory experiment confirmed most of the findings
from the field trial. Although cumulative NH; loss was much low-
er for urea in the laboratory (2.7% of N applied) vs. the field (46%
of N applied), relative comparisons among fertilizer products fol-
lowed a similar progression. Final cumulative NH; loss (lowest to
highest N loss) was: AS = ASN < urea + NBPT < SCU < blend-
ed urca-AS < fused urea-AS = urea (P = 0.05; Fig. 3). The greater
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Table 3. Sigmoid equation parameters for cumulative NH;—N loss, and percent reduction in NH, loss for urea alone, urea with
urease inhibitor N-(n-butyl) thiophosphoric triamide (urea + NBPT), ammonium sulfate (AS), blended or fused granules of urea
and ammonium sulfate (urea-AS), a fused composite of ammonium sulfate and ammonium nitrate (ASN), and sulfur-coated urea

(SCU) in field and laboratory experiments.

Sigmoid equationt

NH;-N loss reduction¥

Exp. Fertilizer a b SE regression estimate R? 10d 20d 30d
~ ~ ~ ~ % vs. urea —
Field Urea 46 (0.9)§ 3.8 (0.3) 12.4 (0.4) 1.8 0.992 _ _ _
Urea + NBPT 29 (0.6) 4.8 (0.3) 15.3 (0.4) 0.8 0.995 55 48 39
AS 17 (0.4) 4.6 (0.4) 11.1 (0.5) 0.8 0.986 52 62 62
Blended urea-AS 33 (0.7) 4.1 (0.3) 12.3 (0.4) 1.3 0.991 24 29 28
Fused urea-AS 38 (0.8) 4.0 0.3) 11.8 (0.4) 1.4 0.991 9 18 19
ASN 15 (0.5) 5.5 (0.5) 11.2 (0.7) 0.7 0.982 59 70 69
SCU 23 (0.8) 4.9 (0.4) 16.4 (0.6) 0.9 0.989 70 62 53
Lab. Urea 2.7 (0.02) 2.9 0.1) 10.4 0.1) 0.06 0.996 _ _ _
Urea + NBPT 1.9 (0.02) 3.6 0.2) 16.2 (0.2) 0.05 0.996 77 48 33
Blended urea-AS 2.3 (0.02) 2.8 0.1) 12.0 (0.2) 0.06 0.996 40 16 14
Fused urea-AS 2.9 (0.01) 2.7 0.1 10.5 0.1) 0.04 0.999 -3 -8 -7
SCU 0.8 (0.01) 2.8 (0.2) 11.3 (0.2) 0.03 0.990 77 72 72

)

t Three-parameter sigmoid equation: Cumulative NH,—N loss (% of N applied

significant at P < 0.0001.

= a/{1+exp[—(X=-X,)/bl}; All parameters in all equations were

¥ Ammonia loss reduction (% vs. urea) calculated using sigmoid function values at 10, 20, and 30 d after fertilizer application; For laboratory
incubation experiment, a sigmoid model did not fit observed NH;-N loss for AS and ASN; Ammonia loss reduction was >95% for AS and ASN.

§ Standard error for each regression parameter is given in parenthesis.

value for sigmoid equation parameter X for urea + NBPT (16 d)
vs. all other treatments (10 to 12 d), was likely caused by urease
inhibition by NBPT. The greater emissions observed for fused
urea-AS vs. blended urea-AS (laboratory trial, P = 0.05) were
similar to what was observed in the field trial (fused vs. blended
urea-AS were not different at P = 0.05), demonstrating no benefit
to combining urea and AS in a prill. Sulfur-coated urea showed
the lowest NH; emission among the fertilizers containing urea
in both laboratory and field trials. Cumulative NH, loss from AS
and ASN were near <0.05% of N applied in the laboratory trial,
50 a sigmoid model was not appropriate to describe NH; loss vs.
time for these treatments. This contrasted with loss of 15% (AS)
and 18% (ASN) of N applied in the field trial.

The NHj loss data from field and laboratory trials were
converted to units of NH;-N loss reduction to facilitate com-
parisons of fertilizer performance with time after application
(Table 3). Values reported were derived from evaluation of the
fitted cumulative NH;-N loss equations at 10, 20, and 30 d after
fertilizer application (Table 3). The 10-d evaluation corresponds
to approximately 50% of final cumulative N loss for most treat-
ments, the 20-d value is a point that falls on the “shoulder” of
cumulative NH; loss curves, and the 30-d value represents final
“plateau” N loss value (Fig. 2b, 3). Declines in NH; loss reduc-
tion vs. time were observed for urea + NBPT in both field and
laboratory trials. In the field, NH, loss reduction for urea +
NBPT declined from 55 to 39% between 10 and 30 d after fer-
tilizer application. In the laboratory, NH; loss reduction for urea
+ NBPT declined from 77 to 38% between 10 and 30 d after
fertilizer application. The observed decline in NH; loss reduc-
tion with time is likely associated with the degradation of NBPT
in soil. For SCU, NH, loss reduction declined between 10 and
30 d in the field experiment (from 70 to 53%), but was more
consistent in the laboratory (77% at 10 d; 72% at 30 d). Wetting,

drying, and temperature change in the field were more condu-
cive to splitting SCU prills in comparison with the more stable

temperature and moisture conditions in the laboratory.

DISCUSSION

Pan et al. (2016) recently summarized research on mitigation
of NHj loss from agriculture from 171 research reports. In that
meta-analysis, mean reduction in NH;-N loss vs. urea was 75%
for non-urea fertilizers, 31% for urea-containing mixed fertilizers,
54% for urease inhibitors, and 68% for controlled release fertiliz-
ers. In the field experiment described here, NH;~N loss reduction
for alternative fertilizer products was 62 to 69% for the non-urea
fertilizers (ASN and AS), 19 to 28% for the urea-containing mixed
fertilizers (fused urea-AS; blended urea-AS), 33% for urease inhib-
itor (NBPT), and 53% for a controlled release fertilizer (SCU).
Thus, our data is within the range reported by others.

The NHj; loss observed at our field site was on the upper
end of NHj loss values reported in the literature (Table 1).
Contributors to NH; volatilization potential at our site included
the presence of CaCO3, sandy loam soil texture, and low inten-
sity rainfall. Application of more than 12 mm of irrigation water
was needed to incorporate urea and limit NHj loss in previous
trials in the CRB (Holcomb et al,, 2011). In the present study,
rainfall intensity was less than 4 mm d~! during the first 14 d,
and evaporative demand was high. Therefore, it is likely that
rainfall in the present study was less effective in incorporating
urea compared to overhead sprinkler irrigation. High tempera-
tures increase the rate of NH; loss, provided there is sufficient
moisture to hydrolyze urea to NH,. However, recent research in
the inland Pacific Northwest and in Montana USA has demon-
strated that NH; loss can be substantial when soil temperatures
are below 10°C (Table 2; Engel et al., 2011; Jones et al., 2013).
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In this experiment, cumulative NH loss from urea (46%)
was within the range of loss observed in previous field trials
conducted in the CRB (Table 2). Previous trials had cumulative
NHj; loss from urea of 15% to 60% (avg. 33%) with trial dura-
tions of 11 to 24 d after fertilizer application. The present field
trial was conducted on a similar soil texture (sandy loam), but at
warmer soil temperatures (25°C in present trial vs. 8 to 11°C in
previous trials). As in previous trials, NH; loss in the present trial
was triggered by light rain showers (less than 12 mm) during the
first weeks after fertilizer application. In the present and previous
trials, crop residue was mostly absent from the soil surface.

In the following sections we discuss individual alternative
fertilizer performance vs. urea. All fertilizers except urea + fused
AS were effective in reducing NH; loss in both field and labo-
ratory trials. Fertilizers are discussed in general order lowest to

highest NH, loss.

Efficacy of Ammonium Sulfate and Fused Granules
of Ammonium Sulfate and Ammonium Nitrate

In our trials, AS and ASN were equally effective in reducing
NHj; loss vs. urea (Fig. 2, 3). Based on the amount of NH,-N
applied, ASN should be less susceptible to NH, loss than AS,
because ASN supplies 75% of its N as NH,, with the remain-
der of N supplied as NO; (Chien et al., 2013). Significant loss
of NH; has been reported when AS is applied to calcareous
soils (Hargrove et al., 1977; Gezgin and Bayrakl, 1995; Table
1). When AS is applied to calcareous soils, soil solution Ca*
is precipitated as CaSO 4 triggering dissolution of calcium car-
bonate, increased soil pH and increased NH, loss. In non-cal-
careous soils, surface-applied AS results in lower NH loss than
urea (Table 1). The Irrigon fine sandy loam used in our field
trial contained 2% CaCOj5 equivalence, suggesting risk for NH;
emission from AS. Prasad (1976) reported that that cumulative
NH; loss was similar from AS or from urea in a calcareous soil
(pH 7.3). Ammonia loss from urea generally increases with soil
carbonate percentage (Fenn and Kissel 1975; Whitchead and
Raistrick, 1990). Because carbonates present in soils differ in
particle size, mineralogy, and dissolution rate, it is difficult to
predict NH; loss potential from carbonate percentage.

Efficacy of Sulfur-Coated Urea

Cumulative NH; loss reduction by SCU in our trial (53%
in the field and 72% in the laboratory) was within the range re-
ported by Knight et al., 2007 (25 to 68% in ficld) and Prasad,
1976 (50 to 80% in laboratory), and less than that reported by
Hawke and Baldock, 2010 (0% in laboratory). The coating ma-
terials and technology used in SCU production varies (Jarrell
and Boersma; 1979; Azeem et al., 2014). In addition to S, most
SCU products marketed since the early 2000s contain polymers
that control urea release rate and increase the resistance of the S
coat to cracking and urea leakage (Chen et al., 2008).

Efficacy of Urea with Urease Inhibitor NBPT

The use of NBPT was less effective in in reducing NH;; loss
in our trials, as compared to most literature reports (Table 1).
The present trials showed a cumulative 39% reduction in NH;
loss relative to urea in the field, and a 33% reduction in the labo-
ratory (Table 3). In our trials, NBPT efficacy declined with time.
For example, NH; loss reduction in our field trial was 77% at
10 d, 48% at 20 d, and 33% at 30 d after application. This time x
NBPT efficacy interaction must be recognized when comparing
NBPT efficacy across field trials.

Degradation rate of NBPT increases with temperature
(Christianson et al., 1993; Hendrickson and Douglass, 1993;
Watson etal.,2008). Soil temperatures measured in this field exper-
iment favored NBPT degradation (average 25°C; Supplemental
Fig. S1). Holcomb (2011) evaluated the effect of temperature on
NBPT efficacy using a sample the same soil collected from the
same location and depth as the soil used in our laboratory experi-
ment. At 17°C, urea was completely hydrolyzed after 5 d. Urea
treated with NBPT required 15 d for 50% hydrolysis and 28 d
for complete hydrolysis. At 4°C, urea alone was completely hydro-
lyzed after 12 d. Urea + NBPT required 33 d for 50% hydrolysis
and 62 d for complete hydrolysis (Holcomb, 2011).

The soils used in our work had pH values near 7, which was
suitable for effective urea hydrolysis inhibition by NBPT. Engel et
al. (2013) demonstrated that NBPT persistence and activity was
greater in alkaline than in acid soils in a laboratory study. At 20°C,
NBPT inhibited urea hydrolysis by 17% in an acid soil (pH 5.5)
and 92% in an alkaline (pH 8.4) soil. When acid soil was amended
with CaCO3 (3g100 g_l soil) prior to incubation, urea hydroly-
sis inhibition increased from 17 to 83% (Engel et al.,, 2013). Goos
(2013) reported that NBPT, applied at 1 mg kg™! urea, inhibited
urea hydrolysis by 57% in a calcareous soil (pH 8.1; 290 g kg~!
CaCOj;) vs. 67 to 69% in non-calcareous soils (pH 6.5 and 7.3).

Efficacy of Fused or Blended Urea with
Ammonium Sulfate

The fused or blended urea-AS products evaluated in this
trial (79% urea; 21% AS w/w) supplied 89% of N from urea,
and 11% of N from AS. Assuming that NH;-N is lost only from
urca and not from AS, dilution of urea by AS could account for
an 11% reduction in NH; loss.

Ammonia loss reduction for blended urea-AS (vs. urea) was
14% in the laboratory and 28% in the field trial, suggesting little
or no benefit to AS addition beyond the reduction of urea appli-
cation rate. The kinetics of cumulative NHj loss (b and X, val-
ues in fitted sigmoid equations; Table 3) were similar for urea vs.
blended urea-AS in field and laboratory experiments. This find-
ing also suggests that a reduction in urea application rate was the
primary mechanism reducing cumulative NH; loss (vs. urea).

Chien et al. (2011) proposed that fusion into a prill might
reduce NHj loss from urea. Results from laboratory and field
trials here showed equal cumulative NH; loss (field experiment)
or greater loss (laboratory experiment) from fused urea-AS than

from blended urea-AS. Oenema and Velthof (1993) also showed
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greater NH;—N loss reduction (vs. urea) with a powdered urea-
AS blend (21%) than with co-granulated urea-AS (13%). The
urea-AS fertilizers used by Onema and Velthoff had a similar
urca/AS ratio to those used in the present experiments: 20%
AS + 80% urea (88% of total N from urea).

CONCLUSION

The field study reported here measured the performance of
N fertilizers in NH; loss reduction using a quantitative method
(modified passive flux). Few other studies have included such a
wide range of alternative fertilizers. In the field trial, cumulative
NH; loss (lowest to highest) was ASN = AS < SCU < blended
urea-AS = fused urea-AS < urea. The same progression in NH,4
loss was observed in the companion laboratory trial, except that
cumulative NH loss from the fused urea-AS product was equiva-
lent to that of urea. Findings relevant to fertilizer choice for the
purpose of NHj loss reduction included: (1) fusing urea and AS
into a granule did not provide additional benefit compared to
blending urea and AS in the same proportion; (2) substituting
25% of applied AS with AN (ASN) fertilizer did not provide an
additional benefit when compared to AS alone; (3) treated urea
products (SCU and urea + NBPT) were most effective in reduc-
ing NH, loss during the first 10 d after fertilizer application, with
reduced efficacy thereafter. Because fertilizers performed similarly
in the field and laboratory, this study may have broader application
for fertilizer choice for similar soils in the inland Pacific Northwest.

Although alternative fertilizers reduced NH; loss in this study,
they are unlikely to be the sole solution to the long-term problem of
reducing NH; emissions in the CRB. The best performing prod-
ucts in the field experiment (AS and ANS) still resulted in NH;-N
loss of 14 to 17% of N applied. Both AS and ASN are more costly
per kg of N than urea, so they may not be competitive economi-
cally, even when they reliably reduce NH; emissions. Changes in N
fertilizer application rate, timing and method of application must
also be considered as management strategies to reduce NHj loss.

The modified passive flux method used in the field trial
provides useful data to estimate the economic cost of NH; loss
to the farmer, and the likely return associated with alternative
fertilizer use. At the N application rate used in the field study
(168 kg N ha™1), about 79 kg N ha™! was volatilized as NH,
following urea application. A 30 to 50% reduction in NH;-N
loss translates into foregone volatilization of 24 to 39 kg N ha™1.
Atan N cost of $1.10 USD kg™, the N saved from volatilization
would be worth $26 to $43 haL.

SUPPLEMENTAL MATERIALS

Supplemental material is available with the online version of this
manuscript. Three Supplemental Figures show the daily environmental
measurements collected at the field site, wind direction data, and the
apparatus used for the modified passive flux method.

ACKNOWLEDGMENTS

Linda J. Brewer, Faculty Research Assistant at Oregon State University,
served as technical editor for the authors.

REFERENCES

Affeldt, R.P., D.A. Horneck, D.L. Walenta, G.L. Kiemnec, and J.M. Hart. 2011.
Nutrient management guide: Irrigated Kentucky Bluegrass (Eastern
Oregon). EM 9029. Oregon State University Service, Corvallis, OR.

Al-Kanani, T., A.F. MacKenzie, and N.N. Barthakur. 1991. Soil water and
ammonia volatilization relationships with surface-applied nitrogen
fertilizer solutions. Soil Sci. Soc. Am. J. 55:1761-1766. doi:10.2136/
$552j1991.03615995005500060043x

Analytical Software. 2008. Statistix, Version 9. Analytical Software, Inc.,
Tallahassee, FL.

Asman, W.A.H., M.A. Sutton, and J.K. Schjerring. 1998. Ammonia: Emission,
atmospheric  transport and deposition. New Phytol. 139:27-48.
doi:10.1046/j.1469-8137.1998.00180.x

Azeem, B, K.Z. KuShaari, Z.B. Man, A. Basit, and T.H. Thanh. 2014. Review on
materials and methods to produce controlled release coated urea fertilizer.
J. Control. Release 181:11-21. doi:10.1016/j.jconrel.2014.02.020

Bouwman, A.E, L.J. Boumans, and N.H. Batjes. 2002. Estimation of global NH,
volatilization loss from synthetic fertilizers and animal manure applied
to arable lands and grasslands. Global Biogeochem. Cycles 16(2):1024~
1034. doi:10.1029/2000GB001389

Butler, M., D. Horneck, R. Koenig, J. Holcomb, and R. Simmons. 2010.
Quantifying ammonia volatilization from surface-applied fertilizers in
Kentucky Bluegrass grown for seed. In: Central Oregon Agriculture
Research Center 2010 Annual Report. Oregon State University,
Corvallis. p. 8-10. http://oregonstate.cdu/dept/coarc/sites/default/files/
publication/10_nitrogen_volatilization_0.pdf (Accessed 8 Dec. 2015).

Butler, M.D., and R.B. Simmons. 2012. Quantifying ammonia volatilization
from surface-applied fertilizers in central Oregon Kentucky Bluegrass seed
production. In: W. Young III, editor, 2011 Seed Production Research at
Oregon State University. Corvallis, OR. p. 53-58. http://cropandsoil.
oregonstate.edu/system/files/ul473/butler_and_simmons_nitrogen_
volatilization.pdf (Accessed 8 Dec. 2015).

Cabrera, M.L., N. Vaio, . Rema, L. Braun, and D.E. Kissel. 2011. Comparison of
two passive flux methods to measure ammonia volatilization. Soil Sci. Soc.
Am.J.75:949-956. doi:10.2136/ss52j2010.0309

Chen, D., H. Suter, A. Islam, R. Edis, J.R. Frency, and C.N. Walker. 2008.
Prospects of improving efficiency of fertiliser nitrogen in Australian
agriculture: A review of enhanced efficiency fertilizers. Soil Res. 46:289—
301. doi:10.1071/SR07197

Chien, S.H., M.M. Gearhart, and S. Villagarcia. 2011. Comparison of
ammonium sulfate with other nitrogen and sulfur fertilizers in increasing
crop production and minimizing environmental impact: A review. Soil Sci.
176:327-335. doi:10.1097/5S.0b013¢31821£0816

Chien, S.H., U. Singh, M.M. Gearhart, and E.R. Austin. 2013. Evaluation of
fused ammonium sulfate nitrate fertilizer for crop production. Soil Sci.
178:79-86. d0i:10.1097/5S.0b013¢3182822096

Christianson, C.B., W.E. Baethgen, G. Carmona, and R.G. Howard. 1993.
Microsite reactions of urea—NBPT fertilizer on the soil surface. Soil Biol.
Biochem. 25:1107-1117. doi:10.1016/0038-0717(93)90159-9

Dawar, K., M. Zaman, J.S. Rowarth, J. Blennerhassett, and M.H. Turnbull. 2011.
Urease inhibitor reduces N losses and improves plant-bioavailability of
urea applied in fine particle and granular forms under field conditions.
Agric. Ecosyst. Environ. 144:41-50. doi:10.1016/j.agee.2011.08.007

Denmead, O.T. 1983. Micrometeorological methods for measuring gaseous
losses of nitrogen in the field. In: J.R. Freney and J.R. Simpson, editors,
Gaseous loss of nitrogen from plant-soil systems. Martinus Nijhoff, The
Hague, Netherlands. p. 133-157. d0i:10.1007/978-94-017-1662-8_5

Engel, R.E., C. Jones, and R. Wallander. 2011. Ammonia volatilization from urea
and mitigation by NBPT following surface application to cold soils. Soil
Sci. Soc. Am. J. 75:2348-2357. d0i:10.2136/ss52j2011.0229

Engel, R.E., E. Williams, R. Wallander, and J. Hilmer. 2013. Apparent persistence
of N-(n-butyl) thiophosphoric triamide is greater in alkaline soils. Soil Sci.
Soc. Am. ]. 77:1424-1429. doi:10.2136/ss52j2012.0380

Fenn, M.E., J.S. Baron, E.B. Allen, H.M. Rueth, K.R. Nydick, L. Geiser, W.D.
Dowman, J.O. Sickman, T. Meixner, D.W. Johnson, and P. Neitlich. 2003.
Ecological effects of nitrogen deposition in the western United States.
Bioscience 53:404-420. doi:10.1641/0006-3568(2003)053[0404:EEO
NDIJ2.0.CO52

Fenn, LB, and D.E. Kissel. 1975. Ammonia volatilization from surface
applications of ammonium compounds on calcareous soils IV: Effect

www.soils.org/publications/sssaj


http://dx.doi.org/10.2136/sssaj1991.03615995005500060043x
http://dx.doi.org/10.2136/sssaj1991.03615995005500060043x
http://dx.doi.org/10.1046/j.1469-8137.1998.00180.x
http://dx.doi.org/10.1016/j.jconrel.2014.02.020
http://dx.doi.org/10.1029/2000GB001389
http://oregonstate.edu/dept/coarc/sites/default/files/publication/10_nitrogen_volatilization_0.pdf
http://oregonstate.edu/dept/coarc/sites/default/files/publication/10_nitrogen_volatilization_0.pdf
http://cropandsoil.oregonstate.edu/system/files/u1473/butler_and_simmons_nitrogen_volatilization.pdf
http://cropandsoil.oregonstate.edu/system/files/u1473/butler_and_simmons_nitrogen_volatilization.pdf
http://cropandsoil.oregonstate.edu/system/files/u1473/butler_and_simmons_nitrogen_volatilization.pdf
http://dx.doi.org/10.2136/sssaj2010.0309
http://dx.doi.org/10.1071/SR07197
http://dx.doi.org/10.1097/SS.0b013e31821f0816
http://dx.doi.org/10.1097/SS.0b013e31828a2096
http://dx.doi.org/10.1016/0038-0717(93)90159-9
http://dx.doi.org/10.1016/j.agee.2011.08.007
http://dx.doi.org/10.1007/978-94-017-1662-8_5
http://dx.doi.org/10.2136/sssaj2011.0229
http://dx.doi.org/10.2136/sssaj2012.0380
http://dx.doi.org/10.1641/0006-3568(2003)053%5b0404:EEONDI%5d2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2003)053%5b0404:EEONDI%5d2.0.CO;2

of calcium carbonate content. Soil Sci. Soc. Am. Proc. 39:631-633.
doi:10.2136/ss52j1975.03615995003900040019x

Fenn, M.E., L. Geiser, R. Bachman, T.J. Blubaugh, and A. Bytnerowicz. 2007.
Atmospheric deposition inputs and effects on lichen chemistry and
indicator species in the Columbia River Gorge, USA. Environ. Pollut.
146:77-91. doi:10.1016/j.envpol.2006.06.024

Ferm, M. 1998. Atmospheric ammonia and ammonium transport in Europe
and critical loads: A review. Nutr. Cycling Agroecosyst. 51:5-17.
doi:10.1023/A:1009780030477

Finlayson-Pitts, B.J., and J.N. Pitts. 2000. Rate and mechanisms of gas-phase
reactions in irradiated organic NOx—air mixtures In: B.J. Finlayson-Pitts,
and J.N. Pitts, Chemistry of the upper and lower atmosphere. Academic
Press, New York. p. 179-263. doi:10.1016/B978-012257060-5/50008-3

Freney, J.R., J.R. Simpson, and O.T. Denmead. 1983. Volatilization of ammonia.
In: JR. Freney and J.R. Simpson, editors, Gaseous loss of nitrogen from
plant-soil systems. Martinus Nijhoft Publ., The Hague, The Netherlands. p.
1-32.d0i:10.1007/978-94-017-1662-8_1

Gavlak, R.G., D.A. Horneck, and R.O. Miller. 2005. Soil, plant and water
reference methods for the western region. 3rd Ed. Western Region
Extension Report (WREP-125). WERA-103 Technical Committee,
USA.  hetp://www.naptprogram.org/files/napt/western-states-method-
manual-2005.pdf (Accessed 8 Mar. 2017).

Geiser, L.H., and P.N. Neitlich. 2007. Air pollution and climate gradients in
western Oregon and Washington indicated by epiphytic macrolichens.
Environ. Pollut. 145:203-218. d0i:10.1016/j.envpol.2006.03.024

Gezgin, S, and FE  Bayrakl. 1995. Ammonia volatilization from
ammonium sulphate, ammonium nitrate, and urea surface applied
to winter wheat on a calcareous soil. J. Plant Nutr. 18:2483-2494.
doi:10.1080/01904169509365078

Goos, R.J. 2013. A comparison of a maleic-itaconic polymer and N-(n-butyl)
thiophosphoric triamide as urease inhibitors. Soil Sci. Soc. Am. J.
77:1418-1423. doi:10.2136/ss52j2012.0425

Grant, C.G,, S. Jia, K.R. Brown, and L.D. Bailey. 1996. Volatile losses of NH;
from surface-applied urea and urea ammonium nitrate with and without
the urease inhibitors NBPT or ammonium thiosulphate. Can. J. Soil Sci.
76:417-419. doi:10.4141/cjss96-050

Hargrove, W.L. 1988. Evaluation of ammonia volatilization in the field. J. Prod.
Agric. 1:104-111. doi:10.2134/jpa1988.0104

Hargrove, W.L., D.E. Kissel, and L.B. Fenn. 1977. Field measurements of
ammonia volatilization from surface applications of ammonium salts to a
calcareous soil. Agron. J. 69:473-476. doi:10.2134/agronj1977.0002196
2006900030035x

Harrison, R., and J. Webb. 2001. A review of the effect of N fertilizer type
on gaseous emissions. Adv. Agron. 73:65-108. doi:10.1016/S0065-
2113(01)73005-2

Hawke, B.G.,and J.A. Baldock. 2010. Ammonia volatilization from urea fertilizer
products applied to an alkaline soil. In: Proc. 19th World Congress
of Soil Science. 1-6 Aug. 2010. Brisbane, Australia. http://www.iuss.
org/19th%20WCSS/Symposium/pdf/0802.pdf (Accessed 7 Mar. 2017).

Hendrickson, L.L., and E.A. Douglass. 1993. Metabolism of the urease inhibitor
N-(n-butyl thiophosphoric triamide (NBPT) in soils. Soil Biol. Biochem.
25:1613-1618. doi:10.1016/0038-0717(93)90017-6

Holcomb, J.C. 2011. Urease inhibitors effect on ammonia volatilization from
urea. In: J.C. Holcomb, Enhanced efficiency nitrogen fertilizers for
nitrogen management in the Columbia Basin, Oregon. M.S. thesis. Oregon
State University, Corvallis. p. 29-54. http://hdLhandle.net/1957/20327
(Accessed 21 Dec. 2015).

Holcomb, J.C., D.M. Sullivan, D.A. Horneck, and G.H. Clough. 2011. Effect of
irrigation rate on ammonia volatilization. Soil Sci. Soc. Am. J. 75:2341-
2347. doi:10.2136/ss52j2010.0446

Horneck, D.A. 2013. Percent of applied N lost from urea-ammonium nitrate
and broadcast urca with and without Agrotain from a newly seeded ficld.
In: C. Jones, B.D. Brown, R. Engel, D. Horneck, and K. Olson-Rutz,
Management to minimize nitrogen fertilizer volatilization. EB0209.
Montana State University Extension, Bozeman, MT. p. 2.

International Fertilizer Industry Association. 2017. World nitrogen fertilizer
consumption. IFA, Paris. http://www.fertilizer.org/ (Accessed 10 Jan. 2017).

Jarrell, W.M., and L. Boersma. 1979. Model for the release of urea by granules
of sulfur-coated urea applied to soil. Soil Sci. Soc. Am. J. 43:1044-1050.
d0i:10.2136/ss52j1979.03615995004300050046x

Jones, C., B.D. Brown, R. Engel, D.A. Horneck, and K. Olson-Rutz. 2013.
Factors affecting nitrogen fertilizer volatilization. EB 208. Montana State
Univ., Bozeman, MT.

Kissel, D.E., M.L. Cabrera, and S. Paramasivam. 2008. Ammonium, ammonia,
and urea reactions in soils. In: J.S. Schepers and W. Raun, editors, Nitrogen
in agricultural systems. ASA, CSSA, and SSSA, Madison, WL p. 101-103.
doi:10.2134/agronmonogr49.c4

Knight, E.C., E.A. Guertal, and C.W. Wood. 2007. Mowing and nitrogen source
effects on ammonia volatilization from turfgrass. Crop Sci. 47:1628-1634.
do0i:10.2135/cropsci2006.09.0608

Krupa, SV. 2003. Effects of atmospheric ammonia (NH;) on terrestrial
vegetation: A review. Environ. Pollut. 124:179-221. doi:10.1016/50269-
7491(02)00434-7

Lara-Cabezas, W.AR., G.H. Korndorfer, and S.A. Motta. 1997. NH;-N
volatilization in corn crop: I- effect of irrigation and partial substitution of
urea by ammonium sulphate. Rev. Bras. Cienc. Solo 21:481-487.

Leuning, R., JR. Freney, O.T. Denmead, and J.R. Simpson. 1985. A sampler for
measuring atmospheric ammonia flux. Atmos. Environ. 19:1117-1124.
doi:10.1016/0004-6981(85)90196-9

Norman, R.J., CE. Wilson, Jr, N.A. Slaton, B.R. Griggs, J.T. Bushong, and
E.E. Gbur. 2009. Nitrogen fertilizer sources and timing before flooding
dry-sceded, delayed-flood rice. Soil Sci. Soc. Am. J. 73:2184-2190.
doi:10.2136/ss52j2008.0309

Ocnema, O., and G.L. Velthof. 1993. Ammonia volatilization from compound
nitrogen—sulfur fertilizer. In: M.A.C. Fragoso, and M.L. van Beusichem,
editors, Optimization of plant nutrition. Kluwer Academic Publishers,
Amsterdam. p. 341-349. doi:10.1007/978-94-017-2496-8_53

Pan, B., SK. Lam, A. Mosier, Y. Luo, and D. Chen. 2016. Strategies for
mitigating ammonia emissions from agroecosystems. Proc. Intl. Nitrogen
Initiative Conference, Solutions to improve nitrogen use efficiency for the
world. 4-8 December. Melbourne, Australia. http://www.ini2016.com/
pdf-papers/IN12016_Pan_Baobao.pdf (Accessed 7 Mar. 2017).

Pope, C.A., III, and DW. Dockery. 2006. Health effects of fine particulate air
pollution: Lines that connect. J. Air Waste Manage. Assoc. 56:709-742.
doi:10.1080/10473289.2006.10464485

Prasad, M. 1976. Gaseous loss of ammonia from sulfur-coated urea, ammonium
sulfate, and urea applied to calcarcous soil (pH 7.3). Soil Sci. Soc. Am. .
40:130-134. doi:10.2136/ss52j1976.03615995004000010035x

Proctor, C., R. Koenig, and W. Johnston. 2010. Potential for ammonia volatilization
from urea in dryland Kentucky bluegrass seed production systems. Commun.
Soil Sci. Plant Anal. 41:320-331. doi:10.1080/00103620903460831

Rawluk, C.D.L., C.A. Grant, and G.J. Racz. 2001. Ammonia volatilization from
soils fertilized with urea and varying rates of urease inhibitor NBPT. Can.
J. Soil Sci. 81:239-246. d0i:10.4141/S00-052

Richerson, P. 2011. Estimation of nitrogen sources, nitrogen applied, and
nitrogen leached to groundwater in the Lower Umatilla Basin Groundwater
Management Arca (June 13, 2011). Oregon Dep. of Environmental
Quality, Pendleton, OR. http://www.deq.state.or.us/er/reports/11er001.
pdf (Accessed 10 Dec. 2015).

Richerson, P. 2013. Third four-rear evaluation of action plan success for the
Lower Umatilla Basin Groundwater Management Area (January 17,2013).
Oregon Dep. of Environmental Quality, Pendleton, OR. http://www.deq.
state.or.us/wq/groundwater/docs/lubgwma/Eval ActionPlanSuccess.pdf
(Accessed 10 Dec. 2015).

Rochette, P, J.D. Macdonald, D.A. Angers, M.H. Chantigny, M.O. Gasser, and
N. Bertrand. 2009. Banding of urea increased ammonia volatilization in dry
acidic soil. J. Environ. Qual. 38:1383-1390. doi:10.2134/jeq2008.0295

Rochette, P., D.A. Angers, M.H. Chantigny, M.O. Gasser, ].D. Macdonald, D.E.
Pelster, and N. Bertrand. 2013. Ammonia volatilization and nitrogen
retention: How deep to incorporate urea? J. Environ. Qual. 42:1635-
1642. doi:10.2134/j€q2013.05‘0192

Roy, A.-H.,and L.L. Hammond. 2004. Challenges and opportunities for the fertilizer
industry. In: A.R. Mosier, J.K. Syers, and J.R. Freney, editors, Agriculture and
the nitrogen cycle. Island Press, Washington, DC. p. 233-243.

Sanz-Cobena, A., T.H. Misselbrook, A. Arce, J.I. Mingot, J.A. Diez, and A.
Vallejo. 2008. An inhibitor of urease activity effectively reduces ammonia
emissions from soil treated with urea under Mediterranean conditions.
Agric. Eco. Environ. 126:243-249.

Schjerring, J.K., S.G. Sommer, and M. Ferm. 1992. A simple passive sampler for
measuring ammonia emission in the field. Water Air Soil Pollut. 62:13-24.

Soil Science Society of America Journal


http://dx.doi.org/10.2136/sssaj1975.03615995003900040019x
http://dx.doi.org/10.1016/j.envpol.2006.06.024
http://dx.doi.org/10.1023/A:1009780030477
http://dx.doi.org/10.1016/B978-012257060-5/50008-3
http://dx.doi.org/10.1007/978-94-017-1662-8_1
http://www.naptprogram.org/files/napt/western-states-method-manual-2005.pdf
http://www.naptprogram.org/files/napt/western-states-method-manual-2005.pdf
http://dx.doi.org/10.1016/j.envpol.2006.03.024
http://dx.doi.org/10.1080/01904169509365078
http://dx.doi.org/10.2136/sssaj2012.0425
http://dx.doi.org/10.4141/cjss96-050
http://dx.doi.org/10.2134/jpa1988.0104
http://dx.doi.org/10.2134/agronj1977.00021962006900030035x
http://dx.doi.org/10.2134/agronj1977.00021962006900030035x
http://dx.doi.org/10.1016/S0065-2113(01)73005-2
http://dx.doi.org/10.1016/S0065-2113(01)73005-2
http://www.iuss.org/19th%20WCSS/Symposium/pdf/0802.pdf
http://www.iuss.org/19th%20WCSS/Symposium/pdf/0802.pdf
http://dx.doi.org/10.1016/0038-0717(93)90017-6
http://hdl.handle.net/1957/20327
http://dx.doi.org/10.2136/sssaj2010.0446
http://www.fertilizer.org/
http://dx.doi.org/10.2136/sssaj1979.03615995004300050046x
http://dx.doi.org/10.2134/agronmonogr49.c4
http://dx.doi.org/10.2135/cropsci2006.09.0608
http://dx.doi.org/10.1016/S0269-7491(02)00434-7
http://dx.doi.org/10.1016/S0269-7491(02)00434-7
http://dx.doi.org/10.1016/0004-6981(85)90196-9
http://dx.doi.org/10.2136/sssaj2008.0309
http://dx.doi.org/10.1007/978-94-017-2496-8_53
http://www.ini2016.com/pdf-papers/INI2016_Pan_Baobao.pdf
http://www.ini2016.com/pdf-papers/INI2016_Pan_Baobao.pdf
http://dx.doi.org/10.1080/10473289.2006.10464485
http://dx.doi.org/10.2136/sssaj1976.03615995004000010035x
http://dx.doi.org/10.1080/00103620903460831
http://dx.doi.org/10.4141/S00-052
http://www.deq.state.or.us/er/reports/11er001.pdf
http://www.deq.state.or.us/er/reports/11er001.pdf
http://www.deq.state.or.us/wq/groundwater/docs/lubgwma/EvalActionPlanSuccess.pdf
http://www.deq.state.or.us/wq/groundwater/docs/lubgwma/EvalActionPlanSuccess.pdf
http://dx.doi.org/10.2134/jeq2008.0295
http://dx.doi.org/10.2134/jeq2013.05.0192

doi:10.1007/BF00478450

Systat. 2017. Sigmaplot for windows, Version 11.0, Systat Software Inc., San Jose, CA.

Sims, G.K., T.R. Elsworth, and R.L. Mulvaney. 1995. Microscale determination
of inorganic nitrogen in water and soil extracts. Commun. Soil Sci. Plant
Anal. 26:303-316. doi:10.1080/00103629509369298

Sommer, S.G., K. Schjorring, and O.T. Denmead. 2004. Ammonia emission
from mineral fertilizers and fertilized crops. Adv. Agron. 82:557-622.
doi:10.1016/50065-2113(03)82008-4

Vaio, N., M.L. Cabrera, D.E. Kissel, ].A. Rema, J.F. Newsome, and V.H. Calvert,
IIL. 2008. Ammonia volatilization from urea-based fertilizers applied to
tall fescue pastures in Georgia, USA. Soil Sci. Soc. Am. J. 72:1665-1671.
doi:10.2136/ss52j2007.0300

Watson, C.J., N.A. Akhonzada, ].T.G. Hamilton, and D.I. Matthews. 2008. Rate

and mode of application of the urease inhibitor N-(n-butyl) thiophosphoric
triamide on ammonia volatilization from surface-applied urea. Soil Use
Manage. 24:246-253. doi:10.1111/j.1475-2743.2008.00157.x

Whitchead, D.C., and N. Raistrick. 1990. Ammonia volatilization from five
nitrogen compounds used as fertilizers following surface application to soil.
Eur. J. Soil Sci. 41:387-394. d0i:10.1111/§.1365-2389.1990.tb00074.x

Wilson, J.D., GW. Thurtell, G.E. Kidd, and E.G. Beauchamp. 1982. Estimation of
the rate of gaseous mass transfer from a surface source plot to the atmosphere.
Atmos. Environ. 16:1861-1867. doi:10.1016/0004-6981(82)90374-2

Wood, C.W., S.B. Marshall, and M.L. Cabrera. 2000. Improved method for field-
scale measurement of ammonia volatilization. Commun. Soil Sci. Plant
Anal. 31:581-590. doi:10.1080/00103620009370461

www.soils.org/publications/sssaj


http://dx.doi.org/10.1007/BF00478450
http://dx.doi.org/10.1080/00103629509369298
http://dx.doi.org/10.1016/S0065-2113(03)82008-4
http://dx.doi.org/10.2136/sssaj2007.0300
http://dx.doi.org/10.1111/j.1475-2743.2008.00157.x
http://dx.doi.org/10.1111/j.1365-2389.1990.tb00074.x
http://dx.doi.org/10.1016/0004-6981(82)90374-2
http://dx.doi.org/10.1080/00103620009370461



