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Symposium: Enhanced Efficiency Fertilizers

Enhanced Efficiency Fertilizers: Effect on Nitrous Oxide Emissions in lowa

Timothy B. Parkin* and Jerry L. Hatfield

ABSTRACT

Fertilizer application in crop production agriculture is a major factor influencing soil emissions of the greenhouse gas N,O.

Enhanced efficiency fertilizers (EEFs) have the potential to decrease N,O emissions by improving the synchrony between soil

N supply and crop N demand. This study was conducted to compare the effects of N,O emissions from soil cropped to corn

(Zea mays L.) and EEFs and conventional fertilizers. During a 3-yr period, growing-season N,O emissions were quantified in
unfertilized check plots and plots fertilized with urea-NH,NO; (UAN), UAN containing the urease and nitrification stabilizer
AgrotainPlus (UAN+Ag), a stabilized urea containing urease and nitrification inhibitors (SuperU), and a controlled-release

polymer-coated urea (ESN). In the third year of the study, conventional urea and an additional fertilizer formulation, Nutri-

sphere, were evaluated. We observed no reductions in cumulative seasonal N, O emissions from treatments fertilized with the

EEFs in any of the study years. Generally, N,O emissions were significantly higher than emissions from the check (no fertilizer)

treatment. There were no differences among fertilizer types except in 2009 when the ESN treatment had significantly higher
emissions than the check, UAN, and UAN+Ag treatments. Our results indicate that, due to the episodic nature of N, O emis-
sions induced by rainfall events, reduction of N ,O emissions through the use of EEFs may be limited in rainfed regions.

NITROUS OXIDE FROM agricultural cropping systems is
responsible for approximately 71% of the U.S. N, O emis-
sions (USEPA, 2013). The impacts of agricultural practices on
soil emissions have been extensively studied, and it is generally
acknowledged that N fertilizer management can have a major
impact on these soil N, O emissions. As recently reviewed by
Snyder et al. (2009), fertilizer amount, type, placement, and tim-
ingare all factors influencing emissions. Thus, fertilizer manage-
ment strategies designed to tighten the synchrony between plant
N requirement and N availability have the potential to reduce
N, O emissions.

Enhanced efficiency fertilizers (controlled release fertiliz-
ers and fertilizers with nitrification or urease inhibitors) have
been investigated with regard to their potential to reduce N, O
emissions. A recent meta-analysis of the effects of nitrification
inhibitors and slow-release N fertilizers on soil N, O emissions
concluded that both nitrification inhibitors and polymer-coated
slow-release fertilizers significantly reduced N, O emissions (Aki-
yama et al., 2010); however, because some of the studies included
in this analysis did not span the growing season, and because
cropping systems effects (i.c., grasslands/pasture vs. row crops)
were not considered, it is difficult to judge the generality of these
conclusions. Indeed, the literature is mixed regarding the effects
of enhanced fertilizers on N, O emissions.
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In irrigated corn studies in Colorado, reduced N, O emissions
have been reported from fertilizers with nitrification inhibi-
tors and polymer-coated urea (Halvorson et al., 2010a, 2010b,
2011; Halvorson and Del Grosso, 2012). Jumadi et al. (2008)
compared a split application of urea with a single application
of urea plus the nitrification inhibitor dicyandiamide (DCD)
and observed higher seasonal N, O emissions from corn
fertilized with urea (1.87 kg N ha™!) than from urea + DCD
(1.06 kg N ha™1). Interestingly, these investigators observed
higher soil NOj concentrations in the urea treatment 4 and 20d
following fertilization but no significant differences in soil NO,
12,28, and 36 d following fertilization. However, in a rain-fed
corn system in Minnesota, Venterea et al. (2011) observed no
reductions in N, O emissions from polymer-coated urea or urea
impregnated with nitrification and urease inhibitors compared
with conventional urea. Sistani et al. (2011) measured N, O emis-
sions from corn fertilized with a polymer-coated urea (ESN),
urea with urease and nitrification inhibitors (SuperU), con-
ventional urea, UAN, and UAN with urease and nitrification
inhibitors (UAN+Ag). In 1 yr of their 2-yr study, these investiga-
tors found that cumulative N, O emissions were generally not
significantly different among fertilizer types, and in the other
year, the enhanced efficiency fertilizer, ESN, supported higher
N, O emissions.

Despite the numerous studies on N, O production from
enhanced fertilizers, due to the variability in factors influencing
N, O emissions, including soil, weather, and agricultural man-
agement (ie., tillage, fertilizer placement and timing), relatively
few generalizations can be generated. The objective of this study
was to compare N, O emissions from corn fertilized with differ-
ent EEFs in a central Iowa corn production system.

Abbreviations: DCD, dicyandiamide; DOY, Day of the Year; EEF, enhanced
efficiency fertilizer; PVC, polyvinyl chloride; TMN, total mineral nitrogen;
UAN, urea—ammonium nitrate.
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MATERIALS AND METHODS

These experiments were conducted from 2009 through 2011
at field sites located on an Iowa State University research farm
located in Boone County, Iowa (42.05°N, 93.71° W). The
two predominant soils at the site are: Canisteo (a fine-loamy,
mixed, superactive, calcareous, mesic Typic Endoaquoﬂ) and
Nicollet (a fine-loamy, mixed, superactive, mesic Aquic Hap-
ludoll) (Andrews and Diderikson, 1981). From 2008 through
2010, the experimental site was in continuous corn. In 2011,
the experimental plots were moved to an adjacent field that
had been planted to soybean [Glycine max (L.) Merr.] in 2010.
In the fall of 2008, 2009, and 2010, P,Oy (84 kgha™!) and
K,0 (56kg ha~1) were applied after harvest and incorporated
using strip tillage. The widths of the strip-tilled areas were 18
cm. The corn hybrid Dekalb DKC61-22 RR2 was planted at
79,000 plants ha~!into the strip-tilled areas the following spring
of each year. Planting dates were 7 May in 2009 (Day of the Year
[DOY] 127), 6 May (DOY 126) in 2010, and 10 May in 2011
(DOY 130). Additional information on the agronomic manage-
ment of these experiments is provided by Hatfield and Parkin
(2013).

Experimental plots for testing the effects of fertilizer type on
N, O emissions were established immediately after corn planting,
The N, O emissions plots were located within a 15- by 45-m area
of the field to reduce spatial variations created by differences in
soil type. Six replicate plots (2 by 2 m) of each treatment were
established in a completely randomized design. Plots were sepa-
rated from each other by a 1-m buffer zone. In 2009 and 2010,
five treatments were established: (i) a check that received no
fertilizer, (ii) a polymer-coated urea (ESN), (iii) urea with urease
and nitrification inhibitors (SuperU), (iv) UAN, and (v) UAN
with urease and nitrification inhibitors (UAN+Ag). In 2011,
two additional fertilizer treatments were included: (i) urea and
(ii) Nutrisphere. The same plot sites were used in 2009 and 2010,
but new plots were established in 2011.

In all years, the N fertilizer treatments were added at a rate of
168 kgN ha! within 1 wk of corn planting. The solid fertilizers
(urea, ESN, SuperU, and Nutrisphere) were surface broadcast
(not incorporated), and the UAN and UAN+Ag were sprayed
on the surface. Fertilizer was applied to the soil area contained by
the polyvinyl chloride (PVC) trace gas anchors by hand at a rate
of 168 kgN ha!. The remaining area inside each plot was fertil-
ized at the same rate (also by hand).

Nitrous Oxide Emissions Measurements

Nitrous oxide emissions measurements were performed with
a non-steady-state, vented, closed chamber method (Parkin and
Venterea, 2010). Within each plot, a PVC ring was installed in
the corn row. The PVC rings (30-cm diameter by 10 ¢m tall)
were inserted to a depth of 6 to 8 cm and served as anchors for
the chambers during N, O flux measurements. Measurements
were performed weekly during the growing season (May—Sep-
tember) in 2009 and 2011, and twice per week during the
growing season in 2010 (Parkin, 2008). Flux measurements
were performed by placing vented chambers (30-cm diameter
by 10 cm tall) on the anchors and collecting gas samples 0, 15,
30, and 45 min following chamber deployment. The chambers
were constructed from PVC and covered with reflective tape. At
cach time point, chamber headspace gas samples (11 mL) were

collected with polypropylene syringes and immediately injected
into evacuated glass vials (6 mL) fit with butyl rubber stoppers.
Nitrous oxide concentrations in the samples were determined
with a gas chromatography instrument (Model GC17A, Shi-
madzu) equipped with a 63Nj electron capture detector and a
stainless steel column (0.3175-cm diameter by 74.54 cm long)
with PorapakQ (80-100 mesh), and Ar/CH, (95/5) as the
carrier gas. Samples were introduced into the gas chromatograph
using an autosampler described by Arnold et al. (2001). Nitrous
oxide fluxes were computed from the change in N, O concentra-
tion with time by linear regression or with a modification of
the algorithm developed by Hutchinson and Mosier (1981), as
described by Parkin et al. (2012). Based on our precision of N,O
measurement of 4.4%, our estimated minimum detectable flux
ranged from 1.3 to 5.3 gN,O-N ha=!d~! (Parkin et al., 2012).
At the time of each flux measurement, the soil water content
(0—6 cm) was measured with a soil moisture probe (Delta-T
Theta Probes, Dynamax). The soil temperature (5 cm) was
measured at the time of gas sampling using a digital soil thermo-
couplc temperature probe. Measurements of precipitation and air
temperature were made at hourly intervals at a weather station
located at the research farm (approximately 200 m away from the
study site). The anchors were left in place during the sampling
period in each year but moved from year to year.

Fertilizer Release Rates

In 2011, temporal variations in soil NO; and NH, were moni-
tored following application of urea, SuperU, Nutrisphere, and
ESN. To accomplish this, we installed 160 PVC tubes (14.5 cm
long by 5.2-cm i.d.) to a depth of 10 cm approximately 15 cm
away from a corn row directly adjacent to the plots where N, O
emissions were measured. A measured amount of fertilizer (corre-
sponding to a rate of 168 kg N ha™!) was added to each tube (from
two to four fertilizer prills). Thirty-two PVC tubes, each with one
of the fertilizers identified above, were randomly established, plus
32 tubes with no added fertilizer. The tubes were covered with
loose-fitting aluminum caps to prevent rainfall-induced N leach-
ing from the soil within the tubes. The closed-top, solid cylinder is
arecommended method for estimating in situ net N mineraliza-
tion (Hart et al., 1994; Robertson et al., 1999). We adopted this
method because measurement of the net release of NO; +NO,
and NH,, from soil organic matter (i.c., net N mineralization) is
analogous to measuring the net release of NO; +NO, and NH
from fertilizer prills. At cight times (at approximate 10-d intervals)
throughout the growth season, four replicate tubes of each fertil-
izer treatment + four check tubes were removed from the field.
After the tubes were collected from the field, any identifiable fertil-
izer prills within the tubes were removed. The tubes were then
placed in plastic bags, returned to the laboratory, and frozen until
NO, and NH, analyses could be performed. Nitrate and NH
analyses were performed by thawing the soil in the tubes, sieving
the soil (0.5-cm mesh), and extracting 100 g of soil with 0.4 L of 2
mol L~1 KCl by shaking for 1 h. The KCl extracts were filtered and
NO; (+ NO,) and NH, were determined by colorimetric analyses
on a Lachat autoanalyzer following the procedure described by
Keeney and Nelson (1982). Subsamples of soils within the tubes
were analyzed for water content determination by oven dryingat
105°C. Nitrate (+ NO,) and NH,; values are expressed on a dry-
soil basis.
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Soil Sampling and Analyses

Surface soil (0~15-cm) samples were collected in May 2009 at
Site 1 and April 2011 at Site 2. Four soil cores (3.35-cm diam-
eter) were collected from each site and bulked. In the laboratory,
samples were weighed and sieved (5 mm). Subsamples were col-
lected for water content determination by oven dryingat 105°C,
and the remaining soil was air dried. Air-dried samples were
ground with a roller mill for organic C and N determination
by dry combustion with a Carlo-Erba NA1S00CHN elemental
analyzer (Haake Buchler Instruments) after removal of carbon-
ates (Nelson and Sommers, 1996). Soil pH was measured in 1:1
distilled water/soil slurries. Bulk density was computed from the
soil sample weights (corrected for water content) and the known
core volume. Soil texture analyses were performed by Midwest
Laboratories, Inc., Omaha, NE. Physical and chemical properties
of the soils from the two sites are shown in Table 1.

Statistical Analyses

Autocorrelation analysis of N, O fluxes measured in individual
plots with time were performed with Statistix software (Analyti-
cal Software) using the method of Box and Jenkins (1976). These
analyses showed no significant autocorrelation, therefore no
attempt was made to combine the analysis of dates within a year
using a mixed mode]l ANOVA with dates as repeated measures
to statistically examine the response with time. Instead, cumula-
tive N, O emissions for each plot were calculated by linear
interpolation and numerical integration of the measured daily
fluxes. The cumulative N, O fluxes were averaged across replicate
plots and analyzed, which is one of the approaches suggested by
Mead (1988). Cumulative N, O losses for each year were inde-
pendently analyzed by one-way ANOVA. When an overall ¥
test was significant, individual treatment effects were assessed by
the Bonferroni #-test method (SigmaStat, Exeter Software Co.).
Sample date was not included in the ANOVA model. Analyses
of the soil NO, and NH, concentrations at each sampling time
in the fertilizer N release experiment were conducted by one-way
ANOVA, and individual treatment effects were assessed by
Fisher’s LSD.

RESULTS

Nitrous Oxide Emissions

Nitrous oxide emissions measurements were initiated in
2009 immediately following fertilizer application on 5 May
(DOY 125). The several small (<10-mm) precipitation events
(Fig. 1A) that occurred during the 18-d period following fertil-
izer application did not influence N, O emissions (Fig. 1B).
On 26 May (DOY 146), however, a 70-mm rainfall event
occurred and on 27 May (DOY 147) N, O emissions in the ESN,
SuperU, and UAN+Ag treatments increased approximately
10-fold from their pre-rainfall rates (20 May, DOY 140). The
UAN treatment increased to 191 gN,O-N ha!d™! (from 49 g
N,O-N ha~!d=1) and the check treatment increased twofold
(31 gN,O-N ha1d~! on DOY 140 to 65 gN,O-N ha™! d-!
on DOY 147). Volumetric soil water content increased from
0.3 m? m=3 on DOY 140 t0 0.4 m3 m~> on 23 June (DOY 174)
(Fig. 1A). Another smaller peak N, O emission occurred on
DOY 174 in response to precipitation events that occurred on
18 June (DOY 169, 38 mm), DOY 170 (8 mm), and DOY 172
(21 mm), with the ESN treatment exhibiting the largest flux

Table |. Properties of soil samples collected at two sites
(0-15 cm). Analyses were performed on three cores (0-15 cm)
collected from each location.

Site | Site 2
Soil property 2009-2010 2011
pH 6.7 7.2
Organic N, g kg™! 2.88 2.69
Organic C, g kg™ 328 329
Sand, g kg™ 455 420
Sile, g kg™ 340 380
Clay, g kg™! 205 200
Bulk density, Mg m™3 1.35 I.15

(148 gN,O-N ha~! d1). Throughout the rest of the season,
fluxes generally remained low (<30 gN,O-N ha=1d-1).

The first 21 d following fertilizer application in 2010 were
characterized by low rainfall (<22 mm cumulative precipita-
tion) (Fig. 2A). During the next 24-d period (4-27 June, DOY
155-178), however, the site received a total of 232 mm of rain.
During this time period, several N, O emissions peaks were
observed in the fertilizer treatments but not the check plots (Fig,.
2B). Several smaller peak N, O events were observed between 29
June (DOY 180) and DOY 210.

Cumulative precipitation during the 2011 growing season
(390 mm) was less than observed in 2010 (700 mm) and 2009
(491 mm) (Fig. 3). The 30-yr average growing scason precipita-
tion for the region is 521.6 mm. During the 2011 sampling
season, there were only four rainfall events that exceeded 25
mm. The first of these events occurred on 20-21 May (DOY
140-141) when a total of 42 mm of precipitation was recorded.
This event triggered a small peak in N, O emissions on DOY
144. A 44.5-mm rainfall that occurred on 9 June (DOY 160) did
not result in stimulated N, O emissions. Nitrous oxide emissions
were not sampled until 13 June (DOY 164) so it is possible that
any peak emission might have been missed; however, the period
of DOY 160 through DOY 164 also experienced a temperature
decline, with daily air temperatures averaging 16.3°C compared
with a mean daily air temperature of 27.8°C during the previous
4 d. The 22.6-mm rainfall event that occurred on 10 to 11 July
(DOY 191-192) resulted in an increase in soil water content
from 0.186 m3 m™3 on DOY 186 t0 0.269 m3 m™3 on DOY
192. The largest N, O emission peaks in the 2011 season were
observed on DOY 192, with even the check plots exhibiting an
increase from the previous week.

Plots of cumulative N, O loss show the relative temporal
dynamics associated with cach fertilizer treatment (Fig. 4). In
2009, a breakpoint occurred 20 d following fertilizer applica-
tion at 27 May (DOY 147) (Fig. 4A). At this point, there was no
significant difference between the fertilizer treatments and the
check. On 3 June (DOY 154), separation between the treatments
increased, with the ESN and SuperU treatments being signifi-
cantly (P < 0.05) greater than the check, UAN, and UAN+Ag
treatments. By the end of the sampling period (5 October, DOY
278) cumulative N, O losses from all the fertilizer treatments
were significantly greater than the check (Table 2).

The patterns of cumulative N, O losses in 2010 (Fig. 4B) were
different from those observed in 2009. In 2010, a breakpoint in
the increase in cumulative N,O emissions occurred at DOY 165,
28 d after fertilizer application. At this point, N,O emissions
from the fertilizer treatments began to diverge from those of the
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check plots; however, no significant differences were observed
(P =0.113). By DOY 174, cumulative N, O losses from all fertil-
izer treatments were significantly greater than the check. These
differences persisted to the end of the sampling period in 2010
(Table 2).

Cumulative N, O losses for 2011 are shown in Fig. 4C.
Nitrous oxide emissions from the urea and Nutrisphere treat-
ments increased at a greater rate than the other treatments
during the 15 d following fertilizer application, and at DOY 151,
cumulative N, O loss from these two treatments were signifi-
cantly (P < 0.027) different from all other fertilizer treatments
and the check. By DOY 178. further separation between the
treatments had occurred. The urea and Nutrisphere treatments
remained significantly different from the other treatments, and

Table 2. Growing season N,O emissions for the three study
years. Mean separation in each year was determined by the
Bonferroni t-test procedure.

Cumulative seasonal N,O loss

Treatment 2009 2010 2011
kg N,O-N ha™!
Check 430a(1.01)f 500a(1.04) 1.17a(0.44)
ESN 794c(2.17) 12.1 b (2.00) 2.88b (0.60)
SuperU 7.03bc (1.15) 11.8b(2.84) 2.92b (1.28)
Urea-NH,NO; (UAN) 5.55ab (1.20) 12.5b(2.98) 2.16b (1.I3)
UAN + Agrotain Plus 5.70ab (1.30) 13.4b(471) 236b(0.43)
Nutrisphere - - 2.59 b (0.18)
Urea - - 2.88b (1.32)

T Means with standard deviations in parentheses. Means followed by different
letters in the same column are significantly different (P < 0.05).

the SuperU treatment significantly different from the check
(P<0.05). At DOY 171, cumulative N, O emissions from the
ESN treatment started to increase and by DOY 206 reached
levels observed in the urea treatment. By the end of the sam-
pling period in 2011, cumulative N,O emissions from all of the
fertilizer treatments were significantly greater than the check

(P £0.05), but there were no differences between fertilizer types
(Table 2).

Nitrogen Release from Fertilizer Prills

Differences in the temporal dynamics of N,O emissions
among the different fertilizers may be partially related to NO;
and NH, availability. In 2011, temporal changes in soil inor-
ganic N (top 10 cm) were measured following the addition of
solid fertilizers (Fig. 5). During the first 37 d following fertilizer
applications (Fig. 5), soil NO;~N accumulation in the ESN
treatment (0.50 kg N ha™! d~1) was significantly slower than in
the SuperU (1.61 kg N ha™! d~!) and urea (1.26 kg N ha~! d~1)
treatments but not different than the check treatment
(0.33 kg N ha~! d~1). Due to high variability in NOj; concentra-
tions, the rate of NO,~N accumulation in the Nutrisphere treat-
ment (0.82kgN ha_?
the other treatments. There were no significant differences (P =
0.54) in soil NO, immediately after fertilizer application (DOY
136), and the average soil NO;-N level across all treatments was
115 kgNO;-N ha~1,

At the next sampling time (DOY 146), however, NO3 -N
in the urea treatment (42.8 kg N ha™!) was significantly higher
than the ESN, SuperU, and check treatments. Also, NO3 -N

d~1) was not significantly different from
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in the Nutrisphere treatment (34.0 kg N ha™!) was significantly
higher (P < 0.05) than the check treatment. The higher NO;-N
levels in the urea and Nutrisphere treatments correspond with
the higher cumulative N, O loss observed for these treatments
on DOY 151 (Fig. 4C). By DOY 180, NOj; had increased in all
treatments, and all fertilizer treatments had higher NO3 —N than
the check, but NO; was not significantly different among the
different fertilizers. Soil NH, concentrations (Fig. 5B) averaged
6.15 kg ha™! at time zero and increased significantly by DOY
146, at which time: (i) the check (5.52 kgNH,-N ha~1) was
significantly lower than all the other treatments, (ii) ESN was
significantly different from the other fertilizers, and (iii) Nueri-
sphere, urea, and SuperU were not significantly different (P >
0.93) from each other. Total mineral N (TMN) represents the
sum of the NO5 and NH, pools in the top 10 cm (Fig. 5C), and
changes in soil TMN generally followed the temporal patterns
exhibited by NH,. At the end of the incubation period (DOY
229), the mean soil TMN concentrations in the check treatment
(18.3 kg N ha™!) were significantly lower (P < 0.05) than any of
the fertilizer treatments. Among the N fertilizers, SuperU had
the highest N content (115 kg N ha™!), which was significantly
greater than the Nutrisphere treatment (73.3 kg N ha™!, P=
0.031), the urea treatment (79.7 kg N ha!, P = 0.062), and the
ESN treatment (83.4 kg N ha™!, P = 0.091). Total mineral N
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Fig. 5. Temporal dynamics of soil (A) NO,, (B) NH,, and

(C) total mineral N (TMN) in tubes installed in the soil and
fertilized with solid fertilizer material in 2011. Tubes were
installed to a depth of 10 cm and capped with loose-fitting
aluminum caps to prevent rainfall-induced leaching and allow
air circulation. Error bars at the top of each panel indicate
Fisher’s least significant difference.

contents of the Nutrisphere, urea, and ESN treatments were not
significantly different from one another (P > 0.574).

DISCUSSION

Nitrous oxide emissions from soil typically show a positive
response to fertilizer addition (Bouwman et al., 2002; Halvor-
son et al., 2008, 2013; Hoben et al., 2011; Malhi et al., 2006;
McSwiney and Robertson, 2005; Mosier et al., 2006). The
potential for EEFs (slow release and/or inhibitors) for reduc-
ing N, O emissions is based on the premise that synchroniz-
ing N availability with crop N demand will result in low soil
NO; concentrations and result in less N, O production. In a
study on irrigated corn in Colorado, Halvorson and DelGrosso
(2012) observed that ESN and SuperU had lower soil NO4
levels than conventional urea during the 2-mo period following
fertilizer addition. The dynamics of N release from EEFs are
not always consistent, however. Jumadi et al. (2008) observed
an inconsistent temporal response of soil NO3 concentrations
(0-10 cm) during the 36-d period following the application of
urea, a controlled-release fertilizer, and urea plus the nitrification
inhibitor DCD. Four days following fertilizer application, soil
NO; concentrations in the urea treatment (37 mg NO;-N kg!
soil) were significantly higher than the urea + DCD treat-
ment (approximately 20 mg NO;-N kg! soil). No significant
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differences in soil NOj concentrations were observed 12 d after
fertilization. Significantly higher NO;-N concentrations were
again observed 20 d following fertilization, but not 28 or 36 d
following fertilization. In a study on a fallow soil comparing
anhydrous NH 3 with and without the nitrification inhibitor
nitrapyrin [2-chloro-6-(trichloromethyl) pyridine], Magalhaes
etal. (1984) observed that the rate of soil NOj formation was
only slightly reduced in the presence of the inhibitor. In two of
the soils studied, NO; concentrations in both the inhibitor and
no-inhibitor treatments exceeded 20 mg NO;-N kg‘l soil after
14 d. In contrast to the Halvorson and DelGrosso (2012) results,
the data of Venterea et al. (2011) showed higher growing scason
(June—September) NO; concentrations (015 cm) in soils fertil-
ized with SuperU and ESN than conventional urea. These inves-
tigators observed that peak soil NO; concentrations occurred in
the month of July in both study years. In a dry year (2008), peak
soil NOj concentrations in the conventional tlﬂage treatment
were approxrmately 60, 40, and 25 mg NO;-N kg soil in the
SuperU, ESN, and conventional urea treatments, respectively. In
2009, peak soil NOj concentrations were approximately 45, 25,
and 15 mg NO;-N kg soil in the SuperU, ESN, and conven-
tional urea treatments, respectively (Venterea et al., 2011). The
results of our study indicate that in 2011, release of s0il NO
from ESN was delayed relative to urea and SuperU from the date
of fertilizer application until 22 June, but by 29 June NO; con-
centrations in the fertilized plots exceeded 35 mg NO, —N kg
soil. Thus, in some cases, EEFs have been shown to be effectwe in
reducing soil NOj concentrations relative to conventional fertil-
izers, but what level of reduction is necessary to impact soil N,O
production from denitrification?

The question, “Do lower soil NO3 concentrations necessarily
result in lower N, O emissions?” may be partially addressed by
considering the kinetics of denitrification. Denitrification has
been reported to follow Michaelis—Menton kinetics (Firestone
etal., 1979; Betlach and Tiedje, 1981; Murray et al., 1989), thus
below a given NOj concentration threshold, increases in NO,
will result in increased denitrification, up to V. "y Kinetic analy-
ses of denitrification indicate that the halfsaturation constant
of denitrification with respect to NO; (K| . NO3) in soil and
soil slurries can range from 1.3 mmol L 1't0 90 pumol L1 NO,
(Maagetal., 1997) and 1.7 to 13.7 jumol L! for denitrifying cul
tures (Christensen and Tiedje, 1988; Betlach and Tiedje, 1981;
Murray et al., 1989). In theory, under non-limiting C conditions,
if NOj concentrations are twice the K, denitrification will be
zero order with respect to NO3. Thus, a soil with a NO3 concen-
tration of 1 mg NO,~N kg™ soil, a bulk density of 1.2 g cm™>,
and a volumetric soil water content of 25% would have a soil
solution NO; concentration of 342 jumol NO; L1 soil water
(assuming all the NO; was dissolved in the soil aqueous phase).
Ifthe K| o3 of this soil was 90 pmol L™ 1, then this soil would
be zero order with respect to NOj;. Because denitrification is an
anacrobic process, however, NO3 concentrations in anaerobic
microsites may not necessarily be the same as NO3 concentra-
tions in the soil solution. Myrold and Tiedje (1985) examined
the influence of soil NOj concentration and diffusion of NO,
into anaerobic denitrifying sites and concluded that agricultural
soils with NO; concentrations well above the apparent K could
exhibit NO, limitation. The extent of this effect is dependent
on the degree of anaerobiosis and aggregate size distribution.

Despite these diffusion considerations, these investigators con-
cluded that, in their clay loam soil, low NO; concentrations (i.c.,
5 mg N kg™!) soil are not necessarily limiting for denitrification.

Nitrate has also been shown to influence the partition-
ing of the gaseous end products of denitrification. Blackmer
and Bremner (1978) observed thatas NO; concentratrons in
soil were 1ncreased from 20 mg NO;-N kg soil to 1020 mg
NO;-N kg™! the production of N, O relative to N, produced
also 1ncreased Firestone et al. (1979) also observed an increase in
N, O production relative to N2 with increased NO; concentra-
tion (up to 20 mg NO;-N kg1 soil), but a stronger response was
observed with increasing NO, ~ concentration.

Another factor that may contribute to the varied response
of s0il N, O production to fertilizer additions is N mineraliza-
tion. An estimate of N mineralization can be obtained from soil
organic matter content. Schepers and Mosier (1991) proposed
that approximately 2% of the total organic N in the surface
30 cm of soil is mineralized annually. Using estimates of 2.7 g
organic N kg‘1 soil and a bulk density of 1.15 g cm™ in the top
15 cm of the soil at Site 2 of our study (Table 1), we estimate
that N mineralization occurred at a rate of 93.2 kg N ha™! yr_1
(in the top 15 cm). This mineralization estimate is similar to
that calculated from the soil inorganic N dynamics observed
in the PVC tubes we installed in 2011. In the check treatment
(no added fertilizer), we observed that total mineral N (NO; +
NH,) increased at a rate of 0.4 kg N ha™! d~! (top 10 cm of 5011)
from DOY 136 to 180 (Fig. 5). After DOY 180, TMN levels
decreased, presumably due to corn roots in the soil within the
tubes (the PVC tubes were placed approximately 15 cm from the
corn row). Extrapolated across the 145-d sampling period, this
rate of N mineralization would have resulted in the production
of 58 kgN ha!in the top 10 cm. This rate of N mineralization
in the check plots is not unreasonable, given the fact thatin 2011
the corn yield in the unfertilized check plots averaged 8450 kg
grain ha™! (SD = 607 kgha™!). Using a value of 0.014 g N g~!
grain, we calculated that grain N uptake in the check plots was
118 (SD = 8.5) kg N ha!. Thus, inorganic N produced from the
mineralization of soil organic matter may represent a significant
N pool fueling N, O production in our soils.

The temporal characteristics of soil NO, dynamics are another
complicating factor in the assessment of the effects of fertilizer
sources on N, O production. The rationale underlying the use
of enhanced fertilizers to reduce N, O emissions is based on the
assumption that NO; will not be available for denitrification
until a sufficient crop sink is established. Rainfall (or irrigation)
is a primary determinant of soil N,O emissions, thus when the
timing of precipitation events coincides with conditions favor-
able for denitrification (available C and sufficient NO,), peaks
of NZO emissions can occur. Peak NZO emissions events have
been observed in response to rainfall events occurring soon after
spring fertilization with conventional fertilizers (Baggs et al.,
2003; Parkin and Kaspar, 2006; Pelster et al., 2011). In stud-
ies where controlled-release fertilizers delayed NO, formation,
however, higher N, O emissions events occurred later in the
growing season in response to precipitation events (Halvorson
and DelGrosso, 2012; Sistani et al., 2011; Venterea et al., 2011).
In our study, changes in cumulative N, O emissions in 2011
(the only year in which soil inorganic N concentrations were
monitored) seemed to mirror changes in soil NO;. From DOY
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137 to 171, cumulative N, O emissions from the ESN treatment
were not significantly different from the check; however, at DOY
178, N, O emissions in the ESN treatment sharply increased.
The peak N, O emission event in 2011 was observed on DOY
198. The ultimate effect on cumulative seasonal N,O emissions
will depend on the relative magnitudes of the early-season N, O
emissions that may occur in conventionally fertilized sites vs.
late-season N, O emissions that may occur when EEFs are used.

Further complicating interpretation of the effects of EEFs
fertilizers on N, O emissions is the fact that soil N, O produc-
tion can result from disparate microbial processes: namely,
autotrophic nitrification, heterotrophic nitrification, and
denitrification. In a laboratory study investigating the effects of
soil water-filled pore space (WFPS) on N, O production from
nitrification and denitrification, Bateman and Baggs (2005)
observed that: (i) N, O production from heterotrophic nitrifica-
tion was minor, (ii) N, O production from nitrification domi-
nated total N, O production at WFPS between 35 and 60%
(accounting for 63.3-81.5% of the total N, O produced), but
at 70% WEPS, denitrification accounted for 100% of the N,O
production. These results are similar to those observed by Skiba
etal. (1993), who observed that nitrification was the dominant
process influencing N, O emissions under dry soil conditions but
that denitrification was the dominant source of N,O under wet
soil conditions.

The efficacy of EEFs in reducing N, O emissions may also
be affected by the presence of plants through two competing
mechanisms. Root exudates may provide a C source to denitrify-
ing organisms, yet plant roots may compete for the available soil
NO;. Stefanson (1972) found that growing wheat (Triticum aes-
tivum L.) plants increased both denitrification and N, O produc-
tion in soil containing approximately 100 mg NO3—N kg_1 soil.
Conversely, Haider et al. (1985) found no stimulation of denitri-
fication in the presence of growing corn plants where soil NO,
concentrations were 10 mg NO;-N kg‘l soil. Smith and Tiedje
(1979) found that the presence of growing plants (both corn and
orchardgrass [Dactylis glomerata L.]), stimulated denitrification
when NOj; concentrations were high but that denitrification was
reduced in the presence of plants at low NOj concentrations.
Thus, denitrification is differentially affected by the temporal
dynamics of plant root development (and the resulting C source
supply in the form of exudates vs. increased NO; uptake) in rela-
tion to soil NO; supply from the fertilizer source.

In rainfed regions, temporal variations in precipitation in
relation to soil inorganic N levels may be the key determinant
of the magnitude of cumulative N, O losses. Growing-season
N, O emissions are typically characterized by low “background”
emissions punctuated by rainfall-induced peak emissions events.
During times of background emissions, nitrification may be the
dominant N, O-producing process, but peak emission events
may be dominated by denitrification. The impact of EEFs will be
due, in part, to NH, and NO; availability during these peak and
non-peak times, and the ultimate effect on cumulative seasonal
N, O emissions will be a reflection of the combined magnitudes
and durations of N, O emissions during the non-peak (nitrifi-
cation) and peak (denitrification) times. Management of soil
N, O emissions through the use of EEFs to control inorganic
soil N levels is affected by many interacting factors, including:
(1) the timing and concentration of NH and NOj release, (ii)

the relative activities of nitrification and denitrification, (iii) the
strength of the plant sink, (iv) the partitioning of the denitrifica-
tion end products between N, O and N, and (v) other mecha-
nisms of inorganic N loss (i.e., NH; volatilization and NO;

leaching).

CONCLUSIONS

These studies were conducted to evaluate the effects of EEFs
on growing-season N, O emissions in central lowa. In 2 of the
3yr (2010 and 2011), there was no difference in cumulative N,O
emissions among fertilizer types, but fertilizer treatments were
significantly higher than the control plots (no fertilizer). In 2009,
cumulative N, O emissions from the polymer-coated urea (ESN)
treatment was significantly greater than the UAN and UAN+Ag
treatments. Control of N, O emissions by regulation of soil
inorganic N afforded by EEFs may be of limited value in regions
where N, O emissions are episodic and stimulated primarily by
rainfall events.
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