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ABSTRACT: The impact on nitrous oxide (N,0) emissions caused by combining dairy slurry
(DS) and urea to supply crops with nitrogen (N) is still not well characterized. The main
objective of this study was to compare the differences between N,O emissions in the cases
of exclusive use of urea and the combined use of DS and urea as N sources to no-tillage
wheat and corn. We also compared N,0 emissions between two DS application methods
(surface-broadcast vs. injection), as well as the addition of dicyandiamide (DCD) to DS.
The experiment was conducted under no-tillage and six treatments were applied at sowing
as follows: no fertilization (control), surface-broadcast urea (urea-N), surface-broadcast
DS (DSs), surface-broadcast DS with DCD (DSs + DCD), shallow-injected DS (DSi), and
shallow-injected DS with DCD (DSi + DCD). Urea was applied at side-dressing in all
treatments with DS and urea-N. The N,O emissions were evaluated from the application of
the treatments to wheat until 22 days after corn harvest, resulting in a total of 364 days.
The partial supply of the N demand of wheat and corn, by DS application at sowing, and
the posterior complement of N demand by side-dressing urea increased the annual N,O
emissions only when DS was shallow-injected without DCD (DSi). Although the amount
of N,O-N emitted from the DSi treatment was 1.04 kg ha™ (91.2 %) higher than from
DSs in corn, the annual N,O-N emissions did not differ between the two methods of DS
application to the soil. The emission factors of N,O-N were low, ranging from 0.49 % (DSi
+ DCD) to 1.27 % (DSi). The results of this study suggest that the combined use of DS
with urea in N fertilization of no-tillage wheat and corn (DS applied at sowing and urea
at side-dressing) caused no changes in the annual N,O-N emissions compared to crops
fertilized exclusively with urea (1/3 at sowing + 2/3 at side-dressing). However, DCD
should be added if DS is shallow-injected.
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INTRODUCTION

Brazil is the sixth largest producer of cow milk in the world, with a herd of approximately
40 million bovine animals (Anualpec, 2014), which generates large amounts of slurry in
the surroundings of milking facilities. This slurry consists mainly of the mixture of feces
and urine, in addition to the water from the cleaning of the premises, and it is not only
a promising source of nutrients to crops (Barcellos, 1991; Jokela et al., 2014), but also a
potential environmental polluter (Burkhart and James, 1999; Dalal et al., 2003).

One of the properties of dairy slurry (DS) is its low total N content. When analyzing 47 DS
samples collected in the state of Rio Grande do Sul, 41 of which came from dairy cows, Barcellos
(1991) found a wide variation in the total N content (0.15 to 3.67 kg m> N) and an average
value of only 1.42 kg m™ N. With the current expansion of agroecological milk production
in southern Brazil (Balem and Machado, 2014), the levels of N in DS should be even lower,
because the feeding of the cows in this system is based on the use of perennial pastures in
improved native grassland plus a complementary diet in the form of dry fodder during milking.

The average content of 1.42 kg m™ N in DS found by Barcellos (1991) is an example of
the difficulty in meeting the high N demands of some species (e.g., corn) exclusively
with DS. Based on the hypothesis that it would be recommended to apply a dose of
120 kg ha™ N to corn and considering a 50 % efficiency index for the N of DS (CQFS-RS/SC,
2004), this would imply applying 240 kg ha™ of total N, with 169 m* ha™ of slurry, which is
technically difficult and environmentally risky. Therefore, the use of excessive DS rates to
cereals could be avoided by only partially supplying the N crop demand with DS applied
at sowing, and the remaining N by side-dressing urea-N. However, no research results
were found in Brazil involving this fertilization strategy in cereals.

In no-tillage (NT) systems, used on approximately 80 % of the agricultural area of southern
Brazil (Amado et al., 2006), animal slurry must be applied to the soil surface. Prior to
application, the produced slurry is stored mainly in anaerobic tanks, where the mineralized
N remains in ammoniacal (NH; + NH,") form and can reach 40 to 50 % of the total N of the
slurry (Thompson and Meisinger, 2002). It is known that slurry application to the soil surface
without incorporation potentiates N losses by ammonia (NH;) volatilization (Carozzi et al.,
2013; Aita et al., 2014), reducing the potential of slurry in supplying N to crops (Gonzatto
et al., 2016), and contributing indirectly to N,O emission (IPCC, 2006). When DS was
applied to the soil surface under different soil and climate conditions, the proportion of
ammoniacal N lost by NH; volatilization from DS was quite variable, ranging from 22 % in
winter (Martinez-Lagos et al., 2013) to 82 % in summer (Salazar et al., 2014). Although the
mechanical incorporation of DS into the soil shortly after application reduces the action of
temperature and wind, protecting ammoniacal N from volatilization (Carozzi et al., 2013),
this practice is incompatible with NT (Rochette et al., 2009; Maguire et al., 2011). Thus,
an alternative is the injection of dairy slurry into the soil in NT systems, with a reduction
in NH; volatilization, which was 70 % after pig slurry injection in corn (Aita et al., 2014)
and 76 % after DS injection into native pasture (Hani et al., 2016).

The positive effect of injecting animal slurry into the soil to reduce NH; volatilization can be
offset by the increase in N,O emissions, as found in studies with DS (Velthof and Mosquera,
2011) and pig slurry (Aita et al., 2014) under no-tillage. The reason is that injection increases
the water soil content and concentrations of soluble carbon (C) and available N in the injection
slots, favoring N,O production from nitrification and especially denitrification (Klein et al.,
1996; Webb et al., 2010). Although after the DS application to soil N,O emission in quantitative
terms is generally lower than 2 % (Louro et al., 2013; Bell et al., 2015; van der Weerden
et al., 2016), it is relevant from an environmental point of view. This is because aside from
being a potent greenhouse gas, with a global warming power nearly 310-fold that of CO,
(Cui et al., 2011), N,O is also associated with the depletion of the ozone layer (Stocker et
al., 2013). Thus, we must seek strategies that can mitigate N,O production and emission in
agricultural applications of animal slurry, especially under no-tillage conditions.
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One of the strategies that have been evaluated is the addition of nitrification inhibitors to
slurry, especially dicyandiamide (DCD). Some studies with pig slurry in Brazil (Aita et al.,
2014) and other countries (Vallejo et al., 2005; Dell et al., 2011) have shown a reduction
in N,O emissions when slurry is injected into the soil along with DCD. By inhibiting the
action of ammonia-monooxygenase (AMO) during the first nitrification step, DCD reduces
N,O production both through the nitrifier denitrification process when the soil availability
of O, and C is low (Wrage et al., 2001), and denitrification under anaerobic conditions
(Morley and Baggs, 2010). However, for the conditions in Brazil, no research results about
the effect of DCD addition to DS on soil N,O emissions were found.

This study was based on the hypothesis that the strategy of partially supplying the N demand
of wheat and corn by DS at crop sowing and complementing N by side-dressing urea results
in N,O emissions equivalent to the supply of N exclusively with urea, provided that DCD is
added to DS. Thus, the objective was to compare the annual N,O emissions arising from the
use of urea as an exclusive source of N to wheat and corn with the N fertilization strategy
combining DS application at sowing and side-dressed urea, with two DS application methods
(injection x surface broadcast), with and without addition of DCD to DS.

MATERIALS AND METHODS

The study was done on a field experiment conducted from May 2015 to May 2016 in the
experimental area of the Soils Department of the Universidade Federal de Santa Maria (UFSM),
in the municipality of Santa Maria, RS (29° 42" 50.92" S, 53° 42’ 25.55” W, 80 m a.s.l.).
The climate is humid subtropical (Cfa), with an average annual temperature of 19.3 °C and
average annual rainfall of 1,561 mm. The soil is classified as Argissolo Vermelho Distréfico
arénico - Hapludalf (Santos et al., 2013; Soil Survey Staff, 1999). At the installation of the
experiment, the soil had the following properties (0.00-0.10 m layer): 147 g kg™ clay; 687 g kg™
sand; 5.3 pH(H,0); 13.2 mg dm™ P, and 72 mg dm? K (both extracted by Mehlich-1); base
saturation of 41.9 %; 6.5 cmol. dm’ CEC,y7, and soil density of 1.64 Mg m?. The values of
total C (7.6 g kg™') and total N (0.7 g kg™) were determined by dry combustion in an elemental
analyzer (FlashEA 1112, Thermo Electron Corporation, Milan, Italy).

The area was left fallow for one year prior to the start of the experiment, and in the two
years before the fallow period, cultivated with no-tillage soybean [Glicine max (L.) Merr.]
in summer and ryegrass (Lolium multiflorum L.) in winter. After mechanical mowing and
chemical desiccation of the area with glyphosate, the experiment was initiated in June
2015 with treatments applied to wheat (Triticum aestivum L.) and ended in May 2016
after the corn (Zea mays L.) harvest. A randomized block design with four replications
and plots of 33.0 m? (6.0 x 5.5 m) was used.

Nitrous oxide emissions were evaluated for two DS application methods to the soil,
as sowing fertilization in a no-tillage system, with and without addition of the nitrification
inhibitor dicyandiamide (DCD) to DS. All strategies of DS application at sowing were
combined with N (urea) application as side-dressing, because urea is the N source
most commonly used by farmers. The two DS application methods to the soil at sowing
consisted of: surface-broadcast DS (DSs) and shallow-injected DS (DSi). These strategies
of N fertilization were compared to the traditional, i.e., urea application at sowing and
side-dressing, with no other N sources.

Fertilization treatments applied at sowing consisted of: T1 = no fertilization (Control);
T2 = surface-broadcast urea-N (Urea-N); T3 = surface-broadcast DS (DSs); T4 =
surface-broadcast DS with DCD (DSs + DCD); T5 = shallow-injected DS (DSi); and
T6 = shallow-injected DS with DCD (DSi + DCD). All DS treatments were accompanied
by posterior urea side-dressing, to complement the crop N demand. The treatments were
evaluated in one growing season, applied to wheat (winter 2015) and reapplied to the
same plots with corn (summer 2016).
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Amounts of fertilizers applied to wheat and corn (Table 1) were calculated based on the
recommendation for these crops (CQFS-RS/SC, 2004) for an expected grain yield of 3 and
6 Mg ha™ for wheat and corn, respectively. The amount of N in treatment T2 (urea-N) was
divided into two parts: 1/3 at sowing and 2/3 at side-dressing, both applied on the soil
surface. In this treatment, aside from the urea applied at sowing, P and K were also applied
(both on the soil surface) as triple superphosphate and potassium chloride, respectively.

The DS rates applied to wheat and corn at sowing were calculated based on the total N
content of DS, considering that 50 % of the total N would be available during the cycle of
each crop (CQFS-RS/SC, 2004). In all fertilization treatments, urea was applied by hand
to the soil surface at side-dressing.

Dairy slurry was produced by lactating cows that spend most of the time on native
grassland paddocks in a rotational grazing system. The cows were brought in for milking
twice a day and fed with corn silage and dry feed in troughs. The slurry consisting of
feces, urine, food residues, and water from the cleaning of the premises. The slurry was
stored in a concrete storage tank on a dairy farm and transported to the experimental
area one week before the treatments were applied, where the DS was stored in 1000 L
water tanks. The total solids content in DS was determined by weighing an aliquot of
80 mL after drying in an oven with air circulation at 70 °C for 48 h. The total N and total
ammoniacal N (TAN = NH5 + NH,") contents were determined in slurry without previous
drying, by wet digestion and MgO distillation, respectively (Tedesco et al., 1995). The
contents of P and Kin DS were determined by colorimetry and photometry, respectively
(Murphy and Riley, 1962). The total C content in DS (dried at 70 °C and ground) was
determined by dry combustion in an elemental analyzer (FlashEA 1112, Thermo Electron
Corporation, Milan, Italy), while the pH was measured directly in an aliquot of 80 mL of
slurry. The main properties of DS applied to wheat and corn are presented in table 1.

Wheat (cv. Tbio Sinuelo) treatments were applied on June 16, 2015. Sowing (160 kg ha™
of seeds) was done on June 22, 2015 and grain harvest on November 2, 2015. The
application of side-dressed urea in treatments with DS and urea-N was carried out
26 days after the sowing of the crop. On the 24" day after the wheat harvest, wheat
residues were added to the bases used to evaluate N,O in the post-harvest period and
during the subsequent corn. The amount of dry matter (DM) of wheat residues added
was equivalent to its production in each treatment.

Corn (Hibrido Agroeste AS 1551 PRO2) crop was sown on January 7, 2016, three days after
the application of the treatments, at a spacing of 0.70 m between rows and a quantity
of seeds to ensure a final plant density of approximately 60 thousand plants ha™. The
addition of side-dressed urea in treatments with DS and the urea-N treatment were applied
to the soil surface 30 days after sowing. Corn was harvested for grain yield evaluation
on May 23, 2016. In both crops, fertilization with P and K was applied by hand to the
soil surface at sowing.

The treatments with DS on the soil surface were applied by hand with 10 L ewers. On the
other hand, DS injection treatments were applied with a mechanical slurry injector (Model
DAOL-i 4000 Tandem, MEPEL, Estacao-RS, Brazil). The equipment consists of a 4,000
L metallic tank and injection begins after the activation of a hydraulic piston by which
a set of eight guillotine-type injection rods (cutting discs and grooving rod) located on
the back of the machine are driven into the soil. The 2.0 cm thick grooving rods have a
replaceable tip and are spaced 0.35 m apart, and the depth of the injection of DS into
the soil varied from 0.08-0.11 m. The nitrification inhibitor used was DCD, which was
mixed with DS in a 1000 L water tank at a rate of 10 kg ha™, no earlier than one hour
prior to DS application to the soil.

Nitrous oxide emissions were evaluated using static chambers, as described by Aita et al.
(2014), from treatment application to wheat until 22 days after the corn harvest, i.e.,
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Table 1. Main properties of dairy slurry (DS) and amounts of nitrogen (N), phosphorus (P) and
potassium (K) applied in the treatments with DS and Urea-N treatment in wheat and corn

Variables Wheat 2015 Corn 2016
Properties of the DS™

Dry matter (g kg™) 35.5 13.8

Total C (g kg™) 357.8 306.7

Total N (g kg™) 1.14 0.71

TAN® (g kg) 0.27 0.38

pH 6.9 7.2
Treatments with DS

Dose (m’ ha™) 80 83

Total N (kg ha™) 91.2 (45.6)" 58.9 (29.5)

TAN® (kg ha) 21.6 31.5

Total P (kg ha™) 32.0 27.4

K (kg ha™) 79.2 91.3

Urea-N“ (kg ha™) 64.4 90.8

Urea-N treatment

Urea-N (kg ha™) 110 120

K-K,0 (kg ha™) 33.2 415

P-P,05 (kg ha™) 32.7 50.2

WData expressed as wet basis. ? TAN = total ammoniacal N (NH; + NH,*). @ Values in parentheses refer to the
amount of N of the DS that will be made available during the growing season of each crop, as recommended
by CQFS-RS/SC (2004). “ In the treatments with DS, urea-N was applied only at side-dressing. In the urea-N
treatment, urea was split (1/3 at crop sowing and 2/3 at side-dressing). Dry matter, total N, TAN, and pH were
determined according Tedesco et al. (1995). Total P and K were determined by colorimetry and photometry,
respectively (Murphy and Riley, 1962). Total C was determined by dry combustion in an elemental analyzer.

a total of 364 evaluation days. Nitrous oxide was evaluated three to four times a week
during the first month after the application of the treatments, and then spaced out to
once a week. During the experiment, we carried out 35 evaluations in wheat, 30 in corn,
and nine in the post-harvest periods. In each N,O evaluation, four soil subsamples per
plot (0.00-0.10 m layer) were collected with a stainless steel auger (diameter 3 cm).
The subsamples were mixed to form a single composite sample, of which gravimetric
moisture and mineral N content (NH,* and NO;) were determined. Gravimetric soil moisture
was assessed by drying samples in an oven at 105 °C for 24 h (Tedesco et al., 1995).
Based on the values of moisture and volumetric density, we calculated the water-filled
pore space (WFPS) assuming a particle density of 2.65 Mg m™. Extraction of the mineral
N from the soil was done by mechanically agitating a suspension of 20 g of soil and 80 mL
of KCI' 1 mol L™ at 120 rpm for 30 min. After 30 min decantation, the solution supernatant
was filtered (Whatman No. 42 filter paper) and frozen until analysis in a flow analyzer
(San** Automated Wet Chemistry Analyzer, Skalar, Breda, Netherlands).

On each evaluation date, N,O emissions from the soil surface were measured only once a
day, from 9:00 to 11:00 a.m. The average daily N,O fluxes were calculated as described
by Rochette and Bertrand (2008) and the cumulative N,O-N losses were obtained by
linear interpolation of the emissions between the sampling dates. The net N,O-N emission
from treatments with application of N sources was calculated at the end of the study by
subtracting the amount of N,O-N emitted in the control treatment without N application.
The emission factor (EF) of N,O-N for the treatments with application of both N sources
(DS and urea) was calculated by dividing the annual net emission of N,O-N of these
treatments by the amount of total N applied with each N source and multiplying the
result by 100.
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The results were tested for normality by the Kolmogorov-Smirnov method and subjected
to analysis of variance. When the effects were significant, the means were compared by
the Least Square Difference (LSD) test at 5 %.

RESULTS AND DISCUSSION

N,O fluxes

Fluxes of N,O increased with the application of DS at wheat and corn sowing and the
subsequent application of side-dressed urea in all treatments compared to the control
treatment (Figure 1a). However, this increase was limited to the first days after application
of the two N sources, when there was also an increase in the availability of soil NH},
(Figure 1b) and NOj (Figure 1c), demonstrating the importance of soil mineral N in
controlling N,O production through microbial nitrification and denitrification processes
(Subbarao et al., 2006). The decrease in N,O fluxes after the application of N in soil,
which rapidly returned to the values found before the application of the treatments,
was also observed in other studies with cattle slurry (Bell et al., 2015) and pig slurry
(Aita et al., 2014). The results found in these studies were attributed to a rapid decrease
in the availability of C and N for to the microorganisms responsible for N,O production.

During the period in which N,O fluxes increased due to the application of N sources, there
were few peaks in emission, generally associated to the occurrence of rainfall, which
increased the WFPS values in the 0.00-0.10 m layer (Figure 1d). In most evaluations,
the WFPS exceeded 60 %, which is considered the lower limit for N,O production by
denitrification (Linn and Doran, 1984).

The higher amount of urea-N applied by side-dressing to corn than wheat (Table 1) resulted
in higher amounts of mineral N in soil, especially as NO3 (Figure 1c). Nevertheless, the
impact of the use of this source of N on N,O fluxes was lower in corn. It is likely that
the low occurrence of rainfall in the first days after the application of urea (Figure 1a)
maintained an adequate level of O, in soil, inhibiting N,O production. Low N,O emissions
in dry periods after application of cattle slurry or ammonium nitrate (NH,NO;) from natural
grassland were also observed by Louro et al. (2013). Even after the reoccurrence of
rainfall (Figure 1a), N,O fluxes in corn remained very low, probably due to the reduction
in the availability of substrates (NH%, NO3, and C) for N,O production. This is most likely
the reason for the low N,O fluxes found in the periods after the harvest of wheat and
corn. In one of the few studies in which N,0 emissions after harvest were evaluated, the
observed values were low (<5 g ha™ d* N) and there were no differences between the
sources of N applied to corn and the control treatment (without N application) (Halvorson
and Del Grosso, 2012).

Cumulative N,O emissions

The cumulative annual N,0 emissions differed between treatments, increasing from
2.26 kg ha™ N,0-N in the control treatment to 6.14 kg ha™ N,O-N in the DSi treatment.
All treatments had higher annual N,O emission than the control treatment, except DSi +
DCD (Figure 2a). With regard to cumulative annual net emissions of N,O, deducting the
emissions of the control treatment (Figure 2b), we found higher emission for DSi than
the other treatments, except for DSs. Although DSi exceeded DSs by 1.43 kg ha™ N,0-N
(58 %), this difference was not significant. This can be attributed to the high spatial
variability typically observed in N,O production in soil (van Groenigen et al., 2004).
The difference in cumulative N,O emission between DSi and DSs became more marked
after the application of DS to corn (Figure 2). This is probably due to the increase in the
availability of C in soil derived from DS, both due to the heterotrophic microbial population
in general and to the denitrifying bacteria, combined with the high levels of mineral N,
occurring as NO3 in the soil (Figure 1c).
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Figure 1. Nitrous oxide emission (a), contents of NH (b) and NO3 (c), and water-filled pore space (WFPS) (d) in the 0.00-0.10 m soil
layer after the application of treatments in wheat and in corn and during the post-harvest (PH) period. Urea-N = surface-broadcast
urea-N; DSs = surface-broadcast DS; DSi = shallow-injected DS; DCD = dicyandiamide. Arrows indicate treatments application at
sowing (A), urea application at side-dressing (U), and harvest (H).
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At 90 days, there was a reduction in the cumulative net N,0 emissions of the DSi + DCD
and urea-N treatments (Figure 2b). The same occurred at 150 days in DSs. This reduction
in cumulative N,O emissions, which was also observed in other studies, such as that
of Bell et al. (2015), occurred at times of low N,O emission (Figure 1a), in which fluxes
were higher in the control treatment compared to the other treatments, resulting in a
decrease in cumulative net N,O emissions.

To facilitate the comparison of treatment effect on each crop, the cumulative annual N,O
emissions of all treatments were divided in periods: wheat, corn, and the post-harvest
periods of both crops (Tables 2 and 3). The cumulative N,O emissions in the wheat control
treatment exceeded those from corn approximately three-fold (Table 3), despite the higher
temperatures during corn cultivation (Figure 1d). This result was not expected and can be
attributed to the fact that the area had been left fallow prior to wheat planting, growing
weeds of several botanical species. It is likely that the killing of plants by herbicide
application nearly 30 days prior to the installation of the experiment increased the
availability of substrate to the denitrifying bacteria through shoot and roots. This result
suggests that the initiating a no-tillage system in a fallow area may be an important
source of N,O to the atmosphere, even without the application of N fertilizer, as observed
by Velthof and Mosquera (2011) and Aita et al. (2015).

In the average of all treatments, the winter crop contributed with approximately 52 % of
the annual N,O emission, while the contribution of the summer crop was of 28 %. Even if
the N,O emission observed in the control treatment was deducted from each treatment,
the cumulative emissions of N,O from the wheat crop still corresponded to 57 % of the
total emission, compared to 43 % from corn. Despite the more favorable temperatures
for microbial activity in corn than in wheat (Figure 1d), it is likely that this result is due
to the lower occurrence of rainfall in corn in the first weeks after the application of N
sources. This is the period of greatest N,O production potential, because there was
mineral N available in the soil and its consumption by wheat and corn was still small.

The annual average cumulative amounts of N,0-N during the two periods after the
harvest of wheat and corn accounted for 20 % of the total emissions, with no significant
differences between treatments (Table 3). The low N,0 emissions, despite the rainy period
between the harvest of wheat and corn planting, indicate that the denitrification process
in the post-harvest period was limited by the low availability of substrates. As cultivation
of two annual crops is restricted to tropical and subtropical climates, N,O emissions in
the post-harvest periods are still poorly understood and need to be better evaluated for
different soil types and differences in the history of cultivation and fertilization of the areas.

Effect of the slurry application method

In the first 42 days of wheat cultivation, there was no significant difference in cumulative
N,O emission between the shallow-injected and surface-broadcast applications of DS
(Table 2), contrary to results of studies in which higher emissions were found through
injected pig slurry (Velthof and Mosquera, 2011; Aita et al., 2014) and cattle slurry
(Ellis et al., 1998; Velthof and Mosquera, 2011). In this study, the lack of difference
between the two methods of DS application in the winter was most likely related to the
small amount of available N applied to the soil with DS (Table 1), which resulted in N,O
fluxes lower than 420 pg m? h™* N (Figure 1a). As the WFPS values were higher than 80 %
during this period and thus favorable for N,O production (Linn and Doran, 1984), it is
likely that the low temperature (Figure 1d) reduced the activity of the both denitrifying
bacteria and heterotrophic microbial population responsible for the mineralization of
organic N applied with DS (69.6 kg ha™ N; Table 1). Thus, wheat probably assimilated
the mineral N produced in this process and thereby limited the availability of substrate
for denitrification. With surface-broadcasting (DSs), the contribution of DS in 42 days
(Table 2) was equivalent to 37 % of the total emission (0-134 days; Table 3), and even
lower with DSi (29 % of the total).
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Figure 2. Cumulative emissions (a) and cumulative net emissions (b) of N,O evaluated during
the wheat and corn growing seasons and post-harvest (PH) periods. Urea-N = surface-broadcast
urea-N (traditional N fertilization); DSs = surface-broadcast DS; DSi = Shallow-injected DS;
DCD = dicyandiamide. Arrows indicate treatments application at sowing (A), urea application at
side-dressing (U), and harvest (H). The vertical bars indicate the minimum significant difference
between the treatments by LSD test at 5 %.

In corn, N,O emissions in the first 34 days after surface-broadcasting and injection of
DS were equivalent to 46 and 61 % of the total N,O emissions occurring throughout the
crop period, respectively. In the summer crop, DSi increased the cumulative emissions
of N,O in the first 34 days 2.5-fold (800 g ha™ N,0-N), compared to DSs, in agreement
with other studies with animal slurries (Velthof and Mosquera, 2011; Aita et al., 2014).
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Table 2. Emissions of N,O during wheat and corn growing seasons and post-harvest (PH)

Wheat PH Wheat Corn PH Corn

Treatments 0-42 43-72 73-134 135-195 196-230 231-260 261-329 330-364
days" days®? days® days days"” days®? days® days

kg ha™ N,O-N

Control 0.28 c¥ 0.39d 0.41 ab 0.76 a 0.10d 0.10c 0.16 c 0.05b
Urea-N 0.76 ab 0.85bc 0.36b 0.70 a 0.69 b 0.31 ab 0.23 bc 0.04 b
DSs 1.05a 1.24 ab 0.55a 0.69 a 0.52 bc 0.27b 0.34 ab 0.05b

DSs+DCD 0.49 bc 1.34 ab 0.49 ab 0.98 a 0.41c 0.24b 0.28 abc 0.05 ab
DSi 0.87 a 1.57 a 0.56 a 0.90 a 1.32a 0.43 a 0.43a 0.07 a
DSi+DCD 0.41 bc 1.08 ab 0.33b 0.71a 0.67 bc 0.29b 0.20 bc 0.05b

) period between application of treatments and application of urea-N at side-dressing. ® First period after application of urea-N at side-dressing.
® Second period after application of urea-N at side-dressing. ““ Means followed by the same letters in the columns are not significantly different by
the LSD test at 5 %. Urea-N = surface-broadcast urea-N; DSs = surface-broadcast DS; DSi = shallow-injected DS; DCD = dicyandiamide.

Table 3. Cumulative N,0 emissions during wheat and corn growing seasons and post-harvest (PH), and N,O emission factor (EF)

Wheat Corn PH Wheat + PH Corn Annual
Treatments N,O EF
(0-134 days) (196-329 days) (135-195 days + 330-364 days) (0-364 days)
kg ha™ N,O-N % of N applied

Control 1.08d% 0.37d 0.8la 2.26 ¢ -
Urea-N 1.98 bcd 1.23b 0.75a 3.95b 0.73 ab
DSs 2.84 ab 1.14 bc 0.73 a 4.72 ab 0.81 ab
DSs + DCD 2.33 abc 0.93¢ 1.04 a 4.29b 0.67 b

DSi 2.99a 2.18 a 0.97 a 6.14 a 1.27 a

DSi + DCD 1.82 cd 1.17 bc 0.75a 3.74 bc 0.49b

' Means followed by the same letters in the columns are not significantly different by the LSD test at 5 %. Urea-N = surface-broadcast urea-N;
DSs = surface-broadcast DS; DSi = ahallow-injected DS; DCD = dicyandiamide; - = not applied.

This increase in N,O emission caused by the injection of DS into the soil is explained
by the fact that the slurry is concentrated within the injection slots, which can create
an anaerobic environment, rich in inorganic N and readily available C (Comfort et al.,
1990; Aita et al., 2014), stimulating N,O production through the microbial processes of
nitrification and denitrification (Baggs et al., 2000). Moreover, the reduction of N losses
by NH; volatilization when the slurry is injected into the soil (Aita et al., 2014) increases
the availability of mineral N, which can increase N,O production during nitrification and
denitrification (Velthof and Mosquera, 2011). The higher amount of mineral N injected
into the soil in corn than in wheat (Table 1) and more favorable temperatures for microbial
activity in summer (Figure 1d) may explain the distinct behavior observed between the
two methods of DS application in the soil.

Effect of nitrification inhibitor

Considering that the inhibitory effect of DCD on nitrification is typically less than 30 days
(Subbarao et al., 2006), the effect of adding the inhibitor to DS on N,0 emissions was
compared in the period prior to the application of side-dressed urea (42 days in wheat
and 34 days in corn).

The addition of DCD to DS at the time of application reduced N,O emission in both crops,
and this reduction was significant in both methods of DS application in wheat (0-42 days),
while in corn (196-230 days) the inhibitor was only effective when DS was injected into
the soil (Table 2). In wheat, the reduction in N,O emission with DCD was 560 g ha™ N,0-N
(53 %) for surface-broadcasting (DSs + DCD) and 453 g ha™ N,0-N (52 %) for injection
(DSi + DCD). In wheat, the cumulative N,O emission associated with the injected DS plus
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DCD reduced emissions to levels that did not differ from the control treatment (Table 2).
On the other hand, in corn the reduction in N,O emission provided by DCD when DS was
injected into the soil was equivalent to 49 % (648 g ha™ N,O-N). The higher efficiency
of DCD in winter than in summer was also observed by Aita et al. (2015). This can be
explained by the less favorable condition for the loss of N by NH; volatilization in winter,
which results in a higher availability of N in soil as a substrate for N,O production during
nitrification and denitrification (Di and Cameron, 2012). Additionally, lower temperatures
in winter than in summer (Figure 1d) may have resulted in the lower biodegradation of
DCD (McGeough et al., 2016), improving the efficiency of the inhibitor.

This favorable effect of DCD in reducing N,O emissions occurs by temporarily inhibiting
the oxidation of NH; to nitrite (NO3) in the first nitrification step, also temporarily reducing
the availability of NO3 to denitrifying bacteria (Dell et al., 2011). When the inhibitor is
degraded or leached in the soil, losing its efficiency, denitrification becomes controlled
by the availability of C, which decreases as the slurry is degraded by the microbial
heterotrophic population. Therefore, these results indicate that the addition of DCD to
DS, especially when injected into soil, is an efficient practice in mitigating N,O emissions
in both winter and summer no-till crops.

N,O emission factor

To calculate the N,O emission factors (EF), N,O emissions during each crop were considered,
in addition to emissions during both post-harvest periods (Table 3), totaling 364 days.
Except for DSi, where the EF value was 1.27 %, the EFs in the other treatments were less
than 1 %, ranging from 0.49 % in DSi + DCD to 0.81 % in DSs. These EF values both for
the urea-exclusive treatment (0.73 %) and treatments with DS application at sowing and
side-dressed urea are slightly lower than the 1.0 % EF value proposed by the IPCC (2006).

For the method of DS application at sowing and the addition of side-dressed urea, there
was no significant difference in the EFs between the injected (DSi) or surface-broadcast
DS (DSs). Moreover, these two treatments did not differ from the traditional method of
N application in form of urea to wheat and corn (urea-N). In relation to the addition of
the nitrification inhibitor, it only significantly reduced the EF (in 2.6 times) when DS was
injected into the soil (DSi + DCD) (Table 3). With this strategy of adding DCD to DS at
the time of DS injection into the soil and supplementing the N required by the crops by
adding side-dressed urea, the EF was reduced by 1.5 times compared to the exclusive
use of urea (urea-N), although this difference was not significant, most likely due to the
high variability in N,O emissions. This result stresses the importance of the use of DCD
in reducing N,O emissions when animal slurry is injected into the soil, which has also
been reported in other studies under different soil and climate conditions (Vallejo et al.,
2005; Dell et al., 2011; Aita et al., 2014).

CONCLUSIONS

When dairy slurry (DS) is applied to the soil surface, with and without the nitrification
inhibitor dicyandiamide (DCD), or when DCD is added to DS prior to DS injection into
the soil, the annual N,0 emissions do not differ from those resulting from N fertilization
of wheat and corn exclusively with urea.

The injection of DS into soil under no-tillage at sowing of wheat and corn combined
with the posterior addition of urea-N at side-dressing increases annual N,O emissions in
comparison to the traditional use of urea as exclusive N source for crops.

The addition of DCD to DS only reduces annual N,O emissions when DS is injected into
the soil.
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The use of urea as an exclusive source of N to wheat and corn under no-tillage or the
strategy of combining DS application at sowing with the complement of N via side-dressed
urea results in N,O emission factors close to the value of 1 % proposed by the IPCC
(2006). When DCD is added to DS prior to injection into the soil, the N,O emission factor
is approximately 50 % lower than the value proposed by the IPCC.
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