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ABSTRACT: No-tillage (NT) has been largely adopted in Brazil as a strategy for soil
conservation, but for the last decade, there have been governmental incentives for its
adoption arising from its potential for soil C accumulation. Notwithstanding, the soil mulch
formed from crop residues favors the maintenance of soil moisture and nutrients in the upper
soil layers, which stimulates soil microbial activity and may increase the potential for nitrous
oxide (N,0) emissions. In addition, double-cropping systems in the same year are typical in
Brazil and the impact on the fraction of fertilizer N lost as N,O needs to be evaluated. This
study aimed to assess the influence of soil tillage and N fertilization on N,O emissions in a
wheat-soybean succession system as commonly practiced in southern Brazil. The experiment
was carried out at Embrapa Soybean research station located in Southern Brazil. Treatments
were conventional tillage (CT) and no-tillage (NT), with and without nitrogen fertilization for
the wheat and no N fertilizer for the soybean. Closed-static chambers were used to monitor
N,O fluxes for two consecutive years. Together with gas monitoring, soil samples were also
taken and analyzed for mineral N, soil moisture and labile carbon. Soybean yields were higher
under NT, which seemed to be the result of a higher soil water availability that helped to
overcome extended periods without rainfall. Soil N,O emissions were similar between CT
and NT, with just a tendency for higher emissions under NT. The highest emissions occurred
from the soybean crop. In the second year under NT, the emissions from the soybean crop
were higher when preceded by N-fertilized wheat, but the converse was true under CT. None
of the soil variables consistently correlated with N,O emissions, with mineral-N as the best
predictor in the second wheat cycle and soil moisture in the first soybean cycle. Calculated
emission factors were not statistically different between CT and NT and consistently lower
than the IPCC default of 1 %. The calculated N,0 emission intensity by relating N,O emission
to grain yield showed an environmental advantage of NT compared to CT by presenting a
44 % reduction in soybean and similar values for fertilized wheat.

Keywords: greenhouse gas, N,O, soil mineral N, soil moisture, Glycine max, Triticum
aestivum.
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INTRODUCTION

In areas with more than 20 years under a constant annual cropping system, soil carbon
stocks will have attained a steady state (IPCC, 2006) and hence nitrous oxide (N,O)
becomes the most important greenhouse gas (GHG) emitted. Conventional tillage (CT)
systems using soil plowing and chiseling have been shown to provoke soil erosion and
fertility loss in tropical regions, especially in sloped areas (Labriére et al., 2015). As an
alternative, no-tillage (NT) systems gained significant importance as a conservative
strategy with economic advantages and capable of preserving the soil resource and
contributing to GHG mitigation by storing atmospheric CO, in the soil profile as organic
matter (Bernoux et al., 2009).

In Brazil, such potential has been stimulated by the so called Low-Carbon Agriculture
Plan, which provides subsidized credits for financing mitigation actions in agriculture
through the ABC program (Sa et al., 2016). However, given the importance of N,O as a
gas with 273 times higher global warming potential than CO, (Smith et al., 2021), there
have been concerns about the impact of NT adoption in the final GHG balance of cropping
areas (Bernoux et al., 2009).

Cropped areas under NT usually present higher microbial activity in the upper soil layers
due to a concentration of labile organic matter and nutrients, compared to CT (Zhang et al.,
2018). In addition, soil moisture tends to be preserved by the mulch formed from harvest
residues and without plowing, soils may become compacted. Such a combination of
factors may increment hotspots of N,O production in NT areas (Mei et al., 2018).

However, field monitoring of GHG does not always confirm NT as a greater inducer
of N,0 emissions than CT (Rochette et al., 2008; Feng et al., 2018). In Brazil, where
mechanized crop production occupies approximately over 60 million hectares (Mha), of
which more than half is dedicated to soybean (Glycine max) (IBGE-LSPA, 2021) growing
on well drained Oxisols, results are also inconclusive. Jantalia et al. (2008) monitored
different crop rotations under CT and NT and no contrasting differences between tillage
systems were detected. On the other hand, Escobar et al. (2010) observed higher N,O
emissions induced during soybean crop in NT areas compared to CT, but the reverse
was observed in the following corn crop. In a similar experiment, Bayer et al. (2015)
observed a significant increase in N,O emissions under NT, where legume cover-crop
was practiced, indicating NT induces higher N,O emissions than CT where N availability
is high. However, this study was on an Acrisol with restricted drainage. Campanha et al.
(2019) studied a Ferralsol in the Cerrado region and found that N fertilization of corn
rendered higher N,O emission in CT than in NT areas.

Apart from the variable effect of NT and CT on N,O emissions, there is also lack of data
on emission factors for fertilizers where two crops are carried out in the same year. In
the southern region of Brazil, the soybean crop is most often followed by wheat (Triticum
aestivum), the former occupying the rainy and warm season (October to March) and
the latter the drier and cold season, both in the same year. In this region, the wheat-
soybean succession is responsible for 87 and 33 % of the national production of these
two grains, respectively (IBGE-LSPA, 2021).

Following the recommendation of measuring the fertilization effect on soil N,O emissions
for a whole year, the emission factor should include both crops, even though there
is evidence that the fertilization effect practically ceases after two to three months
(de Morais et al., 2013). The possibility of carry-over effects between crops should be
investigated on fertilizer emission factors and also on potential differences between
emissions under NT and CT owing to soil variables when the two crops are carried out
in the same year, which was the objective of this study.
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MATERIALS AND METHODS

The experiment was conducted over two consecutive years at the experimental station
of the National Soybean Research Center (Embrapa Soja), in the municipality of Londrina,
Parand (23° 12' S, 51° 11' W, 585 m a.s.l.). The climate of the region is classified as
subtropical humid, Cfa, according to the classification system of Kdppen, with dry winter
and humid summer with an annual mean temperature of 21°C (Peel et al., 2007). Mean
annual rainfall is 1626 mm, with greater incidence between October and March. The
soil in the area is classified as Latossolo Vermelho Distroférrico by the Brazilian Soil
Classification System or by the FAO system as a Rhodic Ferralsol (Rhodic Eutrudox,
USDA Soil Taxonomy), presenting a high (low-activity) clay content (787 g kg™ clay).
In the 1981/1982 season, a long-term experiment was established with different tillage
systems in a completely randomized block design, with six replications. The treatments
utilized in this study were a conventional tillage (CT) system with a heavy disk plough
(66 cm diameter discs) followed by a light disc harrow with 22 cm soil depth operation,
and a no-tillage treatment (NT). Each experimental plot had dimensions of 8 x 50 m,
with a total area of 400 m>.

From the start of the experiment in 1981, the plots selected were planted with soybean
in summer and wheat in winter. Dolomitic lime was applied every four years starting in
1980 previously to plots set up and with the last application carried out after the wither
harvest of 2012. Liming rate was 2 Mg ha™, which resulted in a mean pH(H,0) between
5 and 6 in the 0.00-0.20 m soil layer. In the NT treatment, the lime was applied to the
soil surface and not incorporated mechanically, while in the CT, it was distributed and
then incorporated with the heavy disc plough.

The study started in the winter of 2013, and the chemical analysis of soil samples were
performed in the soil layer of 0.00-0.10 and 0.10-0.20 m just before planting (Table 1).
For the two years of this study, the wheat cultivar Pardel was used, and the cultivar for
soybean was BRS 360RR. The plots under NT and CT were divided in half; one half received
N fertilizer and the other no N to serve as the control. Wheat was first sown on May 03,
2013 with a row spacing of 0.17 m. For the treatments with N fertilization, compound
fertilizer 8-20-20 was added at 260 kg ha™ in the furrow by the planting machine, and
for the control treatment, the same quantity of 0-20-20 was applied. Seventeen days
after sowing, 90 kg ha™ of urea (41 kg N ha) was applied on the surface only in the
N treatments. The harvest of the wheat was performed on September 20, 2013. The
summer planting of soybean began on October 10, 2013, with tillage of the soil in the
area under CT and the seeds were sown on 19 October with row spacing of 0.45 m. A
stand of 16 plants per linear meter was the target. Fertilizer applied to all plots was 270
kg ha™ of the 0-20-20. The seeds received a liquid inoculant based on Bradyrhizobium
spp. (5 x 10° CFU mL™) at the dose of 100 mL per 50 kg of seeds. The crop was harvested
on February 19, 2014.

Table 1. Chemical analyses of soil samples from the layers of 0.00-0.10 and 0.10-0.20 m in a
wheat-soybean succession under no-tillage (NT) and conventional tillage (CT)

Soil layer pH(H,0) AP* ca* Mg** K P CEC C

cmol, kg™ ——mgkg'—— cmol.kg®  gkg?
No-tillage
0.00-0.10 m 5.91 0.00 5.63 1.86 203 82 8.01 17.2
0.10-0.20 m 5.26 0.00 2.88 1.22 117 13 4.39 9.1
Conventional tillage
0.00-0.10 m 5.67 0.00 3.97 1.17 183 33 9.52 12.3
0.10-0.20 m 5.60 0.00 3.65 1.08 148 23 8.91 11.1

pH (1:2.5, soil:water); P (Mehlich-1); C (Walkley-Black).

Rev Bras Cienc Solo 2023;47:e0220135 3



Monteiro et al. Soil nitrous oxide emissions from a soybean-wheat succession under...

’r-
‘
Y\

The 2014/2015 sequence began on April 10, 2014, with the tillage of the plots under CT
as before. On April 30, wheat was sown with a row spacing of 0.17 m, and 300 kg ha™
of 08-28-16 fertilizer was applied in the furrow in all treatments. On May 21, urea
fertilizer (46 kg ha™) was broadcast only to the +N treatments at tillering. The wheat
was harvested on September 15, 2014. The summer planting started on this same date
with soil tillage using CT and the soybean seeds inoculated as before were seeded on
November 07 at a row spacing of 0.50 m and fertilized in the furrow with 300 kg ha™
of the 0-20-20 formulation for all treatments. The soybean was harvested on
March 13, 2015. During all the sequence of crops, insecticides and fungicides were
applied as recommended.

Quantification of N,O fluxes

The N,O fluxes were measured from May 2013 until March 2015. Sampling for quantification
of N,O fluxes was performed between 08:00 and 10:00 a.m., following the recommendation
of Alves et al. (2012), who found this time best represented the mean daily flux. Fluxes
were sampled throughout the winter and summer crop cycle, starting before soil tillage
and continuing until the end of the cycle.

The sampling protocol was used daily for at least seven days after planting, and then
every two days, and weekly sampling was performed in the periods of least expectation
of high fluxes (dry periods). Gas monitoring was done using manual static chambers,
positioned longitudinally on the seed row to enclose three wheat rows. Doing this,
the effects of seedbed fertilization and side-dressing with urea were captured. During
soybean monitoring, chambers were positioned longitudinally to enclose one seed row
for the first three weeks, when the chamber base was moved to the side of the plants
to avoid plant damage.

The inferior part of the chamber consisted of a rectangular metal frame (0.40 x 0.60 m)
with a height of 7.5 cm inserted into the soil to a depth of 5 cm. The upper part of the
frame was equipped with a trough (2.0 cm wide x 2.0 cm high) welded on the top of
the frame. This trough was filled with water to ensure the seal at the time of coupling
the top of the chamber. The top consisted of a polyethylene tray (0.40 x 0.60 m, 0.12 m
high), coated with foam and aluminum foil to ensure insulation to reduce temperature
changes when exposed to sunlight. The top was fitted with a three-way valve used
at the time of sample withdrawal. The incubation time was 30 min, the first sample
being taken immediately at the time of chamber closure, another after 15 min, and
the last at the end of the incubation period. Polypropylene syringes (60 mL) were used
to remove samples from the chamber. Approximately 40 mL of the gas within the
chamber was withdrawn, of which 25 to 30 mL were transferred to chromatography
flasks sealed with chlorobutyl rubber septa, the remainder being used to expel air from
the dead volume of the gas transfer system. Thereafter, syringes were coupled to a
vacuum pump to transfer 30 mL of the gas samples to 20-mL chromatographic vials.
A volume of ~5 mL was initially discarded to purge the pumping system. The analysis
of N,O concentrations was performed in the Embrapa Agrobiologia gas chromatography
laboratory using a Shimadzu GC 2014 gas chromatograph (Shimadzu, Tokyo, Japan)
whose configuration and quality control of analysis was reported in Paredes et al.
(2015). The N,O flux (ug m? h') was calculated according to the equation described
by Jantalia et al. (2008).

The amount of N emitted from each area was obtained by the numerical integration of
the N,O fluxes in time, using the rectangles method. The open Newton-Cotes formula
was employed, as follows in equation 1:

[ fix)dx = (b - a)f(f%’) Eq. 1
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in which: f(x) is the mean flux obtained from the previous day ‘a’ and from the day after
‘b’ the period when field measurements were not taken.

To obtain the emission factor for the fertilizer, the emission of N,O from the area with
nitrogen fertilizer was subtracted from the emission of the unfertilized area and divided
by the amount of N applied.

Soil and climate variables

Rainfall and air temperature were monitored throughout the study by a meteorological
station present in the same experimental field. On the days of gas sampling, soil samples
(0.00-0.10 m) were also taken to determine soil moisture and soil density to determine
the water-filled pore space (% WFPS), as described in equation 2:

9%WrPs = (1) x 100 Eq. 2

in which: Vm is the volumetric moisture content of the soil (Vm = Mg x BD; Mg is the
gravimetric moisture content [g g*] and BD, the bulk density [g cm™]) and p the porosity
of the soil. Total porosity (%) is equal to [1-(bulk density/particle density)]x100, where
the particle density was assumed to be 2.96 g cm™ as determined by Morais et al. (2013)
for soil of the same classification as that taken from the same field station.

For ammonium and nitrate analysis, 20 g of soil from the layer of 0.00-0.10 m were
agitated on a rotary shaker for 1 h with 60 mL of K,SO, 0.5 mol L*. The suspension
was filtered and the NO5 concentration was determined in the resultant solution by
UV spectrometry following the procedure described by Miyazawa et al. (1985), but
measuring the absorbance at the wavelengths 220 and 275 nm. The absorbance at
275 nm was multiplied by two and then subtracted from the absorbance at 220 nm
to determine the absorbance of NOj, as described by Olsen (2008). The same filtered
extract was used to quantify NH," using the salicylate colorimetric method of Kempers
and Zweers (1986). The soluble C was extracted in saline solution (NaHSO, 0.05 mol L"),
with a soil-to-extractant ratio of 1:5. Soluble C was quantified in the extract using the
colorimetric method of Bartlett and Ross (1988) using KMnO, as the oxidizing agent. The
absorbance was determined at 495 nm.

Statistical analyses

Tests of normality and homogeneity of errors between treatments were performed for
subsequent ANOVA, assuming the tillage system as the main plot and N fertilization as
a subplot. Differences between treatments were separated by the Fisher’s I.s.d. test,
at 5 % probability. Pearson correlation analysis was performed to identify the intensity
with which the different factors contributed to the soil N,O emissions.

RESULTS AND DISCUSSION

The area planted with wheat was divided into two for the two sub-treatments with and
without N fertilizer. For the soybean, no N fertilizer was added, and the whole area
unfortunately was harvested as one for the two years. This problem also happened
with wheat in the second year when the whole area was harvested together, so it was
impossible to examine the N fertilizer's impact on yield. The yield of wheat was not
significantly influenced by the tillage treatment in either year (Table 2). Yields in 2013
were considerably lower than in 2014, which may be attributed to the lack of rainfall
after the end of June in the phase of anthesis and early grain development in 2013
(Figure 1). In 2014 rainfall was more evenly distributed. For both years (2013-14 and
2014-15) soybean yields were much higher under NT. This was probably due to the
better stand of the crop, which was adversely affected in both years by the lack of
rainfall immediately after planting. Under NT surface, mulch and the absence of plowing
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Table 2. Wheat and soybean yields obtained from soil tillage and fertilization treatments on a
soybean-wheat succession in southern Brazil

Treatment Wheat 2013 Soybean 2013-14 Wheat 2014 Soybean 2014-15

kg ha™

NT
+N 2098 2843a 3422 2407a
-N 2603 - = >

CcT
+N 2462 1568b 3421 1198b
-N 2660 - - -
Average 2456 2206 3422 1803
L.S.D. - 3734 - 295.3
P 0.288 <0.001 0.997 <0.001

Means followed by different letters within the column of the same crop are statistically
different by the L.S.D. Fisher's test (p<0.05).

(a) —— Maximum - Minimum 40 =
r 430 3
ke]
@
" 120 &
-.\-'.._“ E
- 110 £
; o
100 : 0
(b)  Wheat Soybean Wheat Soybean
= 80+  Cropcycle .
E 60F ]
=
e 40+ 4
o
o
20 + i
0

05/13 07/13 09/13 11/13 01/14 03/14 05/14 07/14 09/14 11/14 01/15 03/15
Monitoring period (month/year)

Figure 1. Air temperature and rainfall data for a wheat-soybean succession under different tillage
systems and N fertilization in Southern Brazil.

preserved soil moisture and germination was much more successful. In addition, the
higher soil nutrient availability under NT contributed somehow to the better yield
performance under CT (Table 1).

In the cropping year 2013/2014, in the wheat cycle in CT when no N fertilizer was
added, N,O emissions varied from -12 to 89 ug N,0-N m™ h™* (Figure 2b) and in NT, from
-12 to 133 pg N,O-N m? h™ (Figure 3b). In the N fertilized plots, the values remained
between -12 and 124 ug N,0-N m? h™ for CT, and -13 and 214 pg N,0-N m” h™* for
NT. In the summer, when soybean was preceded by wheat not fertilized with N, N,O
emissions in CT ranged from -15 to 181 ug N,O-N m? h™* (Figure 2b) and in NT, from -15
to 164 ug N,O-N m? h™* (Figure 3b). In areas where wheat was fertilized with N before
the soybean crop, emissions varied from -6 to 134 ug N,O-N m? h™ in CT, and in NT,
from -9 to 108 pg N,O-N m? h'",

In 2013, the N,O fluxes in the days immediately after the wheat was planted were of
low magnitude, on average of 6.5 ug N,O-N m™ h™, in both tillage treatments even
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2013 2014
May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

1 1 1 1 1 1 1 1 1 1
(a) Agricultural operations

X Heavydisc v Seeding 0 Harrow @ N full leaf cover A  Harvest

OI Wheat T Tﬁ Soybean T

= (b)

(c)

% WFPS

Nitrate-N (mg kg™)

Ammonium-N (mg kg™)

600 ~

400 ~

Soluble-C

200 ~

0 T T T T T T T T T T 1
May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

2013 2014

—e— No N fertilizer --@- With N fertilizer

Figure 2. Soil N,O fluxes (b) and soil water-filled pore space (c), soil nitrate (d), ammonium
(e) and soluble carbon (f) in the 0.00-0.10 m soil layer measured during the first cycle of a
wheat-soybean crop succession under conventional tillage (CT) with and without N fertilization
of wheat.
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2013 2014
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(a) Agricultural operations
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Figure 3. Fluxes of N,O (b) and water filled pore space (c), nitrate (d), ammonium (e) and soluble
carbon (f) in the 0.00-0.10 m soil layer measured during the first cycle of a wheat-soybean crop
succession under no-tillage (NT) with and without N fertilization of wheat.
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when nitrogen fertilizer was added at planting (Figure 2b). Low N,O emission at the
beginning of the cycle can be attributed to the low rainfall after sowing, only 4.1 mm
in 18 days (Figure 1), together with the low rate of fertilizer application (21 kg N ha™).
In addition, the fact that the fertilizer was buried in the furrow can reduce N,O emissions
(van Kessel et al., 2013). The N,0 emission peak occurred on May 27, 2013, seven
days after the N fertilizer addition at tillering stage. Even in the treatments without
N fertilization, the highest N,0 flux was observed in this period. The occurrence
of precipitation after a long period of dry season is likely to explain this behavior,
indicating that the N,O emissions were more limited by the low water content than
nitrate availability in the soil (Figures 2d and 3d - Dobbie et al., 1999). Out of the six
days before May 27, on four days, daily rainfall ranged between 9 and 15 mm and
totaled 50.5 mm. de Morais et al. (2013) also observed the highest peaks of N,O after
soil tillage for elephant grass production after rainfall events.

After N fertilizer application to wheat, rainfall was regular until June 30, totaling a further
304 mm. In the period from May 24 until the end of June, the water filled pore space
(%WFPS) was evaluated 22 times and exceeded 60 % on 12 and 19 occasions for the CT
and NT treatments, respectively, and on 1 and 5 occasions, exceeded 70 % (Figures 2c
and 3¢). Itis clear that the absence of tillage and the surface mulch present at this time
in the NT treatment, preserved soil moisture. Despite the high %WFPS after the initial
peak of N,O emission on May 27, N,O emissions were low, with peaks not exceeding
40 pg N-N,O0 m? h*, except in the NT treatment where N fertilizer was added and the
emission reached 104 ug N-N,O m™ h™'. The concentration of nitrate in the soil at this
time was low which probably explains these low emissions and there was a small peak
of nitrate in the NT treatment, marginally larger where N fertilizer was added (Figures 2d
and 3d). After June, rainfall was consistently low, only amounting to 62 mm until the
wheat harvest on September 20. As both mineral N concentrations and soil moisture
were low throughout this period (Figures 2c, 2d, 2f, 3¢, 3d, and 3f) it is not surprising
that N,O emissions remained low.

In the 2014 wheat crop, when no N fertilizer was added, N,0 emissions ranged from -6
to 57 pg N-N,O m? h™* under CT, and from -6 to 52 pug N-N,0 m™? h™' in NT (Figures 4b
and 5b). With nitrogen fertilization, N,O emissions under CT remained between -5
and 157 pg N-N,O m™? h* and -5 and 86 pg N-N,O m? h™ in NT. As in the first year,
emissions immediately after sowing were low, averaging 10.7 ug N-N,0 m? h, with
the emission peak occurring only after the N fertilizer addition. From planting (April 30)
until N fertilization (May 21), there was a total of only 9 mm of rainfall, but in the five
days following N fertilization, total rainfall was 120 mm. The WFPS increased from
30 to 40 % to over 70 % in this period (Figures 4c and 5c¢) and resulted in significant
N,O emissions, especially in the N-fertilized treatments. After this phase of high N,0
fluxes following N fertilizer application, rainfall volume was still high (213 mm until
final harvest), and WFPS rose above 60 % on various occasions, but mineral N levels
were low (Figures 4d, 4e, 5d, and 5e), which probably explains the decrease in N,0O
emissions (below 20 pg N-N,O m? h™) until final harvest.

In the second year (2014-15), when no N fertilizer was applied for the preceding wheat
crop, the soybean presented emissions between -6 and 114 ug N-N,0 m? h* under CT,
and from -4 to 111 pg N-N,0 m? h™ under NT. In areas where wheat had been fertilized
with nitrogen, under CT soybean emissions varied from -5 to 81 ug N-N,0 m™ h, and
under NT from -4 to 113 pg N-N,0 m? h,

In both years, during the summer soybean crops, peaks of N,O emission comparable
to those registered in the wheat cycles were observed. The most significant peak
of N,O emission in the first year occurred just four days after planting and in the
second year six days after planting. In the five days prior to these peaks in N,0
emission, there were 49 and 88 mm of rainfall for the first- and second-year crops,
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Figure 4. Fluxes of N,0 (b), water-filled pore space (c), nitrate (d), ammonium (e), and soil soluble
carbon (f) in the 0.00-0.10 m soil layer measured during the second cycle of a wheat-soybean crop
succession under conventional tillage (CT) with and without N fertilization of wheat.
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Figure 5. Fluxes of N,O fluxes (b), water filled pore space (c), nitrate (d), ammonium (e) and soil
soluble carbon (f) in the 0.00-0.10 m soil layer measured during the second cycle of a wheat-soybean
crop succession under no-tillage (NT) with and without N fertilization of wheat.
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respectively, and in both cases, the WFPS of over 60 % coincided with the emission peak
(Figures 2c, 3¢, 4c¢, and 5c¢).

The increase in the %WFPS seemed to be the most important factor for higher emissions
throughout the soybean crops. The peaks of N,O emission occurred during the soybean
crop even when nitrogen fertilizer was not applied to the previous wheat crop. Because
of its ability to obtain N from BNF, soybean is thought to remove less N-mineral from the
soil compared to wheat, allowing a “sparing effect” of the soil mineral N (Chalk et al.,
1993). Thus, the nitrate content of the soil was generally higher under the soybean
than under wheat especially in the final stages of grain filling when N rich residues
were deposited on the soil surface (Figures 2d, 3d, 4d, and 5d) and with the increase
in the %WFPS due to rainfall, conditions were created for the production of N,O.

In the case of soybean, the rainfall was greater in the second year, with the %WFPS
remaining high throughout most of the cycle, sometimes close to saturation (Figures
2¢, 3¢, 4¢, and 5c¢). At these times of very high %WFPS, the emission of N,O was low.
When soil moisture values are very high, close to saturation, the main product of
the denitrification process is N, from N,O reduction (Butterbach-Bahl et al., 2013).
In fact, on several occasions when %WFPS was high, N,O emissions were negative.
Negative N,O fluxes were observed on many occasions during the two years of the
experiment. Seventeen percent of the samples had negative N,O fluxes, most less
than -10 pg N,0-N m™ h'. Similar results were reported from the same region by
Bayer et al. (2015), from central Brazil by Campanha et al. (2019) as well elsewhere
(Syakila et al., 2010). Cowan et al. (2014) suggested that the negative fluxes observed
in the literature are lower and associated with the devices’ detection limit. However,
when the fluxes were associated with high %WFPS in all four treatments (e.g., June 21
and July 23, 2013; August 21, 2014; and January 16, 2015) it is tempting to suggest that
these negative values were due to N,O reduction. It is reasonable to assume that the
occurrence of negative soil flux means the consumption of N,O by soil microorganisms.
However, the mechanisms and factors that induce consumption when %WFPS is not
high are still unknown. On a global scale, omitting negative N,O flux values from the
calculations is not a problem as they do not represent a large debt, but this may be
different on a national scale (Chapuis-Lardy et al., 2007; Syakila and Kouze, 2011).
Although uncertainty persists concerning negative fluxes, in all calculations, negative
N,O fluxes were taken into account.

Availability of C is essential for the heterotrophic microorganisms involved in the
denitrification process (Firestone and Davidson, 1989). It is known that the increase
in available C promotes increases in N,O emissions (Ruser et al., 2006). In both years,
the soluble C content was higher under CT, and in the soybean cycle. However,
it was not possible to establish a clear relationship between soluble C contents and
N,O emissions.

Production of N,O is regulated by the interaction of the various factors that affect the
nitrification and denitrification reactions (Firestone and Davidson, 1989). In each cycle,
to evaluate the relative importance of the different variables on the N,O emissions,
a regression analysis was performed (Table 3). For wheat, the parameter with the
greatest influence on the N,O emissions was the N-mineral content, while for soybean
it was rainfall, represented by the %WFPS. The differentiated behavior of the variables
throughout the year is in line with the growing season of the crops. The highest
contribution of %WFPS to soybean emissions is explained by its growth during summer,
a time of higher incidence of rainfall. In wheat, besides the fact that lower precipitation
occurred during the cycle, N fertilizer was added increasing levels of mineral N in the
soil. The coefficients differed between the years, and it was not possible to observe
a significant correlation in all cycles. This phenomenon indicates that the variables
interacted differently in the two years.
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In the first year, nitrogen fertilization significantly increased N,O emissions during the
wheat crop, but in the second year, this increase was not statistically significant (p<0.05;
Table 4). Apart from spatial variability, the overall conditions for N,O formation could

Table 3. Pearson correlation coefficients of the relationships between soil nitrous oxide emissions
and the soil properties: concentrations of nitrate, ammonium and soluble carbon and the water-
filled pore space (%WFPS) in four treatments over two years of a wheat/soybean sequence at
Londrina, Parand State. Treatments were conventional plow tillage (CT), no-tillage (NT) and with
(+N) and without N fertilizer addition (-N) to the wheat crop

Treatment %WFPS NO; NH," C
Wheat 2013
CcT 0.017 -0.121 -0.218 0.161
CT+N 0.150 -0.047 0.172 0.175
NT 0.118 0.095 -0.149 -0.052
NT+N 0.158 0.015 -0.027 0.177
Soybean 2013-2014
CT 0.394* 0.079 -0.128 0.262
CT+N 0.327* -0.055 0.107 0.192
NT 0.551* 0.175 -0.063 0.312%
NT+N 0.511* 0.190 -0.013 0.188
Wheat 2014
CcT 0.177 0.767* 0.719* -0.158
CT+N 0.124 0.355* 0.781* -0.279
NT 0.251 0.428* 0.788* 0.164
NT+N 0.242 0.432* 0.631* -0.097
Soybean 2014-2015

CT 0.322 -0.092 -0.032 -0.165
CT+N 0.356 0.138 0.105 0.457*
NT 0.356 0.319 -0.130 0.228
NT+N 0.324 0.080 0.613* -0.108

Regression coefficients in bold followed by asterisks (*) indicate significant correlations between the variable

and the N,O flux.

Table 4. Cumulative emissions of N,O-N for each crop and each cropping year and the net N,O-N emission owing to N fertilization
and the respective emission factor (EF%) in a two-year succession of wheat-soybean managed either under conventional plough

tillage (CT) or no-till (NT)

Crop/season CT+N CT Net-CT* EF NT+ N NT Net-NT* EF

kg N ha™ % kg N ha™ %
Wheat 2013 0.57a’ 0.38b +0.19 0.31+0.11 0.50a’ 0.26b +0.24 0.39+0.09
Soybean 13/14 0.64 0.64 0.00 0.66 0.64 +0.02
Wheat - Soybean 13/14 1.22 1.03 +0.19 0.31+0.10 1.17a 0.91b +0.26 0.42+0.07
Wheat 2014 0.39 0.27 +0.12 0.17+0.12 0.32 0.29 +0.03 0.04%+0.16
Soybean 14/15 0.63a 0.77b -0.14 0.82a 0.70b +0.12
Wheat - Soybean 14/15 1.078° 1.06 +0.01 0.02+0.18 1.21A 1.04 +0.17 0.37+0.20

W Difference in N,O emission between the area amended with N fertilizer and that without, within the same tillage treatment. ¥’ Means in the same
row followed by different lowercase letters indicate that the difference in N,O emission between the area amended with N fertilizer and that without,
within the same tillage treatment was significant at p<0.05 (Fisher L.S.D. test). ®’ Means in the same row followed by different uppercase letters
indicate that was a significant difference (p<0.05; Fisher L.S.D. test) in N,O emission between tillage treatments for the same N fertilizer treatment.

Rev Bras Cienc Solo 2023;47:e0220135

13



’r-
‘
Y\

Monteiro et al. Soil nitrous oxide emissions from a soybean-wheat succession under...

have limited the emission magnitude. The high correlation (Table 3) of N,O emissions with
soil mineral N, especially nitrate suggests nitrification could prevail during the second
year of wheat crop (Liang and Robertson, 2021). In addition, soil mineral N levels were
high. According to Machado et al. (2021), indigenous soil N is the major contributor to
soil N,O emission even under N fertilization, the former accounting for over 60 % of the
total emitted against a contribution of about 30 % as the fertilizer effect. However, when
one crop follows another in succession, fertilization of the first crop can influence the
N,O emissions of the next crop, and this was evident in the emissions from the soybean
crop in the second year. Theoretically, nitrogen fertilization increases plant growth and
contributes to a greater quantity of root and shoot residues deposited infon the soil.
As a result, there may be increased mineralization of organic matter and increase in N,O
emissions from the subsequent crop (Hellebrand et al., 2008).

Total N,O emissions from CT and NT presented a statistically significant difference
in the 2014/2015 two-crop sequence when N fertilizer was added to the wheat crop
(Table 4). Neither the total emissions for the 2013/2014 agricultural year, nor for any
of the other individual crops was there a statistically significant difference between
the soil tillage systems. The adoption of NT may increase N,0O emissions (Liu et al.,
2006, 2007; Rochette et al., 2008), due to the increase in microbial activity, higher O,
consumption, and conditions of higher O, restriction all factors which favor denitrification
(Linn and Doran, 1984). However, when comparing different soil tillage systems, in
addition to all the soil and climatic factors and management factors that influence N,O
emissions, the time of implantation of the system also appears as an important factor.
Recently-installed NT systems emit more N,O than CT systems, but after the first few
years, the emissions are similar (Six et al., 2004; Van Kessel et al., 2013).

Higher N,O emission in newly implanted systems is thought to be related to a decrease
in soil porosity and a consequent increase of WFPS in the soil due to increased
soil density (Pelster et al., 2011). A possible explanation for the reduction of N,0
emissions over time would be increased macroporosity and decreased soil density in
long-term NT systems (Zhang et al., 2007). The results observed in the present study
are similar to others (Plaza-Bonilla et al., 2018), indicating that there is evidence
that the behavior of emissions of long-term NT systems is similar to that observed in
temperate climates.

An important indicator that could be drawn from crop yield and the respective N,O
emission is the N,O emission intensity, or the quantity of N,O emitted per mass of grain
produced, giving a cleaner production dimension. In the case of soybean, the highest yield
under NT compared to CT and the small differences in N,O emissions resulted in a 44 %
reduction in N,O emission intensity for both years. Under CT, N,O emission intensities
for soybean were 0.41 and 0.58 g kg™ for the first and second year, respectively, while
for NT these numbers reduced respectively to 0.23 and 0.32 g kg™. For the wheat crop
under N fertilization, a business-as-usual practice, the N,0 emission intensities under CT
were 0.23 and 0.11 g kg™ for the first and second year, which was very similar to NT with
respectively 0.24 and 0.09 g kg™. These evidences of more sustainable grain production
under NT were also highlighted by Campanha et al. (2019) in a study carried out in the
Central region of Brazil, but in this case, with much greater contrast.

No significant differences were observed in emission factors (EF) for the N fertilization
between the years and between the systems of soil tillage (Table 4). For CT, the
mean %EF estimate for the first wheat-soybean cycle was 0.31 = 0.10, and for NT,
the mean was 0.42 = 0.07. For the second cycle (2014-2015), EFs were 0.02 = 0.18
and 0.37 = 0.20 for CT and NT, respectively. There was a trend of a higher EF for
wheat-soybean under NT than CT, but no statistical differences were observed.

All EF estimates suggest that the default value advocated by the IPCC (1 %) would
overestimate the emissions in the area, and these results are in agreement with those
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of other studies on crops grown in Ferralsols in Brazil (Jantalia et al., 2008; Martins et al.,
2015; Campanha et al., 2019). The two-year monitoring study showed that estimates
of N,O losses may vary from year to year, showing the importance of monitoring for
more than one year. The studied area is representative of the Brazilian grain production
area; the results indicate that for a real estimation of N,O losses, the development of a
specific EF is required.

CONCLUSIONS

Nitrous oxide is a powerful greenhouse gas that also has harmful effects on the ozone layer,
and efforts to mitigate its production from agricultural areas are urgently required. This
study showed that N,O emissions will not necessarily increase due to the use of no-tillage
(NT) compared to conventional tillage (CT). The estimated N,O emission factors for the
N fertilization of wheat were under half of the default emission factor of IPCC without a
significant difference between NT and CT. This was also true when N,O emissions were
considered during the wheat-soybean cropping period. Although not significant for the
year-round N,O emission factor, there was evidence of a residual effect of the N fertilizer
applied to wheat on N,O emission from soybean crop.

While the N,O emission magnitude is a key point to be tackled, aiming at mitigating
climate change, food security is a theme of similarimportance. Combining yield data and
accumulated N,O emissions for each crop to calculate the emission intensity gives another
dimension to GHG mitigation potential of cropping systems. For soybean production, the
highest yield observed under NT brought about a reduction in N,O emission intensity (kg
N,O kg™ grain) of 44 %, reinforcing the general concept of NT as a climate-smart practice.

ACKNOWLEDGEMENTS

The authors express their gratitude to the team of Embrapa Soybean and Embrapa
Agrobiologia for the diligent assistance in the field and for the laboratory analyses
The author RC Monteiro gratefully acknowledges CNPq for the MSc fellowship. Finally,
the authors RM Boddey, S Urquiaga, CP Jantalia and BJR Alves acknowledge CNPq for
“productivity” fellowship and the program Cientista de Nosso Estado of the Rio State
Research Foundation (FAPERJ). The work was funded by Embrapa, CNPq, FAPER] and the
Universidade Federal Rural do Rio de Janeiro.

AUTHOR CONTRIBUTIONS

Conceptualization: Bruno José Rodrigues Alves (equal), Julio Cezar Franchini
(equal) and Robert Michael Boddey (equal).

Data curation: Bruno José Rodrigues Alves (equal), (2 Julio Cezar Franchini (equal),
Rafael Cassador Monteiro (equal) and Robert Michael Boddey (equal).

Formal analysis: (2 Julio Cezar Franchini (equal) and Rafael Cassador Monteiro (equal).

Investigation: Bruno José Rodrigues Alves (equal), (2 Julio Cezar Franchini (equal),
Rafael Cassador Monteiro (equal) and Segundo Urquiaga (equal).

Methodology: Bruno José Rodrigues Alves (lead).

Project administration: Bruno José Rodrigues Alves (equal) and Segundo
Urquiaga (equal).

Supervision: Bruno José Rodrigues Alves (equal), Claudia Pozzi Jantalia (equal),
Julio Cezar Franchini (equal) and Segundo Urquiaga (equal).

Rev Bras Cienc Solo 2023;47:€0220135 15


https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0002-8686-3012
https://orcid.org/0000-0003-3648-9859
https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0002-8686-3012
https://orcid.org/0000-0003-2897-8652
https://orcid.org/0000-0003-3648-9859
https://orcid.org/0000-0002-8686-3012
https://orcid.org/0000-0003-2897-8652
https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0002-8686-3012
https://orcid.org/0000-0003-2897-8652
https://orcid.org/0000-0002-3601-1233
https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0002-3601-1233
https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0002-6178-6145
https://orcid.org/0000-0002-8686-3012
https://orcid.org/0000-0002-3601-1233

’r-
‘
Y\

Monteiro et al. Soil nitrous oxide emissions from a soybean-wheat succession under...

Writing - original draft: Bruno José Rodrigues Alves (equal) and Rafael Cassador
Monteiro (equal).

Writing - review & editing: Bruno José Rodrigues Alves (equal) and Robert
Michael Boddey (equal).

REFERENCES

Alves BJR, Smith KA, Flores RA, Cardoso AS, Oliveira WRD, Jantalia CP, Urquiaga S,
Boddey RM. Selection of the most suitable sampling time for static chambers for
the estimation of daily mean N,O flux from soils. Soil Biol Biochem. 2012;46:129-35.
https://doi.org/10.1016/j.50ilbi0.2011.11.022

Bartlett R], Ross DS. Colorimetric determination of oxidizable carbon in acid soil solutions. Soil
Sci Soc Am J. 1988;52:1191-2. https://doi.org/10.2136/ss5a2j1988.03615995005200040055x

Bayer C, Gomes J, Zanatta JA, Vieira FCB, Piccolo MC, Dieckow J, Six J. Soil nitrous oxide
emissions as affected by long-term tillage, cropping systems and nitrogen fertilization in
Southern Brazil. Soil Till Res. 2015;146:213-22. https://doi.org/10.1016/j.still.2014.10.011

Bernoux M, Cerri CC, Cerri CEP, Siqueira Neto M, Metay A, Perrin AS, Scopel E, Razafimbelo T,
Blavet D, Piccolo MC, Pavei M, Milne E. Cropping systems, carbon sequestration and erosion
in Brazil, a review. In: Lichtfouse E, Navarrete M, Debaeke P, Souchere V, Alberola C, editors.
Sustainable agriculture. New York: Springer; 2009. p. 75-85.

Butterbach-Bahl K, Baggs EM, Dannenmann M, Kiese R, Zechmeister-Boltenstern S. Nitrous
oxide emissions from soils: How well do we understand the processes and their controls? Phil
Trans R Soc B. 2013;368:20130122. https://doi.org/10.1098/rstb.2013.0122

Campanha MM, Oliveira AD, Marriel IE, Gontijo Neto MM, Malaquias }V, Landau EC,
Albuquerque Filho MR, Ribeiro FP, Carvalho AM. Effect of soil tillage and N fertilization on
N,O mitigation in maize in the Brazilian Cerrado. Sci Total Environ. 2019;692:1165-74.
https://doi.org/10.1016/j.scitotenv.2019.07.315

Chalk PM, Smith CJ, Hamilton SD, Hopmans P. Characterization of the N benefit of a grain
legume (Lupinus angustifolius L.) to a cereal (Hordeum vulgate L.) by an in situ °N isotope
dilution technique. Biol Fert Soils. 1993;15:39-44. https://doi.org/10.1007/BF00336286

Chapuis-Lardy L, Wrage N, Metay A, Chotte J, Bernoux M. Soils, a sink for N,O? A review.
Glob Change Biol. 2007;13:1168-86. https://doi.org/10.1111/j.1365-2486.2006.01280.x

Cowan NJ, Famulari D, Levy PE, Anderson M, Reay DS, Skiba UM. Investigating uptake of N,O
in agricultural soils using a high precision dynamic chamber method. Atmos Measur Techn.
2014,7:8125-47. https://doi.org/10.5194/amtd-7-8125-2014

Dobbie KE, McTaggart IP, Smith KA. Nitrous oxide emissions from intensive agricultural systems:
Variations between crops and seasons, key driving variables, and mean emission factors. |
Geophys Res. 1999;104:26891-9. https://doi.org/10.1029/1999)D900378

Escobar LF, Amado TJC, Bayer C, Chavez LF, Zanatta JA, Fiorin JE. Postharvest
nitrous oxide emissions from a subtropical Oxisol as influenced by summer
crop residues and their management. Rev Bras Cienc Solo. 2010;34:507-16.
https://doi.org/10.1590/S0100-06832010000200024

Feng J, Li F, Zhou X, Xu C, Ji L, Chen Z, Fang F. Impact of agronomy practices on the effects
of reduced tillage systems on CH, and N,O emissions from agricultural fields: a global
meta-analysis. PLoS One. 2018;13:e0196703. https://doi.org/10.1371/journal. pone.0196703

Firestone MK, Davidson EA. Microbial basis of NO and N,O production and consumption in soils.
In: Andrade MO, Schimel DS, editors. Exchange of trace gases between terrestrial ecosystems
and the atmosphere. New Jersey: John Wiley & Sons; 1989. p. 7-21.

Hellebrand HJ, Scholz V, Kern J. Fertiliser induced nitrous oxide emissions during
energy crop cultivation on loamy sand soils. Atmos Environ. 2008;42:8403-11.
https://doi.org/10.1016/j.atmosenv.2008.08.006

Rev Bras Cienc Solo 2023;47:€0220135 16


https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0003-2897-8652
https://orcid.org/0000-0002-5356-4032
https://orcid.org/0000-0003-3648-9859

’r-
‘
Y\

Monteiro et al. Soil nitrous oxide emissions from a soybean-wheat succession under...

Intergovernmental Panel on Climate Change - IPCC. 2006 IPCC Guidelines for national
greenhouse gas inventories. Agriculture, forestry and other land use. Vol. 4. Hayama,
Japan: Institute for Global Environmental Strategies (IGES); 2006. Available from:
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html.

Jantalia CP, Santos HP, Urquiaga S, Boddey RM, Alves BJR. Fluxes of nitrous oxide from soil
under different crop rotations and tillage systems in the South of Brazil. Nutr Cycl Agroecosys.
2008;82:161-73. https://doi.org/10.1007/s10705-008-9178-y

Kempers AJ, Zweers A. Ammonium determination in soil extracts by the salicylate method.
Comm Soil Sci Plant Anal. 1986;17:715-23. https://doi.org/10.1080/00103628609367745

Labriere N, Locatelli B, Laumonier Y, Freycon V, Bernoux M. Soil erosion in the humid
tropics: A systematic quantitative review. Agric Ecosyst Environ. 2015;203:127-39.
https://doi.org/10.1016/j.agee.2015.01.027

Liang D, Robertson PG. Nitrification is a minor source of nitrous oxide (N,O) in an agricultural
landscape and declines with increasing management intensity. Glob Change Biol.
2021;27:5599-613. https://doi.org/10.1111/gcb.15833

Linn DM, Doran JW. Effect of water-filled pore space on carbon dioxide and nitrous
oxide production in tilled and no tilled soils. Soil Sci Soc Am J. 1984;48:1267-72.
https://doi.org/10.2136/s55aj1984.03615995004800060013x

Liu XJ, Mosier AR, Halvorson AD, Reule CA, Zhang FS. Dinitrogen and N,O emissions in arable
soils: Effect of tillage, N source and soil moisture. Soil Biol Biochem. 2007;39:2362-70.
https://doi.org/10.1016/j.s0ilbio.2007.04.008

Liu XJ, Mosier AR, Halvorson AD, Zhang FS. The impact of nitrogen placement and tillage
on NO, N,0, CH, and CO, fluxes from a clay loam soil. Plant Soil. 2006;280:177-88.
https://doi.org/10.1007/s11104-005-2950-8

Instituto Brasileiro de Geografia e Estatistica - IBGE / Levantamento Sistematico da
Producao Agricola - LSPA. Systematic survey of agricultural production of Brazil. Rio
de Janeiro: Sistema IBGE de Recuperagao Automatica - SIDRA; 2021. Available from:
https://sidra.ibge.gov.br/home/Ispa.

Machado PVF, Farrell RE, Deen W, Voroney RP, Congreves KA, Wagner-Riddle C.
Contribution of crop residue, soil, and fertilizer nitrogen to nitrous oxide emissions
varies with long-term crop rotation and tillage. Sci Total Environm. 2021;767:145107.
https://doi.org/10.1016/j.scitotenv.2021.145107

Martins MR, Jantalia CP, Polidoro JC, Batista JN, Alves BJR, Boddey RM, Urquiaga S. Nitrous oxide
and ammonia emissions from N fertilization of maize crop under no-till in a Cerrado Soil. Soil Till
Res. 2015;151:75-81. https://doi.org/10.1016/j.still.2015.03.004

Mei K, Wang Z, Huang H, Zhang C, Shang Xu, Dahlgren RA, Zhang M, Xi F. Stimulation of N,O
emission by conservation tillage management in agricultural lands: A meta-analysis. Soil Till
Res. 2018;182:86-93. https://doi.org/10.1016/j.still.2018.05.006

Miyazawa M, Pavan MA, Block MFM. Spectrophotometric determination of nitrate in soil extracts
without chemical reduction. Pesq Agropec Bras. 1985;20:129-33.

Morais RF, Boddey RM, Urquiaga S, Jantalia CP, Alves BJR. Ammonia volatilization and nitrous oxide
emissions during soil preparation and N fertilization of elephant grass (Pennisetum purpureum
Schum.). Soil Biol Biochem. 2013;64:80-8. https://doi.org/10.1016/j.s0ilbio.2013.04.007

Olsen KK. Multiple wavelength ultraviolet determinations of nitrate concentration, Method
Comparisons from the Preakness Brook Monitoring Project, October 2005 to October 2006.
Water Air Soil Pollut. 2008;187:195-202. https://doi.org/10.1007/s11270-007-9508-8

Paredes DDS, Alves BJR, Santos MA, Bolonhezi D, Sant”Anna SAC, Urquiaga S, Lima MA,
Boddey RM. Nitrous oxide and methane fluxes following ammonium sulfate and
vinasse application on sugar cane soil. Environ Sci Technol. 2015;49:11209-17.
https://doi.org/10.1021/acs.est.5b01504

Peel MC, Finlayson BL, McMahon TA. Updated world map of the K6ppen-Geiger climate classification.
Hydrol Earth Syst Sci. 2007;11:1633-44. https://doi.org/10.5194/hess-11-1633-2007

Rev Bras Cienc Solo 2023;47:€0220135 17



’r-
‘
Y\

Monteiro et al. Soil nitrous oxide emissions from a soybean-wheat succession under...

Pelster DE, Larouche F, Rochette P, Chantigny MH, Allaire S, Angers DA. Nitrogen fertilization
but not soil tillage affects nitrous oxide emissions from a clay loam soil under a maize-soybean
rotation. Soil Till Res. 2011;115-116:16-26. https://doi.org/10.1016/j.still.2011.06.001

Plaza-Bonilla D, Alvaro-Fuentes |, Bareche ], Pareja-Sanchez E, Justes E, Cantero-Martinez C.
No-tillage reduces long-term yield-scaled soil nitrous oxide emissions in rainfed Mediterranean
agroecosystems: A field and modelling approach. Agr Ecosys Environ. 2018;262:36-47.
https://doi.org/10.1016/j.agee.2018.04.007

Rochette P. No-till only increases N,O emissions in poorly-aerated soils. Soil Till Res.
2008;101:97-100. https://doi.org/10.1016/j.still.2008.07.011

Ruser R, Flessa H, Russow R, Schmidt G, Buegger F, Munch JC. Emission of N,O, N, and CO, from
soil fertilized with nitrate: Effect of compaction, soil moisture and rewetting. Soil Biol Biochem.
2006;38:263-74. https://doi.org/10.1016/j.s0ilbio.2005.05.005

S4JC, Lal R, Cerri CC, Lorenz K, Hungria M, Carvalho PF. Low-carbon agriculture in South
America to mitigate global climate change and advance food security. Environ Int.
2016;98:102-12. https://doi.org/10.1016/j.envint.2016.10.020

Six J, Ogle SM, Breidt FJ, Conant RT, Mosier AR, Paustian K. The potential to mitigate global
warming with no-tillage management is only realized when practiced in the long term. Global
Change Biol. 2004;10:155-60. https://doi.org/10.1111/j.1529-8817.2003.00730.x

Smith C, Nicholls ZRJ, Armour K, Collins W, Forster P, Meinshausen M, Palmer MD, Watanabe M.
The earth’s energy budget, climate feedbacks, and climate sensitivity supplementary material.
In: Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berger S, Caud N, Chen Y, Goldfarb
L, Gomis MI, Huang M, Leitzell K, Lonnoy E, Matthews JBR, Maycock TK, Waterfield T, Yelekgi O,
Yu R, Zhou B, editors. Climate Change 2021: The physical science basis. Contribution of Working
Group | to the 20 sixth assessment report of the intergovernmental panel on climate chang.
Switzerland: IPCC; 2021. Available from: https://ipcc.ch/static/ar6/wgl.

Syakila A, Kroeze C, Slomp CP. Neglecting sinks for N,O at the Earth’s surface: Does it matter?
) Integr Environ Sci. 2010;7:79-87. https://doi.org/10.1080/1943815X.2010.497492

Syakila A, Kroeze C. The global nitrous oxide budget revisited. Green Gas Measure Manag.
2011;1:17-26. https://doi.org/10.3763/ghgmm.2010.0007

van Kessel C, Venterea R, Six J, Borbe MAA, Linquist B, van Groenigen K]. Climate, duration,
and N placement determine N,0 emissions in reduced tillage systems: a meta-analysis. Global
Change Biol. 2013;19:33-44. https://doi.org/10.1111/j.1365-2486.2012.02779.x

Zhang GS, Chan KY, Oates A, Heenan DP, Huang GB. Relationship between soil structure
and runoff/soil loss after 24 years of conservation tillage. Soil Till Res. 2007;92:122-8.
https://doi.org/10.1016/j.still.2006.01.006

Zhang Z, Liang S, Wang J, Zhang X, Mahamood M, Yu ], Zhang X, Liang A, Liang W. Tillage and
crop succession effects on soil microbial metabolic activity and carbon utilization in a clay loam
soil. Eur ] Soil Biol. 2018;88:97-104. https://doi.org/10.1016/j.ejsobi.2018.07.006

Rev Bras Cienc Solo 2023;47:€0220135 18


https://doi.org/10.1016/j.ejsobi.2018.07.006

