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The use of cover crops, combined with low N fertilization and no-tillage, reduces the
environmental impacts of agriculture. Legume cover crops provide N to the
agroecosystem and allow N fertilization to be reduced without losing productivity, but
may also increase nitrous oxide (N,O) emissions. Our main objective was to evaluate the
impact of using oats, vetch, and oats+vetch mixture as cover crops on N>O emissions
and summer crop Yields in a maize-soybean rotation with low N fertilization to maize
(32 kg N ha™") under no-tillage. We also studied how the different cover crops affected soil
variables related to N,O emissions. For the treatments that included vetch (vetch and oats
+vetch), plots without N fertilization were included to evaluate if NoO emissions and crop
yield were increased by low-rate N fertilization after a legume cover crop. We measured
N-O emissions using static chambers in a long-term experiment located in the Argentine
Pampas. We selected measurement periods in which high NoO fluxes were expected to
evaluate the effect of the different cover crops during these hotspots. In the early stages of
maize and soybean, the use of vetch as a cover crop increased N,O emissions compared
with oats and a control without a cover crop. In those early stages, conditions for high N,O
flux occurrence were promoted by the use of cover crops, as they increased soil moisture
and, when vetch was the cover crop, nitrate content. Although the oats+vetch mixture
reduced soil nitrate availability compared with vetch, this was not reflected lower N,O
emissions. The use of oats as a cover crop did reduce NoO emissions compared with
vetch and also decreased maize yields by 30.6%. The low-rate N fertilization in treatments
that included vetch as a cover crop did not increase N>O emissions or yield significantly.
Our study demonstrates that in low-input cropping systems under no-tillage, the use of
legume cover crops can favor yields and also increase N>O emissions during the early
stages of the following cash crop. Consequently, future work should explore mitigation
strategies during this period.
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INTRODUCTION

Nitrous oxide (N,O) is the main greenhouse gas (GHG) emitted in
cropping systems. Agriculture accounts for 60% of the global
emission of N,O (1), a GHG with 265-298 times the global
warming potential of carbon dioxide for a 100-year timescale
and the main anthropogenic cause of the ozone layer depletion (2).
Most of the anthropogenic N,O emission is produced by the soil,
through the microbial processes of nitrification and denitrification.
These processes are controlled by soil factors such as mineral
nitrogen (N) availability, moisture, and temperature (3, 4). Thus,
soil and crop management, which affects soil conditions, can lead
to an increased N,O emission rate (5, 6).

In many agricultural regions of the world such as Northern
Europe, Canada, Northern China, and the Pampas Region of
Argentina, farmers commonly grow a single crop per year (7, 8).
Thus, the soil remains in fallow with scarce cover and no living
vegetation for a long period, which generates inefficiencies in the
annual capture of precipitation and solar radiation (9), promotes
a negative carbon balance (10), and stimulates N losses by
leaching (8, 11, 12).

In this context, the use of cover crops combined with low N
fertilization is an alternative to the long fallow that promotes
productivity and increases the provision of ecosystem services
(13-16). Cover crops compete with weeds allowing for the
reduced use of herbicides (17), a decrease in N leaching to
groundwater (8, 12, 18-20), minimal soil erosion (21, 22),
promotion of the soil’s biological activity (23), and increased
soil organic matter and aggregation (8, 14, 24). Legume cover
crops fix N biologically through symbiosis, enabling the
reduction of N additions through inorganic fertilization (25).
The N provided by legumes is gradually released compared with
that from a fertilizer, which allows for better synchronization
with the N requirements of the cash crop and reduces N losses
(26). Although cover crops could potentially compete for both
water and nutrients with the cash crop, defining the
spatiotemporal niches appropriately minimizes such
competition (27) and avoids negative effects on crop yield (7).

The use of cover crops in agricultural rotations is also
proposed as a practice to reduce GHG emissions, mostly due
to their potential to sequester carbon in the soil (8, 14, 24).
However, the effect of cover crops on N,O emissions is variable
(28, 29) and depends on the cover crop characteristics (species
type, biomass, C/N ratio, lignin content, residue management,
termination timing) (30). In a meta-analysis, Basche et al. (28)
reported that in 60% of the studies the use of cover crops
increased N,O emission. This occurred predominantly when
the cover crop was a legume, associated with its capacity to
obtain atmospheric N through biological fixation, which
increases the rate of N,O emission, especially in the
decomposition stage of the cover crop. This meta-analysis also
reported that, with low N fertilization, emissions attributable to a
legume cover crop represent a considerable portion of annual
emissions (28). Additionally, under no-tillage, the cover crop
residues remain on the soil surface, generating optimal
conditions for denitrification due to improvement in rainwater
infiltration and the contribution of soluble carbon (26, 31, 32).

For all this, in systems with low N fertilization under no-tillage,
to work on the mitigation of N,O emissions related to the use of
legumes as cover crops is essential.

The use of grasses as cover crops tends to decrease N,O
emissions, given their consumption of mineral N from the soil
(33-37), but it also tends to decrease the yield of the commercial
crop (38). On the other hand, legume cover crops favor not only
productivity (39) but also N,O emissions, as previously stated. We
hypothesize that using a mixture of grass and legume as cover crops
can reduce N,O emissions without decreasing crop yield compared
with legume as a cover crop. Our objectives were as follows: i)
evaluate the effect of using grass, legume, and their mixture as cover
crops on N,O emissions of the following cash crop, in periods in
which high N,O emission rates are expected; ii) describe how the
different cover crops affect some soil variables and how these
variables modulate N,O emissions; iii) assess whether N,O
emissions are significantly increased by low-rate N fertilization
after a legume cover crop; and iv) evaluate the effect of the different
cover crops on the yields of the following cash crop. For this
purpose, N,O measurements were made in a long-term experiment
located in the Argentine Pampas Region, using fall-winter cycle
species of different families (grass, legume, and a mixture of grass
and legume) as cover crops in a maize-soybean rotation.

MATERIAL AND METHODS

Study Site and Experimental Description
We conducted this research in a long-term experiment
established in 2005 at the Pergamino Experimental Station of
Instituto Nacional de Tecnologia Agropecuaria (INTA) (33°51'S,
60°40'W), Province of Buenos Aires, Argentina. The soil is
classified as a typic Argiudoll (USDA, Soil Taxonomy) of the
Pergamino series with a silt loam A horizon with no severe
erosion (<0.3% slope) and a strong argillic B horizon. Further
details of the soil properties can be found in Restovich et al. (11).
The climate is temperate-humid without dry season (40, 41).
The average annual temperature is 16.5°C and the annual rainfall
is 984 mm (period 1910-2021; Agroclimatological Network
database, INTA). During the 2017-2018 and 2018-2019
agricultural seasons, when the N,O measurements were
conducted, the average temperature was 17.3°C and 16.8°C,
and the annual rainfall was 924 and 1,260 mm, respectively.
Daily records of temperature and rainfall data registered during
the experimental period are found in Figure 1.

The experiment has a completely randomized design with
three blocks (plots of 10 x 30 m). The crop sequence is maize-
soybean under no-tillage with different fall-winter species used
as cover crops. The species used were oats (Avena sativa L.),
vetch (Vicia sativa L.), and a mixture of oats+vetch, using
planting densities of 80, 70, and 20 + 40 kg seed ha™',
respectively. In addition, a control without cover crop was
included, with chemical control of weeds following the
recommended practices of the region. Weeds were controlled
using atrazine in pre-emergence (2 kg ha™') and glyphosate in
post-emergence (3 and 4 L ha™' for the first and second year,
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FIGURE 1 | Daily temperature (°C) and precipitation (mm) in the (A) 2017-2018 (maize) and (B) 2018-2019 (soybean) growing seasons. The dotted lines indicate
the times of cover crop and cash crop planting, cover crop killing, N fertilization, and cash crop harvest. The dates indicated on the x-axis show when N,O
measurements were made.

respectively). The presence of pests and diseases was frequently
monitored, and they remained below the application thresholds.
Maize (hybrid DK747) was planted with a row distance of 0.7 m,
according to the regional management (75,000 plants ha™"). At
sowing, maize was fertilized with 31.5 kg ha™"' of P,Os. At the
V5-6 stages (42), half of the plots (subplots) were fertilized with
32 kg N ha™" in the form of urea incorporated between rows. The
other half of the plots did not receive N fertilization. Soybean
(var. DM 5.1) was planted at 0.52 m row distance (500,000 plants
ha™"). This crop did not receive N fertilization but was inoculated
with Bradyrhizobium sp. The vetch was inoculated with
Rhizobium leguminosarum biovar viciae before planting. For
this study, we selected the treatments that had N fertilization
applied to maize. Additionally, for the treatments that included
vetch (vetch and oats+vetch), plots without N fertilization of
maize were also included: vetch-NF and oats+vetch-NF. This
totals to six treatments: oats-F, vetch-F, oats+vetch-F, control-F,
vetch-NF, and oats+vetch-NF.

In this long-term experiment, maize was planted in
September/October and soybean in November. Therefore, the
cover crops were killed in August/September before maize and in
October before soybean, using 3-4 L ha™" of glyphosate. At cover
crop planting, between April and May, all plots were fertilized
with 14.7 kg P,0s ha™! (6.4 kg P ha™!) using calcium
superphosphate. The crop calendar for the measurement
period can be seen in Table 1.

Nitrous Oxide Measurement and Emission
Rate Estimation

The measurement periods were previously established and were
associated with moments in which high N,O emissions could be

expected (43-46) due to soil and climatic conditions (high
temperature, moisture, and N availability). We decided to
measure N,O emission in these hotspots to see if it differed
among the treatments for these periods. These periods were as
follows: after the cover crop killing, after maize N fertilization,
and after the cash crop senescence. A description of the crop
stage and weather conditions on each measurement date is
included in Supplementary File 1. We conducted seven N,O
measurements at different stages of the maize crop cycle (2017-
2018 growing season) and five measurements in the soybean
crop cycle (2018-2019 growing season).

N,O emissions were estimated using vented static chambers
(47). The chambers were covered with reflective insulation and
had two parts, namely, an anchor (buried at 8 cm deep) and a
cap, sealed with water when measurements were taken. The
chambers’ dimensions were 37 cm long, 25.5 cm wide, and 14 cm
high. When vegetation did not exceed the height of the
chambers, measurements included vegetation. In case the
vegetation exceeded chamber height, we cut the plants up to
10 cm before starting the measurements. For each measurement,
three 10-ml air samples were taken at 15-min intervals between
9:00 and 12:00 a.m. for all sampling dates. The N,O emission rate
was calculated by the linear regression method (48). We included
two chambers in each plot given the spatial variation of N,O
emissions. Thus, 108 N,O observations were made on each date
(2 chambers per plot x 3 blocks X 6 treatments x 3 measurement
times per chamber). The concentration of N,O in the gaseous
samples was estimated using an Agilent gas chromatograph with
an electron capture detector (Agilent Technologies 6890N) with
automatic injection at the Biochemistry Department of the
Agronomy School of the University of Buenos Aires (UBA).
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TABLE 1 | Cultivation calendar for the experimental plots during the agricultural
seasons in which N,O measurements were carried out.

2017-2018 2018-2019
Maize Soybean
Cover crop planting May 4, 2017 April 12, 2018

Cover crop killing September 6, 2017 QOctober 26, 2018
October 4, 2017 November 9, 2018
November 22, 2017 -

March 20, 2018 April 9, 2019

Cash crop planting
N fertilization
Cash crop harvest

Soil, Climatic, and Productive Variables

A composite sample of the first 10 cm of soil was taken from each
plot on every N,O measurement date to determine mineral N in
the form of ammonium (NH} — N) and nitrate (NO3 — N), and
soil moisture was measured using the gravimetric method (from
which the percentage of water-filled pore space, WEPS, was
calculated). We sampled for soil bulk density before starting the
experiment and used a different bulk density for each treatment
to calculate the WEPS, given that we found differences among
treatments. Soil temperature was quantified using digital
thermometers inserted up to 10 cm in the soil adjacent to each
chamber. The air temperature was measured on each date before
starting the sampling rounds by placing three digital
thermometers at a height of 10 cm from the ground in a
shaded location near the site of the experiment. Maize and
soybean aboveground biomass at harvest was obtained from
two randomly selected 1-m* samples per subplot. The harvested
material was oven-dried at 65°C before separating grains to
determine yield.

Statistical Analysis

The N,O emission, WEPS, soil temperature, (NH; — N), and
(NO3 — N), variables were analyzed using a mixed model (fixed
factors: date, treatment, date*treatment interaction, random
factor: block). We evaluated the homogeneity of variance and
residual normality for each variable. N,O data were log-
transformed to meet the assumption of normality. When
date*treatment interaction was significant, we analyzed the
differences between treatments for each date. Yield data were
analyzed using a separated ANOVA for each crop. For the
comparison of means, we used the Fisher’s least significant
difference (LSD) test (p < 0.05).

To analyze the relationships between N,O emission and the
soil and environmental variables, we performed correlation
analyses. Given the complexity to describe the linear
relationships between N,O emissions and the soil variables, we
performed a decision tree analysis based on the procedure of
Morgan and Sonquist (49), which was previously used in the
Pampas (50, 51). In this analysis, N,O emission was the
dependent variable, and WDPS, NHj - N,NO3 — N, soil
temperature, and air temperature were the regressor variables.
The analysis separates the initial sample into more homogeneous
subgroups, separating by thresholds of a regressor variable,
seeking to minimize the sum of squares.

RESULTS

Nitrous Oxide Emissions for Maize and
Soybean Crops Combined With Different
Predecessor Cover Crops

The effect of cover crops on N,O emissions varied depending on
the date. N,O emissions presented differences between
treatments (p < 0.001), measurement dates (p < 0.001), and
date*treatment interaction (p < 0.001). On the first dates after the
cover crop killing (both in the first and second growing seasons),
significant differences between treatments and higher N,O
emissions were recorded (Figure 2).

During the first sampling dates, which corresponded to the
period after the cover crop killing and maize planting, treatments
that included vetch (vetch-F, vetch-NF, oats+vetch-F, oats
+vetch-NF) showed higher N,O emission than both oats-F and
the control-F with no cover crop (Figure 2A). No significant
differences between the oats+vetch mixtures and the vetch as
cover crops were observed in this period, even though the
mixture of cover crops showed slightly lower N,O emissions
than vetch as a cover crop. The highest average emission rate of
the first year was observed on October 20 (16 days after planting
maize). On this date, vetch-F had the highest emission rate
(1,567.6 ug N,O-N m2h™), with no significant differences with
the rest of the treatments that included vetch (vetch-NF, oats
+vetch-F, and oats+vetch-NF). The control without cover crop
had the lowest emission rate (83.4 ug N,O-N m2h!), with no
significant differences with oats-F.

In the first measurement after N fertilization of maize
(November 29), no significant difference was observed between
the fertilized and unfertilized treatments (vetch-F and oats
+vetch-F vs. vetch-NF and oats+vetch-NF). Instead, all
treatments with vetch (sole and mixtures) had higher N,O
emission rates, regardless of being fertilized or unfertilized. The
emission range at that date was between 4.4 and 47.4 ug N,O-N
m 2 h™', lower than in the previous measurements. In the
following measurement dates (December 4 and December 6,
12 and 14 days after fertilization), and on March 19, during
maize senescence, the emission rate was low for all treatments,
with no significant differences among them. The N,O values for
these three dates ranged from -8 to 133 ug N,O-N m> h™".
Finally, in maize post-harvest (May 3), a new increment in N,O
emissions occurred, with no significant differences between
treatments (67-393.7 ugN,O-N m~2h™).

In the second growing season, the highest N,O emissions
occurred again in the first measurements of the year (November
1 and December 9). As what happened in the first year, these
high emissions were observed after killing the cover crops and
planting the cash crop (Figure 2B). At these dates, treatments
that included vetch, alone or in mixtures, showed no statistical
differences between them. However, they had higher emissions
than the oats and the control without cover crops. In the second
year, the date with the highest average N,O emission was
December 12 (it was also the highest of all moments
measured), with values that ranged from 4,546.3 to 8,110.7 ug
N,O-N m 2 h™! for the treatments that included vetch and from
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FIGURE 2 | N,O emissions (ug NoO-N m™2 h™") for the different treatments and measurement dates in (A) maize and (B) soybean. The dates indicated with an
asterisk showed significant differences in N>O emissions for the evaluated treatments (p < 0.05).

777.7 to 1,161.0 ug N,O-N m™> h™! for oats and the control,
respectively (the oats monoculture and the control did not show
significant differences between them). On the following dates
(January 8, April 3, and May 10), the N,O emission values were
lower (21.5-208.1 pg N,O-N m™> h™') and presented no
significant differences between treatments.

Effect of Cover Crops on the Soil Factors
Controlling N,O Emissions

Soil temperature had no significant differences between
treatments nor date*treatment interaction. This variable only
showed differences between dates (p < 0.001), associated with the
air temperature variation (r = 0.6, p < 0.001) (Figure 3).

The WEPS also showed no differences between treatments but
did show differences between dates (p < 0.0001) and
date*treatment interaction (p = 0.0014). In the first growing
season, the differences between treatments were observed in the
first two dates after the cover crop killing, in which the control
without cover crop showed lower WFPS than the treatments
with cover crops (Figure 4A). Rainfall before those
measurements was scarce, with an accumulated rainfall of 13.8
and 50.4 mm for the 19 and 60 days preceding the first
measurement. In the measurement done during the maize
senescence (March 19), we found differences between
treatments, with vetch-NF and the control showing higher
WEPS than the other treatments.

During the second growing season, significant differences in
WEPS were observed only on the first measurement date, which
was after the cover crop killing (November 1) (Figure 4B). On
that date, the control without cover crop showed the lowest
WEPS, vetch-NF the highest, and the remaining treatments
intermediate values of WFPS. The accumulated precipitation

before the first measurement date was higher than that registered
for maize: 65.6 and 125 mm in the previous 10 and 60 days,
respectively. In the remaining dates, no significant differences
between treatments were found.

Soil NO3 — N, content showed differences between dates
(p < 0.0001) and treatments (p < 0.0001), but
no date*treatment interaction (p = 0.1463) (Figure 5). Those
treatments that had vetch alone as a cover crop, whether or not
combined with N fertilization to maize, had higher soil NO3 — N.
The oats+vetch mixture (with and without N fertilization) had
lower NO3 — N and did not show significant differences with the
control without cover crops. Finally, the treatment with oats as
the cover crop had the lowest soil NO3 — N content. During the
first agricultural season, the highest NO3 — N contents were
observed following the N fertilization of maize (especially on
December 6, 2017, 14 days after N fertilization). In the second
growing season, the highest NO3 — N was observed after soybean
harvest (May 10). Contrary to expectations, dates with high N,O
emissions were not coincident with those with the highest soil
NOj3 — N availability.

Soil NH — N content presented differences between treatments
(p = 0.0004), dates (p < 0.0001), and date*treatment interaction
(p = 0.0081). The maximum NHj — N in the soil was observed
12 days after maize N fertilization (December 4), with no significant
differences between fertilized and unfertilized treatments (Figure 5).
However, there were differences between treatments at the previous
and following dates (7 and 14 days after N application): 7 days post-
fertilization, the control without cover crop was the treatment with
the highest NHj — N. Oats+vetch-F, oats-F, and vetch-NF had
intermediate values, with no significant differences between them,
and oats+vetch-NF and vetch-F had the lowest NH} — N content.
On the other hand, 14 days after N fertilization, the unfertilized
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treatments had the lowest NH} — N content, without significant
differences between the vetch-F and the control-F. Concerning the
evolution of NHj — N content in the soil during soybean
cultivation, a lower variability between dates was observed than in
maize (probably because it did not receive N fertilization), with
NHJ - N ranging from 21.6 to 34.1 mg kg™".

Grain Yield of the Cash Crops

Maize yield showed differences among treatments (p = 0.0006;
Table 2). The highest grain yields were observed in vetch-NF, vetch-
F, oats+vetch-NF, and the control-F, with no significant difference
between them. On the other hand, the treatment that had oats as a
cover crop had the lowest maize yield. Soybean yield showed no
significant differences among the treatments (Table 2).
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FIGURE 3 | Soil temperature (°C) for the different treatments and measurement dates in (A) maize and (B) soybean.

Relation Between Soil and Environmental
Variables and N,O Emissions

N,O emissions only presented significant correlations with WFPS
(r = 0.33, p < 0.0001) and air temperature (r = 0.18, p = 0.01). In
both cases, these relations were positive with a low correlation
coefficient. The remaining variables (soil temperature, NO3 — N,
and NHj - N) had no significant correlations with N,O emissions.

In the decision tree analysis, WFPS was the variable that most
controlled N,O emissions, air temperature the second, and mineral
N content the third (NO; — N or NHj — N, depending on the
scenario) (Figure 6). WEPS separated the measurements into three
groups: group A, with WFPS values >80.8%, which had the highest
average N,O emissions (X = 1,980.8 pugN,O-Nm=2h™);
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FIGURE 4 | Water-filled pore space (WFPS, %) for the different treatments and measurement dates for (A) maize and (B) soybean. The dates marked with an
asterisk showed significant differences in WFPS for the treatments evaluated (p < 0.05). Note that scales of the nitrate figures are different from the scales of the
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TABLE 2 | Maize and soybean grain yield for the different treatments.

Grain yield (kg ha™")

Treatment Maize Soybean

Control-F 8,988.9 (+ 1,298.3) ab 4,926.3 (+ 454.4) a
Oats+vetch-F 8,268.8 ( + 366.3) b 5,477.6 (+592.3) a
Oats+vetch-NF ~ 9,262.21 ( + 546.4) ab 5,301.3 (+ 836.8) a
Oats-F 6,235 (+ 251.4) c 5,176.3 (+ 584.6) a
Vetch-F 9,356.4 (+541.2) ab 5,400.6 ( + 656.8) a
Vetch-NF 9,569.9 ( + 241.3) a 5,359.0 (+ 186.5) a

Different letters indicate significant differences between treatments (p < 0.05). Standard
deviation values are indicated in brackets.

group B, with WEPS values between 75.4% and 80.8%, which had
intermediate emission values (X = 344.1 pugN,O-Nm2h™);
and group C, which included all measurements with WEPS
<75.4% and had much lower N,O emissions (x = 59.8 ugN,O —
Nm™2h™"). In subgroups A and B, the second most important
variable was air temperature, and the highest rate of emissions
occurred when it exceeded 24.8°C and 25.9°C, respectively. Within
group A, with the highest emissions, the subgroup with the highest
average emission rate (X = 6,040.6 ugN,O—Nmh™'); had
NO; - N content exceeding 7.5 mg kg ' (in addition to
WEPS > 80.5 and T,;, > 24.5°C). On the other hand, within
group C, with lower average emissions (x = 27.5 ugN,O -
N m™2h™!), the lowest rate occurred with WFPS less than 74.1%
and NHj — N content less than 24.8 mg kg™".

DISCUSSION

Impact of the Use of Different Cover Crops
on N,O Emissions

The inclusion of oats, vetch, and a mixture of oats+vetch as
cover crops only affected N,O emissions in the early stages of

maize and soybean crops. These results agreed with previous
papers that indicate the existence of short-lived N,O emission
peaks during the decomposition of the cover crops (28, 46, 52,
53). However, the treatments that had vetch as a cover crop
(alone or in mixtures) presented higher N,O emissions than
oats and the control without a cover crop. Legumes, due to the
high quality of their residue (e.g., low C/N ratio, low lignin
content), contribute to the release of mineral N to the soil and
increase biological activity, thereby promoting N,O emissions
(54). On the other hand, the plots with oats as a cover crop
showed no significant differences with the control during the
residue decomposition period. Contrary to these results, other
studies show that the use of grasses as a cover crop potentially
reduces N,O emissions during this period, because they
consume more mineral N from the soil during their cycle and
leave a residue with a high C/N ratio, favoring the
immobilization of mineral N from the soil during the
decomposition of residues (33, 35). In this study, oats had
lower NOj3 — N content in the soil than the control, although
this did not result in smaller N,O emissions.

The N,O emissions of the oats+vetch mixture were more
similar to the emissions of the vetch treatment than to the oats as
cover crops. The oats+vetch treatment had 65% vetch in its
composition, which made the C/N ratio in the mixture higher
than that of oats alone as a cover crop but not significantly
different from that of vetch as a cover crop, as shown by previous
studies in this long-term experiment (11, 14). Previous studies
demonstrated that legumes growing in mixtures could transfer N
to non-legumes, resulting in better N nutrition (39) and leaving
N for the following crop (24). Thus, the C/N ratio of the residue
from mixtures of grass and legume is lower than that of grass
alone, which reduces the potential for N immobilization (55-57).
The use of legume and grass mixtures as cover crops optimizes
carbon and N availability, improving soil health and reducing N
losses compared with legumes (40); however, in this study, it was
not an effective strategy to mitigate N,O emissions compared to
using grass as a cover crop.
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FIGURE 6 | Decision tree analysis. The regressor variables were soil temperature (°C), air temperature (T, °C), content of N as ammonium (NH; — N, mg kg =),
and N as nitrate (NO3 — N, mg kg ~"). The average N,O emission (x) is indicated in brackets for the different groups (ug NoO-N m=2h).

Low-Rate N Fertilization and Its Impact on

Nitrous Oxide Emissions Depending on the
Cover Crop Predecessor

N fertilization applied to maize in treatments that included vetch
as a cover crop did not increase N,O emissions. In our
experiment, not only was the N rate low (32 kg N ha™'), which
limited N,O emissions, but also the N applied at the V5-6 of
maize, which reduces N,O losses compared with fertilizing at
planting (58). Even though (for an equal N input) N,O emissions
are higher when the N source is a synthetic fertilizer than when it
is the residue of a legume (27), our study reinforces the idea that,
in low N application systems, emissions derived from the cover
crop residue represent a significant proportion of annual N,O
emissions (29).

The combination of N provided by the fertilizer and a high
C/N ratio residue (e.g., oats) can stimulate N,O emissions
because the soluble C input from the crop residue provides
energy to the microorganisms involved in the nitrification
and denitrification processes (6, 59). However, in our study,
the combination of the oats residue with low-rate N fertilization
did not result in increased N,O emission post-fertilization,
compared with the control without a cover crop. This
result could be associated with the low N application rate, as
increases in N,O emissions are expected at higher N rates (29).
Indeed, the inclusion of oats as a cover crop with low N
fertilization is a strategy that promotes soil carbon
sequestration (15) without increasing N,O emissions.

Cover Crops and Their Effect on the
Variables That Modulate Nitrous

Oxide Emissions

The highest N,O emission rates were observed with high WFPS,
air temperature, and soil NO3 — N content. This is reported by
the literature, which defines the existence of high-emission
hotspots when these three factors are combined (33, 60-62).
During the early stages of maize and soybean crops, we observed

that the use of cover crops enhanced the conditions for hotspot
occurrence, as they favor high WFPS and nitrate content,
especially after vetch.

During the early phases of maize and soybean, those
treatments that had a cover crop showed higher soil moisture
than the control without a cover crop. This is relevant given that
WEPS, both in this study and others (52, 63), was the main factor
explaining the variability in N,O emission rate. Although cover
crops consume water during their growth, once their cycle is
finished, the remaining mulching favors water infiltration and
decreases water evaporation, especially under no-tillage (32, 33).
This affects especially the first centimeters of the soil, where the
biological processes involved in N,O emission mainly occur. In
rainfed agriculture, the cover crop killing date has been adjusted
to avoid reductions in available water for the following crop,
although the outcome could depend on the timing and volume of
rainfall (64-66). In this study, in both growing seasons, the use of
cover crops resulted in an increase of the WFPS during the early
stages of the cash crop cycle, which favored N,O emissions. This
means that there may be a trade-off between productivity and
N,O emissions, since an early cover crop killing not only favors
water accumulation in the soil and productivity but also
stimulates N,O emissions during the initial phases of the cash
crop. A late cover crop killing could have the opposite effect
given the increased water consumption by cover crops resulting
in a lower moisture content of the soil during the early stages of
the cash crop. Although mineral N content was the third factor
controlling N,O emissions after WFPS and air temperature, the
highest N,O fluxes happened when all three conditions occurred
simultaneously: high WEPS and air temperature and NO3; - N
content exceeding 7.5 mg kg~'. Treatments that had vetch
(fertilized or not) as a cover crop showed higher NO3 - N
content throughout the measurements. On the other hand, the
oats+vetch mixture was effective in reducing the NO3 - N
content of the soil compared with vetch alone, although this
reduction was possibly not enough to limit N,O emission. Future
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studies could explore if the use of a lower proportion of vetch in
the mixture with grasses (vetch was approximately 65% of the
biomass in this work) allows achieving better regulation of N
losses without affecting maize yield.

In this paper, contrary to what can be expected (45), N,O
emissions during maize senescence were higher than those
recorded during soybean senescence. Even though soybean has a
lower C/N ratio than maize which resulted in higher soil NO3 — N
content in soybean senescence (Figure 5), both air temperature
and WFPS were considerably lower in soybean senescence than in
maize (14.8°C vs. 21.0°C and 71.4% vs. 85.2%), therefore limiting
N,O emissions as shown with the decision tree analysis.

Effect of Cover Crops on Maize

and Soybean Yield

The use of oats as a cover crop reduced maize yield by 30.6%, while
the use of vetch or oats+vetch did not generate differences with the
control without a cover crop. Previous studies showed that maize
yield is reduced when the cover crop has a high C/N ratio (e.g.,
oats) because it limits the availability of N (12). Meanwhile, the use
of legumes as cover crops, alone or in mixtures, can maintain
maize yield similar to or higher than those obtained without cover
crops, particularly in non-water restricted years (12, 39). On the
other hand, according to the results of this study and previous
research (12), there was no difference in soybean yield between the
different cover crop predecessors. This could be explained by the
biological N fixation capacity of soybean, which makes it
somewhat independent of the soil N content.

Management Implications and

Future Perspectives

The use of cover crops, combined with low or no N fertilization
and no-tillage, enhances the sustainability of the agroecosystems.
Through these management practices, it is possible to achieve
environmental goals, such as reducing N losses by leaching,
decreasing soil erosion, limiting the use of herbicides during
fallow, and improving soil quality (15, 22-24, 67, 68). From a
climate change mitigation point of view, the use of cover crops
has several advantages: i) it increases soil carbon sequestration
(15, 25, 69, 70); ii) it decreases direct N,O emissions from N
fertilizer use because the N input from the cover crop,
particularly legumes, allows reducing the N rate applied (27);
and iii) it reduces indirect N,O emissions because it minimizes N
leaching (9, 13, 71). However, the incorporation of cover crops in
the rotations, especially legumes, increases direct N,O emissions
during a limited time after the cover crop killing.

Our results show that in systems with low N application, the
choice of the species used as cover crops determines the
magnitude of N,O emissions, especially in the first months
after the cover crop killing. The use of oats as a cover crop is
an interesting alternative to improve the balance between GHG
emissions and removals in croplands, since it did not show
increases in N,O emissions and has carbon sequestration
capacity in systems with low N fertilization under no-tillage
(15). However, its use as a predecessor for maize can cause
decreases in crop yield, although it does not affect soybean

productivity. The use of vetch or the oats+vetch mixture as
cover crops did not decrease maize yield (even without N
fertilization) and enhanced carbon sequestration (15), and it
also results in higher N,O emissions. Our study shows that the
use of cover crops in no-tillage systems favors an increase in
WEPS, the main factor regulating N,O emissions. This generates
conditions conducive for high N,O emission rates to occur in the
early stages of summer crop development. Future research
should i) compare N,O emissions from a leguminous cover
crop residue and synthetic fertilizers that contribute the same N
to the crop, to evaluate whether replacement of fertilizer with N
delivered by cover crops can effectively reduce N,O emissions,
and (ii) evaluate effective emission mitigation strategies during
the cover crop decomposition period (e.g., changes in the killing
date of cover crops, use of mixtures with a lower proportion
of legumes).
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