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Introduction: In tropical agriculture, cover crops are increasingly adopted to
improve soil health and system resilience. However, their influence on
greenhouse gas (GHG) emissions, particularly nitrous oxide (N,O), remains
underexplored in field conditions.

Methods: We evaluated how cover crop biomass affects N,O emissions and
emission intensity (kg CO» eq t™* grain) in tropical soybean systems across two
field experiments (6 and 10 years) in the Brazilian savannah (Cerrado biome).
GHG emissions were measured using static chambers on a weekly basis
throughout the cropping seasons from 2022 to 2024.

Results: Soybeans followed by cover crops such as Mixcc [ruzigrass (Urochloa
ruziziensis), millet (Pennisetum glaucum), and showy rattlebox (Crotalaria
spectabilis)] and ruzigrass contributed up to 202% more nitrogen and 51%
more carbon inputs than soybeans followed by fallow and maize. The cover
crop mix emitted ~6,000 kg C ha™* as biogenic CO, in 2 years and 2,655 g N ha™
as N>O, ~50%-fold more than the bare fallow. Nevertheless, although high-
biomass systems increased N,O emissions during the offseason, they also
enhanced soybean yield, leading to lower emission intensity.

Discussion: The structural equation model revealed that cover crop biomass not
only had a direct positive effect on soybean yield (standardized coefficient = 0.67)
and N,O emissions (standardized coefficient = 0.33) but also an indirect negative
effect on emission intensity through yield compensation. These findings suggest
that adopting cover cropping systems in tropical regions can efficiently
contribute to increasing crop yields while improving nitrogen use efficiency,
which is important for food security in these regions.
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Highlights

* Soil GHG emissions were monitored for 2 years in
sustainable soybean systems under cover cropping in the
Brazilian savannah.

* Soybean-ruzigrass and soybean-mix of cover crops
accumulated more carbon (~50%) and nitrogen (~89%) in
aboveground biomass than the average of the
other treatments.

* Fallow weeds showed the highest N,O emission intensity,
~40% greater than cover crop systems.

* N,O emissions and crop responses are regionally influenced
by management systems.

1 Introduction

Since the Industrial Revolution, atmospheric greenhouse gas
(GHG) concentrations have risen dramatically, with CO, now
exceeding 420 ppm, CH* 1,934 ppb, and N,O 337 ppb (1, 2).
These values constitute, respectively, increases of 151%, 265%, and
125% relative to pre-industrial (before 1750) levels (1). Globally,
approximately 75% of GHG emissions stem from the energy sector,
primarily driven by the burning of fossil fuels. As a consequence, the
globe has experienced regional and global impacts characterized by
an increased frequency and intensity of extreme weather events
such as severe droughts, rising temperatures, and floods (3). The
intensification of such events threatens the stability of natural
ecosystems and agriculture, affecting the provision of critical
services to human existence (4). In Brazil, 46% (1,061.6 Mt CO,
eq) of GHG emissions in 2023 were related to land-use change, 27%
(631.2 Mt CO, eq) originated from agriculture, and 22% (511.3 Mt
CO, eq) came from the combined energy and industrial sectors (5).
Agricultural expansion rates have greatly increased in these regions,
which contributes to increasing GHG emissions through different
mechanisms. Native forest removal usually results in high emission
intensities due to biomass removal and burning activities.
Furthermore, the lack of best management practices in these new
agricultural fields also contributes to reducing soil organic carbon
(SOC) pools (5). This loss is exacerbated by soil physical
disturbances such as tillage practices, erosion, and other practices
that may reduce the soil’s capacity to promote SOC stabilization
6, 7).

One promising strategy to address climate change is the
adoption of regenerative agricultural practices that promote SOC
sequestration (8) and enhance system resilience (9). In this context,
croplands play a critical role, as improved land management can
transform agricultural soils into effective carbon sinks (10). Recent
global estimates show that reforestation and better management
practices have already offset over 60% of emissions from land-use
change, significantly reducing the net climate impact of the land-use
sector (11). Practices such as pasture restoration, no-tillage, and
integrated crop-livestock systems are widely recognized as effective
approaches to increase SOC inputs. In croplands, especially the use
of cover crops has been shown to enhance SOC when combined
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with such practices (7, 12). Cover crops enhance biomass
production, support microbial activity, and increase carbon use
efficiency, which are key processes that contribute to the
stabilization of organic matter in the form of mineral-associated
carbon (13). However, these same biological processes may also
intensify microbial nitrogen cycling, potentially increasing N,O
emissions under certain management conditions (14). Among
cover crops, legume species play a distinctive role by providing
low-molecular-weight compounds that fuel microbial
transformation and reduce the need for synthetic nitrogen (N)
fertilizers through biological N fixation (15). This not only supports
yield but also mitigates GHG emissions, with reductions in N,O
emissions of up to 42% compared to conventional fertilization
practices (16).

In the Brazilian savannah, the soybean-maize double crop (crop
sequence) represents a well-established system, occupying ~16.9
million hectares (during the 2023/2024 season) (17). Approximately
50% of the area cultivated with soybeans has maize as a second crop
(17). However, in regions with shorter rainy seasons, maize
becomes a risky option due to low water availability for proper
establishment and growth. In these areas, the probability of crop
failure increases significantly, making continuous maize cultivation
a riskier option for the second season (18). In such conditions, cover
crops can be an important option to increase biomass input,
maintain soil carbon, and improve soil health (9, 19, 20). They
tolerate drought conditions and provide multiple benefits, including
enhanced microbial activity (21), carbon sequestration (8, 22),
improved biodiversity, and increased crop yield (9). Although
some studies have explored the potential of cover crops to
mitigate GHG emissions, research on their effects in tropical
ecosystems, such as the Brazilian savannah, remains limited, as
recently reported by Locatelli et al. (23), Figueiredo et al. (14)
Bieluczyk et al. (24) Santos et al. (25), and Oliveira et al. (26).

Despite CO, and CH, being part of the soil-atmosphere gas
exchange, this study focuses on N,O due to a strong link to
agricultural N management. N,O is also the most relevant GHG
in non-irrigated croplands, such as those found in the Brazilian
savannah. While increased CO, emissions in diverse systems
primarily reflect microbial respiration from fresh biomass inputs
and not necessarily SOC loss (27), N,O emissions are directly
associated with N availability, microbial nitrification and
denitrification, and the intensification of fertilizer use. In tropical
soils under aerobic conditions, CH, emissions are typically low,
with soils often acting as methane sinks. Thus, N,O represents the
most sensitive and policy-relevant indicator of how cropping
systems influence GHG dynamics in agroecosystems. In this
context, the relationship between cover crop biomass, soybean
yield, and N,O emissions becomes central, as higher biomass
enhances nutrient cycling and microbial activity, which can
increase both yields and N,O emissions through intensified N
transformations. A critical challenge lies in understanding
whether the potential increase in N,O emissions from high-
biomass or diverse cover crop systems is offset by gains in yield.
In this context, the concept of emission intensity, defined as N,O
emissions per unit of crop yield (e.g., kg CO, eq per t of grain) (28),
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offers a more integrative indicator of environmental efficiency. We
investigate how the biomass quantity and diversity of cover crops
influence N,O emissions and emission intensity in tropical soybean
systems. Specifically, we aimed to assess whether increased biomass
inputs affect N,O emissions during both the cover crop and soybean
growing seasons and whether higher soybean yields can offset these
emissions by improving N use efficiency. The hypotheses are as
follows: 1) greater cover crop biomass decreases N,O emissions
during the offseason due to enhanced N uptake; 2) higher soybean
yields reduce N,O emissions during the cropping season by
improving N use efficiency and limiting the substrate available for
microbial nitrification and denitrification; and 3) high-biomass,
diverse cover crop systems reduce emission intensity (kg CO, eq t;
of grain) through reduced N,O emissions and yield gains, resulting
in more efficient and climate-resilient production systems.

2 Materials and methods

Two field trials located in the Brazilian savannah region were
assessed. The first site is located in the municipality of Rio Verde,
Goias State (17°47'53"$ latitude and 50°55'41”W longitude, altitude
715 m), and was implemented in 2018. The second site is located in
the municipality of Rondonopolis, Mato Grosso State (16°27'41.75”
S latitude and 54°34'52.55"W longitude, altitude 292 m), and was
established in 2014 (Figure 1). The region’s climate is classified as
tropical savannah with dry winters and rainy summers (Aw) (29),
with 80%-90% being concentrated between October and April. In
Rio Verde, the average accumulated annual rainfall ranged from
1,200 to 1,600 mm. During the years 2022, 2023, and 2024, when
GHG was measured, the annual precipitation was on average
~1,000 mm. The minimum temperatures varied between 18°C
and 20°C, and the maximum temperatures were recorded
between 27°C and 31°C, with the highest temperatures
concentrated in the years 2022-2024. The soil temperature
showed low variability, remaining close to 28°C. In Rondonopolis,
historical accumulated precipitation ranged from approximately
1,200 to 1,400 mm, with data from 2022 to 2024 showing lower
precipitation values, ~900 mm. Minimum temperatures ranged
between 20°C and 22°C, while maximum temperatures varied
between 30°C and 33°C, with the highest averages observed in
2022-2024. The soil temperature ranged between 32°C and 34°C
(Supplementary Figure S2).

The soil in the experimental area was classified as Latossolo
Vermelho in the Brazilian Soil Classification System (30),
corresponding to a Rhodic Hapludox in the Soil Taxonomy (31).
The topsoil (0-20 ¢cm) was sampled before the first cover crop
planting in 2014 in Rondonopolis and 2018 in Rio Verde, and the
samples were composed of eight subsamples in each experimental
site collected for soil characterization (Table 1). In both sites, liming
was performed prior to the establishment of the experiment using
4,000 kg ha ; of limestone filler (PRNT: 99.02%), applied with a
leveling disc harrow. After that, the cropping systems were
conducted under no-tillage management.
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2.1 Study design

In Rio Verde, the field trial was designed using a randomized
strip design measuring 12 m x 80 m, covering an area of 960 m>.
Each treatment consisted of a 10-m-long and 12-m-wide area with
four replicates. Measurements (plants and GHG samples) were
performed in the central two rows of soybeans within the strips.
Details of the experimental design and methodology were published
by Souza et al. (32). The field trial, conducted under no-tillage,
consisted of soybean crop followed by five different winter crop
(second season) treatments: 1) bare fallow, 2) maize (Zea mays), 3)
maize-ruzigrass (Z. mays—Urochloa ruziziensis), 4) ruzigrass, and 5)
mix of cover crops (Mixcc): millet, showy rattlebox, and ruzigrass
(Pennisetum glaucum, Crotalaria spectabilis, and U. ruziziensis)
(Figure 2). Prior to the establishment of the experiment in 2018, the
site had been used as pasture (i.e., extensive grazing) for 10 years.

In Rondonopolis, a randomized complete block experimental
design with four replicates was carried out, and similar to the field
trial from Rio Verde, the treatments consisted of soybean crop
followed by five different winter crops: 1) fallow weeds, 2) palisade
grass (Urochloa brizantha) (during 1 year) and maize-ruzigrass (9
years), 3) ruzigrass, 4) showy rattlebox, and 5) pigeon pea (Cajanus
cajan) (during 1 year), followed by sunflower-ruzigrass (during 3
years) and mix of cover crops (Mixcc) (showy rattlebox, millet,
ruzigrass, and pigeon pea) (6 years) (Figure 2). The site had Cerrado
sensu stricto (Brazilian savannah) (native vegetation). Prior to
conducting the experiment, the experimental area was deforested
in 2013, and a soybean crop was planted followed by the different
cover crop treatments (2014) (Figure 2).

2.2 Crop management

The cover crops were sown by hand, broadcasting seeds in the
experimental plots (Supplementary Table S2). The maize was sown
at a density of 50,000 plants ha™". In treatments involving a mix of
cover crops, the seeds were uniformly mixed and equally dispersed
across the entire area. The Urochloa species cultivated as single

crops were sown at a density of 8 kg ha™"

. The intercropped grasses
were sown with 5 kg ha™" of viable seeds. The mix of cover crops
was sown with 50% of the seeding rate used in single cultivations,

corresponding to 4, 10, and 10 kg ha™'

of pure viable seeds of
ruzigrass, millet, and showy rattlebox, respectively, as
recommended for the region (9, 33). Forage plants were mowed
in July 2018 and 2019, and a roller crimper was used to terminate
the cover crops in July 2020, 2021, and 2022.

In Rio Verde, soybean was planted on 10/19/2018, 11/04/2019,
10/17/2020, 10/14/2021, and 2022 and harvested on 02/07/2019, 03/
12/2020, 02/19/2021, 02/20/2022, and 02/18/2023. Winter crops
were planted yearly in the fall-winter season before the soybean
harvest season, on 03/13/2018, 03/09/2019, 03/17/2020, 03/11/2021,
and 03/26/2022. Winter crops were terminated on 09/29/2018, 09/
05/2019, 08/14/2020, 09/21/2021, and 09/06/2022, using 2.5 L ha™!
of glyphosate (360 g a.i. L™").

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1630385
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Souza et al.

10.3389/fs0il.2025.1630385

LEGEND

[ Rondonépolis - MT @ Experimental plots
[ Rio Verde - GO

[ Soybeans

7] Savannah (Cerrado biome)
[] Brazil

FIGURE 1

Location of the experimental site in Rio Verde, Goias (orange map), and Rondondpolis, Mato Grosso (blue map), corresponding to a highly

agricultural region within the Brazilian savannah (Cerrado biome).
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In Rondonopolis, soybean crops were planted in October 2014
and 2015; September 2016; and October 2017, 2018, 2019, 2020, and
2021 and were harvested on 03/02/2015, 02/16/2016, 02/09/2017,
02/28/2018, 02/13/2019, 02/18/2020, and 02/24/2022. Winter crops
were planted yearly in the fall-winter season before the soybean
harvest season, on 02/20/2014, 03/04/2015, 02/18/2016, 02/15/2017,
03/06/2018, 02/23/2019, 02/24/2020, 02/26/2021, and 03/02/2022.
Winter crops were terminated on 08/25/2014, 07/01/2015, 07/01/
2016, 10/07/2017, 10/09/2018, 10/03/2019, 10/23/2020, 10/21/2021,
and 06/25/2022. All production systems were desiccated using
glyphosate (1,920 g a.i. ha™'). Management of pests, diseases, and
weeds was performed according to technical recommendations for
soybean cultivation in the region.

Fertilizer and crop management practices, including the rates
and application dates of N, phosphorus (P,0Os), and potassium
(K,O) for all treatments, are detailed in the supplementary material
(Supplementary Table S3). In Rio Verde, soybean received up to 8
kg N ha™', 80 kg P,Os ha™', and 80 kg K,O ha™'. The maize and
maize-ruzigrass treatments received 45 kg N ha™!, 45 kg P,Os ha™’,

TABLE 1 Initial soil characterization of the two experimental sites.

and 45 kg K,O ha™'. All treatments in the second season received 96
kg N ha™, 40 kg P,Os ha™', and 40 kg K,O ha™". In Rondonépolis,
soybean crops received 13.3 kg N ha™?, 60 kg P,Os ha™", and 60 kg
K,O ha™', while only the maize-ruzigrass treatment was fertilized
with 40 kg N ha™! and no phosphorus or potassium.

2.3 Crop parameters: aboveground
biomass sampling and soybean grain yield

The cover crop biomass was measured before flowering on 13/
08/2018, 20/07/2019, 30/07/2020, 10/08/2021, 22/07/2022, and 03/
08/2023 in Rio Verde and on 25/08/2014, 24/09/2015, 22/09/2016,
07/10/2017, 09/10/2018, 03/10/2019, 23/10/2020, 22/10/2021, 25/
06/2022, and 09/06/2023 in Rondonodpolis. Cover crop
aboveground biomass was cut 3 cm from the ground with a

mechanical mower in a 1-m?

area, with 12 replications per
treatment. Biomass was weighed to obtain fresh weight. Later, a

subsample was removed and placed in a paper bag, weighed, and

Ca* BS Sand Silt Clay
cmol. dm™
Rio Verde 41 6.8 54 0.14 0.50 0.20 176 11 48 19 33
Rondonépolis | 5.0 36 32 0.11 141 0.54 187 36 52 75 405

P, phosphorus (Mehlich I); H + Al, potential acidity; K", potassium; Ca**, calcium; Mgz", magnesium; OM, organic matter; BS, base saturation.
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FIGURE 2

H Chamber (Greenhouse Gases)

Timeline of cropping systems at the two different sites. The experimental plots started in 2018 (6 years) in Rio Verde and in 2014 in Rondonopolis (10
years). SS, soybeans; MR, maize-ruzigrass; Ruzi, ruzigrass; Mix, mix of cover crops in Rio Verde (millet, showy rattlebox, and ruzigrass) and mix of
cover crops in Rondondpolis (showy rattlebox, millet, ruzigrass, and pigeon pea).

taken to a forced air circulation oven (55°C) for 72 h. The dried
material was weighed to obtain the proportion of dry matter and
calculate the amount of biomass in kg of dry mass ha™'. Samples
from each crop plant were mixed and homogenized. Two
subsamples were taken and analyzed for carbon, N, cellulose,
hemicellulose, and lignin (34).

The impact of cover crops on soybean performance was
assessed by measuring grain yield and the plant stand. The plant
stand was estimated by counting the number of plants in a 3-m-long
area of the two central rows from the four replicates of each
treatment. The grain yield of soybean was determined by hand-
harvesting the same area where the stand count was performed. A
sample of grains was air-dried and yield data were adjusted to a
moisture content of 13%. Aboveground biomass for soybean was
calculated using the harvest index (HI) approach, where the grain
yield was divided by an HI of 0.4 (35) (Equation 1).

Above ground biomass soybean = W (1)
The amount of C and N added through plant biomass was
calculated by multiplying the aboveground biomass by C and N

concentrations measured in the laboratory.
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2.4 Greenhouse gas flux measurements
(Nzo, CH4, and COz)

The fluxes of CO,, N,O, and CH, gases were measured to
determine the global warming potential of the different systems
evaluated. Air samples were collected using manual static chambers
consisting of a metal collar and a top, following the procedures
described by Zanatta et al. (36). GHG fluxes were monitored and
adjusted according to environmental conditions (e.g., wet and dry
seasons) and management events (e.g., sowing, fertilizing, and
harvesting). Sampling was intensified around management events
(every other day for 15 days) and less frequent between these
periods, with weekly sampling during the wet season and biweekly
sampling during the dry season. Monitoring took place over 2 years:
in Rondonopolis, from November 2022 to July 2024, and in Rio
Verde, from October 2022 to May 2024, using four replications for
each treatment (Figure 2). Air sampling was always performed
between 8 a.m. and noon, assuming that this interval is equivalent
to average daily flux, as described by Jantalia et al. (37). During the
measurement process, samples were collected in 20 mL syringes at
regular intervals of 0, 15, and 30 min. Immediately after collection
in the field, the air samples were brought to the laboratory and
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transferred from the syringes to vials under vacuum provided by an
80-kPa suction pump system.

The CO,, N,O, and CH, fluxes were calculated taking into
account the a) linear increase of the internal gas concentration, b)
area covered by the chamber, ¢) volume, d) temperature, and e)
pressure (assumed as 1 atm) inside the chamber (38). Gas daily flux
was calculated by linear interpolation of the concentrations during
the sampling as follows (Equations 2):

F=(88)(L)(&) )

where F is the GHG efflux, % is the variation (mol h™") of gas
concentration while the chamber is closed, V is the volume of the
chamber headspace (m>), A is the soil area covered by the chamber
(m?), m is the molar mass (g mol™) of the gas, and Vm is the molar
volume of the chamber (m® mol™).

The cumulative annual fluxes of CO,, N,O, and CH, from the
soil in the sample areas were obtained by integrating the area under
the daily flux curve by the trapezoidal method with SigmaPlot
14.5 software.

Before calculating the emission intensity (EI), the N,O and CH,4
emissions were converted to CO, eq emissions. For that, the global
warming potential and the molecular weight of the gases were used,
following Equations 3 and 4.

Cpo(N,0) = N,0 2734412 3)

28 44

where Crq (N,O) is the equivalent C of (N,0) accumulated in
the analyzed treatment in Mg ha™', N N,O is the N,O flux in the
period in Mg ha™!, (44/28) is the ratio between the molecular weight
of N,O gas and the element N, (12/44) is the ratio between the
molecular weight of C and that of CO,, and 273 is the global
warming potential of N,O (3).

Cpo(CHy) = CHy 27182 (4)

where Cpq (CHy) is the equivalent C of CH, accumulated in
the analyzed treatment in Mg ha™!, CCH, is the CH, flux in the
period in Mg ha™', (16/12) is the ratio between the molecular weight
of CH, gas and element C, (12/44) is the ratio between the
molecular weight of C and that of CO,, and 27 is the global
warming potential of CH,.

The emission intensity of soybean grain yield was calculated
according to Equation 5. We used only the soybean season because
soybean is the main crop in the system, and our goal was to evaluate
the environmental efficiency of each treatment in producing
soybean while minimizing emissions.

EI = % (5)

where soybean C - CO, is the cumulative emission during

soybean season from Cpq (CHy) and Cgq (N,O) (kg C - CO, eq

ha™') and soybean yield is the soybean grain yield (t ha™"), in kg C -
CO; eq t ™" of soybean grain.
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2.5 Data analysis

All statistical analyses were performed using R version 4.4.1
(39). Treatment effects on biomass production, GHG emissions,
soybean yield, and emission intensity were assessed using
analysis of variance (ANOVA) followed by Tukey’s honestly
significant difference (HSD) test at a significance level of o =
0.05. Modeling of structural relationships among variables (e.g.,
cover crop biomass, yield, N,O emissions, and emission intensity)
was conducted using structural equation modeling (SEM) with the
lavaan package. Visualization of SEM pathways was performed
using the lavaanPlot and semPlot packages. Long-term climate
data (1940-2023) were obtained from ERA5-Land monthly
averaged reanalysis, provided by the Copernicus Climate Change
Service (40).

3 Results

3.1 Carbon and nitrogen contents in
aboveground biomass

The C and N contents in the aboveground biomass of cover
crops are presented in Table 2. In Rio Verde, differences in
aboveground biomass accumulation of soybean were observed
only in 2024, where the treatment ruzigrass led to the highest C
(3,755 kg ha™") and N inputs (202 kg ha™") by the soybean crop.
During the cover crop seasons, the ruzigrass and Mixcc produced
the highest amounts of biomass (p < 0.05) across the three years
evaluated, with both C and N accumulation in aboveground
biomass being ~50% of C and 89% of N higher than the average
of the other treatments (average of 2,371 and 24.3 for C and N,
respectively; Table 2). Over the 6-year average, Mixcc and ruzigrass
contributed with approximately 14% more C and N addition in
soybean aboveground biomass compared to conventional systems
such as bare fallow and maize. During the cover crop seasons,
ruzigrass and Mixcc provided on average 51% more C and 89%
more N than maize and up to 202% more N than the bare
fallow treatment.

In Rondonoépolis, treatments with maize-ruzigrass, ruzigrass,
and Mixcc showed the highest carbon accumulation in
aboveground biomass (p < 0.05) across the evaluated seasons. In
the soybean growing seasons of 2023 and 2024, the fallow weed
treatment had the lowest N content in biomass, approximately 23%
and 38% lower than the other treatments. Over the 10-year average,
the soybeans added 20% more C and N inputs in the Mixcc
treatment than the fallow weeds. During the cover crop seasons,
ruzigrass had the highest C input, with approximately 57% more
than the fallow weed treatment. For N, the Mixcc treatment
provided the highest input (p < 0.05), contributing to 71% more
N than fallow weeds.
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3.2 Cumulative GHG emissions

Cumulative GHG emissions differed significantly among cover
crop treatments across the two growing seasons (p < 0.05; Figures 3,
4). In Rio Verde (Figure 3), treatments that added the highest
biomass levels (i.e., maize-ruzigrass, ruzigrass, and Mixcc) showed
the greatest cumulative CO, and N,O emissions, while bare fallow
consistently presented the lowest values for both gases (p < 0.05).
Emissions peaked following rainfall events and N fertilizer
application. Over the 2-year period, the Mixcc treatment emitted
about 6,000 kg C ha™ as CO, and 2,655 g N ha™' as N,O. The bare
fallow treatment showed the lowest cumulative CO, emissions
(<3,000 kg C ha™). For N,O, the Mixcc and ruzigrass treatments
showed the highest emissions, with cumulative values greater than
2,000 g N ha™".

In Rondonopolis (Figure 4), the cumulative CO, emissions
increased steadily over the 2-year period, reaching up to ~10,000

10.3389/fs0il.2025.1630385

kg C ha™! across treatments (Figure 3). For N,O, the treatments
with ruzigrass (3,000 g N ha™!) and fallow weeds (2,627 gNha™)
showed the highest accumulated (p < 0.05) emissions over time. The
CH, fluxes indicated net uptake (negative values) throughout the
experimental period, with most treatments acting as atmospheric
CH, sinks. However, no significant differences were observed
among treatments for the three monitored GHG (p > 0.05).

In Rio Verde, during the 2024 soybean season, the maize
treatment showed the highest N,O emissions (379 g ha™'),
representing nearly 50% more than the average between the other
treatments (p < 0.05; Table 3). In the cover crop season, the highest
emissions were observed under ruzigrass (539 g ha™") (Table 3). In
Rondonopolis, the showy rattlebox treatment had the lowest N,O
emissions during the soybean season (146 g ha™" in 2023). In 2024,
the mix treatment emitted 36.6% less N,O than the fallow weed
system. In the cover crop growing season, the highest emission was
found in maize-ruzigrass (420 g N,O - N ha™).

TABLE 2 Carbon and nitrogen inputs (Mg ha™) in aboveground biomass across growing seasons in Rio Verde and Rondonépolis.

Growing Systems C input (Mg ha™) N input (Mg ha™)
season
2022 2023 2024  Average® 2022 2023 2024 | Average®
Rio Verde Soybeans Bare fallow 4,974 ns 4,406 ns 3,451 ab 4,073 ¢ 267 ns 237 ns 185 ab 219 ¢
Maize 5,043 4,805 2,543 ¢ 4,267 be 271 258 137 ¢ 229 be
Maize-ruzigrass 5,570 5,655 2,508 ¢ 4,629 ab 299 304 135 ¢ 248 ab
Ruzigrass 5,736 5,259 3,755 a 4,688 a 308 283 202 a 252 a
Mixcc 4,848 4,948 2,725 be 4,703 a 260 266 146 be 253 a
CC Bare fallow 0c 0od 0d 0c 0d Oc 0b 0d
Maize 3,485b 2,217 ¢ 1,907 b 1,923 b 49 cd 3lc 27b 27 ¢
Maize-ruzigrass 5,321 a 2,846 bc 649 ¢ 2,189 b 70 ¢ 37¢ 8b 29¢
Ruzigrass 5753 a 4,529 a 3,720 a 3,924 a 350 a 275 a 226 a 239 a
Mixcc 5,165 a 3,379 b 4,107 a 3,633 a 234 b 153 b 186 a 165 b
Rondonépolis Soybeans Fallow weeds 2,626 d 3,281 ¢ 1,330 b 2,441 ¢ 141 d 176 ¢ 72b 131 ¢
Maize-ruzigrass 2,755 cd 3,341 bc 2,156 a 2,793 b 148 cd 180 bc 116 a 150 b
Ruzigrass 2,997 ¢ 3,683 b 1,964 a 2,856 ab 161 ¢ 198 b 106 a 153 ab
Showy rattlebox 4,039 a 4,123 a 1,719 ab 2,986 ab 217 a 222 a 92 ab 160 ab
Mixcc 3,568 b 4,213 a 2,115 a 3,032 a 191b 226 a 114 a 162 a
CcC Fallow weeds 1,782 ¢ 1,793 b 1,530 e 1,530 e 51d 51c¢ 43d 43d
Maize-ruzigrass 2,811 b 2,334 b 2,521 ¢ 2,521 ¢ 37 e 3lc 33e 33e
Ruzigrass 2,988 ab 2,697 ab 3,539 a 3,539 a 72 ¢ 65 ¢ 86 ¢ 86 ¢
Showy rattlebox 1,853 ¢ 1,983 b 1,844 d 1,844 d 101 b 108 b 100 b 100 b
Mixcc 3,384 a 3,462 a 2,990 b 2,990 b 166 a 170 a 147 a 147 a

Cover crop biomass was directly measured in the field, while soybean biomass was estimated based on the obtained grain yield and the harvest index. Different letters within each column indicate
significant differences between treatments (Tukey’s test, p < 0.05). “ns”, not significant. Soybean yield average in Rio Verde: Mixcc: 3,601; showy rattlebox: 3,547; maize-ruzigrass: 3,317; ruzigrass
3,393; fallow weeds: 2,900 kg ha™". Soybean yield average in Rondonopolis: bare fallow: 4,399; Mixcc: 5,079; maize, 4,608; maize-ruzigrass: 4,998; ruzigrass: 5,063 kg ha™".

*Average considering the 2019-2024 period in Rio Verde.
P Average considering the 2015-2024 period in Rondonopolis.

Lowercase letters (a—e) following the means indicate Tukey’s HSD groupings within each column (p < 0.05).
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3.3 Emission intensity and structural
equation modeling

Carbon emission intensity (kg C - CO, eq t™* of soybean grain)
was significantly influenced by cover crop treatments in Rio Verde
and Rondonépolis (p < 0.05; Table 4). In Rio Verde, the maize
treatment had the highest emission intensity (7.47 kg C - CO, eqt™"
grain), indicating that it emitted more N,O per unit of soybean yield
compared to other cover crop systems. In contrast, the bare fallow
treatment had the lowest emission intensity, with 3.61 kg C - CO,
eq t™'. In Rondonopolis, the fallow weed treatment exhibited the
highest emission intensity (24.8 kg C - CO, eq t™'), ~40% higher
than the ruzigrass and Mixcc systems.

The pathways that explain the dynamics of N,O emission in the
system were explored by SEM. While the RMSEA was 0.195, other
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measures such as the comparative fit index (CFI = 0.948) and the
significant standardized path coefficients suggest that the model
reliably captured the underlying relationships. The model explained
87% of the variance in carbon emission intensity (R> = 0.866) and
35% of the variance in N,O emissions during the soybean season
(R* = 0.353), indicating predictive ability of the model. Despite the
emission intensity being calculated from both N,O emission and
soybean yield, the SEM framework considered their individual
variability and distinct pathways, thus reducing the redundancy
of the factors within the model. Specifically, cover crop biomass
drives both N,O emission and soybean yield through different
causal pathways, which allowed the model to consider multiple
decoupled functions within their contributions to emission
intensity. Thus, despite the mathematical link, the relationship
remains biologically and statistically informative because it
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captures independent and interactive effects within the
complex system.

Cover crop biomass had a significant positive effect on both
soybean yield (standardized coefficient = 0.67, p < 0.01) and N,O
emissions during the cover crop season (0.33, p < 0.05). A
significant negative relationship was observed between soybean
yield and N,O emissions during the soybean season (-0.42, p <
0.001), while the N,O emissions during the soybean season had a
strong positive effect on emission intensity (0.60, p < 0.001). Cover
crop biomass indirectly influenced emission intensity via its effects
on both yield and N,O emissions, with an indirect negative pathway
through soybean yield and a direct negative effect on emission
intensity (-0.41, p < 0.001).

Frontiers in Soil Science

4 Discussion

4.1 Cover crop effects on GHG emissions
(CO,, N,,O, and CHy) in tropical soils

We sought to assess how cover crops affect the daily and
accumulated emissions of CO,, N,O, and CH, under tropical
conditions. Gas fluxes varied significantly between sites, with Rio
Verde showing greater sensitivity to management, particularly for
CO; and N,O. Emission patterns revealed that ruzigrass and a mix
of cover crops promoted higher GHG emissions compared to bare
fallow and maize treatments. The initial hypothesis predicting that
increased biomass from cover crops would reduce N,O emissions
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TABLE 3 Cumulative N,O emissions (g N,O - N ha™) in each year and season.

Growing seasons

Cover crops

N,O (g N;O - N ha™)

2023 2024
Soybeans Bare fallow 142 ns 127 b
Maize 210 379 a
Maize-ruzigrass 257 233 ab
Ruzigrass 312 181 ab
Mixce 334 260 ab
Rio Verde
CcC Bare fallow 238 b 291 ns
Maize 220b 925
Maize-ruzigrass 319b 443
Ruzigrass 539 a 764
Mixce 357 b 469
Soybeans Fallow weeds 526 a 702 ns
Maize-ruzigrass 416 ab 502
Ruzigrass 526 a 554
Showy rattlebox 146 ¢ 553
Mixce 398 ab 445
Rondonopolis
CcC Fallow weeds 772 ns 288 ab
Maize-ruzigrass 456 420 a
Ruzigrass 913 354 ab
Showy rattlebox 467 383 ab
Mixce 608 94 b

Mix of cover crops in Rio Verde (millet, showy rattlebox, and ruzigrass); mix of cover crops in Rondonopolis (showy rattlebox, millet, ruzigrass, and pigeon pea).

TABLE 4 Emission intensity (kg C - CO, eq t™* of soybean grain yield)
calculated from CH, and N,O equivalent emissions and soybean yield.

Site Cover crops Emission intensity

Rio Verde Bare fallow 3.61b
Maize 7.47 a
Maize-ruzigrass 5.73 ab
Ruzigrass 5.69 ab
Mixec® 6.85 ab

Rondonopolis Fallow weeds 248 a
Maize-ruzigrass 17.8 ab
Ruzigrass 20.5 ab
Showy rattlebox 126 b
Mixee” 150 b

The soybean yield average used in the calculations accounted for 6 years in Rio Verde and 10
years in Rondonopolis. GHG emissions refer to the average of two soybean growing seasons.
“Millet, showy rattlebox, and ruzigrass.

bShowy rattlebox, millet, ruzigrass, and pigeon pea.

Frontiers in Soil Science

during the offseason due to N uptake was not supported by the
results. This showed that the nitrification inhibition potential of
cover crops may be outweighed by their effects on soil moisture, N
recycling, and the soil microbiome, which together determine soil
N,O fluxes, as noted by Canisares et al. (28). This means that the
higher emissions reflect the increased biological activity and
improved soil health promoted by cover crops (9), as observed in
the same experiment in Rio Verde, and do not compromise their
overall contribution to system sustainability. This finding is
consistent with Santos et al. (25), who observed 1.3 times higher
emissions from a no-tillage system with soybean-sorghum
compared to conventional tillage soybean-fallow. The increased
N,O emissions in no-till systems, such as ruzigrass (C/N ratio of
16.4) and a mix of cover crops (C/N ratio of 22.5), can be explained
by the high N content and low C/N ratio of the residues, coupled
with a greater proportion of readily mineralizable carbon (see
Supplementary Table SI). These traits accelerate microbial
activity and organic matter turnover, increasing the rates of
nitrification and denitrification (28). Unlike maize residues, which
decompose more slowly due to their lower N and lignocellulosic
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content, ruzigrass and a mix of cover crops enhance decomposition
dynamics. This pattern has been documented in previous studies
demonstrating that residues with high soluble fractions promote
intense microbial respiration in early decomposition phases (32, 41,
42). These findings suggest that their emissions can be offset by
increased N availability and favorable conditions for microbial
activity. This appears to be the case in Rio Verde, where systems
with a high input of biomass from cover crops showed higher
emissions. Meanwhile, the bare fallow treatment had notably lower
emissions (see Figure 3). Thus, in such systems, emissions are likely
driven more by enhanced mineralization than by inhibition of
nitrification (28).

These responses are strongly dependent on the soil structure,
nutrient cycling, and microbial processes. Meurer et al. (43) showed
that the annual N,O emission from soils in Brazil varied between
almost 0 and 4.26 kg N ha™" year™', emitting a median value of 0.80 kg
N ha™! year™". Our results were in the range of the observed emissions
reported by Meurer et al. (43), but the response of N,O emissions to
different managements was site-dependent and reinforced the need for
frequent and spatially distributed measurements to refine the GHG
budget. Introducing forage grasses from different genera of Urochloa as
cover crops has been widely adopted and reported as a management
practice that sequesters soil C but increases N,O emission. Although
the inclusion of tropical grasses contributes to sequestering
! into the SOC, it resulted in a
net GHG mitigation of 360 kg CO, eq ha™' year™" due to increased
N,O emission (44).

In this study, we found increased soil CO, emissions from cover

approximately 600 kg C ha™ year~

crops. However, higher soil CO, emissions should not necessarily
be considered negative. Rather, they can indicate enhanced
productivity and robust soil multifunctional performance (45, 46).
This is because the measured CO, represents total soil respiration,
which encompasses microbial respiration, root respiration, and the
decomposition of recently added plant residues (47). In treatments
such as ruzigrass, a mix of cover crops, and maize-ruzigrass,
elevated CO, emissions are largely driven by the mineralization of
fresh biomass. Additionally, temporal variability in CO, fluxes is
influenced by soil heterogeneity, including moisture availability,
porosity, tortuosity, and biological activity from macro and
mesofauna. Therefore, higher CO, emissions in systems with high
biomass input should be interpreted as a reflection of intensified
microbial activity and active SOM turnover, rather than carbon loss.
As reported by Siqueira-Neto et al. (27), up to 65%-75% of the
carbon stored in cropland topsoil can be exchanged with the
atmosphere annually, illustrating that elevated CO, fluxes may
coexist with stable or even increasing soil carbon stocks under
dynamic, biologically active systems.

All treatments promoted soil CH, oxidation (influx) (Figures 3,
4), although occasional emission peaks were observed under
conditions of high soil moisture. The most pronounced peak
occurred in Rondonopolis (Figure 4) during the rainy season and
was likely associated with increased methanogenesis due to greater
soil water saturation. These temporary increases are consistent with
previous studies (27, 48).
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4.2 Seasonal N,O emissions regulated by
cover crop biomass and nitrogen uptake

Soybean yield responded positively to the biomass production
from cover crops (Figure 5). Cover crops with vigorous root systems
like ruzigrass improve soil structure, by forming biopores that
alleviate soil compaction and creating a preferential path (i.e., low
mechanical stress) to root growth (49, 50). When different species
with varying biomass production, composition, and root types
(architecture, morphology, physiology, and biotic interactions) are
combined in a mix of cover crops, they interact to enhance soil
health, by positively influencing the soil’s physical, chemical, and
biological properties (9, 32). The improvements in soil health
promoted by cover crops contribute to greater resilience under
drought conditions and lead to more stable yields in tropical
agroecosystems (9). This is consistent with long-term evidence
showing that cover crops enhance productivity, buffer the impacts
of climatic variability, and strengthen the adaptive capacity of
agricultural systems (9, 51-55).

The higher N,O emissions observed during the cover crop
season are likely linked to the greater N inputs provided by
treatments with higher biomass input (28). Ruzigrass and Mixcc
systems contributed, on average, 50% more carbon and up to 89%
more N than conventional systems such as maize or fallow. The
bare fallow treatment provides no carbon and N inputs during the
cover crop growing season, resulting in reduced microbial and root
activity. This biological condition reflects a degraded soil
environment, where microbial communities are suppressed due to
limited substrate availability (56). In addition to N, the carbon
contribution from cover crop systems plays a central role in
supporting microbial activity and building soil organic matter
(57). In contrast, the fallow and maize systems produced the
fewest carbon residue inputs, which likely limited microbial
activity and reduced the provision of supporting ecosystem
services (58). Similar results have been found under tropical
conditions, showing declines in SOC with soybean monocultures
compared to systems with cover crops (59).

Soil health improvements induced by cover crops also influence
N dynamics during the soybean season. Higher soybean yields were
associated with lower N,O emissions during the soybean growing
season (standardized coefficient = —0.42, ***p < 0.001). This
supports our second hypothesis that improved N use efficiency in
high-yielding systems reduces the availability of substrates for
microbial nitrification and denitrification. Enhanced N use
efficiency by cover crops increased N uptake by plants and
improved the efficiency of N fertilizer (60). This effect was
particularly evident in systems with cover crops such as ruzigrass
and Mixcc, which produced biomass with low C/N ratios. These
residues provide sufficient N for microbial communities,
accelerating carbon mineralization and improving N uptake by
the crop. The consistent supply of mineralizable N from these
biomass enables the soybean to meet its N demand more efficiently
(32), thereby reducing N losses to the atmosphere. This negative
relationship between soybean yield and N,O emissions during the
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FIGURE 5

The relationships between cover crop biomass, soybean yield, N,O emissions, and emission intensity (kg CO, eq t™* of grain). Path coefficients are
standardized. Significance levels are indicated as follows: *p < 0.05, **p < 0.01**, and ***p < 0.001.

soybean growing season may reflect several interconnected
biogeochemical and physiological mechanisms. As noted by
Charnobay et al. (57), ruzigrass not only increased soil nitrate (N-
NO;.) concentrations and total inorganic N but also enhanced
microbial biomass N (MB-N). This suggests a close link between
microbial immobilization and mineral N availability. Ruzigrass is
also known to stimulate the abundance of soil N-fixing
microorganisms (61, 62), which may have supported biological N
fixation in soybeans and further contributed to N supply from
plant residue.

4.3 Practical implications

This study highlights the trade-offs between GHG emissions
and yield, demonstrating that evaluating emissions in a single
season or without a system-level perspective may overlook key
interactions between management practices, biological processes,
and long-term sustainability. Although the cover crop treatments
increase the emissions during the cover crop growing season, they
also enhance soil health (9), carbon input, and soybean yield factors
that, when combined, reduce emission intensity and improve the
overall climate efficiency of the system. The results emphasize that
N use efficiency in the soybean season is a key point for reducing
N,O emissions. Systems that produced residues with low C/N
ratios, such as showy rattlebox and Mixcc, synchronized N
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mineralization with crop demand, thereby limiting N losses and
promoting higher yields in Rondonopolis (Table 4).

Not all low-emission systems are efficient, as evidenced by the
EI results (Table 4). This highlights the importance of interpreting
El in the context of the local baseline treatment. In Rio Verde, the
control treatment (bare fallow) showed very low emissions and no
biomass input, resulting in lower EI values compared to cover crop
treatments. In contrast, in Rondonopolis, the control (fallow weeds)
included spontaneous vegetation that contributed to higher
emissions without a proportional increase in yield, leading to
higher EI.

These findings support our third hypothesis that high-biomass,
diverse cover crop systems can reduce emission intensity (kg CO,
eq t ' of soybean) by boosting yield, particularly under tropical
conditions. While some cover crop treatments may show higher
absolute GHG emissions, their productive capacity offsets this by
delivering greater yields, thereby improving environmental
efficiency. For example, systems with low C/N ratio residues, such
as showy rattlebox and cover crop mix, demonstrated lower EI and
higher productivity in Rondonopolis.

In contrast, systems like maize or fallow weeds emitted more
per unit of soybean produced, reflecting lower resource-use
efficiency. Treatments with very low emissions but also low
productivity, such as bare fallow, may undermine long-term soil
functioning, resilience, and sustainability (9). Therefore, EI provides
a more integrative metric to evaluate the trade-offs between

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1630385
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Souza et al.

emissions and productivity. These results support the use of cover
crops in tropical agriculture, not necessarily to reduce absolute total
N,O emissions but to improve the environmental efficiency of
soybean production.

5 Conclusions

The first hypothesis—the greatest cover crop biomass addition
reduces N,O emissions during the offseason—was rejected as the
highest biomass addition from cover crops increased N,O fluxes,
likely due to greater N input and stimulation of microbial activity.
However, these emissions were temporally limited and must be
interpreted alongside crop performance metrics.

The highest soybean yields during the growing season were
associated with reduced N,O emissions, confirming the second and
third hypotheses. Improved N use efficiency and reduced substrate
availability for nitrification and denitrification are likely the reasons
that led to the observed results. In Rio Verde, the cover crop systems
reduced emission intensity by up to 24% compared to the maize
system (7.47 kg CO; eq t™"). In Rondonopolis, the showy rattlebox
and mix of cover crops achieved lower emission intensities (12.6
and 15.0 kg CO, eq t™') compared to fallow weeds (24.8 kg CO, eq
t™'), representing reductions of up to 49%. Despite higher absolute
N,O emissions during the offseason, these systems delivered greater
yield, thereby diluting emissions per unit of production and
enhancing system efficiency.
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