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Abstract: Nitrous oxide is a potent greenhouse gas due to its long atmospheric lifespan
(121 years) that results in a high global warming potential (GWP). Research has shown
that no-tillage may be implemented as a mitigation strategy to reduce N2O emissions.
The objective of the was to evaluate how conventional tillage (CT) and no-tillage (NT)
can potential influence N2O emissions in soybean rotation in a semi-arid region of the
central Free State of South Africa. The effect of conventional and no-till tillage practices on
N2O emissions under soybean rotation was evaluated in the 3rd year of a 5-year rotation
system, in a semi-arid region of the Free State of South Africa, from December 2022 to
December 2023. The experimental area was divided into three blocks and there were
two plots in each block: in total there were six plots. The treatments were planted in a
soybean rotation system under no-tillage and conventional tillage. The monthly averages
of N2O emissions were significantly different from each other during the soybean growing
season; the highest emissions were recorded in August/September 2023 from both the
NT and CT treatments after harvest. During this time, there were crop residues in the
soil that increased soil carbon. There was a positive correlation between N2O emissions
and soil carbon content (p = 0.21) and between N2O emissions and soil organic matter
(p = 0.43). Emissions were significantly higher in CT (LSD = 0.3) than in NT. The lowest N2O
emissions were recorded in December 2023 (LSD = 0.05) and were significantly reduced
in the no-till plots compared to those of the conventional tillage plots. Furthermore, the
lowest cumulative N2O emissions of 0.26 ± 0.22 kg N2O-N ha−1 were recorded during NT
in the winter season and were significantly different from CT (LSD = 0.19). The results from
our study indicate that the no-till practices in soybean rotation can decrease N2O emissions.

Keywords: nitrous oxide emissions; soybean; no-tillage; conventional tillage

1. Introduction
The production of nitrous oxide (N2O) from agricultural soils is a significant environ-

mental concern due to its role as a potent greenhouse gas (GHG) in the 21st century [1]
and its contribution to the depletion of the ozone layer [2]. Crop production accounts for
approximately 50% of N2O emissions from agriculture [1]. The production of N2O from
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agricultural soils is mainly modulated through two microbial processes: denitrification
and nitrification [3].

Nitrification plays an critical role in the nitrogen (N) cycle, influencing soil fertility and
impacting environmental quality [4]. Nitrification is increased at 50–60% WFPS levels [5,6].
The process increases at temperatures between 20 ◦C and 30 ◦C and, below 10 ◦C and
above 35 ◦C, it slows significantly [7,8]. Denitrification plays an important role in the
N cycle, affecting soil fertility and contributing to environmental issues, such as GHG
emissions, mainly of N2O [1,9–11]. High water-filled pore spaces (WFPS) (>60%), are
conducive to denitrification [12] and temperatures between 25 ◦C and 30 ◦C [3,13–15]. High
levels of nitrate (NO3

−) [16,17], NH4
+ and carbon in the soil improve the denitrification

rate [16,18,19]. Denitrification occurs under anaerobic soil conditions, whereas nitrification
occurs under aerobic conditions [6]. Soils with an alkaline pH (7–8) are the most efficient in
denitrification, and a pH of 6 to 7.5 favors nitrification [20–22].

Incorporating legumes such as soybeans into crop rotation systems is a production
technique offering numerous benefits to soil health, crop productivity, and environmental
sustainability [23,24]. It has also been reported to reduce N2O emissions in soils by im-
proving nitrogen uptake, thus reducing excess nitrogen [25,26]. Crop rotation, including
legume incorporation, can significantly influence N2O emissions from agricultural soils
through reduced total synthetic N requirements [27,28]. Since legumes fix atmospheric N
into the soil, increasing soil N and thus enriching the soil, this can also potentially increase
N2O emissions if not properly managed [29–31].

Crop rotations that incorporate cover crops and legumes improve soil organic matter,
enhancing soil health and structure [32,33]. Improved soil structure helps improve water
infiltration and drainage, reducing anaerobic conditions that favor denitrification and N2O
production and subsequent emissions [34–37]. Rotating crops promote a diverse microbial
community in the soil, which can improve nutrient cycling and reduce the likelihood of
conditions that favor N2O production [37–39]. A healthy and diverse microbial ecosystem
can process nitrogen more effectively, reducing the accumulation of nitrates that lead to
N2O emissions [40–42]. Different crops leave different types, qualities, and amounts of
residues. Managing these residues properly (e.g., timely incorporation) can influence
microbial activity and nitrogen mineralization, affecting N2O emissions [43–46].

Previous studies associated no-till soybean production with reduced N2O emissions
compared to conventional cropping in multiple-location systems. No-tillage also reduces
the cost incurred regarding fuel for cultivation. It improves soil health and structure, as
minimal soil disturbance increases soil organic matter and biological activity. This promotes
water infiltration. Soil moisture is conserved, since crop residues are left on the soil surface,
particularly in rainfed and drought prone areas. In the long-term, yield stability is achieved,
since no-till enhances soil resilience, thus improving crop performance under drought
stress, which leads to more consistent yield over time. For instance, ref. [47] found that
no-till treatments reduced cumulative N2O emissions in soybean rotation by 20% to 35.7%
compared to conventional tillage, varying with the type of fertilizer type used in South
Korea. Similarly, ref. [48] conducted a study in Brazil and found that no-till reduced N2O
emissions in a soybean–wheat rotation system. In the previous context, the objective of
this investigation was to evaluate how conventional tillage and no-tillage can potentially
influence N2O emissions in soybean rotation in a semi-arid region of the central Free State
of South Africa.
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2. Materials and Methods
2.1. Site Description

This research was carried out during the soybean cropping season of October 2022
to December 2023 at the Kenilworth Research Station, located in Bloemfontein, Free State,
South Africa, latitude 29.13184 south, longitude 26.24107 east, altitude 1395 m. This is a
semi-arid region of South Africa. Bloemfontein receives most of its rainfall in summer
(January and February), with an average rainfall of 469 mm per year. Summers are warm;
winters are short, cold, and dry. The driest weather is in July and the wettest is in February.
The mean maximum temperatures are 19 and 27 ◦C and the mean minimum temperatures
are 1 and 12 ◦C for winter and summer, respectively. In 2020 to 2023 the Kenilworth
Research Station had an average temperature of 17.1 C, humidity of 47% and precipitation
of 33.34 mm. The soil used in this experiment had a pH of 6.57, and an organic matter
content of 1.75%, calcium, magnesium, and potassium of 6.91, 1.22 and 1.04 cmol kg−1,
respectively, in the 0.30 cm deep zone in 2020.

2.2. Experimental Design

The experimental design incorporated a randomized complete block design (RCBD).
Each block (3 blocks in total) was 192 m (width) × 55 m (length) (10 560 m2), and each
plot was 8 m (width) × 55 m (length) (440 m2). There were three blocks, with two soybean
plots in each block, one plot representing each treatment in each block; in total there were
six plots. The plant density for soybean was 270,000 plants per ha. Inter-row spacing was
0.75 m and intra-row spacing was 0.04 m.

2.3. Treatments

The treatments were planted in soybean rotation systems under no-till (NT) and
conventional tillage (CT) [49]. In CT plots, the soil was ploughed with a moldboard prior
to planting and, for the NT plot, no ploughing took place, and the crop residues were left
on the soil surface. The measurements during the experiment were based on the 3rd year
of a 5-year rotation experiment. The crops grown before 2023 were soybean, followed
by radish, which was grown as cover crop. The planting of soybean was carried out on
10 December 2022 and the base fertilizer NPK 1:1:1 (30) was applied at a rate of 200 kg ha−1

at planting. A selective herbicide (Sonalan) was applied to control weeds on 4 February
and hand weeding was also carried out. The crop was harvested on 26 June 2023 and yields
were calculated as mass of total dry seed weight/unit area, and total biomass/unit area.
The total dry seed weight and biomass were then converted to t/ha. The sum of the total
dry seed weight and biomass made up the total crop dry weight. Thus, the treatments are
as follows:

1. Conventional Tillage: Soybean-Cover crop-Soybean (CT: SB-CC-SB) In these plots,
there was crop rotation; soybean was followed by cover crop, then soybean again
under conventional tillage; each crop was grown for 12 months, and the soil was
cleared before the next crop was planted. The plant density was 270,000 plants per ha.

2. No-tillage: Soybean–Cover crop–Soybean (NT: SB-CC-SB). In these plots, crop rotation
took place; soybean was followed by cover crop, then soybean again under no-tillage;
each crop was grown for 12 months and the soil was cleared before the next crop was
planted. The plant density was 270,000 plants per ha.

2.4. Gas Sampling and Flux Measurements

The gas sampling procedure was conducted for a continuous 12-month period between
December 2022 and December 2023 [50], making up to 30 measurements. Gas sampling
was carried out weekly from December to February, and thereafter twice a month as
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the crop matured and once a month in the off-season. Gas sampling was performed
between 10:00 a.m. and 12:00 p.m. Four polyvinyl chloride (PVC) static white chambers
(40 cm length × 40 cm width × 25 cm height) were permanently installed (1 m apart) in
each plot to a depth of 5-cm using a steel base before sampling and points were permanently
marked using a global positioning system (GPS), so that they could be moved into the
same spot after agronomic management practice, i.e., weeding. The static chambers were
permanently installed for the duration of the trial; they were only uninstalled at the end of
the season. During each gas sampling event, ambient samples (T0 air from the atmosphere)
were taken away from the plots, buildings or cars; five at the beginning and five at the end
of each sampling day, using 60 mL of gastight polypropylene syringes. During sampling,
four random boxes were chosen for linearity check at 20-min intervals (five different times,
T0, T20, T40, and T60) to confirm linear gas accumulation with closure time. The remainder
of the boxes were terminally sampled at 40 min of closure (T40) by drawing air using 60 mL
of gastight polypropylene syringes and storing the air in 40 mL vials. Gas samples were
then analysed in the laboratory using a gas chromatograph [51] model 107 [52], and the
daily fluxes were calculated using the equation below:

F = ρ
∗V

A ∗ (Ct − C0)
t

∗ (273.15
T

)

where F is the flux of N2O (g N2O-N ha−1d−1); ρ is the gas (1.26 g cm−3 N2O-N) under
STP (273K and 101,325 Pa); V and A are the volume (0.125 m3) and area (0.25 m2) of C60

and Co (µm3 m−3) are the N2O concentrations 60 min after chamber closure (T60) and
the ambient sample (T0), respectively; t is the time of chamber closure in hours (T60);
and T is the air temperature, (K) at the time of sampling. Nitrous oxide fluxes were
transformed into daily fluxes (kg N2O ha−1 day−1) for the calculation of cumulative
N2O emissions. The cumulative emissions were determined as the total amount N2O
released over the growing season. Nitrous oxide fluxes for non-sampling dates were
interpolated between two sampling dates, and cumulative emissions calculated using the
trapezoidal method [53,54].

2.5. Soil Sampling and Analysis

Soil samples were collected (0–10 cm) from each plot in each block at the beginning
of the trial in 2020, to determine the soil status before the beginning of the study (baseline
values). These soil samples were used to determine pH, texture, bulk density (BD), organic
matter (OM), total phosphorus (P), potassium (K), sodium (Na), magnesium (Mg) and
calcium (Ca). Soil pH was determined via the water method, using the procedure of the Agri
Laboratory Association of Southern Africa Handbook [55]. Soil OM was determined using
the loss-on-ignition method, where samples were oven dried in a furnace overnight [55]
and the % OM was calculated using the following equation:

% OM =
(W0 + W1)− (W0 + W2)

(W2 + W1 − W0)
∗ 100

where OM is organic matter; W0 is the weight of the crucible (g); W1 is the dry soil (g); and
W2 is the dry soil after ignition (g).

Mineral N was determined by the potassium chloride extraction method [56], where
40 g of fresh soil sample were weighed and 80 mL of 2M KCL (1:2 soil/extractant ratio) were
added for mineral N extraction and analysed colorimetrically [56]. Total N and total organic
carbon (TOC) contents of soil were determined using the LECO method [57] and total P and
cation exchange capacity using the Bray 1 method [57]. During each gas sampling event,
soil samples were collected (0–10 cm) adjacent to each of the 24 chambers to determine
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gravimetric moisture. To measure the gravimetric water content, the soil samples were
oven dried at 105 ◦C for 24 h or until a constant weight was obtained. The %WFPS was
calculated using the gravimetric moisture content method, as described by [55]. This was
calculated using the following equation:

%WFPS =
SWC

1 − BD/PD
∗ 100

where WFPS are water filled pores (%); SWC is the volumetric water content (%); BD is the
bulk density (g cm−3); and PD is the particle density (2.65 g cm−3).

For soil porosity

Soil Porosity = 1 − BD
PD

where PD is the particle density of the soil, assumed to be 2.65 g cm−3. Volumetric
water content was calculated by multiplying the bulk density (BD) and the gravimetric
water content. Soil BD was determined at the beginning of the experiment by collecting
an undisturbed soil sample by inserting metal rings into the soil with a hammer and
determining the weight of the collected soil samples before and after oven drying at 105 ◦C
for 48 h [58,59]. The bulk density was determined by the following equation:

BD =
M
V

where BD is the bulk density; M is the mass of the soil (g); and V is the volume of
the soil (cm3).

The soil temperature was also measured on each gas sampling event using alcohol
thermometers placed vertically in the soil at approximately 10 cm depth. Minimum and
maximum temperature and precipitation were measured daily at the weather station
located on the farm.

2.6. N Loss

The N loss (cumulative N2O) for each treatment was calculated using the
following equation:

N LOSS =
E _ N2O fertilized

R_N
× 100

[58]
Here, E_N2O fertilized represents the measured emissions after application of fertilizer,

and R_N is the N fertilizer rate (kg N ha−1).

2.7. Estimated Emissions per Product

The estimated emissions per product for each treatment were calculated using the
following equation:

Estimated Emissions Product =
Cumulative Emissions

Total Yield

2.8. Data Analysis Trials

Linear models were used to find the differences in N2O influenced by the no-till and
conventional tillage system. If the interactions were significant at p < 0.05, the Tukey
multiple comparison test was used to test differences between treatments. If the interaction
was not significant, the analysis was rerun without the interaction term. Response data were
transformed before analysis when required to meet the assumptions of the model. Data
were sorted in Microsoft Excel; mean separation was performed using the GLM procedure
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in Statistical Analysis Software (9.0) (SAS). Correlation coefficients were obtained using
Microsoft Excel.

3. Results
3.1. Meteorological Data
3.1.1. Rainfall Patterns and Atmospheric Temperature During the Experimental Period

The total rainfall for the entire experimental period (October 2022 to December 2023)
was 753.22 mm and the highest rainfall event of 177.3 mm was recorded in November 2022;
the second highest rainfall events of 105.7 and 99.3 mm was received in March and February
2023, respectively (Figure 1). The highest air temperature was 31.7 ◦C recorded in January
2023, and the second highest temperature was 30.5 and 29.1 ◦C recorded in November and
March 2023, respectively. The highest soil temperature was 24.7 ◦C recorded in December
2023, followed by 24.2 ◦C recorded in March 2023.
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Figure 1. Monthly rainfall, soil temperature, minimum and maximum temperatures for the experiment.

3.1.2. Soil Variables
General Soil Characteristics Before and After the Experiment

Different soil parameters were recorded at the beginning and end of the trial in De-
cember 2023 (Table 1). Sand% ranged from 88 ± 4.67 and 93.67 ± 4.25%, with the highest
of 93.67 ± 4.25% in NT at the beginning of the trial, which is significantly different from
CT (LSD = 1.95). The highest silt percentage of 6.92 ± 2.88 was recorded in CT after the
trial, which was significant (LSD = 1.64) from NT. The highest clay % of 5.17 ± 1.59 was
recorded in NT after the test; however, it was not significantly (LSD = 1.35) different from
CT. The soil pH ranged from 5.91 ± 0.39 and 6.3 ± 0.5, with the highest pH of 6.3 ± 0.5 in
NT before the trial, which was not significantly (LSD = 0.29) different from CT. Soil bulk
density ranged from 1.4 ± 0.17 and 1.52 ± 0.12, with the highest bulk density (1.52 ± 0.12)
recorded in NT before the trial, which was significantly (LSD = 0.09) different from CT. The
total C ranged from 1.44 ± 0.26 and 2.07 ± 0.77 g C kg−1 of dry soil. The highest total C of
2.07 ± 0.77 was in CT after the trial, which was, however, not significant (LSD = 0.4) for
NT. The total N ranged from 27.23 ± 31.62 and 342.59 ± 84.37 mg N kg−1 dry soil, with
the highest total N of 342,59 ± 84.37 mg N kg−1 dry soil in CT before the trial, which was
not significantly (LSD = 49.45) different from NT. Organic matter % (OM) ranged from
3.04 ± 1.29 and 13.88 ± 4.06%. the highest %OM (13.88 ± 4.06) was recorded CT before
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the trial, and there was no significant difference between the treatments. The %WFPS
ranged from 3.05 ± 1.88 and 22.91 ± 4.74, and the highest %WFPS of 22.91 ± 4.74% was in
NT before the trial, which was, however, not significant (LSD = 2.91) in CT. Soil porosity
ranged from 43 ± 4.4 and 46 ± 6.5%, with the highest 46% in CT, which was not significant
(LSD = 3.3) from NT. Soil NH4

+ ranged from 1.24 ± 2.19 and 5.21 ± 3.46 mg N kg−1

dry soil. The highest NH4 of 5.21 ± 3.46 was in NT after the trial, which was, how-
ever, not significant (LSD = 2.32) from CT. Soil NO3 ranged from 4.41 ± 2.65 and
47.3 ± 60.06 mg N kg−1 dry soil. The highest NO3 of 47.3 ± 60.06 mg N kg−1 dry
soil was recorded in CT, which was not significantly (LSD = 19.54) different from
NT. NO2 ranged from 0.015 ± 0.012 and 0.038 ± 0.057 mg N kg−1 dry soil, with the
highest of 0.038 ± 0.057 mg N kg−1 dry soil recorded in NT, which was not signifi-
cantly (LSD = 0.19) different from CT. The soil C/N ratio ranged from 4.77 ± 1.17 and
104.89 ± 73.93, with the highest C/N ratio of 104.89 ± 73.93 recorded in NT after the trial,
which was significantly (LSD = 32.66) different from CT. Hydraulic conductivity ranged
from 0.16−2 ± 0.37−2 and 0.33−2 ± 0.39−3 cm/s, with the highest of 0.33−2 ± 0.39−3 cm/s
recorded in NT, which was, however, not significantly (LSD = 0.18−2) different from CT.

Table 1. Summary of soil parameters (mean ± standard error) in soybean grown under conventional
tillage and no-tillage from the commencement of the trial in November 2022 and after the trial in
December 2023.

Parameter Soybea-CT Soybean-NT LSD

Before 06/12/2022

Soil Texture
Sand (%) 91.00 ± 4.67 b 93.67 ± 4.25 a 1.95
Silt (%) 6.00 ± 4.82 a 3.00 ± 3.36 b 1.91
Clay (%) 2.92 ± 2.07 c 3.33 ± 1.97 b 0.8

Soil pH 6.05 ± 0.57 a 6.30 ± 0.50 a 0.29

Bulk density (g/cm3) 1.44 ± 0.17 b 1.52 ± 0.12 a 0.09

Total C (g C/kg dry soil) 1.65 ± 0.41 a 1.44 ± 0.26 a 0.22

Total N (mg N/kg dry soil) 342.59 ± 84.37 a 333.08 ± 69.78 a 49.45

Organic matter (% w/w) 13.88 ± 4.06 a 11.96 ± 1.99 a 1.78

WFPS (%) 21.63 ± 4.48 a 22.91 ± 4.74 a 2.91

NH4
+ (mg N/kg dry soil) 1.24 ± 2.19 b 3.05 ± 3.74 a 1.58

NO3 (mg N/kg dry soil) 47.3 ± 60.06 a 33.87 ± 21.24 a 19.54

NO2 (mg N/kg dry soil) 0.018 ± 0.061 a 0.038 ± 0.086 a 0.052

C/N Ratio 4.77 ± 1.17 a 4.86 ± 1.64 c 1.38

After 06/12/2023

Soil Texture
Sand (%) 88.00 ± 4.67 a 89.00 ± 2.89 a 0.24
Silt (%) 6.92 ± 2.88 a 5.83 ± 2.41 a 1.64
Clay (%) 5.08 ± 3.00 a 5.17 ±1.59 a 1.35

Soil pH 6.06 ± 0.25 a 5.91 ± 0.39 b 0.16

Bulk density (g/cm3) 1.40 ± 0.17 c 1.50 ± 0.13 a 0.087

Total C (g C/kg dry soil) 2.07 ± 0.77 a 1.97 ± 0.81 a 0.4

Total N (mg N/kg dry soil) 50.03 ± 49.61 a 27.23 ± 31.62 a 33.59

Organic matter (% w/w) 3.12 ± 1.19 a 3.04 ± 1.29 a 0.69
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Table 1. Cont.

Parameter Soybea-CT Soybean-NT LSD

WFPS (%) 3.05 ± 1.88 a 4.98 ± 4.21 a 1.86

Soil porosity (%) 0.46 ± 0.065 a 0.43 ± 0.044 ab 0.033

NH4
+ (mg N/kg dry soil) 5.05 ± 4.65 a 5.21 ± 3.46 a 2.32

NO3 (mg N/kg dry soil) 4.41 ± 2.65 b 6.01 ± 3.97 a 2.39

NO2 (mg N/kg dry soil) 0.015 ± 0.012 a 0.038 ± 0.057 a 0.19

Hydraulic conductivity (cm/s) 0.16−2 ± 0.37−3 a 0.33−2 ± 0.39−3 a 0.18−2

C/N Ratio 49.96 ± 31.3 a 104.87 ± 73.93 b 32.66
WFPS (Water Filled Pore Spaces). Means separated by different lower-case letters (a, b, c) in each column are
significantly different at p ≤ 0.05.

Soil Measurements

The average WFPS for the trial was 22.2%. The %WFPS ranged from 3 to 43%; the
highest of 43 ± 4.73 was recorded in December 2022 in NT and the lowest of 3.05 ± 1.88
was recorded in CT in December 2023 (Figure 2), which was not significantly (LSD = 2.91)
different from CT. Soil NH4 ranged from 1.24 ± 2.19 to 5.21 ± 3.46 mg N kg−1 dry soil
in (Figure 3). The highest NH4

+ was 5.21 ± 3.46 in NT, which was however, not significant
(LSD = 2.32) in CT. The NO3

−-N of the soil ranged from 1.59 to 104.56 in 2023 (Figure 3). The
highest NO3-N was 104.56 recorded in CT, which was significantly (LSD = 2.39) different
from NT. NO2-N ranged from 0.015 ± 0.012 to 0.038 ± 0.057 mg N kg−1 dry soil; the highest
NO2

−-N was 0.038 ± 0.057 mg N kg−1 dry soil recorded in NT, which was not significantly
different (LSD = 0.19) from CT (Table 1).

B 

A

Planting & Fertilizer 

application 

Figure 2. Dynamics of N2O and % WFPS in the different treatments during the experimental period.
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A 

Planting & Fertilizer 

application 

B 

C 

D 

Figure 3. Mineral N dynamics in no-till and conventional tillage in soybean during the
experimental period.

3.1.3. Nitrous Oxide Emissions

The N2O fluxes ranged from −44.6 to 36.6 g of N2O-N ha−1 d−1. The lowest flux
was recorded on 19 December 2022 (Figure 2). There was a peak in February after the
application of top-dressing fertilizers on 3 February 2023, and after an increase in %WFPS.
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The highest peak was observed in August–September from both treatments after harvest,
the fluxes were significantly (LSD = 0.3) higher from CT to NT in the plots sampled. Fluxes
decreased thereafter; fluxes decreased in NT compared to CT. Low N2O emissions were at
the same time with low %WFPS in December 2023 (Figure 2).

3.1.4. Cumulative N2O Emissions and N Lost as N2O

The highest cumulative emissions (1.9 kg of N2O-N ha−1) were recorded in CT
plots (Figure 4). The highest cumulative N2O emissions for the different seasons show
that CT has the highest N2O emissions in spring 0.99 ± 4.45 kg N2O-N ha−1, which was,
however, not significantly (LSD = 0.29) different from NT (Figure 5). The lowest N2O-N
emissions were recorded during the winter season (−0.26 ± 0.22 kg of N2O-N ha−1) in
NT, which was significantly different (LSD = 0.19) from CT (Figure 5). The N lost as N2O
ranged from 0 to 9.6% (Figure 6). The highest N lost as N2O of 9.68% was recorded in CT;
there was a significant difference between CT and NT (LSD = 1.6).
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Figure 4. Cumulative N2O in the different treatments during the experimental period. Means
separated by different lower-case letters (a, b, c) in each column are significantly different at p ≤ 0.05.
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3.1.5. NT and CT Practices on Yields

The total yield was higher in CT compared to NT in the rotation of the soybeans. The
highest total dry seed yield was 0.93 t/ha recorded in CT (Figure 7). The highest total
crop dry weight and total biomass were recorded in CT. These were 2.13 and 1.21 t/ha,
respectively. There was a significant difference between NT and CT (LSD = 0.23). The
estimated emissions per product were higher in NT (1.67 kgNha−1 dry matter) and lower
in CT (0.95 kgNha−1 dry matter) (Table 2) for the duration of the trial.
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Figure 7. Dry grain, biomass and total crop yield in the different treatments during the experimental
period. Means separated by different lower-case letters (a, b, c) are significantly different at p ≤ 0.05.

Table 2. Estimated emissions per product in soybean grown under conventional tillage and no-tillage
for the duration of the trial.

Treatment N2O kg N ha−1 Yield t ha−1 Kg N ha−1 Dry Matter

Soybean-CT 2 2.1 0.95

Soybean-NT 1 0.6 1.67
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4. Discussion
4.1. The Role of Soil Variables in Daily N2O Fluxes

The highest N2O fluxes in this trial were recorded in December 2022–March
2023 (Figure 2). These high fluxes were recorded at the same time with planting and
fertilizer application and episodes of precipitation om December 2022 and February 2023.
These peaks followed rainfall events occurring in February-March. During this period of
the year the soil temperature was high (24.2 ◦C) (Figure 1). The cause of this peak may
have been the high soil temperature and moisture content significantly influencing N2O
production by increasing microbial activity, enhancing enzyme activity and accelerating
organic matter decomposition [12,44]. This is in line with other studies such as [59] who
found that %WFPS and temperature are the main drivers of N2O fluxes; also [60–62]
who reported that N2O fluxes increased exponentially with soil temperature and, who
reported that N2O fluxes increase by five to nine times with each 10 ◦C temperature increase
and microbial nitrification and denitrification increase three-fold with a 10 ◦C increase.
During denitrification, N03

− is reduced to NO to N2O. The high temperature (25–35 ◦C)
encourages microbial enzyme activity. This accelerates denitrification (anaerobic) and
nitrification (aerobic).

The high temperature and %WFPS may have stimulated high microbial activity,
which in turn increased denitrification when the soil became saturated and oxygen levels
decreased [63,64]. High N2O fluxes also responded to the application of inorganic fertilizers
in the soil and the amount of crop residues from crop rotation present in the soil, as this
may have contributed soluble C to denitrifiers when mineralized [25,65–67].

Ref. [68] found that N2O emissions were high at 65% WFPS and in water-saturated
soils, where N2O is mainly formed by denitrification of nitrate. The highest %WFPS in
our study was approximately 44%, indicating that N2O emissions in our study may have
mainly been the result of nitrification, but we did not quantify this in the current study.
This is in agreement with [69,70], who reported that most of the N2O emissions are from
nitrification when the WFPS is below 60%, while an increased conversion from N2O to N2

occurs at increased soil water content.
The large peak in N2O fluxes immediately after N fertilizer application in December

2022 was the result of that N application (Figure 2), similar to findings by [71], who reported
a 75% increase in mean N2O in soybean after N fertilizer application. There was a positive
correlation (p = 0.05) between N2O emissions and N in the soil (Figure 8). These results are
in line with previous authors [72–74], who found that N application increases N availability
in the soil and promotes N2O emissions compared to unfertilized soil. Refs. [75–77] found
that high N-NH4

+ in the soil leads to greater nitrification. Refs. [78,79] highlighted that
a high number of N2O emissions may have been because the NO2

− formed during the
nitrification process can be used as electron receptor if O2 is limited, and denitrification can
occur after nitrification, when soil conditions are conducive.

4.2. NT and CT Practices on Cumulative N2O Emissions and N Lost as N2O

Cumulative N2O emissions were higher in CT compared to NT, and there was a
peak during planting (Figure 4). NT reduced emissions, in agreement with the results
of [64], who found that soybean rotation had lower N2O emissions compared to plots with
monoculture soybean under NT and CT. The lower rate of N2O emissions from soybean
crops supported the conclusion of [80], who found that N is released from root exudates
during the growing season, and decomposition of previous crop residues influence N2O
emissions much more than the biological N fixation process. In August immediately after
harvesting, the emissions were higher in NT compared to CT, in line with an increase in %
WFPS, bulk density and high C in the soil from crop residues. High WFPS in NT is due to
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residues covering the soil surface, thus reducing water evaporation from the soil. Since
the NT soils hold more water, this led to heavier and more compacted soils, contributing
to higher bulk density in NT. There was a positive correlation (p = 0.21) between N2O
emissions and soil C (Figure 8). These results agree with [81–83], who found that increased
soil moisture (WFPS) in no-till treatments increased the amount of denitrifying activity and,
subsequently, N2O production. In September, N2O emissions were higher in CT compared
to NT; this was after harvest, when the soil had been disturbed as the plants were pulled
from the soil and some residues were incorporated into the soil. This increased the organic
matter in the soil, leading to a higher emission of N2O. There was a strong correlation
(p = 0.43) between N2O emission and soil organic matter (Figure 8). These results are in
line with [6,84,85], who found that incorporating crop residues into the soil increased N2O
emissions, mainly in CT. The decrease in N2O emissions with NT treatment could also
be due to the fact that soybean roots have the potential to denitrify the last step of the
denitrification process (N2O to N2) [86], and this also has the potential to reduce N2O
derived from nodules, fertilizer N, and soil organic matter [87].

Figure 8. Correlations Matrix between cumulative N2O and soil variables.

Refs. [88,89] reported reduced N2O emissions in NT compared to CT. This is possibly
due to sequential nitrification and denitrification by nitrifiers, such as Nitrosomonas sp. and
Nitrobacter sp., and denitrifiers in optimal soil temperature and moisture conditions. In our
trial, in CT most of the emissions occurred in spring, followed by autumn; this is when
the temperature gradually increased (Figure 5). In NT, the highest emissions occurred
in autumn, when the average soil temperature was 22 ◦C (Figure 1). This is in line with
Signor [11], who found that N2O production during nitrification increases when the soil
temperature is between 5 and 40 ◦C. Peigne et al., 2007 [90] reported that N availability was
lower in NT than in CT, which is consistent with our study (Table 1). Refs. [91,92] found
that the lower availability of N in NT was due to a low N mineralisation rate in NT and
immobilisation accompanied by slow soil organic matter decomposition [93].

The loss of N as N2O was the highest in CT, rather than in NT (Figure 6). These results
are in line with [94] who found that most of the simulated loss of nitrogen are from drains
flow and net mineralisation, leaching. Ref. [95] found that N loss to drain flow was highest
mainly due to high precipitation events during or after fertilizer application.
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4.3. NT and CT Practices on Yields

The total dry crop yields under CT were found to be higher in CT than in NT. Total
dry crop yield in CT was 61% higher than in NT (Figure 6). The higher yields in CT may be
related to the high N, C, porosity and organic matter recorded in CT, as these soil properties
improve nutrients available for plant uptake, thus increasing yields (Table 1). Crop residues
are mixed with soil under CT, thus reducing soil porosity and bulk density. CT mix crop
residues into the soil this leads to high organic matter, C and N temporarily, especially
in the topsoil. It also creates a uniform mixture of organic and mineral soil layers. This
blending effect can lead to high average organic matter content. Aeration from the tillage
accelerates microbial decomposition. Initially, this can release nutrients (including nitrate
and mineral N) and increase microbial biomass, temporarily raising measurable N and
increase yields. The NT plots had a higher % of sand, high bulk density, and lower total C
and N. These results are in line with [96], who found that soybean yields were lower on
sandy soils compared to loamy soils. Ref. [97] also found low yields in soybeans under NT
rather than in CT, due to the soil having lower water holding capacity, N insufficiency due
to soil leaching, and the reduced root length under NT. Ref. [51] found significantly low
yields in the dry season. The possibility of low yield in NT is possibly due to the fact that
soybean NT did not respond to the extra soil moisture available at the lower depth because
plant root depth may be delayed under NT [98]. The emissions per product was higher in
NT (1.67 kg N ha−1 dry matter) compared to CT (0.95 kg N ha−1 dry matter), as presented
in Table 2. These results were almost similar to those of [99], who found emissions per
product of 1 kg N ha−1 dry matter, both under CT and NT.

5. Conclusions
This study provided comprehensive and quantitative results of NT and CT effects on

N2O emissions in a semi-arid region. In general, NT reduced N2O emissions in soybean
rotation. The reduction in NT treatment was more prominent during the dry season. No-
tillage is worth practicing. These findings agree with those in the published literature. The
total dry matter yield was lower under NT; however, the dry matter yield may be improved
with long term duration of NT.
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