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Abstract: Nitrous oxide (N2O) emissions resulting from nitrogen (N) fertilization have been docu-
mented. However, no data on the effects of other nutrients, such as phosphate (P) and potassium
(K), on N2O emissions in integrated crop–livestock systems are available so far. In the 2015/2016
and 2016/2017 growing seasons, we measured N2O emissions from a long-term system, established
in 1991 in the Cerrado biome (a tropical savanna ecoregion in Brazil), fertilized with two P and K
levels. The studied no-tillage farming systems consisted of continuous crops fertilized with half
of the recommended P and K rates (CC-F1), continuous crops at the recommended P and K rates
(CC-F2), an integrated crop–livestock system with half of the recommended P and K rates (ICL-F1),
and an integrated crop–livestock at the recommended P and K rates (ICL-F2). The cumulative
N2O emissions (603 days) and soil chemical properties were analyzed as a 2 × 2 factorial design
(long-term agricultural systems x fertilization). The cumulative N2O emissions from CC-F2 and
ICL-F1 were 2.74 and 1.12 kg N ha−1, respectively. The yield-scaled N2O emissions from soybean
were 55.5% lower from ICL-F1 than from CC-F2 in the 2015/2016 growing season. For off-season
sorghum, the mean yield-scaled N2O emissions were 216 mg N2O m−2 kg−1 (in a range from 79.83
to 363.52 mg N2O m−2 kg−1, for ICL-F2 and CC-F1, respectively). The absence of pasture and the
presence of soybean and sorghum promoted the highest cumulative N2O emissions, favored by the
recommended rate in relation to half of the P and K. In the total evaluation period (603 days), the
presence of grazed land in the years prior to this study and land fertilized with half the recommended
P and K rates in an integrated crop–livestock system reduced the resulting cumulative N2O emis-
sions by 59%. Thus, we conclude that crop–livestock systems can be beneficial in reducing P and K
applications and also in mitigating N2O emissions in comparison with continuous cropping systems
fertilized with the full recommended P and K rates. In view of the global fertilizer crisis, this aspect is
extremely relevant for agriculture in Brazil and around the world.

Keywords: sustainable agriculture; greenhouse gas emissions; low carbon agriculture

1. Introduction

Brazil is one of the largest food producers in the world and accounts for 12% of the
global agricultural production [1]. The Cerrado biome, with more than 2 million km2

of savanna-like vegetation, is the most important agricultural region of the country. In
the last four decades, nearly one million km2, or 50% of the total Cerrado area, has been
converted into agricultural land [2]. The rapid agricultural expansion in the Cerrado has
led to substantial changes in the biogeochemical cycles [3], particularly in the N and P
dynamics, and increased greenhouse gases (GHG) emissions [4].

On a 100-year timescale of GHGs, the global warming potential (GWP) of nitrous
oxide (N2O) is 6%, which is 265–298 times greater than that of carbon dioxide (CO2),
and its lifetime in the atmosphere is 121 years. [5,6]. The agriculture and livestock sector
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accounts for 87% of the national N2O emissions [7]. In view of the significant contribution
of agriculture to N2O emissions, it is imperative to find new solutions for sustainable food
production [8]. Although the N2O emissions from soils under native Cerrado vegetation
are low [3,9], the agricultural systems with high nitrogen input can significantly increase
the N2O emissions to the atmosphere [10].

Global N2O emissions from agricultural residues have been estimated at 0.4 Tg N per
year, based on the standard emission factor of 1.25% N2O, defined by the Intergovernmental
Panel on Climate Change (IPCC) [11]. These N2O emissions are mainly the result of the
N fertilization and crop residue management of agricultural soils [12]. Nitrous oxide
emissions result from microbial nitrification and denitrification and are influenced by the
substrate and N content, and the edaphoclimatic conditions (O2, water-filled pore space
(WFPS), soil pH, and temperature), which are modified, in turn, by a range of agricultural
management practices (e.g., soil tillage). Nitrous oxide fluxes are intensified mainly by the
increased use of fertilizers and mainly by the increased nitrogen-based fertilizer applications
(e.g., urea and ammonium sulfate) [13,14].

In view of the international commitments of the Brazilian government related to GHG
reductions in the agricultural sector, efforts are underway to make agriculture practices
more sustainable, e.g., by using integrated crop–livestock (ICL) systems that increase crop
yields and reduce environmental impacts [15]. A greater diversification of plant species
and the capacity to accumulate soil carbon (C) [16,17] and mitigate GHG, in particular N2O,
has been reported in these ICL systems, which are based on pasture–crop rotation [18,19].
In addition, the soil N2O emissions from integrated systems are lower than from livestock
grazing systems, possibly due to the lower water-filled pore space (WFPS) in the soils
under integrated systems, which supposedly have a lower number of anaerobic microsites
for denitrification [19].

Studies have shown that nitrogen (N) dynamics are strongly affected by the soil
phosphorus (P) content, especially at high nitrogen availability [20,21]; consequently, P can
influence N2O emissions. Phosphorus availability is also influenced by crop residues left on
or worked into the soil in crop–livestock systems based on pasture–crop rotations [22–24].

In agricultural systems, research has shown that the residual available P from previous
crop fertilizations was more efficiently used by soybean than the P fertilizer applied in
the furrow at sowing [25]. This result shows that we should not only consider fertilizing
the cash crop (e.g., soybean) but also part of what is needed for the subsequent pasture
cycle (e.g., Urochloa decumbens) to improve the bioavailability of P in pasture–crop rotations.
Nitrogen fertilization in agricultural systems has been shown to strongly increase N2O
emissions [10]. However, little information is available about the interaction of N2O fluxes
with nutrients, such as P and K. Studies have reported that the P application reduces N2O
emissions because it stimulates N plant uptake [26,27]. These results were confirmed by
the reduced N2O emissions of Acacia mangium in response to a P application [28]. However,
other authors have observed that higher P rates in tropical forests did not restrict the N soil
levels, the N transformation rates, the soil NO3

− levels, or the N2O fluxes [29,30].
Studies on the effects of K fertilizer application on N2O emissions are even more scarce.

An incubation trial showed that K application to acidic agricultural soil can increase the
N2O emissions between 1.6 and 10.8 times [31]. These increases in N2O emissions were
related to an intensified activity of denitrifying and acid-resistant nitrifying microorganisms,
caused by higher K+ concentrations and lower soil pH.

The sustainability of the system was improved by means of the diversification of the
crop residues in integrated systems based on pasture–crop rotations [16], which should
increase N use efficiency and would explain the lower N2O emissions from ICL systems [18].
However, the effects of ICL systems with pasture–crop rotation and P and K fertilization
on N2O emissions are not fully documented.

We believe that using half of the recommended P and K rates in the ICL systems
reduces plant residue production and, consequently, N mineralization and N2O emissions.
Furthermore, we hypothesized that ICL systems fertilized with half of the recommended
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P and K rates can mitigate N2O emissions in comparison with continuous crops at the
recommended P and K rates. To test this hypothesis, N2O emissions, edaphic and climatic
co-variables, soil chemical properties, the amount of crop residues, grain yield, and yield-
scaled N2O emissions were evaluated in a long-term, integrated crop–livestock system
fertilized with two of the P and K rates, in the Cerrado biome, from 1991 to 2013.

2. Materials and Methods
2.1. Site Description

The study was conducted in an experimental area of the Brazilian Agricultural Re-
search Corporation Embrapa Cerrados (15◦39′ S; 47◦44′ W and 1200 m above mean sea
level) in Planaltina, Federal District, in the Cerrado biome (Figure S1). The rainy season in
the region lasts from October to April, with a long-term mean annual rainfall of ~1400 mm
(in the last 30 years). Rainfall, air temperature, and relative humidity data of the experi-
mental site for the period from 1978 to 2017 were obtained from the main weather station
of Embrapa Cerrados (Figure S2). The soil is classified as Oxisol [32], with 611 g kg−1 clay,
80 g kg−1 silt, and 309 g kg−1 sand. The mineral composition of the diagnostic horizon
(Bw) is 500 g kg−1 gibbsite, 180 g kg−1 goethite, 140 g kg−1 kaolinite, 70 g kg−1 hematite,
100 g kg−1 quartz, and 10 g kg−1 of other minerals. Soil sampling for soil fertility analysis
of the 0–10 10–20, and 20–30 cm layers was carried out in January 2016 (Table S1).

2.2. Experiment Design and Management Systems

The long-term experiment based on crop–pasture rotations was established in 1991,
on 40 m × 50 m plots (2000 m2) in a 2 × 2 factorial design. The factors were represented
by the interaction between the agricultural production systems and the soil fertility levels.
The treatments consisted of (Table S2): continuous crops at half of the recommended P
and K rates (CC-F1), continuous crops with the recommended P and K rates (CC-F2), an
integrated crop–livestock system with half of the recommended P and K rates (ICL-F1),
and an integrated crop–livestock system at the recommended P and K rates (ICL-F2). In
addition, an adjacent native Cerrado plot (20,000 m2), characterized as typical savanna,
was used as a reference area for N2O emissions.

Information about the agricultural practices (e.g., cropping sequences and fertilizer
application) used in the experiment from 1991 to 2013 is shown in Tables S2 and S3. During
the first four years (from 1991 to 1995), the soil was limed and tilled with a disc and
moldboard plow to establish the no-tillage system. Irrespective of the system, fertilization
was according to the cash crop only, according to regional technical recommendations. In
the integrated crop–livestock systems (ICL), the only nutrient supply for pasture consisted
of residual fertilizer applied to the previous cash crop. No N fertilizer was applied to the
pasture or soybean. In this study, in the growing seasons of 2015/2016 and 2016/2017,
there was no grazing; however, in the years preceding this study, cattle were left to graze
the pasture–crop rotation plots (ICL-F1 and ICL-F2) [18]. The ICL-F1 and ICL-F2 plots were
grazed according to the fodder availability and to maintain the forage supply of 8–10 kg
per 100 kg of animal weight.

Soybean cv. BRS 8180 RR was sown on 15 November 2015, and the cycle lasted
126 days. The crop was harvested on 27 March 2016. Panicum maximum (cv. BRS Tamani)
was planted in succession, on the same day that the soybean was harvested.

In the 2016/2017 growing season, soybean cv. NS 7200 RR was planted on 4 November
2016. On the day of soybean harvest (24 February 2017) Sorghum bicolor AG 1080 was
planted and intercropped with Panicum maximum (cv. BRS Tamani) in the ICL-F1 and
ICL-F2. On the CC-F1 and CC-F2 plots, Sorghum bicolor was intercropped with a mix of
species (Eleusine coracana, Brachiaria brizantha Cv. Paiaguá, Cajanus cajan IAPAR 43, Crotalaria
spectabilis, and Raphanus sativus). Sorghum was fertilized with 90 Kg ha−1 of NPK 4:30:12
(3.6 kg N ha−1, 27 kg ha−1 P2O5/11.8 kg ha−1 P, and 10.8 kg ha−1 K2O/8.96 kg ha−1 K)
and soybean (for both growing seasons) with 400 kg ha−1 of NPK 0:20:20 (80 kg ha−1 of
P2O5/34.9 kg ha−1 P and 80 kg ha−1 of K2O/66.4 kg ha−1 K). The soybean seeds were
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inoculated with Bradyrhizobium japonicum (1 × 109 CFU g−1 of inoculant) at 200 g per 50 kg
seeds for both growing seasons.

2.3. Nitrous Oxide Sampling and Analysis

Two static chambers were placed on each plot of four treatments, totaling 16 chambers
to measure the N2O emissions from November 2015 to July 2017 [33]. The chambers
were placed parallel to the rows, one close to the row and the other in between two rows,
covering the entire mid-row surface. After the growth of the plants to a 20 cm height, all
chambers were placed between rows. Each chamber consisted of a rectangular hollow
metal frame (38 cm wide, 58 cm long, and 6 cm in height) inserted 5 cm into the soil,
and a top polyethylene tray was coupled to the base during gas sampling. To ensure the
airtightness of the system during sampling, the metal base held a trough filled with soft
rubber, and the tray was fixed with rubber bands stretched over the top and clipped with
both ends to the metal base. A triple Luer valve was installed in the top part of the tray
to fasten syringes, thus allowing gas removal at sampling. The samples were collected
in 60 mL polypropylene syringes and immediately transferred to 20 mL pre-evacuated
glass vials (−80 kPa). Moreover, the air temperature was measured at each sampling time,
and the soil and chamber temperatures were measured with digital thermometers during
gas sampling at a soil depth of 5 cm. In addition, four static chambers were placed in an
adjacent native Cerrado used as a reference area for N2O emissions. Air samples were
collected between 8:30 am and 10:30 am, as pre-established in a previous study, at 0, 15, and
30 min after closing the chamber [33]. Measurements of N2O fluxes were performed for
two years (2015/2016 and 2016/2017), on a total of 603 days with 78 samplings, between
November 2015 and July 2017. Emissions were measured for up to five consecutive days
after sowing and N fertilization. Frequent N2O flux measurements were also made up to
2–3 consecutive days after tilling and harvesting and during rainy periods. During the dry
season, air sampling was performed every 15 days.

The N2O concentration was analyzed by gas chromatography (Thermo Scientific
Model Trace 1310, Milan, Italy) with a Porapak Q column, 32 columns, and an electron
detector. The gas chromatograph was calibrated for N2O at four levels (concentrations
of 200, 600, 1000, and 1500 ppb N2O). The estimated detection limit was 51 ppb, and the
estimated limit of quantification was 154 ppb. The fluxes of N2O (FN2O) were measured by
the linear variation of gas concentration in relation to the incubation time in the sampling
chambers and calculated by the following equation: FN2O = (δC/δt) × (V/A) × (M/Vm),
where δC/δt is the change in N2O concentration in the chamber during the incubation
interval; V and A are the chamber volume and the covered soil area, respectively; M is the
molecular weight of N2O, and Vm is the molecular volume at each sample temperature.
The molecular air volume was corrected to the temperature inside the chamber (T) at the
moment of sampling, multiplying it by a factor of 22.4*[273/(273 + T)]. The cumulative
emissions per unit grain yield (yield-scaled N2O emissions) were calculated as the ratio
between the total cumulative flux (cumulative FN2O, kg N2O ha−1) and the mean yield of
the system (Pmean, kg grain ha−1) [34].

2.4. Edaphic, Climatic Co-Variables, Chemical Attributes, and Amount of Crop Residues

During the entire N2O flow sampling period, soil samples were collected at 0–10 cm
depth to determine soil nitrate, ammonium, and gravimetric moisture in each of the
78 N2O flux samples. Two soil samples composed of eight subsamples were collected
with a Dutch auger from beside the chambers. The water content of the soil samples was
determined by the gravimetric method after drying the soil samples at 105 ◦C for 48 h.
Based on gravimetric moisture and soil density, the percentage of WFPS was calculated
by the formula WFPS = (Θ × (BD/WD) × 100)/(1 − (PD/BD)), where WFPS is the water-
filled pore space (%); Θ—gravimetric water content (g g−1); BD—bulk density (g cm−3);
WD—water density (1.0 g cm−3); and PD—particle density (2.65 g cm−3). Bulk density
was calculated according to [35].



Land 2022, 11, 1535 5 of 16

After extraction with KCl 1 mol L−1, the NH4
+ and NO3

− were analyzed colorimetri-
cally with a Lachat Quikchem FIA (Lachat Instruments, 5600 Lindburg Drive, Loveland CO
80,539 USA). In addition, the mean air temperature and daily precipitation were provided
by the weather station of Embrapa Cerrados, installed near the experimental area.

The soil chemical attributes (Al; Ca; H + Al; pH; K; P; and SOM) of each plot were
measured in the soil samples (from the layers of 0.00–0.10, 0.10–0.20, and 0.20–0.30 m
depths) at the soybean flowering stage (Table 1) in January 2016. Ten soil samples were
taken between the rows to form one composite soil sample per plot and analyzed according
to the following methodologies: pH (H2O) at a soil solution ratio of 1:1; Al3+, Ca2+, and
Mg2+ were extracted by KCl 1 mol L−1; K and P were extracted by the Mehlich I method;
cation exchange capacity at pH 7.0; and organic matter (OM) was determined according
to [36].

Table 1. Chemical attributes of the soil in the treatments with different managements and fertilization.

Treatments
Al

cmolc.
dm−3

Ca
cmolc.
dm−3

pH (H2O) K
g kg−1

P
g kg−1

OM
g kg−1

0–10 cm
CC-F1 0.04 A 4.06 B 5.65 A 111.25 B 3.82 A 4.06 AB
CC-F2 0.02 A 5.49 A 5.51 AB 139.00 B 7.82 A 4.59 A
ICL-F1 0.03 A 3.56 B 5.35 B 108.00 B 12.31 A 3.78 B
ICL-F2 0.03 A 5.37 A 5.55 A 169.75 A 13.87 A 3.59 B

SE 0.018 0.34 0.06 12.85 3.87 0.25

10–20 cm
CC-F1 0.62 A 0.60 B 5.41 B 49.25 B 8.67 A 2.20 B
CC-F2 0.20 B 1.56 AB 5.62 AB 78.75 A 8.88 A 2.34 B
ICL-F1 0.29 B 1.08 B 5.66 AB 53.00 B 2.59 A 2.60 AB
ICL-F2 0.14 B 2.29 A 5.67 A 55.50 B 3.33 A 3.13 A

SE 0.06 0.40 0.08 5.91 2.20 0.26

20–30 cm
CC-F1 0.21 B 0.37 B 5.23 B 31.25 AB 2.25 A 2.23 A
CC-F2 0.40 A 0.75 B 5.33 AB 46.75 A 2.77 A 2.25 A
ICL-F1 0.30 AB 0.60 B 5.50 AB 28.50 B 0.82 B 2.21 A
ICL-F2 0.21 B 1.14 AB 5.61 A 38.00 AB 1.07 B 2.35 A

SE 0.04 0.25 0.10 5.52 0.28 0.23
Integrated crop–livestock with half of the recommended P and K rates (ICL-F1); integrated crop–livestock
with the recommended P and K rates (ICL-F2); continuous crop with half of the recommended P and K rates
(CC-F1); continuous crop with the recommended P and K rates (CC-F2). Means followed by the same letters
for each soil attribute do not differ from each other, by the Tukey–Kramer test (p < 0.05). SE = standard error.
OM—Organic matter.

2.5. Statistical Analyses

Total data were checked for normality of the residuals by the Lillieforts test and the
homogeneity of variances by the Hartley, Cochran, and Bartlett tests. Daily N2O flows
were analyzed as repeated measures in a pairwise comparison (F-value; p < 0.05). The
assumptions of normality were verified by the Shapiro–Wilk test and homogeneity of
variance by the Levene test. The covariance matrix was selected based on the Akaike
information criterion [37]. Analysis of variance was applied considering the experiment in
randomized blocks with two replications of chambers, and the mixed model (Proc Glimmix)
was used, with a fixed effect for the treatments and random effect for the chambers. Tukey’s
test was applied at 5% probability to compare the treatment means.

Cumulative N2O and environmental data were subjected to multivariate analysis
(principal component analysis, PCA) to analyze the variation during the study period,
resulting in a diagram of the order of variables. In addition to the correlation circle between
the eigenvectors of the variables, a discriminant analysis was performed. This analysis is
based on the Monte Carlo permutation, i.e., Mahalanobis’ distance or dissimilarity was
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applied to compare the mathematical distances between the samples from the agricultural
systems with different fertility levels. This type of analysis uses a permutation test, which
calculates the total inertia interclass for each random distribution of individuals and, by
association with a statistical probability, maximizes the discriminating power of the analysis.
This step was performed using ADE-4 software [38].

3. Results
3.1. Weather Conditions

The mean daily temperature in the period of N2O flux measurements was 23.5 ◦C.
The total precipitation from November 2015 to July 2017 was 1827 mm (Figure S3). Of the
total rainfall, 88% occurred in the rainy season and 12% in the dry season, in both years
(Figure S3).

In the first year, i.e., growing season 2015/2016, precipitation reached 637.3 mm during
the 156 days of the soybean cycle. In the 186 days of the off-season, the total rainfall was
184 mm. However, no rain fell after the soybean harvest; so, the seeds of the tamani grass
(Panicum maximum) did not germinate after planting (Figure S3).

During the 2016/2017 soybean growing season, the total precipitation was 791 mm
in 98 days. During the off-season, when sorghum was intercropped with tamani grass
(Panicum maximum) (ICL-F1 and ICL-F2) and a mix of species (Eleusine coracana, Brachiaria
brizantha Cv. Paiaguá, Cajanus cajan IAPAR 43, Crotalaria spectabilis, and Raphanus sativus)
(CC-F1 and CC-F2), the total rainfall was 166 mm in 120 days (Figure S3).

3.2. Dynamics of Daily N2O Fluxes

The daily N2O fluxes were generally low, ranging from−5.33 to 73.51 µg N2O m−2 h−1

in 2015/2016 and -3.27 to 77.17 µg N2O m−2 h−1 in 2016/2017. The highest flux was ob-
served for CC-F2 in year 2 and lowest for CC-F1 in year 1 (Figures 1A and 2A). The
highest N2O fluxes were recorded immediately after crop sowing, at the end of the
soybean cycle and after sorghum N fertilization. The mean daily N2O fluxes ranged
from 16.9 to 23.2 µg N2O m−2 h−1 for CC-F1 and CC-F2, respectively, and from 12.4 to
14.3 µg N2O m−2 h−1 for ICL-F1 and ICL-F2, respectively. The daily N2O fluxes were lowest
from the Cerrado plot in that period (average of 6.12 µg N2O m−2 h−1) (Figures 1A and 2A).

The mean N2O fluxes during soybean cultivation in 2015/2016 were
54.1 µg N2O m−2 h−1 and 38.4 µg N2O m−2 h−1 in CC-F2 and CC-F1, respectively, and
34.3 µg N2O m−2 h−1 and 29.4 µg N2O m−2 h−1 in ICL-F2 and ICL-F1, respectively
(Figure 1A). The mean N2O fluxes in soybean (2016/2017) were 14.2 µg N2O m−2 h−1

and 8.8 µg N2O m−2 h−1 in CC-F2 and CC-F1, respectively, and 7.8 µg N2O m−2 h−1 and
6.8 µg N2O m−2 h−1 for ICL-F2 and ICL-F1 (Figure 2A), respectively. For sorghum with inter-
cropping, the mean N2O fluxes were the highest (p < 0.05) from CC-F2 (25.7 µg N2O m−2 h−1)
and CC-F1 (21.2 µg N2O m−2 h−1), while the fluxes from ICL-F1 and ICL-F2 F2 were
18.7 µg N2O m−2 h−1 and 17.1 µg N2O m−2 h−1, respectively.

The highest N2O flux from soybean in the 2015/2016 growing season was
73.5 µg N2O m−2 h−1 (p < 0.05), which coincided with the period after soybean plant-
ing in CC-F2, rainfall (>30 mm) on the day before, and favorable edaphic conditions
(mineral-N > 10 mg kg−1 soil, mainly as NO3

− and WFPS > 43%) (Figure 1A–D). At the
end of the soybean cycle (March 2016), the highest N2O flux was 36.8 µg N2O m−2 h−1

(p < 0.05) from CC-F2, measured three days before soybean harvest, when the soil mineral
nitrogen (NH4

+ and NO3
−) exceeded 25 mg kg−1 soil and the WFPS was around 50%

(Figure 1A–D).

3.3. Co-Variables, Soil Chemical Attributes, and Crop Residues

The highest mean WFPS were observed in the CC-F2 (53%) and CC-F1 (50.5%) plots
(Figures 1D and 2D). The highest mineral nitrogen (NO3

− and N-NH4
+) contents in the

soil were measured after the sowing of sorghum + intercropped species, at the end of the
soybean cycle and after the nitrogen topdressing in sorghum (Figure 1B,C). During soybean
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cultivation in 2015/2016, the mineral-N (NO3
− e NH4

+) was highest at the onset of the
crop senescence and after the harvest (mean of > 21.0 mg kg−1). For the NH4

+ contents, the
values (p < 0.05) were highest in ICL-F1 (63.0 mg kg−1) and CC-F2 (29.0 mg kg−1). In the
second growing season (2016/2017), the mineral-N (62 to 144 mg kg−1) was highest during
the soybean cultivation, with a predominance of NO3

−. Of all the management treatments,
ICL-F1 had the highest NO3

− (81 mg kg−1) and NH4
+ (63 mg kg−1) contents (Figure 2B,C).

However, during sorghum cultivation and after N application on May 17, the mineral N
values (NO3

− and NH4
+) increased and the WFPS in CC-F2, ICL-F1, and ICL-F2 was >51%.
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Figure 2. Daily N2O fluxes (A), soil nitrate (NO3
−) (B), soil ammonium (NH4

+) (C), water-filled
pore space (WFPS) (D), from November 2016 to October 2017 (2nd growing season) in different
treatments and mean values for the Cerrado reference plot. Asterisk indicates significant differences
by Tukey–Kramer test (p < 0.05).

The soil chemical properties of the different management treatments are presented in
Table 1. The treatments differed in relation to the soil phosphorus content (p < 0.05) in the
20–30 cm layer only, with higher P contents in CC-F1 and CC-F2 (p < 0.05). The potassium
content (K) in the 0–10 cm soil layer was highest in ICL-F2 (p < 0.05), whereas in 10–20 and
20–30 cm the K contents were highest in CC-F2 (p < 0.05). The highest Ca contents were
found in the surface layer (0–10 cm) of CC-F2 and ICL-F2 (p < 0.05). In the 10–20 cm layer,
ICL-F2 and CC-F2 had higher values (p < 0.05) than CC-F1, while in the 20–30 cm layer
ICL-F2 and CC-F2 had the highest Ca contents (p < 0.05) (Table 1). In the 0–10 cm layer,
the organic matter (OM) content was higher in CC-F2 than in ICL-F1 and ICL-F2 (p < 0.05),
while in the 10–20 cm layer ICL-F2 OM was higher in CC-F1 and CC-F2 (p < 0.05). In the
0–10 cm layer, the pH was lowest in ICL-F1 and CC-F2 (p < 0.05). In the 10–20 cm layer, a
lower pH was found in CC-F1 (p < 0.05). In the 20–30 cm layer, the pH values were higher
in ICL-F2 than CC-F1 (p < 0.05).
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The amount of crop residues left on the soil surface in the 2015/2016 growing season
was highest (p < 0.05) in ICL-F2 (Figure 3).
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Figure 3. Production of crop residues (Mg ha−1) at the end of the soybean cycle in the 2015/2016
growing season in four treatments. Integrated crop–livestock system with half of the recommended
P and K rates (ICL-F1); integrated crop–livestock at the recommended P and K rates (ICL-F2);
continuous crops fertilized with half of the recommended P and K rates (CC-F1); continuous crops
at the recommended P and K rates (CC-F2). Means followed by the same letter do not differ by
Tukey–Kramer at 5% probability.

3.4. Cumulative Emissions of N2O, Grain yield, and Yield-Scaled N2O Emission

In the first year, the cumulative N2O emissions from CC-F2 were higher (1.32 kg
N2O ha−1) than from ICL-F1 (0.46 kg N2O ha−1) (Table 2). However, over the total eval-
uated period (603 days), the N2O emissions from CC-F2 were higher (2.74 kg N2O ha−1)
than from ICL-F1 (1.12 kg N2O ha−1), representing an increase of 59% (p < 0.05).

Table 2. Cumulative N2O emission (kg N2O ha−1) in year 1 and year 2.

Treatments
Cumulative N2O

Year 1 Year 2 603 Days

CC-F1 0.83 AB 0.56 A 1.62 AB
CC-F2 1.32 A 0.74 A 2.74 A
ICL-F1 0.46 B 0.52 A 1.12 B
ICL-F2 0.68 AB 0.60 A 1.41 AB

SE 0.29 0.10 0.38
Year-1 = November 2015 to October 2016; Year-2 = November 2016 to July 2017. Integrated crop–livestock fertilized
with half of the recommended P and K rates (ICL-F1); integrated crop–livestock at recommended P and K rates
(ICL-F2); continuous crops fertilized with half of the recommended P and K rates (CC-F1); continuous crops
at recommended P and K rates (CC-F2). Means followed by the same letter in a column do not differ by the
Tukey–Kramer test at 5% probability. SE = standard error.

The cumulative N2O emissions from soybean (17 November 15 to 23 March 16) in the
off-season (1 April 16 to 14 October 16), soybean (4 November 16 to 21 February 17), and
off-season sorghum with intercropping (8 August 17 to 25 July 17) are shown in Table 3.
During the soybean growing season, a significant difference was observed in the 2015/2016
period when the N2O emissions from ICL-F1 were lower (0.36 kg N2O ha−1) in N2O
(p < 0.05) than from CC-F2 (0.85 kg N2O ha−1) and CC-F1 (0.71 kg N2O ha−1). For ICL-F2
(0.50 kg N2O ha−1), the N2O emissions were 41% lower (p < 0.05) than from CC-F2.



Land 2022, 11, 1535 10 of 16

Table 3. Cumulative N2O emissions (kg N2O ha−1) from soybean (17 November 15 to 23 March 16),
off-season with pasture planting (1 April 16 to 14 October 16), soybean (4 November 16 to 21 February
17), and off-season sorghum intercropping with species mixture (8 August 17 to 25 July 17).

Treatments

Cumulative N2O

Soybean
2015/2016

Off-Season
2016

Soybean
2016/2017

Off-Season with Sorghum
and Species Mixture 2017

CC-F1 0.71 AB 0.13 A 0.16 A 0.41 A
CC-F2 0.85 A 0.24 A 0.23 A 0.51 A
ICL-F1 0.36 C 0.09 A 0.10 A 0.42 A
ICL-F2 0.50 BC 0.18 A 0.17 A 0.43 A

SE 0.11 0.26 0.07 0.10
Integrated crop–livestock with half of the recommended P and K rates (ICL-F1); integrated crop–livestock with
the recommended P and K rates (ICL-F2); continuous crops at a half of the recommended P and K rates (CC-F1);
continuous crops at the recommended P and K rates (CC-F2). Means followed by the same letter in the columns
do not differ by the Tukey–Kramer test at 5% probability. SE = standard error.

The soybean and sorghum yields are presented in Table 4. The yield-scaled N2O
emissions were calculated, considering both growing seasons for soybean and sorghum
intercropping in the off-season of 2016/2017. The soybean yields did not differ between
management systems for the growing season of 2015/2016, whereas the yield-scaled N2O
emissions from CC-F2 were higher than from ICL-F1. In the following season, the soybean
yields were higher from ICL-F2 than from ICL-F1, and no differences were observed
between the treatments for the yield-scaled N2O emissions. The sorghum yields were as
follows: ICL-F2 > ICL-F1 ≥ CC-F1 = CC-F2. Considering all treatments, the yield-scale
N2O emissions varied from 79.83 to 363.52 mg N2O m−2 kg−1 grain, for ICL-F2 and CC-F1,
respectively, with a mean value of 216 mg N2O m−2 kg−1 grain. The cumulative emissions
per unit yield of sorghum grains from the agricultural systems ICL-F1 and ICL-F2 were
lower (p < 0.05) (Table 4).

Table 4. Crop productivity and yield-scaled N2O emissions in different soil management systems.

Treatments Productivity
(kg m−2)

Yield-Scaled N2O
Emissions

(mg N2O m−2 kg−1 Grain)

Soybean 2015/2016

CC-F1 0.3644 A 203.57 AB
CC-F2 0.3487 A 240.11 A
ICL-F1 0.3468 A 106.81 B
ICL-F2 0.3342 A 154.83 AB

Soybean 2016/2017

CC-F1 0.4109 AB 35.82 A
CC-F2 0.4149 AB 51.45 A
ICL-F1 0.3776 B 23.75 A
ICL-F2 0.4354 A 29.94 A

Off-season with Sorghum
with species mixture 2017

CC-F1 0.2869BC 363.52A
CC-F2 0.2269 C 327.21 A
ICL-F1 0.4510 B 98.34 B
ICL-F2 0.5424 A 79.83 B

Integrated crop–livestock system with half of the recommended P and K rates (ICL-F1); integrated crop–livestock
at the recommended P and K rates (ICL-F2); continuous crops fertilized with half of the recommended P and K
rates (CC-F1); continuous crops at the recommended P and K rates (CC-F2). Means followed by the same letter in
a column do not differ by Tukey’s test at 5% probability.
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3.5. Principal Component Analysis

Principal component analysis was used as an indicator of the importance of environ-
mental variables (Figure 4A) and showed that the first two principal components explained
approximately 53% of the total variance: PC1 (29.47%) and PC2 (23.3%). The first axis
(PC1) distinguished mainly agricultural systems and their respective fertility levels with
a gradient of soil fertility (Ca, K, P, and pH) and the second (PC2) was mainly related
to gradient N2O emissions and co-variables (N2O, OM, WFPS and NH4

+) with positive
eigenvalues and to NO3

−, with negative eigenvalues. The discriminant analysis separated
ICL from the continuous crop (CC) systems (Figure 4B).
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4. Discussion
4.1. N2O Emissions

The daily N2O emissions recorded in this study were very similar to the results of several
authors on investigations of the agricultural system in the Cerrado [3,9,10,18,39] and reinforce
the need to intensify the installation of ICL systems based on pasture–crop rotation.

The pasture phase of the crop–livestock integration systems (ICL-F1 and ICL-F2) was
preceded by cattle grazing in the years prior to this experiment (Table S2). Consequently,
the forage biomass in the ICL systems was reduced by grazing, especially when associated
with only half of the P and K rates, as in ICL-F1 (p < 0.05) (Figure 3), resulting in the lowest
cumulative N2O emissions from this system (ICL-F1). This practice of crop residue removal
by grazing animals is one of the possibilities for mitigating N2O emissions [12].

Nitrous oxide fluxes were highest at the end of the soybean cycle due to the decompo-
sition of nodules and crop residues [39]. Nitrogen mineralization may also be related to
the higher concentrations of labile C, which is used as a microorganism substract, favoring
nitrifying and denitrifying microorganisms [40].

In addition, the soybean cycle is relatively short compared to other crops such as corn,
which, when grown in the first (rainy) season in the Cerrado, favors N2O emissions after N
fertilization and at harvest, when the soil is still wet because of the rain [41].

In the off-season, rainfall is scarce in the Cerrado (Figure S2), and one of the strategies
used to cover the soil is to plant drought-tolerant grasses with efficient root systems to
absorb the water from the deeper soil layers [42]. However, in this study, due to low rainfall
(≈184 mm in six months) during the off-season of 2016, the tamani grass (Panicum maximum
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cv. BRS Tamani) did not germinate, and the cumulative emissions were rather low, except
from CC-F2, probably due to the humification process as this treatment has a higher OM
content (Table S1).

Although this rainfall of 184 mm is sufficient for crops, dry spells have repeatedly been
observed, especially in the months of January and February, which disrupt the reproductive
period of crops, causing yield reductions. Moreover, soil re-wetting after a rainless period
is associated with intensified microbial activity and the presence of available N increases,
and the N2O fluxes temporally. This effect is called the “Birch effect” [43], and it contributes
to the increase in N2O emissions.

4.2. N2O Emissions and Co-Variables

Based on the assumption that N2O production occurs mainly by nitrification in WFPS
up to 60% and by denitrification in WFPS greater than 60% [44,45], the N2O emissions in
this study are presumably mainly the result of nitrification. However, some studies in the
tropics [45] and temperate climates [46] reported higher N2O emissions at WFPS between
80–85%, while others suggest a range between 70% and 85% [19,47,48].

Some studies have already established the relationship between N2O emissions with
WFPS [19] and soil mineral N [10,49–51]. Furthermore, the soil nitrate and ammonium
concentrations are influenced by factors that directly affect the soil microbial activity, such as
rainfall and the agricultural system [52]. In ICL systems, the diversity of crop residues [16]
can mitigate N2O emissions by means of more efficient N cycling.

In ICL, the N2O emissions were lower than from the continuous cultivation sys-
tems, and this study hypothesized [18] that the low soil NO3

− levels, due to the ability
of Brachiaria sp. roots to release biological nitrification inhibitors, block the enzymatic
pathways of Nitrosomonas [53,54].

4.3. Agriculture Systems, Soil Fertility, and N2O Emissions

The observations confirmed that the ICL systems and the residual effect of the K and
P rates significantly altered crop residue production (Figure 3) and the soil N2O fluxes. The
higher cumulative N2O emission from ICL and the recommended P and K rates (CC-F2)
in year 1 and over 603 days may be explained by the higher phosphorus (P) content and
increase in OM (Table 2).

Our results also indicate that the production of plant biomass (Figure 3) modified
the concentration of nutrients and OM in the soil (Table 1) [16,55], directly reflecting the
N2O fluxes. The highest cumulative N2O emission from CC-F2 under soybean (2015/2016)
is associated with the amount of nitrogen provided by the decomposition of the N-rich
soybean shoot and root biomass and the nodules and also by the sequence of phosphate and
potassium fertilization that may be favoring a positive balance with the soil, representing a
source of N for N2O production [56,57]. Therefore, ICL-F1 can be considered a mitigation
system to decrease 1.62 kg N2O ha−1 in relation to CC-F2 over a period of 603 days.

Some studies showed that the P application reduced N2O emissions, stimulating the
N uptake by increased plant growth and nutrient uptake [26,27,55,58]. This suggestion
was confirmed by the observation that the P application reduced the N2O emissions from
Acacia mangium [28]. The phosphorus application directly stimulated denitrification and
these studies of P cycling associated with N inputs into ecosystems will become increasingly
important because P is a non-renewable resource [57,59].

The results of a North American study [60] also suggested that ICL systems, including
pastures or predominantly grass cover plants, are more effective in mitigating N2O fluxes,
confirming the results of our study.

4.4. Relationship of Soil Properties with N2O emissions in PCA Analysis

The PCA analysis of the soil properties distinguished the agricultural systems (Figure 4),
where the cumulative N2O emissions in the CC-F1 and CC-F2 systems contrast with those
of ICL-F1 and ICL-F2. The N2O emissions were associated with CC-F2 system, as shown by
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the vector in the opposite direction to the variables of fertility and NO3
− in the ordination

diagram (Figure 4). We believe that C losses from the more labile OM fractions may have
resulted in higher N2O fluxes in the continuous crop (CC) system. In the integrated no-
tillage crop–livestock (ICL) systems, these losses were lower due to the better protection of
C in the micro- and macro-aggregates [18].

The PCA analysis also showed that higher OM contents are related to higher N2O
emissions. Therefore, our results indicate that soil fertility influences N2O emissions but
that it depends on the integrated agricultural system (either ICL or CC).

5. Conclusions

Our results suggest that ICL systems, which include crops and pasture, are more
effective in mitigating N2O emissions. Based on the yield-scaled N2O emissions of sorghum
intercropped with mixed species in 2017, ICL-F1 and ICL-F2 were the most efficient systems,
as shown by the higher sorghum yield at both fertility levels. Thus, we conclude that crop–
livestock can be more effective in mitigating N2O emissions than continuous cropping
systems with the recommended P and K rates, which, in the context of the global fertilizer
crisis, is an aspect of great relevance for agriculture in Brazil and around the world.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11091535/s1, Table S1: characterization of fertility under con-
tinuous crops and pasture–crop systems with two levels of fertilization and Cerrado reference plot
of the experimental area (0–10 and 10–20 cm), Table S2: sequence of crops used in 26 experimental
years under different agricultural systems and fertilization levels., Table S3: levels of correctives and
nutrients applied between 1991 and 2013 in the field experiment, Table S4: soil chemical properties in
the treatments with different managements and fertilization, Figure S1: location of the study area in
the Brazilian Cerrado, Figure S2: rainfall, air temperature, and relative humidity in the experimental
area, from 1978 to 2017, Figure S3: schematic representation of rainfall in the experimental area in
the rainy and dry seasons, between 2015 and 2017, and sampling of N2O data in four management
treatments (ICL-F1: integrated crop–livestock fertilized with half of the recommended P and K rates;
ICL-F2: integrated crop–livestock with the recommended P and K rates; CC-F1: continuous crops at
half of the recommended P and K rates; CC-F2: continuous crops at the recommended P and K rates),
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Author Contributions: Conceptualization, A.M.D.C., R.L.M., M.L.G.R. and A.D.D.O.; methodology,
D.C.R.d.S., T.R.C., T.R.D.S., J.V.M. and A.D.M.d.A.G.; software, J.V.M., R.L.M., L.V. and A.M.D.C.;
formal analysis, A.M.D.C., R.L.M., D.C.R.d.S., L.V., J.V.M. and A.D.D.O.; investigation, D.C.R.d.S.,
T.R.D.S., M.L.G.R., A.M.D.C., R.L.M. and A.D.M.d.A.G.; resources, A.M.D.C., M.L.G.R., R.L.M., L.V.
and A.D.D.O.; writing—original draft preparation, A.M.D.C., M.L.G.R., R.L.M., A.D.D.O., T.R.C.
and L.V.; project administration, A.M.D.C., R.L.M., A.D.D.O. and M.L.G.R.; funding acquisition,
A.M.D.C., R.L.M., A.D.D.O. and M.L.G.R. All authors have read and agreed to the published version
of the manuscript.

Funding: Project funding was provided by the Brazilian Federal Agency for Support and Evaluation
of Graduate Education (“Edital CAPES/EMBRAPA”-15/2014, project number 76).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data for this article can be shared upon reasonable request to the
corresponding author.

Acknowledgments: The authors wish to thank the National Council for Scientific and Technological
Development (CNPq) for the award for Excellence in Research for the first and third authors and the
Federal Agency for Support and Evaluation of Graduate Education for the Ph.D. fellowship for the
first author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/land11091535/s1
https://www.mdpi.com/article/10.3390/land11091535/s1


Land 2022, 11, 1535 14 of 16

References
1. USDA. Word Agricultural Supply and Demand Estimates. 577 Washington, U.S. 2018. Available online: http://usda.mannlib.

cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1194 (accessed on 1 October 2019).
2. Beuchle, R.; Grecchi, R.C.; Shimabukuro, Y.E.; Seliger, R.; Eva, H.D.; Sano, E.; Achard, F. Land cover changes in the Brazilian

Cerrado and Caatinga biomes from 1990 to 2010 based on a systematic remote sensing sampling approach. Appl. Geogr. 2015, 58,
116–127. [CrossRef]

3. Cruvinel, E.B.F.; Bustamante, M.M.C.; Kozovits, A.R.; Zepp, R.G. Soil emissions of NO, N2O and CO2 from croplands in the
Savanna region of central Brazil. Agric. Ecosyst. Environ. 2011, 144, 29–40. [CrossRef]

4. Strassburg, B.B.; Latawiec, A.E.; Barioni, L.G.; Nobre, C.A.; Silva, V.P.; Valentim, J.F.; Vianna, M.; Assad, E.D. When enough
should be enough: Improving the use of current agricultural lands could meet production demands and spare natural habitats in
Brazil. Glob. Environ. Chang. 2014, 28, 84–97. [CrossRef]

5. IPCC. Intergovernmental Panel on Climate Change. Climate Change 2013: The Physical Science Basis; Cambridge University Press:
New York, NY, USA, 2013.

6. Myhre, G.; Shindell, D.; Bréon, F.M.; Collins, W.; Fuglestvedt, J.; Huang, J.; Koch, D.; Lamarque, J.F.; Lee, D.; Mendoza, B.; et al.
Anthropogenic and natural radiative forcing. In Climate Change 2013—The Physical Science Basis. Working Group I Contribution to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2013;
pp. 659–740. [CrossRef]

7. MCTI. Ministério da Ciência e Tecnologia. Coordenação Geral de Mudanças Globais do Clima. Quarta Comunicação Nacional do Brasil à
Convenção-Quadro das Nações Unidas Sobre Mudança do Clima; Brasília, D.F., Ed.; Ministério da Ciência e Tecnologia: Brasília, DF,
Brazil, 2021.

8. Davis, K.F.; Rulli, M.C.; Seveso, A.; D’Odorico, P. Increased food production and reduced water use through optimized crop
distribution. Nat. Geosci. 2017, 10, 919–924. [CrossRef]

9. Metay, A.; Oliver, R.; Scopel, E.; Douzet, J.M.; Moreira, J.A.A.; Maraux, F.; Feigl, B.J.; Feller, C. N2O and CH4 emissions from soils
under conventional and no-till management practices in Goiânia (Cerrados, Brazil). Geoderma 2007, 141, 78–88. [CrossRef]

10. Campanha, M.M.; de Oliveira, A.D.; Marriel, I.E.; Neto, M.M.G.; Malaquias, J.V.; Landau, E.C.; de Carvalho, A.M. Effect of soil
tillage and N fertilization on N2O mitigation in maize in the Brazilian Cerrado. Sci. Total Environ. 2019, 692, 1165–1174. [CrossRef]

11. Roelandt, C.; Van Wesemael, B.; Rounsvell, M. Estimating annual N2O emissions from agricultural soils in temperate climates.
Glob. Chang. Biol. 2005, 11, 1701–1711. [CrossRef]

12. Abalos, D.; Recous, S.; Butterbach-Bahl, K.; Notaris, C.; Rittl, T.F.; Topp, C.F.E.; Søren, P.O.; Hansen, S.; Bleken, M.A.;
Rees, R.M.; et al. A review and meta-analysis of mitigation measures for nitrous oxide emissions from crop residues. Sci.
Total Environ. 2022, 828, 154388. [CrossRef]

13. Thomas, B.W.; Hao, X.; Larney, F.J.; Goyer, C.; Chantigny, M.H.; Charles, A. Non-legume cover crops can increase non-growing
season nitrous oxide emissions. Soil Sci. Soc. Am. J. 2017, 81, 189–199. [CrossRef]

14. Plaza-Bonilla, D.; Álvaro-Fuentes, J.; Bareche, J.; Pareja-Sánchez, E.; Justes, É.; Cantero-Martínez, C. No-tillage reduces long-term
yield-scaled soil nitrous oxide emissions in rainfed Mediterranean agroecosystems: A field and modelling approach. Agric.
Ecosyst. Environ. 2018, 262, 36–47. [CrossRef]

15. Sá, J.C.M.; Lal, R.; Cerri, C.C.; Lorenz, K.; Hungria, M.; Carvalho, P.C.F. Low-carbon agriculture in South America to mitigate
global climate change and advance food security. Environ. Int. 2017, 98, 102–112. [CrossRef]

16. Soares, D.S.; Ramos, M.L.G.; Marchão, R.L.; Maciel, G.A.; Oliveira, A.D.; Malaquias, J.M.; Carvalho, A.M. How diversity of
crop residues in long-term no-tillage systems affect chemical and microbiological soil properties. Soil Till Res. 2019, 194, 104316.
[CrossRef]

17. Ayarza, M.; Raob, I.; Vilela, L.; Lascanod, C.; Vera-Infanzóne, R. Soil carbon accumulation in crop-livestock systems in acid soil
savannas of South America: A review. Adv. Agron. 2022, 173, 163–226. [CrossRef]

18. Sato, J.H.; Figueiredo, C.C.; Marchão, R.L.; Oliveira, A.D.; Vilela, L.; Delvico, F.M.; Carvalho, A.M. Understanding the relations
between soil organic matter fractions and N2O emissions in a long-term integrated crop–livestock system. Eur. J. Soil Sci. 2019, 70,
1183–1196. [CrossRef]

19. Amadori CDieckow, J.; Zanatta, J.A.; Moraes Ade Zaman, M.; Bayer, C. Nitrous oxide and methane emissions from soil under
integrated farming systems in southern Brazil. Sci. Total Environ. 2022, 828, 154555. [CrossRef]

20. Bahr, A.; Ellström, M.; Bergh, J.; Wallander, H. Nitrogen leaching and ectomycorrhizal nitrogen retention capacity in a Norway
spruce forest fertilized with nitrogen and phosphorus. Plant Soil. 2015, 390, 323–335. [CrossRef]

21. Chen, H.; Zhang Gurmesa, G.A.; Zhu, X.; Li, D.; Mo, J. Phosphorus addition affects soil nitrogen dynamics in a nitrogen-saturated
and two nitrogen-limited forests. Eur. J. Soil Sci. 2017, 68, 472–479. [CrossRef]

22. Carvalho, A.M.D.; Bustamante, M.M.C.; Almondes, Z.A.D.P.; Figueiredo, C.C.D. Forms of phosphorus in an oxisol under different
soil tillage systems and cover plants in rotation with maize. Rev. Bras. Cienc. Solo 2014, 38, 972–979. [CrossRef]

23. Rodrigues, M.; Pavinato, P.S.; Withers, P.J.A.; Teles, A.P.B.; Herrera, W.F.B. Legacy phosphorus and no tillage agriculture in
tropical oxisols of the Brazilian savanna. Sci. Total Environ. 2016, 542, 1050–1061. [CrossRef] [PubMed]

24. Oliveira Rde Silva, L.S.; de Souza, N.F.; Pietroski, M.; Caione, G.; Júnior, G.D.F.S.; Campos, M.C.C. Mineralogy and maximum
phosphorus adsorption capacity in soybean development. J. Agric. Sci. 2018, 10, 242–257. [CrossRef]

http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1194
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1194
http://doi.org/10.1016/j.apgeog.2015.01.017
http://doi.org/10.1016/j.agee.2011.07.016
http://doi.org/10.1016/j.gloenvcha.2014.06.001
http://doi.org/10.1017/CBO9781107415324.018
http://doi.org/10.1038/s41561-017-0004-5
http://doi.org/10.1016/j.geoderma.2007.05.010
http://doi.org/10.1016/j.scitotenv.2019.07.315
http://doi.org/10.1111/j.1365-2486.2005.01025.x
http://doi.org/10.1016/j.scitotenv.2022.154388
http://doi.org/10.2136/sssaj2016.08.0269
http://doi.org/10.1016/j.agee.2018.04.007
http://doi.org/10.1016/j.envint.2016.10.020
http://doi.org/10.1016/j.still.2019.104316
http://doi.org/10.1016/bs.agron.2022.02.003
http://doi.org/10.1111/ejss.12819
http://doi.org/10.1016/j.scitotenv.2022.154555
http://doi.org/10.1007/s11104-015-2408-6
http://doi.org/10.1111/ejss.12428
http://doi.org/10.1590/S0100-06832014000300029
http://doi.org/10.1016/j.scitotenv.2015.08.118
http://www.ncbi.nlm.nih.gov/pubmed/26351200
http://doi.org/10.5539/jas.v10n7p242


Land 2022, 11, 1535 15 of 16

25. Eberhardt, D.; Becquer, T.; Marchão, R.L.; Siqueira Vendrame, P.R.; Vilela, L.; Corazza, E.J.; Guimarães, M.F. Phosphorus
bioavailability in soybean grown after pasture under different fertility regimes. Semin. Cienc. Agrar. 2017, 38, 571–579. [CrossRef]

26. Mori, T.; Ohta, S.; Ishizuka, S.; Konda, R.; Wicaksono, A.; Heriyanto, J.; Hamotani, Y.; Gobara, Y.; Kawabata, C.; Kuwashima,
K.; et al. Soil greenhouse gas fluxes and C stocks as affected by phosphorus addition in a newly established Acacia mangium
plantation in Indonesia. For. Ecol. Manag. 2013, 310, 643–651. [CrossRef]

27. Baral, B.R.; Kuyper, T.W.; Van Groenigen, J.W. Liebig’s law of the minimum applied to a greenhouse gas: Alleviation of
P-limitation reduces soil N2O emission. Plant Soil. 2014, 374, 539–548. [CrossRef]

28. Mori, T.; Ohta, S.; Ishizuka, S.; Konda, R.; Wicaksono, A.; Heriyanto, J. Phosphorus application reduces N2O emissions from
tropical leguminous plantation soil when phosphorus uptake is occurring. Biol. Fertil. Soils 2014, 50, 45–51. [CrossRef]

29. Martinson, G.O.; Corre, M.D.; Veldkamp, E. Responses of nitrous oxide fluxes and soil nitrogen cycling to nutrient additions in
montane forests along an elevation gradient in southern Ecuador. Biogeochemistry 2013, 112, 625–636. [CrossRef]

30. Kumar, A.; Kumar, M.; Pandey, R.; ZhiGuo, Y.; Cabral-Pinto, M. Forest soil nutrient stocks along altitudinal range of Uttarakhand
Himalayas: An aid to nature based climate solutions. Catena 2021, 207, 105678. [CrossRef]

31. Li, Z.; Xia, S.; Zhang, R.; Zhang, R.; Chen, F.; Liu, Y. N2O emissions and product ratios of nitrification and denitrification are
altered by K fertilizer in acidic agricultural soils. Environ. Pollut. 2020, 265, 115065. [CrossRef]

32. Soil Survey Staff. Soil Survey Field and Laboratory Methods Manual. In Soil Survey Investigations Report No. 51, Version 2.0; Burt,
R., Soil Survey Staff, Eds.; U.S. Department of Agriculture, Natural Resources Conservation Service: Washington, DC, USA, 2014.

33. Alves, B.J.R.; Smith, K.A.; Flores, R.A.; Cardoso, A.S.; Oliveira, W.R.D.; Jantalia, C.P.; Urquiaga, S.; Boddey, R.M. Selection of the
most suitable sampling time for static chambers for the estimation of daily mean N2O flux from soils. Soil Biol. Biochem. 2012, 46,
129–135. [CrossRef]

34. Fan, J.; Luo, R.; Liu, D.; Chen, Z.; Luo, J.; Boland, N.; Tang, J.; Hao, M.; McConjkey, B.; Ding, W. Stover retention rather than no-till
decreases the global warming potential of rainfed continuous maize cropland. Field Crops Res. 2018, 219, 14–23. [CrossRef]

35. Blake, G.R.; Hartge, K.H. Bulk density. In Methods of Soil Analysis: Part 1, 2nd ed.; Klute, A., Ed.; ASA: Madison, WI, USA, 1986;
pp. 363–375.

36. Walkley, A.; Black, I.A. An examination of degtjareff method for determining soil 639 organic matter, and proposed modification
of the chromic acid tritation method. Soil Sci. 1934, 640, 29–38. [CrossRef]

37. Wolfinger, R. Covariance structure selection in general mixed models. Commun. Stat.-Simul. 1993, 22, 1079–1106. [CrossRef]
38. Thioulouse, J.; Chessel, D.; Dole´dec, S.; Olivier, J.M. ADE-4: A multivariate analysis and graphical display software. Stat.

Comput. 1997, 7, 75–83. [CrossRef]
39. Figueiredo, C.C.; de Oliveira, A.D.; dos Santos, I.L.; Ferreira, E.A.B.; Malaquias, J.V.; de Sá, M.A.C.; Carvalho, A.M.; Santos Júnior,

J.D.G. Relationships between soil organic matter pools and nitrous oxide emissions of agroecosystems in the Brazilian Cerrado.
Sci. Total Environ. 2018, 618, 1572–1582. [CrossRef]

40. Dyer, L.; Oelbermann, M.; Echarte, L. Soil carbon dioxide and nitrous oxide emissions during the growing season from temperate
maize-soybean intercrops. J. Plant Nutr. Soil Sci. 2012, 175, 394–400. [CrossRef]

41. Santos, I.L.; Oliveira, A.D.; Figueiredo, C.C.; Malaquias, J.V.; Santos, J.D.D.G.; Ferreira, E.A.B.; de Sá, M.A.C.; Carvalho, A.M.
Soil N2O emissions from long-term agroecosystems: Interactive effects of rainfall seasonality and crop rotation in the Brazilian
Cerrado. Agric. Ecosyst. Environ. 2016, 233, 111–120. [CrossRef]

42. Schoo, B.; Wittich, K.P.; Böttcher, U.; Kage, H.; Schittenhelm, S. Drought tolerance and water-use efficiency of biogas crops:
A Comparison of Cup Plant, Maize and Lucerne-Grass. J. Agron. Crop Sci. 2017, 203, 117–130. [CrossRef]

43. Jarvis, P.; Rey, A.; Petsikos, C.; Wingate, L.; Rayment, M.; Pereira, J.; Banza, J.; David, J.; Miglieta, F.; Borghetti, M.; et al. Drying
and wetting of Mediterranean soils stimulates decomposition and carbon dioxide emission: The “Birch effect”. Tree Physiol. 2007,
27, 929–940. [CrossRef]

44. Wolf, I.; Russow, R. Different pathways of formation of N2O, N2 and NO in black earth soil. Soil Biol. Biochem. 2000, 32, 229–239.
[CrossRef]

45. Veldkamp, E.; Keller, M.; Nuñez, M. Effects of pasture management on N2O and NO emissions from soils in the humid tropics of
Costa Rica. Glob. Biogeochem. Cycles 1998, 12, 71–79. [CrossRef]

46. Mogge, B.; Kaiser, E.A.; Munch, J.C. Nitrous oxide emissions and denitrification N-losses from forest soils in the Bornhöved Lake
region (Northern Germany). Soil Biol. Biochem. 1998, 30, 703–710. [CrossRef]

47. Ruser, R.; Schilling, R.; Steindl, H.; Flessa, H.; Beese, F. Soil compaction and fertilization effects on nitrous oxide and methane
fluxes in potato fields. Soil Sci. Soc. Am. J. 1998, 62, 1587–1595. [CrossRef]

48. Zhu, L.S. Exploitation and utilization of the silkworm Antheraea pernyi. North. Seric. 2004, 25, 32–33. [CrossRef]
49. Silva, J.F.; Carvalho, A.M.; Rein, T.A.; Coser, T.R.; Ribeiro-Júnior, W.Q.; Vieira, D.L.; Coomes, D.A. Nitrous oxide emissions from

sugarcane fields in the brazilian Cerrado. Agric. Ecosyst. Environ. 2017, 246, 55–65. [CrossRef]
50. Carvalho, A.M.; Oliveira, A.D.; Coser, T.R.; Sousa, T.R.; Lima, C.A.; Ramos, M.L.G.; Malaquias, J.V.; Gonçalves, A.D.M.A.; Ribeiro

Júnior, W.Q. N2O emissions from sugarcane fields under contrasting watering regimes in the Brazilian Savannah. Environ.
Technol. Innov. 2021, 22, 101470. [CrossRef]

51. Borja Reis, A.F.; Vasconcelos, A.L.S.; de Almeida, R.E.M.; Lago, B.C.; Dias, C.T.S.; Favarin, J.L. Relationship of nitrogen and crop
performance in aerobic rice and continuous flooding irrigation in weathered tropical lowland. Eur. J. Agron. 2018, 95, 14–23.
[CrossRef]

http://doi.org/10.5433/1679-0359.2017v38n2p571
http://doi.org/10.1016/j.foreco.2013.08.010
http://doi.org/10.1007/s11104-013-1913-8
http://doi.org/10.1007/s00374-013-0824-4
http://doi.org/10.1007/s10533-012-9753-9
http://doi.org/10.1016/j.catena.2021.105667
http://doi.org/10.1016/j.envpol.2020.115065
http://doi.org/10.1016/j.soilbio.2011.11.022
http://doi.org/10.1016/j.fcr.2018.01.023
http://doi.org/10.1097/00010694-193401000-00003
http://doi.org/10.1080/03610919308813143
http://doi.org/10.1023/A:1018513530268
http://doi.org/10.1016/j.scitotenv.2017.09.333
http://doi.org/10.1002/jpln.201100167
http://doi.org/10.1016/j.agee.2016.08.027
http://doi.org/10.1111/jac.12173
http://doi.org/10.1093/treephys/27.7.929
http://doi.org/10.1016/S0038-0717(99)00151-0
http://doi.org/10.1029/97GB02730
http://doi.org/10.1016/S0038-0717(97)00205-8
http://doi.org/10.2136/sssaj1998.03615995006200060016x
http://doi.org/10.1016/j.fct.2006.01.009
http://doi.org/10.1016/j.agee.2017.05.019
http://doi.org/10.1016/J.Eti.2021.101470
http://doi.org/10.1016/j.eja.2018.01.016


Land 2022, 11, 1535 16 of 16

52. Boddey, R.M.; Macedo, R.; Tarré, R.M.; Ferreira, E.; Oliveira, O.C.; Rezende, C.P.; Cantarutti, R.B.; Pereira, J.M.; Alves, B.J.R.;
Urquiaga, S. Nitrogen cycling in Brachiaria pastures: The key to understanding the process of pasture decline. Agric. Ecosyst.
Environ. 2004, 103, 389–403. [CrossRef]

53. Subbarao, G.V.; Yoshihashi, T.; Wortihington, M.; Nakahara, K.; Ando, Y.; Sahrawat, K.L.; Braun, H.J. Suppression of soil
nitrification by plants. Plant Sci. 2015, 233, 155–164. [CrossRef]

54. Kong, A.Y.; Fonte, S.J.; van Kessel, C.; Six, J. Soil aggregates control N cycling efficiency in long-term conventional and alternative
cropping systems. Nutr. Cycl. Agroecosyst. 2009, 85, 107. [CrossRef]

55. Pugesgaard, S.; Petersen, S.O.; Chirinda, N.; Olesen, J.E. Crop residues as driver for N2O emissions from a sandy loam soil. Agric.
For. Meteorol. 2017, 233, 45–54. [CrossRef]

56. Mori, T.; Ishizuka, S.; Konda, R.; Wicaksono, A.; Heriyanto, J.; Hardjono, A.; Ohta, S. Effects of phosphorus addition on N2O
emissions from an Acacia mangium soil in relatively aerobic condition. Tropics 2016, 25, 117–125. [CrossRef]

57. Liu, X.; Zhang, Y. Can phosphorus and nitrogen addition affect ammonia oxidizers in a high-phosphorus agricultural soil? Arch.
Agron. Soil Sci. 2018, 64, 1728–1743. [CrossRef]

58. Zhang, Y.; Wang, C.; Li, Y. Contrasting effects of nitrogen and phosphorus additions on soil nitrous oxide flows and enzymatic
activities in an alpine wetland on the Tibetan plateau. PLoS ONE 2019, 14, e0216244. [CrossRef]

59. Marklein, A.R.; Houlton, B.Z. Nitrogen inputs accelerate phosphorus cycling rates across a wide variety of terrestrial ecosystems.
New Phytol. 2012, 193, 696–704. [CrossRef] [PubMed]

60. Liebig, M.A.; DRFaust, D.W.; Archer, S.L.; Kronberg, J.R.; Hendrickson, K.D. Grazing Effects on Nitrous Oxide Flux in an
Integrated Crop-Livestock System. Agric. Ecosyst. Environ. 2020, 304, 107146. [CrossRef]

http://doi.org/10.1016/j.agee.2003.12.010
http://doi.org/10.1016/j.plantsci.2015.01.012
http://doi.org/10.1007/s10705-009-9305-4
http://doi.org/10.1016/j.agrformet.2016.11.007
http://doi.org/10.3759/tropics.MS15-15
http://doi.org/10.1080/03650340.2018.1455001
http://doi.org/10.1371/journal.pone.0216244
http://doi.org/10.1111/j.1469-8137.2011.03967.x
http://www.ncbi.nlm.nih.gov/pubmed/22122515
http://doi.org/10.1016/j.agee.2020.107146

	Introduction 
	Materials and Methods 
	Site Description 
	Experiment Design and Management Systems 
	Nitrous Oxide Sampling and Analysis 
	Edaphic, Climatic Co-Variables, Chemical Attributes, and Amount of Crop Residues 
	Statistical Analyses 

	Results 
	Weather Conditions 
	Dynamics of Daily N2O Fluxes 
	Co-Variables, Soil Chemical Attributes, and Crop Residues 
	Cumulative Emissions of N2O, Grain yield, and Yield-Scaled N2O Emission 
	Principal Component Analysis 

	Discussion 
	N2O Emissions 
	N2O Emissions and Co-Variables 
	Agriculture Systems, Soil Fertility, and N2O Emissions 
	Relationship of Soil Properties with N2O emissions in PCA Analysis 

	Conclusions 
	References

