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A B S T R A C T   

Nitrogen use in agriculture directly impacts food security, global warming, and environmental degradation. 
Forage grasses intercropped with maize produce feed for animals and or mulch for no-till systems. Forage grasses 
may exude nitrification inhibitors. It was hypothesized that brachiaria intercropping increases N recycling and 
maize grain yield and reduces nitrous oxide (N2O) emissions from soil under maize cropping. A field experiment 
was set up in December 2016 to test three cropping system (maize monocropped, maize intercropped with 
Brachiaria brizantha or with B. humidicola) and two N rates (0 or 150 kg ha-1). The grasses were sown with maize, 
but B. humidicola did not germinate well in the first year. B. brizantha developed slowly during the maize cycle 
because of shading but expanded after maize was harvested. The experiment was repeated in 2017/2018 when 
B. humidicola was replanted. N2O and carbon dioxide (CO2) emissions, maize grain yield and N content were 
measured during the two seasons. After the first maize harvest, the above- and below-ground biomass, C and N 
content of B. brizantha grown during fall-winter, and the biological nitrification inhibition potential of 
B. brizantha were evaluated. Maize yield responded to N fertilization (5.1 vs. 9.8 t ha-1) but not to brachiaria 
intercropping. B. brizantha recycled approximately 140 kg N ha-1 and left 12 t dry matter ha-1 for the second 
maize crop. However, the 2017/18 maize yields were not affected by the N recycled by B. brizantha, whereas N2O 
emissions were higher in the plots with brachiaria, suggesting that part of the recycled N was released too early 
after desiccation. Brachiarias showed no evidence of causing nitrification inhibition. The strategy of intercrop
ping brachiarias did not increase maize yield, although it added C and recycled N in the system.   

1. Introduction 

Maize is among the three major N-demanding crops on a global scale. 
In 2010, Zhang et al. (2015) estimated 28 Tg of reactive N input for 
global maize production, which resulted in 46% agronomic nitrogen use 
efficiency (NUE). Typically, maize plants take up less than 50% of the N 
fertilizer inputs in tropical soil (Rocha et al., 2019). A significant amount 
of applied N may be lost to the environment by leaching (Jankowski 
et al., 2018), NH3 volatilization (Chien et al., 2009), and N2O emissions 
(Meurer et al., 2016). 

To reduce N losses, adequate management practices are necessary to 
supply the N demanded by plants in time, space, and chemically- 

available forms. Growing two species at the same time (intercropping) 
or in sequence (cover cropping) may aid in decreasing N losses (Brooker 
et al., 2015; Rosolem et al., 2017). A non-cash crop can capture the 
surplus N that the cash crop was unable to use, thereby increasing the 
NUE of the agroecosystem (Martinez-Feria et al., 2018) even if N re
covery by the cash crop is not affected. 

Forage grasses intercropped with maize that grow during the fall- 
winter-spring after maize harvest can result in high above- and below- 
ground yields of biomass. Such grasses have been used in Brazil to 
produce biomass to feed animals and or provide mulch for no-till crops, 
increasing land-use efficiency (Mateus et al., 2016) and improving soil 
fertility (Crusciol et al., 2015). The N applied to high demand crops, 
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such as maize, that could not be absorbed, may move into deeper soil 
layers where it can be more easily accessed by the deep root system of 
forage grasses (Rosolem et al., 2017). N and other nutrients absorbed by 
the grasses may be released for the subsequent crop, improving soil 
fertility and soil organic carbon (SOC) in the long term (Carvalho et al., 
2014; Cong et al., 2014; Crusciol et al., 2015). However, the N accu
mulated by the forage grasses during the fall-winter and used as mulch 
may not be effectively transferred to the following summer crop 
(Momesso et al., 2019). In the short-term, the cash crop use efficiency of 
N recycled by forage grasses is of interest because it may help define the 
crop need for mineral fertilizer. The scavenging capacity of intercropped 
grasses may also help to decrease the mineral N concentration in the soil 
and reduce N2O emissions (Rosolem et al., 2017). 

Different species of Brachiaria and other grasses have been inter
cropped with maize and other grain crops at a large scale in Brazil 
(Momesso et al., 2019; Oliveira et al., 2019; Rocha et al., 2019). 
B. brizantha ‘Marandu’ is commonly used because of its high potential to 
produce biomass (Momesso et al., 2019; Pacheco et al., 2013). 
B. humidicola is less common in intercropping systems, but it has a high 
potential to release biological nitrification inhibitor (BNI) compounds in 
root exudates and may have an impact on grain yield of maize planted 
subsequently (Karwat et al., 2017; Subbarao et al., 2012, 2009). 

Other species of Brachiaria are known to produce BNI but to a lesser 
extent than B. humidicola (Subbarao et al., 2012). However, the BNI 
activity of these grasses appears to depend not only on the species but 
also on soil conditions and management such as fertilization. The results 
reported in the literature have been varied. Byrnes et al. (2017) showed 
that soil under pastureland with B. humidicola presented lower nitrifi
cation and denitrification rates, N2O emissions, and an abundance of 
ammonium oxidizing archaea compared with that of other grasses. 
Karwat et al. (2017) also observed the effect of BNI when the pasture of 
B. humidicola was converted to maize production. When compared with 
areas under continuous maize growth, they observed improved perfor
mance in the first year of maize cultivation after B. humidicola 
pastureland conversion. However, no evidence of nitrification inhibition 
by B. humidicola, B. brizanta, B. decumbens, or B. ruzisiensis was detected 
in Brazilian soils under cultivation and fertilized with N in pot experi
ments (Castoldi et al., 2013, 2014). 

Brachiaria intercropping has been extensively used by farmers, but, 
there is still controversy regarding whether the N recycled by brachiaria 
in tropical cropping systems has a significant role in the N nutrition of 
the subsequent crop. It is unclear whether BNI can be significant in 
systems with brachiaria and high N fertilization rates. Questions also 
remain regarding how changes in soil N caused by brachiaria inter
cropping affects N2O emissions associated with fertilizer application to 
maize. Given these unanswered questions, we conducted a study to 
determine the short-term effects of two brachiaria species with different 
biomass productions and BNI potentials intercropped with maize on N 
cycling, maize yield, and greenhouse gas (GHG) emissions. 

2. Material and methods 

A field experiment was conducted during two seasons (2016/17 and 
2017/18) in Botucatu, State of São Paulo, Brazil, at 22º49’S, 48º25’W, 
and 740 m altitude. The climate is tropical of altitude (CWa) having dry 
winters and hot, wet summers according to the Köppen classification 
(Peel et al., 2007). The soil is a clay, kaolinitic, thermic Typic Hap
lorthox (USDA, 2014). Selected chemical and physical soil 

characteristics are shown in Table 1. Before our study, the experimental 
area was cropped with black oats (Avena strigosa), which were desic
cated on October 24th, 2016, to supply the mulch for the experiment 
conducted under no-till. 

The experimental design was a split-plot in complete randomized 
blocks with five replicates. The main plots (4.5 × 30 m) had three 
cropping system treatments: monocrop maize (M) hybrid 2B587 PW, 
maize intercropped with B. humidicola (MH) ‘Tully’ or with B. brizantha 
(MB) ‘Marandu’, combined with two N rates, 0 or 150 kg ha-1, placed in 
4.5 × 15 m subplots. The subscripts 0 and 150 define the N rates in the 
abbreviations that represent the treatments. Each plot had six rows that 
were 15 m in length spaced 0.75 m in 2016/17; the interrow spacing 
was reduced to 0.45 m in 2017/2018, resulting in 10 rows per plot, but 
the plot area and the maize plant population remained the same. 
B. humidicola did not emerge in the first season (2016/17); thus, the 
treatments MH0 and MH150 were similar to the maize monocrop in that 
season. In the second season, both brachiaria species emerged such that 
the two intercropped treatments with maize were established. 

Standard fertilization was performed at maize sowing in all plots in 
the first maize crop on December 13th, 2016, and again on November 
24th, 2017, supplying 30, 70, and 50 kg ha-1 of N, P2O5, and K2O, 
respectively. For the N fertilizer treatments ammonium nitrate 
(150 kg ha-1 of N) was side-dressed on January 5th, 2017 (20 d after 
maize sowing; 20 DAS) and on January 4th, 2018 (41 DAS) for the first 
and second maize crops, respectively, i.e., the V4 to V6 stages. These 
were within the rates recommended by Cantarella et al. (1997). The N 
fertilizer was placed in narrow bands (~0.05 m) approximately 0.10 m 
to the side of the rows or maize plants. 

Maize was sown at 0.03 m depth to reach a plant population of circa 
66,000 plants ha-1. Simultaneously, brachiaria seeds (1 kg ha-1 of pure 
live seeds) were mixed with fertilizer and band-incorporated 0.05 m 
deep and 0.05 m from the maize rows to attain between 80,000 and 
100,000 plants ha-1. Maize was harvested at physiological maturity (R6) 
on May 11th, 2017 and April 10th, 2018, and the B. brizantha was left to 
grow unshaded during the dry season (fall-winter-spring) between 
maize crops because B humidicola did not emerge in the first year. 
B. brizantha desiccated in mid-spring served as mulch for the following 
no-till maize season (MB0 and MB150). In the second season, the mulch 
for monocrop maize (M0 and M150) and maize plus B. humidicola (MH0 
and MH150) treatments were composed of weeds grown during the fall- 
winter and maize stover from the previous season. As in the first year, 
after the second maize crop was harvested, the intercropped grasses 
were left to grow unshaded during the fall-winter-spring period. The 
sequence of field operations and dates are shown in Fig. 1. 

During the first maize crop, a herbicide (nicosulfuron [2-[(4,6- 
dimethoxypyrimidin-2-ylcarbamoyl) sulfamoyl]-N, N-dimethyl nicotin
amide], 7 g ha-1) was sprayed 20 d after plant emergence (DAE) to delay 
the growth of brachiaria and prevent nutrient competition between 
brachiaria and maize. In the second crop, this was not necessary, 
because Brachiaria spp. growth was naturally delayed. Between the two 
maize crops, 2 t ha-1 of dolomitic lime increase the soil base saturation 
to 70% was surface-applied without incorporation because the area is 
managed under no-till. 

2.1. Nitrous oxide and carbon dioxide emission 

The efflux of nitrous oxide (N2O) and carbon dioxide (CO2) was 
monitored throughout the experiment using static chambers (Varner 

Table 1 
Soil physical and chemical properties of the experimental area at 0–20 cm depth.  

pH CaCl2  SOM Resin P S Al+3 H+Al+3 K Ca Mg CEC BS BD Sand Silt Clay  
g dm-3 — mg dm-3 – ———————————————— mmolc dm-3 ————————————— % kg dm-3 —————— g kg-1————————  

4.8 31.7 23  13  3.5  45  4.7  25  12 86 48  1.4  173  235  592 

SOM: soil organic matter; CEC: cation exchange capacity; BS: base saturation; BD: bulk density. 
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et al., 2003). Static chambers (0.3 m diameter and 0.2 m height) were 
placed (0.05 m depth) on the plant/fertilizer row of all plots. The 
chambers covered the maize row and the fertilizer band to capture the 
effect of treatments on N2O emissions. In the first season, one extra 
chamber was placed in the midrow of three replications of each treat
ment to measure the emission of the non-fertilized area and determine 
whether the proximity of the maize roots affected gas emissions. As 
those emissions were negligible, the midrow area was not sampled in the 
second year. 

Intense gas sampling was performed at critical periods: daily for 6 d 
after maize sowing (December 13th, 2016), then three times per week 
until N application, which occurred 20 d DAE. The gas measurements 
were then recorded daily for 3 d, three times per week for 6 weeks, and 
finally twice a week until maize harvest (May 11th, 2017). During the 
winter, gases were sampled once a month, up to the second maize 
planting (November 24th, 2017). In the 2017/2018 crop cycle gases 
were sampled daily for 5 d after sowing, three times a week for 4 weeks, 
and once a week for 2 weeks until N application at 41 DAE. After 
fertilization gas sampling was performed daily for 4 days, three times 
per week for 4 weeks, twice a week for 4 weeks, and every 2 weeks until 
maize harvest (April 9th, 2018). 

During sampling events, the static chamber was closed with PVC 
caps between 9:00 and 10:00 a.m. (Savage et al., 2014). Gas samples 
were collected (60 mL) at 0, 15, and 30 min after the chambers were 
closed and immediately transferred to glass vials with gas impermeable 
septa, following the methods described by Soares et al. (2016). Gas 
concentration was determined by gas chromatography (Shimadzu 
GC-2014®), where N2O and CO2 were measured using an electron 
capture detector (ECD). 

Gas fluxes were calculated by linear interpolation of the concentra
tions of N2O and CO2 during the sampling as follows: 

F =

(
ΔC
Δt

)(
V
A

)( m
Vm

)
(1)  

where F is the CO2-C (mg m-2 d-1) or N2O-N (µg m-2 d-1) efflux, ΔC
Δt is the 

variation (mol h-1) of gas concentration while the chamber is closed, V is 
the volume of the chamber headspace (m3), A is the soil area covered by 
the chamber (m2); m is the molar mass (g mol-1) of the gas, and Vm is the 
molar volume of the chamber (m3 mol-1). 

The gas efflux between sampling dates was determined by linear 
interpolation, and the daily fluxes were summed to calculate the cu
mulative emissions. The cumulative N2O emissions of treatments with N 

fertilization (M150, MB150, and MH150) were subtracted from the 
respective controls (M0, MB0, and MH0) to calculate the emission factor 
(EF) (IPCC, 2007). The cumulative N2O emission of each treatment, 
expressed as CO2 equivalents, was divided by grain yield to calculate the 
emission intensity (EI). 

2.2. Soil analyses 

During the first season, soil samples were collected weekly for 11 
weeks after maize sowing. In the second season, the soil was sampled 12, 
19 and 41 d after sowing, and weekly during the 6 weeks following N 
application. Each sample was composed of eight subsamples of the 
0–0.1 m soil layer. Soil moisture (gravimetric method), pH (CaCl2), and 
NH4

+‒N and NO3
- ‒N were determined following the methods of Raij et al. 

(2001). 

2.3. Maize grain yield and agronomic efficiency (AE) of applied N 

Maize was harvested (10 m each of the two central rows per plot) on 
May 11th, 2017, and on April 10th, 2018, 149 and 137 DAS, respec
tively. Grain subsamples were dried at 105º C for 24 h, and maize grain 
yield was upscaled to 1 ha and 130 g kg-1 moisture content, which is the 
standard moisture for maize commercialization in Brazil. The N con
centration in grains was determined with an elemental analyzer (LECO 
TruSpec ® CHNS). The agronomic efficiency (AE) of applied nitrogen 
was calculated as the increment of grain yield in fertilized plots 
compared to that of the control, following the equation suggested by 
Dobermann (2007): 

AE (kg kg− 1) =

(
GYt − GYc

Nf

)

(2)  

where GYt is the grain yield observed for the fertilized treatment, GYc is 
the grain yield observed for the respective control treatment, and Nf is 
the N fertilizer added, in kg ha-1 so that AE is expressed as kg grain yield 
increase per kg of fertilizer N applied. 

2.4. Brachiaria and fallow biomass production 

The aboveground biomass of B. brizantha and weeds (fallow) grown 
during fall-spring in the maize plus brachiaria and maize treatments 
were sampled on November 6th, 2017, at the end of the dry season, 
using wooden frames (0.25 m2, five replications per treatment). The 

Fig. 1. Diagram with the sequence of field operations and respective dates for the two years of the maize-brachiaria intercropping study.  
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belowground biomass was sampled using monoliths of 0.2 m × 0.1 m 
up to 0.4 m. The soil attached to the roots was washed and the roots 
were dried at 45 ºC determine the dry mass. The N and C concentrations 
of the shoot and root tissues were determined using an elemental 
analyzer (LECO-TruSpec® CHNS). 

B. brizantha and weeds (monocrop maize treatment) were desiccated 
on November 13th with glyphosate (6 L ha-1) to provide the mulch for 
the next maize crop. A summary of the main events and respective dates 
of the field experiment are presented in Table S1. In 2016/2017, we had 
data on the N export with grain and N accumulation in B. brizantha or 
weeds grown during the fall-spring. We calculated the total amount of N 
absorbed by both maize and forage during the season. Because we did 
not measure the N concentration in the maize stover, we estimated the 
total N in the plant using the N harvest index of 0.68 as suggested by 
Mueller et al. (2019). 

2.5. BNI potential 

Root samples of B. brizantha and weeds (fallow) were collected on 
November 15th, 2018, after the second maize crop, frozen at − 80 ºC, 
freeze-dried, and ground to a fine powder. A sub-sample (100 mg) was 
placed in an Eppendorf tube. Then, three iron beads and 2 mL of 100% 
methanol were added. The tubes were shaken in a paint mixer machine 
(Harbil Paint Mixer, Harbil Manufacturing Co, Chicago, USA) for 3 min. 
The solution was filtered through a 0.22 µm filter membrane (Millex, 
Millipore, USA), vacuum evaporated and resuspended in 50 µL of 
dimethyl sulfoxide (DMSO) of which 2 µL was used for the BNI bioassay. 
A control without root tissue extract was prepared using the same pro
cedure. The BNI bioassay was performed using recombinant Nitro
somonas europaea with a plasmid carrying the LuxAB (luciferase) gene 
(Iizumi et al., 1998) and used for the BNI potential calculation following 
the procedure described by Subbarao et al. (2006a) and Nuñez et al. 
(2018). 

Nitrosomonas culture was grown for 7 d in 100 mL of growth media 
containing 100 µL kanamycin (50 mg mL-1) at 50 rpm and 28 ºC. The 
growth media had the following composition: KH2PO4 5.14 mM, 
Na2HPO4 95.1 mM, (NH4)2SO4 18.91 mM, NaHCO3 5.95 mM, CaCl2- 
2 H2O 0.034 mM, MgSO4-7H2O 0.041 mM, Fe (III) EDTA 0.0027 mM, 
and pH adjusted to 7.8. The bacterial pellet was collected by centrifu
gation at 4000 rpm for 20 min and suspended in 50 mL of fresh growth 
media. 

For the bioassay, 2 µL of root extracts was incubated with 198 µL of 
distilled water and 250 µL of bacterial solution at 900 rpm and 15º C for 
15 min (Fisher vortex Genie 2). A 100 µL sample was added to the 
luminometer Glomax 20/20 (Promega) and injected with 25 µL of decil- 
aldehyde (1%, resuspended in DMSO). The luminescence was deter
mined for an integration time of 2 and 10 s. The inhibition potential of 
the root tissue was calculated as the percentage of light emitted by 
Nitrosomonas compared to the light emission of the control. The results 
were expressed in allylthiourea units (ATU), considering the inhibition 
of 80% of luminescence by 0.22 µM of allylthiourea, as described by 
Subbarao et al. (2006a). 

2.6. Statistical analyses 

Descriptive statistics were used to obtain the frequency and distri
bution of data. A two-way ANOVA and the LSD test (p < 0.10 and 
p < 0.05) were performed to compare the means of each treatment using 
SISVAR (Ferreira, 2014). 

3. Results 

3.1. C and N cycling by B. brizantha mulch 

The above and below ground dry matter of the plant material of 
brachiaria and weeds that grew for 6 months in the fall-spring, after the 

first maize crop, and their C and N contents are shown in Table 2. These 
plant materials plus the remaining maize residues composed the mulch 
for the second maize crop. 

Because B. humidicola failed to establish in the first year, only weeds 
grew after the first maize harvest in the plots of treatments M0, M150, 
MH0, and MH150, resulting in above-ground weed biomass production 
ranging from 1.2 to 1.7 t ha-1, whereas the below-ground biomass pro
duction ranged from 0.4 to 0.6 t ha-1 in the 0–40 cm soil layer (Table 2). 
The total (above and belowground) N and C cycled in those treatments 
varied from 27 to 40 kg ha-1 of N, and 0.51–0.70 t ha-1 of C. In the 
treatments with maize plus B. brizantha (MB0 and MB150), 8.1 t ha-1 of 
aboveground biomass and 3.6–3.8 t ha-1 of belowground biomass were 
produced, resulting in an accumulation of 133 and 146 kg ha-1 of N and 
4.29 and 4.50 t ha-1 of C to be cycled in the subsequent cropping season. 
Thus, compared with weeds, the treatments with B. brizantha resulted in 
an increase of 106 kg ha-1 and 3.79 t ha-1 of N and C, respectively 
(Table 2). 

3.2. Maize grain yield, N export and agronomic efficiency (AE) of applied 
N 

Maize grain yields were affected by N fertilization, but not by 
B. brizantha intercropping in the first season (2016/2017) (Table 3). 
Grain yields ranged from 5.1 to 5.6 t ha-1 in treatments without N, and 
from 8.7 to 9.0 t ha-1 with 150 kg N ha-1, with AE between 22.6 and 
23.3 kg kg-1 (Table 3). In the second season (2017/2018) there was a 
marked response to N. The highest grain yield was 11.5 t ha-1, observed 
in MH150 (p ≤ 0.1), followed by M150 and MB150, which produced 10.0 
and 10.3 t ha-1, respectively. The higher grain yield of MH150 resulted in 
an AE of 48.1 kg kg-1, which was higher than the 34.4 and 33.2 kg kg-1 

observed for M150 and MB150, respectively (Table 3). For treatments 
without N, MB0 exhibited higher yields than MH0, 5.3 and 4.3 t ha-1, 
respectively, however, both treatments did not differ statistically from 
M0, which produced 4.8 t ha-1 (Table 3). 

The amount of N accumulated in the maize plants plus that accu
mulated in B. brizantha in the 2016/2017 season varied from 
225 kg N ha-1 in the plots with no N fertilizer to 305 kg N ha-1 in the 
MB150 plots. In the plots with maize plus weeds (in fall-spring), the 
corresponding figures were 108 and 213 kg N ha-1 (results not shown). 

Yield, N accumulation, and AE of the two harvest seasons were not 
compared because they were probably affected by differences in climatic 
conditions. The second season had a better rainfall distribution. The first 
season (2016/2017) had three relatively dry periods longer than 10 d in 
duration, with no daily precipitation greater than 10 mm (Fig. 2); 
however, in the 2017/2018 season this happened only once (Fig. 3). 
This may explain the higher N response in the second season (Table 3). 

3.3. Nitrous oxide emissions 

In the 2016/2017 maize growing season, N2O emissions were higher 
with N fertilization than in unfertilized plots (Fig. 2). There was no effect 
of B. brizantha on N2O emissions. The treatments M150 and MB150 
emitted 27.0 and 26.4 mg m-2 of N2O‒N, respectively during the 149 d 
between the maize sowing and harvesting. In this time, M0 and MB0 
emitted 15.8 and 17.6 mg m-2 of N2O‒N, respectively (Fig. 2). During 
the fall-spring, 197 d between the two maize growing cycles, no dif
ference was observed for the treatments, and the mean emission of N2O‒ 
N was 0.06 mg m-2 d-1, which resulted in a cumulative emission of 
approximately 13.0 mg m-2 for all treatments (results not shown). 

In contrast to the first season, in 2017/2018, besides the intercrop
ping effect, some plots (MB0 and MB150) had a mulch of B. brizantha from 
the previous fall-winter period. The cumulative nitrous oxide emission 
was higher in treatments where the B. brizantha mulch was combined 
with N fertilization: MB150 emitted 90.3 mg N2O‒N m-2 during the 
137 d between maize sowing and harvest, which was higher than the 
emission observed in M150 and MH150 (56.0 and 58.2 mg N2O‒N m-2, 
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respectively). The cumulative emission of the unfertilized plots with 
B. brizantha mulch (MB0) was 64.0 mg N‒N2O m-2. These emissions 
were similar to those observed in maize monocrops or maize plus 
B. humidicola fertilized with 150 kg N ha-1 (M150 and MH150), but higher 
than that of other treatments without N: M0 and MH0, which emitted 
23.7 and 24.4 mg N2O‒N m-2, respectively (Fig. 3). 

Considering only the period between maize sowing and fertilization 

(41 DAS), MB0 resulted in an N2O‒N emission of 50.3 mg m-2, ac
counting for 79% of the total emissions in the maize cycle (137 d), 
higher than M0 and MH0 that emitted 12.4 and 11.4 mg m-2 of N2O‒N, 
accounting for 52% and 47% of the N2O emitted, respectively. For the 
period between fertilization and maize harvesting, MB150 resulted in 
higher N2O‒N emissions, up to 46.7 mg m-2, compared to M150 and 
MH150 which emitted 27.4 and 20.2 mg N2O‒N m-2, respectively. The 

Table 2 
Dry mass, C and N content (mean ± standard deviation) of shoots and roots (0–40 cm) of B. brizantha and weeds grown during fall and winter after the first maize 
harvest (2016/17), as affected by a combination of N fertilization and intercrop with B. brizantha.  

Treatment Above-ground Below-ground Above + below-ground  

DM N C DM N C DM N C  
t ha-1 kg ha-1 t ha-1 t ha-1 kg ha-1 t ha-1 t ha-1 kg ha-1 t ha-1 

M0  1.2b ± 0.4  23b ± 9.1  0.35b ± 0.12  0.4b ± 0.15  5b ± 1.2  0.16b ± 0.05 1.6b 27b 0.51b 
M150  1.7b ± 0.6  33b ± 10.3  0.49b ± 0.18  0.6b ± 0.17  7b ± 2.7  0.21b ± 0.05 2.3b 40b 0.70b 
MB0  8.1a ± 1.9  124a ± 23.6  2.56a ± 0.33  3.8a ± 1.55  21a ± 8.1  1.94a ± 0.64 11.9a 146a 4.50a 
MB150  8.1a ± 2.6  110a ± 30.3  2.88a ± 0.65  3.6a ± 1.21  22a ± 7.4  1.41a ± 0.39 11.7a 133a 4.29a 

M0: maize monocrop with no N and only weeds grown after maize; M150: maize monocrop fertilized with 150 kg ha-1 of N and only weeds grown after maize; MB0: 
maize with no N and B. brizantha intercrop growing after maize; MB150: maize fertilized with 150 kg ha-1 of N and B. brizantha intercrop growing after maize. DM: Dry 
mass; N: N content; C: C content. Different letters denote significant differences between treatments in the columns for the LSD test (p ≤ 0.05). 

Table 3 
Maize grain yield, N exported with grain and nitrogen agronomic efficiency (AE) of applied N (mean ± standard deviation) of two harvest seasons (2016/17 and 2017/ 
18) as affected by a combination of N fertilization (0 or 150 kg ha-1) and intercrop with B. brizantha (B) or B. humidicola (H).  

Treatments Grain Yield N exported by grain AE 

2016/17 2017/18 2016/17 2017/18 2016/17 2017/18  
——————— t ha-1 ——————— ——————— kg ha-1 ——————— ———— kg kg-1 —— 

M0  5.1b ± 0.8  4.8cd ± 1.1  54.9b ± 15.6  51.8c ± 14.9  –  – 
MB0  5.6b ± 0.9  5.3c ± 0.5  54.0b ± 3.9  55.9c ± 8.5  –  – 
MH0  –  4.3d ± 0.8  –  45.0c ± 14.5  –  – 
M150  8.7a ± 1.0  10.0b ± 1.6  118.0a ± 25.9  139.9b ± 27.9  23.3a ± 6.6  34.4b ± 10.9 
MB150  9.0a ± 0.9  10.3b ± 1.1  116.6a ± 8.9  141.7b ± 17.3  22.6a ± 5.4  33.2b ± 7.4 
MH150  –  11.5a ± 0.9  –  168.6a ± 18.6  –  48.1a ± 5.8 

M: maize monocrop; MB and MH: maize intercropped with B. brizantha and B. humidicola, respectively; 0 and 150 subscripts indicate the 0 and 150 kg ha-1 of N applied 
to the maize crop. In 2016/17 B. humidicola germination did not germinate during the maize season: MH0 and MH150 plots were similar to the maize monocrop 
treatments. Different letters after means denote significant differences between treatments in the columns for the LSD test (p ≤ 0.1). 

Fig. 2. Cumulative nitrous oxide emission, 
precipitation and mean air temperature during 
maize growth in the 1st harvest season (2016/ 
17), as affected by the combination of N fertil
ization (0 and 150 kg ha-1) and Brachiaria 
intercropping: B. brizantha (B) and B. humidicola 
(H). The arrow indicates when N fertilizer was 
applied to maize. Different letters indicate sta
tistically significant differences among treat
ments (p ≤ 0.05). Legend abbreviations: M, MB, 
and MH denote monocrop maize, maize inter
cropped with B. brizantha, and maize inter
cropped with B. humidicola, respectively; 0 and 
150 denote N rate applied to the maize crop.   
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emissions after fertilization accounted for 52%, 49%, and 35% of the 
total N2O emissions of MB150, M150, and MH150, respectively (Fig. 3). 

The peak of N2O emission was observed in MB150 between 2 and 13 d 
after fertilization (DAF), ranging from 1.15 to 3.65 mg N2O‒N m-2 d-1. 
M150 presented two peaks 8 and 13 DAF when 2.38 and 1.35 mg N2O‒ 
N m-2 d-1 were emitted, respectively (Fig. S1). After N fertilization, 
MH150 presented only one peak at 8 DAF, emitting 1.41 mg N2O‒N m-2 

d-1. However, higher emissions were observed in MH150 before N 
fertilization, following 60 mm rainfall during 3 d after a relatively long 
dry period of 20 d (without precipitation greater than 4 mm). The daily 
N2O emissions ranged from 2.06 to 3.46 mg N2O‒N m-2 day-1 between 
24 and 29 DAS (Fig. S1). For the same period, M150 and MB150 emissions 
ranged from 1.48 to 2.29 mg N2O‒N m-2 d-1. In treatments without N in 
the previous season, emissions ranged from 0.49 to 1.08, 1.38–2.75, and 
0.44–0.84 mg N2O‒N m-2 d-1 for M0, MB0, and MH0, respectively. 

3.4. Carbon dioxide emissions 

When maize was growing in the second season (2017/2018), CO2 
emissions were higher in plots with B. brizantha intercropped with maize 
in the presence of the mulch from the previous cycle (Fig. 5). MB0 and 
MB150 emitted 193.6 and 174.6 g CO2‒C m-2, respectively. In plots 
without B. brizantha (M0, MH0, M150, and MH150), the cumulative 
emissions were 118, 126, 128, and 137 g CO2‒C m-2, respectively 
(Fig. 5). For all treatments, 41 days between sowing and N fertilization 
resulted in 33% and 39% of the CO2 emissions of the entire period. 

3.5. EF and EI of N fertilization 

In the 2016/2017 season, the N2O EF was 0.06% and 0.07% of the 
fertilizer N applied for M150 and MB150, respectively. In the 2017/2018 
season, the EFs were 0.22%, 0.18%, and 0.23% for M150, MB150, and 
MH150, respectively (Table 4). 

Although the N2O emissions in 2016/2017 were higher in the 
fertilized plots than in the unfertilized plots (Fig. 1), no significant dif
ferences were observed between treatments when grain yield was used 
to compute the CO2eq EI. EI ranged from 11.9 to 14.5 kg CO2 eq t-1 of 
grain. In the 2017/2018 season, EI was higher in treatments with 

B. brizantha. The EI values for MB0 and MB150 were 51.1 and 36.6 kg t-1, 
respectively, whereas M0, M150, MH0, and MH150 resulted in EI values of 
21.0, 24.1, 24.9, and 21.1 kg t-1, respectively (Table 4). 

3.6. BNI potential of roots 

The residual effect of the N fertilizer applied to maize did not affect 
the root BNI potential of weeds and brachiaria. The specific BNI po
tential of dry roots for the monocrop maize treatment, where weeds 
grew during the dry season, ranged from 127 to 130 ATU g-1 of dry roots 
(Table 5). The specific BNI potential of roots in monocrop maize was 
higher than that observed in B. brizantha roots (p < 0.05), which ranged 
from 113 to 119 ATU g-1 in the 0–10 cm soil layer (Table 5). However, 
taking into account the root biomass of each treatment and the specific 
BNI potential of the roots in the 0–10 cm soil layer (=total BNI capacity), 
MB0 and MB150 had a higher total BNI potentials of 23,641 and 24,927 
ATU m-2, respectively, compared with 2958 and 3025 ATU m-2 observed 
on M0 and M150 (p < 0.05), respectively (Table 5). 

Fig. 3. Cumulative nitrous oxide emission, 
precipitation and mean air temperature during 
maize growth in the 2nd harvest season (2017/ 
18), as affected by the combination of N fertil
ization (0 and 150 kg ha-1) and Brachiaria 
intercropping: B. brizantha (B) and B. humidicola 
(H). The arrow indicates when N fertilizer was 
applied to maize. Different letters indicate sta
tistically significant differences among treat
ments (p ≤ 0.05). Legend abbreviations: M, MB, 
and MH denote monocrop maize, maize inter
cropped with B. brizantha, and maize inter
cropped with B. humidicola, respectively; 0 and 
150 denote N rate applied to the maize crop.   

Table 4 
Nitrous oxide emission factor (EF) and emission intensity (EI) (mean ± standard 
deviation) of the top-dressed N fertilization during two maize harvest seasons 
(2016/17 and 2017/18), as affected by the combination of N fertilization (0 or 
150 kg ha-1) and intercrop with B. brizantha (B) or B. humidicola (H).  

Treatments EF EI  

2016/17 2017/18 2016/17 2017/18  
————— % ————— — kg CO2 eq. t-1 of grain — 

M0 – –  14.5a ± 2.49  21.0c ± 6.28 
MB0 – –  11.9a ± 1.32  51.1a ± 18.1 
MH0 – –  –  25.0c ± 8.22 
M150 0.06 0.22  13.11a ± 3.38  24.1c ± 13.9 
MB150 0.07 0.18  12.17a ± 2.60  36.6b ± 9.64 
MH150 – 0.23  –  21.0c ± 3. 43 

M: maize monocrop; MB and MH: maize intercropped with B. brizantha and 
B. humidicola, respectively; 0 and 150 subscripts indicate the 0 and 150 kg ha-1 

of N applied to the maize crop. Different letters after means denote significant 
differences between treatments in the columns for the LSD test (p ≤ 0.05). 
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3.7. Soil characteristics 

The only difference observed in soil inorganic N in the 2016/2017 
maize growing season was caused by N fertilization, which was evident 
in soil NH4

+‒N and NO3
- ‒N concentrations, which ranged from 28.0 to 

66.8 mg kg-1 and from 51.1 to 63.8 mg kg-1, respectively, 1 week after 
fertilization. Unfertilized treatments presented soil NH4

+‒N and NO3
- ‒N 

concentrations ranging from 12.2 to 14.2 mg kg-1 and 11.1–17.3 mg kg- 

1, respectively (results not shown). 
In the second season (2017/2018), soil samples taken 12 d after 

sowing (and before N fertilizer application) exhibited higher NH4
+‒N 

(26.5 mg kg-1) in the MB150 treatment than in all other treatments, 
ranging from 6.0 to 11.5 mg kg-1 (Fig. 4). One week after maize fertil
ization with 150 kg N ha-1 as ammonium nitrate, all fertilized plots had 
higher soil NO3

- ‒N than did the unfertilized plots, suggesting the 
occurrence of rapid nitrification. The MH150 and MB150 treatments 
showed higher soil NH4

+‒N than M0, M150, MB0, and MH0 (Fig. 4). 
The water-filled pore spaces (WFPS) were higher in treatments with 

B. brizantha mulch (MB0 and MB150) than in the other treatments during 
periods of lower rainfall (19 and 76 DAS). 

4. Discussion 

4.1. Effects of brachiaria intercropping and mulch on maize yield 

Our data confirmed the findings of other studies that intercropping 
had no negative impacts on maize grain yield when appropriately 
fertilized (Borghi et al., 2014, 2013; Momesso et al., 2019). This was 
further evidence that, if properly managed, the competition of forage 
grass with maize is negligible. In another study, growing B. humidicola 
and Panicum maximum intercropped with maize did not affect the N 
fertilizer utilization by maize because the forage grasses absorbed less 
than 5% of the 15N fertilizer applied (Coser et al., 2016). 

Interestingly, there was no response of the biomass yield of 
B. brizantha growing unshaded after maize to the N fertilizer applied in 
the first maize crop, either because the residual N from fertilizer was 
small or because the grasses were effective in taking up N from the soil N 
pool that had not been affected by maize fertilization. However, the 
forage growing after maize in the plot with no N fertilizer (MB0) or 
fertilized (MB150) accumulated 119 and 93 kg ha-1 more N compared 
with weeds grown on plots with no fertilizer (M0) and fertilized (M150) 
maize, respectively (Table 2), indicating that the mixed maize- 
brachiaria system can improve N cycling. This N would be theoreti
cally available in the system and could be taken up by the subsequent 
maize crop; however, there was no net increase in maize yields or N 
accumulation because of this extra nutrient recycled by B. brizantha 
(Table 3). 

We expected that the N accumulated and recycled by B. brizantha 
would increase the yield and N uptake of maize grown subsequently, but 
this did not happen. Our data suggest that N may have been released 
slowly and not in synchrony with the maize demand and or may have 
been released earlier and part of it was lost. 

Because N is bound to organic compounds in the plant, the residues 
must be mineralized to release the nutrients. It has been shown that 
residues with a high C:N ratio have a low decomposition rate (Boer et al., 
2007). N from legume mulch is more easily released into the soil than 
that of grasses (Ranells and Wagger, 1997) and the release of N from the 
tissues of C4 plants is slower than from C3 plants (Rosolem et al., 2005). 
In our study, most of the brachiaria growth occurred in the spring after 
the rains started and leaves were young when desiccated. Thus, the C:N 
ratios of aboveground parts of B. brizantha were not high (C:N 19–24 for 
MB0 and 21–34 for MB150). However, the plant material remained on the 
soil surface, where mineralization is slow. Therefore, most of the N 
accumulated in the forage residue was probably not released in time for 
maize uptake. 

Confirming the asynchrony between the N release by B. brizantha and 
maize uptake, other authors found that only small amounts of N from the 
brachiaria cover crop are transferred to the next crop. Borghi et al. 
(2014) observed that B. brizantha grown during the fall-winter season 
recovered between 71% and 82% of the 15N applied to the grass. 
However, the N accumulated by the forage was poorly used by maize 
sowed in the following summer over the mulch of B. brizantha; only 
3–5% of the 15N was absorbed by the maize crop (Borghi et al., 2014). 
Similar results were reported by Momesso et al. (2019) and with other 
crops/mulch combinations by Boaretto et al. (2004), Silva et al. (2006a, 
2006b), and Oliveira et al. (2018). Thus, the transfer of the N previously 
taken up by plants used as mulch for the following crop grown under 
no-till has been relatively small. 

The high response of maize to N fertilizer in soil with and without 
mulch, regardless of more than 100 kg N ha-1 in brachiaria residue 
(Tables 2 and 3), suggests that the fertilizer must be supplied every year 
to support high maize yields under no-till when grasses are the cover 
crops, at least for the first few years after the system is established. 
Therefore, our hypothesis that forage grasses grown between maize 
seasons could cycle soil and fertilizer N and make most of it available to 
the following summer crop could not be proven. However, we only 
measured the AE of the cash crop and did not evaluate the effect of 
intercropping at the system level. Functional crop diversity, including 
intercropping and rotation, may lead to higher and more stable yields 
over time (Chimonyo et al., 2019). Although this study did not show 
short-term evidence, the benefits of cycling N and other nutrients and 
supplying organic C to the soil system will probably be noticed in the 
medium to long term (Qin et al., 2015; Crusciol et al., 2015), as most of 
the N from plant residues enriches the soil organic N pool (Fortes et al., 
2013; Smith and Chalk, 2018, Rocha et al., 2019, Oliveira et al., 2019). 

In addition to the lack of synchrony between the N released by 
B. brizantha and maize N uptake, part of the N accumulated in the grass 
may have been released early in the maize cycle. When the cover crop is 
herbicide-desiccated, ammonia volatilization is enhanced, and some N is 
released into the soil. Desiccation is usually conducted 20–30 d before 
sowing cash crops. The N from the cover crop released in the soil upon 
desiccation may not be efficiently taken up by maize because of the low 
demand in the early growth stages (first month) (Bender et al., 2013). 
After the end of the dry season, the temperature and precipitation were 
already high (Figs. 2 and 3) leading to N losses. Pacheco et al. (2013) 
evaluated the amount of N in the shoot residue of B. brizantha after 
desiccation and observed that the N content of B. brizantha residues was 
reduced from 135 kg ha-1 at desiccation to 82 kg ha-1 30 d later. Despite 
the difference of 53 kg N ha-1 in the shoot residue of B. brizantha during 
this period, these authors did not observe higher rice yield than fallows, 
where the amount of N in the desiccated mulch (weeds) decreased by 
only 17 kg ha-1. Castoldi et al. (2014) observed losses of 35% of the N 
from different forage grass species 28 d after desiccation with 

Table 5 
Potential of biological nitrification inhibition of roots collected from the 
0–10 cm soil layer of B. brizantha and weeds growing during fall and winter after 
the first maize harvest (2016/17). Data: mean ± standard deviation. ATU: 
allylthiourea unit.  

Treatments BNI potential of roots  

ATU g-1 ATU m-2 

Weeds (M0) 127a ± 4.3 2957b ± 99 
Weeds (M150) 130a ± 7.8 3025b ± 181 
B. brizantha (MB0) 113b ± 5.7 23,641a ± 1183 
B. brizantha (MB150) 119b ± 7.5 24,929a ± 1569 

M: maize monocrop; MB: maize intercropped with B. brizantha; 0 and 150 
subscripts indicate the 0 and 150 kg ha-1 of N applied to the maize crop. Bra
chiaria was sown with maize, grew slowly due to shading by the maize crop and 
developed in the fall-winter after maize was harvested. Weeds refer to plants 
that grew after the maize harvest in the treatments without brachiaria inter
cropping. Different letters after means denote significant differences between 
treatments in the columns for the LSD test (p ≤ 0.05). 
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glyphosate. Similar losses were found by Damin et al. (2017) in black 
oats after desiccation with different herbicides. Thus, the desiccation of 
cover crops may be responsible for losses of at least part of the poten
tially cycled N through ammonia volatilization and rapid release in the 
soil (Damin et al., 2017, 2010; Pacheco et al., 2017). Denitrification 
losses cannot be ruled out although Oxisols usually have good drainage. 
However, the amount of N that was volatilized or released into the soil 
was probably not sufficient to justify the lack of response of the next 
crop. 

4.2. Effect of brachiaria intercropping on GHG emissions 

The data on N2O emissions also appear to support the hypothesis that 
part of the brachiaria N was released before maize could use it. The large 
amounts of B. brizantha dry matter and the N recycled in the intercrop 
treatments, and the N released by desiccation probably caused increased 
N2O emissions in the early stages of the maize cycle in the second year. 
Our initial hypothesis that maize intercropping with forage grasses 
could reduce N2O emissions could not be proven (Table 4), at least for 
the first two years. During the first maize growing cycle significantly 
higher N2O emissions only occurred when N fertilizer was applied 

Fig. 4. Soil ammonium (a) and nitrate (b) content, WFPS (c) and temperature and precipitation (d) during the maize growth the 2nd harvest season. Legend ab
breviations: M: maize monocrop; MB and MH: maize intercropped with B. brizantha and B. humidicola, respectively; 0 and 150 subscripts indicate the 0 and 
150 kg ha-1 of N applied to the maize crop. Bars over the symbols indicate the standard deviation and the arrow indicates the date of N fertilizer application. 
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(Fig. 2), which was expected because of the higher concentration of 
mineral N, substrate for the processes that generate N2O (Bouwman 
et al., 2002; Lourenço et al., 2018; Soares et al., 2016). N fertilizer 
application also increased N2O emissions in the second growing season 
(2017/2018) (Fig. 3). However, in the second season, the emissions of 
N2O during the first 41 d in the maize cycle, before N fertilization, were 
higher in the plots where B. brizantha had been desiccated (MB0 and 
MB150) than in plots where there was no B. brizantha mulch (M0, MH0, 
M150, and MH150) (Fig. 3). N2O emissions of treatments MB0 and MB150 
which occurred before maize fertilization with 150 kg N ha-1 accounted 
for 79% of the cumulative emission of the entire cycle (Fig. 3). This 
higher N2O emissions appeared to be caused by large amounts of bra
chiaria DM and N (Table 2). Nonetheless, the conservation of soil 
moisture by brachiaria mulch cannot be ruled out as a cause of increased 
N2O emissions. 

The N release upon brachiaria desiccation as a cause of the high N2O 
emissions of treatments MB0 and MB150 is supported by indirect evi
dence. We did not measure the amount of N released from the 8.1 t ha-1 

of forage dry matter when plants were desiccated. However, Castoldi 
et al. (2014) showed that the total N loss from 6.1 t ha-1 of brachiaria 
after desiccation ranged from 10.8 to 28.2 kg ha-1. The higher soil NH4

+‒ 
N content also supported the release of part of the N from B. brizantha 
soon after desiccation in our study in the MB150 plots in a concentration 
equivalent to that observed 1 week after N fertilization (Fig. 4). 

The effect of mulch on N2O emissions may go beyond N released by 
desiccation. Chen et al. (2013) showed in their meta-analysis that the C 
and N input by crop residues might influence N2O emissions because of 
the supply of sufficient N for nitrification and denitrification (Guardia 
et al., 2016). This may explain why the cumulative N2O emissions of 
MB0 (which accumulated 124 kg ha-1 of N in the mulch and 2.56 t ha-1 

of C) were higher than that of the non-fertilized treatments (M0 and 
MH0) and similar to the plots that received mineral N fertilizer. 

In the second season (2017/18), CO2 emissions were higher in 
treatments with B. brizantha mulch (MB0 and MB150) than in other 
treatments, irrespective of N fertilization (Fig. 5). The higher maize yield 
(Table 3) because of N fertilization did not result in higher CO2 emis
sions. Thus, the higher CO2 emissions observed with B. brizantha were 
probably caused by its high C input in the soil, which was partially 
degraded by heterotrophic biota. 

4.3. Fertilizer N2O EF and EI 

The low fertilizer EF values observed in the first season (0.06–0.07% 
of the N applied, Table 4) may be attributed, at least partially, to the low 
soil pH (4.7–5.0) which may have limited nitrification and denitrifica
tion (Bremner and Shaw, 1958, Subbarao et al., 2006b). During the 
second season, the fertilizer EF was also low compared with the 1% 
default value suggested by the IPCC (IPCC, 2007). Another reason for 
the low EF values may be the rapid uptake of the fertilizer N, applied 
when maize was in a stage of active growth. Indeed, the soil of fertilized 
plots showed high inorganic N contents for just two weeks. These results 
agree with those of other studies under similar conditions (Hickman 
et al., 2015; Jankowski et al., 2018; Meurer et al., 2016). 

The annual N2O emission in Brazilian croplands ranges from – 7 to 
426 mg N2O‒N m-2, with an average of 80 mg N2O‒N m-2 (Meurer et al., 
2016). In our study, the accumulated N2O emissions between maize 
cycles (346 d because of early sowing in 2017) varied from 28.8 to 
40.0 mg N2O‒N m-2 and were lower than the average value for Brazilian 
croplands reported by Meurer et al. (2016). 

We also calculated EI, the GHG emissions expressed in relation to 
maize production. In the first maize cycle, N application increased N2O 
emissions (Fig. 2) but did not increase the EI (Table 4) because grain 
yields increased by 67% (Table 3). In the second maize crop, the cu
mulative N2O emissions of the fertilized plots were higher than in the 
first season (Fig. 3), resulting in increased EI (Table 4). Likewise, in the 
first crop, the EI of both the fertilized and unfertilized monocrop maize 
plots were similar because the increased N2O emissions were compen
sated by higher grain yields (Table 3). 

Other potential benefits of grass intercropping remain, such as the 
significant amounts of N cycled and C added to the soil, which may lead 
to improved soil fertility and long-term gains including high grain yields 
(Mateus et al., 2016; Crusciol et al., 2015). 

Moreover, this study highlights that there was no negative effect of 
the intercropping system on maize grain yield, supporting the benefit of 
the interaction of two plant species growing at the same time and space 
(Ehrmann and Ritz, 2013; Rosolem et al., 2017). 

Fig. 5. Cumulative carbon dioxide emission, 
precipitation and mean air temperature during 
maize growth in the 2nd harvest season, as 
affected by the combination of N fertilization (0 
and 150 kg ha-1) and Brachiaria intercropping: 
B. brizantha (B) and B. humidicola (H). The 
arrow indicates when N fertilizer was applied to 
maize. Different letters indicate statistically 
significant differences among treatments 
(p ≤ 0.05). Legend abbreviations: M, MB, and 
MH denote monocrop maize, maize inter
cropped with B. brizantha, and maize inter
cropped with B. humidicola, respectively; 0 and 
150 denote N rate applied to the maize crop.   
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4.4. Potential biological nitrification inhibition 

The presence of B. humidicola intercropped with maize in the second 
season increased maize grain yield by more than 1.2 t ha-1 (p < 0.1) 
compared with that of the other fertilized treatments. The higher yield 
observed when N was applied to maize intercropped with B. humidicola 
may not be caused by the net mineralization of N from the biomass 
mulch because the treatments with B. humidicola had the same straw 
biomass input as monocrop maize. 

There are reports of BNI from several tropical grass species, but 
especially B. humidicola (Subbarao et al., 2009), and evidence that these 
grasses could also decrease soil nitrification and N2O emissions (Byrnes 
et al., 2017; Karwat et al., 2018, 2017; Moreta et al., 2014). The BNI 
potential of weed roots was slightly higher than that of B. brizantha when 
expressed as ATU g-1 roots, but the total BNI potential (ATU m-2) of the 
latter was higher because of the larger biomass yield. Despite the in
dications of high BNI potential of plots with B. brizantha (Table 5), our 
study did not reveal evidence of nitrification suppression of soil mineral 
N and N2O emissions. In agreement, Rocha et al. (2019), in a study 
conducted in the same region as our experiment, reported that different 
tropical grasses, including B. brizantha, failed to significantly decrease 
nitrification in the subsequent maize crop. It appears that the BNI effect 
requires up to 1–2 years after the grass is established (Nuñez et al., 2018, 
Subbarao et al., 2015), a condition that was not observed in our study. 

We have no explanation for the positive effect of B. humidicola 
intercropped with maize. One possibility is that the slight soil distur
bance caused by B. humidicola seeding before the second maize crop may 
have stimulated soil N mineralization. Another possibility is that 
B. humidicola is more active into producing BNI compounds than 
B. brizantha (Subbarao et al., 2008), and therefore may have released 
small amounts of exudate that somehow promoted physiological 
changes in maize, such as root branching or N immobilization by mi
crobes, which could have increased maize yield. However, this hy
pothesis must be tested. 

5. Conclusions 

In this study, no negative effect of no-till intercropping was observed 
on maize grain yield. We observed the high potential of B. brizantha to 
cycle N and input C in the soil, which can result in long-term benefits. 
However, the hypothesis that intercropping results in higher grain yield 
and greater agronomic efficiency of the applied N in short-term for the 
cash crop was denied. B. brizantha intercropping increased N2O emis
sions. The absence of direct benefits of the N recycled by brachiarias to 
maize yields as well as the increase in N2O emissions may be caused by 
the relatively rapid N release of part of the B. brizantha N after desic
cation and the desynchrony between the release of the remaining bra
chiaria N and the maize nutrient demand. 
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Varner, R.K., Keller, M., Robertson, J.R., Dias, J.D., Silva, H., Crill, P.M., McGrody, M., 
Silver, W., 2003. Experimentally induced root mortality increased nitrous oxide 
emission from tropical forest soils. Geophys. Res. Lett. 30, 4–7. https://doi.org/ 
10.1029/2002GL016164. 

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., Shen, Y., 2015. 
Managing nitrogen for sustainable development. Nature 528, 51–59. https://doi. 
org/10.1038/nature15743. 

L.P. Canisares et al.                                                                                                                                                                                                                            

https://doi.org/10.2134/agronj14.0603
https://doi.org/10.1007/s11104-010-0402-6
https://doi.org/10.1007/s11104-010-0402-6
https://doi.org/10.1080/09064710.2016.1245773
https://doi.org/10.1007/s11104-013-1921-8
https://doi.org/10.1007/s11104-013-1921-8
https://doi.org/10.1590/S0103-90162013000500005
https://doi.org/10.1590/S0103-90162013000500005
https://doi.org/10.5194/bg-13-5245-2016
https://doi.org/10.1002/2015JG002913
https://doi.org/10.1128/aem.64.10.3656-3662.1998
https://doi.org/10.1128/aem.64.10.3656-3662.1998
https://doi.org/10.1038/s41598-018-31175-1
https://doi.org/10.1007/s11104-017-3381-z
https://doi.org/10.1007/s11104-017-3381-z
https://doi.org/10.3389/fmicb.2018.02383
https://doi.org/10.3389/fmicb.2018.02383
https://doi.org/10.3389/fmicb.2018.00674
https://doi.org/10.3389/fmicb.2018.00674
https://doi.org/10.1016/j.agee.2018.01.002
https://doi.org/10.2134/agronj2015.0236
https://doi.org/10.1088/1748-9326/11/2/023001
https://doi.org/10.1088/1748-9326/11/2/023001
https://doi.org/10.2134/agronj2018.03.0201
https://doi.org/10.2134/agronj2018.03.0201
https://doi.org/10.17138/TGFT(2)88-91
https://doi.org/10.1038/s41598-019-45485-5
https://doi.org/10.1007/s11104-018-3626-5
https://doi.org/10.1371/journal.pone.0192776
https://doi.org/10.1590/1983-40632019v4955018
https://doi.org/10.1590/1983-40632019v4955018
https://doi.org/10.2134/agronj2016.04.0242
https://doi.org/10.1590/S0100-204X2013000900006
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.1038/srep16210
https://doi.org/10.2136/sssaj1997.03615995006100030033x
https://doi.org/10.2136/sssaj1997.03615995006100030033x
https://doi.org/10.1016/j.fcr.2019.04.018
https://doi.org/10.1081/CSS-200049458
https://doi.org/10.1016/bs.agron.2017.07.002
https://doi.org/10.1016/bs.agron.2017.07.002
https://doi.org/10.5194/bg-11-2709-2014
https://doi.org/10.5194/bg-11-2709-2014
https://doi.org/10.1590/S0100-204X2006000300015
https://doi.org/10.1590/S0100-204X2006000300015
https://doi.org/10.1590/S0100-06832006000600006
https://doi.org/10.1590/S0100-06832006000600006
https://doi.org/10.1016/j.fcr.2017.12.006
https://doi.org/10.1038/srep30349
https://doi.org/10.1007/s11104-006-9094-3
https://doi.org/10.1007/s11104-006-9094-3
https://doi.org/10.1080/07352680600794232
https://doi.org/10.1007/s11104-008-9682-5
https://doi.org/10.1073/pnas.0903694106
https://doi.org/10.1016/B978-0-12-394275-3.00001-8
https://doi.org/10.1016/B978-0-12-394275-3.00001-8
https://doi.org/10.1016/j.plantsci.2015.01.012
http://refhub.elsevier.com/S0167-8809(21)00195-X/sbref59
http://refhub.elsevier.com/S0167-8809(21)00195-X/sbref59
http://refhub.elsevier.com/S0167-8809(21)00195-X/sbref60
http://refhub.elsevier.com/S0167-8809(21)00195-X/sbref60
https://doi.org/10.1029/2002GL016164
https://doi.org/10.1029/2002GL016164
https://doi.org/10.1038/nature15743
https://doi.org/10.1038/nature15743

	Maize-Brachiaria intercropping: A strategy to supply recycled N to maize and reduce soil N2O emissions?
	1 Introduction
	2 Material and methods
	2.1 Nitrous oxide and carbon dioxide emission
	2.2 Soil analyses
	2.3 Maize grain yield and agronomic efficiency (AE) of applied N
	2.4 Brachiaria and fallow biomass production
	2.5 BNI potential
	2.6 Statistical analyses

	3 Results
	3.1 C and N cycling by B. brizantha mulch
	3.2 Maize grain yield, N export and agronomic efficiency (AE) of applied N
	3.3 Nitrous oxide emissions
	3.4 Carbon dioxide emissions
	3.5 EF and EI of N fertilization
	3.6 BNI potential of roots
	3.7 Soil characteristics

	4 Discussion
	4.1 Effects of brachiaria intercropping and mulch on maize yield
	4.2 Effect of brachiaria intercropping on GHG emissions
	4.3 Fertilizer N2O EF and EI
	4.4 Potential biological nitrification inhibition

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


