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Characterization of cover crops by NMR spectroscopy: impacts on soil
carbon, nitrogen and phosphorus under tillage regimest

Caracterizacéo de plantas de cobertura por RMN: impactos nos teores de carbono,
nitrogénio e fosforo sob sistemas de manejo

Arminda Moreira de Carvalho?, Robélio Leandro Marchao®*, Mercedes Maria da Cunha Bustamante?, Flavia
Aparecida de Alcantara* e Thais Rodrigues Coser?

ABSTRACT - The objective of this study was to investigate the chemical composition of cover crops by solid-state
CPMAS BC NMR spectroscopy and its effects on carbon, nitrogen and phosphorus in a Typic Acrustox. Cover crops
(Crotalaria juncea, Canavalia brasiliensis, Cajanus cajan, Mucuna pruriens and Raphanus sativus) and natural fallow
were studied in rotation with maize under conventional and no-tillage regimes. Tissues of Crotalaria juncea, Canavalia brasiliensis,
Mucuna pruriens and Raphanus sativus were analyzed using CPMAS C NMR spectroscopy. Soil samples were collected at the end
of the growing season of the cover crops (September 2002) and during the grain filling period in corn from 0-5 and 5-10 cm layers.
Cajanus cajan presented the lowest content of polysaccharides and along with Mucuna pruriens presented the highest percentage
of aromatic carbon compounds, reflecting the slow decomposition of highly lignified material. Carbon stocks were higher in the
superficial soil layer and under no-tillage due to the accumulation and slower decomposition of plant tissues under these conditions.
Increases in the C/N ratio of the soil with Mucuna pruriens and the C/P ratio with Cajanus cajan in the dry season were also related
to slower rates of decomposition, caused by the large concentration of aromatic compounds in the tissues of these species. The higher
C/P ratios found at 0-5 cm layer are due to higher values of P (Mehlich-1) at 5-10 cm (25 mg kg?) layer and the higher concentration
of carbon in the superficial soil layer as a result of the accumulation of plant residues.

Key words: Brazilian Savanna. Solid-state CPMAS *C NMR spectroscopy. Organic matter. Ecological Intensification.

RESUMO - O objetivo deste trabalho foi avaliar os efeitos da composi¢do quimica de plantas de cobertura por RMN de *3C
CPMAS no estado sdlido sobre os estoques de C e N, bem como, razdes C/N e C/P em Latossolo Vermelho-Amarelo sob
preparo convencional e sistema plantio direto. Amostras de tecidos das plantas de cobertura Crotalaria juncea, Canavalia
brasiliensis, Mucuna pruriens, e Raphanus sativus foram analisadas por RMN de *C CPMAS no estado sélido. Amostras de
solo para caracterizagdo dos teores de C, N e P foram coletadas em duas épocas e nas camadas de 0-5 e 5-10 cm. A espécie
Mucuna pruriens apresentou maiores concentra¢des de carbono do grupo de compostos aromaticos no tecido vegetal, refletindo
uma menor decomposicao desse material lignificado. Os estoques de carbono foram mais elevados na camada superficial no
sistema plantio direto. Os incrementos da razdo C/N no solo cultivado com Mucuna pruriens, na estagdo seca, resultaram da
decomposi¢do mais lenta dos residuos vegetais que apresentaram maior concentragdo de compostos recalcitrantes (arométicos)
no tecido vegetal. A decomposicdo mais lenta do residuo de Mucuna pruriens, principalmente, pela composi¢do quimica com
menor proporcao de polissacarideos em relacdo aos compostos aromaticos, também pode ter resultado nos valores de C/P mais
elevados encontrados no solo cultivado com essa leguminosa. Os maiores valores de C/P na camada de 0-5 cm devem-se aos
maiores teores de P (Mehlich-1) na camada de 5-10 cm (25 mg kg™) e também a maior concentragdo de C na superficie do solo
pelo acimulo dos residuos vegetais.

Palavras-chave: Cerrado. Ressonancia magnética nuclear de **C no estado sélido. matéria orgénica. intensificacdo ecoldgica.
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INTRODUCTION

The quantity and chemical composition of plant
tissues affect the decomposition process and subsequently
the formation of organic matter in terrestrial ecosystems
(CLEMENTE et al., 2013; DING et al., 2006). The
susceptibility of plant tissues to decomposition is associated
with their chemical composition, principally lignin and
polyphenol levels. Plant tissues with low levels of nitrogen
and phosphorus and high levels of lignin and polyphenols
present low rates of decomposition and slow release of
nutrients (CARVALHO et al., 2012; TALBOT et al., 2012).

The decomposition of plants involves initial loss of
carbohydrates (cellulose and hemicellulose) and then the
slow transformation of aromatic structures in the lignin
molecules, followed by highly recalcitrant carbon (alkyls)
(KOGEL-KNABNER, 2000). Through studies employing
solid-state nuclear magnetic resonance (NMR) the main
differences in the chemical composition of plant tissues are
associated with differences in signal intensities of the alkyl-
C and O-alkyl regions; alkyl-C is mainly associated with
aliphatic carbons such as lipid waxes, cutins and microbial
products and O-alkyl characteristics of O-substituted alkyl
carbon in carbohydrates, but also includes methoxyl carbon
and N-substituted alkyl carbon in protein (ALCANTARA et
al., 2004; CLEMENTE et al., 2013). The relative amount of
alkyl-C increases during the decomposition process, mainly
in the initial phase, while the amount of O-alkyl decreases
(BAUMANN et al., 2009). Therefore, considering the
influence of carbon compounds on the decomposition
process, Baldock et al. (1992) suggested that the ratio
between alkyls-C and O-alkyls could be used as an index
of decomposition dynamics. In addition, other attributes
of organic groups can be used, such as the aromaticity and
the hydrophobicity ratio (HATCHER et al., 1981). These
ratios have been applied also in studies employing NMR of
13C with cross-polarization (CP) and magic angle spinning
(MAS) (CPMAS-C-NMR) to complement information on
chemical composition of plant tissues and its effect on soil
organic matter (ALCANTARA et al., 2004).

These characteristics that influence plant residue
decomposition can also alter the dynamics of carbon,
nitrogen and phosphorus in the soil (CHIVENGE et al.,
2011). Soil management systems such as the use of no-
tillage techniques and rotation with cover crops have
also an effect on the accumulation of C, N and P in the
soil (DIECKOW et al., 2005a; GRANDY et al., 2008;
METAY et al., 2007; SAetal., 2014; TIVET et al., 2013).
Considering 31,5 million hectares under no-tillage in
Brazil in 2012 (FEBRAPDP, 2012) and that an increase of 8
million hectares by 2020 has been planned by the Brazilian
government as one of the main approaches for greenhouse
gas mitigation (BRASIL, 2012), more information is

needed on the chemical composition of decomposing plant
residues and their influence on the stocks of carbon and
other nutrients. Moreover, one of the basic requirements
for the implementation and maintenance of no-tillage
in Brazil is the adequate production of plant residues in
order to keep the soil surface continuously covered and
to recycle nutrients and gradually make them available to
successive crops (CRUSCIOL et al., 2013).

The objective of this study was to evaluate the
impact of the chemical composition of decomposing plant
tissues on the stocks of C and N and C/N and C/P ratios in
an Typic Acrustox under conventional and no-tillage.

MATERIAL AND METHODS

Characterization of the experimental area

A cultivation system involving succession of
maize and cover crops was maintained continuously
over six years at Planaltina, Federal District, on a Typic
Acrustox in a Tropical Savanna climate (Aw). Texture
and chemical characterization of the soil are presented
in Table 1. Data on rainfall and average temperatures for
the 2002/2003 crop season (Figure 1) were collected at
the EMBRAPA Cerrados weather station.

Mineral fertilization was carried out at the start of
the experiment in January 1997 using 180 kg ha* P,O,
in the form of simple superphosphate, 60 kg ha' K,O
in as potassium chloride and 50 kg ha! of FTE BR-10
as a source of micronutrients. In addition, 500 kg ha*
of gypsum (CaSO,) was applied to the area. Maize was
cultivated under no-tillage and conventional system (with
incorporation of plant residues employing disc plough
and harrow). Fertilizers were incorporated with the plant
residues before maize sowing using a disk harrow in
subplots under tillage or applied on the soil surface under
no-tillage. The cover crops were sown at the end of the rainy
season following a maize crop in both conventional tillage
and no-tillage sub-plots. Cover crops included: Crotalaria
juncea L., Canavalia brasiliensis Mart. ex Benth, Cajanus
cajan L. Millsp. cv. Kaki, Mucuna pruriens (L.) DC and
Raphanus sativus L. The reference treatment involved the
absence of cover crops (spontaneous vegetation during off
season).

The experimental design was randomized
complete block with experimental units repeated three
times. Cover crops were sown into experimental units
(12 x 30 m) and the management of the plant residues
(incorporated or not incorporated into the soil)
represented the subunits (12 x 15 m). Cover crops were
sown directly onto the crop residues of the maize.
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Table 1 - Soil physical and chemical characteristics (mean for n
Planaltina, Federal District, Brazil

= 20 samples) for the 0-20 cm depth of a Typic Acrustox in

Soil properties 96/97

Clay (g kg?) 513
Silt (g kgt) 186
Sand (g kg?) 301
pH (H,0) 6.2
Organic matter (g kgt) 23.6
Exchangeable aluminium (cmol_kg™) 0.01
Potential acidity (H + Al): (cmol_kg*) 3.34
Exchangeable cations/S-Value: Ca** + Mg* + K* (cmol_kg™) 3.4
Cation exchange capacity: S-Value + (H + Al) (cmolc kg?) 6.8
Base saturation/V-value (%) 50
P, (Mg kgt 3.4

Figure 1 - Distribution of rains and average temperatures during the 2002/2003 crop season, Planaltina, Federal District

(EMBRAPA Cerrados weather station)
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In 2002, before the maize was planted, 1,440 g
ai ha' of glyphosate (glyphosate isopropylamine salt)
was applied to the subplots under no-tillage to desiccate
weeds and reduce cover crops regrowth. The maize was
sown in 7"" November 2002, with 0.90 m row spacing and
a stand of 55,000 plants ha. The plots were fertilized
with 20 kg ha* N, 150 kg ha* P,O, and 80 kg ha* K,O,
as well as 50 kg ha' N applied as top dressing with
the opening of the sixth leaf pair. The N treatment was
repeated when the plant presented the eighth leaf pair
and with the appearance of female inflorescence, giving
a total of 150 kg ha* of N applied as top dressing.

970

Characterization of the chemical composition of the
plant tissues

The sampling of aboveground biomass and the
analysis of chemical composition for the cover crops were
carried out with the plants being cut close to soil surface
(two repetitions of 1 m? per subplot) during the period
between the beginnings of flowering and when 50% of
plants had flowered. To obtain the weight of the dry matter,
the material was maintained in an air circulating oven at
65 °C until it reached constant weight and a small part was
ground and analyzed for chemical composition.
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Plant tissues samples of Crotalaria juncea,
Canavalia brasiliensis, Cajanus cajan, Mucuna
pruriens e Raphanus sativus were analyzed using
CPMAS C-NMR. Integration of the spectra (ppm)
corresponded to the following organic groups: alkyls
(0-45 ppm), O-alkyls (45-110 ppm), aromatic carbon
compounds (110-160 ppm) and carbonyls/acyls (160-
230 ppm).

Soil samples and analysis

In September 2002 (dry season), soil samples
from the 0 to 5 cm soil layers were collected from
eight 45 x 3 x 5 cm trenches per subplot. Soil samples
from the 5 to 10 cm soil layers were taken from the
bottom of the trenches (three cores per trench) with
the use of a Dutch auger and combined to form a plot
composite sample. Additional soil samples were also
taken during the grain filling period in corn (rainy
season), in February 2003 perpendicularly from the
maize sowing line, which was centralized in a 90 x 3
x 5 cm trench. Finally, all samples were air-dried, then
manually crushed to pass through a 2 mm sieve.

To determine bulk density, four undisturbed
samples were collected from depths of 0-5 cm and 5-
10 cm from each subplot using 100 cm®cylinders. Total
organic carbon was obtained using the wet oxidation
method (WALKLEY; BLACK, 1934). Total nitrogen
was determined via sulphuric digestion using the
Kjeldahl steam distillation technique, while available
phosphorus was determined using the Mehlich-1
method (hydrochloric acid - HCI 0.05 N and sulphuric
acid - H,SO, 0.025 N) (EMBRAPA, 1997). The C/N
and C/P ratios were then calculated. Calculations of
C and N stocks were carried out by multiplying the
carbon and nitrogen contents by the soil density in
each soil layer (0-5 cm and 5-10 cm).

Statistical analysis

An analysis of variance was applied considering
repeated data over the time and space. The cover crops
representing the main factor (plot), the tillage system
representing secondary factor (subplot), the space
(subsubplot) is represented by different depth (0-5 and
5-10 cm layer), the time (subsubsubplot) is represented
by the different season (rain season and dry season).
Thus the analysis of variance with repeated-measures
(ANOVA) was applied to evaluate the effects of
the four factors and all interactions between these
factors, based on the split-plot design with repeated-
measurements. These analyses were performed using
the SAS PROC MIXED procedure (SAS Institute,
2000). Mean comparisons were made using the Tukey
test at 5% significance level.

RESULTS AND DISCUSSION

Relatively lower rates of aromatic compounds or
morestable alkylsfoundin Crotalaria juncea, Canavalia
brasiliensis and Raphanus sativa (Table 2) may have
contributed to the faster rate of decomposition of their
planttissues (CARVALHO etal., 2008; 2012; TALBOT
et al., 2012). These species presented decomposition
rates of around 90% at the end of an evaluation period
of 90 days, mainly under management involving
incorporation of its tissues in the Cerrado region
(CARVALHO et al., 2008). Cajanus cajan stood out as
its less stable compounds (polysaccharides) are present
to a lower degree than the lignified material containing
aromatic groups and recalcitrant carbon compounds
from the alkyl region (Table 2). Mucuna pruriens
has also shown high levels of aromatic compounds
and together with Cajanus cajan have slower rate of
decomposition in no-tillage and conventional systems
(CARVALHO et al., 2008).

Results from Crusciol et al. (2013) and Balota;
Chaves (2011) show that the C/N ratio of Mucuna
pruriens (16.4) is lower than that from Cajanus cajan
(32). However, the chemical composition of these
leguminous crops is similar, particularly in the aromatic
carbon compound region, confirming the relationship
between the composition of carbon compounds and
the decomposition of plant material (RANDAL et al.,
1997). Studies such as those from Carvalho et al. (2012)
demonstrate that the C/N ratio alone does not give an
accurate representation of the decomposition process
of organic material, while chemical composition
semi-quantified by CPMAS *C-NMR determines the
relative contribution of the main carbon groups present
in the plant material, or in other words the quality of
the carbon.

Carbon stocks in the soil were different between
management systems (conventional and no-tillage)
(Table 3). No-tillage has shown to increase carbon stocks
during the rainy season in the surface layer (0-5 cm)
possibly due to the aboveground plant biomass returned
to the soil surface and its slower decomposition of plant
residues in the soil under this condition (MARTINS et
al., 2012). Metay et al. (2007) under Oxisol observed
a tendency of soil C stocks to increase under no-tillage
compared to conventional system in the 0-10 cm soil
layer. Although, variations in the content of organic
groups were observed within cover crops, suggesting
that the composition of plant residues present a weak
effect on soil carbon stocks. Dieckow et al. (2005a)
studying the effect of cropping systems observed that
the composition of organic matter in the soil (in terms
of O-alkyl, alkyls, aromatic and carbonyl C) was not
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Table 2 - Relative percentage of organic groups in cover crops through CPMAS BC-NMR determination

Percentage in relation to organic groups

Cover crop Carbonyl/acyl Aromatic O-alkyl Alkyl
Crotalaria juncea 7.5 () 9.9 (ab) 69.2 (a) 13.4 (c)
Canavalia brasiliensis 11.0 (a) 7.5 (bc) 65.5 (a) 16.0 (bc)
Cajanus cajan 11.4 (a) 11.7 (a) 56.4 (b) 20.5 (a)
Mucuna pruriens 6.7 (a) 12.1(a) 67.5 (a) 13.7 (c)
Raphanus sativus 10.5 (a) 5.7 (c) 65.9 (a) 17.9 (ab
CV% 36.5 211 7.8 18.2

Averages followed by different lower-case letters along each column differed according to the Tukey test at 5% probability level

Table 3 - Carbon stocks in the soil with cover crops under conventional and no-tillage regimes during the dry and rainy seasons,
considering depths of 0-5 and 5-10 cm during the 2002/2003 crop season, Planaltina, Federal District

Carbon stocks (Mg ha')

Cover crop 0-5cm 5-10cm

Dry Rainy Dry Rainy
Crotalaria juncea 7.2 (@)B 8.7 (@A 7.0 (@A 7.5 (@A
Canavalia brasiliensis 7.5 (@A 7.9 (@A 7.3 (@A 7.8 (@A
Cajanus cajan 7.4 (@A 8.4 (@)A 6.8 (@)A 7.8 (@A
Mucuna pruriens 8.1 (@A 8.5 (@A 7.0 (@)B 7.7 (@A
Raphanus sativus 8.0 (@A 7.9 (@A 6.8 (a)B 8.2 (@)A
Spontaneous vegetation 7.4 (@A 8.4 (@)A 6.7 (@)A 7.3 (@A
Management system
Conventional tillage 7.4 () 7.8 (b) 7.2 (a) 7.9 (@)
No-tillage 7.7 (@) 8.9 (a) 6.6 (b) 7.5 ()
CV % 7.8

Averages followed by different lower-case letters along each column and upper-case letters in each row differed according to the Tukey test at 5%

probability level

affected by different crops grown. However, both land
use and the use of cover crops (Panicum maximum,
pigeon pea, oat, sunflower) affected the composition
and quantity of the particulate fraction of organic
matter (COSER et al., 2012; DIECKOW et al., 2005g;
MARTINS et al., 2012). The particulate fraction of the
organic matter represents only between 5 and 22% of
the total carbon in the soil (DIECKOW et al., 2005b)
and together with plant litter serve as primary sources
of soil microbial carbon (GRANDY et al., 2008).

Nitrogen stocks in the soil did not differ between
cover crops and the management systems (Table 4).
Increases in the C/N ratio were observed under Mucuna
pruriens during the dry season and at 0-5 cm layer of
soil (Table 5) owing to the higher concentration of
recalcitrant aromatic compounds in the plant tissue

of this specie. Although Cajanus cajan has high
concentration of more stable compounds (aromatic
compounds and alkyls) it did not promote a higher
C/N ratio in the soil, possibly due to its lower production of
biomass (CARVALHO et al., 2008; CRUSCIOL et al., 2013)
and maize straw in the plots with this cover crop.

The C/P ratio (Table 6) in the plot with Cajanus
cajan during the dry season resulted in the slower
decomposition of plant residues owing to the higher
concentration of recalcitrant aromatic compounds in the
plant tissue of this specie. The values of the C/N and C/
P ratios in plants expresses its durability as cover crops
in the no-tillage (CRUSCIOL et al., 2013; SORATTO et
al., 2012). The slower decomposition of Cajanus cajan
and Mucuna pruriens residues, mainly due to lower levels
of polysaccharides compared to more stable aromatic
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Table 4 - Nitrogen stocks in the soil under conventional and no-tillage regimes at depths of 0-5 and 5-10 cm, considering the
dry and rainy seasons during the 2002/2003 crop season, Planaltina, Federal District

Management system

Nitrogen stocks (Mg ha?)

0-5cm 5-10cm Dry Rainy
Conventional 0.8 0.8 0.8 0.8
No-tillage 0.9 0.7 0.8 0.9
CV% 194

Table 5 - C/N ratio of the soil with cover crops at depths of 0 - 5 and 5 - 10 cm, considering the dry and rainy seasons during
the 2002/2003 crop season, Planaltina, Federal District

C/N ratio

Cover crop Dry Rainy

0-5cm 5-10 cm 0-5cm 5-10 cm
Crotalaria juncea 9.5 (b)A 10.0 (@)A 10.4 (@)A 9.8 (@)A
Canavalia brasiliensis 9.1 (A 10.5 (@)A 10.1 (@A 9.9 (@A
Cajanus cajan 9.9 (h)A 9.5 (@A 10.9 (@)A 9.8 (@)A
Mucuna pruriens 18.0 (@)A 9.9 (a)B 11.0 (a)A 9.4 (@)A
Raphanus sativus 10.3 (b)A 9.5 (@A 9.8 (@)A 10.4 (@)A
Spontaneous vegetation 9.4 (h)A 10.0 (@)A 10.2 (@)A 8.6 (@)A
CV (%) 26.1

Averages followed by different lower-case letters along each column and upper-case letters in each row per season differed according to the

Tukey test at 5% probability level

Table 6 - C/P

considering the dry and rainy seasons during the 2002/2003 crop season, Planaltina, Federal District

wenicn.s Fatio of the soil with cover crops under conventional and no-tillage regimes at depths of 0-5 and 5-10 cm,

C/ Py, ratio

Cover crop Dry Rainy

0-5cm 5-10 cm 0-5cm 5-10 cm
Crotalaria juncea 1197 (bc)A 1953 (ab)A 2882 (a)A 505 (a)B
Canavalia brasiliensis 1723 (abc)A 1291 (b)A 1714 (c)A 761 (a)B
Cajanus cajan 2146 (a)A 1879 (ab)A 2341 (ab)A 574 (a)B
Mucuna pruriens 2022 (ab)A 1478 (b)A 2666 (ab)A 650 (a)B
Raphanus sativus 1540 (abc)A 1429 (b)A 2051 (bc)A 947 (a)B
Spontaneous vegetation 1103 (c)A 1190 (bc)A 1997 (bc)A 474 (a)B

Dry Rainy

Management system

0-5cm 5-10 cm 0-5cm 5-10 cm
Conventional tillage 1662 (a)A 1891 (a)A 2173 (a)A 741 (a)B
No-tillage 1593 (a)A 1424 (a)A 2437 (a)A 505 (a)B
CV (%) 51.2

Averages followed by different lower-case letters along each column and upper-case letters in each row per season differed according to the Tukey

test at 5% probability level
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compounds (lignified material) (CARVALHO et al., 2012;
TALBOT et al., 2012), could have caused the higher C/P
ratios found for this species at depths of 0-5 cm during
the dry season. Higher C/P ratios in the 0-5 cm soil layer
compared to the 5-10 cm layer were caused by lower levels
of available P at 0-5 cm compared to at 5-10 cm layer, and
by much higher concentration of carbon at the soil surface
caused by the accumulation of plant residues, principally
maize straw (CARVALHO et al., 2014).

Lower yields of maize (CARVALHO et al.,
2008) were obtained for the crop season studied
in areas with Cajanus cajan and Mucuna pruriens,
which could be related to the slower decomposition
of these cover crops residues. Crusciol et al. (2013)
comparing Cajanus cajan and pearl millet observed
that the last is more indicated for no-tillage in regions
with dry winters specially because of its higher
macronutrient cycling. However, Cajanus cajan and
Mucuna pruriens are recommended for crop coverage
under no-tillage.

Positive results related to fertility parameters
has been obtained with the incorporation of plant
residues in the soil, which are attributed to faster rates
of decomposition and thus faster release of nutrients
(ALCANTARA et al., 2000) as a result of the original
limited levels of nitrogen and phosphorus in the soil
found in the Brazilian Savanna.

CONCLUSIONS

1. Cajanus cajan and Mucuna pruriens plant tissues
present higher concentration of aromatic compounds and
consequently a slower rate of decomposition compared
to Crotalaria juncea, Raphanus sativa and Canavalia
brasiliensis, which have lower relative rates of aromatic
carbon compounds and alkyls;

2. Carbon and nitrogen stocks vary between soil
management (conventional and no-tillage regimes);

3. Soil under Mucuna pruriens present higher C/N ratio
compared to other cover crops in the 0-5 cm soil layer
during the dry season;

4. Soil under Cajanus cajan tend to have higher C/P ratio
in the 0-5 cm soail layer during.
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