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ABSTRACT: One of the pillars of a no-tillage system is the addition of adequate amounts
of residue to keep the soil continuously covered. Cover crops are a tool for supplying
the demand for the permanence of residues on the soil surface and releasing nutrients
to the soil. However, there is no index that relates these two factors and can reconcile
the maximum permanence of crop residues in the soil with the maximum N supply via N
mineralization of such residues. This study aimed to assess the effect of different cover
crops on the decomposition rate of residues and N release, using the residual biomass
quality index (RBQI) to evaluate cover crop systems. The study was conducted in a
long-term experiment in a Latossolo Vermelho (Ferralsol, Oxisol) under no-tillage in the
two agricultural years 2017/18 and 2018/19. The experiment was in a split-plot factorial
scheme with eight winter cover crops and three N rates in randomized blocks with three
replications. The cover crop systems were black oat (O), common vetch (V), forage radish
(R), white lupine, rye, annual ryegrass, oat + vetch (O+V), and oat + vetch + radish
(O+V+R). The N rates applied to the corn in succession were 0, 90, and 180 kg ha™.
The decomposition rate, remaining dry mass (RDM) on the soil surface, N release rate,
and N accumulated release (NAR) were assessed using litterbags. Considering NAR
and RDM evaluated for up to 105 days, the N release index (NRI) and remaining dry
mass index (RDMI) were determined, and the residual biomass quality index (RBQI) was
obtained using the product of these variables. The consortia O+V+R and O+V resulted
in a decomposition rate and N release rate closer to the rates observed for oats and rye.
The NAR was similar to that observed for Fabaceae species, and the RDM was similar
or superior to that found for black oat. With these characteristics, the systems in the
O+V+R and O+V consortia presented the highest values of RBQI, ranging from 0.61 to
0.90, indicating that RBQI is a potential indicator for choosing cover crop systems that
promote greater sustainability of the no-tillage system. The use of N fertilizer in corn did
not change the rates of decomposition and N release from the residues of cover crops.
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INTRODUCTION

The use of soil cover crops has great potential for increasing the sustainability of production
systems (Rigon et al., 2020). This potential varies according to the species included in
the production system and as a function of dry mass (DM) addition, nutrient cycling,
decomposition, and release of nutrients, mainly nitrogen (N), as well their effects on
soil’s physical, chemical, and biological properties.

Decomposition process and nutrient release of cover crops are dynamic, mediated by the
action of microorganisms, and associated with the quality of the vegetable material, such
as the contents of N, cellulose, and hemicellulose, as well as lignin/N and C/N ratio (Tian
et al., 1995; Kumar and Goh, 2003; Weiler et al., 2022). When associated with climatic
conditions, they control the decomposition rate of cover crops in the field (Acosta et al.,
2014; Thapa et al., 2022). Another factor that might differentiate the decomposition rate
for the same species in different years is the amount of dry matter in the labile pool
(Doneda et al., 2012), which presents greater ease of decomposition and might vary
depending on the plant growth phase (flowering or maturation) that is managed (Carvalho
et al., 2015). Besides that, N fertilization in the subsequent commercial crop is also an
important factor, in which the method of fertilizer application (surface, incorporated or
subsurface) and the timing of application can also modify the decomposition rates and
nutrients release (Costa et al., 2016), as well as the amounts of soil N, which can alter
the chemical composition of the tissues.

Residue decomposition of different species, such as those from Fabaceae or Poaceae may
have different effects on soil protection and commercial crop yield, which may negatively
or positively affect the cultivation system (Aita et al., 2014). When cover crops with a
high C/N ratio are used, decomposition occurs more slowly and normally with microbial
N immobilization. On the other hand, the use of winter cover crops with a low C/N ratio,
such as Fabaceae or Brassicaceae species, causes rapid N release and decomposition of
residues, leaving the soil exposed at the beginning of summer cultivation (Ziech et al.,
2015). Hence, it is important to properly choose the type of cover crop that will precede
commercial crops to obtain a balance in providing these essential ecosystem services
for the sustainability of the production system.

Provision of ecosystem services for soil protection through the permanence of cover crops
residues on the soil surface and N release for commercial crops can be obtained with a
mixture of different cover crop species in different edaphoclimatic conditions (Aita and
Giacomini, 2003; Aita et al,. 2004; Lawson et al., 2013; Brust et al., 2014; Baraibar et al.,
2017; Wendling et al., 2017; Drost et al., 2020; Lacey et al., 2020; Reiss and Drinkwater,
2020), taking advantage of the interspecific synergies between species. However, there
are no indices that assess the supply balance of these ecosystem benefits, and there
are only indices that correlate the chemical characteristics of the cover crops with the
rate of N release (Tian et al., 1995; Kumar and Goh, 2003), where the authors integrate
the effects of the C/N ratio, lignin, and polyphenols to create a residual biomass quality
index (PQRI) and predict N release.

In a conceptual model, the higher the residual biomass quality index (RBQI), better the
balance of the cover crop system regarding N release and the permanence of residues
on the soil. The ideal system would have maximum N release and maximum remaining
dry matter. In this way, using the RBQI to assess the supply balance of such ecosystem
benefits will amplify these benefits in the production system.

The RBQI also contributes to the production systems being able to raise their quality,
through the no-tillage participatory quality index (PQI), which has been used in Brazil
to assess the level of adoption of conservation practices by farmers and to qualify the
production system according to the regional reality (Nunes et al., 2020; Telles et al.,
2020; Possamai et al., 2022). The persistence of straw in the soil is one of the index’s
indicators that have the highest correlation with the PQl.
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We propose the RBQI to classify cover crop systems in terms of balance between N
release and the permanence of residues on the soil surface. Our hypothesis is that the
use of cover crops in consortia results in higher RBQI value than single crops, increasing
with species diversity. This study aimed to assess the effect of different cover crops on
the decomposition rate of residues and N release, using the RBQI to evaluate cover crop
systems.

MATERIALS AND METHODS

Experimental site and design

The study was conducted in a long-term experiment located at the experimental station
of the Federal Technological University of Parand, Dois Vizinhos, Parana State, Brazil
(25° 42" 52” S and 53° 03’ 94" W, 530 m altitude). The regional climate is humid
subtropical (Cfa, Koppen'’s classification system) with an annual precipitation of 2010
mm (Vieira et al., 2018). The local soil is Latossolo Vermelho (Santos et al., 2018),
equivalent to Ferralsol (IUSS Working Group WRB, 2015), and Oxisol (Soil Survey Staff,
1999), with clay texture (773 g kg* clay, 224 g kg silt, and 3 g kg sand). The initial soil
chemical properties in the 0.00-0.20 m soil layer were: pH (CaCl,) = 5.3; pH SMP index
= 6.4; organic matter = 40.8 g kg*; P (Mehlich 1) = 4.3 mg dm?; K* = 0.2 cmol_dm?;
Ca?* = 6.0 cmol_ dm=3; Mg?* = 2.8 cmol_dm?3; H+Al = 3.8 cmol_dm?3; Sum of
bases = 9.0 cmol_dm?; cation exchange capacity (CEC) = 12.8 cmol_dm?; and base
saturation = 70 %.

The experiment was initiated in 2010 and has been cultivated in no-tillage with a succession
of winter cover crops and corn (Zea mays L.), with the application of two rates of mineral
N (0 and 180 kg ha) on corn. However, in the two agricultural years evaluated, 2017/18
and 2018/19 (May to February), an intermediate rate was also applied, 90 kg ha! N.
Therefore, the experiment was in a split-plot factorial scheme with eight winter cover
crops and three N rates, in randomized blocks with three replications.

The treatments in the main plots included eight winter cover crop systems: black oats
(O) (Avena strigosa Schreb.) sowing at a density of 90 kg hat, common vetch (V) (Vicia
sativa L.) at 40 kg ha?, forage radish (R) (Raphanus sativus L.) at 15 kg ha?, white
lupine (Lupinus albus L.) at 100 kg hal, rye (Secale cereale L.) at 50 kg ha, and annual
ryegrass (Lolium multiflorum Lam.) at 50 kg ha, as well as the consortia of black oat +
vetch (O+V) at 60+40 kg ha?, and oat + vetch + radish (O+V+R) at 60+30+10 kg ha™.
In the subplots (5 x 15 m), three rates of mineral N (0, 90, and 180 kg ha) were manually
applied to corn using urea (46 % N).

Cover crops were mechanically sown with a space of 0.17 m between rows, without
fertilization, in May (02/05/2017 and 22/05/2018) after total area desiccation. The chemical
management of the cover crop occurred 126 and 105 days after sowing, for 2017 and
2018, respectively, with an application of herbicide (glyphosate at 576 g ha!). The corn
was sown 30 and 8 days after the chemical management of cover crops for 2017 and
2018, respectively. Nitrogen fertilization was manually performed 33 days after corn
sowing (DACS) according to the treatment rates.

Biomass parameters

Biomass production was determined by collecting all the biomass in two random points in
each subplot, in an area of 0.25 m? measured by a metallic frame, 115 and 87 days after
sowing, in 2017 and 2018, respectively. Some of the cover crops were at the flowering
stage, such as oat, rye, and lupine, while radish was at the end of flowering and, vetch
and ryegrass did not reach this stage. In the consortium treatments, botanical species
were separated, determining the participation of each species in the total biomass
production (Table 1). Samples were dried in a forced-air circulation oven at 55 °C until
constant weight (48-72 h) to determine DM production.
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Table 1. Participation of each species in total dry mass production and accumulated N in the consortium cover crop systems in the
agricultural years 2017/18 and 2018/19

Cover crop Dry matter N content
species 2017/18 2018/19 Mean 2017/18 2018/19 Mean
%
0+V+R
Oat (0O) 58 53 56 44 37 40
Vetch (V) 19 16 18 32 27 30
Radish (R) 23 30 27 24 36 30
Total 100 100 100 100 100 100
o+Vv

Oat (0O) 80 72 76 64 58 61
Vetch (V) 20 28 24 36 42 39
Total 100 100 100 100 100 100
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The dynamics of decomposition and N release by the cover crops were assessed using
litter bags (Bocock and Gilbert, 1957) with a 1 mm nylon mesh, measuring 0.2 X 0.2 m
and covering a soil area of 0.04 m2. The litter bags were filled with cover crop dry biomass
standardized with 0.10 m length size, in a proportional amount according to the DM
production of each species and each subplot, using equation 1:

DM/litter bag = (DM kg ha’/10,000 m?) x 0.04 m?

Eq.1

In each subplot, eight litter bags of equal mass were prepared, seven of which were placed
between lines immediately after corn sowing. One litter bag was stored as a control (time
zero). Prior to litter bag fixation, the residues on the soil surface were removed laterally
to allow direct contact with the soil.

Litter bags were evaluated at 15, 30, 45, 60, 75, 90, and 105 DACS for both years. In each
evaluation, the litter bags were cleaned to remove adhered soil and handled carefully
to avoid contamination in the residue sample. The litter bag content was dried in a
forced-air circulation oven at 55 °C until constant weight to determine the remaining dry
mass (RDM), according to mass loss, and then analyzed for organic carbon concentration
(Yeomans and Bremner, 1988) and total N content (Silva, 2009).

The N accumulated release (NAR) of the litter bag residues was calculated by the
difference in the N accumulated at time zero in relation to the other periods of evaluation

using equation 2.

NAR = NI - NRt

Eq. 2

in which: NAR is the N accumulated release (kg ha?); NI is the initial N at time zero
(kg ha?); and NRt is the N remaining at the time of each assessment (kg ha?).

The decomposition and N release rates are expressed as a percentage of the initial DM
and initial N content, respectively. To calculate the half-life, the data were adjusted to a
mathematical model with simple exponential decay, with three parameters, as described
by Wieder and Lang (1982), using equation 3.

y =y0 + ae "

Eq. 3



Cassol et al. Residual biomass quality index: a tool for conservation agriculture

’r-
‘
Y\

in which: y is the amount of residue over time (days); y0 is the amount of RDM after
105 days (kg ha?); a is the amount of decomposed DM after 105 days (kg ha); k is the
decomposition constant (g g?); and x is the number of days. With the k value, the half-
life time was estimated (T, ) in relation to the decomposed DM in the period of 105 days
(a) using equation 4:

T, = In(2)/k, with In (2) = 0.693 and T, = 0.693/k Eq. 4

Data were tested for normality according to Lilliefors test, and when necessary, data
were transformed (log x or vx), then submitted to the analysis of variance (ANOVA)
(F-test p<0.05) considering a split-plot factorial scheme. Means were compared using
the Scott-Knott test (p=<0.05) assisted by the GENES computer program (Cruz, 2016).

Residue quality index

To indicate the cover crop system with the best characteristics to be inserted into the
production system, we propose the residue quality index (RBQI) based on the remaining
dry mass index (RDMI) on the soil surface and the N release index (NRI) after chemical
management and for a certain time during commercial crop development. Such an index
classifies the cover crop systems on a scale from 0 to 1; that is, a higher RBQI value
indicates a better balance of the cover crop system between N release and permanence
of residues on the soil surface. The RBQI of the soil cover crops was obtained using
equation 5.

RBQI = NRI x RDMI Eg. 5

To obtain the NRI, we defined the highest NAR value among the evaluated systems as
100 %, that is, the ideal cover crop system in relation to the processes that occurred at
105 DACS (Equation 6).

RNRI = NARsis / NARmax Eq. 6

in which: NARsis is the release of the cover crop system evaluated at 105 days (kg ha)
and NARmax is the greatest release among the systems under evaluation (kg ha?).

Similarly, to obtain the RDMI, the greatest amount of RDM was defined among the
systems under evaluation as 100 %, that is, the ideal system, regarding the processes
occurring at 105 DACS (Equation 7).

RDMI = RDMsis / RDMmax Eq. 7

in which: RDMsis is the amount of RDM in the system under evaluation at 105 days (kg ha?)
and RDMmax is the greatest amount of RDM among the evaluated systems (kg ha?).

Therefore, in a conceptual model, the higher the RBQI, the better the balance of the
cover crop system regarding N release and permanence of residues in the soil (Figure 1).
Based on this assumption, four RBQI levels were defined. The cover crop systems with
high RBQI (over 0.75) usually corresponded to the species that presented high residue
permanence and high N release; medium RBQI (from 0.5 to 0.75) for the systems with
medium to high N release and permanence of residues; low RBQI (from 0.25 to 0.5) for
the systems that presented an intermediate combination of NRI and RDMI; and very
low RBQI (below 0.25) was ascribed to the system that combined very low and low N
release and residue permanence, as well as systems that presented high N release
but low residue permanence, and those that promoted low N release but high residue
permanence (Figure 1).
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Figure 1. Conceptual model for the residual biomass quality index (RBQI) of cover crop systems of
cover crop systems, with the nitrogen release index (NRI) and the remaining dry mass index (RDMI).

RESULTS AND DISCUSSION

Decomposition rate and remaining dry mass

In the 2017/18 agricultural year, the systems containing ryegrass, vetch, and lupine
presented the highest decomposition rates and, consequently, the lowest relative RDM.
The differences in rates occurred at 30 days for ryegrass, which presented the highest
decomposition rate with 52 % RDM, differing from the other systems by up to 60 DACS
(Table 2).

At 75 DACS, systems with Fabaceae species presented a decomposition rate similar
to that of ryegrass with values below 50 % of RDM, which represented less than
1.0 Mg ha! DM for these systems. The other systems presented 59 % maintenance at
75 DACS, which represented 3.9 Mg ha' residue for oats and the consortia, the highest
amount among the systems under evaluation.

The high decomposition rate of ryegrass might be related to the low C/N ratio usually
verified for Poaceae species and the half-life time of the labile pool. Ryegrass is a long
cycle crop and considering the regional climate conditions, at the moment of evaluation
it’s not reach the flowering stage. At 105 DACS, the ryegrass and Fabaceae species
systems presented 35 % RDM, approximately 0.8 Mg ha! DM. The systems with oat,
O+V, O+V+R, rye, and radish presented 59 % RDM, corresponding to approximately
3.1 Mg ha for oat and consortia, systems with the highest amounts of RDM among the
cover crop systems.

In the 2018/19 agricultural year, the highest decomposition rates were observed for
vetch and radish, with the maintenance of only 45 % residue in the evaluation occurring
at 30 DACS, representing 0.7 Mg ha* DM. The lowest decomposition rates occurred in
the consortium systems and oat with 64 % maintenance, representing 3.4 Mg ha DM
in the consortium systems (Table 3).

At the end of the 105 days, vetch and radish presented 28.5 % maintenance with
0.45 Mg ha' DM, whereas the systems with oat, consortia, lupine, rye, and ryegrass
presented the lowest decomposition rates with 37 % RDM, representing 1,32 Mg ha* for
oat, rye, and lupine, and 2.0 Mg ha* DM in the consortium systems, the highest amounts
among the systems tested.

Although lupine is a Fabaceae species, its RDM amount over time in the 2018/19 agricultural
year was higher than that of oat, rye, ryegrass, radish, and vetch, possibly linked to

Rev Bras Cienc Solo 2023;47:0220150 6
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the higher initial production of DM (higher stem/leaf ratio) and the final decomposition
rates (45-105 DACS) similar to those verified for the Poaceae species. Therefore, the
order obtained according to the permanence of residue in the soil considering the mean
of both years was O+V+R > 0+V > oat > rye > lupine > radish > vetch > ryegrass.

The decomposition rate presented different kinetics between cover crops in different
years. Over half (56 %) of the decomposition observed during the evaluation period (105
days) occurred in the first 30 days of 2017/18. In the agricultural year 2018/19, 69 %
of the decomposition was observed up to 30 DACS, which reached 88 % decomposition
at 45 DACS.

Table 2. Ratio of C/N, half-life time (Tm), decomposition rate, initial dry mass (DM), and remaining dry mass (RDM) of cover crops
in the agricultural year 2017/18 for cover crop systems and N rates (0, 90, and 180 kg ha)

Days after corn sowing

f:’::sr T, 15 30 a5 60 75 90 105
Decomposition rate
day %
Oat 30a% 37 87 72 a* 68 a* 64 a* 62 a** 54 g*x 49 g**
O+V 28 a 44 88 74 a 70 a 65 a 61 a 55a 50a
0+V+R 25b 35 85 70a 65 a 61a 58 a 51a 46 a
Ryegrass 19c 17 69 52b 49b 44 b 40b 37b 34b
Rye 26 b 32 80 71a 66 a 61 a 55a 52 a 48 a
Vetch 13d 44 77 66 a 62 a 58 a 48 b 42 b 37b
Radish 21c 41 78 70 a 68 a 62 a 57 a 52 a 48 a
Lupine 15d 169 81 70a 68 a 66 a 44 b 39b 33b
CV (%) 14.8 10.9 17.6 16.4 16.9 134 16.3 18.7
N rates
0 22 35 80 b* 68 a* 65 a** 62 a** 54 rs 48 43 s
90 22 25 79b 65b 61b 56 b 52 48 44
180 22 40 83a 71la 68 a 63 a 53 47 43
CV (%) 12.1 7.4 10.2 10.4 13.5 12.4 151 15.0
Cover crops DM RDM
Mg hat
Oat 5.27 a** 4.59 g** 3.8 a** 3.6 a** 3.4 a** 3.3 a** 2.89 a** 2.63 a*
0+V 6.49 a 5.75a 4.83a 4.56 a 427 a 4.02 a 3.64a 3.28a
0+V+R 7.36a 6.31a 5.23a 4.77 a 455 a 435a 3.82a 3.44 a
Ryegrass 1.70 ¢ 1.18 ¢ 09c 0.84 c 0.75¢ 0.67d 0.62d 0.58 ¢
Rye 3.23b 2.57b 2.26 b 2.14b 196 b 1.76 b 1.68 b 156 b
Vetch 2.31b 1.78 b 1.53b 1.44 b 134D llc 0.97 c 0.86 ¢
Radish 296 b 2.31b 2.07b 2.01b 1.85b 1.7b 1.54 b 1.43b
Lupine 2.84b 2.14b 1.86 b 1.8b 1.71b 117 ¢ 1.07c 0.93c
CV (%) 4.1 3.9 4.7 4.6 4.5 4.6 5.0 5.2
N rates
0 4.03 a** 3.33 a* 281 2.55nm 255 2.3 a* 2.04 a* 1.81m
90 447 a 3.65a 3.03 2.62 2.61 244 a 2.25a 2.05
180 3.56 b 3.01b 2.59 2.28 2.28 2.04b 1.79b 1.65
CV (%) 2.7 2.9 3.1 3.2 3.6 3.6 4.0 4.1

Means followed by the same letter in the column, within cover crops and rates did not differ statistically in the Skott-Knott test (p<0.05). ns: not
significant. * and ** significant at p<0.05 and p<0.01, respectively. DM and RDM data at 15, 30, 45, 60, 75, 90, and 105 DACS were transformed
using log x. CV: coefficient of variation. O+V: oat+vetch; O+V+R: oat+vetch+radish.
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Table 3. Ratio of C/N, half-life time (T

172

), decomposition rate, initial dry mass (DM), and remaining dry mass (RDM) of cover crops

in the agricultural year 2018/19 for cover crop systems and N rates (0, 90, and 180 kg ha)

Days after corn sowing

f:’;’:s’ C/N ratio T, 15 30 a5 60 75 90 105
Decomposition rate
day %
Oat 33 a** 19 74 ax* 59 a** 48 a** 44 g** 43 g¥* 40 a** 39 a¥*
Oo+V 22 b 23 79a 65 a 48 a 46 a 45 a 40 a 38a
0+V+R 21b 21 78 a 62 a 45 a 43 a 42 a 40 a 37 a
Ryegrass 32a 12 61b 51b 44 a 41 a 39a 37a 35a
Rye 30a 13 64 b 54 b 44 a 42 a 41 a 39a 38a
Vetch 13 ¢ 11 53¢ 45 ¢ 32b 32b 29b 29b 28b
Radish 18 b 9 50 c 45 ¢ 38b 36b 34 b 32b 29b
Lupine 16 ¢ 14 64 b 54 b 45 a 41 a 40 a 38a 36 a
CV (%) 20.7 8.7 10.6 14.1 15.5 15.5 14.0 17.8
N rates
0 25 a* 17 65 58 s 44 s 41 s 39 38 36
90 23b 16 64 53 42 41 39 36 34
180 22b 17 67 55 43 40 39 37 35
CV (%) 18.5 9.2 9.3 8.8 9.9 10.1 10.0 13.0
Cover crops DM RDM
Mg hat
Oat 3.2 c** 2.37 b** 1.89 c** 1.55 c** 1.4 c** 1.36 c** 1.29 c** 1.25 c**
0+V 4.98 b 392a 3.25a 237a 23a 222a 2.02a 190 a
O0+V+R 5.72 a 4.45a 3.53a 257 a 247 a 24a 23a 214 a
Ryegrass 2.07d 1.25d 1.05e 09d 0.85d 0.81d 0.77d 0.73d
Rye 2.99 ¢ 1.92c 1.63d 1.32c 1.26 ¢ 1.22¢c 1.16 c 1.15¢c
Vetch 1.87d 0.99e 0.85e 0.6d 0.59d 0.55d 0.54d 0.53d
Radish 124 e 0.62 f 0.56 f 0.47d 0.45d 0.42d 0.4d 0.36d
Lupine 4.38 b 2.82b 2.38b 1.99b 1.81b 1.77b 1.67b 1.57b
CV (%) 8.6 11.3 10.9 28.1 28.9 30.3 27.3 34.7
N rates
0 3.0 c** 2.09 b** 1.77 b** 1.39 b* 1.28 b** 1.23 b** 119 1.1
90 3.6a 248 a 2.03a 1.56 a 1.53a 1.48 a 1.36 1.3
180 33b 2.32a 1.87 a 1.46 a 1.37b 1.33b 1.25 1.22
CV (%) 4.8 7.4 6.4 14.5 17.1 17.1 18.2 21.7

Means followed by the same letter in the column, within cover crops and rates did not differ statistically in the Skott-Knott test (p<0.05). ns: not
significant. * and ** significant at p<0.05 and p=0.01, respectively. DM and RDM data at 15 and 30 DACS were transformed using v x. CV: coefficient
of variation. O+V: oat+vetch; O+V+R: oat+vetch+radish.

The highest decomposition rate observed in the 2018/19 agricultural year was related
to the shorter half-life of the cover crops, which occurred because of the collection of
material to fill the litter bags 87 days after sowing in relation to the 105 days that occurred
in 2017/18. Associated with this factor, there was greater precipitation (89 mm) at
30 DACS in the year 2018/19 than in the same interval in the year 2017/18 (Figure 2), a
condition that is directly related to the increase in microbial activity in the soil (increased
soil moisture), which results in increased decomposition and N release. Thus, a period
of fast decomposition followed by another slower phase was observed, as Doneda et al.
(2012) and Ziech et al. (2015) reported. The first decomposition phase is faster because
it depends on the initial soluble C content and the N from the residue, and the second
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phase is regulated by the concentration of lignin and polyphenols, which are compounds
of slow decomposition; therefore, it becomes slower (Aita et al., 2004).

Decomposition rate was not altered as a function of the N rate after its application
to the corn crop in both years. In the 2017/18 agricultural year, there was a higher
decomposition rate of cover crops with 90 kg ha* mineral N at 15, 30, 45, and 60 DACS,
which means that the effect has already been occurring before the N fertilization at 33
days. The highest decomposition rate is related to the C/N ratio and the T, , which was
lower for cover crops in the treatment with 90 kg ha.

Nitrogen release

Nitrogen release rate in the cover crops residues presented similar behavior to that of
the decomposition in the two agricultural years, because the nutrient release depends
on the decomposition rate (Aita et al., 2014). In the 2017/18 year, the highest N release
rates occurred for vetch and radish at 15 DACS (Table 4). In subsequent evaluations (30,
60, and 105 DACS), vetch, lupine, radish, and ryegrass had the highest release rates. At
30 DACS, these systems released 54 % of the added N. At 60 and 105 DACS, the release
rate increased to 58 and 71 % of the added N, respectively. The systems with the lowest
release rates were consortia, oat and rye, with 40, 57, and 67 %, respectively, of the
added N released during the same period.

The systems formed three groups, the lowest releases were verified at 30 DACS for the
systems with ryegrass and rye, with 20 kg ha* N, the intermediate releases were for
oat, O+V, and radish (29 to 31 kg N ha) and the highest releases for vetch, lupine, and
O+V+R (41 to 49 kg N ha). At 30 and 60 DACS, there was stabilization in N release, in
general, and at 45 DACS the values were equal to the lowest and the intermediate groups.
At the end of the 105 DACS, the systems with Fabaceae species and triple consortium
had the highest amount of N released, ranging from 53 to 58 kg N ha, while the other
systems had releases ranging from 28 to 39 kg N ha™.
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Figure 2. Fortnightly accumulated rainfall (Arf) and mean air temperature (Temp) for the evaluation period of cover crops decomposition
in the years 2017/18 and 2018/19.
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Table 4. Nitrogen release rate, nitrogen accumulated in the tissues (NAT), nitrogen accumulated release (NAR) by the cover crop
residues in the years 2017/2018 for cover crop systems and N rates (0, 90, and 180 kg ha?)

Days after corn sowing

f:’;’:sr 0 15 30 45 60 75 90 105
N release rate
%
Oat 100 70 a** 58 a* 52 b** il @ 57 b** 52 a** 53 a**
o+V 100 76 a 67 a 67 a 67 a 67 a 60 a 59 a
O+V+R 100 75 a 59 a 58 b 56 b 55b 56 a 51a
Ryegrass 100 67 a 51b 47 c 47 c 43 c 37b 35b
Rye 100 67 a 57 a 49 c 50 c 49 c 50 a 44 a
Vetch 100 53b 41b 39d 42d 36 ¢ 26 b 23 ¢
Radish 100 45 b 44 b 40d 39d 39c¢ 35b 36 b
Lupine 100 62 a 47 b 39d 41d 38¢ 30b 24 c
CV (%) 22.5 25.1 17.1 19.0 20.1 32.1 23.5
N rates
0 100 62 53} 47 s 48 s 46 40 s By
90 100 64 51 48 45 48 44 42
180 100 68 56 52 53 50 45 42
CV (%) 21.8 23.9 22.8 23.8 28.6 26.5 22.2
NAT NAR
Cover crops kg N ha't
Oat 73 b** 22 31 a* 35 p** 35 b¥* 3 [ 35 p** 35 b**
0o+V 96 a 23 3la 32b 32b 32b 39b 39b
O+V+R 118 a 30 49 a 49 a 51a 51a 52 a 58 a
Ryegrass 35d 11 17b 18b 18 b 19b 21b 22 b
Rye 52 ¢ 17 22 b 25b 25b 25b 25b 28 b
Vetch 71b 33 41 a 42 a 42 a 44 a 51a 53 a
Radish 55 ¢ 29 29 a 32b 33b 33b 35b 34 b
Lupine 77 b 33 43 a 48 a 48 a 50 a 53a 58 a
CV (%) 37.4 36.8 25.0 44.0 20.1 23.0 44.0 20.2
N rates
0 72 a** 27 s 34 a* 41 a* 35 a** 37" 41 a* 43 a*
90 8la 28 38 a 43 a 43 a 40 43 a 45 a
180 64 b 20 27 b 34 b 28 b 30 34 b 35b
CV (%) 24.1 28.6 19.8 32.2 16.0 18.9 32.3 14.2

Means followed by the same letter in the column, within cover crops and rates did not differ statistically in the Skott-Knott test (p<0.05). ns: not
significant. * and ** significant at p<0.05 and p=<0.01, respectively. NAR data at 15, 30, 60, 75 and 105 DACS were transformed using v x. CV:
coefficient of variation. O+V: oat+vetch; O+V+R: oat+vetch+radish.

In the 2018/19 agricultural year, the highest N release rates were observed for the
systems with radish and vetch, with 56, 63, and 76 % of the added N released at 30,
60, and 105 DACS, respectively (Table 5). The lowest N release rates were observed for
the Poaceae species systems, with 19, 32, and 60 % of the added N released during
30, 60, and 105 DACS, respectively. Lupine presented an N release rate similar to the
consortia, up to 90 DACS. Subsequently, it became similar to the systems with vetch
and radish. However, the consortia presented an intermediary release rate among the
systems, with 32, 44, and 63 % of the added N released at 30, 60, and 105 days, with
release curves closer to those of the Poaceae species systems.
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Table 5. Nitrogen release rate, nitrogen accumulated in the tissues (NAT), nitrogen accumulated release (NAR) by the cover crop
residues in the years 2018/2019 for cover crop systems and N rates (0, 90, and 180 kg ha?)

Cover

Days after corn sowing

crops 0 15 30 45 60 75 20 105
N release rate
%
Oat 100 87 a** 84 a** 69 a** 71 a** 63 a** 46 a** 45 g¥*
0o+V 100 78 b 70 b 57b 55b 55a 39b 37b
O+V+R 100 74 b 66 b 53b 51b 43 b 36 b 36 b
Ryegrass 100 87 a 79 a 74 a 74 a 59 a 53 a 48 a
Rye 100 79 b 79 a 64 a 60 b 56 a 45 a 46 a
Vetch 100 60 c 47 ¢ 34 c 34 c 31lc 25¢ 23 c
Radish 100 48 d 41 c 34 c 40 c 33 ¢ 26 ¢ 24 ¢
Lupine 100 74 b 70 b 60 b 58 b 44 b 35b 28 ¢
CV (%) 15.1 16.9 18.6 22.8 27.6 21.5 16.9
N rates
0 100 2™ 69 " 58 ns 57 s 50 s 38 35 ™
90 100 73 65 54 55 46 38 36
180 100 75 67 56 53 48 39 35
CV (%) 25.7 21.9 18.8 13.5 18.0 16.3 17.9
NAT NAR
Cover crops kg N ha!
Oat 41 d** 5 d** 7 b** 13 @ 13 b** 17 c** 23 T 23 d**
Oo+V 95 b 21b 28 a 41b 43 a 43 b 58 a 60 b
O+V+R 111 a 29a 38a 52 a 55a 63 a 71 a 71Db
Ryegrass 26 e 4d 5b 7c 7b 11d 12d 14 e
Rye 44 d 9c 11b 17 c 18 b 20 c 24 ¢ 24 d
Vetch 56 ¢ 22b 29a 37b 37 a 38b 42b 43 ¢
Radish 27 e 15¢ 17b 18 ¢ 17b 19c¢ 22 ¢ 21d
Lupine 118 a 32 a 36a 48 a 51a 68 a 76 a 85a
CV (%) 19.1 37.5 45.5 31.0 22.1 12.5 7.6 6.2
N rates
0 57 b** 13 19 ns 24 b* 26 b** 30 b** 37 b¥* 38 b**
90 70 a 19 23 32a 32a 39a 44 a 45 a
180 67 a 17 22 3la 32a 36 a 42 a 45 a
CV (%) 12.6 59.8 57.0 31.8 13.1 8.9 4.9 5.2

Means followed by the same letter in the column, within cover crops and rates did not differ statistically in the Skott-Knott test (p<0.05). ns: not
significant. * and ** significant at p<0.05 and p=<0.01, respectively. NAR data at 60 and 75 DACS, and at 90 and 105 DACS were transformed using
v x and log x, respectively. CV: coefficient of variation. 0+V: oat+vetch; O+V+R: oat+vetch+radish.

The consortium and lupine systems, which presented intermediary release rates, provided
higher N release to the corn crop in all periods under evaluation. At 30 and 60 DACS,
the accumulated releases of 33 and 47 kg N ha?, respectively, were similar to those
verified for vetch. In subsequent evaluations, vetch interrupted the release, whereas
the systems with consortium and lupine increased the amount of N released. Lupine
released 85 kg N ha' at 105 DACS, the highest release among the systems, whereas
the consortia released 66 kg N ha', which was higher than that of vetch, which released
43 kg N ha. The Poaceae and Brassicaceae species systems had the lowest amounts
of N released, ranging from 14 to 23 kg N ha.
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The N release rate of the consortia verified in 2017/18, which was similar to that of
the Poaceae species, was different from that found by Aita and Giacomini (2003), who
observed that the release curves for the consortia are closer to that of the Fabaceae
species, possibly because of the lower C/N ratio of the consortia (19) being closer to vetch
C/N ratio (14.8) than to oat C/N ratio (40). In this study, the C/N ratio in the consortia
(27) was closer to the oat C/N ratio (30) than that of vetch (14). In 2018/19, the release
rate of the consortia was intermediate in relation to the use of Fabaceae and Poaceae
species as a single crop. Lupine, however, although belonging to the Fabaceae family,
presented a release rate similar to that of the consortia, up to 90 DACS, showing a rate
similar to that of vetch in the last evaluation. Possibly, the higher volume of stems in
relation to leaves (visual observation) as a function of the higher DM production in 2018/19
(Table 3), when compared to the previous crop (Table 2), influenced the N release rate
in lupine tissues. In this study, the rate of N release, as well as the decomposition rate,
varied considerably between the soil cover crop systems in both years. However, no
differences were found in N release or decomposition rates as a function of N rate, which
were applied to corn. In a study in the Midwest United States, researchers investigated
the effects of different management practices (rotation, cover crops, and soil tillage
system preparation) on the influence of N and C release from residues of rye and vetch
cover (Lacey et al., 2020). The results of the study show that, despite the differences in
soil conditions and N fertilization, the addition of N at a depth of 7 cm does not influence
the rate of N and C release from the cover crop when compared to the system without
N, because the fertilizer was placed at a depth that is difficult for soil microorganisms
to access (Lacey et al., 2020).

In the northeastern United States, researchers have evaluated the methods of fertilizer
application from pelletized poultry litter (PPL) (without PPL, surface, sub-surface with splits,
and incorporated) on the rate of decomposition and N release in different proportions of
rye and hairy vetch (Poffenbarger et al., 2015). The application of PPL occurred on the
day of corn sowing (surface) and corn stages V5 and V8 (sub-surface). The results show
that the addition of PPL (67 kg ha of N readily available to the crop) on the surface
increases the decomposition rate of residues with a high proportion of rye when compared
to treatments without PPL and with PPL sub-surface depth (Poffenbarger et al., 2015).

Nevertheless, in the present study, the fertilizer was placed on the surface, and the rates
of N release did not change. This lack of effect on the rate of N release may be related
to two factors:1) the increase in lignin in the tissues owing to the application of N, and
2) the application of N in the corn phenological stage with high demand. For factor 1,
Costa et al. (2016) evaluated the effects of decomposition rate, cellulose, lignin, and
speed of nutrient release from Urochloa brizantha as a function of N fertilization (0 and
60 kg hat) and found that N fertilization increased DM production, accumulated N, and
reduced the C/N ratio; however, the decomposition and N release rates were not altered,
which probably results from the 46 % increase in lignin content in U. brizantha with N
fertilization. For factor 2, it was considered that most of the applied N were absorbed
by the corn crop, being unavailable to soil microorganisms. This was observed in an
assessment of soil mineral N in 2016 in the same experiment (unpublished data), in
which, after N fertilization at 37 DACS, a rapid increase in the levels of N-NO, (0.00-0.05 m
soil layer) observed in the evaluation at 45 DACS for all cover crop systems. At
60 DACS, the cover crop systems with a high C/N ratio (>30) already had levels of N-NO,®
equivalent to those without N fertilization. That is, the applied N was absorbed by the
corn crop, resulting in higher values of soil plant analysis development (SPAD) index in
relation to the systems without N. Thus, the changes in the decomposition and N release
rates as a function of N fertilizer application may vary depending on the application
method (cover or subsurface), application time (pre-planting or post-planting), the C/N
ratio of the cover crops used, and the type of crop sown in succession, such as corn,
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which has a high demand for mineral N and reduces the influence of fertilizer application
on these variables.

Based on these results, using consortia with at least one species of the Fabaceae
family is a strategy farmers can implement to manage the C/N ratios of cover crop
residues and release N in regions with a subtropical climate. Choosing a cover crop
with these characteristics can minimize the effects of N immobilization, reducing the
negative impact on commercial crops and reducing the need for mineral N fertilization.
The application of mineral N carried out in cover in phase V4 of the corn crop (after
30 DACS) did not influence decomposition and N release, thus conserving the residues
of cover crops on the surface for soil protection and contributing to the suppression of
weeds and conservation of soil moisture.

Residue quality index

The RBQI theoretical model uses the RDMI and NRI of the cover crop systems in relation
to an ideal system: the highest NAR and RDM values along 105 days among the systems
(Table 6). The lupine system that presented 71 kg ha* N release and the O+V+R system
that presented the highest remaining DM amount with 2.8 Mg ha in the mean of both
agricultural years corresponded to the ideal system.

The points in figure 3 indicate the intersection between the RDMI and NRI values for each
cover crop system, in which some grouping is observed according to the characteristics
of the species and consortia. Species with higher N release potential are seen in Q2
(Fabaceae species); species with high capability of residue permanence are seen in Q4
(oatand rye in Q3; however, there is a tendency to include oat in Q4); species with low N
release and permanence of residues are found in Q1 (radish and ryegrass); and species
that present high N release and at the same time permanence of residues are observed
in Q3 (consortia). The resulting product of these two factors (NRI x RDMI) provides the
RBQI of each cover crop system (Figure 4).

Thus, the RBQI appears to be an excellent indicator of the quality of the management
system when considering the quantitative aspects of higher permanence of residues
for soil protection and higher NAR from cover crops to succession crops at the end of
105 days. This is because higher RBQI values indicate a balance between N release and
straw decomposition, achieving at the same time the objectives of releasing nutrients
and providing the soil with protection against erosion.

Table 6. Nitrogen accumulated release (NAR), remaining dry mass (RDM), nitrogen release index (NRI), remaining dry mass index
(RDMI), and residual biomass quality index (RBQI) of the cover crop system after 105 days evaluation, in both years 2017/18 and

2018/19
Cover crops NAR RDM NRI RDMI RBQI
kg ha'

Oat 29 1943 0.42 0.70 0.28
0+V 50 2592 0.70 0.93 0.65
O+V+R 64 2788 0.91 1.00 0.91
Ryegrass 18 684 0.26 0.25 0.06
Rye 26 1353 0.36 0.49 0.18
Vetch 48 755 0.67 0.27 0.18
Radish 28 893 0.39 0.32 0.13
Lupine 71 1276 1.00 0.46 0.46
Ideal System 71 2788 1.00 1.00 1.00

0+V: oat+vetch; O+V+R: oat+vetch+radish
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Figure 3. Points of intersection of the remaining dry mass index (RDMI) and nitrogen release
index (NRI) in the cover crop systems.

Therefore, we verified that 0+V+R showed the highest RBQI value (0.90) when compared
to the other systems, followed by O+V with an RBQI value of 0.65. The highest RBQI for
the consortia occurred as a function of the combination of higher DM production and
N accumulation in the plant tissues in these systems, mainly radish and vetch, which
together provided permanence and N release as a function of the intermediate C/N ratio
(Tables 2 and 3).

There is a relationship between C stabilization and aggregation with the entrance of C
from crop residues in no-tillage systems (Lal, 2015; Rigon et al., 2020). However, the
quality of cover crop residues is fundamental to such changes because the entrance of
residues with lower C/N ratios promotes the entrance of labile N and C and stabilization
to provide soil resilience and physical protection compared to materials with high C/N
ratios (Rigon et al., 2020). Therefore, using cover crop systems with higher RBQI tends
to promote higher labile C and N entry into the system, promoting an increase in C
stabilization and aggregation in the soil.

Lupine (Fabaceae species) presented an RBQI value of 0.46, higher than that of vetch
(0.18), which belongs to the same botanical family. The highest RBQI value for lupine
occurred because this species produced the highest DM amount, thus obtaining an ideal
NRI (1.0) and a low C/N ratio (Tables 2 and 3). In addition, its higher RDMI might have
resulted from the balanced volume of stems in relation to leaves (visual observation)
associated with its high DM production in both years, resulting in longer permanence of
these residues on the soil surface. The radish, ryegrass, rye, and vetch crops presented
the lowest RBQI, ranging from 0.06 to 0.18, as a function of the low N release or low
permanence of residues on the soil surface.

The permanence of straw in the soil, crop rotation intensity, and crop rotation diversity
are indicators that compose the no-tillage system participatory quality index (PQI) used in
Brazil to assess the level of adoption of conservation practices by farmers and to qualify
the no-tillage system according to the regional reality (Nunes et al., 2020; Telles et al.,
2020, 2022; Possamai et al., 2022). In this way, RBQI emerges as a potential tool for
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Figure 4. Residual biomass quality index (RBQI) of cover crops systems (mean data for the years
2017/18 and 2018/19).

choosing cover crop systems to assist rural properties in increasing their PQI regarding
straw persistence and crop rotation, improving the quality of the no-tillage system.

CONCLUSIONS

The consortia O+V+R and O+V resulted in a decomposition rate and N release rate
closer to the rates observed for oats and rye. The NAR was similar to that observed
for Fabaceae species, and the RDM was similar or superior to that found for black oat.
With these characteristics, the systems in the O+V+R and O+V consortia presented the
highest values of RBQI, ranging from 0.61 to 0.90, indicating (or suggesting) that RBQl is a
potential indicator for choosing cover crop systems that promote greater sustainability of
the no-till production system. The use of N fertilizer in corn did not change decomposition
rates and N release from the residues of cover crops.
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