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Abstract

Soybean-maize succession is the main annual cropping system used in Brazilian cerrado. However, due
to water restrictions, the cultivation of maize (off-season crop) is not viable after cultivation of late
maturing soybean cultivars and/or when late soybean seeding occurs due adverse weather conditions. In
this scenario, the use of cover crops can be a good option to benefit soil health and consequently the
soybean yield in the next crop season. The objective is to evaluate the effects of cover crops on biomass
inputs, nutrient cycling, and nematode control during the off-season in the Cerrado biome. The study was
conducted for three years in two locations in the state of Goias. We evaluated five options of cover crops
after soybean cultivation: 1) Mix of cover crops (Pennisetum glaucum, Crotalaria spectabilis, and
Urochloa ruziziensis), 2) P glaucum, 3) C. spectabilis, 4) U. ruziziensis 5) U. brizantha cv. Marandu, and 6)
U. brizantha BRS Paiaguéas. The results revealed that Pennisetum glaucum (9633 and 6958 kg ha™ in
Montividiu and Rio Verde) and U. brizantha cv. Marandu (8015 kg ha™ in Rio Verde) produced the highest
amount of biomass on average over three years. The treatments soybean/ Crotalaria spectabilis and
soybean/Pennisetum glaucum reduce the population of the nematodes. However, the use of a more
diversified system such as the mix of cover crops provided a greater soybean yield, soil coverage and a
high concentration and release of nutrients during the soybean cycle. Being one important alternative for
ensure agricultural sustainability in the Cerrado.

Highligths

* The mix of cover crop (P glaucum, U. ruziziensis and C. spectabilis) promoted nutrient cycling during
the soybean cycle.

e The cover crop with the highest decomposition rate was Crotalaria spectabilis.

 The adoption mix of cover crop resulted in greater yield stability (4,023 kg ha™ for Montividiu - GO
and 5,635 kg ha™! Rio Verde - GO average during 3 years).

e The treatments soybean/ Crotalaria spectabilis and soybean/Pennisetum glaucum reduce the
population of the nematodes Pratylenchus in the soil and Helicotylenchus in the root.

1. Introduction

Soybean production in the Cerrado Biome starts in the 1970s, as a monocropping system (Batlle-Bayer et
al. 2010). Since that, advances in crop breeding, liming, fertilization, phytosanitary management,
machines, and other technologies transformed the tropical agriculture in the Cerrado region. It allows to
move from soybean monoculture to the soybean-maize succession system, which become the
predominant system in the region until today (Abrahdo and Costa 2018; Spera et al. 2014). However, the
continuous cropping system reduces the plant diversity in the system and the stability of soybean
production, whereas a more diversified production system with cover crops makes more stable crop
yields, better nutrient and water use efficiency, and higher profit margin compared to that of less
diversified cropping systems (e.g. soybean-maize) (Liebig et al. 2014; Anghinoni et al. 2021).

Page 3/30



Even the benefits of using cover crops are known, the cultivation of cover crops must be done in place of
off-season maize, a highly profitable crop, so farmers give priority to maize in their cultivation.

Although it is a profitable system, it is not always possible to use it, because the Brazilian Cerrado has
well-defined dry (March to October) and rainy (November to February) periods, and therefore, the maize
crop when sown at the end of the rainy season becomes a risk crop. This risk makes the crop unviable
when soybean sowing is delayed, or if long-cycle cultivars are used. In this context, the farmer has to
search for alternatives to diversify the system and produce biomass to protect and improve the health of
the soil for the next soybean crop. Among the possibilities are cover crops.

The use of cover crops increasing the rate of biomass input, nutrient cycling, and reducing nematode
infestation (Canalli et al. 2020; Costa et al. 2021; Wang et al. 2022). Biomass acts as a reservoir of
nutrients through the decomposition process, which are made available for next crops (Costa et al. 2021).
Grasses such as Pennisetum glaucum, Urochloa ruziziensis, and Urochloa brizantha are species with fast
establishment, high biomass production, low decomposition speed, and efficient nutrient cycling (Pereira
et al. 2016). These factors make them potential crops to be used for biomass contribution (Baptistella et
al. 2020), protection of soil surface against erosion, regulate soil temperature (Machiwal et al. 2021) and
nutrient cycling (Tanaka et al. 2019). In addition, cover crops such as legumes (e.g. Crotalaria spectabilis)
perform biological nitrogen fixation (Kaye et al. 2019) and have a high rate of decomposition and
nutrients release (Pacheco et al. 2017). Also, some cover crops such as Pennisetum glaucum and
Crotalaria spectabilis have a low nematode reproduction (Dias-Arieira et al. 2021) and therefore are
important cultivation alternatives in areas with infestations of Meloidogyne javanica, M. incognita, and
Pratylenchus brachyurus (Debiasi et al. 2016).

The benefits of using cover crops varies according to the biological characteristics of the plant species
(e.g., high biomass production, N fixers, reduce of the nematode population) and, therefore, the
association of more than one species is used within the concept of cover crops mix (Bybee-Finley et al.
2022) to enhance carbon fixation, soil covering, N supply, nutrients cycle, and nematodes control.
Furthermore, the use of mix can also enhance soybean yields in the subsequent seasons compared to
single cover crops (Volsi et al. 2021).

Therefore, there is a need to understand the potential benefits of cover crop species grown in monoculture
or intercropped (mix) in situations where the off-season crop of maize is not viable. The hypothesis to be
tested is that the mix of cover crops provides greater benefits to the production system in relation to the
cultivation of a single cover specie, and that it can result in higher soybean yields in succession. To test
this hypothesis, we conducted a field study in two locations for three years aiming to evaluate the
benefits promoted by the mix of cover crops in terms of biomass production, nutrient cycling, and
nematode control in comparison with species of cover crops cultivated in monoculture during the off-
season in the Brazilian Cerrado.

2. Material and Methods
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2.1. Experimental areas

The study was conducted for three years (2018, 2019, and 2020) in two sites, Rio Verde and Montividiu,
both in Goias State, Brazil (Figure 1). The areas are located in the representative regions of highly
intensified and technological agriculture in the Cerrado biome.

Figure 1.

Prior to the installation of experiments, samples were collected for soil characterization (Table 1). Sail
liming was carried out according to the technical recommendations for the crops.

Table 1.

According to Alvarez et al. (2013), the climate is classified as tropical Savannah with dry winters and
rainy summers (Aw), with an average annual precipitation higher than 1.600 mm. Detailed rainfall data of
the field studies during the experimental time is showed in the Figure 2.

Figure 2.
2.2. Treatments

The treatments were arranged in randomized strips of 30 m x 50 m in Montividiu, GO, totaling an area of
1,500 m?, and 12 m x 80 m in Rio Verde, GO, totaling an area of 960 m?2. Before the experiment started the
areas were composed of conventional soybean-maize system in Montividiu and degraded pasture in Rio
Verde, for ten years. The treatments evaluated were soybean production systems (first crop) followed by
cover crops (second crop): 1) mix of cover crops (Pennisetum glaucum, Crotalaria spectabilis, and
Urochloa ruziziensis), 2) P glaucum, 3) C. spectabilis, 4) U. ruziziensis, 5) U. brizantha cv. Marandu, and
6) U. brizantha BRS Paiaguas.

Cover crops were always implanted in a crop season prior to soybean sowing. Cover crops were sowed in
the following dates: 03/13/2018 (Year 1), 03/09/2019 (Year 2), and 03/17/2020 (Year 3) in Rio Verde and
02/22/2018 (Year 1), 03/08/2019 (Year 2), and 03/11/2020 (Year 3) in Montividiu. Soybean sowing was
carried out on 10/19/2018 (Year 1), 11/04/2019 (Year 2), and 10/17/2020 (Year 3) in Rio Verde. In
Montividiu, soybean sowing was carried out on 10/27/2018 (Year 1), 10/25/2019 (Year 2), and
11/05/2020 (Year 3). Soybean harvest was carried out on 02/07/2019 (Year 1), 03/12/2020 (Year 2), and
02/19/2021 (Year 3) in Rio Verde and 03/07/2019 (Year 1), 05/03/2020 (Year 2), and 03/16/2021 (Year
3) in Montividiu. In all years and locations, pest, disease and weed management was carried out in
accordance with technical recommendations for soybean cultivation.

2.3. Crop management during the experiment

Cover crops species were sown with 8 kg of pure viable seeds per hectare for Urochloa, 20 kg ha™ for
Crotalaria spectabilis, and 20 kg ha™ for Pennisetum glaucum. The mix of cover crops was sown with 4
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kg of pure viable seeds per hectare for U. ruziziensis, 10 kg ha™ for Pennisetum glaucum, and 10 kg ha"
1 for Crotalaria spectabilis (Calegari, 2019).

A mowing management was carried out on cover crops in order to improve soybean sowing conditions. In
Rio Verde, forage plants were cut in July 2018 and 2019; in July 2020, the management was carried out
using a knife roller. In Montividiu, plants were cut in July 2018 and handled using a knife roller in July
2019 and 2020.

Cover plants were dried on 09/29/2018 (Year 1), 09/05/2019 (Year 2) and 08/14/2020 (Year 3) in Rio
Verde and 09/26/2018 (Year 1), 20/09/2019 (Year 2), and 30/09/2020 (Year 3) in Montividiu.
Desiccations were carried out with the application of the herbicide glyphosate at a dose of 2.5 liters per
hectare.

The varieties used for soybeans were Syn15640 IPRO - 444,444 plants/ha (year 1), Brasmax Bonus IPRO -
288,888 plants/ha (year 2), and Brasmax Foco IPRO - 311,110 plants/ha in Rio Verde. In Montividiu, ST
797 IPRO - 311,110 plants/ha (year 1) and Brasmax Bonus IPRO - 288,888 plants/ha were used (year 1
and 2).

In Rio Verde, GO, fertilization was carried out every year during the cover crops seeding with 96 kg ha™' of
N, 40 kg ha™' P,0s, and 40 kg ha™ of K,0. In addition, a broadcast fertilization was carried out with 8 kg
ha™ of N, 80 kg ha™ of P,0¢, and 80 kg ha™ of K,0, targeting the entire production system and always
carried out before soybean sowing during the dry season. In Montividiu, GO, fertilization was carried out
in all years during cover crops seeding with 108 kg ha™ of N; in addition, a broadcast fertilization was
carried out with 100 kg ha™ of P,05 and 120 kg ha™ of K,0.

2.4. Plant and soil evaluations and analyses

The biomass was measured at 117 days, 121 days, and 113 days after sowing in 2018, 2019, and 2020,
respectively, in Rio Verde. The same evaluation took place at 135 days, 121 days, and 116 days after
sowing in 2018, 2019, and 2020, respectively, in Montividiu. Cover crops were cut close to the ground with
a mechanical cutter in an area of 1 m?2, with 12 replications per treatment. Biomass was weighed to
obtain fresh weight. Later, a subsample was removed and placed in a paper bag, weighed, and taken to a
forced air circulation oven (55 °C) for 72 h. The dehydrated material was weighed to obtain the proportion

of dry matter to later obtain the amount of biomass in kg of dry mass ha™.

The speed of cover crops decomposition was evaluated after desiccation only in Rio Verde using the
method of decomposition bags called “litter bags" (Silva et al. 1997; Espindola et al. 1998). These bags
are made of nylon with an internal area of 0.06 m? and filled with a known mass of cover crops at the
time of desiccation. Eight bags were randomly distributed in each treatment for each collection during
each time (30, 60, 90, and 120 days after desiccation - DAD). The material collected from litter bags, at
each collection time, was dried in an oven with forced air circulation at 55 °C for 72 hours and weighed to
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determine the remaining biomass by the difference between initial and final mass. Afterwards, plant
material samples were ground to determine the concentration of macronutrients (Malavolta et al. 1997).

The nematode population was evaluated 70 days after soybean sowing through soil and root collection
following the methodology of Jenkins (1964) and Coolen (1972). In Montividiu, this assessment was
carried out in the second and third years; in Rio Verde, in the first and third years.

The evaluation of soybean plant population was performed by counting plants at harvest in two three-
meter-long soybean lines with 12 replications per treatment. Soybean productivity was determined by
harvesting two lines of soybeans, three meters in length, also with 12 repetitions per treatment. A sample
of grains from each replication was taken to determine the thousand-grain mass, and yield data were
adjusted to a moisture content of 13%. The number of pods per plant was evaluated from five plants
randomly collected in each sampled area.

2.5. Data analysis

All data analyses were performed using the R software v. 3.5.1 (R Core Team, 2018). Outliers were
checked using function outlierTest from the package car(Lenth 2020). Normality of residuals and
homogeneity of variance were verified using the Shapiro-Wilk and Bartlett tests, respectively.

Soybean grain yield data were analyzed using a linear model considering the effects of treatment, year,
location, and the interaction between them. The significance of effects was determined by Analysis of
Variance considering type 3 error. Means were obtained by least squares using the emmeans package
(Lenth 2020) and compared by Tukey test (p<0.05).

For analysis of nematode population data, the function g/m.nb from the MASS package (Venables and
Ripley, 2002) was used due to the negative binomial distribution of nematode count values. The fixed
effects of year, treatment, location, and the interaction between treatment and location were considered.
Means were obtained using the least squares method and compared using Tukey test at 5% probability.

In order to analyze the speed of decomposition and understand the dynamics of nutrient release, data
were submitted to analysis of non-linear models using the n/me package. The non-linear model used was:
b =y 2%9 where bis a biomass at time d, y is the initial amount of biomass or nutrient, a is the rate of
decomposition of the biomass, and dis the number of days (Thomas and Asakawa 1993). Treatments
were considered as a random effect on the parameters y and a. Thus, the biomass half-life was
calculated. It expresses the period required for half of the residues to decompose or for half of the
nutrients contained in the residues to be released. The half-life was calculated using the formula: HL =
0.693/a (Thomas and Asakawa 1993). Analysis of variance was performed for the variables y, a, and HL
considering the effects of treatment and year and their interaction and comparing means according to
the other variables.

3. Results
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3.1. Biomass of cover crops

In Montividiu, the cover crop with the highest biomass production was P glaucum with 9145 (first year),
12237 (second year) and 7517 kg ha™ (third year) (Table 2). In Rio Verde, U. brizantha cv. Marandu
presented the highest biomass values during the three years: 7527, 10619 and 5248 kg ha™ (Table 2). C.
spectabilis showed the lowest biomass values in both locations during the three years, with a biomass
production around 3100 kg ha™ in the average of years and locations (Table 2).

Table 2.
3.2. Plant population

Soybean plant population for the first and second year did not differ between treatments in Montividiu. In
the third year, the highest soybean population was in the succession soybean/U. ruziziensis and
soybean/C. spectabilis. In Rio Verde, the highest soybean population occurred in succession soja/C.
spectabilis (440833 plants ha™), without differing from the Mix of cover crops (423940 plants ha™) in the
first year. In the third year, the highest soybean population was obtained when sown over the biomass of
P glaucum (321945 plants ha™).

In the three-year average, the largest soybean population was obtained over U. ruziziensis (224815 plants
ha™), without differing from C. spectabilis (221667 plants ha™') and the Mix of cover crops (215759
plants ha™) in Montividiu. In the case of Rio Verde, the highest soybean population was observed when
sown in biomass of P glaucum (318897 plants ha™), without differing from the Mix of cover crops
(307382 plants ha™") (Table 3).

Table 3.
3.3. Grain yield

During the two cropping seasons studied, the soybean/mix of cover crop treatment maintained the
highest soybean yields (3763 and 3926 kg ha™) in Montividiu. In the first year in Rio Verde the highest
soybean yield was in the soybean/ C. spectabilis treatment (5720 kg ha™"), however, in the next two
cropping seasons soybean (cash crop) maintained the highest yields in the soybean/mix of cover crop
treatment (6259 and 5520 kg ha™) (Table 4).

Crop succession (soybean/ mix of cover crop and soybean/ C.spectabilis were characterized by the
highest yields of soybean (cash crop). The soybean/mix of cover crop treatment accounted higher yield
for 15% and 12% in Montividiu and 32% in the first and second cropping seasons. The soybean/C.
spectabilis treatment accounted for higher yield 32% and 15% in the first and second cropping seasons
and soybean/mix of cover crop 15% and 11% for the second and third cropping seasons. In the average
at both locations, higher yields were also observed under the soybean/mix of cover crop treatment for all
as growing season, compared to all other treatments.
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Table 4.
3.4. Nematode population

In Rio Verde, the lowest soil Pratylenchus populations were in the treatments soybean/U. brizantha BRS
Paiaguas, soybean/C. spectabilis and soybean/P glaucum. In Montividiu, the lowest Helicotylenchus
nematode populations in the root was for the soybean/ P glaucum treatment (Table 5).

Table 5.
3.5. Decomposition rate of cover crop biomass

The mix of cover crops presented the longest half-life (218 days) in the decomposition of biomass in Rio
Verde. The other treatments did not differ among themselves. In the second year, there was no difference
in the half-lives of cover crop biomass, which averaged 106 days. For the third year, the treatments with
the longest half-life were P glaucum (156 days) and U. brizantha BRS Paiaguds (169 days). The shortest
half-life in biomass decomposition was for C. spectabilis (81 days) (Figure 3).

Figure 3.
3.5. Amount of N, B and K contained in biomass of cover crops

The highest phosphorus (P) values were found in the initial biomass of U. brizantha cv. Marandu (2.58 kg
ha™), U. ruziziensis (2.67 kg ha™') and the mix of cover crops (2.50 kg ha™), and the smallest values were

for C. spectabilis (1.73 kg ha™). As for P release from biomass, the longest half-life was for the biomass
of U. ruziziensis (437 days) and the shortest was for C. spectabilis (119 days).

The highest accumulation of nitrogen (N) in the initial biomass was for U. brizantha cv. Marandu (30 kg
ha™), not differing from C. spectabilis (27.5 kg ha™). As for half-life, the cover crops showed no
differences in the release of N from the biomass. For potassium (K), the highest amounts were for the
biomass of U. ruziziensis (42.2 kg ha™), U. brizantha cv. Marandu (37.6 kg ha™), mix of cover crops (39.2
kg ha™), and P glaucum (38.8 kg ha™). As for the half-life of K, the biomass of U. brizantha BRS
Paiaguds presented the highest half-life values (18.6 days), and the lowest half-life value was for the
biomass of C. spectabilis (12.5 days) (Figure 4).

Figure 4.

The peak of potassium release by cover crops occurred in the first 30 DAD (Figure 5), releasing about 35
to 50 kg ha™ of K for the three years of the study. In the first year, the biomass of U. ruziziensis released

the highest amount of K at 30 DAD: about 30 kg ha™'; the smallest amount of K released was 10 kg ha™
at 30 DAD in the biomass of the mix.
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In the second year, the mix of cover crops and P glaucum biomasses released the most K: around 45 kg
ha™ in the first 30 DAD. In the third year, the mix of cover crops biomass still had with the highest K
release at 30 DAD (35 kg ha™). The lowest K release by cover crops for all treatments was during the first
year of the study.

Figure 5.

4. Discussion

4.1 Production of cover crop biomass, decomposition, and
nutrient cycling

In the Cerrado region, the residual crop on the soil surface are between 2380 to 10640 kg ha™' (Soares et
al. 2019). In the present study Pennisetum glaucum (9633 kg ha™ ') showed a biomass production close
to the highest amount of crop residues on the soil surface. P glaucumis commonly used cover crop in
the Cerrado region due to its rapid growth and establishment and high biomass production. In addition,
this plant is tolerant to water stress, which makes it promising for use in the Cerrado, particularly as a
second crop, given the context of climate change, marked by rainfall instability and extreme temperatures
(Oliveira et al. 2017).

The amount of precipitation after cover crop sowing (off-season), the length of the plant life cycle and
permanence of the biomass on the soil are predominant factors for the production and maintenance of
the soil cover. This is an advantage of the mix of cover crops, because, combining crop residues from
different plant species can change the carbon and N content (Zeng et al. 2010). With the diversification of
species, the plasticity of the system increases since the adversities of climate and management occur in
a variable way in each season. This variation may favor a specie in detriment of another but always
results in soil covering and protection with biomass production (Soares et al. 2019). Converging with the
results of this study where the mix of cover crops produced 56% (Rio Verde) and 37% (Montividiu) higher
biomass than C. spectabilis in monoculture.

C. spectabilis showed the lowest biomass production in both locations (3388 kg ha™ " in Montividiu and
2939 kg ha™ " in Rio Verde). This indicates that this cover crop does not provide a good soil cover when
grown alone. However, this specie add other benefits to the system, such as nematode control, biological
N fixation (34.10 kg ha™ ') (Mendonga et al. 2016), and faster nutrient cycling (T, lifetimes shorter than
20 days for N, P K, Ca and Mg) (Pacheco et al. 2017). The half-life values observed in this study differ
from the values reported by Pacheco et al. (2017). This may be attributed to the high temperatures and
precipitation that occurred in the state of Piaui (northern Cerrado region) after the desiccation of cover
crops and the sowing of cash crops. These factors potentially enhance the activity of microorganisms
involved in biomass decomposition and nutrient release.
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The maintenance of biomass on the soil surface is mainly controlled by the decomposition rate will
depend on biotic and abiotic factors such as plant composition (C/N ratio, cellulose, lignin, and
hemicellulose content), soil biological activity, and the edaphoclimatic conditions, mainly temperature
and rainfall (Carvalho et al. 2010). The low C/N ratio of legume crops (usually smaller than 20) favors
rapid decomposition compared to grass crops (C/N ratio greater than 25) (Weiler et al. 2019). Thus, due
to the higher decomposition of the legume residues (half-life time of 82 days), the soil will be unprotected
at the beginning of the cash crop development, but the nutrients will be quickly released and become
available for cash crop. On the other hand, as grasses have slow decomposition rates (half-life of 120
days on average), the residues remain longer in the soil, with a slower release of nutrients, which occurs
over time as observed in this study and by Pereira et al. (2016).

In the first and third year, C. spectabilis decomposition was faster than the other plants and the mix of
cover crops had 3200 kg ha™ " up to 30 days after desiccation (DAD). The mix of cover crops showed
high biomass persistence since, at 120 days, 25% (first year), 40% (second year), 50% (third year) of its
biomass had been decomposed. Regardless of rainfall volumes that occurred after desiccation, the
biomass of the mix of cover crops was efficient in covering the soil, persisting until the time of soybean
harvest. The permanence of biomass residues in the soil is important for the consolidation and
maintenance of no-tillage systems since a proper management of this system depends on the production
and maintenance of residues on the soil surface (Macedo 2009). However, as Wanic et al. (2019) argued,
one should consider the quality of the residue and not only its quantity and permanence in the soil, so
much so that in our study, soybean over the biomass of C. spectabilis and the mix of cover crops (C.
spectabilis, U. ruziziensis, and P glaucum) stood out as for productivity in the two evaluated sites for
having other benefits such as greater nutrient cycling (shorter half-life time of C. spectalibis) and
biological N fixation of the legumes.

The highest release of potassium (K) by cover crops was in the second year of the study, coinciding with
the highest rainfall (1,710 mm) during the cycle since K can easily be carried away by rainwater after the
rupture of the plasma membranes of dried plants (Taiz et al. 2017). The K has a shorter half-life (average
of 20 days) because it is not part of any organic structure or molecule in the plant, being mostly found as
free cations with high mobility (Miguel et al. 2018). Mix of cover crops and P glaucum accumulated the
most K during the three years, releasing about 45 kg ha™ " of K in the first 30 DAD. This fast release of K
(75%) is in line with reports of authors such as Mendonga et al. (2015) and Xavier et al. (2017). Similar to
the results found by Volf et al. (2023) in the Cerrado in Mato Grosso state, who found 35 kgha™'in a
soybeans/ U. ruziziensis system and 41 kg ha™ ' pasture (30 moth)/soybean. The amount of K
accumulated by the cover crops corresponds to about 60% of the recommended maintenance K
fertilization for soybean (Sousa and Lobato 1996). During all three years, K was the nutrient in greatest
quantity in the cover crop biomass, compared to N and P, showing that this is one of the nutrients most
absorbed and accumulated in the plant tissue of the cover crops in the Cerrado region (Torres et al. 2005;
Boer et al. 2007; Pariz et al. 2011; Pereira et al. 2016; Pacheco et al. 2017). The contribution of K released
from residues is between 80 and 90% for grasses and legumes and, therefore, plays an important role in
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the cycling of this nutrient in the system (Santos et al. 2008). As observed in the results of this study, the
mix of cover crops stood out for the release of K to the soil.

Among the cover crops studied, the mix treatment showed a longer half-life compared to the C.
spectabilis biomass at 172,282, and 15.5 DAD for N, B and K, respectively. Since at 120 DAD, 34% of the
N and 20% of the P of the biomass were released; thus, the mix of cover crops has the potential to provide
nutrients for subsequent cultures.

4.2 Influence of cover crop biomass on the establishment and productivity of the soybean crop, and
nematode population

The desiccation of cover crops must be carried out at least 25 days before soybean sowing to avoid
sowing problems and ensure a good plant establishment (Constantin et al. 2009). In the first year in Rio
Verde, the interval between desiccation and sowing was 20 days. Therefore, the largest soybean
population occurred in the treatment with C. spectabilis, which produced less biomass (Tables 2 and 3).
In other sowing situations, among different years and locations, the interval between desiccation and
sowing was sufficient to avoid seeding problems in situations with greater amounts of biomass. In any
case, the biomass heterogeneity of the mix cover crop, as it contains three species of plants, did not
compromise the establishment of soybeans since the population of soybean plants was among the
highest over the years in both locations (Table 3).

In addition, the mix of cover crop and C. spectabilis favored soybean yield increase (about 10.9% in
Montividiu and 17.8% in Rio Verde). Pacheco et al. (2017) and Cordeiro et al. (2021), who reported an
increase of 42.2% in soybean yield under biomass of C. spectabilis and 9.3% when using the biomass of
the mix of cover crops. Despite the high efficiency in biological fixation of soybean, it may respond
positively to the availability of N during the initial stages of growth (Brancalido et al. 2015).

According to Anghinoni et al. (2021), in the Cerrado region, a more diversified rotation system with
soybeans (first crop) and cover crops (second crop) for two years and one year of U. ruziziensis resulted
in higher soybean yields (28.2% higher) compared to the traditional soybean-maize cropping system.
These results not only indicate the efficiency saved for growing soybeans under a diversified sequence,
but also that crop rotations potentially reduce the inherent risks associated with production under
conditions of stress or uncertainty, contributing to the stability of food production. Thus, soybeans grown
after cover crop biomass have equal or greater profit, due to the better soil health provided by the cover
crop biomass.

An important aspect to consider when choosing cover crops are plants that suppress the population of
soil pests and diseases, in particular the presence of nematodes. Aquino (2021) found lower population
densities of Helicotylenchus sp. on systems with C. spectabilis. In this study, the smallest population was
on the biomass of P glaucum. Debiasi et al. (2016) found that the cultivation of C. spectabilis in the off-
season, in monoculture or intercropped with P glaucum cultivar ADR 300, reduced the population of P
brachyurus by about 59.7% compared to with the treatment without cover crops. It also reduced damage
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to soybeans, increasing productivity by approximately 58.6%. However, in this study, there was no
significant difference between treatments in relation to nematode control.

Based on the results found in this study, during the three years and in the two study sites, the mix of cover
crop can be recommended as a cover crop option. Thus, plant species with different ecological functions
can satisfy different system requirements, thus, attending most of the soil functions. The cover crops
enhance soil health, sustaining its multi-functionality (Schipanski et al. 2014). The promotion of soil
multifunctionality is linked to the production and maintenance of biomass of cover crops in the soil.
Thus, cover crops play a crucial role in the Cerrado ecosystem, mainly in soil functions such as: water
flow regulation, maintenance of soil structure, cycling of organic matter, nutrient cycling and habitat for
soil organisms all these functions associated result in increased crop production.

Overall, cover crops can serve as a powerful management tool in preserving soil health in Brazilian
agricultural systems, and their importance and potential are increasingly recognized by farmers. Despite
the existing challenges, this topic has attracted the attention of researchers and companies. As a result, it
is reasonable to expect that existing knowledge will expand exponentially through collaborative efforts
involving academics, companies, consultants, and farmers. By disseminating information and promoting
education, we remain optimistic that the adoption of cover crops will become a standard management
practice on Brazilian farms.

5. Conclusions

The use of a more diversified system such as the mix of cover crops (Pennisetum glaucum, Crotalaria
spectabilis and Urochloa ruziziensis) provided a greater soil coverage and a high concentration and
release of nutrients during the soybean cycle.

P glaucum presented the highest biomass contribution during the three years in Montividiu and the
highest average soybeans yield, highlighting the potential use of this cover crop in the Cerrado. The mix
of cover crops and P glaucum are alternatives in situations of late sowing, as they ensure biomass input
and consequently higher soybean (cash crop) yield.
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Table 1. Initial chemical characteristics of the soil in the experimental of the two study site locations

Locations pH P H+Al K+ Ca™ Mg® OM V Sand Silt Clay

CaCly mgdm™ cmolc dm z dm™ %
Rio Verde 5.0 32 36 011 141 054 187 36 3520 75 405
Montividin 54 224 27 009 131 085 158 54 755 50 195

P: Phosphorous (Melich I); H + Al: Potential acidity; K*: Potassium; Ca?*: Calcium; Mg?* Magnesium; OM:

organic matter; V: base saturation.

Table 2. Total biomass of cover crops (kg ha™) evaluated at the time of pre-sowing desiccation of

soybeans in Montividiu and Rio Verde
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Year!  Treatment Location
Montividiu  Rio Verde
1 Mix of cover crops 2 4845 bc 6176 ab
Pennisetum glaucum 9145 a 6470 ab
Crotalaria spectabilis 2899 c 2451 c
Urochloa ruziziensis 5729 b 5650 b
Urochloa brizantha cv. Marandu 5743 b 7527 a
Urochloa brizantha BRS Paiaguas 5286 b 6875 ab
2 Mix of cover crops 7938 bc 9269 ab
Pennisetum glaucum 12237 a 9563 ab
Crotalaria spectabilis 5992 c 5544 c
Urochloa ruziziensis 8822 b 8743 b
Urochloa brizantha cv. Marandu 8836 b 10619 a
Urochloa brizantha BRS Paiaguas 8379 b 9968 ab
3 Mix of cover crops 3217 bc 4548 ab
Pennisetum glaucum 7517 a 4842 ab
Crotalaria spectabilis 1271 ¢ 823 c
Urochloa ruziziensis 4101 b 4022 b
Urochloa brizantha cv. Marandu 4115b 5899 a
Urochloa brizantha BRS Paiaguas 3658 b 5248 ab
Mean  Mix of cover crops 5334 bc 6665 ab
Pennisetum glaucum 9633 a 6958 ab
Crotalaria spectabilis 3388 ¢ 2939 c
Urochloa ruziziensis 6218 b 6138 b
Urochloa brizantha cv. Marandu 6232 b 8015a
Urochloa brizantha BRS Paiaguas 5774 b 7363 ab

TYear 1= 2018; Year 2 = 2019; Year 3= 2020; 2 Mix of cover crops (Urochloa ruziziensis, Pennisetum
glaucum, and Crotalaria spectabilis); means followed by the same letter in columns do not differ from
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each other by Tukey test at 5% probability; the comparison was performed between treatments within
each year and location.

Table 3. Population of soybean plants (plants ha™') sown on cover crop biomass for three years and in
two locations (Montividiu and Rio Verde).
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Year"  Treatment Location
Montividiu Rio Verde

1 Mix of cover crops? 234722 423940 ab
Pennisetum glaucum 230556 411111 bc
Crotalaria spectabilis 235556 440833 a
Urochloa ruziziensis 243611 405278 bc
Urochloa brizantha cv. Marandu 219091 386667 cd
Urochloa brizantha BRS Paiaguas 235555 379722d

2 Mix of cover crops? 192000 215152
Pennisetum glaucum 180833 223637
Crotalaria spectabilis 173333 200556
Urochloa ruziziensis 185000 213333
Urochloa brizantha cv. Marandu 183889 221667
Urochloa brizantha BRS Paiaguas 190556 217222

3 Mix of cover crops? 220556 b 283056 bc
Pennisetum glaucum 215000 b 321945 a
Crotalaria spectabilis 256111 a 232500 c
Urochloa ruziziensis 245833 a 286667 bc
Urochloa brizantha cv. Marandu 210278 b 288056 b
Urochloa brizantha BRS Paiaguas 217500 b 276667 bc

Mean  Mix of cover crops? 215759 abc 307382 ab
Pennisetum glaucum 208796 bc 318897 a
Crotalaria spectabilis 221667 ab 301296 bc
Urochloa ruziziensis 224815a 301759 bc
Urochloa brizantha cv. Marandu 204419 c 298796 bc
Urochloa brizantha BRS Paiaguas 214537 abc 291204 c

TYear 1= 2018; Year 2 = 2019; Year 3= 2020; 2Mix of cover crops (Urochloa ruziziensis, Pennisetum
glaucum and Crotalaria spectabilis), means followed by the same capital letter in columns do not differ

from each other by Tukey test at 5% probability; the comparison was performed between treatments
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within each year and location. Absence of letters means that there were no significant differences
between treatments.

Table 4. Soybean yield (kg ha™) on biomass of different cover crops during three years in two locations
(Montividiu and Rio Verde).
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Year'  Treatment Location
Montividiu  Rio Verde
1 Mix of cover crops? 3763 a 5125b
Pennisetum glaucum 3488 ab 3469 c
Crotalaria spectabilis 3432 ab 5720 a
Urochloa ruziziensis 3163 ab 3938c
Urochloa brizantha cv. Marandu 3290 ab 3888 c
Urochloa brizantha BRS Paiaguas 3201 b 3976 ¢
Z Mix of cover crops? 3926abc 6259
Pennisetum glaucum 4428 a 5615b
Crotalaria spectabilis 3791 bc 5538 b
Urochloa ruziziensis 3694 bc 5298 b
Urochloa brizantha cv. Marandu 3431 c 5575b
Urochloa brizantha BRS Paiaguas 4183 ab 5738 ab
3 Mix of cover crops? 4380 5520 ab
Pennisetum glaucum 4698 5767 a
Crotalaria spectabilis 4736 4918 c
Urochloa ruziziensis 4514 5228 bc
Urochloa brizantha cv. Marandu 4718 4884 c
Urochloa brizantha BRS Paiaguas 4444 5230 bc
Mean  Mix of cover crops? 4023 ab 5635 a
Pennisetum glaucum 4205 a 4951 b
Crotalaria spectabilis 3986 ab 5392 a
Urochloa ruziziensis 3791b 4821 b
Urochloa brizantha cv. Marandu 3813 b 4782 b
Urochloa brizantha BRS Paiaguas 3943 ab 4981 b

TYear 1= 2018; Year 2 = 2019; Year 3= 2020; 2Mix of cover crops (Urochloa ruziziensis, P glaucum and C.
spectabilis), means followed by the same capital letter in columns do not differ from each other by Tukey

test at 5% probability; the comparison was performed between treatments within each year and location.
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Table 5. Nematode population Pratylenchusin 100 cm? of soil and Pratylenchus in the root (10 g root),
Helicotylenchus in 100 cm? of soil, and Helicotylenchus in the root (10 g root) during the soybean harvest
under cover crop biomass in Montividiu and Rio Verde.

Variable Treatment Location

Montividiu  Rio Verde

Pratylenchus soil? Mix of cover crops "3 0.00 1.41 ab
(100 cm?® soil) Pennisetum glaucum* 0.00 3.62d
Crotalaria spectabilis * 0.00 4.89 cd
Urochloa ruziziensis® 0.00 191 a
Urochloa brizantha cv. Marandu® ~ 0.00 9.36 be
Urochloa brizantha BRS Paiaguas 8.2 1.91d
Pratylenchus root Mix of cover crops 112.0 134.8
(10 g root) Pennisetum glaucum 47.3 513.2
Crotalaria spectabilis 70.5 290.3
Urochloa ruziziensis 150.3 496.5
Urochloa brizantha cv. Marandu 132.9 253.3
Urochloa brizantha BRS Paiaguas 147.2 153.0
Helicotylenchus soil ~ Mix of cover crops ’ 165.3 176.5
(100 cm?® soil) Pennisetum glaucum 92.9 118.7
Crotalaria spectabilis 161.0 219.1
Urochloa ruziziensis 171.4 218.4
Urochloa brizantha cv. Marandu 85.9 136.4
Urochloa brizantha BRS Paiaguas 111.5 92.1
Helicotylenchusroot ~ Mix of cover crops ’ 49 ab 29.2
(10 g raiz) Pennisetum glaucum 0.52b 15.3
Crotalaria spectabilis 374 a 9.4
Urochloa ruziziensis 224 a 26.2
Urochloa brizantha cv. Marandu 1.8 ab 16.8
Urochloa brizantha BRS Paiaguas 4.1 ab 19.1
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TMix of cover crops (U. ruziziensis, P glaucum and C. spectabilis); means followed by the same letter in
the column do not differ from each other by Tukey test at 5% probability; the comparison was performed

between treatments within the same variable. ?Values of Pratylenchus on the soil are exponential, being
3¢-04 and 4 e-05.

Figures
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.,E

5

20 SE

s Mo fa Ha fs
weo pe W e, et

e N A \
& ey
. y N U. brizantha cv. Marandu
e -

/@ Locations of the study area
r . / U. brizantha BRS Paiagués

| ] Cerrado
Figure 1

Locations of the experimental sites in Montividiu and Rio Verde Goias state, Brazil. Both areas are located
into the Brazilian Cerrado.
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Figure 3

Dry biomass (kg ha™) of cover crops after desiccation (DAD) in Rio Verde, A: 2018 B: 2019 C: 2020. Mix
of cover crops (C. spectabilis, Pennisetum glaucum, and U. ruziziensis). Lowercase letters in front of the
description of treatments are related to the statistical analysis of the half-life of biomasses and means

followed by the same lowercase letter do not differ from each other by Tukey test at 5% probability.
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Absence of letters means that there were no significant differences between treatments. Error bars
represent the mean standard error.
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Figure 4

Amount of nitrogen (a), phosphorus (b), and potassium (c) in cover crop biomass during soybean
cultivation (0-120 days). Lowercase letters in front of the description of treatments are related to the
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statistical analysis of the accumulation of nutrients and means followed by the same lowercase letter do
not differ from each other by Tukey test at 5% probability. Error bars represent the mean standard error.

)

W Mix of cover crops T, , =18 days a

@  Pennisetum glawcum T\, = 1234 days b

A Crotalaria spectabilis Ty, = 10.11 days b

¥ Urochloa ruziziensis T ;= 12,42 days b

& U brizantha cv. Marandu T, , = 12,52 days b
A U brizantha BRS Painguas T,,=13.57 days b

Potassium release (kg ha™)
fad
=

Days after soybean sowing

W Mix of cover crops T, , =9.31 days ¢
®  Penniseiwm glawenm T, =9.25 days ¢
A Crotalaria spectabilis T, ;= 12.81 days be
¥ Urochloa ruziziensis T ;= 12.22 days ¢
60 & U brizantha cv. Marandu T, = 19.11 days a
A U brizanha BRS Paiaguds T\, =17.26 days ab

o

Potassium release (kg ha™)
fad
=

I I NI N I

20
10
0 1
0 20 40 60 80 100 120
Days after soybean sowing
W Mix of cover crops T, =18.62 days cd
®  Pennisetum glancum Ty, = 18,89 days cd
'] A Crotlaria spectabilis T, ,= 14.46 days d
¥ Urochloa ruziziensis Ty, = 2745 days a
60 — & U brizantha cv. Marandu T, , = 22.86 days be
— il A U brizantha BRS Paiaguis T, , = 25.01 days ab
g 50 -
a0 A
=
]
2 il
=230 —
e i
E 20 -
=
Z _
g 10+
[=] -
= 0

0 20 40 60 80 100 120

Days after soybean sowing

Figure 5

Amount of potassium (K) released in kg ha™'. Year 2018 (A), year 2019 (B), year 2020 (C). Lowercase
letters in front of the description of the treatments are related to the statistical analysis of nutrient
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accumulation and means followed by the same lowercase letters do not differ from each other by Tukey
test at 5% probability Error bars represent + mean standard error.
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