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CROP PRODUCTION
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ABSTRACT. In the Cerrado, soybean monoculture (Glycine max) and second-crop corn succession reduce
soil quality and compromise long-term productivity. The application of conservation practices such as crop
rotation, cover crops, and multifunctional rhizobacteria is essential for sustainable soybean cultivation in
the region. This study aimed to evaluate how cover crop mixtures cultivated during the second crop season,
in rotation with upland rice, and the co-inoculation of soybeans with multifunctional rhizobacteria affect
soil quality (physical, chemical, and biological), as well as soybean nutrient uptake, biomass production,
yield components, and final yield. The experiment was conducted in a randomized block design, arranged
in a 7 x 2 = 14 factorial scheme with four replications. The treatments included five cover crop mixtures and
two fallow systems: fallow 1 — rice/fallow/soybean (rotation between upland rice and soybean, without
cover crops during the off-season) and fallow 2 — soybean/fallow/soybean (no rotation with upland rice and
no cover crops in the off-season). All treatments with cover crop mixtures were also conducted under a
rotational system, with soybean cultivated after upland rice in the summer season. Soybean seeds were
either co-inoculated or not with Bacillus sp. (BRM 63573) and Serratia marcensces (BRM 32114). Rotation
with upland rice and cover crop mixes provided higher P and Zn content in the soil, higher activity of the
B-Glycosidase enzyme, lower density, higher total porosity, lower incidence of phytopathogenic fungi
(Fusarium solani and Rhizoctonia solani), greater biomass production, greater macro and micronutrient
content in the aerial part, greater number of pods per plant and grain yield of the soybean crop concerning
the areas that remained fallow. Fallow 2 (soybean/fallow/soybean) provided lower results for most of the
analyzed variables (soil attributes, nutrient uptake, biomass production, grain yield and soybean yield
components). Co-inoculation provided higher soil microporosity, lower density of the phytopathogenic
fungus (Fusarium oxysporum) in the soil, greater biomass production and nutrient accumulation in the shoot
of soybean plants, compared to treatment without co-inoculation.
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Introduction

Soybean (Glycine max (L.) Merrill) stands out economically as one of the world’s main crops, being the
main oilseed cultivated in the world, and its consumption has several benefits (Zhang et al., 2016). It is the
main crop of Brazilian agribusiness, and the most cultivated in Brazil in the last three decades. Currently,
Brazil is the world's largest producer and exporter of soybeans, with an estimated production of 167.4 million
tons and exports worth 104.7 million tons in the 2024/2025 crop season (Companhia Nacional de
Abastecimento. [CONAB], 2025).

Soybean is also the main crop in the Cerrado region, with predominant cultivation in a no-tillage system
(NTS), whose pillars are crop rotation, minimal soil disturbance, and keeping the soil covered. However, the
erroneous practice of NTS in the region has limited its sustainability because in most cases, the adoption of
monocropping and/or succession of soybeans and second-crop corn has been observed (Hosono & Caruso,
2016). These management practices tend to cause physical, chemical, and biological soil degradation, in
addition to increasing the incidence and severity of pests, diseases, and weeds in production systems, thereby
affecting their long term sustainability (Bertollo & Levien, 2019).
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Thus, the challenge of producing soybeans in a sustainable way arises. In this context, the soil must be
managed with agricultural practices that maintain its capacity to absorb and make water and nutrients
available to plants, as well as improve biological activity and prevent soil compaction (Plaza-Bonilla et al.,
2016). Agricultural practices that provide adequate chemical, physical, and biological soil conditions are
essential to achieve satisfactory yields in agricultural systems (Veloso et al., 2022).

Among soil conservation practices, the adoption of crop rotation and cover crops within cropping systems
has been widely disseminated as an alternative to improve soil management systems and sustainability
(Veloso et al., 2022). Upland rice is a particularly suitable option for soybean rotation systems, as it is a grass
species characterized by high biomass production and does not serve as a host for most microorganisms and
insects capable of harming soybean plants (Cordeiro Junior et al., 2017). The utilization of cover crops improved
soil quality, enabled better use of water and environmental resources, reduced damage caused by insect pests,
lowered incidence of pathogens, greater weed control, reduced compaction, increased biological activity and yield
of crops (Nascente et al., 2013; Silva et al., 2022). Anschau et al. (2018) reported that soybean cultivated in
succession to cover crop straw (U. ruziziensis) yielded 33.4% more compared to single maize succession.

In recent years, another conservationist agricultural practice that has gained greater recognition is the use
of multifunctional rhizobacteria as alternative inputs, aiming to obtain crop yield gains in addition to being
a practice that is ecofriendly (Wahab et al., 2025). Multifunctional rhizobacteria provide several benefits to
plants through different mechanisms of action, such as biological nitrogen fixation, phosphate solubilization,
phytohormone production, and biological control, among others (Rezende et al., 2021). The benefits include
the higher germination rate of seeds, greater root development, higher concentration of nutrients in plants,
increase in phytomass accumulation and plant height, reduction in the use of fertilizers, and higher grain
yield (Ratz, 2017).

By combining different species, the benefits provided by cover crops and multifunctional rhizobacteria can
be even greater, this practice is called the mix of cover crops (Ziech et al., 2015) and co-inoculation (Dalolio
et al., 2018), respectively. Aradjo et al. (2021) found higher grain yield of upland rice in an area previously
cultivated with a mix of cover crops (Pennisetum glaucum + Crotalaria juncea + C. spectabilis + C. ochroleuca), using
a fallow area as control. In a study with soybeans, a greater accumulation of shoot dry biomass was confirmed when
the plants were co-inoculated with the isolates BRM 63573 (Bacillus sp.) and BRM 32114 (Serratia marcensces),
compared to their isolated use and the control treatment (without microorganism) (Silva, 2020b).

This study is among the first to evaluate under field conditions in the Cerrado, the combined effects of
cover crop mixtures, upland rice rotation, and co-inoculation with multifunctional rhizobacteria on soybean
performance and soil quality. This integrated approach offers a novel perspective on reducing external inputs
while promoting the sustainability of production systems. Despite growing interest in these practices,
consistent information on their combined use and contributions to sustainable soybean production remains
limited. Therefore, this study aimed to evaluate their impact on soil quality, nutrient accumulation, biomass
production, yield components, and overall soybean yield.

Material and methods

This study was conducted in a no-tillage area under rainfed conditions at Capivara Farm of Embrapa Rice
and Beans, in Santo Antonio de Goias, Goids State, Brazil (16°28'00" S, 49°17'00" W, and altitude of 823 m) in
the 2020/2021 and 2021/2022 crop seasons, after growing upland rice (summer) and mixes of cover crops
(second-crop). In the 2019/2020 crop season, the area where the soybean in the present experiment was sown was
cultivated with upland rice in the summer and cover crops in the second crop season. During the experiment, the
minimum, average, and maximum temperature and precipitation were monitored (Figure 1).

According to the Brazilian Soil Classification System, the predominant soil in the region is the Red Acrylic
Latosol (Santos et al., 2018) which corresponds to Typic Acrustox in the USDA Soil Taxonomy. Before
installing the experiments, soil chemical analyses were conducted according to the methodology described
by Donagemma et al. (2011) and the results were: pH (H,0) = 6; Ca*" = 29.44 mmol. dm3; Mg?* = 12.65 mmol,
dm™; H+ AlI** = 16.01 mmol. dm>; P = 14.89 mg dm™3; K* = 116.23 mg dm3; Cu?' = 1.22 mg dm™>; Zn?' = 4.77 mg
dm; Fe* = 15.97 mg dm™; Mn?" = 27.87 mg dm3, and organic matter = 31.89 g kg'!, sand g kg™! = 342; silt g
kg = 164, and clay g kg™! = 494, with a clayey texture. These baseline analyses were used to characterize the
initial soil condition prior to soybean planting and to monitor changes resulting from the different treatments
in subsequent crop seasons.
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Figure 1. Temperature (°C) and precipitation (mm) during the experiment from March 2020 to February 2022. Santo Anto6nio de Goias,
Goias State, Brazil.

The experiment was conducted in a randomized block design, arranged in a 7 x 2 factorial scheme with
four replications. Two factors were evaluated:

Factor 1 — Type of soil cover (7 levels): five cover crop mixtures (Mix 1, Mix 2, Mix 3, Mix 4, and Mix 5) and
two fallow treatments (Fallow 1 and Fallow 2) were used as controls, as described in Table 1.

Factor 2 — Co-inoculation with multifunctional rhizobacteria (2 levels): with and without co-inoculation
(control).

Table 1. Description of treatments.

Treatments Rhizobacteria Soil Cover System Rotation type

1 NMR Fallow 1 Upland rice/follow/soybean
2 NMR Fallow 2 Soybean/follow/soybean
3 NMR Mix 1 -

4 NMR Mix 2 -

5 NMR Mix 3 -

6 NMR Mix 4 -

7 NMR Mix 5 -

8 WMR Fallow 1 Upland rice/follow/soybean
9 WMR Fallow 2 Soybean/follow/soybean
10 WMR Mix 1 -

11 WMR Mix 2 -

12 WMR Mix 3 -
13 WMR Mix 4 -
14 WMR Mix 5 -

NMR: No multifunctional rhizobacteria; WMR: With multifunctional rhizobacteria; Mix 1: (Ultra Mix) White lupine, Buckwheat, White oat, Black oat,
Crotalaria ochroleuca, Crotalaria juncea, Fodder radish, and Coracana grass; Mix 2: (Mix Vitale) Buckwheat, Crotalaria spectabilis, Fodder radish, Black oat;
Mix 3: (Forage mix) Millet, C. ochroleuca, Black oat, White oat, Buckwheat, and Coracana grass; Mix 4: (Mix Reduct) C. spectabilis, Buckwheat, Millet, and

Crotalaria breviflora; Mix 5: (Mix Mega) Black oat, Buckwheat, Millet, Piata grass and C. ochroleuca; Fallow 1: no mix of cover crops, with rice/soybean

rotation (upland rice/fallow/soybean); Fallow 2: no mix of cover crops, no rice/soybean rotation (soybean/fallow/soybean).

All treatments with cover crop mixtures were performed in a crop rotation system in which upland rice was
cultivated during the summer season, followed by cover crop mixtures in the second crop season, and then
soybean. Fallow 1 also involved crop rotation with upland rice, but without cover crops during the off-season.
Conversely, Fallow 2 was conducted without rotation (soybean/fallow/soybean), serving as a negative control.

To assess their effects on production system sustainability, cover crop mixtures were selected based on
their distinct morphological and functional characteristics, as well as their agronomic benefits. The fallow
control treatments were included to compare the effects of the absence of soil cover and crop rotation on soil
management. The rhizobacteria used for co-inoculation were selected based on greenhouse experiments
conducted by Silva et al. (2020a and b), which showed increased biomass production and soybean yield.

Each plot measured 6 m x 10 m, and the useful area consisted of three central rows, excluding 0.5 m at
each end. Evaluations were carried out during the second crop seasons of 2020 and 2021, after the cultivation

of upland rice, cultivar BRS 501 CL (summer season). Soybean seeds were co-inoculated or not with
multifunctional rhizobacteria, based on the second factor levels.
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These mixes were sown in the second crop on March 9, 2020, and April 2021, after the upland rice harvest
in the same area before the main crop (soybean). A spacing of 0.45 m between rows was used with 10 kg ha!
of seeds from each mix of cover crops. Sowing was carried out with a no-till seed drill at a depth of 5 cm and
without the use of fertilizers. The cover crops were not irrigated and developed from March 15 to October 16
in 2020 and from March 15 to October 20 in 2021. Due to low rainfall in the 2021/2022 crop season, plant
establishment and development were impaired (Figure 1). The area was desiccated 20 days before sowing the
soybean crop with 4 L ha™! glyphosate (Roundup Original®, 1440 g of acid equivalent per ha™). Fifteen days after
desiccation, the cover crops were crushed with a straw shredder (Triton®), and straws were left in the area.

The soybean cultivar NS 6906 IPRO was selected for its early maturity, broad adaptation to Cerrado
conditions, high yield potential, and resistance to major pests and diseases such as Helicoverpa armigera,
which is a critical factor for the region. The crop was sown mechanically, using a no-till seed drill at a spacing
of 0.45 m with 20 viable seeds per meter, on November 5, 2020, and November 10, 2021, 20 days after
desiccation of cover crops. The fertilization was calculated based on soil analysis and crop needs (Souza &
Lobato, 2004). Therefore, the amount of fertilizer applied at sowing was 90 kg ha™ of P,Os (triple
superphosphate) and 48 kg ha! of K,O (potassium chloride). Prior to sowing, all seeds were inoculated with
liquid inoculant (Bradyrhizobium japonicum), following the manufacturer’s recommendation to supply
nitrogen to the soybean crop. According to standard soybean crop recommendations, cultural practices were
carried out to keep the area free of weeds, diseases, and insects.

The isolates were chosen based on previous studies which utilized multifunctional microorganisms in
soybean cultivation in a greenhouse (Silva et al., 2020a). The combination of multifunctional rhizobacteria
isolates BRM 63573 (Bacillus sp.) and BRM 32114 (Serratia marcensces) was used for soybean co-inoculation.
These rhizobacteria are stored and preserved in the collection of Multifunctional Microorganisms at Embrapa Rice
and Beans. Bacterial suspensions were prepared with nutrient broth and water from cultures grown for 24 hours in
a solid nutrient agar medium at 28°C, and the concentration was fixed in a spectrophotometer at A540 = 0.5 (10®
CFU, Colony Formation Unit) (Filippi et al., 2011). Prior to soybean sowing, the suspension was applied to the
sowing furrow (600 mL ha™!, with 300 mL of each microorganism mixed at the time of sowing)with the aid of a
furrow sprayer (Micron®), as recommended by the Microbiology laboratory at Embrapa Rice and Beans.

For chemical analyses, deformed soil samples were randomly collected from each plot in the 0 - 10 cm
layer. Thus, eight soil subsamples were collected per plot to form a composite sample shortly after the
desiccation of cover crops on November 9, 2021, in the area where soybeans were sown. Composite samples
were taken to the Agro-environmental analysis laboratory at Embrapa Rice and Beans, dried in air-forced
circulation ovens, and passed through sieves (2 mm mesh). Soil chemical characteristics (pH, OM, P, H + Al,
Al, K, Ca, Mg, Cu, Fe, Zn, and Mn) were determined according to the methodology of Donagemma et al. (2011).
Soil pH was determined in a 0.01 mol L™! CaCl, suspension (1:2.5 soil/solution). Exchangeable Ca and Mg were
extracted with 1 mol L neutral KCI in a 1:10 soil/solution ratio and determined by atomic absorption
spectroscopy. H + Al was extracted using 0.5 mol L™! Ca acetate and determined by titrimetry. Phosphorus and
exchangeable K were extracted with a Mehlich 1 extraction solution (HCI 0.05 mol L'! in H,SO, 0.0125 mol L'!) and
determined by atomic emission spectroscopy. Cu, Zn, Fe, and Mn were extracted using Melich 1 solution and
determined by atomic absorption spectroscopy. Soil organic matter (OM) was determined by oxidation with
sulfochromic solution, followed by determination with spectrophotometry.

Undeformed soil samples were collected with cylinders measuring 0.05 m in diameter and 0.05 m in height,
in all treatments on the same day of collecting deformed samples in the 0 - 10 cm layer, with eight replications.
Soil bulk density (Sd) and total porosity (TP) were determined. TP was calculated using the equation: TP = (1-
Sd/Pd), where Pd is particle density (Donagemma et al., 2011). Soil quality was assessed by evaluating two
enzymes: B-glucosidase and arylsulfatase. The same soil samples collected at 0-10 cm depth were used for
chemical analysis. The -glucosidase enzyme activity was estimated according to the method proposed by
Tabatabai (1994), using the colorimetric determination of p-nitrophenol, after incubation of the soil with a
specific substrate (p-nitrophenol-B-D-glucopyranoside). The arylsulfatase activity (Tabatabai & Bremner,
1970) was evaluated by hydrolyzing potassium p-nitrophenyl sulfate, enzyme substrate, to p-nitrophenol
(PNP), followed by soil sample incubation for one hour at 37°C. The results obtained from the enzymes were
interpreted as low, moderate, or high levels, as recommended by Mendes et al. (2018). To evaluate the density
of soil fungi, a composite sample was formed by collecting eight soil subsamples per plot. This collection was
also performed on the day of sample collection for chemical and physical analyses. The samples were taken
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to the Agricultural Microbiology laboratory at Embrapa Rice and Beans and the densities of phytopathogenic
fungi were determined; Fusarium solani, F. oxysporum, Rhizoctonia solani, and the beneficial fungus
Trichoderma spp. was estimated based on the methodology described in (Komada, 1975; Martin, 1950; Nash
& Snyder, 1962; Napoleao et al., 2005), respectively.

When the soybean plants reached the reproductive phase (R7 stage - beginning of maturation) in the
2021/2022 crop season, the shoot of the plants was cut in one meter of each plot, then wrapped in duly
identified envelopes. The material was dried in an air-forced circulation oven at 65°C, until constant mass.
Thereafter, the material of each envelope was weighed to determine the dry biomass of shoots in each plot.
After drying and weighing, the shoot of plants in each treatment was ground in a Wiley-type mill, and used
for the analysis and determination of macronutrients (N, P, K, Ca, Mg, and S) and micronutrients (B, Cu, Fe,
Mn, Zn, and Mo), following the methodology of Donagemma et al. (2011).

In the usable area of each plot, a self-propelled harvester was used for soybean harvest at the R8 stage on
February 24, 2021 (first crop season) and February 25, 2022 (second crop season). Soybeans were weighed,
and yield was adjusted to a moisture content of 13% and converted into kg ha'. The yield components, number
of pods per plant (NPP), number of grains per pod (NGP), and 100-grain weight (100W) (adjusted to 13%
moisture content) were evaluated in ten randomly chosen plants per plot.

A factorial design (7 x 2) was used, and the analysis of variance (ANOVA) was initially conducted using a
model that included interaction terms between the evaluated factors, but aimed at testing for significant
interactive effects. This procedure was applied to each response variable. After confirming that none of the
interactions was statistically significant (p > 0.05), data from the 2020/2021 and 2022/2023 growing seasons
were pooled, and the ANOVA was re-run using an additive model without the interaction term. Residual
normality was assessed using the Kolmogorov-Smirnov test, and the homogeneity of variances was verified
with Levene’s test. Once model assumptions were met, a parametric multiple comparison test (Fisher’s LSD)
was applied. All statistical analyses were performed using the R software (version 4.3.1 ucrt).

Results and discussion

In the soil chemical analysis, significant differences were observed concerning cover crop mixes only for P
and Zn contents (Table 2). Mix 3 (Millet, C. ochroleuca, Black oat, White oat, Buckwheat, and Coracana grass)
provided significantly higher soil P content compared to fallows 1 and 2, and Zn in the soil was higher than
fallows 1 and 2 and cover crop mixes 1 and 2. Regarding co-inoculation with multifunctional rhizobacteria,
no significant differences were found for any analyzed variables.

Michelon et al. (2019) also found greater availability of P in soil cultivated with cover crops (lupines, vetch,
fodder radish, ryegrass, oat, and mix (oat + fodder radish + vetch)). In this study, the treatment with mix 3
provided a quantity of P 48% higher than that verified in fallow 1 (without cover crops) and 54% higher than
in fallow 2 (without cover crops and rotation with upland rice). These results align with Hallama et al. (2019),
who reported that cover crops increase P availability for subsequent crops by accumulating P in biomass and
enhancing its mineralization. It can be inferred that this mix favored greater phosphorus availability in the
soil. Also, mix 3 provided Zn 50% higher than fallow 1 and 56% higher than fallow 2. This characteristic is
particularly important for Cerrado soils, where the use of cover crops enhances the availability of essential
nutrients for subsequent crops, including P, K, Ca, Mg, S, Zn, Fe, Cu, B, Mn, and Mo, by improving soil nutrient
cycling and reducing nutrient losses through leaching and erosion (Tubana et al., 2020). Cover crops improve
the soil content of these nutrients, and this benefits the subsequent crop (soybean).

Significant differences were also found in the activity of the B-Glycosidase enzyme (Table 2). Mixes 4 and
5 provided the highest enzyme activity values. These treatments differed significantly from fallow 2, being
higher by 31 and 29%, respectively. In a study by Ferreira et al. (2017), high values of the B-Glycosidase
enzyme were found in a no-tillage system/ a system that advocates the use of crop rotation and permanence
of soil cover, especially using cover crops. Mendes et al. (2020) evaluated monocropping, succession, and
rotation and found differences in soybean yield when obtaining the best results in biologically active soils
with good enzymatic activity due to the insertion of cover crops. In agreement with these findings, Adetunji
et al. (2020) demonstrated that the quantity and quality of cover crop residues, especially when terminated at
flowering, significantly affects B-Glycosidase activity and soil fertility. Upland rice and cover crop residues
left in the soil may cause different carbon sources to contribute to the systems, which could have promoted
microbial communities that provided greater activity of these enzymes (Bhat et al., 2017).
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Table 2. Soil chemical properties and soil quality bioindicators (glycosidase and arylsulfatase enzymes) in the 0 - 0.10 m layer after the
desiccation of cover crops (November 9, 2021).

Treatments pH OM P K Ca Mg H+Al
Soil cover system H,0 gkg! mgL! mgL! Mmol L! Mmol L! mmo] L
Mix 1 5.91 29.55 18.65 ab 105 23.01 11.28 15.75
Mix 2 5.81 29.67 15.52 ab 121 23.51 11.46 15.62
Mix 3 5.73 29.60 20.73 a 112 23.42 11.60 17.50
Mix 4 5.92 31.46 16.43 ab 118 25.26 12.61 14.00
Mix 5 5.86 30.25 15.07 ab 120 24.47 11.97 15.37
Fallow 1 5.91 29.60 14.02b 120 23.22 11.67 15.00
Fallow 2 5.91 30.83 13.48b 120 22.90 11.67 14.87
Co-inoculation H20 gkg! mgL! mgL! mmol/L mmol/L mmol/L
With 5.90 29.97 14.46 122 23.07 11.65 14.78
Without 5.81 29.73 14.48 111 24.30 11.83 16.10
CV (%) 4.22 12.39 34.38 25.02 20.46 17.15 23.30
Treatments Cu Zn Fe Mn Arylsulfatase B-Glycosidase
Mix mgL! mgL! mgL! mgL! [p-Nitrophenol] mg kg h!
Mix 1 1.66 3.73b 16.96 25.46 25.01 27.35 ab
Mix 2 1.60 3.86b 16.42 25.88 23.98 27.26 ab
Mix 3 1.72 5.76 a 18.08 24.96 21.98 25.86 ab
Mix 4 1.72 5.25ab 17 27.26 27.53 30.52a
Mix 5 1.66 4.55 ab 17.03 26.35 26.60 30.12a
Fallow 1 1.65 3.85b 21.72 27.12 24.18 24.26 ab
Fallow 2 1.70 3.70b 17.18 26.40 21.26 23.35b
Co-inoculation mgL! mgL! mgL! mgL! [p-Nitrophenol] mgkg! h!
With 1.69 4.12 17.25 24.97 24.88 27.43
Without 1.65 4.14 18.28 27.42 23.84 26.49
CV (%) 29.77 37.02 36.78 21.80 28.24 25.10

Means followed by the same letter in the columns do not differ by Fisher’s LSD test at 5% significance. Columns without letters had no significant
difference between treatments. OM = organic matter; H + Al: potential acidity. 'Mix 1 (Mix Ultra): White lupine, Buckwheat, White oat, Black oat,
Crotalaria ochroleuca, Crotalaria juncea, Fodder radish, and Coracana grass; Mix 2 (Mix Vitale): Buckwheat, Crotalaria spectabilis, Fodder radish, and Black
oat; Mix 3 (Mix Forrageiro): Millet, C. ochroleuca, Black oat, White oat, Buckwheat, and Coracana grass; Mix 4 (Mix Reduct): C. spectabilis, Buckwheat,
Millet, and Crotalaria breviflora; Mix 5 (Mix Mega): Black oat, Buckwheat, Millet, Piata grass, and C. ochroleuca; Fallow 1: no mix of cover crops,
rice/fallow/soybean; Fallow 2: no mix of cover crops and no rotation with upland rice, soybean/fallow/soybean. Co-inoculation: With (BRM 32114 (Serratia
marcensces) + BRM 63573 (Bacillus spp.); Without (without microorganisms).

According to Mendes et al. (2018), the classification intervals of the activity of this enzyme in the soil are
<90, low activity level; from 91 to 225, moderate activity level; and >225 ug of PNG g}, adequate activity level.
Our results showed a very low activity level, such that none of the treatments exceeded 31 pg of PNG g!. It is
important to emphasize that this classification refers to Cerrado Oxisols; therefore, soils from different
regions may not fit this classification (Mendes et al., 2018). These results reinforce the importance of
maintaining conservation practices such as crop rotation and the adoption of cover crops and multifunctional
microorganisms to improve soil quality.

Regarding the soil physical analysis, soils under fallow treatments (1 and 2) presented the highest values
for density, being significantly higher than areas cultivated with mixes 1 and 2 (Table 3). These results are
justified by the greater concentration of root volume in the soil, which promoted the use of cover crop mixes
in the other treatments. Francziskowski et al. (2019) also found lower soil density when using different cover
crop species together (mix), due to the different layers in which the roots acted, with thin roots acting more
superficially and thicker roots acting in greater depth.

In treatments with cover crop mixtures, soil bulk density values were below the critical threshold for most
grain crops (approximately 1.40 Mg dm™3), ranging from 1.25 to 1.38 Mgdm™>. In contrast, fallow areas
approached or exceeded this value. According to Haruna et al. (2020), cover crops reduce bulk density by
contributing residues with lower mass per unit volume and promoting the formation of biopores through root
activity, which improves porosity and structural quality. Values above 1.40 Mg dm™2 restrict root growth,
water infiltration, and gas exchange, negatively impacting crop yield. Thus, the soybean crop sown afterward
may have limited root development and impaired yield in fallow areas.

Soils under fallow (1 and 2) presented the lowest values for total porosity, significantly lower than all
treatments with the mixes of cover crops. The soil with mix 2 recorded the highest value for both variables
(Table 3). Corroborating our results, Anschau et al. (2018) also found greater total porosity in the soil after
growing a cover crop (Urochloa ruziziensis) compared to fallow. According to Costa et al. (2015), the use of
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plants with different root systems and C/N ratio can favor both the control and prevention of compaction,
decrease density, and increase porosity in the surface (as observed in this study) and subsurface layers, which
stimulates the root growth of subsequent crops. Since fallow 1 did not adopt mixes of cover crops and fallow
2 did not adopt mixes of cover crops and rotation with upland rice, there were no plants with different root
systems and C/N ratio, thus favoring higher density and lower total soil porosity.

Table 3. Soil physical properties at 0 - 0.10 m depth, after the desiccation of cover crops (November 9, 2021).

Treatments Soil bulk density Total porosity
Soil Cover System gcm’® %
Mix 1 1.34b 43.29 ab
Mix 2 1.35b 44.11a
Mix 3 1.36 ab 43.19 ab
Mix 4 1.36 ab 43.27 ab
Mix 5 1.38 ab 43.14 ab
Fallow 1 1.41a 41.29¢
Fallow 2 1.40 a 41.30 ¢
Co-inoculation gcm? %
With 1.38 43.39
Without 1.36 42.43
CV (%) 3.48 3.51

Means followed by the same letter in the columns do not differ by Fisher's LSD test at 5% significance. Columns without letters had no significant
difference between treatments. '"Mix 1 (Mix Ultra): White lupine, Buckwheat, White oat, Black oat, Crotalaria ochroleuca, Crotalaria juncea, Fodder radish,
and Coracana grass; Mix 2 (Mix Vitale): Buckwheat, Crotalaria spectabilis, Fodder radish, and Black oat; Mix 3 (Mix Forrageiro): Millet, C. ochroleuca, Black

oat, White oat, Buckwheat, and Coracana grass; Mix 4 (Mix Reduct): C. spectabilis, Buckwheat, Millet, and Crotalaria breviflora; Mix 5 (Mix Mega): Black
oat, Buckwheat, Millet, Piata grass, and C. ochroleuca; Fallow 1: no mix of cover crops, rice/fallow/soybean; Fallow 2: no mix of cover crops and no rotation
with upland rice, soybean/fallow/soybean. Co-inoculation: With (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.); Without (without
microorganisms).

As regards biological analysis, it was found that areas under fallow (1 and 2) were the treatments that
provided the highest number of Fusarium solani inoculums in the soil, being significantly superior to mixes of
cover crops, except for mix 3 (Table 4). Similar results were reported by Sousa et al. (2025), who observed
greater severity of root rot caused by Fusarium solani in areas with a history of fallow, reinforcing the
importance of cover crops in managing this pathogen. As for F. oxysporum, there were no differences between
treatments (Table 4).

Table 4. Inoculum density of soil fungi (propagule g soil) at 0 - 0.10 m depth after desiccation of cover crops (November 9, 2021).

Treatments F. solani F. oxysporum R. solani Trichoderma spp.
Soil Cover System

Mix 1 1587 b 4127 23.13 ab 8043

Mix 2 1587 b 4657 18.50b 6615
Mix 3 2064 ab 4074 18.50b 5291

Mix 4 1482 b 4339 20.58b 6403

Mix 5 1746 b 3757 26.37 ab 5874
Fallow 1 2805 a 4668 37.01a 5980
Fallow 2 2810 a 5080 36.15a 5982

Co-inoculation

With 1710 3069 a 26.90 5574
Without 2046 5609 b 21.12 7161
CV (%) 49.93 60.18 66.70 72.21

Means followed by the same letter in the columns do not differ by Fisher's LSD test at 5% significance. Columns without letters had no significant
difference between treatments. '"Mix 1 (Mix Ultra): White lupine, Buckwheat, White oat, Black oat, Crotalaria ochroleuca, Crotalaria juncea, Fodder radish,
and Coracana grass; Mix 2 (Mix Vitale): Buckwheat, Crotalaria spectabilis, Fodder radish, and Black oat; Mix 3 (Mix Forrageiro): Millet, C. ochroleuca, Black

oat, White oat, Buckwheat, and Coracana grass; Mix 4 (Mix Reduct): C. spectabilis, Buckwheat, Millet, and Crotalaria breviflora; Mix 5 (Mix Mega): Black
oat, Buckwheat, Millet, Piata grass, and C. ochroleuca; Fallow 1: no mix of cover crops, rice/fallow/soybean; Fallow 2: no mix of cover crops and no rotation
with upland rice, soybean/fallow/soybean. Co-inoculation: With (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.); Without (without
microorganisms).

Areas under fallow (1 and 2) recorded the highest inoculum population of Rhizoctonia solani in the soil,
significantly higher than mixes 2, 3, and 4 (Table 4). Regarding Trichoderma spp. (beneficial fungus), there
was no difference between the evaluated treatments. Soybean monocropping tends to increase the amount of
phytopathogens that survive in the remains of the crop, such as the fungi addressed in this study, which
remove nutrients from plants with living and senescent activity. This system provides ideal substrates for
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these pathogens (Amorim et al., 2016). Thus, the use of crop rotation and cover crops as in this study,
interferes with the survival and dissemination of pathogens by disrupting their life cycles and reducing their
inoculum in the soil, thereby functioning as effective cultural control methods (Wang et al., 2022).

Considering co-inoculation, it was only for the fungus Fusarium oxysporum, that there was a difference
between treatments with and without multifunctional rhizobacteria (Table 4). The treatment without co-
inoculation was 83% superior to the treatment with co-inoculation. Apart from promoting plant growth,
multifunctional rhizobacteria are also efficient in suppressing phytopathogens (Pascholati et al., 2019), such
as F. oxysporum, through mechanisms like the production of antibiotics (iturin, surfactins, phenazines),
hydrolytic enzymes (proteases, chitinases), and competition for nutrients (siderophores) (Ali et al., 2020). In
a study by Andrade et al. (2021), different bacterial isolates of the genus Bacillus spp., which is one of the
genera evaluated in this study, inhibited the growth of the fungal colony of F. oxysporum when compared with
the control, indicating antagonism.

According to Zhang et al. (2024), diversified cropping systems that incorporate complementary root
growth strategies improve soil chemical, physical, and biological properties by enabling the exploration of
different soil depths. These systems also contribute to the suppression of pests, diseases, and weeds by
disrupting their life cycles, making them an effective strategy for sustainable soil management. This explains
the better results found using soybean rotation with upland rice and cover crop mixes, which influenced the
soil chemical properties (higher P and Zn content by the mix 3), physical properties (soil bulk density and
total porosity), biological quality (greater activity of the B-Glycosidase enzyme in mixes 4 and 5), in addition
to reducing the inoculum of phytopathogenic fungi in the soil.

Compared to fallow treatments, the soybean plants sown in rotation with upland rice and cover crop mixes
had higher shoot biomass production (Table 5). This may have occurred due to crop rotation and the
cultivation of cover crop mixes. Even with low soil cover maintenance, proper crop rotation in the Cerrado
region favors nutrient cycling and improves soil physical and biological conditions, which is capable of
ultimately increasing biomass production and crop yield (Silva et al., 2022b). Cover crops also improve soil
quality, reduce the incidence of weeds, insect pests, and diseases, provide more suitable conditions for better
development and biomass production, and increase the yield of the subsequent crop, especially in the case of
Cerrado soils, which are mostly acidic, with low fertility and low organic matter content (Souza et al., 2025;
Schmidt et al., 2019).

Table 5. Shoot biomass and macronutrients accumulation in the shoot (which became available in the soil after harvest) of soybean plants at
the R7 stage co-inoculated with multifunctional rhizobacteria (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.) grown in rotation
with upland rice (first crop) and in succession to cover crop mixes or fallow (second crop) in the 2021/2022 crop season.

Treatments Biomass N P K Ca Mg S
Soil Cover System kgha'! kg ha’! kgha'! kg ha'! kgha'! kg ha'! kgha'!
Mix 1 9152 ab 350a 28.21 ab 138 ab 107 ab 32.87 ab 25.45 ab
Mix 2 8953 ab 360 a 28.77 ab 139 ab 83b 27.87b 26.61 ab
Mix 3 8776 bc 350a 31.71a 137 ab 80b 27.37b 27.12a
Mix 4 9670 ab 353a 30.58 a 148 a 103 ab 41.75a 27.36 a
Mix 5 9920 a 405a 33.39a 155a 126 a 24 bc 27.87 a
Fallow 1 7899 cd 1281 14.21c 129Db 33¢c 8.62¢ 25.36 ab
Fallow 2 7512d 191D 23.81Db 112Db 110 ab 21.50 bc 20.43b
Co-inoculation kgha'! kg ha’! kgha'! kg ha’! kgha'! kg ha’! kg ha'!
With 9186 a 341a 29.31 141 92a 35.51 28.49 a
Without 8494 b 270b 25.34 132 74b 32.24 22.97b
CV (%) 10.59 22.35 22.91 13.86 27.03 16.48 18.31

Means followed by the same letter in the columns do not differ by Fisher's LSD test at 5% significance. Columns without letters had no significant
difference between treatments. 'Mix 1 (Mix Ultra): White lupine, Buckwheat, White oat, Black oat, Crotalaria ochroleuca, Crotalaria juncea, Fodder radish, and
Coracana grass; Mix 2 (Mix Vitale): Buckwheat, Crotalaria spectabilis, Fodder radish, and Black oat; Mix 3 (Mix Forrageiro): Millet, C. ochroleuca, Black oat, White oat,
Buckwheat, and Coracana grass; Mix 4 (Mix Reduct): C. spectabilis, Buckwheat, Millet, and Crotalaria breviflora; Mix 5 (Mix Mega): Black oat, Buckwheat, Millet, Piata
grass, and C. ochroleuca; Fallow 1: no mix of cover crops, rice/fallow/soybean; Fallow 2: no mix of cover crops and no rotation with upland rice,
soybean/fallow/soybean. Co-inoculation: With (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.); Without (without microorganisms).

Soybean plants that grew after mixes 1, 2, 4, and 5 were significantly superior to those that grew after
fallow 1 (upland rice/fallow/soybean) (Table 5). All mixes (1, 2, 3, 4, and 5) provided greater development of
soybean plants (higher biomass production) compared to fallow 2 (soybean/fallow/soybean), where there was
no crop rotation. Similarly, greater heights of soybean plants, which is a variable correlated with biomass
production, were observed when cultivated in succession with Urochloa ruziziensis and Avena strigosa,
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compared to fallow in the study conducted by Anschau et al. (2018). Our results can be explained by the
improvements that the cultivation of upland rice and cover crop mixes, which preceded soybeans, provided
for soil quality such as better conditions for the development of soybean plants compared to fallow areas.
These results are even more relevant, as studies are scarce on how crop rotation and the adoption of cover
crops can influence the development of crops of economic interest, such as soybeans. Despite benefiting
production, the plant residues after soybean harvest are also beneficial to the soil after decomposition,
helping to protect the soil, cycle nutrients, and provide better conditions for beneficial soil microorganisms.

Regarding the macronutrients available in the soil after the soybean harvest, all mixes provided
significantly higher Nitrogen values in soybean plants, compared to the areas under fallow (Table 5). It is
important to emphasize that all mixes of cover crops have leguminous species, which could have promoted
the higher concentration of N in soybean plants, consequent upon the biological fixation of N. Kaye et al.
(2019) and White et al. (2017), reported that mixes of cover crops containing at least one legume produced a
higher N content of the biomass compared to when only non-legume species were used. Regarding P, soybean
plants cultivated after all cover crop mixes showed values significantly higher than fallow 1, and those grown
after mixes 3, 4, and 5 differed from fallow 2. Soybean plants cultivated after mixes 4 and 5 were higher than
those in both areas under fallow in terms of K. Soybean plants grown after all cover crop mixes were superior to
those cultivated after fallow 1 for Ca. For Mg, soybean plants cultivated after cover crop mixes 1, 2, 3, and 4 had
significantly higher content than fallow 1, and only mix 4 differed statistically from fallow 2. For S, soybean plants
cultivated after cover crop mixes 3, 4, and 5 were significantly superior to fallow 2.

Significant differences were also verified for micronutrients (Table 6). All soybean plants cultivated after
the mixes showed values higher than fallow 1 for B and Cu contents. Soybean plants after mix 2 and mix 3
differed from fallow 2 for B content, and Cu content, respectively. However, soybean plants cultivated after
fallow 1 were significantly superior to all other treatments for Fe and Mn content, which may indicate that
weed species favored greater absorption of these micronutrients. For Zn, soybean plants cultivated after mixes
2, 3, 4, and 5 were significantly higher compared to those grown after fallow 2, and no treatment was
statistically different from fallow 1. For Mo, soybean plants cultivated after mixes 3 and 5 were superior to
fallow 1, and only soybean plants cultivated after mix 5 were superior to plants cultivated after fallow 2.

Table 6. Shoot biomass and accumulation of micronutrients in the shoot (which became available in the soil after harvest) of soybean plants at
the R7 stage co-inoculated with multifunctional rhizobacteria (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.) grown in rotation
with upland rice (first crop) and in succession to cover crop mixes or follow (second crop) in the 2021/2022 crop season.

Treatments B Cu Fe Mn Zn Mo
Soil Cover System gha! gha! gha'! gha'! gha'! gha'!
Mix 1 228 ab 50.11 ab 1537b 334b 218 ab 2.207 abc
Mix 2 230 a 47.88 ab 1884 b 354b 234 a 1.592 bc
Mix 3 213 ab 56.96 a 1346 b 276 b 248 a 4.022 ab
Mix 4 227 ab 52.58 ab 1492 b 304 b 224 a 2.996 abc
Mix 5 227 ab 55.22 ab 1556 b 318b 260 a 4.992 a
Fallow 1 87c¢ 32.79c¢ 3095 a 933 a 218 ab 0.425 ¢
Fallow 2 187D 45.30b 1425 b 248 b 177b 1.813 bc
Co-inoculation gha’! gha’! gha'! gha'! gha’! gha!
With 208 50.34 1728 a 438 a 244 a 2.665
Without 192 47.05 1796 b 353b 207 b 2.491
CV (%) 21.00 21.42 38.74 54.97 17.53 106.62

Means followed by the same letter in the columns do not differ by Fisher's LSD test at 5% significance. Columns without letters had no significant
difference between treatments. '"Mix 1 (Mix Ultra): White lupine, Buckwheat, White oat, Black oat, Crotalaria ochroleuca, Crotalaria juncea, Fodder radish,
and Coracana grass; Mix 2 (Mix Vitale): Buckwheat, Crotalaria spectabilis, Fodder radish, and Black oat; Mix 3 (Mix Forrageiro): Millet, C. ochroleuca, Black

oat, White oat, Buckwheat, and Coracana grass; Mix 4 (Mix Reduct): C. spectabilis, Buckwheat, Millet, and Crotalaria breviflora; Mix 5 (Mix Mega): Black
oat, Buckwheat, Millet, Piata grass, and C. ochroleuca; Fallow 1: no mix of cover crops, rice/fallow/soybean; Fallow 2: no mix of cover crops and no rotation
with upland rice, soybean/fallow/soybean. Co-inoculation: With (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.); Without (without
microorganisms).

No improvements were observed in the soil chemical properties, except for mix 3 regarding P and Zn
(Table 2). The expressive results obtained about the nutrient content of soybeans cultivated in succession to
the mixes of cover crops concerning both areas under fallow, can be explained by other improvements
provided by these cover crops. Among these improvements, we can mention the changes in soil physical
properties brought about by the mixes of cover crops, such as lower soil bulk density, better total porosity,
and others that were not evaluated in this study, which probably provided greater root development of the

Acta Scientiarum. Agronomy, v. 48, €75523, 2026




Page 10 of 14 Silva et al.

soybean crop and consequently greater access to soil nutrients. After the harvest, straws from the soybean
plants will decompose and return these nutrients to the soil and benefit the entire system.

Regarding co-inoculation with multifunctional rhizobacteria, significant and relevant results were
obtained (Tables 5 and 6). Co-inoculation with isolates BRM 32114 and BRM 63573 provided significantly
higher values for biomass production, N, Ca, S, Fe, Mn, and Zn contents than treatment without co-
inoculation. Corroborating our results, Silva et al. (2020a) found that soybean shoot biomass co-inoculated
with isolates BRM 32114 and BRM 63573 was significantly higher than the treatment without co-inoculation.
The authors also found a higher P content with co-inoculation (32114 + Trichoderma asperellum Pool and BRM
32110 + BRM 32114 + Ab-V5 + Trichoderma asperellum Pool + BRM 63573 + 1381) that contained the same
isolates assessed in the present study.

Multifunctional rhizobacteria promote growth, increase the root system by producing phytohormones,
facilitate the absorption of nutrients, biological nitrogen fixation, and phosphate (P) solubilization, that is
not readily available in the soil for absorption/assimilation by plants, and in the production of siderophores,
organic molecules, and iron chelators (Ahemad & Kibret, 2014; Glick, 2012). These mechanisms of action
explain the good results obtained regarding the accumulation of biomass and nutrients by the soybean plants
co-inoculated in this study.

Soybean plants grown after cover crop mixes had a higher number of pods per plant (NPP) and grain yield
(YLD) compared to soybean plants cultivated after fallow (Table 7). Soybean plants grown after mixes 1 and 2
had a higher number of pods per plant than plants grown after fallow 1, and soybean plants grown after mixes
1, 2, 3, and 5 showed a higher number of pods than plants grown after fallow 2. Soybean plants cultivated
after all cover crop mixes had higher grain yields than those cultivated in areas under both fallows (1 and 2).
The soybean plants cultivated after mix 5 and fallow 2 recorded the highest and lowest grain vyield,
respectively.

Table 7. Grain yield and yield components of soybean grown in succession to mixes of cover crops or follow and co-inoculated with
multifunctional rhizobacteria (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.) 2020/2021 and 2021/2022 crop seasons.

Treatments NPP NGP 100W YLD
Soil Cover System n° plant’! g kgha!
Mix 1 49.38 a 2.05 17.81 ab 3844 b
Mix 2 50.28 a 1.97 17.94 ab 4092 ab
Mix 3 48.73 ab 2.04 17.93 ab 3940 ab
Mix 4 47.64 abc 1.99 17.98 ab 4046 ab
Mix 5 48.50 ab 2.03 17.99 ab 4204 a
Fallow 1 44.70 bc 2.06 16.31Db 3541 c
Fallow 2 42.22 ¢ 1.93 16.89b 2817d
Co-inoculation n° plant™! g kgha'!
With 47.39 2.04 18.01 3930
Without 48.10 1.99 17.81 3786
CV (%) 13.57 10.87 7.66 10.99

Means followed by the same letter in the columns do not differ by Fisher's LSD test at 5% significance. Columns without letters had no significant
difference between treatments. NPP — Number of pods per plant; NGP — Number of grains per pod; 100W - 100-grain weight; YLD — Grain yield. Mix 1
(Mix Ultra): White lupine, Buckwheat, White oat, Black oat, Crotalaria ochroleuca, Crotalaria juncea, Fodder radish, and Coracana grass; Mix 2 (Mix Vitale):
Buckwheat, Crotalaria spectabilis, Fodder radish, and Black oat; Mix 3 (Mix Forrageiro): Millet, C. ochroleuca, Black oat, White oat, Buckwheat, and
Coracana grass; Mix 4 (Mix Reduct): C. spectabilis, Buckwheat, Millet, and Crotalaria breviflora; Mix 5 (Mix Mega): Black oat, Buckwheat, Millet, Piata
grass, and C. ochroleuca; Fallow 1: no mix of cover crops, rice/fallow/soybean; Fallow 2: no mix of cover crops and no rotation with upland rice,
soybean/fallow/soybean. Co-inoculation: With (BRM 32114 (Serratia marcensces) + BRM 63573 (Bacillus spp.); Without (without microorganisms).

Compared to the area with fallow, the gain in grain yield when mixes of cover crops were used can be
explained by the better soil conditions and the greater biomass production and nutrient content of soybean
plants. All treatments had a great diversity of cover crop species, which may have favored the results found.
According to Holmes et al. (2017), the success of combining different species (mix) of cover crops is closely
linked to the morphological and functional characteristics of each species, since the more divergent the
characteristics (root system, plant height, cycle, nitrogen fixation, phytomass production, etc.), the better for
the system. These results corroborate those of Nascente and Stone (2018), who reported improvements in the
soil chemical and physical attributes and in the grain yield of soybean cultivated for two cycles after a mix of
millet + U. ruziziensis + pigeon pea and the cultivation of upland rice when compared to fallow.

There were no significant differences for any variables concerning co-inoculation with multifunctional
rhizobacteria (Table 7). Silva et al. (2020b) also showed no increase in soybean grain yield when co-inoculated
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with the isolates (BRM 32114 + BRM 63573) compared to the treatment without microorganisms. Despite
many years of research, there is still a great variability of responses regarding the use of inoculation and co-
inoculation with multifunctional microorganisms, especially under field conditions where they are subject to
adversities that influence their efficiency (Silva et al., 2022b).

The use of cover crop mixtures may have improved the physical, chemical, and biological properties of the
soil, thereby favoring the development of soybean plants. Microorganisms generally benefit plants under
stress conditions, which did not occur in the experimental area because cover crops were used. Therefore,
sustainable practices such as rotation with upland rice, cover crop mixtures, and co-inoculation with
multifunctional rhizobacteria, are recommended for the improvement of soil quality and soybean
development. Rotation with upland rice and cover crops increased soil phosphorus (P) and zinc (Zn) content,
B-glucosidase enzyme activity, and total porosity, but reduced soil density and the incidence of Fusarium
solani and Rhizoctonia solani. They also increased biomass production, nutrient content in the aerial part,
number of pods per plant, and soybean yield compared to fallow areas. Furthermore, co-inoculation with
isolates BRM 32114 and BRM 63573 reduced the density of Fusarium oxysporum in the soil and increased
biomass production and nutrient accumulation in soybean compared to the treatment without co-
inoculation.

The cover crops in the second crop season (2021/2022) were sown late due to the harvest of upland rice in
April, which resulted in poor seedling establishment and insufficient soil coverage because of inadequate
rainfall (Figure 1). This highlights the importance of using a super-early rice cultivar for efficient soybean
rotation with upland rice and cover crop mixes. Additionally, more significant results from crop rotation,
cover crops, and multifunctional rhizobacteria were observed in the long term. These factors suggest that
rotation with rice, cultivation of cover crop mixes, and co-inoculation with rhizobacteria can contribute to
sustainable development, which benefits soybean production in the Cerrado.

Conclusion

The rotation of soybean with upland rice and cover crop mixtures, particularly Mix 5 (Mega) and Mix 4
(Reduct), improved soil physical and biological quality, increased nutrient accumulation in shoots, and
enhanced soybean yield. Co-inoculation with multifunctional rhizobacteria further reduced soil pathogen
density and improved biomass and nutrient uptake, but did not significantly affect yield. These findings
support the recommendation of using diversified cover crop mixtures and microbial inoculants in rotation
with upland rice, to promote sustainable soybean production in the Cerrado.

Data availability

Data will be made available on request.
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