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ABSTRACT: Sudan grass (Sorghum sudanense (Piper) Stapf.) shows potential as a cover
crop under the no-tillage system in soybean growing under the conditions of the Brazilian
Cerrado region, due to high biomass production under water deficit. The large amount
of biomass produced can improve soil microbiological activity, but may also negatively
affect subsequent soybean yield due to nutrient competition, particularly if termination
of the cover crop is delayed. To improves the use of Sudan grass as a cover crop, this
study aimed to evaluate the most suitable time for terminating Sudan grass to balance
the maintenance of soil biological quality and increased soybean yield. Experiment
was conducted in a randomized block design, with four replications, evaluating six
cutting times for Sudan grass: 150, 120, 90, 60, 30, and 7 days before soybean sowing
(DBSS). Early cutting of Sudan grass did not negatively affect soil biological properties;
cutting at 150 DBSS led to a significant (p<0.05) increase in microbial biomass carbon
(111 mg kg?) and the microbial quotient (41 mg kg!). In addition, early cutting at 150
DBSS increased the concentration of S-S0,% in the soil (13 mg dm3). Early cutting at 150,
98, and 67 DBSS led to increases in soybean foliar concentrations of Cu (12 mg kg?), P
(4.11 g kg1), and K (24 g kg'), respectively. However, these increases in soybean foliar
concentrations did not result in higher grain yield, 1000-seed weight, or grain protein
content. Therefore, Sudan grass can be incorporated as a cover crop in a no-tillage system
in the soybean off-season in the northeastern Cerrado region of Brazil. It is possible to
cut the Sudan grass up to 7 days before sowing soybean without harmful effects on
soybean yield. However, early cutting of Sudan grass is recommended to increase the
efficiency of carbon incorporation into the microbial biomass.
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INTRODUCTION

Brazil accounts for 39 % of worldwide soybean production and 58 % of global soybean
exports (USDA, 2023). Soybean growing has expanded in Brazil since 2005, mainly in
the Cerrado biome (91 %), and especially in what is known as MATOPIBA (an acronym
formed from the beginning syllables of the states of Maranhao, Tocantins, Piaui, and
Bahia) (Bolfe et al., 2016; Silva et al., 2023). MATOPIBA has undergone an intense
occupation of arable land, and in recent years has become an important agricultural
frontier for soybean production (Rausch et al., 2019; Aparecido et al., 2023a). Among
the states that make up MATOPIBA, Maranhao accounted for 66 % of the expansion of
soybean growing areas from 2005 to 2023. It achieved production of 3.9 Mt of grain,
with @ mean yield of 3,514 kg ha* in the 2022/2023 crop season (Conab, 2023).

Areas converted to agricultural crops need to adopt conservationist production systems
that promote the sustainability of the agroecosystem (Bender et al., 2016; Xie et al.,
2021). The use of grasses as cover crops between the main soybean crops in a no-tillage
system has been considered an effective strategy, as grasses offer the quality and quantity
of residues required for soil cover (Blanco-Canqui and Jasa, 2019), sustain microbial
biomass and activity (Cordeiro et al., 2021), and improve soil fertility (Ashworth et al.,
2020), with effects on nutrient cycling (Tanaka et al., 2019). Cover crop selection should
lead to improved main crop yield. In the Cerrado of Maranhao, the most widely used
cover crop is pearl millet (Pennisetum glaucum L.) (Brito et al., 2023). Pearl millet is an
annual crop that completes its growth cycle before the end of the main crop off-season,
at approximately 130 days, whereas the off-season corresponds to the dry period that
extends from June to December (Aparecido et al., 2023b). Such characteristics limit the
benefits of pearl millet for biomass input and soil protection (Almeida et al., 2024) and
cause growers to seek cover crops that produce enough biomass over time to protect
and improve soil health for the subsequent soybean crop (Souza et al., 2024).

Sudan grass (Sorghum sudanense (Piper) Stapf.) is therefore emerging as a promising
cover crop under Cerrado conditions. Sudan grass is an annual forage crop with high
dry biomass yield, an average of 10 Mg ha? (Silveira et al., 2015), and the total crop
development cycle can extend to 234 days (Malcorra et al., 2024). In addition, this grass
is recognized for its drought tolerance and high water-use efficiency (Al-Solaimani et al.,
2017; Ismail et al., 2017), traits that make it a promising cover crop, given the water
deficit conditions in the soybean off-season (Aparecido et al., 2023b).

Although Sudan grass shows potential, it is necessary to seek strategies to use it
more effectively, for its benefits depend on important crop management decisions,
including the time of terminating this cover crop (Denton et al., 2023). Maintaining a
living cover crop for a longer time in the off-season may optimize biomass production,
nutrient accumulation, and suitable soil cover (Baptistella et al., 2020; Ruis et al.,
2020). Studies suggest that early termination of the cover crop may be an effective
strategy for accelerating decomposition of its residues and promoting nutrient release
dynamics, thus improving the soil-plant system and increasing yield in the subsequent
crop (Mazzuchelli et al., 2020; Werner et al., 2020). For those reasons, adjusting the
timing of terminating the cover crop can maximize benefits in the system (Abdalla et
al., 2019).

This study aimed to test the hypothesis that early termination of Sudan grass improves
soil fertility properties while accelerating nutrient cycling and increasing soybean yield
in the subsequent crop season. This study sought to determine the most adequate
period for terminating Sudan grass to provide adequate soil cover in the off-season
for maintaining or improving soil quality and to increase soybean yield in a production
system in the northeast part of the Brazilian Cerrado region.
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MATERIALS AND METHODS

Experimental area

The study was conducted between 2021 and 2022 on the Barbosa Farm in the municipality/
county of Brejo, in the eastern region of the state of Maranhao, Brazil (03° 42’ 44" S; 42°
55" 44" W) (Figure 1). Soybean had been grown in the area for nine years as a monoculture.

Climate in the region is Aw type - tropical with a dry winter from July to November
and a rainy summer from December to June - according to the Képpen classification
system (Alvares et al., 2013). Monthly rainfall distribution and minimum and maximum
temperatures during the period of conducting the study are shown in figure 2. Climate
data were obtained from the TerraClimate dataset, with high spatial resolution (1/24°,
~4 km) for global earth surfaces through the Climate Engine platform (Huntington et
al., 2017). Soil in the study area is classified as an Argissolo Amarelo, according to the
Brazilian Soil Classification System (Santos et al., 2018), corresponding to an Ultisol in
the USDA Soil Taxonomy (Soil Survey Staff, 2014). Before setting up the experiment, soil
particle size and chemical analyses were performed on soil samples collected from the
layer of 0.00-0.20 m (Teixeira et al., 2017) (Table 1).

Experiment was conducted in a randomized block design with four blocks. To evaluate the
appropriate time of terminating Sudan grass as a cover crop in the soybean off-season,
it was cut at six different time periods (treatments) before soybean sowing, designated
as days before sowing soybean (DBSS): 150, 120, 90, 60, 30, and 7 days, corresponding
to the first, second, third, fourth, fifth, and sixth cutting times, respectively. The cutting
carried out at 7 DBSS is considered late termination because it maintains the cover crop
alive for the longest period, whereas the previous cuttings (30 to 150 days) are considered
early terminations. Each experimental plot measured 8 x 4 m, for a total of 32 m2.

e Barbosa Farm, Brejo

Cerrado biome »
[ state of Maranhao
[ Brazil

Figure 1. Location of the experimental area (a); Sudan grass as a cover crop preceding soybean cultivation (b) and; soybean
cultivated after Sudan grass (c) in the 2021/2022 agricultural harvest in the Barbosa Farm, Brejo.
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Figure 2. Rainfall and temperature between 2021 and 2022 at Fazenda Barbosa, Brejo, Maranhao,
Brazil.

Table 1. Chemical and granulometric analysis of the soil before the study be set up in Brejo,
Maranhao, Brazil

pH(H,0) TOC P K+ Ca?* Mg?*  S-SO,* A3+ CEC
gkg? mgdm3 —— cmol.dm3? —— mgdm? cmol, dm?3

5.99 16 20 0.14 1.78 0.54 7.52 0.06 7.04

BS Cu Fe Mn Zn B sand silte clay

% mg dm-3 g kgt

37 0.01 91 0.27 0.33 0.20 702 132 166

pH(H,0): potential of hydrogen; TOC: total organic carbon; P: phosphorus; K*: potassium; Ca?*: calcium; Mg?*:
magnesium; S-SO,%: sulfur; AP*: aluminum; CEC: cation exchange capacity; BS: base saturation; Cu: copper;
Fe: iron; Mn: manganese; Zn: zinc; and B: boron.

Sudan grass was sown in the soybean off-season in May 2021. Seed was broadcast, with
a sowing density of 15 kg ha. According to the pre-established cutting times, the Sudan
grass was cut mechanically using a backpack brush cutter. In August 2021, a sample
of the Sudan grass plant material was collected when it reached a 90-day crop cycle
(maturity stage) before the first cutting (at 150 DBSS) to determine shoot dry biomass.
This characterization represents the mean of three samples collected at random in an
area of 0.5 m? for each sample. After collection, the biomass was dried in a forced-air
circulation oven at 65 £ 2 °C until reaching constant weight, at approximately 72 h. After
that, the biomass was ground in a Wiley-type mill and passed through a 1-mm-diameter
mesh sieve. Based on shoot biomass, the following determinations were made: nutrient
accumulation (Miyazawa et al., 2009), lignin content (Van Soest et al., 1991), and carbon
(C) content (Tedesco et al., 1995). Dry biomass yield of the Sudan grass was 7.9 Mg ha.
The biomass had 81.4 kg ha' of N, 11.9 kg ha! of P, 48.2 kg ha! of K, 11.9 kg ha! of Ca,
19.0 kg ha' of Mg, 6.1 kg ha! of S, 43.5 g ha! of Cu, 30.0 g ha of Mn, 126.4 g ha'! of Zn,
529.3 ghatof Fe, 110.6 g ha! of B, 2,733 kg ha of C, and 513 kg ha! of lignin. The C:N
and lignin:N ratios were also calculated, exhibiting values of 34:1 and 6:1, respectively.

On January 3, 2022, after the sixth cutting of Sudan grass and before soybean sowing,
2 L ha' of Roundup® herbicide and 1 L ha' of 2,4-D Amina CCAB 806 SL® herbicide
were applied. On January 8, 2022, the soybean cultivar 3190IPRO, in maturity group
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9.0, was sown at a spacing of 0.5 m between rows, with a population density of
320,000 plants ha. At the time of sowing, the seeds were inoculated with strains of
Bradyrhizobium japonicum in the plant furrow. Fertilization consisted of pre-sowing
broadcast application of 100 kg ha* of potassium chloride (60 % K,0), 150 kg ha* of
monoammonium phosphate (11 % N and 52 % P,0s) in the plant row, and 200 kg ha!
of the NPK 10-00-30 formulation applied as topdressing.

Sampling and evaluation of the soil microbiological and chemical properties

In the full maturity phenological stage of soybean (R8), soil samples were collected
at the 0.00-0.10 m layer. In each experimental plot, eight simple soil samples were
collected from determined points in the rows and between the plant rows, and they
were subsequently combined to form a composite sample. Samples were also placed
in plastic bags under refrigeration (~3 °C), with openings to allow gas exchanges, and
sent for microbiological analyses. Remainder of the soil sample material was air-dried,
sieved (through a 2-mm-diameter mesh), and homogenized to characterize the soil
chemical properties.

Total organic carbon (TOC) was determined using the modified Walkley-Black method
(Teixeira et al., 2017). Microbial biomass carbon (MBC) and microbial biomass nitrogen
(MBN) were estimated using the microwave irradiation-extraction method, following Ferreira
etal. (1999). Basal soil respiration (BSR) was measured using the method proposed by Alef
(1995), which is based on quantification of the CO, released under 7-day soil incubation.
Metabolic quotient (qCO,) (Silva et al., 2007) and the microbial quotient (gMic) (Sparling,
1992) were calculated. The gCO, represents the ratio between BSR and MBC, while gMic
corresponds to the ratio between MBC and TOC. Dehydrogenase enzyme activity (DHA)
was measured using the method described by Casida et al. (1964) and Bitton and Ben
(1986), which consists of spectrophotometric determination of DHA through measuring
triphenyl formazan concentration. The fluorescein diacetate enzyme (FDA) hydrolysis
activity was estimated using a fluorescein diacetate solution, with subsequent reading
in a spectrophotometer (Schnurer and Rosswall, 1982; Chen et al., 1988).

The pH level was determined using the soil:water ratio of 1:2.5. Available K* and P were
extracted using Mehlich-1 solution, the K* concentration was determined by atomic
absorption spectroscopy, and P concentration was determined by spectrophotometry.
Available Ca?* and Mg?* were extracted with 1 mol L KCI, and both were determined
using atomic absorption spectroscopy. Sulfur was determined by turbidimetry in a
spectrophotometer after extraction with [Ca(H,PO,),.H,0] in a 2 mol L acetic solution.
Zinc, Cu, Fe, and Mn were extracted using Mehlich-1 solution and quantified by atomic
absorption spectroscopy. Boron was determined by spectrophotometry following the use
of the hot water extraction method. The SB was obtained by calculating the sum of the
concentrations of Ca?*, Mg?*, and K*. The CEC was calculated from the sum of the SB
and H+AI Teixeira et al. (2017) detailed procedures for chemical properties analysis.

Sampling and evaluation of the nutritional state of soybean

In the soybean full flowering phenological stage (R2), the nutritional status of the plants
was evaluated by collecting twelve newly-expanded leaves with petioles, corresponding to
the third trifoliate leaf from the tip of the plant, from each experimental plot (Oliveira Junior
et al., 2020). Plant tissue samples were first washed with water, then 3 % hydrochloric
acid, and finally with deionized water. Samples were placed in paper bags and then in
a forced-air circulation laboratory oven at 65 = 2 °C for drying until reaching constant
weight, at approximately 72 h. After drying, the material was ground in a Wiley-type
mill and passed through a sieve with 1-mm-diameter mesh. Ground samples were then
analyzed to determine foliar concentrations of N, P, K, Ca, Mg, S, Cu, Zn, Fe, Mn, and B,
as described by Miyazawa et al. (2009).
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Grain yield and protein content

In the soybean full maturity phenological stage (R8), yield was estimated by harvesting
the grain from the central area of each plot (2 m?) used for data collection. Grain weight
was determined and adjusted to 13 % moisture, and then used to estimate kg per hectare.
A sample with 100 seeds chosen at random from each plot was used to estimate the
1000-seed weight. An aliquot of the grain was selected to quantify protein content, as
described by Silva and Queiroz (2006).

Statistical analysis

Shapiro-Wilk test was performed on the data (p<0.05) to assess the normality of residuals.
When the data met the criteria, analysis of variance (ANOVA) was used to determine the
effect of the treatments (Sudan grass cutting times) on the response variables. When
a significant effect was found by the F test (p<0.05) for the Sudan grass cutting times,
regression analysis was applied by fitting mathematical models (p=<0.05). Analyses were
performed on the Infostat statistical program (Di Rienzo et al., 2020).

RESULTS

Soil microbiological and chemical properties

Early cutting of Sudan grass did not have a significant (p>0.05) effect on TOC and
MBN concentrations, BSR, gCO,, or DHA and FDA enzyme activities (Table 2). However,
early cutting of Sudan grass significantly (p<0.01) influenced MBC (Figure 3a). A linear
response of MBC in the soil was observed as the time interval increased between cutting
the Sudan grass and subsequent soybean sowing. Cutting the Sudan grass at 150 DBSS
led to increased MBC, contributing 111 mg kg. Cutting Sudan grass at 7 DBSS, however,
led to a 63 % decrease (41 mg kg?) in MBC. Like MBC, gMic was also affected (p<0.01)
by the Sudan grass cutting times (Figure 3b). Cutting the Sudan grass 7 days before
soybean sowing resulted in a 67 % reduction in gMic. This situation changes as the time
interval between Sudan grass cutting and soybean sowing increases; the gMic value in
the soil corresponds to 1 % of TOC at 150 DBSS.

Table 2. Soil microbiological properties in response to the effect of Sudan grass cutting times as
a cover crop preceding soybean in Brejo, Maranhao, 2022

Cutting times TOC MBN BSR qCO, DHA FDA
day —— mg kg pug CO, g*dia mg CO, mgt!MBC uLg? Mg gt
150 11.0 1.86 35 0.27 2.39 22
120 12.6 2.02 29 0.34 2.52 29

90 12.4 1.80 25 0.34 2.96 23

60 12.9 1.98 27 0.28 2.94 28

30 11.8 1.10 88 0.53 2.20 23

7 12.2 2.20 25 0.41 3.05 23
p-value® 0.37 0.11 0.06 0.15 0.47 0.41
CV (%) 10.7 28.5 18.2 38.9 34.6 244

TOC: total organic carbon; MBN: microbial biomass nitrogen; BSR: basal soil respiration; gCO,: metabolic
quotient; DHA: dehydrogenase enzyme activity; FDA: fluorescein diacetate enzyme. V) p-value<0.05: significant
by F-test; p-value>0.05: not significant by F-test. CV: coefficient of variation.
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Figure 3. Microbial biomass carbon (a) and microbial quotient (b) in response to Sudan grass
cutting times as a cover crop preceding soybean in Brejo, Maranhao, 2022.

The lack of significant effects from the treatments on the concentrations of P, K+, Ca?*,
Mg?*, Cu, Fe, Mn, Zn, and B and on the values of pH, SB, and the CEC of the soil indicates
that earlier cutting time of the Sudan grass does not significantly (p>0.05) alter most of
the soil chemical properties during soybean growing (Table 3). The S-SO,* concentration
responded significantly (p<0.01) to the grass cutting times (Figure 4). Early cutting of
the Sudan grass at 150 DBSS resulted in 13 mg dm= of 5-SO,? in the soil, but as the
time interval decreased between Sudan grass cutting and soybean sowing, the S-S0,*
concentration in the soil also decreased, reaching only 6 mg dm- when cutting occurred
at 7 DBSS.

Soybean nutritional state

Sudan grass cutting times did not significantly (p>0.05) affect the foliar concentrations
of the macronutrients N, Mg, and S or of the micronutrients Fe, Mn, Zn, and B in soybean
(Table 4). Foliar concentrations of P (Figure 5a), K (Figure 5b), Ca (Figure 5c¢), and Cu
(Figure 6d) in soybean were significantly (p<0.01) affected by early cutting of the
Sudan grass. Cutting the Sudan grass at 67 DBSS increased foliar K concentration at
24 g kg, Increasing the interval beyond 67 DBSS reduces foliar K concentration in soybean.
The highest foliar P concentration of 4.11 g kg! occurred when the grass was cut at 98
DBSS, as the Lorentzian non-linear regression model indicates. Foliar Ca concentration
in soybean exhibited a linear decline in response to cutting time. The increase in the
interval between Sudan grass cutting and soybean sowing led to a 44 % decrease in foliar
Ca concentration, with 2.8 g kg of Ca observed at 150 DBSS. Cupper concentration,
however, showed an opposite effect, with a 52 % increase in the concentration of this
micronutrient in the soybean leaf from early cutting of Sudan grass at 150 DBSS.

Grain yield and protein content

Cutting times of Sudan grass used as a cover crop in the soybean growing system did not
significantly (p>0.05) affect 1000-seed weight (Figure 6a), yield (Figure 6b), or protein
content (Figure 6¢) in soybean grain.
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Table 3. Soil chemical properties in response to the effect of cutting times on Sudan grass as a cover crop preceding soybean

Cutting times pH(H;0) P K* Ca%* Mg?* SB
day — mg dm?3— cmol, dm-3

150 5.40 38 0.09 0.99 0.47 1.55
120 5.25 36 0.09 1.08 0.49 1.65
90 5.38 32 0.08 1.18 0.50 1.76
60 5.38 36 0.08 1.36 0.62 2.07
30 5.55 36 0.08 1.42 0.65 2.15
7 5.35 39 0.10 1.16 0.49 1.75
p-value® 0.80 0.99 0.92 0.06 0.12 0.08
CV (%) 5.4 43.6 29.9 16.62 20.1 16.5
Cutting times Cu Fe Mn Zn B CEC
day mg dm-3 cmol. dm
150 0.21 66 0.35 3.86 0.18 4.87
120 0.19 69 0.38 3.68 0.18 5.02
90 0.19 62 0.39 3.39 0.19 4.73
60 0.20 68 0.44 4.00 0.23 4.82
30 0.21 80 0.39 3.96 0.20 4.74
7 0.21 73 0.46 3.79 0.19 5.03
p-value® 0.64 0.11 0.11 0.93 0.33 0.93
CV (%) 10.5 12.1 13.3 21.1 16.3 10.7

pH: hydrogen potential; P: phosphorus; K*: potassium; Ca?*: calcium; Mg?*: magnesium; SB: sum of bases; Cu: copper; Fe: iron; Mn: manganese; Zn:
zinc; B: boron; CEC: cation exchange capacity. © p-value<0.05: significant by F test; p-value>0.05: not significant by F test. CV: coefficient of variation.

16 y=0.05059x + 5.21 (p<0.05)
R2=0.80

T T T T |
150 120 90 60 30 0

Sudan grass cutting times (days)

Figure 4. Concentration of S-SO,% of the soil in response to Sudan grass cutting times as a cover
crop preceding soybean. Brejo, Maranhao, 2022.
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Table 4. Nutritional status of soybeans in response to the effect of Sudan grass cutting times in
Brejo, Maranhao, 2022

Cutting times N Mg S Fe Mn Zn B
day —gkg* mg kg

150 48.3 5.2 2.4 91 21 42 40
120 46.1 5.3 2.2 74 21 34 44
90 49.1 4.8 2.4 67 17 40 44
60 46.9 5.1 2.3 80 17 41 45
30 45.9 4.9 2.3 77 24 40 42

7 45.8 4.8 2.1 84 24 44 44
p-value® 0.21 0.25 0.20 0.09 0.10 0.76 0.41
CV (%) 4.7 6.9 8.4 13.3 18.8 14.6 8.9

N: nitrogen; Mg: magnesium; S: sulfur; Fe: iron; Mn: manganese; Zn: zinc; and B: boron. ¥ p-value=<0.05:
significant by F-test; p-value>0.05: not significant by F-test. CV: coefficient of variation.
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Figure 5. Foliar concentrations of P (a), K (b), Ca (c), and Cu (d) in soybean crops in response to
Sudan grass cutting times in Brejo, Maranhao, 2022.

DISCUSSION

Cover crop was sown immediately after harvest of the main crop at the end of May, which
also coincided with the end of the rainy season in the region. Cumulative rainfall of 175 mm
in May facilitated the initial establishment of Sudan grass. After the first month, rainfall
distribution was considered irregular, with an accumulation of 165 mm up to the first
cutting in August. Thus, the climate conditions between sowing the Sudan grass and
the first cutting included cumulative rainfall of 340 mm, with a mean temperature of
26.8 °C. This allowed production of 7.9 Mg ha of Sudan grass biomass, confirming its
potential as a cover crop in soybean growing systems due to soil cover and to maintain
the crop residue in a tropical region. The high biomass production during the dry season
reflects the hardiness of the crop, with its tolerance to water deficit (Al-Solaimani et al.,
2017; Ismail et al., 2017). Therefore, Sudan grass is an alternative for diversifying the
possibilities of cover crops for the northeastern Cerrado region, which is still mainly
restricted to pearl millet in soybean growing systems (Silva et al., 2022).
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Figure 6. One-thousand seed weight (a), yield (b), and protein content (c) of soybeans in response
to cutting times of Sudan grass, as a predecessor crop to soybeans. Brejo, Maranhao, 2022.

Earlier cutting of Sudan grass was not able to bring about higher grain yield compared
with cutting carried out only seven days before soybean sowing, refuting the hypothesis
of this study. Our results align with those reported by Franchini et al. (2015) and Werner
etal. (2022), who observed that early desiccation of the Urochloa genus did not influence
the yield, 1000-seed weight, or protein content of soybean grain. Although this was not
the result expected, the absence of a negative impact on soybean production upon
incorporating Sudan grass allows this living cover crop to be maintained for an extended
period in the dry winter and to carry out termination only at the soybean sowing period,
that is, in the summer with the onset of the rainy season.

In addition, the absence of an effect of cutting times on soybean grain yield shows that
incorporation of Sudan grass as a cover crop in production systems is not a limiting
factor for high soybean yields. It is noteworthy that regardless of the cutting time of
Sudan grass, the mean soybean grain yield with incorporation of this grass into the
system was 3,912 kg ha?, which is higher than the mean yield for the state of Maranhao
(3,331 kg ha') and for Brazil (3,029 kg ha!) in the 2021/2022 crop season (Conab, 2023).
These data are important, since this is the first study supported by scientific investigation
that reports the effects of using Sudan grass as a cover crop in soybean growing systems.
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The C:N ratio is an excellent indicator of residue quality and the mineralization rate, as
residues with larger amounts of C bring about immobilization or reduced mineralization
of the N (Jahanzad et al., 2016; Otte et al., 2019; Thapa et al., 2022). Late cutting of
Sudan grass reduces residue quality, including the N content of the biomass (Ziki et al.,
2019). Therefore, early cutting may promote N mineralization and positively affect the
N release dynamics of the cover crop (Rosa et al., 2021), with a subsequent effect on
foliar N concentration and protein content in soybean grain. It is likely that inoculation
of soybean seeds with N,-fixing bacteria in combination with N application superseded
any effects from the mineralized N from the Sudan grass residue when cutting occurred
early, resulting in the absence of effects on grain protein content, as also reported by
Bracey et al. (2022).

As TOC results from plant biomass, early cutting could result in lower TOC, as observed in
some studies that terminated the crop in the vegetative growth stage (Ruis and Blanco-
Canqui, 2017; Denton et al., 2022; Liebert et al., 2023). However, in this case, cuttings
were performed when Sudan grass was in a mature stage, and consequently, there was
no response in TOC concentration. Furthermore, as Sudan grass has high C:N (34:1) and
lignin:N (6:1) ratios, there are signs of slow decomposition of the residues and persistence
in the soil (Costa et al., 2015; Pires et al., 2022; Thapa et al., 2022). This likely explains
the lack of significant changes in TOC concentrations in the soil. However, early cutting
of the Sudan grass alters the concentrations of the labile carbon fraction in the soil,
confirming the effectiveness of this property as an indicator of rapid soil responses to
the addition of carbon from the cover crop residues (Brito et al., 2023).

However, the response was not as expected because early cutting of the Sudan grass
increased MBC. Thus, although it is not possible to rule out that prolonging the cover
crop may have increased the aboveground biomass (Alonso-Ayuso et al., 2014), it is
possible that shorter time intervals between cutting the Sudan grass and soybean sowing
prevented contact between the dead biomass and the soil for a longer time, delaying
the onset of the decomposition process, due to delayed accessibility of the decomposer
microorganisms to the residue (Poudel et al., 2023). Moreover, it can be inferred that
delaying the termination of the Sudan grass crop, that is, keeping the crop alive for
a longer time in the field before cutting, increases recalcitrance and reduces residue
quality (Bloszies et al., 2022).

Therefore, it can be considered that greater recalcitrance and lower biomass quality are
determining factors for the efficiency of the microbial community in using the Sudan grass
biomass as a substrate. Consequently, the shorter the interval between Sudan grass
cutting and soybean sowing, the lower the soil microbial community ability to convert
the substrate into microbial biomass carbon, resulting in lower values of the microbial
quotient (Bettio et al., 2022). Given this context, although early cutting did not increase
soybean yield, shortening the Sudan grass growing season also did not negatively affect
soil biological quality. Microbial biomass carbon and gMic values increased, indicating that
this practice brings about a more active microbiota, leading to greater decomposition
of the organic matter (Amorim et al., 2020).

Sudan grass cutting times did not affect the values of BSR and qCO,, indicating that
cutting the Sudan grass at 7 DBSS or earlier did not create conditions that indicate
environmental stress in the present study (Pires et al., 2022). The uniformity of nutrient
supply and suitable soil moisture and temperature conditions were determining factors
for soil microbiological activity (Santos et al., 2021), mitigating any potential effects of
the Sudan grass cutting times on the BSR and gCO..

Soil S-S0,* concentrations were affected by the Sudan grass cutting times, increasing
along with earlier cutting times. This may be due to the ability of forage grasses to take
up nutrients from subsoil layers and release them as their vegetative residues decompose
(Costa et al., 2021). Thus, Sudan grass prevents leaching of the S-50,% anion into subsoil
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layers, which is a common process in the sandy soils typical of the Brazilian Cerrado
(Sousa et al., 2024). The increase in soil S-SO,* concentration from early cutting of Sudan
grass is highly important, considering that sulfur is a limiting micronutrient in Cerrado
soils, where nutrient deficiencies are common (Horowitz and Meurer, 2006). Despite their
effects on the soil, the Sudan grass cutting times did not affect the S-S50, concentration
in soybean leaves. These findings suggest that even the lowest concentrations of this
nutrient in the soil, resulting from Sudan grass cutting time nearer soybean sowing time,
were not limiting for full soybean development.

Sudan grass accumulated macronutrients in the following decreasing order: N > K > Mg >
Ca = P > S. The micronutrients accumulated in the Sudan grass biomass exhibited the
following decreasing order: Fe > Zn > B > Cu > Mn. Biomass production and the nutrient
contents help predict the release of nutrients to the following crop (Weidhuner et al.,
2019). Thus, early cutting was expected to accelerate plant residue decomposition,
resulting in rapid release of nutrients and their subsequent uptake by soybean plants.
However, this effect was observed in a linear manner only for Cu, suggesting that cutting
the Sudan grass at 7 DBSS delays the release of this micronutrient into the soil, with a
consequent reduction in uptake by soybean.

As affirmed by Brito et al. (2023), higher concentrations of nutrients in soybean leaves
are achieved through better synchronization between the release of nutrients from
residues in decomposition and their uptake by the crop. Therefore, synchronization
and P and K uptake by soybean improve when Sudan grass cutting is performed early,
whereas cutting at 7 DBSS leads to higher foliar Ca concentrations. Early cutting may
have reduced the uptake of certain nutrients due to their rapid release in the remaining
crop residue, as observed by Dias et al. (2020) and Werner et al. (2020). That is why early
termination of the cover crop does not always result in higher rates of nutrient release or
improvement in the nutritional status of the main crop (Poudel et al., 2023). Reduction
in the time interval between grass cutting and soybean sowing reduces soybean foliar
P and K concentrations, likely because it delays decomposition and release of these
nutrients from the cover crop residues. In any case, based on the results of this study,
determining the optimal time for cutting the grass before soybean sowing is a strategy
that can affect nutrient dynamics in the system and can affect nutrient use efficiency
by aligning the period of high demand of the crop with the period of greatest release of
nutrients (Silva et al., 2024).

Other studies conducted in tropical regions have shown the importance of using forage
grasses in nutrient cycling and uptake by the soybean crop grown in succession (Costa
et al., 2020; Santos et al., 2021; Brito et al., 2023). The present study provides new
evidence that Sudan grass has advantages as a cover crop, as it can improve biological
quality properties without negatively affecting soybean nutrition when the cover crop is
terminated early. These findings and the hardiness of Sudan grass suggest the possibility
of incorporating this species as a cover crop for use in the second crop period in soybean
production systems in the Cerrado region of Maranhao. However, further studies are
necessary to evaluate the long-term effects of Sudan grass on soil health, nutrient cycling,
and soybean yield in other types of soil.

CONCLUSION

Sudan grass has high biomass production capacity in the dry season (off-season), and it
is possible to maintain the live cover crop up to 7 days before soybean sowing without
affecting grain yield in a no-tillage system under Cerrado conditions in Maranhao.
However, early cutting of the crop leads to more efficient incorporation of carbon into
the microbial biomass, increases in soil S-SO,2 concentrations, and increases in foliar P,
K, and Cu concentrations in soybean. This study confirms the Sudan grass potential as
a cover crop in a soybean growing system.
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