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Inter-cropping between annual crops with tropical forages through integration
crop-livestock systems (ICL) is considered a sustainable option to increase
crop diversity and soybean productivity. In this study, we evaluated (1) the
biomass production, desiccation efficiency, nutrient accumulation, and biomass
decomposition of soil crop residues produced by Panicum maximum plants
intercropped with maize in two different sowing methods during the second
harvest and (2) investigated how soil crop residues impact the productivity of
soybean. The experiment was conducted in a complete block design with three
replicates. We compared conventional soybean cultivation with soybean cultivated
over soil crop residues produced by a previous integration between maize and two
Panicum maximum cultivars: Tamani and Zuri guinea grass, within and between
rows of maize plants. Our results showed that Tamani guinea grass showed the
highest desiccation efficiency. Zuri and Tamani guinea grass cultivated within and
between maize plants resulted in higher biomass production and nutrient cycling
potential, resulting in an increase of 28.4% in soybean productivity, compared to
soybean grown without soil crop residues. We concluded that ICL system is an
efficient method to increase the sustainability of soybean cultivation.

KEYWORDS

Glycine max L., Panicum maximum cv. BRS Tamani, Panicum maximum cv. BRS Zuri,
sustainability, Zea mays

1. Introduction

The intensification of land use for food production is a global, complex, and urgent challenge
in a growing world population. Reaching future demands efficiently using natural resources is
the central point for agricultural sustainability (Damian et al., 2023). Therefore, it is necessary
to rethink the future of agricultural production to simultaneously ensure food security and
alleviate environmental pressure (Yue et al., 2022). Integrated crop-livestock system (ICL) is
considered an efficient, cheap, and sustainable strategy for food production, reducing costs, and
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risks and conserving natural resources (Silva et al., 2022). When well-
managed, ICL systems provide multiple ecosystem services through
increased carbon sequestration, water, and soil conservation (Maia
etal, 2022), greater efficiency in nutrient use (Muniz et al., 2021), and
production diversification (Meo-Filho et al., 2022).

ICL systems can be defined as the cultivation of annual crops and
forage species intercropped and/or in rotation, promoting pastures
recovery (Damian et al., 2023), greater stocks of soil organic matter
and soil moisture (Laroca et al., 2018), improved production efficiency
and increased soil fertility through nutrient cycling (Bansal et al.,
2022). In addition, ICL systems can contribute to the reduction of
greenhouse gas (GHG) emissions, mainly nitrous oxide, by reducing
the use of nitrogenous fertilizers. These fertilizers when used as the
only source of nitrogen can increase the soil emission of nitrous oxide
(Carvalho et al,, 2022). Additionally, the ICL system contributes to
reducing fertilizer costs (Dias et al., 2020). Covering the soil with plant
residues promotes less variation in soil temperature and preserves soil
moisture (Calonego et al., 2017). Benefits to the biological properties
of the soil are also observed, such as increased microbial activity and
suppression of weeds through physical barriers, competition for light
and nutrients, and allelopathic effects, reducing the use of pesticides
(Vincent-Caboud et al., 2019).

One of the most crucial aspects of ICL systems that affect its
success is the composition of forage species, which must present
adaptability, versatility, and good performance. In the last years,
Panicum maximum cultivars have shown potential to integrate ICL
systems (Dias et al., 2020, 2021; Muniz et al,, 2021). The correct choice
of forage composition of the crop-livestock integration system must
provide good soil cover (Andrade et al., 2017), satisfactory animal
performance (Dias et al., 2021), adequate biomass production for
no-tillage system, slow decomposition of plant residues, and gradual
release of nutrients to meet the demand of the subsequent crop (Costa
etal,, 2020; Dias et al.,, 2020; Muniz et al., 2021). Therefore, knowledge
of the decomposition of the remaining biomass, in the management
of a no-tillage system, is fundamental for the adoption of practices to
increase the efficiency of the system (Wenneck et al., 2021).

The success of the no-tillage system depends on the amount of
biomass present on the soil surface, since it contributes to the
accumulation of organic matter, providing improvements in the
physical, chemical, and biological attributes of the soil over the years
(Muniz et al., 2021). From the perspective of nutrient cycling in
production systems, the amount and release rate of nutrients from
plant residues left by a previously cultivated crop are of great
importance for the nutritional management of the succeeding crop
(Baptistella et al., 2020). Therefore, the periods of higher demand for
plant nutrients and release of nutrients by plant residues must coincide
(Muniz et al., 2021). In the las years, there’s has been a considerable
increase in the cost of fertilizers. Therefore, the use of plant residues
in agricultural systems should become more important since it
provides a more efficient use of nutrients available in the soil (Dias
et al., 2020), reducing the need of additional sources of nutrients
(Soares et al., 2019). Moreover, ICL systems may increase carbon and
nitrogen stocks in the soil (Torres et al, 2019), favoring the
mineralization process if the C:N ratio is adequate.

In addition to the species composition, the forage sowing method
is another crucial aspect of a successful ICL system. The sowing
method is responsible for the success of the integration system due to
its influence on biomass production for the no-tillage system and crop
productivity due to the different levels of competition between plants
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(Guarnierietal,, 2019; Oliveira et al., 2020). In this context, integrated
systems are technologies that ensure sustainability by improving soil
quality (Sarto et al, 2020) and represent an important alternative to
ensure high soybean yields in the Brazilian Savannah (Cerrado) (Pires
etal., 2022).

Due to the lack of information regarding the performance of the
new Panicum maximum cultivars and the adequate sowing methods
in a ICL system, studies that investigate these topics are paramount.
In this study, we evaluated (1) the biomass production, desiccation
efficiency, nutrient accumulation, and biomass decomposition of soil
crop residues produced by Panicum maximum plants intercropped
with maize in two different sowing methods during the second harvest
and (2) investigated how soil crop residues impact the productivity of
soybean. We hypothesized that: (a) intercropping systems where the
forage is cultivated between rows of maize is more beneficial than
sowing in the same row due to the small competition between species,
and (b) soybean plants grown over soil crop residues produced by
previous integration systems will have better agronomic traits, mainly
thousand grain weight and yield increase, when compared to soybean
grown without soil cover (conventional soybean cultivation).

2. Materials and methods
2.1. Experimental site and design

The experiment was conducted at Goiano Federal Institute in Rio
Verde, Goids, Brazil (17° 48’ 53" S e 50 0 54" 02" W) between January
2021 to March 2022. The soil in the experimental site was classified as
Latossolo Vermelho Acriférrico (Santos et al, 2018). A timeline
showing the climate conditions registered during the experiment can
be found in Figure 1.

In the first stage of the experiment, a consortium of maize plants
(Zea mays hybrid P4285) with forage grasses of the Panicum maximum
genus (cv. BRS Tamani and cv. BRS Zuri) was carried out within rows
and between rows of maize plants, in addition to sowing maize in
monoculture. When grown in both systems, monoculture and
consortium, maize seeds were sown at 2 cm depth and 0.5m distance
between rows. Panicum seeds (Tamani and Zuri) were sown at 6cm
depth when intercropped within rows of maize plants to delay their
germination compared to maize. When intercropped between rows of
maize, Panicum seeds were sown at 0.25m distance from the maize
plants and at 2cm depth. Each plot contained six rows 3 m long and
0.5m apart from each other.

All measurements were conducted with plants located inside the
four central lines, eliminating 0.5m from borders. On 5 May 2021,
maize and grasses were harvested for silage production. During the
off-season (between June and August 2021), forages were successively
clipped to simulate grazing. In August, we made the last clipping and
forage plants were left in the field for regrowth, desiccation, and
formation of biomass to cover the soil.

In the next stage, we prepared the soil for soybean planting.
We collected soil samples at 0-20 cm deep and mixed them to form a
composite sample. According to the chemical analysis, we observed
the following soil characteristics: pH determined in CaCl,: 5.3; Ca:
2.30 cmol, dm™% Mg: 1.35 cmol, dm™; Al: 0.01; Al+H: 4.80 cmol,
dm™; K: 0.60 cmol. dm™; cation exchange capacity of 9.06 cmol.
dm™; base saturation of 47.30%, P (Mehlich): 4.8 mgdm™; Cu:
4.6mgdm™; Zn: 1.0 mgdm; Fe: 17.4 mgdm; and organic matter
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(MO) of 39.8gkg™". We applied limestone filler (1 ton ha™) in the
entire experimental field.

Soybean seeds (Bonus IPRO 8579 variety) were mechanized
sowed in rows 50 cm apart from each other in October 2021. During
soybean sowing, we applied phosphorus (120kgha™" of P,O;) in the
planting furrow. We did not apply potassium in treatments containing
soil cover to utilize the nutrient cycling process provided by the
integrated system. Indeed, we only applied potassium (85kgha™" of
K,0) in the treatment of Soybean without soil cover, to meet the needs
of the crop, because in the absence of soil cover there would be no
utilization of nutrient cycling. Fungicide (0.3 Lha™" of Pyraclostrobin)
was applied 40 days after sowing (DAS). We harvested soybean plants
in March 2022.

2.2. Treatments

In this study, the experiment was organized in three completely
randomized blocks with three replications for each treatment (n=3),
totalizing 8 treatments where soybean was cultivated with or without
plant cover residues as follows: Maize monoculture (Soybean
cultivated with plant residues of maize without integration with
forages), Tamani monoculture (Soybean cultivated with plant residues
of Tamani guinea grass without integration with maize), Zuri guinea
grass monoculture (Soybean cultivated with plant residues of Zuri
guinea grass without integration with Maize), maize + Tamani within
rows (Soybean cultivated with plant residues of Tamani guinea grass
planted within rows of maize plants), maize + Tamani between rows
(Soybean cultivated with plant residues of Tamani guinea grass
planted between rows of maize plants), maize + Zuri guinea grass
within rows (Soybean cultivated with plant residues of Zuri guinea
grass planted within rows of maize plants), maize + Zuri guinea grass
between rows (Soybean cultivated with plant residues of Zuri guinea
grass planted between rows of Maize plants), and Soybean without soil
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cover (traditional Soybean monoculture without soil cover residues).
A schematic showing the cropping systems can be found in Figure 2.

2.3. Desiccation efficiency of forage plants

The desiccation of forage plants was performed using Glyphosate
(3Lha™") (480gL™" of active ingredient) in October 2021. Herbicide
efficiency was evaluated based on Brazilian Society of Weed Sciences
(SBCPD) guidelines (Gazziero, 1995). Desiccation efficiency was
evaluated at 7, 14, and 21 days after herbicide application through a
visual scale ranging from 0 to 100%, where 0% represents no injury
promoted by herbicide and 100% representing the death of plants.

2.4. Forage biomass production

One day before soybean sowing, we collected all the biomass
produced in a quadrat of 0.5x0.5m (0.25m?). Each quadrat was
placed randomly in each plot. Plant material was clipped close the soil
surface and dried under 55°C in an oven until reach constant dry
weight. Then, biomass production (kgha™") was calculated.

2.5. Biomass decomposition rates

The decomposition rate of forage biomass was evaluate using
litter bags (2 mm mesh, 25 x30cm) (Thomas and Asakawa, 1993).
Four litter bags per plot were filled with 300g of dry biomass
produced by the treatment and placed on the soil surface. Each
litter bag was washed in running water to remove any soil residue
and dried in a stoven at 55°C until constant dry weight to obtain
the dry mass. Using the biomass production (kgha™) of each
treatment, we calculated the percentage of biomass decomposition
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using the ratio between the biomass of litter bags (kgha™') and
biomass production (Dias et al., 2020).

2.6. Release of nutrients from biomass

Biomass samples were grounded to measure the concentration of
C,N, P, K, and S according to the method proposed by Malavolta et al.
(1997). We calculated the C:N ratio. To evaluate the nutrient
accumulation, the concentration of each macronutrient was multiplied
by biomass production. The equivalent of fertilizers such as N, P,0Os,
and K,O released by soil cover produced by maize + forage plants was
determined using the atomic mass of each element, according to
conventions of analytical chemistry and the concentration of each
nutrient (Santos et al., 2014).

2.7. Soybean agronomic traits

Agronomic traits of soybean plants were measured in March 2022
(123 days after sowing). We evaluated the plant height (10 plants
evaluated per plot), height of the first and last pod (10 plants evaluated
per plot), the number of pods per plant (10 plants evaluated per plot),
the number of grains per pod (10 plants per plot), thousand-grain
weight, and productivity (kgha™).

2.8. Statistical analysis

The efficiency of desiccation was adjusted by regression equations.
To describe biomass decomposition and nutrient accumulation, data
were fitted with standard error to an exponential mathematical model
(y=aekx) and linear to C:N ratio (y=a+Dbx), using Sigma Plot
software. Comparisons between the estimated equations were
performed according to Snedecor and Cochran (1989), which tests the
homogeneity of the data (F) and the significance of the angular
coefficients of the straight (0.4343 k) and linear (log a) of the linearized
equations (logy =loga+0.4343kx). To calculate the half-life (t %), that
is, the time required to decompose 50% of the remaining biomass,
we used the equation proposed by Paul and Clark (1989), in which, t
Y% =0.693/k, where t % is the dry biomass half-life and k is the dry
biomass decomposition constant.

Nutrient concentration, fertilizer equivalent, soybean agronomic
traits, and grain yield were submitted to analysis of variance using the
R program version R-3.1.1 (2014) and ExpDes package (Ferreira et al.,
2014). Means were compared using Tukey’s test, with a significance level
of 5% probability. Principal component analysis (PCA) was performed
stats,” and “factoextra”

» «

using the computational packages “tidyverse;

3. Results

3.1. Desiccation efficiency, biomass
production and C:N ratio

We observed no significant differences in desiccation

efficiency between monoculture and intercropped treatments.
However, we observed differences in desiccation efficiency
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between forages (Figure 3). The desiccation efficiency of Tamani
guinea grass was 28, 66, and 95% at 7, 14, and 21 days after
herbicide application, respectively, while the desiccation
efficiency of Zuri guinea grass was 17, 39, and 78% at 7, 14, and
21 days after herbicide application, respectively.

The different cultivation systems and cultivars of Panicum
maximum influenced soil cover biomass production (Table 1).
The highest biomass production was observed for Zuri guinea
grass monoculture followed by Zuri guinea grass cultivated
between and within rows of maize. On average, Zuri guinea grass
regardless sowing method produced 45.34% more biomass
compared to maize. In addition, maize in monoculture showed
the lowest biomass production when compared to all other
treatments. Tamani guinea grass in monoculture showed the
highest N concentration, followed by Tamani and Zuri guinea
grass intercropped within rows and between rows of maize
(Table 1). On average, Tamani guinea grass in monoculture,
Tamani and Zuri guinea grass intercropped within rows and
between rows of maize showed a 41.63% increase in N
concentration when compared to maize biomass in monoculture.
For P, K and S, only maize in monoculture had different and
smaller concentration of nutrients when compared to
concentrations in forages in monoculture and intercropped.

The remaining biomass at the end of soybean growing season
(120 days) (Figure 4A) was 1,166; 1,753; 2,707; 1,417; 1,613; 2,032
and 2,323 kgha™" for maize monoculture, Tamani monoculture,
Zuri monoculture, maize + Tamani within rows, maize + Tamani
between rows, maize + Zuri within rows, and maize + Zuri
between rows, respectively. These results indicate that Zuri
guinea grass in monoculture or intercropped showed the highest
remaining biomass. Regarding half-life, maize monoculture, and
Zuri guinea grass in monoculture or in intercropped with maize
showed the highest values (similar average values of 103 days).
C:N ratio linearly decreased in all cultivation systems during
biomass decomposition. In all evaluated seasons, maize showed
the highest C:N ratio and Tamani guinea grass in monoculture
the lowest ratio (Figure 4B).

-+&:+ Tamani guinea grass: Y = -0.9889 + 4.5968x; R” = 0.99 (p<0.0001)
100 5 ~°® Zuri guinea grass: Y =-4.7556 + 3.7175x; R = 0.96 (p<0.0001)
R
80 1 E
E 3
2 60 A
2
S
£ . .
<
g 404 e
K] -
2
g
2 20
04 &
0 7 14 21
Days after desiccation
FIGURE 3
Desiccation efficiency of forage plants. Vertical bars represent the
standard deviation of the mean.
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TABLE 1 Biomass production and initial concentration of nutrients in the biomass of different cultivation systems.

Cultivation systems Biomass (kg ha™)

Nutrients (g kg™)

P

Maize monoculture 3,028 e 8.50 ¢ 1.53 ¢ 8.13b 2.37b
Tamani guinea grass monoculture 4,298 cd 17.60 a 2.46a 17.81 a 3.58a
Zuri guinea grass monoculture 6,527 a 14.80 b 2.35ab 18.08 a 337a
Maize + Tamani within rows 3,392 e 14.10b 2.12b 15.08 a 2.95b
Maize + Tamani between rows 3,873d 14.56 b 2.23b 17.59 a 3.26 ab
Maize + Zuri within rows 4,814bc 12.80b 2.17b 17.12a 3.14b
Maize + Zuri between rows 5,280 b 13.53b 2.22b 16.97 a 3.27 ab
Standard error mean 171.20 0.661 0.0609 0.675 0.161

p-value p<0.001 p<0.001 p<0.001 p<0.001 0.0054

Means followed by equal letters do not differ (p<0.05) by Tukey’s test.

A -+ @+ Maize monoculture: * Maize monoculture:

A

Y =3153.56 ¢ 0-0069 days, g2 _ o ggux £,/ = 100 days B
-0.0073 days,

Y = 56.9843 - 0.1658x; R* = 0.94 (p<0.001)
Y =37.5853 - 0.1048x; R® = 0.86 (p<0.001)

Y =43.7994 - 0.1067x; R = 0.90 (p<0.001)

-+ Tamani monoculture: Y =4360.30 ¢ R%=0.96** 1, = 94 days + Tamani monoculture:

+ Zuri monoculture:

.0
A
-+ Zuri monoculture: ¥ =6709.39 ¢ 00070 da¥S, g2 _ g ggwx ) 5 = 99 days e ,
A Maize + Tamani within rows: Y =351..72 ¢ -0.0071 days; RZ = 0.90%* typ= 97 days 70 - A Maize + Tamani within rows: Y =44.0151 - 0.0905x; R” = 0.81 (p<0.001)
<A Mai i Ly = ; Ri=
<< Mot + Tamani between rows: Y = 3952.75¢ 0-0072 days; R2=0.95%* (12 = 96 days A:-- Maize + Tamani between rows: Y = 41.0500 - 0.1008x; R” = 0.89 (p<0.001)
8000 - & Maize + Zuri within rows: Y = 4848.64 ¢ 00007 448, g2 _ ¢ ggux ¢ = 103 days -+@-+ Maize + Zuri within rows: Y = 45.7024 - 0.1069x; R* = 0.88 (p<0.001)
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FIGURE 4

Remaining biomass (A) and C:N ratio (B) of maize cultivation systems and Panicum maximum cultivars in monoculture and intercropping, during
soybean growing season. Vertical bars represent the standard deviation of the mean.

monoculture, maize + Tamani guinea grass within rows, maize +
3.2. Accumulation and nutrient release

Tamani guinea grass between rows, maize + Zuri guinea grass within
from plant residues

rows, and maize + Zuri between rows treatments, respectively. The
percentage of P released on the soil was approximately 74, 78, 81, 79,

The accumulation of nutrients in plant residues exponentially 78, 79, and 76% at treatments maize monoculture, Tamani guinea

decreased during the growing season with influence of cultivation
systems (Figure 5). We observed that after 0, 30, 60, and 90 days
of biomass decomposition the accumulation of N, P, K, and S was

grass monoculture, Zuri monoculture, maize + Tamani guinea grass
within rows, maize + Tamani guinea grass between rows, maize +
Zuri guinea grass within rows, and maize + Zuri between rows

higher for Zuri guinea grass in monoculture followed by Zuri
guinea grass in intercropped between and within rows of maize.
However, after 120days of biomass decomposition, the
accumulation of nutrients was similar between all cultivation
systems. We observed that maize showed the lowest accumulation
of all nutrients during the entire growing season.

Compared with the initial accumulation of nutrients, we observed
that after 120 days of biomass decomposition, the percentage of N
released on the soil was approximately 74, 81, 80, 83, 79, 81, and 78%

at maize monoculture, Tamani guinea grass monoculture, Zuri
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treatments, respectively. The percentage of K released on the soil was
approximately 94, 94, 96, 9, 95, 96, and 95% at treatments maize
monoculture, Tamani guinea grass monoculture, zuri monoculture,
maize + Tamani guinea grass within rows, maize + Tamani guinea
grass between rows, maize + Zuri guinea grass within rows, and
maize + Zuri between rows treatments, respectively. The percentage
of S released on the soil was approximately 72, 82, 83, 86, 85, 83, and
79% at treatments maize monoculture, Tamani guinea grass
monoculture, zuri monoculture, maize + Tamani guinea grass within
rows, maize + Tamani guinea grass between rows, maize + Zuri
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guinea grass within rows, and maize + Zuri between rows treatments,
respectively.

Regarding nutrients half-life (t%2), the lowest values were obtained
for K: 40 days for maize in monoculture and 33 days for all forages in
monoculture or in consortium, indicating a rapid and strong release
rate of this nutrient. For all nutrients, maize in monoculture showed
the lowest half-life (t%4) values, releasing less nutrients to the soil,
followed by Zuri guinea grass in monoculture and in intercropped.

Frontiers in Sustainable Food Systems

We observed that Tamani and Zuri guinea grass in monoculture and
Zuri guinea grass between rows promoted the best results in terms of N
and P fertilizer equivalent, providing an increase of 67 and 63.27%,
respectively, in the return of these nutrients to the soil, compared to maize
biomass in monoculture (Table 2). For K, Zuri guinea grass in
monoculture was the most efficient cultivar in releasing this nutrient back
to the soil. In the contrary direction, maize showed the lowest values of
fertilizer equivalent, releasing less nutrients in the soil.
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TABLE 2 Equivalent of N, urea, P,O;, simple superphosphate (SSP), K,O and potassium chloride (KCl) of biomass in different cultivation systems.

Cultivation system

Equivalent (kgha™)

P,Os SSP

Maize monoculture 25.69d 57.0 10.58 d 24.0 2979 e 51.3
Tamani guinea grass monoculture 75.58 a 167.9 24.30 ab 55.2 88.24 bc 152.1
Zuri guinea grass monoculture 83.46 a 185.5 3522a 80.0 142.11a 245.0
Maize + Tamani within rows 45.76 ¢ 101.7 16.46 bc 37.4 61.67d 106.3
Maize + Tamani between rows 56.27 be 125.0 19.82b 45.0 81.89cd 141.2
Maize + Zuri within rows 62.01b 137.8 23.99b 54.5 103.08 b 177.7
Maize + Zuri between rows 74.50 a 165.6 26.89 ab 61.1 107.93 b 186.1
Standard error mean 2.298 1.306 4.303

P-value p<0.001 p<0.001 p<0.001

Means followed by equal letters do not differ (p<0.05) by Tukey’s test.
SSP, simple superphosphate; KCI, potassium chloride.

3.3. Agronomic traits and productivity of
soybean

Cultivation systems promoted changes in the agronomic traits of
soybean plants and grain productivity (Table 3). Taller plants and
higher values of first pod height, and number of pods were obtained
in Tamani and Zuri guinea grass in monoculture and in consortium.
All agronomic traits of soybean cultivated without soil cover were
smaller when compared to soybean cultivated with soil cover
produced by previous integration.

We observed no statistical differences between treatments for the
number of grains per pod (Table 3). However, the thousand-grain
weight was approximately 16% smaller at soybean without soil cover
treatment when compared to all other cultivation systems with soil
cover. The highest productivity of grains was observed at Tamani and
Zuri guinea grass, both in monoculture and in the consortium,
followed by maize in monoculture, while the smaller productivity was
observed in the conventional soybean cultivation (without soil cover).

3.4. Multivariable analysis

According to the principal component analysis (PCA) we were
able to understand the relationship between measured parameters and
treatments discrimination. PCA is a technique used to comprehend
the variance and covariance structure of data by employing linear
combinations of all the variables. In this analysis, the covariance and/
or correlation matrix are decomposed into eigenvalues and
eigenvectors, with eigenvalues indicating the variance and eigenvectors
representing the coeflicients of each variable in the linear
combinations. Each principal component is independent and
estimated to retain the maximum amount of information regarding
the total variation present in the data, in an ordered manner. The
number of principal components is equal to the number of variables.
In this study, 8 components were obtained, and it was observed that
the first and second components explained 92.56% of the total
variation in the data (Figure 6). Additionally, all the variables used
displayed a strong correlation (r >0.7) with the first component,
suggesting that it effectively describes the structure of variance and
covariance in the data. The criteria proposed by Zwick and Velicer
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(1982), which recommend that variances >70% are considered ideal,
were satisfied in our analysis. Therefore, the PCA results were
consistent with our initial findings. Figure 6 displays the scores for the
treatments and variables represented through linear combinations,
with the first component represented horizontally and the second
component vertically.

4. Discussion

4.1. Desiccation efficiency, biomass
production, and C:N ratio

In this study, we observed a greater desiccation efficiency of
Tamani guinea grass. This result is presumably associated with the
large proportion of leaves of this cultivar., making it more susceptible
to glyphosate. On the other hand, Zuri guinea grass showed an
efficiency of only 78% at 21 days after desiccation. This lower efficiency
can be explained by the morphology of this forage, which has a greater
number of tussocks (Rhodes et al., 2021). However, Zuri guinea grass
in monoculture, followed by Zuri guinea grass in consortium, showed
the highest biomass production and remaining biomass after a few
weeks of decomposition. This result can be explained by the
morphology of this cultivar., which has a tall size, high production of
dry mass per hectare, caespitous growth, high regrowth vigor, and
elevated production of support structures such as stems,
demonstrating its high potential for biomass production (Almeida
etal, 2022). In addition, Zuri guinea grass is recognized as a drought
tolerant cultivar (Figure 1) and moderately adapted to conditions of
excessive soil moisture (Bonfim-Silva et al., 2022).

It is important to highlight that at the end of the soybean cycle,
the remaining biomass (Figure 3A) of Zuri guinea grass in
monoculture and intercropped were higher by 25% compared to
Tamani guinea grass in monoculture (1,753kgha™") and 50% when
compared to maize (1,166kgha™"), demonstrating that Zuri guinea
grass provided the greatest soil cover during the soybean cycle.
Moreover, it is important to note that the biomass produced by Zuri
guinea grass in the different cultivation systems provided greater soil
coverage until soybean harvest, demonstrating the potential to ensure
production stability and soil protection in cases of dry spells. The
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TABLE 3 Plant height, height of the first pod, number of pods per plant, number of grains per bean, thousand grain weight, and grain productivity of
different cultivation systems.

Cultivation systems Plant height (cm) Height 1° pod (cm) Number of pods/plant
Maize monoculture 91.46 be 18.33 be 43.50 be
Tamani guinea grass monoculture 110.83 ab 20.00 ab 48.16 ab
Zuri guinea grass monoculture 118.85a 21.16a 48.33a
Maize + Tamani within rows 102.23 b 20.60 a 46.00 ab
Maize + Tamani between rows 108.50 ab 2140a 45.36 ab
Maize + Zuri within rows 106.13 ab 19.85b 47.53 ab
Maize + Zuri between rows 115.58 ab 22.15a 48.00 ab
Soybean without soil cover 86.44 ¢ 16.72 ¢ 41.47 ¢
Standard error mean 2.450 0.618 0.955
p-value p<0.001 0.0004 0.0012
Cultivation systems Number of grains/bean 1,000 grain weight (g) Productivity (kgha™')
Maize monoculture 20a 210.65a 4,398 b
Tamani guinea grass monoculture 23a 21533 a 5,256 a
Zuri guinea grass monoculture 23a 21531 a 5,280 a
Maize + Tamani within rows 23a 215.65a 5,021 ab
Maize + Tamani between rows 23a 215.00 a 4,942 ab
Maize + Zuri within rows 23a 222.67a 5,216 ab
Maize + Zuri between rows 23a 22232 a 5,549 a
Soybean without soil cover 20a 186.33b 3,708 ¢
Standard error mean 0.267 3.005 171.68
p-value 0.9255 P <0.001 P <0.001

Means followed by equal letters do not differ by Tukey’s test at 5% probability. *First.

results reported in this study are relevant in the decision making of the
correct choice of forage, especially considering the Brazilian Savannah
(Cerrado) located in the central region Brazil, which presents high
temperatures throughout the year (Zagato et al., 2018).

Maize biomass remained in the soil between May and November
2021 (off-season) and had more time of decomposition when
compared to forages. Although maize biomass has a large number of
stalks, increasing the decomposition time on the soil surface, it has a
small soil cover, corroborating the results reported by Dias et al.
(2020) and Muniz et al. (2021). The biomass produced by maize + Zuri
guinea grass in both sowing methods showed a longer half-life with
an average of 103 days. This result can be explained by the fact that
maize and Zuri guinea grass both have a high proportion of stems, a
higher proportion of lignin and a high C:N ratio in the residues,
promoting greater persistence of soil cover (Chen et al., 2021; Rhodes
etal., 2021). However, as previously mentioned, maize biomass does
not provide adequate soil cover.

The amount of time that biomass remains in the soil is determined
by the rate of decomposition, which is directly influenced by the C:N
ratio and lignin content of the residue (Muniz et al., 2021). According
to Truong and Marschner (2018), C:N ratio values between 12 and 25
contribute to mineralization, while values above 50 contribute to the
immobilization of nutrients in the soil. Therefore, an adequate range
from 25 to 30 is ideal to balance mineralization and immobilization.
Corroborating the findings of Mingotte et al. (2020), we found that in
all evaluated decomposition times, the highest C:N ratio was observed
for maize biomass, as shown in Figure 3B. According to Miguel et al.
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(2018), maize has a higher proportion of recalcitrant material (stem,
cob, and straw), and the action and penetration of decomposing
microorganisms is hampered due to the high concentration of fibers
that confers resistance to the material. In the opposite direction, forage
cultivation systems in monoculture or in intercropped showed lower
values of C:N ratio in all decomposition periods. This result can
be explained by the high ratio of leaves to stems that both cultivars
have, leading to more intense biomass decomposition (Dias et al.,
2020), especially for Tamani guinea grass, which presented the lowest
C:N ratio. Different from what was observed for maize, biomass
production produced an adequate amount of soil cover which
remained in the soil until the final cycle of soybean development
(Figure 3A).

4.2. Accumulation and nutrient release
from plant residues

According to our results, Tamani guinea grass produced the soil
cover with the highest N concentration, presumably because this
cultivar has a higher proportion of leaves, greatly contributing to
the ecosystem N cycling (Muniz et al., 2021). N and K are the
nutrients most extracted by forage plants (Costa et al., 2017) but at
the same time, these nutrients are easily leached. Therefore, through
its deep and aggressive root system, forage plants can absorb
nutrients from deep layers and release them on the soil surface,
benefiting the subsequent crop (Baptistella et al., 2020; Costa et al.,
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2021). We also observed a high N, P, K, and S accumulation in
treatments containing Zuri guinea grass (Figure 4), which is
presumable associated with the elevated production of biomass in
these treatments (Table 1), where the accumulated nutrients were
deposited in the soil and supplied the soybean demands, especially
N, since in its initial phase, soybeans still do not present an efficient
N fixation by biological activity (Muniz et al., 2021). According to
Oliveira Junior et al. (2016), from all the N that soybean demands
(190-372kgha™"), around 65-85% of N comes from biological
fixation, while the rest is provided by the soil.

Corroborating the findings of Miguel et al. (2018), Baptistella et al.
(2020), and Costa et al. (2021), K showed the shortest half-life (t%2) of
all nutrients. K is easily released from the plant tissue, since it is not
part of any structure or organic molecule, being predominantly a free
cation with high mobility in plants, being easily washed by rainwater
after the disruption of plasma membranes (Taiz et al., 2017). In our
study, K showed a release rate above 95% for all cropping systems with
soil cover biomass. Since here we do not apply K fertilizer in
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treatments with soil cover, soil biomass contributed to the greater
cycling rate of this nutrient, which is the most absorbed by soybean
plants. During the soybean growing season, K sharply decreased its
amount in the residues, corroborating the observations made by Dias
etal. (2020) and Muniz et al. (2021). It is noteworthy that at the end
of the soybean cycle (120days), the remaining amount of K in the
biomass was less than 5% of the total initial amount. In the opposite
direction, the longest half-life (t/2) for all nutrients was observed in
maize monoculture treatment followed by Zuri guinea grass in
monoculture and in consortium. The higher lignin content and C:N
ratio of these crops, mainly maize, contributes to the immobilization
of nutrients (Rhodes et al., 2021).

Soybean accumulates most of the macronutrients between 82
and 92 days of its development, and the highest absorption rate
occurs between 39 and 58 days (Carmello and Oliveira, 2006). In
the present study, the half-life of nutrients averaged 53, 66, 34,
and 59 days for N, P, K, and S, respectively, with a release above
78% at 120 days of decomposition, demonstrating the potential
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of forages as supply of nutrients for soybean crop. The increased
biomass production by Tamani and Zuri guinea grasses in
monoculture and intercropped resulted in higher values of N and
P fertilizer equivalent. According to our results, Zuri guinea grass
in monoculture seems to be the most efficient cultivar in
returning K to the soil, which can also be explained by the higher
biomass production that this forage produced. The biomass
produced by maize provided lower values of equivalent in
fertilizers. This result shows the importance of forages in the
nutritional balance of plants in integrated production systems,
where part of the nutrients is returned to the soil by the
mineralization process.

In the integrated systems is important to consider how much
nutrients will be release from plant residues when calculating fertilizer
recommendations, as a large proportion of these nutrients returns to
the soil (Assmann et al., 2017). Our study shows the saving of mineral
fertilizer (Table 2), with greater emphasis on the biomass produced by
Zuri guinea grass, which showed savings of 185kg of urea, 80kg of
simple superphosphate and 142kgha™" of potassium chloride. This
elevated amount of equivalent in nutrients obtained from plant
residues can help producers to obtain a greater productivity reducing
the cost of mineral fertilizers (Muniz et al., 2021).

4.3. Agronomic traits and productivity of
soybean

The integrated crop-livestock system is a promising and
sustainable technique for producing biomass for no-tillage systems,
positively influencing the productivity of cultivated plants. In this
study, we observed the clear benefits of integrated systems for
soybean growth and grain productivity. In the cultivation systems
with Tamani and Zuri guinea grasses intercropped or not, plant
height, insertion of the first pod, and the number of pods per
soybean plant were higher, presumably due to the higher amount of
plant residues produced by each forage and the release of nutrients.
Our results also demonstrate that the release of nutrients by plant
residues was synchronized with the nutrient absorption by soybean
plants during their development cycle, improving soybean
productivity (Costa et al., 2021). These results have also been
corroborated in other studies with different integration systems
(Tanaka et al., 2019; Dias et al., 2020; Muniz et al., 2021; Pires
etal., 2022).

The weight of 1,000 grains is a component of soybean yield,
directly related to crop productivity. In this study, the highest
values of the weight of 1,000 grains were obtained in cropping
systems with soil cover biomass. Moreover, we observed higher
grain yields, in integrated systems. All these previous results have
been corroborated by other recent studies (Dias et al., 2020;
Oliveira et al., 2020; Costa et al., 2021; Muniz et al., 2021). Higher
soybean yields are related to improvements in soil biochemical
and biological properties, which are positively influenced by
integrated systems. In fallow areas during the off-season, the
accumulation of biomass and nutrient absorption by soybean in
the succession system is negatively affected, especially in years
with unfavorable weather conditions, compromising crop
productivity (Soratto et al., 2022). Therefore, the correct choice
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of forage and sowing method to compose the crop-livestock
integration system optimizes land use, increases the diversity of
production, and reduces the use of mineral fertilizers, bringing
greater sustainability to agricultural systems. PCA analyses also
reinforced our results by grouping Zuri and Tamani guinea
grasses (Groups 3 and 4) due to the greater productivity, nutrient
accumulation, and soybean productivity when compared to
maize in monoculture and soybean without soil cover (Groups
1 and 2).

5. Conclusion

Tamani guinea grass showed the highest desiccation efficiency.

Zuri guinea grass in monoculture and intercropped in the two
forms of sowing provided greater biomass production and nutrient
cycling. However, both Zuri and Tamani guinea grass can be indicated
as cover crops for positively influencing agronomic characteristics and
soybean productivity.

Integrated systems with tropical forages for soil cover proved to
be an efficient technique for biomass production and nutrient cycling
since it makes better use of soil nutrients and contributes to the
sustainability of agricultural systems in tropical regions.
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