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Grass intercropping under no-till is an option to increase crop residues on the soil surface and crop diversity. Urochloa spp. is frequently selected for intercropping to improve land use and agricultural production because of its high residue production, slow residue decomposition, as well as its vigorous, abundant, and deep root system. However, the effects of intercropping Urochloa and maize, especially the effects of Urochloa residues, on subsequent crops in rotation have not been established. To address this knowledge gap, a field experiment was carried out over 5 years (from 2014 to 2018) comprising 2 years of maize monocropping or intercropping and 3 years of crop rotation (common bean-wheat-common bean-wheat-maize). We evaluated the medium-term effects of monocropped maize or maize intercropped with Urochloa brizantha on soil fertility and the development, yields, and grain nutrient accumulation of subsequent common bean, wheat, and maize crops. The cultivation of U. brizantha in the intercropping system improved soil fertility over at least 4 years, with increases in soil pH; soil organic matter (SOM); phosphorus (P); exchangeable potassium (K), calcium (Ca), and magnesium (Mg); sulfur (S–SO42−); cation exchange capacity (CEC); and base saturation (BS) at all soil depths. The benefits of U. brizantha extended to root dry matter and distribution; 70–77% of the total roots were concentrated within a soil depth of 0.0–0.2 m. The intercropping system improved the root dry matter mass, yield components, and grain yields of subsequent common bean, wheat, and maize crops in all cultivation years. These findings indicate that intercropping maize and U. brizantha provides medium-term benefits for subsequent common bean, wheat, and maize crops, and improves nutrient cycling to increase soil P; exchangeable K, Ca, and Mg; S–SO42−; and organic matter content.
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1. Introduction

Improvements in agricultural ecosystem services are necessary to meet future food production demands (Archer et al., 2019). To realize such improvements, smarter agricultural practices that improve soil attributes and crop production without excessive fertilization or new expansions of cultivated areas will become increasingly important (Fung et al., 2019).

No-till management, which maintains crop residues on the soil surface, is considered the most important sustainable agricultural practice (Gristina et al., 2018). However, no-till management can lead to plant deficiencies, such as poor crop development and reduced yields, when the crop rotation includes crops with low biomass production or when a fallow period reduces residue production (Pittelkow et al., 2015). If the agricultural system is not adequately deployed, several benefits of no-till management, such as increased soil quality, may not be fully realized (Nunes et al., 2020). These limitations can negatively impact crop production by decreasing vegetative metabolism and crop yields, especially in tropical regions such as the Brazilian Cerrado and African savanna (Pariz et al., 2017b). In these regions, the dry autumn/winter period hinders residue production, and the hot, rainy spring/summer period accelerates the decomposition of residues on the soil surface (Pariz et al., 2017b; Dias et al., 2018; Portugal et al., 2020). Therefore, no-till systems should include diverse crops with greater potential for litter production.

Increasing the diversity of an agricultural system by cultivating different crop species enhances its resilience to abiotic factors (Archer et al., 2019). In intercropping systems, two or more crops are cultivated simultaneously to take advantage of the positive interactions between crops and to efficiently increase resource availability (Archer et al., 2019). Intercropping can increase soil fertility, reduce erosion, and increase soil carbon (C) sequestration without compromising land productivity (Daryanto et al., 2019), particularly when tropical forages that can be maintained after the cereal harvest (Crusciol et al., 2020), such as Urochloa spp. (Yé et al., 2017), are used.

Intercropping maize with forages such as Urochloa spp. is a great alternative for increasing crop residue production in no-till systems and for maintaining soil coverage and/or forage production for animal feed in integrated crop-livestock systems (Crusciol et al., 2021). Urochloa spp. produce a large amount of roots, which improve soil physical quality, reduce the risks associated with water limitation (Calonego et al., 2011), promote nutrient cycling to improve soil chemical quality (Rosolem et al., 2017). and improve soil biological activity (Momesso et al., 2022). Ultimately, intercropping with Urochloa spp. improves plant nutrition and grain yield (Tanaka et al., 2019).

Studies have shown that Urochloa brizantha cultivation improves the performance of the subsequent crop (Calonego et al., 2017; Tanaka et al., 2019; Momesso et al., 2021). We hypothesized that intercropping U. brizantha with maize for 2 years would improve soil fertility. Urochloa brizantha is usually cultivated on non-agricultural land, and we anticipated that U. brizantha cultivation would improve the developmental performance of system components, grain nutrient concentration, and the yields of crops grown in rotation (common bean-wheat-common bean-wheat-maize) during the period of intercropping and in subsequent years. To validate this hypothesis, we studied the effects of 2 years of intercropping of U. brizantha and maize on soil fertility and the root biomass distribution, nutritional status, grain nutrient accumulation, and yield of subsequent crops in a common bean-wheat (2 years) and maize (1 year) rotation.



2. Materials and methods


2.1. Site description

A field experiment was carried out in a stable no-till system in Botucatu, São Paulo, Brazil (48°26’ W; 22°51’ S; 740 m asl) from 2014 to 2018. The climate is classified as Cwa according to Köppen’s system and is tropical with dry winters and hot, rainy summers. The historical annual maximum and minimum temperatures in this region are 26.1 and 15.3°C, respectively, with an average temperature of 20.7°C. The annual average rainfall is 1,359 mm and is mostly concentrated between October and March. The rainfall and mean temperatures recorded over the growing seasons of the experiment are shown in Figure 1. The soil is classified as a clayey-textured Typic Haplorthox (Soil Survey Staff, 2014) containing 620, 90, and 290 g kg−1 of clay, silt, and sand, respectively. The area was managed for 5 years with no-tillage using the systems described in Figure 2. Before installing the experiment, the soil was sampled (0–0.05, 0.05–0.1, 0.1–0.2, 0.2–0.4, and 0.4–0.6 m depths) to evaluate the soil chemical characteristics according to Van Raij et al. (2001) (Table 1). Based on the results of the soil chemical analysis, soil acidity was ameliorated by applying 3.4 t ha−1 of limestone prior to implementation of the treatments, in which the dolomitic lime rate was calculated to increase the base saturation in the topsoil (0–0.20 m) to 70%, according to the methodology proposed by Van Raij et al. (1997) due to aluminum (Al) toxicity of acidic soils.
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FIGURE 1
 Monthly average temperatures and rainfall during the experiment.
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FIGURE 2
 Scheme of cropping systems (monocropping and intercropping systems) and the experimental timeline.




TABLE 1 Soil chemical characteristics in the experimental area before the establishment of the experiment in the 2014/2015 growing season.
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2.2. Experimental design and treatments

The experiment was carried out in a randomized complete block design comprising two treatments with 12 replications. The experimental plots were 5.6 × 20 m in size. The treatments consisted of two distinct cropping systems:(i) a monocropping system (MS) with maize only and (ii) an intercropping system (IS) of maize and Urochloa brizantha cv. Marandu (palisade grass). Both cropping systems were grown during the spring/summer (2014/2015 and 2015/2016 seasons; Figure 2).

In both treatments, maize was sown 20 days after chemical desiccation with glyphosate at 1.96 kg a.i. ha−1 for weed control. The maize hybrid AG 9010 was sown at 55,000 seeds ha−1, with a row spacing of 0.45 m. Fertilization was performed in the sowing furrows with 20 kg N ha−1 as urea, 30.6 kg P ha−1 as triple superphosphate, and 33.3 kg K ha−1 as potassium chloride. In the IS treatment, U. brizantha was sown simultaneously with maize at a seed density of 3.4 kg ha−1. The palisade grass seeds were mixed with the maize fertilizer and sown 0.08 m from the maize seed (Mateus et al., 2007; Crusciol et al., 2012; Borghi et al., 2013). In both growing seasons, atrazine (0.5 kg a.i. ha−1) was applied 15 days after sowing (DAS) for weed control. When the maize plants had five expanded leaves (V5), topdressing was performed with 90 kg N ha−1 as ammonium sulfate. After the maize harvest, the plots remained fallow in the MS treatment but were occupied by palisade grass in the IS treatment until desiccation for sowing of the next spring–summer crop (maize intercropped with U. brizantha in 2015 and common bean in 2016; Figure 2).



2.3. Establishment and management of subsequent crops

After two seasons of the two treatments (MS and IS), five crops were cultivated: three in the spring/summer, i.e., common bean in 2016/2017 and 2017/2018 and maize in 2018, and two in the fall/winter, i.e., wheat in 2016 and 2017 (Figure 2).

The common bean cultivar Pérola was sown with a mechanical seeder at a density of 33 seeds m−2 and a row spacing of 0.45 m on 22 November 2016 and 27 November 2017. Basal fertilizer was applied in the sowing furrow with 10 kg N ha−1 as urea, 50 kg P ha−1 as triple superphosphate, 50 kg K ha−1 as potassium chloride, 1.25 kg Zn ha−1, and 11.25 kg S ha−1. Topdressing with 100 kg ha−1 N as ammonium nitrate (Quaggio et al., 2022) was applied when the plants reached stage V4 (third trifoliate leaf expanded).

The wheat cultivar CD 116 was sown at a density of 80 seeds m−2 and a row spacing of 0.17 m on 17 March 2016 and 22 March 2017. Fertilization was performed at sowing with 75 kg N ha−1 as urea, 70 kg P ha−1 as triple superphosphate, 40 kg K ha−1 as potassium chloride, 1.25 kg Zn ha−1, and 11.25 kg S ha−1. Weed control was performed 10 DAS with 0.8 kg a.i. ha−1 of 2,4-D.

The maize hybrid P30F90 was sown at a density of 60,000 seeds ha−1 and a row spacing of 0.80 m on 7 November 2018. Fertilizer was applied in the sowing furrow with 26 kg N ha−1 as urea, 45.9 kg P ha−1 as triple superphosphate, and 33.3 kg K ha−1 as potassium chloride (Cantarella et al., 2022). When the maize had five expanded leaves (V5), topdressing with 100 kg N ha−1 as ammonium nitrate was applied.



2.4. Sampling and analyzes

Before bean cultivation (November 2016), eight soil subsamples were randomly collected from each plot using a 50-mm-diameter core sampler at depths of 0–0.05, 0.05–0.1, 0.1–0.2, 0.2–0.4, and 0.4–0.6 m. Subsamples from the same depth were pooled to form one sample per depth. The samples were air dried and passed through a 2-mm sieve, and soil chemical properties [pH (CaCl2), soil organic matter (SOM), Presin (phosphorus extracted with ion exchange resin), H + Al, Kex (exchangeable potassium), Caex (exchangeable calcium), Mgex (exchangeable magnesium), CEC (cation exchange capacity), S–SO42−, and BS (base saturation)] were determined (Van Raij et al., 2001).

Leaves were sampled from all crops to determine leaf nutrient concentrations (Cantarella et al., 2022). For common bean, the third trifoliate leaves with the petiole were collected from randomly selected plants in each subplot at the flowering stage. For wheat, leaf samples were collected when 50% of the panicles in each plot were at the flowering stage. For maize, leaf samples were collected when 50% of the plants were at the full flowering stage (silking). The leaf samples were dried under forced-air circulation at 65°C for 72 h and ground, and N, P, K, Ca, Mg, and S were determined (Malavolta et al., 1997). Nitrogen determination was performed by digestion with sulfuric acid, and the remaining nutrients were extracted using nitro-perchloric acid solution.

Common bean was harvested at 95 DAS (26 February 2017) and 92 DAS (27 February 2018). The following yield components were determined: final population of plants, number of pods per plant, number of seeds per pod, 100-grain weight (W100G), and grain yield (GY) calculated at a moisture content of 13%. Additionally, grain from harvest in each plot was classified through a sieve with oblong holes numbers 12 (4.76 × 19.05 mm) to determine the sieve yield (SY) according to Farinelli and Lemos (2010).

Wheat was harvested at 124 DAS (19 July 2016) and 126 DAS (26 July 2017). The following yield components were measured: number of ears per m2 (ESPM), number of spikelets per ear (SPE), number of grains per spikelet (GPS), number of grains per ear, W100G, volumetric hectoliter mass corresponding to the mass of wheat grains in 100 l (HW), and GY (kg ha−1). W100G was determined by weighing four randomly collected samples of 100 grains from each plot.

Maize was harvested at 128 DAS (15 March 2019). The following yield components were determined: final population of plants, number of ears per plant, number of grains per ear, W100G, and GY (kg ha−1) calculated at a moisture content of 13%.

In the 2016/2017 season, root sampling of common bean and wheat was performed. Eight subsamples of roots were randomly collected from each plot and combined to form a composite sample. Four of the subsamples were collected from the plant rows and the other four were collected from the middle of the interrow. Soil was sampled by collection of five simple samples to compose one main sample from each of the following depths using a 69-mm-diameter galvanized steel probe: 0–0.05, 0.05–0.1, 0.1–0.2, 0.2–0.4, and 0.4–0.6 m. The roots were washed under a flow of swirling water over a 0.5-mm mesh sieve (Oussible et al., 1992), carefully separated from the soil, and dried in a forced-air oven at 60°C for 72 h. The root dry matter content (kg ha−1) was then estimated.



2.5. Statistical analysis

The variables were analyzed by ANOVA in the SAS statistical software package (SAS Institute, 1999). All data were tested for normality (Shapiro–Wilk, 1965) and heteroscedasticity using Bartlett’s test (Snecdecor and Cochran, 1991). Blocks and all block interactions were considered random effects. Effects were considered statistically significant at p ≤ 0.1 (n = 24).




3. Results

The concentrations of nutrients in leaves and grains of common bean, wheat, and maize were significantly higher under IS than under MS in all growing seasons (Table 2). Although the leaf concentrations of N, P, K, Ca, Mg, and S were higher under IS, all elements were within the reference value ranges proposed in the São Paulo State official soil fertility and plant nutrition bulletin (Cantarella et al., 2022) for common bean (g kg−1: N, 30–50; P, 2.5–4.0; K, 20–24; Ca, 10–25; Mg, 2.5–5.0; S, 2.0–3.0), wheat (g kg−1: N, 20–34; P, 2.1–3.3; K, 15–30; Ca, 2.5–10; Mg, 1.5–4.0; S, 1.5–3.0), and maize (g kg−1: N, 27–35; P, 2.0–4.0; K, 17–35; Ca, 2.5–8.0; Mg, 1.5–5.0; S, 1.5–3.0) in both treatments.



TABLE 2 Concentrations (g kg−
1) of nutrients (N, P, K, Ca, Mg, and S) in leaves and grain of common bean, wheat, and corn from 2016 to 2018.
[image: Table2]

For common bean, both the root dry matter mass and root distribution percentage in the soil profile were influenced by the treatments (Figure 3). Approximately 70–77% of the total roots was concentrated within a soil depth of 0.0–0.2 m. Although the root distribution percentage was similar between the treatments, the accumulation of root dry matter mass in the soil profile was greater under IS (334 kg ha−1) than under MS (234 kg ha−1). For wheat, the root dry matter mass yield was approximately 340 kg ha−1 higher under IS than under MS (Figure 4). The percentage of roots in the uppermost surface layer (0.0–0.05 m) was 39% under MS and 23% under IS. Under MS, 72% of the roots were distributed within a depth of 0.0–0.2 m, whereas only 57% of the roots were found at this depth under IS. Approximately 23 and 5% of the total roots occupied depths of 0.2–0.4 m and 0.4–0.6 m, respectively, under MS; the corresponding shares were 43 and 15% under IS.

[image: Figure 3]

FIGURE 3
 Root dry matter mass and root dry matter distribution of common bean in the different crop production systems (monocropped system and intercropped system). Different letters indicate significant differences between treatments according to Student’s t-test at p ≤ 0.1 (n = 24).
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FIGURE 4
 Root dry matter mass and root dry matter distribution of common wheat in the different crop production systems (monocropped system and intercropped system). Different letters indicate significant differences between treatments according to Student’s t-test at p ≤ 0.1 (n = 24).


The yield components of common bean were significantly influenced by the treatments (Figure 5). Compared with MS, IS increased shoot dry matter mass by 9 and 5% in the first and second growing seasons, respectively, and the number of pods per plant by 15% in both cropping seasons (Figures 5A,B). The W100G and sieve yield were higher under IS, indicating that IS induced the production of heavier and larger grains (Figures 5C,D), which directly increased GY. In the first and second growing seasons, the common bean GY was 606 and 414 kg ha−1 higher under IS than under MS, respectively (Figure 5E). In addition, the crude protein content was 14 and 13 g kg−1 higher under IS than under MS in the first and second growing seasons, respectively (Figure 5F).

[image: Figure 5]

FIGURE 5
 (A) Shoot dry matter (SDM), (B) final plant population (FPP), (C) pods per plant (PPP), (D) grains per pod (GPP), (E) hundred grain weight (W100G), (F) grain yield (GY), (G) sieve yield (SY), and (H) grain crude protein content of common bean in the different crop production systems (monocropped system and intercropped system). Different letters indicate significant differences between treatments according to Student’s t-test at p ≤ 0.1 (n = 24). The error bars express the standard error of the mean.


Previous cover crop management (i.e., the treatments) also affected the yield components of wheat (Figure 6). In the first and second growing seasons, IS increased wheat shoot dry matter mass by 19 and 17% (Figure 6A), ESPM by 7 and 6%, SPE by 15 and 8%, and GPS by 8 and 10%, respectively, compared with MS (Figures 6B–D). In accordance with these improvements in yield components, the wheat yield was 730 and 515 kg ha−1 higher under IS than under MS in the first and second growing seasons, respectively (Figure 6E). IS also enhanced wheat quality components; compared with MS, HW was 1.7 and 1 kg hct−1 higher and crude protein content was 1.3 and 1.5 g kg−1 higher under IS in the first and second growing seasons, respectively (Figures 6F,G).

[image: Figure 6]

FIGURE 6
 (A) Shoot dry matter (SDM), (B) ears per square meter, (C) spikelets per ear (SPE), (D) grains per spikelet (GPE), (E) hundred grain weight (W100G), (F) grain yield (GY), (G) hectoliter weight (HW), and (H) grain crude protein content of wheat in the different crop production systems (monocropped system and intercropped system). Different letters indicate significant differences between treatments according to Student’s t-test at p ≤ 0.1 (n = 24). The error bars express the standard error of the mean.


Similar to the results for common bean and wheat, the yield components of maize were significantly affected by the treatments (Figure 7). Compared with MS, shoot dry matter mass, GPE, and GY were 12, 10%, and 1930 kg ha−1 higher under IS (Figures 7B,C,F). IS also increased grain quality, as the crude protein content increased by 7 g kg−1 compared with that under MS (Figure 7G).

[image: Figure 7]

FIGURE 7
 (A) Shoot dry matter (SDM), (B) final plant population (FPP), (C) ears per plant (EPP), (D) grains per ear (GPE), (E) hundred grain weight (W100G), (F) grain yield (GY), and (G) grain crude protein content of maize in the different crop production systems (monocropped system and intercropped system). Different letters indicate significant differences between treatments according to Student’s t-test at p ≤ 0.1 (n = 24). The error bars express the standard error of the mean.


Soil chemical and fertility parameters were significantly influenced by the treatments. Soil pH; SOM; P; exchangeable K, Ca, and Mg; S–SO42−; CEC; and BS were higher under IS than under MS regardless of soil depth (Figure 8). Under IS, soil pH was efficiently buffered in the uppermost surface layer (0.0–0.05 m) and was classified as “very slightly acidic” (pH > 6) according to the soil fertility recommendation bulletin of São Paulo State (Quaggio and van Raij, 1997). The soil pH was classified as “slightly acidic” (5.6–6.0) at a depth of 0.05–0.4 m and “moderately acidic” (5.1–5.5) at a depth of 0.4–0.6 m (Figure 8A). The higher accumulation of SOM and the increases in the concentrations of P, K, Ca, Mg, and S under IS (Figures 8B–G) were attributable to previous cover crop release from the straw and directly increased CEC and BS (Figures 8H,I).
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FIGURE 8
 Soil chemical properties in the different crop production systems (monocropped system and intercropped system): (A) soil pH, (B) soil organic matter (SOM), (C) P, (D) K+, (E) Ca2+, (F) Mg2+, (G) S–SO42−, (H) cation exchange capacity (CEC), and (I) base saturation. Different letters indicate significant differences between treatments according to Student’s t-test at p ≤ 0.1 (n = 24). The error bars express the standard error of the mean.




4. Discussion

The higher nutrient recycling capacity of palisade grass enhanced soil chemical and fertility parameters. Soil pH was efficiently buffered 24 months after lime application, as evidenced by the increases in the concentrations of exchangeable Ca and Mg, which can reduce the activity of exchangeable Al in the soil solution (Fageria, 2001; Meriño-Gergichevich et al., 2010). Soil exchangeable Al can also be complexed by organic ligands, which is promoted by higher SOM concentrations such as those observed under IS (Martins et al., 2020; De Campos et al., 2022). Compared with other crops and forage species, palisade grass (U. brizantha) has more vigorous and deeper root growth, which can increase organic carbon accumulation throughout the soil profile. These benefits are magnified in no-till systems because of the large amounts of residues and organic compounds in the soil (Rosolem et al., 2017). Organic material degrades rapidly in weathered soils, which therefore typically have low organic carbon content (Vander Linden and Delvaux, 2019). Intercropping system management can be used as a tool to reduce this natural negative impact. After palisade grass (U. brizantha) is cultivated in the intercropping system, nutrients from the residues are released to the following crops (Nascente and Crusciol, 2012). In IS, U. brizantha continued to grow in the soil after maize harvest until desiccation and thus provided large amounts of dead material on the soil surface. These benefits explain the higher concentrations of nutrients under IS than under MS in this study.

The high quantity of biomass deposited on the soil surface (17.3 and 16.8 Mg ha−1 in the first and second growing seasons, respectively) under IS increased the concentrations of nutrients and SOM in the soil profile. Improved SOM content can lead to increased P and S–SO42− availabilities because these nutrients are primarily obtained by mineralizing organic compounds and recycling biomass residues (Vicensi et al., 2020). Additionally, the biopores formed by forage grasses can improve soil macroporosity and microporosity and can facilitate the displacement of fine lime particles throughout the soil profile, which explains the higher concentrations of Ca2+ and Mg2+ under IS (Bossolani et al., 2020; De Campos et al., 2022). The increase in the K concentration under IS can also be attributed to recycling of biomass residues because K is not associated with carbon skeletons and can return to the soil through biomass deposition (Rosolem et al., 2017; Soratto et al., 2021). SOM content is the most important determinant of CEC in weathered soils. Because of their oxidic mineralogy and the absence of permanent negative charges, weathered soils are classified as soils with variable or pH-dependent charge (Kosmulski, 2020). Thus, the higher CEC and BS under IS are attributable to increases in SOM content.

Root growth is subject to both physical and chemical impediments (Scarpari and de Beauclair, 2004; De Campos et al., 2022). The presence of adequate soil chemical properties probably explains the increases in root dry matter mass and homogeneous distribution up to a depth of 0.6 m under IS. The greater volume of root growth and soil exploration by palisade grass also enhance soil fertility by improving the biological and physical attributes of the soil (Costa and Rosolem, 2007; Carmeis Filho et al., 2017). By reducing the accumulation of roots in the uppermost surface layers, IS can reduce the susceptibility of plants to water stress.

The leaf concentrations of nutrients were in accordance with the proposed ranges for the crops (Cantarella et al., 2022; Quaggio et al., 2022). The nutrient concentrations in common bean grain were consistent with those previously reported (Soratto et al., 2014), and the higher crude protein contents of both crops under IS may be the result of increased nutrient concentrations.

The common bean, wheat, and maize crops were positively influenced by the previous cultivation of intercropped palisade grass and maize. The dead material from palisade grass supplied nutrients to common bean, mainly in the first season (2016). Forage plays a role in the cycling and release of nutrients, especially N and K (Pariz et al., 2017a; Momesso et al., 2021). In the subsequent wheat-common bean-wheat-maize rotation, the positive benefits of IS on residue nutrient release and soil fertility persisted and manifested as increased nutrient uptake by these crops, as observed in other studies (Crusciol et al., 2012; Nascente and Crusciol, 2012; Borghi et al., 2013).

These results indicate that forage residue, root decomposition, and physical and biological improvements in the soil can persist during crop cultivation and in subsequent years of crop rotations. Intercropping maize with palisade grass can be an important tool to minimize the effects of poor soils, such as those in the Brazilian Cerrado and African savanna (Oonyu, 2011). Although changes in the soil–plant system during common bean cultivation were not studied in detail, the results of this study showed that the residues from the intercropping system effectively supplied all nutrients to common bean. This is an important finding since common bean does not typically grow well in no-till systems with large amounts of straw (Momesso et al., 2021).

Under MS, spontaneous plants (weeds) provided poor soil coverage and nutrient release compared with IS. A few studies have shown that fallow periods do not reduce residue production (Pacheco et al., 2011, 2017). However, spontaneous plants do not grow uniformly in agricultural systems and can be hosts for pathogens and pests. We found that crops in succession to fallow had reduced nutrient availability. Momesso et al. (2022) suggested that compared to fallow periods, including palisade grass in the agricultural system stimulates microbial species that play essential roles in soil nutrient cycling and SOM decomposition. Therefore, the practice of using fallow periods to produce crop residues is not recommended for no-till systems.

In both systems, residues were not removed from the soil. Residue maintenance in no-till systems is essential for high development and yields of subsequent crops. Low soil coverage by straw, such as that in MS, favors soil degradation and reduced crop yield (Crusciol et al., 2012). In monocropping systems, in which monocropped maize is followed by a fallow period and annual species (common bean, wheat, and maize) growth, the return of crop residues to the soil is insufficient, leading to limited nutrient concentrations in the soil.

In the U. brizantha agricultural system (i.e., IS), the root systems of common bean and wheat reached deeper layers. When common bean and wheat were cultivated after a fallow period (i.e., MS), the root system was superficial, with an inferior distribution. Thus, IS benefitted subsequent cultivation by improving the root systems of crops in rotation. The U. brizantha root system includes fine roots that increase the complexity of the soil pore network, and the vast root architecture of U. brizantha positively alters soil structure throughout the soil layers (Galdos et al., 2020). In addition, a well-formed, deep root system improves nutrient and water absorption and plant resistance to adverse weather conditions.

In summary, the intercropping cultivation strategy proposed in this study for the spring/summer season may be an alternative practice for increasing soil fertility, nutrient cycling, as well as the growth, development, and yields of subsequent crops in rotation. Our results indicate that intercropping can enhance agrisystem services in both the short-term (2 years) and medium-term (5 years). Intercropping maize with forage species such as palisade grass can protect the soil for a longer period, ensuring high yields of beans, wheat, and maize in succession. Another advantage of this intercropping system is that planting forage guarantees farmers profitability over the years while providing initial benefits to the soil in the form of dead material as soil cover.



5. Conclusion

Cultivating maize intercropped with Urochloa brizantha for 2 years had positive medium-term effects on common bean, wheat, and maize in succession under no-till crop rotation over at least 3 years after U. brizantha desiccation. The intercropping system increased the soil nutrient concentrations of P; exchangeable K, Ca, and Mg; S–SO42−; soil fertility parameters such as pH, soil organic matter, cation exchange capacity, and base saturation; the dry matter mass content and distribution of roots of common bean, wheat, and maize; crop leaf and grain concentrations of N, P, K, Ca, Mg, and S; yield components and grain yield; and nutrient recycling potential.
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