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Increasing biodiversity is an important issue in more secure and sustainable agriculture. Diversified systems are more resilient to climate change, environmental stresses and enhance soil health, nutrient cycling and nutrient use efficiency. In tropical agroecosystems, cover crops and intercrops are an alternative toward a more diverse and sustainable production. Urochloa spp. (syn. Brachiaria spp.) are perennial grasses, known for their high biomass production. They are commonly used as cover and companion crops in conservation agriculture in the tropics and the residues left in the field after cutting protect the soil and provide nutrient to the next crop cycle or intercropped culture. Urochloa species roots are vigorous, abundant and deep, as opposed to the more shallow and scarce roots of common crops. These traits contribute to carbon sequestration, soil organic matter stabilization and nutrient cycling. Urochloa roots also improve soil physical characteristics and influence soil nutrient dynamics, reducing nutrient losses and enhancing cycling, what is key to achieve greater nutrient use efficiency in agriculture. For instance, Urochloa root exudates can reduce nitrogen losses by denitrification and leaching through a process called biological nitrification inhibition; root exudates can mobilize recalcitrant phosphorus from soils and make it available for plant uptake; the deep roots of these grasses have the potential to recover nutrients that are virtually lost away from the root zone of other crops. This review compiles scientific progress regarding the introduction of Urochloa in agroecosystems, mainly on the aspects related to the contribution to more secure and sustainable agriculture.
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INTRODUCTION

It is well-known that in natural systems where there is greater diversity in plant species there is also a tendency for an increase in the natural fertility of the soil (Dybzinski et al., 2008). Several factors may be involved in this process, from the incorporation of organic matter of different plant sources to the diversity of root structures. This contributes not only to explore a greater volume of soil, and to the formation of new pores in the soil, but also to diversifying the composition of root exudates and mucilage, which results in the recruitment of specific rhizosphere microbiota for each species, promoting the interaction of plants with microorganisms and with soil nutrients (Andreote and Pereira e Silva, 2017). Therefore, it is possible to extend this information to agroecosystems, where it becomes evident that the greater diversity of species results in benefits ranging from increased productivity, greater resilience, enhanced nutrient cycling and an altogether safer and more sustainable food production (Altieri, 1999; Frison et al., 2011).

There is a wide variety of conservation agriculture (CA) practices that are used in the tropics and subtropics. CA relies on conservation premises, such as minimum tillage, crop rotation/intercrop and permanent soil cover with crop or cover crop derived residues (Hobbs et al., 2008). CA can be applied to annual and/or perennial crop systems and their adoption depends on climate regional differences, crop management, cash crop and spatial/temporal disposition of plant species in the cultivated areas (Gil et al., 2015; Bieluczyk et al., 2020). Because CA practices have similarities to other conventional systems, the transition from conventional agriculture systems is relatively simple and it can be applied and/or adapted to large areas (Gil et al., 2015).

Most studied and common CA systems adopted in the tropics include no-tillage (NT), with grain production, cover crops and crop rotation; integrated crop-forestry system (ICFS), with simultaneous production of grains and trees; integrated crop-livestock system (ICLS), with the production of grains, forage and animals; integrated livestock-forestry system (ILFS), with the production of forage, animals and trees; and integrated crop-livestock-forestry system (ICLFS), with the production of grains, forage, animals, and trees (Carvalho et al., 2014; Gil et al., 2015; Bieluczyk et al., 2020). These systems can be seen as levels of complexity and intensification, NT being the less intensified, ICLFS the most and ICFS/ICLS/IFLS intermediates, which means that the more species (plant and/or animal) are introduced, the more the agroecosystem resembles a natural ecosystem, and interactions among species become more complex and more total biomass is produced (Bieluczyk et al., 2020).

In all CA systems described above, there is the opportunity to include forages to serve either as cover crops or pasture to animals. Introduction of forage species is justified when it provides services to the agroecosystem (Foley et al., 2005; Cherr et al., 2006). These services may be related to nutrient supply, increased nutrient use efficiency (NUE), soil protection and health, weed suppression and/or to the enhancement of crop or companion crop production and yields; also, they should be suited to local socioeconomic context (Cherr et al., 2006; Horrocks et al., 2019; Paul et al., 2020). Some plant traits are linked to the provision of these services, such as adaptation to tropical environmental conditions, low soil fertility requirements, high biomass production capacity, biomass recalcitrance, efficient root morphology and exudation activity, to name a few (Cherr et al., 2006; Horrocks et al., 2019).

Urochloa is a genus of perennial C4 grasses used as cover crops and as pastures. In Brazil and other South American countries, Urochloa species represent the forage with the largest pasture area (Rao et al., 1995; Dias-Filho, 2016) and their use in intercropping systems with annual and/or perennial cash crops has grown substantially in recent years, thanks to the adoption of CA practices in the tropics (Ragassi et al., 2013; Almeida et al., 2017a). There is evident scientific interest in the agronomic characteristics of Urochloa species. The International Center for Tropical Agriculture (CIAT) maintains a germplasm bank of more than 600 accessions of Urochloa spp., which can be used in breeding programs (Keller-Grein et al., 1996) or investigated for desirable traits for soil health improvement (Horrocks et al., 2019). The interest on this genus is justified for the genetic variability found for tolerance to drought, flooding, nutritional limitation, soil acidity, and against several diseases. The cultivation of Urochloa reveals positive characteristics related to soil quality and health in agroecosystems, such as greater NUE, less risk of erosion, better soil structure, higher levels of organic matter and biological activity (Boddey et al., 1996).

Because Urochloa species produce large amounts of biomass and have a vigorous, abundant and deep root system, these plants can explore a large volume of soil and absorb substantial amounts of nutrients available in soil regions that are away from the roots of the companion crop, which are generally more superficial and scarce (Rosolem et al., 2017). Additionally, by adding and stabilizing soil organic matter, studies have shown that Urochloa roots influence the mobility and availability of some nutrients in the soil, reducing losses and benefiting the cycling process (Almeida and Rosolem, 2016; Nuñez et al., 2018). For example, certain Urochloa radicular exudates can reduce nitrogen (N) losses, through leaching and denitrification, by preventing the nitrification process from occurring through biological nitrification inhibition (BNI) (Ishikawa et al., 2003; Subbarao et al., 2009; Byrnes et al., 2017; Nuñez et al., 2018) and in the case of phosphorus (P), exudates can mobilize recalcitrant forms of soil P, making it available for plant absorption (Janegitz et al., 2013; Almeida and Rosolem, 2016). Urochloa can also affect directly the NUE of agroecosystems, a key aspect for food production sustainability (Hobbs et al., 2008).

The aim of this review is to gather the current state of knowledge on Urochloa grasses use in agroecosystems, with main focus as intercrop in tropical regions. For a comprehensive review we searched the databases Web of Science, Scopus, Scielo, and Google Scholar, with special attention to the most recent articles. We also included references of our own reference libraries, which are not available in these databases. “Brachiaria,” “Urochloa,” “intercropping,” and “agroecosystems” were among the key terms used in this search, resulting in 182 references.



UROCHLOA IN TROPICAL AND SUBTROPICAL CONSERVATION AGRICULTURE

Although Urochloa is increasingly being adopted as cover and companion crop in agricultural systems through the tropics, other grasses and leguminous have also been used as rotation or cover crops in CA, such as Megathyrsus maximus [syn Panicum spp.], Stylosanthes spp., and Desmodium spp., amongst other less explored species (Jank et al., 2017). This variety of species gives complexity to the matter and simplified approaches regarding forage species choice might not be adequate as it has to provide multiple benefits to the system (Cherr et al., 2006; Paul et al., 2020). Few studies are comparing Urochloa and other species.

M. maximus is the second largest utilized grass species in the tropics (Dias-Filho, 2016). It is the most productive tropical forage multiplicated by seed (Jank et al., 2011) and it has been used successfully in intercropping systems with corn (Almeida et al., 2017b). There are several commercial cultivars of M. maximus, almost all with tufted growth habit (Jank et al., 2011). They need frequent management interventions (Jank et al., 2011; Santos et al., 2012) and demand high fertility environments, without N limitations, what may result in low BNI capacity (Subbarao et al., 2007, 2009; Simon et al., 2020) and subsequent higher N2O emissions than Urochloa (Subbarao et al., 2007). Simon et al. (2020) found 20% greater N2O emissions from cattle urine over M. maximus pastures, compared to that in pastures of U. humidicola.

However, M. maximus BNI capacity is still debatable. In a greenhouse experiment, Villegas et al. (2020) compared BNI capacity, N2O emission, forage productivity and quality of 119 M. maximus germplasm accessions, including four commercial cultivars (Mombaza, Sabanera, Vencedor, and Massai) and U. humidicola as control. The authors reported that different levels of BNI are spread through the analyzed population of M. maximus, but none of the 4 commercial cultivars showed high BNI capacity. Some accessions showed reduced nitrification rates, similar to U. humidicola, specially cultivar Tobiata, which showed the lowest values among all accessions. High BNI accessions had equal cumulative N2O emissions to U. humidicola, but low BNI accessions emitted twice as much N2O. This is the first study showing high BNI capacity in M. maximus.

Horrocks et al. (2019) compared the influence of two genotypes of U. humidicola, two of M. maximus and U. hybrid cv. Mulato I on soil health. The soil organic carbon, aggregate stability and friability were highest with the U. humidicola genotypes. Less soil loss was also observed in the plots with these materials. U. hybrid cv. Mulato I had an intermediate effect but tended to be more alike M. maximus. The authors highlighted that these differences are related to one important, but less considered aspect, the forage growth habit. As U. hybrid cv. Mulato I and M. maximus grow in clumps, the benefits they add to soil are restricted to areas near the plant tussock as they leave more soil areas uncovered. As U. humidicola and other Urochloa species cover all soil, their benefits on soil traits reach the whole area. Forage growth habits and their relationship to the benefits they add to the system it is not well-understood and should be investigated further by research.

Relatively to grasses, forage legumes are less utilized in the tropics (Karia et al., 2011). But, their ability to biologically fix N is of particular interest, although they usually produce less biomass (Paul et al., 2020) and have lower NUE than grasses (Rao, 2001). Additionally, because they have low C:N ratio, the intense soil microbial activity in the tropics accelerates residue decomposition, as opposed to the more recalcitrant residues of grasses, which provides longer periods of soil cover (Gerlach et al., 2019; Soratto et al., 2019). However, it should be noted that intercropping legume with Urochloa species may increase its benefits to the system (Fisher et al., 1994; Costa et al., 2012).

Stylosanthes spp. are native of tropical Americas and used in Africa and Australia, being adapted to low rainfall and low soil fertility (Karia et al., 2011; Philp et al., 2019). The main uses of Stylosanthes are as green manure and in intercrops with perennial crops or grasses in pastures (Karia et al., 2011). Depending on the cultivar, Stylosanthes spp. can fix up to 200 kg N ha−1, but is less productive and tolerant to grazing than Urochloa or M. maximus (Karia et al., 2011; Philp et al., 2019). Gerlach et al. (2019) studied the intercropping of the legumes Sylosanthes capitate, Cajanus cajan, and Crotalaria spectabilis with corn for three consecutive years in the Brazilian savanna (Cerrado). All species were monocropped or intercropped between the rows of corn either on the day of corn planting or after the corn had 4–5 fully expanded leaves. All corn-legume intercropping treatments produced more total biomass compared to corn monoculture, however, no increase on corn yield was obtained and S. capitata hardly passed 130 kg dry mass ha−1 when intercropped, what was low compared with the other species.

The genus Desmodium spp. comprises leguminous forages species that are native from tropical and subtropical regions and are suitable to be used in intercrops, as cover and forage crop (Paul et al., 2020). In low input agroecosystems Desmodium spp. have demonstrated great potential in improving corn yield and soil C stock (Chidowe et al., 2019), as well as suppressing aggressive weeds, like Striga hermonthica, when intercropped or in rotation with corn (Khan et al., 2006; Midega et al., 2013). Like many other leguminous in the tropics, Desmodium spp. residue showed low recalcitrance and half-life of residues covering the soil was only 29 days (Dubeux et al., 2007).

As the available literature is concerned, Urochloa can provide more services to tropical agroecosystems. In CA, Urochloa can be introduced as a sole crop, for covering the soil or combined with annual or perennial crops in intercrop systems in a variety of ways. But how should Urochloa be combined with crops or introduced in the system? To answer that, we took Brazil as an example of CA evolution and research.

Facing pasture and land degradation back in the 80s, Brazilian agriculture and livestock production had to evolve. First, empirically by farmers, and then supported by research institutions, the use of Urochloa in intercrop systems made the restoration of agricultural and pasture productivity feasible, leading to the creation of two successful systems: “Sistema Barreirão” in 1991 (Oliveira et al., 1996) and “Sistema Santa Fé,” 10 years later (Kluthcouski et al., 2000) by EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária). Both systems rely on diluting costs of forage implantation/restoration by intercropping Urochloa with grain crops, where the development of the forage is improved by residual fertilizers from the cash crop after its harvest (Ceccon, 2013).

In the “Sistema Barreirão,” annual crops like corn, sorghum (Sorghum bicolor), pearl millet (Pennisetum glaucum) and particularly upland rice (Oryza sativa), were intercropped with forages, such as Urochloa and Andropogon spp. to establish new pasture for cattle; on the other hand, in “Sistema Santa Fé” the intercrop is established every year and aims at producing forage for the off-season and residues in quantity and quality to cover the soil under CA (Torres et al., 2018). The research and promotion of these intercrop systems made possible the adoption and development of more integrative CA systems (ICLS, ICF, ILF, and ICLF) and Brazilian agriculture became more integrative and sustainable along the process. These two basic systems can be used as guidance to introduce Urochloa in tropical agroecosystems and be adapted to the local context.

With annual crops, most commonly corn, Urochloa can be sowed before, during or after corn sowing; mixed to corn fertilizers, in special seed boxes between the corn ones or broadcasted before or after corn emergence (Ceccon et al., 2013). Either way, both species will coexist through the corn cycle. To guarantee no corn yield loss, forage growth must be partially suppressed to reduce competition for water, light, nutrients and space with corn; consequently, corn gains a competitive advantage over the forage, which can lead to normal growth, development and production during the intercrop without compromising forage production afterwards (Ceccon et al., 2013; de Oliveira et al., 2019). Broadcasting Urochloa before/after corn can be a way to reduce its growth (Ceccon et al., 2013) and the use of lower herbicide rates is also recommended for this aim (Almeida et al., 2018d; de Oliveira et al., 2019). In this case, nicosulfuron (2-[[[[(4, 6-dimethoxy-2-pyrimidinyl) amino] carbonyl] amino] sulfonyl]-N, N-dimethyl-3-pyridinecarboxamide) is the most used herbicide to suppress Urochloa growth in intercropping systems (Almeida et al., 2018d; de Oliveira et al., 2019). According to Anésio et al. (2017), applying nicosulfuron to Urochloa at a lower rate affords the suppression needed, without killing it. After corn harvest, the forage can be used as a cover crop or for grazing. This process can be repeated every year in NT, to generate residues for the next crop; or when the pasture needs to be renewed in systems that include the animal component.

More recently, Urochloa has been intercropped with perennial crops, such as coffee (Franco Junior et al., 2019; Silva et al., 2019) and citrus (Auler et al., 2008; Martinelli et al., 2017). Cultivated as stripes between rows, Urochloa protects the soil, reduces erosion, increases infiltration, suppresses weeds and cycles nutrients (Auler et al., 2008; Ragassi et al., 2013; Favarin et al., 2018). The forage can be either sowed between the rows of producing crops or sowed in the total area before the perennial crop establishment. As an aggressive forage species, Urochloa must be controlled to maintain at least 0.5 m distance from the plants to avoid competition for resources and mainly to facilitate crop management. This is usually done by applying herbicides periodically and by ecological mowing of Urochloa shoot when flowering, directing its residues toward the crop row (Martinelli et al., 2017; Favarin et al., 2018). As Urochloa growth is reduced dramatically under low light availability, the establishment of the intercropped system must take in consideration the sun path, the row spacing and the height of the perennial crop. In drastic situations, pruning of the crop may be necessary to avoid forage re-sowing.

In intercrops, a larger volume of soil is explored, both between the rows and at depth, depending on the agronomic characteristics of the crops chosen for cultivation. In NT systems, Urochloa produces large amounts of residues, which contribute to the increase of the SOM and to reduce soil erosion, water and nutrients runoff and water evaporation (Tully and Ryals, 2017; Tanaka et al., 2019). Both crop rotation and intercrop favor the cycling of nutrients, as they increase the efficiency in the use of fertilizers and nutrients (Pedrosa, 2013), in addition to recovering elements virtually lost beyond the reach of the root system of the main crop (Maciel de Oliveira et al., 2020).


Urochloa As an Invasive Species

Every exotic introduced species may be a potential threat to ecosystem native biodiversity, especially if the species has aggressive growth and is adapted to local edaphoclimatic conditions (Pivello et al., 1999a,b; Foxcroft et al., 2010). This is the case of most of the native African grasses introduced in the American neotropical savannas and Australia, for example (Foxcroft et al., 2010).

Urochloa species can outcompete native forage species in savannas grasslands because they have efficient photosynthetic rates, high water and nutrient use efficiency, are relatively tolerant to abiotic stresses and produce significant amounts of above and belowground biomass (Pivello et al., 1999a,b; Foxcroft et al., 2010). But its invasive character is particularly linked to prior ecosystem disturbance, i.e., usually, Urochloa is not the agent of disturbance, but a consequence of it (Vitousek et al., 1996; Zenni and Ziller, 2011). Alien grasses, such as Urochloa that are nearby an area that has been cleared or set on fire, can invade the area after the disturbance and dominate. Once established, it changes the microclimate, the quantity and quality of residues and the propensity to new fires, creating new fire regimes (Gorgone-Barbosa et al., 2016). Additionally, Urochloa is well-adapted to fire in its original habitat meaning that it remains in the area even after new fire events, thus in a long term suppressing native species regeneration (Vitousek et al., 1996).

Nonetheless, because U. decumbens is highly colonized by AM, it has been used in initial stages of land restoration programs in disturbed areas, where other species do not grow well under harsh soil conditions (Leite et al., 2019). Also, Urochloa is highly responsive to the increased availability of nutrients after fires (Pereira-Silva et al., 2019).

Most of the risk posed by Urochloa species introduction into savanna biome is related to lack of good management practices. Thus, it is necessary to define practices to avoid dispersal and further negative effects on the native ecosystems in which the agroecosystems may be inserted. Also, pasture/cover crops should be managed and suppressed when needed, to avoid disturbances to nearby native grasslands. This may be done regularly when Urochloa is used as intercrop or as a cover crop by adopting desiccating management or mowing; when used in pastures, the grazing regime can prevent over-accumulation of residues, that are flammable, avoiding disturbances occurrence and the spread of fire and seeds to new native grassland areas (Sühs et al., 2020).




NUTRIENT CYCLING BY UROCHLOA IN CONSERVATION AGRICULTURE

Nutrient cycling comprises the many transformations nutrients undergo in the soil-plant-atmosphere system. In agroecosystems, nutrient cycling is influenced by soil and climate conditions, landscape disposition and agricultural management practices (Tully and Ryals, 2017). Thus, factors intrinsically related to the soil and landscape, such as mineralogy, texture, groundwater depth, and topography; together with climatic factors, such as rainfall and temperature; and plant diversity, govern nutrient flows in agroecosystems (Tully and Ryals, 2017).

The efficient use of nutrients in agriculture is vital for system sustainability and it is intimately linked to nutrient cycling, that can be optimized through the adoption of management practices to maintain soil fertility and biodiversity, increase soil C sequestration and minimize negative climatic effects (Power, 2010). In this context, nutrient cycling can be considered a process favored by CA systems.

Mainly because of its rapid growth and large amounts of biomass/residues produced in tropical conditions, Urochloa stand out among cover and intercrop species, such as crotalarias (Crotalaria spp.) and millet (Pennisetum spp.) (Wutke et al., 2014). Besides, Urochloa are low soil fertility demanding species (Rao et al., 1996; Miles et al., 2004). Even influenced by seasonal variations, perennial grasses, such as Urochloa, have a wider opportunity to grow and absorb nutrients throughout the year than annual crops. Therefore, they have a great influence on how and when released nutrients are available (Tully and Ryals, 2017). Senescence and pruning/cutting management or desiccation of aboveground parts of cover crops constitute the main route in which nutrients return to the soil after decomposition/mineralization of the residues, closing the cycle. Besides, perennial grasses can build up dense root systems over time, and also affect the dynamic of nutrient cycling in the soil and consequently soil fertility profile (Yé et al., 2017).


Shoot Biomass and Nutrient Accumulation in Urochloa

The cycling potential of any plant species depends on nutrient accumulation and its rate of residue decomposition. The plant cycle, that is, the time that it remains in the field, also influences this potential, as it can enable a greater accumulation of nutrients. The accumulation of nutrients is defined by the productivity of dry mass (kg of dry matter ha−1) and the concentration of nutrients in the plant tissues (g kg−1). The higher these two factors, the higher the accumulation of nutrients will be.

Urochloa can accumulate between 2 and 16 Mg of dry matter ha−1 in their aerial parts, per year, in crop rotation or intercropping (Macedo, 2009; Bernardes et al., 2010; Costa et al., 2016; São Miguel et al., 2018), with the amount varying according to the species and the system management practices adopted, such as fertilization and cutting timing/frequency.

The large production of biomass combined with the relatively high concentrations of nutrients in the tissues (Table 1) results in a significative accumulation of nutrients in the Urochloa shoot (Table 2). According to the species and system management, nutrient accumulation will differ. In general, Urochloa species accumulate about 100 kg ha−1 of N and 130 kg ha−1 of potassium (K), in addition to more than 15 kg ha−1 of P, 40 kg ha−1 of calcium (Ca) and about 25 kg ha−1 of magnesium (Mg).


Table 1. Concentration of nutrients in the shoot of Urochloa.
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Table 2. Nutrient accumulation in the shoot of Urochloa species.
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It is of special relevance to know what part of the soil profile the accumulated nutrients originate from, that is, from what position in the soil they were absorbed (surface, subsurface, between cropping rows) by the roots. This information is not yet available and to obtain it, it is imperative to deepen our understanding of the growth dynamics of the Urochloa root system in different soils and through the profile.



Urochloa Root System and Soil C Stock

Although most studies focus on shoot biomass production, the great potential of Urochloa as a cover or intercropping culture resides in the roots. Like other tropical grasses, Urochloa produces more root mass compared to herbaceous legumes (Rao et al., 1996). Some reports show that the accumulation of root dry mass of Urochloa can range from 5.3 to 38 Mg ha−1 (Razuk, 2002; Volpe et al., 2006; Apolinário et al., 2013; Saraiva et al., 2014). Considering these values and the estimated root turnover for tropical grasslands of 0.85 year −1 (Gill and Jackson, 2000), the results indicate that up to 32 Mg root dry mass ha−1 year −1 might be produced, thus causing great impact on soil C stocks. Furthermore, the architecture, morphology, physiology and interaction of the roots with soil microbiota help the formation and stabilization of soil aggregates, increase soil porosity, C sequestration and can increase the availability of nutrients and reduce its losses, influencing the cycling of these elements (Bardgett et al., 2014).

The root system of some Urochloa species can easily reach three meters in depth (Rodrigues et al., 2011). However, root biomass tends to decrease significantly with depth (Guenni et al., 2004). Deep roots of several plants have functional specialization (da Silva et al., 2011; Wang et al., 2015). These roots are thinner and have a larger diameter of conductive vessels compared to superficial roots, in addition to the greater number of vessel elements and tracheids. These attributes increase hydraulic conductivity and water uptake efficiency (Wang et al., 2015). Thus, these roots can contribute to the maintenance of plant growth and nutrition, especially when the soil superficial layers are under water deficit (Bleby et al., 2010; da Silva et al., 2011). Additionally, the formation of aerenchyma as a “constitutive” characteristic of some species' roots, such as U. humidicola, gives this species high adaptability in situations of flooding and nutritional deficiencies, without impairing nutrient uptake and plant growth (de la Jiménez et al., 2019). It is known that under nutritional limitation, ethylene accumulates in the roots and induces the formation of aerenchyma and the development of new lateral roots, characteristics that are related to lower metabolic cost of the roots and lower cost of soil exploration (Postma and Lynch, 2011; de la Jiménez et al., 2019). A detailed study of Urochloa root systems could clarify whether this functional variation exists and what is the contribution to plant survival in times of drought and nutrient and water absorption at greater depths.

Generally, the amount of nutrients in the subsoil is lower than in the topsoil (Brady and Weil, 2013) but this varies with soil texture, rainfall distribution, management and especially according to the chemical transformations and interaction of each nutrient in the soil particles. However, this may not be the rule depending on the nutrient. For example, Mekonnen et al. (1997) quantified the NO[image: image] in tropical soil and found between 40 and 199 kg ha−1 from the topsoil to the subsoil at 4 m. Therefore, the absorption of nutrients from deep layers would allow these nutrients to be used for plant growth and development. Thus, it is reasonable to admit that because the large and deep root system Urochloa can reduce the loss of nutrients by absorbing them from superficial and deep soil layers.

Urochloa root system growth is not strongly limited in compacted soils (Silva et al., 1992; Barreto et al., 2006; Stumpf et al., 2016). Stumpf et al. (2016) reported that among several perennial grasses growing in a constructed mine-soil recovery, U. brizantha roots had the highest potential to penetrate the compacted zone under the first 0.1 m, reconstituting aggregates and thus recovering soil physical properties. According to these authors, the high density, volume and length of U. brizantha roots make this species a good candidate for soil decompression. The formation of aggregates of larger diameters in soil cultivated with forage grass species, including Urochloa, is related to its abundant root systems and the constant renewal and decomposition of root biomass (root turnover) (Six et al., 2004). In Kenya, the cultivation of Urochloa species was compared to other local grass species (Chloris gayana and Pennisetum purpureum) in their capability to change the size and distribution of soil aggregates (Gichangi et al., 2017). Urochloa species significantly improved soil aggregation and enhanced soil microbial biomass carbon.

The Urochloa root system can substantially increase C storage in the soil by producing massive root biomass in comparison to other species (Gichangi et al., 2017). However, this depends on how Urochloa is managed (Carvalho et al., 2010). Agronomically well-managed Urochloa pastures in the Brazilian Amazonia, with adequate liming, fertilization and cutting/grazing regimes, had great potential to increase soil C stocks and reduce CO2 emissions (Eri et al., 2020), because of greater biomass production and greater cattle yields per unit area (de Figueiredo et al., 2017). According to Carvalho et al. (2014), CA systems are a good way to mitigate greenhouse gas emissions on Brazilian Cerrado. On the other hand, degraded pastures are prone to C losses and higher CO2 emissions (Carvalho et al., 2010).

A classic study on the impact of deep-rooted grasses on soil C stocks in American neotropical savannas was done by Fisher et al. (1994). The authors reported that under agronomically well-managed grass-based pastures (U. humidicola and Andropogon gayanus) soil stored significant amounts of C (4.3 Mg C year−1) in deeper layers, which reached 1.0 m depth; significantly higher if compared to native savanna grasses. In the same study, U. humidicola/Arachis pintoi intercrop showed a greater increase, 11.7 Mg ha−1 year −1, suggesting that the legume's ability to fix N improved C sequestration in the system.

Multivariate geostatistics were used by Tavanti et al. (2020) to estimate CO2 emissions from soil under degraded pastures areas in Central Brazil, and it was verified that sorghum intercropped with U. brizantha promoted organic carbon storage in the mineral fraction of the soil, which consequently reduced soil CO2 emissions. The proposed pasture management with intercropped systems deserves further studies in the actual climate change scenario considering other management practices as liming and fertilizers application or grazing intensities (Tavanti et al., 2020).

Nonetheless, some recent studies show less optimistic C storage capacities in Urochloa-based pastures. For example, in agronomically well-managed Urochloa pastures, C storage was around 0.44 Mg C ha−1 year −1 (Carvalho et al., 2010), which can go up to 3.0 Mg ha−1 year −1 (Bustamante et al., 2006); in the ICLS, carbon storage by pastures grasses vary from 1.0 to 2.5 Mg ha−1 year −1, depending on the prevalent edaphoclimatic conditions and management practices (Carvalho et al., 2010). The inclusion of U. ruziziensis to a soybean-corn-cotton ICLS promoted soil C sequestration and the system became a significant C sink, with rates reaching 0.36 Mg C ha−1 year −1 (Carvalho et al., 2014). Intensifying system productivity through ICLS showed to be the best alternative in increasing soil C storage in a six-year evaluation experiment (Bieluczyk et al., 2020), accumulating 0.28 Mg carbon ha−1 year −1. These authors observed that corn-U. brizantha cv. Piatã intercrop promoted the increase of SOM, whereas further introduction of Eucalyptus urograndis stands in the system, thus becoming an ICLFS system, reduced soil C and N contents, as shade limited crop and pasture growth. On the other hand, Rice et al. (2020) verified that the inclusion of Eucalyptus spp. to an Urochloa pasture added more C below 0.6 m depth, while U. brizantha increased C in the first 0.2 m, showing complementarity between the two species, although forage shoot and root production was impaired compared to control. dos Santos et al. (2019) evaluated soil C stocks 16 years after the conversion of native vegetation to U. brizantha pastures (cv. Arapoti and cv. Xaraés) in Brazil and found 43.2 Mg C ha−1 in soil derived from the pastures, an accumulation rate of 2.7 Mg C ha−1 year −1. Soil C storage did not differ among Urochloa cultivars, but it was higher than native vegetation, especially in the first 0.3 m of depth, due to higher root biomass; additionally, an increase in soil C storage at 1 m depth was also observed. ICLS that relied on intercrops to establish Urochloa pastures increased soil C stocks (Soares et al., 2020).

Root recalcitrance and decomposition, distribution in the soil profile, rhizodeposition, and the establishment of mycorrhizal associations are root traits that contribute to SOM stabilization (Poirier et al., 2018). Roots can also indirectly impact soil C cycling due to the influence of its activity on soil microbiota. Roots with higher levels of lignin and lower levels of N promote soil C sequestration, by stimulating fungi growth over bacteria, which respire more C-based substrates per unit of C incorporated in biomass (de Deyn et al., 2008; Bardgett et al., 2014). Thus, the abundance, depth, composition and rhizodeposition show the high potential of Urochloa species for stabilizing SOM.


Rhizodeposition

The compounds that plant roots exude during their growth—exudates, mucilage, border cells—constitute what is known as rhizodeposits, which may interact with minerals in the clay fraction of the soil as well as with microorganisms in the rhizosphere (Kuzyakov and Domanski, 2000). Root exudates greatly vary in chemical composition and function and can represent about 30–50% of all fixed C by pasture grasses (Kuzyakov and Domanski, 2000). These exuded compounds represent an excellent energy source for rhizosphere microorganisms, which can increase their activity and favor SOM stabilization, both in topsoil and in subsoil profile (Poirier et al., 2018). Recently, diazotrophic bacteria of the genera Azospirillum and Nitrospirillum were identified in the rhizosphere of more than 20 genotypes of Urochloa (da Silva Ribeiro et al., 2019). These endophytic bacteria can colonize root tissues and the rhizosphere promoting plant growth due to their ability to fix dinitrogen, produce auxins, and siderophores, and/or solubilize phosphorus (P) and zinc (Zn) from the soil particles (da Silva Ribeiro et al., 2019). Biological nitrogen fixation (BNF) is an important input in systems that use Urochloa and will be addressed later in the N cycling topic.

Rhizodeposits may also inhibit soil processes mediated by microorganisms, such as nitrification (Subbarao et al., 2007) or increase micronutrient availability and plant uptake by the release of siderophores (Dakora and Phillips, 2002), or the reduction of metal phytotoxicity, such as the case of Al and Mn (Wenzl et al., 2002). Therefore, compounds exuded by roots play an important role in nutrient cycling in the rhizosphere, improving NUE and reducing the effect of toxic elements, possibly contributing to better plant performance and thereby constituting a promising area of research to stimulate more sustainable agriculture.




N Cycling

Nitrogen (N) is generally the nutrient of highest demand by plants and a highly dynamic element with one of the most complex biogeochemical cycles, due to its various chemical forms in the soil-plant-atmosphere system (Brady and Weil, 2013). For agricultural production, some of the chemical transformations of N, such as nitrification and denitrification, may represent N losses from the soil system, as N may be lost both by nitrate (NO[image: image]) leaching in the soil profile and by forming volatile compounds, such as N oxide forms (NO and N2O) that are released into the atmosphere.

N inputs to the system derive from atmospheric deposition, fertilization and BNF processes. The amount of N from biological fixation associated with diazotrophic bacteria on Urochloa roots can be substantial. According to Boddey and Victoria (1986), BNF can account for 30 and 40% of N accumulation in U. decumbens and U. humidicola, respectively. BNF contribution on total N accumulation of four Urochloa species (U. brizantha, U. decumbens, U. humidicola and U. ruziziensis) can account for 3–26%, varying seasonally and between genotypes (Reis et al., 2001). Similar results were found by Silva et al. (2010), showing that BNF contributed with 10–42% of U. decumbens and 10–39% of U. humidicola total N, depending on season and species. For example, U. ruziziensis increased the population of N-fixing microorganisms in the system compared to U. brizantha and M. maximus (Rocha et al., 2020b). Considering that the mean N accumulation among Urochloa species is about 100 kg N ha−1 (Table 2), up to 42 kg N ha−1 could be added into the soil from BNF. Urochloa and Panicum grasses used as cover crops in rotation under N-limited conditions help to prevent N leaching (Rocha et al., 2020a) and its associated BNF may substantially contributed to part of the N-demand of the subsequent maize culture (Rocha et al., 2020a,b).

The highest N inputs into the soil are via fertilization and can vary depending on management practices and the purpose of Urochloa cultivation, i.e., pasture, cover crop in rotation or intercropping system. In Urochloa pastures, N inputs through fertilization vary according to the intensification level (Pereira et al., 2018), for instance, in high input pasture systems, fertilization can reach up to 300 kg N ha−1 (Santos et al., 2010), but common fertilization recommendations are 50 kg N ha−1 for pasture maintenance and additional 50 kg N ha−1 after each grazing cycle (Werner et al., 1997). When Urochloa is cultivated as a cover crop, N fertilizers might be applied at sowing at a maximum rate of 40 kg N ha−1 to guarantee the establishment of the pasture (Werner et al., 1997). When Urochloa is intercropped with corn or coffee, fertilization is commonly applied uniquely to the cash crop, and in these systems, N inputs follow the N requirements of the cash-crops. In corn, 200 kg N ha−1 may be used (Cantarella, 2007); in coffee, N fertilization may reach up to 450 kg N ha−1, at an average of 300 kg N ha−1 (Quaggio et al., 2018).

The main forms of N losses in agricultural systems are the volatilization of ammonia (NH3), soil erosion, nitrate leaching and runoff and denitrification (Brady and Weil, 2013). Conservation practices consistently prevent N losses from soil erosion and runoff when compared to conventional systems (Wutke et al., 2014). The volatilization of NH3 is a more challenging issue when N is supplied as urea-based fertilizers, while NO[image: image] losses, by leaching and denitrification, are prone to occur in every form of N-fertilizer (Villalba et al., 2014). In Brazil, NO[image: image] leaching can stand for the loss of up to 87 kg ha−1 of N under favorable conditions (Villalba et al., 2014). N loss can also occur by denitrification, which is the process in which NO[image: image] is used as the final electron acceptor in anaerobic respiration and transformed into volatile forms (NxO) by some groups of soil bacteria. Although denitrification N losses represent only about 1% of the total N applied (Villalba et al., 2014), they are very harmful as N2O, a powerful greenhouse gas, is potentially more harmful to the environment than CO2 (IPCC, 2019).

The high N use efficiency of Urochloa can contribute to the reduction of N losses when used in intercropped systems. In an experiment using 15N-enriched fertilizer in a coffee-Urochloa intercrop system, the N recovery efficiency increased from 38 to 53% when the element was supplied in equal doses between Urochloa and coffee plants, compared to when supplied solely to coffee plants. This value was over 80% when it was supplied only for Urochloa (Pedrosa, 2013). In the corn-Urochloa intercrop, the recovery of N in fertilizer was higher than in corn monoculture (Almeida et al., 2018d) and the greater recovery in soil profiles between 0.6 and 1.0 m was probably related to Urochloa roots reaching deep layers, thus reducing N-losses by leaching. Reduced leaching might as well be attributed to the BNI promoted by Urochloa root exudation (Karwat et al., 2018). Also, Galdos et al. (2020) reported that the finer roots of U. brizantha promoted a more complex pore system in the soil, reducing solute flow and reducing N leaching when compared to corn or even U. ruziziensis.

In this context, Urochloa roots exudates can act directly on the N cycle, inhibiting undesirable processes in terms of production sustainability. This can contribute to the high N use efficiency of these tropical grasses and the decrease of N losses in agroecosystems.


Biological Nitrification Inhibition

The roots of certain plant species are capable of exuding substances that inhibit and/or reduce nitrification, a process carried out by bacteria of the genera Nitrosomonas and Nitrobacter, that transform ammonium (NH4+) to nitrite (NO2−) and NO2− to NO3−, respectively. This inhibitory action on this process is called biological nitrification inhibition—BNI (Ishikawa et al., 2003; Subbarao et al., 2007, 2009) and can contribute positively to the crop's N use efficiency (Sun et al., 2016). Several studies show the effectiveness of some compounds exuded by roots in reducing nitrification, as well as NO3− leaching and N2O emissions (Subbarao et al., 2009; Byrnes et al., 2017). It is important, however, to note that the main N-form lost in soil systems is NO3−, due to the various chemical transformations it can undergo. For this reason, several studies addressing nitrification inhibition have been carried out.

Commercial products that inhibit nitrification exist and are used for said purpose. The most common are those based on nitrapyrin, DMPP (3,4-dimethylpyrazole phosphate) and DCD (dicyandiamide) (Trenkel, 2010). The efficiency of these compounds is questionable, and its use has been rarely translated into gains in productivity (Rosolem et al., 2017). This low efficiency may be due to environmental factors (Villalba et al., 2014) and to the fact that these inhibitors act in only one of the stages of the nitrification process (Subbarao et al., 2009), causing the inhibitory effect to last a few weeks at most (Villalba et al., 2014). The first stage of nitrification is carried out by the enzyme ammonia monooxygenase and the second by hydroxylamine oxidoreductase (Subbarao et al., 2013).

Urochloa species are capable of exuding nitrification inhibiting substances (NIS) by their roots, although their production varies according to species, cultivar and soil pH (Subbarao et al., 2007). Among the Urochloa species, U. humidicola and U. decumbens had greater inhibitory effect on nitrification compared to other grasses, cereals and legumes (Subbarao et al., 2007). Among nitrification inhibiting substances, brachialactone is responsible for more than 60% of BNI in soils under U. humidicola influence (Subbarao et al., 2009), which is considered the model plant species for BNI studies.

Brachialactone is a cyclic diterpene produced in the presence of the NH4+ ion and ensures that most of the inorganic N remains in this ionic form (Subbarao et al., 2009). This compound is exuded by Urochloa roots in response to the presence of NH4+ in the rhizosphere and affects the two stages of nitrification. Brachialactone is more effective in suppressing this process when compared to the synthetic inhibitor nitrapyrin, which acts only on the enzyme ammonia monooxygenase (Subbarao et al., 2009). Although this inhibitory effect is immediate, it takes a year of cultivation for the BNI to reach its maximum (Nuñez et al., 2018). Subbarao et al. (2009) observed that after three years of Urochloa pasture establishment, nitrification and denitrification processes were strongly suppressed in the soil. Some genotypes of U. humidicola possess high BNI capacity and can reduce the emission of N2O (Subbarao et al., 2009). On this regard, it has been shown that U. humidicola significantly reduced N2O emissions from cattle urine residues in soils (Byrnes et al., 2017; Simon et al., 2020).

Pastures of tropical grasses are commonly efficient in soil N use and demonstrate low losses of this element (Karwat et al., 2017), so gains of BNI promoted by Urochloa would be more evident for the next crop or in the companion crop, in the case of crop rotation and intercrops, respectively. Early stages of crop development are critical for N loss, as the roots are still underdeveloped and exploit small soil volumes. As a residual BNI effect of Urochloa can last up to 4 months after cutting or desiccation—due to the accumulation of NIS in the soil during its cultivation, or to the root biomass that remains in the field releasing these inhibitors during decomposition (Karwat et al., 2017)—these losses would be reduced, with benefits to the next sown crop (Karwat et al., 2017).

The cultivation of corn in an area previously cultivated with U. humidicola showed higher productivity, higher N absorption and use efficiency compared to corn monoculture and the use of synthetic nitrification inhibitor DCD (Karwat et al., 2017). However, NIS effect does not last for long periods in soil environment, since the result did not repeat in the second corn cultivation, indicating that the residual inhibitory effect of Urochloa had ended (Karwat et al., 2017). It is expected that in intercropping systems where Urochloa is used between the rows, the effect will be more evident because of the proximity and co-occurrence of the crops.

BNI would lead to greater NUE from the soil by Urochloa roots, allowing both NO[image: image] and NH4+ uptake, as observed by Nakamura et al. (2005) in U. humidicola. Species, such as U. humidicola are naturally adapted to N-limited environments and can absorb both NH4+ and NO3−. Its performance under high levels of NH4+ is superior to that of other Urochloa species, although the growth under NO3− is relatively higher (Rao et al., 1996; Rao, 2001). These differences to other Urochloa species seem to be linked to the characteristic high production of NIS of U. humidicola, among other factors (Rao, 2001). Therefore, it is plausible that genotypes from other Urochloa species with high BNI potential also behave similarly when subjected to high concentrations of NH4+. As urea is frequently the main form of N-fertilizer used in agriculture and, that when solubilized in acidic pH conditions it is transformed to NH4+, this Urochloa response would be of interest, as it could further reduce N-losses through the absorption of N-NH4+.




P Cycling

P is one of the less available plant nutrients in soils (Marschner, 2012). The concentration of P in the soil solution rarely exceeds 10−4 M (Johnston et al., 2014), with phosphate ion (H2PO4−) diffusion being the main mechanism for this nutrient to reach the roots. Besides, inorganic P (Pi) can be retained/fixed to soil colloids, making it unavailable to plants in the short term, even though it is mobilized at small rates over the years (Syers et al., 2008; Johnston et al., 2014). Organic P (Po) can represent between 20 and 80% of the total P of the soil (Neumann, 2016) and the most representative organic forms of P in the soil are inositol phosphates or phytates, which can also be strongly fixed to the mineral surfaces of the soil, and phosphate monoesters and diesters, such as sugar-phosphates, phospholipids and nucleic acids (DNA and RNA), which have higher mobility in soil (Gerke, 2015).

Although over 50% of the P fixed in the soil is represented by orthophosphate (Pi), Po as inositol phosphate can represent up to 40% of the fixed P depending on the soil and the cropping system, being considered a highly recalcitrant form of P (Menezes-Blackburn et al., 2017). These fixed fractions could sustain agricultural production for hundreds of years if they were made available to plants (Menezes-Blackburn et al., 2017). The inclusion of tropical grasses, such as Urochloa, in agricultural systems can contribute to the use of these poorly available P fractions.

Plants have mechanisms to increase the acquisition of unavailable P forms in the soil, among them, the exudation of surplus protons, organic acids and enzymes by the roots (Lambers et al., 2006; Louw-Gaume et al., 2017; Wang and Lambers, 2020), the emission of root hairs in a greater number and length (Wang and Lambers, 2020), in addition to the association with arbuscular mycorrhizal fungi (AMF) (Lambers et al., 2006). Acid phosphatase enzymes released in the rhizosphere by the roots are also able to release Pi from mono and diester phosphates, making it available for plant absorption (Tian and Liao, 2015). In addition, Pi fixed on soil colloids and Po can be mobilized by the action of organic acids, such as citric, oxalic, and malic acids, among others (Lambers et al., 2015).

In response to P-limitation Urochloa increases acid phosphatase activity (Louw-Gaume et al., 2010) and exudes organic acids (Louw-Gaume et al., 2017). Even at high P availability, U. humidicola roots showed a large exudation of acid phosphatases to the rhizosphere (Teutscherova et al., 2019). A study on the influence of green manure species on soil P retention showed that soil under U. ruziziensis as the cover crop had the lowest P adsorption by the colloidal fraction amongst other leguminous covers, such as Crotalaria juncea, C. cajan, and Mucuna aterrima (Silva et al., 1997). The cultivation of these same species as cover crops also reduced the maximum P adsorption capacity in a Rhodic Hapludox soil, but in this soil peanut (Arachis hypogaea) and sorghum also used as cover crops were the most effective in this reduction (Janegitz et al., 2017). The lower P adsorption capacity of soils under Urochloa cover compared to soils under legumes-based cover has been related to the lower rate of decomposition of grasses residues relative to legumes (Silva et al., 1997; Janegitz et al., 2017).

When fertilized with P, the increase of U. ruziziensis exudation was related to the reduction of soil P recalcitrance, an effective indication of P cycling and mobilization in the soil-plant system (Almeida et al., 2018a). In rotation with soybean, U. ruziziensis increased the labile and moderately labile fractions of P, reducing the residual fraction of the nutrient in the soil (Almeida and Rosolem, 2016). However, this does not necessarily translate into higher P absorption or higher productivity of subsequent crops (Almeida et al., 2018b,c).

Po accumulation may occur in the soils covered with vegetation (Rodrigues et al., 2016), as a result of the decomposition of plant residues on the surface and roots belowground (Zaia et al., 2008). Po fractions may be the main source of P in deeper layers of the soil profile, mainly originated from dead roots decomposition or even from Po mobilized in the soil profile. Oehl et al. (2002) identified a significant increase of Po in subsoil layers in organic and conventional agroecosystems. This fraction may be important for plant nutrition after mobilization and Pi release, especially when the levels of P on the soil surface decrease. On the other hand, the binding of Pi with soil organic matter and formation of metallic phytates can occur after cultivation with Urochloa, which would potentially reduce in the short term the availability of P to plants (Almeida et al., 2018b). In contrast, the cultivation of U. ruziziensis as a cover crop reduced the concentration of myo-inositol and labile P degraded by inducing soil phytase activity (Almeida et al., 2018a), especially in those soils in which phosphate fertilizers were applied. This may be due to the direct exudation of phytases by U. ruziziensis roots or because its organic exudates favored the activity of microbial communities capable of degrading inositol. It should be noted that myo-inositol reduction was accompanied by an equivalent increase in decomposed fractions of inositol, which are easier to be mineralized and subsequently release Pi to plants.

Another plant response to P-limitation is establishing symbiotic AMF. AMF colonize roots and produce extra radicular hyphae that extend through the soil, functioning as an extension of the plant's root system, thus increasing soil volume exploitation and the acquisition of nutrients, among other non-nutritional benefits to the host (Clark and Zeto, 2000; Pérez-Tienda et al., 2012). In return, the plant provides carbohydrates and lipids as substrates for the fungus growth. The association with AMF has a lower energy cost for the plant than root hair production (Lambers et al., 2008).

Tropical C4 grasses, such as Urochloa, are highly mycotrophic and very responsive to mycorrhizal associations (Smith and Read, 2008). It has been found that in nutrient-poor pastures, Urochloa depends more on mycorrhizal fungi than C3 plants, especially in the initial seedling stages and during regrowth after periods of drought (Hetrick et al., 1990; Veenendaal et al., 1992). The use of U. decumbens in pastures in the Brazilian Cerrado has revealed high colonization by AMF, at a greater degree than native plants (Leite et al., 2019), which would partially explain the capacity of this species to develop in low fertility soils.

It has been suggested that in environments with low nitrification rates, where NH4+ predominates, arbuscular mycorrhizae may increase the efficiency of N and P utilization (Teutscherova et al., 2019). A short-term study sheds light on the relationship between mycorrhization, P and N uptake and soil phosphatase activity after ammonium-N fertilization of Urochloa genotypes with different BNI capacities. Mycorrhizal colonization of genotypes with high BNI capacities was positively correlated with acid phosphatase activity under N fertilization (Teutscherova et al., 2019). In this study, U. humidicola genotypes confirmed their high BNI capacity and maintained higher mycorrhizal colonization than low-BNI Urochloa hybrid cv. Mulato.

In a comprehensive review of P absorption in intercropping systems, Xue et al. (2016) reported numerous cases of mutual benefits in the absorption of P, whether due to greater AMF colonization, plant-microbe interactions, complementary niches or absorption facilitation via root exudates or increased microbial activity. Likewise, Urochloa has various mechanisms to increase the availability of P and other nutrients, and their inclusion in the productive system may provide greater absorption of these nutrients by the intercropped species.



K Cycling

A few studies were carried on K cycling and Urochloa in agroecosystems. According to Garcia et al. (2008), U. brizantha extracts substantial amounts of K from subsoil layers, increasing its availability on the surface soil. This is a piece of important information, since K leaching can represent up to 50% of the total nutrient applied as fertilizer in conventional systems (Rosolem and Steiner, 2017). Unfortunately, this study did not provide detailed information on the contribution of K cycling from the exploration of roots from deep soil layers.

On the other hand, using rubidium (Rb) as a marker for K, Maciel de Oliveira et al. (2020) compared K cycling and the vertical stratification of K uptake in soybean cultivation followed by ruzigrass (U. ruziziensis), corn or corn-ruzigrass intercrop during 2 years. In the first year, K accumulation was 358 kg ha−1 for ruzigrass monoculture, 56 kg ha−1 for corn monoculture and 184 kg ha−1 for corn-ruzigrass intercrop. In the second year, K accumulation was in general lower, but ruzigrass monoculture and corn-ruzigrass intercrop had higher K uptake, 209 and 157 kg ha−1, respectively, compared to 106 kg ha−1 for corn as a sole crop. These authors also showed that soil deep layers had a higher contribution for K uptake by ruzigrass (monoculture and intercropped with corn) in both years, as 34% of total K was absorbed from 0.6 m depth and 40% from 0.3 m. Topsoil accounted for only 26%. These results show that ruzigrass can accumulate high quantities of K and that most of it may come from deep soil layer.

We do not know any similar research with other nutrients and the contribution of the deep layers is also unknown. Therefore, research on the vertical stratification of nutrients uptake by Urochloa deserves more attention.



Decomposition of Urochloa Residues and Nutrient Release

Urochloa cultivation in rotation systems or as intercrop generates considerable amounts of residues above and belowground that will be prone to decomposition and mineralization (Momesso et al., 2019; Tanaka et al., 2019). However, the total amount of the nutrients released in the soil do not become fully available for plant absorption. The composition and quantity of plant residues left by a crop, alter soil nutrient cycles in complex ways (Urquiaga et al., 1998). For instance, depending on the quality (chemical nature) of the residues and the prevalent environmental conditions, nutrients, such as N, can be either immobilized in soil/residues or mineralized and released into the soil solution, becoming available for plant uptake (Urquiaga et al., 1998; Marchezan et al., 2020). There are also nutrient losses due to volatilization and leaching during the mineralization process, and depending on residue quality, these elements may not be fully released during the next crop cycle, although they may become available in the system in the long term.

The decomposition process can be defined as the breaking of complex organic compounds into simpler and soluble compounds (Cardoso and Andreote, 2016). Soil micro and macrofauna regulate the process by reducing particle size which facilitates microorganism access to further chemical transformation of the organic matter. Mineralization is the process through which simpler organic molecules are degraded and transformed into inorganic forms by microorganisms, which obtain energy and nutrients necessary for its multiplication and development. Thus, part of the nutrients is immobilized in the microbial biomass and the surplus released to the environment, making it available for plant uptake (Cardoso and Andreote, 2016).

The factors that influence the activity of soil biota govern the decomposition/mineralization processes responsible for the release of nutrients. Among those factors, temperature, pH, water availability and the chemical composition of the residue play important roles. At this respect the C:N ratio and the content of lignin, waxes, polyphenols and tannins are especially relevant defining SOM recalcitrance (Cardoso and Andreote, 2016). The high C:N ratios and high lignin content of the residue contribute to the temporary immobilization of N in the soil (Horwath, 2017) and delay decomposition/mineralization process (Pacheco et al., 2011). Residues from Urochloa species, such as U. ruziziensis, for example, have a high C:N ratio in their biomass if compared to other Poaceae residues (Souza et al., 1999) or to legumes, which have low C:N ratio. Although it is beneficial for soil conservation to maintain soil coverage for longer periods in a tropical environment, this practice can slow down nutrients release (São Miguel et al., 2018; Momesso et al., 2019).

Residue degradation rates are established by half-life time, that is, the number of days required for 50% of residue biomass to be completely mineralized to CO2, which varies between 70 and 120 days for Urochloa (Ceballos et al., 2018; Neves et al., 2018). As the residue is decomposed, mineral nutrients are released and made available to other organisms in the system.

According to Costa et al. (2014b), it takes 6 months for 90% of all P and K and 60% of all N to be released from the Urochloa residue. To release half of the N, P, K, Ca, and Mg contents of the Urochloa biomass, it takes 52, 20, 16, 61, and 47 days, respectively (Costa et al., 2016). In corn-Urochloa intercrop, up to 89% of U. brizantha and U. ruziziensis residues were already decomposed 3 months after corn harvest (Momesso et al., 2019). These relatively high decomposition rates were attributed to favorable rainfall and temperature conditions during the study, and consequently, a fast nutrient release was observed, as more than 80% of all the macronutrients contained in the residues were released.

Tanaka et al. (2019) reported that depending on the growing season, the cover crop biomass production, decomposition rates and nutrient release are affected by rainfall distribution. The homogeneous rainfall distribution was responsible for great biomass production, high decomposition rate and nutrient release after 90 days of Urochloa desiccation (Tanaka et al., 2019). After this period more than 90% of the residues were decomposed and nutrients released; on the other hand, although producing fewer residues, only 74% of it was decomposed and 30% of N was remaining when the condition was not favorable.

Because nutrients form an array of compounds of different complexity in the plant cells, their release rates may differ. Bernardes et al. (2010) found that nutrient release from U. brizantha residue was lower than P. maximum residue after 75 days of cutting. While the first released 38, 49, 59, 35, and 55% of the N, P, K, Ca, and Mg, the later species released 55, 61, 70, 40, and 53%, respectively. This difference probably reflects the chemical nature of each plant matrix (quality).

The nutrients from residues fulfill a large amount of the nutritional requirements of the companion crop or in succession, what otherwise would be supplied by the soil or by fertilization. Data in the literature support evidence that nutrients cycled via Urochloa increases use efficiency and the sustainability of the production system. On the other hand, there may be a lack of synchrony between the release of nutrients from the residues and the stage of highest demand by the crop during succession or intercropping. Regarding Urochloa intercropped with perennial crops, such as coffee and citrus, grass cutting can be programmed to coincide with the time the crop's demand is the highest. In any case, with or without synchrony, perennial crops absorb nutrients throughout the year. For annual crops in succession/intercrop, synchronization is not possible. Thus, residues release the most nutrients after cutting/degradation at the beginning of the crop cycle, when the root system is still underdeveloped and restricted to recover all the elements released in the total area, which initially, can lead to low utilization of this nutritional source.

Moreover, while residues on soil surface may not immobilize N, root residues can decrease N absorption of the next crop (Rosolem et al., 2017). Root turnover is a function of climatic conditions, root diameter and composition (Gill and Jackson, 2000) and can be slower than the shoot residues (da Silva et al., 2019). According to Urquiaga et al. (1998), more root biomass increased N immobilization and grasses had more non-decomposable C in the roots, reducing decomposition process and immobilizing N. Urochloa root biomass decay was enhanced with N fertilization and moderate grazing (da Silva et al., 2019), but after 512 days of incubation 30% of the root biomass was remaining. Based on this, root decomposition may be higher when Urochloa is mowed and N fertilization for the next crop is applied. Nevertheless, there is not enough information in the literature on root grasses decomposition and nutrient supply, indicating that further research is necessary to better understand this process and the consequences for plants nutrition.

In any case, the nutrients resulting from Urochloa residue decomposition represent a way to increase NUE in CA, which in the long run generates savings in the use of fertilizers, increases the useful life of reserves and mineral deposits used to manufacture them and enables safer and more sustainable production of food.




FINAL REMARKS

CA practices are a sustainable and secure way of producing food, providing the opportunity to introduce more species than conventional systems. Introduction of forage species can provide multiple services to agroecosystems and among these species, Urochloa stands out, as far as the literature is concerned. Introduction of this grass in CA systems can be done through intercrops and crop rotation, with both annual and perennial cash-crops. Urochloa accumulates large amounts of residues, which will not only protect the soil but also improve soil health and C storage. In addition to exploiting a large volume of soil and producing a large amount of biomass, Urochloa root system can recover elements from deep soil layers and directly influence N and P cycles, with reduced losses, greater recovery efficiency and better use of fertilizers by the plant. It is important to extend our knowledge to other nutrients as most of the available literature focus on N and P.

Urochloa can accumulate ~100 kg ha−1 of N, 130 kg ha−1 of K, 15 kg ha−1 of P, 40 kg ha−1 of Ca, and 25 kg ha−1 of Mg in its shoots. Depending on residue quality, system management and edaphoclimatic conditions, these accumulated nutrients can be made available by the decomposition/mineralization processes or immobilized in the soil. Although immobilization might not be a problem for shoot residues deposited over the soil surface, root decomposition potentially immobilizes N due to its higher recalcitrance and reduces the next crop or companion crop uptake. Consequently, understanding root decay dynamics and how it affects nutrient cycling is important and further research is encouraged on this issue. The amount of nutrients released by the Urochloa biomass is certainly not sufficient to supply for the total demand of the intercropped or succession crops, but it can still increase NUE in agroecosystems. This occurs especially in the case of perennial crops, since the cutting can be synchronized with the plant's stage of highest demand.

It should be restated that the benefits attributed to Urochloa introduction require proper management of this grass, i.e., Urochloa should be limed, fertilized, grazed, mowed or suppressed according to recommendation standards to provide such benefits. These good practices and native ecosystems protection ensure that the species does not invade native ecosystems, which can be a problem in neotropical savanna and Australia, concerning the reduction in native biodiversity.

For these reasons and others still not well-studied, including Urochloa in tropical agroecosystems present a feasible way to increase efficiency and making agricultural production more sustainable. We underscore the importance of future studies concerning the effects of the root system on the cycling of different nutrients and in different production systems, to enable incorporating this resource.
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