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Highlights

o  Megathyrsus maximus combines high forage productivity, nutritional quality, and good
performance under shaded agroforestry conditions.

e  Livestock—forest systems with M. maximus can improve forage quality and livestock
performance, although excessive shading may reduce biomass production.

e  Crop-livestock—forest systems can sustain dry-season forage production and reduce
fertilizer requirements through suitable tree-forage associations.

e  Successful integration depends on appropriate cultivar selection, tree density, long-
term management, technical expertise, and monitoring strategies.

e  Expanding M. maximus-based agroforestry systems could diversify agricultural pro-
duction while supporting ecosystem restoration and climate-change mitigation.

Abstract

Agricultural and livestock activities play a central role in global food production and
economic development but are also associated with environmental impacts such as defor-
estation, land-use conversion, and fires. Agroforestry systems (AFSs) can reduce these
impacts by integrating agricultural, livestock, and forestry activities within the same area.
The African species Megathyrsus maximus (syn. Panicum maximum) is the second most
widely used forage grass in Brazil and performs well under shaded conditions, making it
suitable for AFSs. This review synthesizes evidence from experimental and on-farm studies
across nine countries on the benefits and impacts of integrating M. maximus into AFSs, with
emphasis on Brazil, and discusses research gaps and priorities for improving its use in
these systems. The strongest evidence is available for livestock—forest integrated systems,
while the Mombasa cultivar has the broadest experimental support across different AFSs
and environmental conditions. Reported benefits include improved forage and animal
productivity, soil quality, erosion control, and reduced fertilizer requirements. However,
system performance depends strongly on cultivar selection, tree density, shading, and
long-term management. Overall, M. maximus-based AFSs represent a promising strategy
for diversifying agricultural production while contributing to environmental sustainability
and climate-change mitigation.
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1. Introduction

Agricultural and livestock production are among the main pillars of the Brazilian
economy, playing a key role in the country’s financial dynamics while generating significant
social and environmental impacts [1]. Brazilian cattle production is predominantly pasture-
based, with pastures occupying approximately 19% of the country’s territory, or about
164 million hectares [2]. Land use for agricultural and livestock activities is associated with
pollution and contamination, as well as nutrient and soil component imbalances, leading to
environmental degradation that, in turn, drives deforestation and consequently exacerbates
ecological and climate-related problems [3,4]. According to the Annual Deforestation Re-
port in Brazil 2024 [3], the country lost more than 1.24 million hectares of native vegetation
in 2024, of which over 1.22 million hectares (98.66%) were attributed to agricultural and
livestock activities. This contribution has consistently remained above 97% since 2019.
Environmental degradation is particularly severe in regions known as agricultural frontiers,
where extensive deforestation occurs to expand agricultural and livestock production into
previously undisturbed areas [1]. In Brazil, the most prominent agricultural frontiers are
AMACRO (Amazonas, Acre, and Rondonia states) and MATOPIBA (Maranhéo, Tocantins,
Piaui, and Bahia states), which correspond to the Amazon and Cerrado frontiers, respec-
tively. Deforestation in the Amazon frontier decreased by 13% compared with 2023, totaling
more than 89,000 hectares, whereas deforestation in MATOPIBA declined by 39%, reaching
more than 516,000 hectares in 2024 [3]. Despite this reduction, MATOPIBA remains the
country’s primary deforestation hotspot, accounting for approximately 42% of all native
vegetation loss in Brazil.

Agroforestry systems (AFSs) have emerged worldwide as a promising approach by
integrating crops, livestock, and forestry within the same land area, thereby providing an
alternative for optimizing land use and natural resources [5,6]. It is rooted in ancestral
forest-management practices that combined livestock with the production of food, fiber,
and medicinal products while mimicking natural succession and promoting environmental
balance [7]. Historical accounts indicate that Indigenous communities in the Americas
cultivated and integrated more than 130 species before Columbus’s arrival. However, these
traditional practices did not constitute systematically planned integration models. Over time,
scientific research has contributed substantially to improving AFS productivity, efficiency,
and sustainability [8]. In Brazil, planned AFSs were established throughout the 20th century
following the arrival of immigrants, who implemented them based on experiences acquired
in their countries of origin [9,10]. According to the most recent Agricultural Census, Brazil
had more than 13.8 million hectares of AFSs in 2017, representing less than 4% of the
agricultural land area [11].

AFSs can be classified in different ways; however, the most common approach is based
on their structural composition, specifically the presence of trees, livestock, and crop/forage
components. Accordingly, they are classified as agrisilvicultural, silvopastoral, and agrosil-
vopastoral systems [12]. When these systems are referred to as Integrated Production
Systems, the corresponding terms are Integrated Crop—Forest (ICF), Integrated Livestock—
Forest (ILF), and Integrated Crop-Livestock-Forest (ICLF), respectively (Figure 1). Agrisil-
vicultural or ICF systems can exhibit varying levels of biological complexity, with trees
functioning either as windbreaks or shade providers, or as active components of the produc-
tion system through the production of fruits, medicinal products, and timber. Combined
with improvements in soil nutrient cycling and microclimatic conditions, these characteris-
tics make ICF systems particularly attractive for implementation across different production
scales [7,12,13]. In silvopastoral or ILF systems, trees once again contribute to soil and
microclimate quality but may also impose limitations due to shading, as some forage species
are highly sensitive to reduced light availability. Nevertheless, the arboreal component plays
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an even more important role in providing thermal comfort for livestock. Ruminants are
known to reduce grazing activity under conditions of excessive heat, making ILF systems
an effective strategy for minimizing the energetic costs associated with thermoregulation.
This is particularly relevant in Brazil, where a large proportion of pasturelands are exposed
to moderate or severe heat stress [14,15]. Agrosilvopastoral or ICLF systems combine
tree—crop-livestock and tree—forage-livestock components within the same area, either
simultaneously or in a temporal management arrangement, resulting in highly complex
systems designed for intensive land use. In these systems, tree density generally determines
the management of the other components. During the early stages of tree establishment,
low canopy cover favors crop production. As trees grow and develop denser canopies,
increasing shade gradually reduces crop suitability, allowing the introduction of livestock
and the replacement of crops with pasture [16]. Following tree pruning or thinning, crop
cultivation may be reintroduced, thereby establishing a cyclical production system. The
temporal management must be carefully timed, as forage is generally established shortly
before the main crop is harvested, allowing livestock to enter the system soon after harvest
and thereby minimizing the period during which the land remains unproductive. From a
socioeconomic perspective, ICLF systems also create a sustained demand for rural labor,
contributing to continuous employment opportunities in agricultural areas [10,15-17].

component

Agrisilvicultural
System

FOREST Agrosilvopastoral
component System

temporal
management

ANIMAL
component

Figure 1. Diagram illustrating the relationships among AFSs and their forest, crop/forage and livestock
components. Temporal management refers to the alternating use of land between periods of crop
cultivation and periods of pasture and livestock grazing within agrosilvopastoral systems.

Since AFSs consist of mixtures of different organisms, the species selected for inte-
gration have a direct impact on their design. Initially, the economic value of each species
should be considered during the planning process. For the tree component, species in-
troduced into AFSs may be either native or exotic, with exotic species currently being the
most widely used worldwide. Eucalyptus and Pinus are among the most used tree crops;
however, species from the genera Acacia, Swietenia (mahogany), and Tectona (teak), as well
as palm and fruit tree species, also represent significant components of these systems [16].
Inappropriate selection of the tree component can negatively affect the AFS, as trees are
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responsible for shading and for extracting nutrients and water from the soil. Selecting
species that compete less with associated crops is therefore essential for maintaining system
productivity [18]. The tree component can improve temperature and moisture conditions,
support wildlife, reduce pests, enhance nutrient cycling, and provide additional income
from timber, food, and other products. For the crop and forage component, it is necessary to
understand species performance under intercropping conditions because of the competition
for nutrients and water, resulting in stresses that may reduce yield [12,16]. Particularly
for the forage component, studies addressing plant development are required because
these characteristics directly affect forage quality and, consequently, the performance of
animals consuming it. Such studies include evaluations of the amount of radiation required
to achieve optimal photosynthetic potential, as well as assessments of forage nutritional
value and digestibility [16,17]. Finally, the animal component depends on all other com-
ponents of the system. Potential animals include poultry species, although the primary
focus is generally on grazing livestock [19]. The selected species must exhibit good accep-
tance of the planted forage and be managed at stocking densities compatible with forage
growth. Moreover, the consumption of trees and shrubs may cause health problems in
livestock, as ingestion of woody plant material can lead to intoxication and digestive system
disorders [18].

AFSs can reduce the land area required for agricultural production by combining differ-
ent farming activities in the same area while providing multiple benefits to producers. The
integration of different plant and animal species is intended to promote ecological balance
and environmental sustainability while contributing to the maintenance of soil quality [14].
Consequently, the implementation of AFSs is closely aligned with sustainable develop-
ment goals, as these systems enhance food security, reduce poverty, mitigate deforestation,
promote the restoration of degraded lands, and strengthen natural processes involved in
climate regulation, such as atmospheric CO, sequestration and carbon storage [6,8,20].
According to the Brazilian Greenhouse Gas Emissions and Removals Estimation System
(SEEG), Brazil emitted approximately 2.3 billion metric tons of CO,e in 2023 [21]. Emissions
from the agricultural sector increased by 2.2%, reaching 631 MtCO,e, corresponding to 28%
of the national total. When emissions associated with deforestation and land-use change
for agricultural purposes are included, however, the sector accounts for approximately 74%
of Brazil’s total greenhouse gas emissions (GGEs). This increase is largely attributable to
the expansion of the national cattle herd, as enteric fermentation in ruminants generates
substantial methane emissions, which alone accounted for 405.1 MtCO,e. In contrast, when
net emissions, which consider both GGE and atmospheric CO, removals, are evaluated,
agriculture contributes 38% of total emissions. This reduction reflects the considerable
carbon sequestration potential of agricultural systems, particularly pastures and AFSs,
which removed an estimated 135.5 and 115.5 MtCO,e, respectively, in 2023 [21]. Together,
these systems accounted for approximately 90% of the sector’s total carbon removals. In
addition, the implementation of AFSs is associated with earlier finishing of livestock due to
improved animal welfare and forage quality. This is particularly relevant because it results
in lower GGE per unit of animal production [22]. Owing to these benefits, AFSs have been
actively promoted by the Brazilian government through several public initiatives, including
the Low-Carbon Agriculture Program (ABC Program) and the National Plan for Native
Vegetation Recovery (PLANAVEG), both of which encourage the adoption of AFSs as an
alternative to conventional production in order to mitigate their social, environmental, and
climate-related impacts [20,23].

Given the extensive pastureland area in Brazil, integrating pastures with the other
components of AFS represents an important opportunity to increase and diversify agricul-
tural production while reducing the environmental impacts of livestock farming. However,
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the success of these production systems is closely dependent on a thorough understanding
of the biological interactions among their components, especially forage species. One such
species is the Poaceae Megathyrsus maximus (syn. Panicum maximum), which is currently the
second most widely cultivated forage grass species in Brazil [24]. Owing to its agronomic
importance, numerous studies have evaluated different M. maximus cultivars, highlight-
ing the potential of this species for use in AFSs [14,24]. Therefore, this review aims to
present the current knowledge on the benefits and impacts of integrating M. maximus into
different types of AFSs worldwide, with particular emphasis on Brazil. We first provide a
brief overview of the main forage species used in Brazil. We then discuss current research
perspectives on AFSs, particularly those incorporating M. maximus, and identify future
avenues for expanding and improving the germplasm repertoire of this species for use in
AFSs, with the goal of supporting the development of new production systems based on
this forage Poaceae.

2. Forage Poaceae in Brazil, with Emphasis on Megathyrsus maximus

In Brazil, pasturelands occupy a larger area than land dedicated to crop production [25].
The largest pasture areas are concentrated in the Central-West and North regions, followed
by the Northeast, Southeast, and South, respectively. Pasture degradation is characterized
by a decline in forage productivity, resulting in a reduced carrying capacity, whereby a given
area is able to support progressively fewer grazing animals. This process may result from
weed infestation or from excessive grazing pressure, which exposes the soil surface and
increases its susceptibility to erosion. In 2023, of the 164 Mha of pastureland, 59.1 Mha were
classified as high vigor, 69.2 Mha as medium vigor, and 36.2 Mha as low vigor (Figure 2),
with particular emphasis on the fact that a portion of the high-vigor pastureland has been
established through the clearing of native forests [2,21]. Given the role of AFSs in restoring
degraded pastures, the 105.4 Mha of medium- and low-vigor pastureland in Brazil represent
a major opportunity for their expansion, potentially increasing AFS land use from 4% to
more than 30%. If sustainably managed, these areas could increase agricultural productivity
while improving environmental sustainability. AFSs and high-vigor pastures also make
important contributions to GHG removal within the agricultural sector.

Pasture Vigor

@ igh

Moderate

. Low

Figure 2. Pasture vigor across Brazil in 2023. The map was created using raw data from the MapBiomas
database [2]. The data correspond to georeferenced pasture points classified by MapBiomas using
remote sensing as high, moderate, or low vigor, representing progressively lower vegetation activity
and cover density, from dense and active vegetation to sparse and degraded pasture. Based on the
geographic coordinates of each point, a map was generated using QGIS (https://www.qgis.org/,
accessed on 27 October 2025), with the points overlaid on a map of Brazil and displayed using a color
scale: green for high-vigor, yellow for moderate-vigor, and red for low-vigor points.
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Pasture restoration can be achieved through several strategies, including weed control,
re-establishment or replacement of forage species, or the implementation of AFSs [26]. How-
ever, the success of these approaches depends on the forage species employed, highlighting
the need for species-specific knowledge, as forage species differ in their environmental
requirements and performance across the diverse regions of production. Forage species
belong predominantly to the plant families Fabaceae and Poaceae, commonly known as
legumes and grasses, respectively [27]. Fabaceae, the second most economically important
plant family after Poaceae, includes forage trees, shrubs, and herbs such as Leucaena, Gliri-
cidia, Medicago, and Arachis, which are widely used in livestock systems for their protein-rich
forage and contribution to soil fertility.

Most forage Poaceae belong to the genera Brachiaria, Megathyrsus, Pennisetum, and Cyn-
odon [22,28]. The genus Brachiaria (syn. Urochloa) originated in Africa and was introduced
into Brazil during the 1960s, initially in the Amazon region before spreading throughout
the country. Currently, approximately 80% of cultivated pastures in Brazil are established
with species of this genus [29]. Brachiaria species generally require less fertile soils than
other tropical forage grasses and have deep root systems that support rapid establishment,
vigorous growth, and high livestock productivity. They exhibit strong competitive ability
against weeds, allowing complete ground cover in both conventional pastures and AFSs,
thereby enhancing overall system performance. The genus Pennisetum includes species
popularly known as elephant grass (P. purpureum) and pearl millet (P. glaucum). Native
to Africa, these species were introduced into Brazil during the 1920s [30]. Members of
this genus are characterized by drought tolerance, high biomass productivity, vigorous
growth, and excellent nutritional value. However, because of their large stature, regular
cutting management is required to maintain forage accessibility for grazing animals, partic-
ularly smaller ruminants [30-32]. Cynodon species occupy the smallest pasture area and
include species commonly known as African star grass (C. nlemfuensis) and bermudagrass
(C. dactylon) [33,34]. These African species were introduced into Brazil at an uncertain
date, although their use as forage has been documented since the 1960s [34]. They are
characterized by high nutritional value, elevated biomass production, suitability for hay
production, rapid establishment, tolerance to trampling, and good drought resistance, mak-
ing them particularly valuable for pasture restoration and AFSs [33,34]. However, these
species have relatively high soil fertility requirements, limited shade tolerance, and require
moist, well-drained soils. They are also susceptible to a broader range of pests, including
defoliating caterpillars and spittlebugs [28,33-35].

The genus Megathyrsus comprises only three species formerly classified within the
genus Panicum: M. infestus, M. bivonanus, and M. maximus, of which only M. maximus
occurs in Brazil [36]. Megathyrsus infestus and M. bivonanus are endemic to Africa and Italy,
respectively, whereas M. maximus has been introduced into several countries as a forage
grass, including Brazil, where it is the second most widely cultivated forage species for
livestock production [24,36,37]. Megathyrsus maximus was introduced into Brazil during
the colonial period through the transatlantic slave trade, when it was reportedly used as
bedding material on slave ships. The cultivar Colonido, the first M. maximus cultivated in
Brazil, marked the beginning of the widespread use of this species as forage and remained
the dominant cultivated pasture grass until the introduction of Brachiaria species.

Megathyrsus maximus is a perennial tuft-forming grass that can reach up to 4.5 m in
height [33]. It possesses erect culms bearing three to fifteen nodes, which may be glabrous
or pubescent, and lanceolate leaves measuring up to 3.5 cm in width and 15-100 cm in
length. The inflorescence is an open panicle reaching up to 25 cm in width and 60 cm in
length, while the fruit is a caryopsis approximately 2 mm long. It is a C4 photosynthetic
species, a characteristic closely associated with its high productivity [38]. This photosyn-
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thetic pathway, together with a deep, fibrous root system, contributes to the high biomass
production and rapid growth of M. maximus. Under adequate fertilization, it may be widely
used for grazed pastures, hay, and silage, while maintaining good palatability and forage
quality for livestock. Its tall growth habit, abundant production of broad leaves, particularly
during the rainy season, and resistance to common pests such as spittlebugs further enhance
its agronomic value. Beyond its use as forage, several studies have highlighted the potential
of M. maximus for bioenergy production, including charcoal and ethanol. As one of the
most productive seed-propagated forage grasses, its adaptation to Brazilian edaphocli-
matic conditions has facilitated its widespread adoption for multiple agricultural purposes
throughout the country, including more intensive livestock production systems [33,37-39].

Research on M. maximus breeding began in 1982 through a collaborative program
between Embrapa and the French Institute de Recherche pour le Développement (IRD).
The exchange of germplasm and scientific knowledge enabled the development of improved
cultivars, facilitating the expansion of the species throughout specific edaphoclimatic condi-
tions of different regions of Brazil. Some of these cultivars are interspecific hybrids, whereas
others originated from natural accessions collected in different regions of Africa without
genetic modification [40,41]. Initially, the Agronomic Institute of the State of Sdo Paulo
released the cultivar Aruana in 1989 as an alternative to Colonido. Beginning in the 1990s,
however, Colonido was progressively replaced by the cultivars Tanzania-1, Mombaca, and
Massai, released in 1990, 1993, and 2001, respectively [41]. These cultivars exhibited greater
forage productivity, faster regrowth, improved canopy structure, and, most importantly, en-
hanced seed production and viability, facilitating their large-scale commercial dissemination.
More recently, the cultivar BRS Zuri and the hybrid cultivars BRS Tamani and BRS Quénia
were released in 2014, 2015, and 2017, respectively, incorporating additional improvements
in agronomic performance [41]. Although highly productive, M. maximus remains relatively
sensitive to both flooding and, particularly, drought stress. It also requires temperatures
between 17 and 35 °C, and appropriate correction of soil pH and fertility, especially with
respect to nitrogen and phosphorus availability. Outside these optimal conditions, forage
productivity declines and pasture degradation may occur more rapidly [15,33,37,42,43].

In general, M. maximus cultivars exhibit greater forage yield and nutritional quality
than Brachiaria cultivars [37]. The broad diversity of M. maximus cultivars enables their use
under a wide range of production systems according to producer objectives. Short-stature
cultivars, such as Massai and BRS Tamani, are particularly suitable for small- and medium-
sized ruminants, including sheep and goats, whereas medium- and tall-growing cultivars
are generally recommended for large ruminants and for hay production. Nevertheless,
the applications of these cultivars extend beyond direct animal feeding. They may also
contribute to weed suppression and function as trap or reservoir plants for agricultural
pests, particularly in AFSs [14,28,44-46]. In addition, some studies have reported that diets
based on M. maximus may reduce enteric methane emissions, potentially owing to its foliar
chemical composition or to management strategies that accelerate animal finishing, thereby
shortening the production cycle and mitigating GGE [47,48].

3. Megathyrsus maximus and Agroforestry Systems

The use of M. maximus cultivars in AFSs has historically encountered some resistance
because grasses are generally regarded as invasive or weedy plants that establish sponta-
neously within cultivated areas [49]. This perception is rooted in traditional agricultural
practices that prioritize monoculture systems through the elimination of spontaneous vege-
tation, commonly referred to as weeds. Despite this long-standing view, the incorporation of
M. maximus cultivars into various AFSs has become increasingly widespread worldwide. In
Brazil, this practice is particularly common among family farming, in which environmental
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restoration initiatives frequently involve families occupying lands degraded by previous
agricultural activities and seeking strategies to restore their productive capacity [50,51].
Below, we summarize current knowledge on the use of M. maximus in the different types
of AFSs.

3.1. Crop—Forest Integration (ICF) and Intercropping Systems

In ICF systems, the space between tree rows is generally used for the cultivation of
annual crops, which has limited the adoption of perennial M. maximus in these systems. In
addition, persistent misconceptions regarding the potential negative effects of M. maximus
on forest productivity have hindered the acceptance of such practices [52]. However, several
studies have demonstrated that the use of M. maximus in ICF, with the cut forage biomass
applied as mulch around the planted area, can provide multiple benefits without negatively
affecting the overall performance of the system. These can include improved soil moisture
conservation, increased biomass input to the soil ecosystem, enhanced soil fertility, and
even suppression of the establishment and proliferation of other spontaneous plant species
by up to 80%, and a reduction of up to 75% in their diversity [44,53].

In Indian orchards, integrating M. maximus with sapodilla (Manilkara zapota) increased
soil phosphorus availability, while its association with mango (Mangifera indica) increased
Rhizobium and Azotobacter populations by 1.5- and 5-fold, respectively, benefiting nitrogen
fixation and plant growth [54,55]. In both systems, M. maximus increased soil electrical
conductivity by 56-75% [55]. Under non-saline conditions, electrical conductivity can
indicate soil fertility because it reflects properties such as organic matter, clay content,
porosity, and water-holding capacity [56].

Cultivating M. maximus with trees and crops for forage use or sale can be especially
attractive where land is insufficient for separate crop and livestock systems. On farms in
Vietnam, the effects of integrating M. maximus with trees and annual crops were evalu-
ated [57]. This study showed that establishing M. maximus on sloping land contributed to
soil and nutrient retention, reducing losses from leaching and runoff by up to 84%. Similar
conclusions were reported for the integration of longan (Dimocarpus longan), mango, and
M. maximus in Vietnam [58]. The stored water gradually infiltrated the soil, increasing soil
water availability by up to 28 mm, a process further enhanced by the tree root systems, which
increased water infiltration and redistribution through different soil layers, particularly
in the upslope area adjacent to the tree rows. The improved soil moisture conditions and
greater nutrient availability resulting from soil retained by the forage grass also contributed
to higher maize grain yields upslope, despite the lower solar radiation received by the
crop [58].

In Brazil, ICFs integrating eucalyptus and the native tree species angico (Anadenanthera
colubrina var. cebil) and aroeira (Myracrodruon urundeuva var. Allemao) demonstrated
that the establishment of M. maximus between tree rows can improve system profitability
through forage sales. Moreover, when the additional revenue generated from carbon
credits was considered, the overall economic viability increased by more than tenfold [59].
Carbon credits provide financial compensation for landowners and production systems
capable of removing GEEs from the atmosphere. These findings also reflect a common
situation in Brazil, where a substantial proportion of commercial forestry plantations,
particularly eucalyptus stands, are established on sloping terrain that is often unsuitable
for annual crop production or conventional livestock grazing [60]. Under these conditions,
integrating forage grass can improve soil quality and generate additional income through
forage production and commercialization.

Although intercropping systems without trees or shrubs are not classified as AFSs,
they provide useful insights into the integration of M. maximus with other species [61]. As
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observed in forestry systems, one of the primary concerns associated with intercropping
is the potential negative effect of the forage grass on the performance of the main crop. A
study conducted in Brazil has shown that intercropping maize with M. maximus resulted in
yields exceeding 5.17 t ha~!, which was lower than the yield obtained under monocrop-
ping with weed removal (7.01 t ha™!), but substantially higher than that obtained under
monocropping without removal of spontaneous species (1.98 t ha™!) [46]. Integrating
M. maximus with leguminous trees can convert conventional intercropping into ICF sys-
tems while providing protein-rich forage and improving soil nutrient availability [62,63].
Overall, these studies support the use of M. maximus in intercropping systems and ICFs,
where different cultivars can improve soil quality and increase farm income. They further
indicate that conventional intercropping systems may evolve into AFSs, thereby providing
additional environmental benefits. However, these outcomes depend on cultivar selection
and management, highlighting the need for further research to identify combinations that
maximize AFS performance.

3.2. Livestock—Forest Integration (ILF)

Light availability strongly influences the establishment, growth, and productivity of
tropical C4 forage grasses, and shading caused by the tree component in AFSs can reduce
photosynthesis, tillering, root development, and regrowth capacity [22,64,65]. On the other
hand, trees may also improve microclimatic conditions, soil fertility, forage quality, and
seasonal production stability [22,66,67]. Therefore, forage species used in these systems
should be well adapted to reduced light, with M. maximus standing out as a promising
species based on its strong performance in studies conducted under artificial shading
conditions [14,64,68].

Among AFSs, ILF systems with M. maximus have been the most extensively studied, and
this forage species is widely recommended for their use [67-69]. A study conducted in the
Central-West region of Brazil found that mixed pastures integrating the native tree species
pequi (Caryocar brasiliense) with M. maximus produced, on average, higher fresh (1.8- and
144.9-fold) and dry (1.5- and 62.8-fold) forage biomass than systems based on forage species
of the genera Urochloa and Stylosanthes, respectively [70]. Similar results were reported
in Ecuador, where ILFs integrating native tree species promoted superior performance
of M. maximus and improved livestock productivity, reaching an average gain per area of
24.82 kg LW ha~! d~1, compared with 4.6 kg LW ha~! d~! under monocropping [71]. These
findings reinforce the potential of integrating forage and native tree species, particularly
because the use of native woody species can provide habitat for native wildlife, facilitating
the preservation or recovery of native vegetation [72].

In Mexico, the shrub Leucaena leucocephala improved the productivity and nutritional
quality of M. maximus. Under this association, the forage exhibited 4.3% less neutral deter-
gent fiber (NDF) concentrations and 33.14% more crude protein content. These improve-
ments were attributed to the nitrogen-fixing capacity of L. leucocephala and the delayed
senescence of the forage leaf tissues [73]. Similar findings have been reported in Colombia
and Venezuela [74,75]. On the other hand, a comparative study conducted in the Brazilian
Amazon demonstrated that beef cattle performance and methane emissions did not differ
significantly between ILF systems and monoculture pastures of M. maximus. However, dur-
ing the dry season, under ILF systems, the forage exhibited superior nutritional quality [48].
In Mexico, an ILF combining C. nlemfuensis and M. maximus had lower milk production
than a C. nlemfuensis monoculture [76]. However, forage quality improved, eliminating the
need for nitrogen fertilization and herbicides and reducing methane emissions by 18%. This
reduction resulted from better forage quality and lower supplemental feed requirements.
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Consequently, evaluating the financial performance of these systems requires consideration
of multiple production components rather than cattle performance alone.

In southern Brazil, ILFs combining black wattle (Acacia mearnsii) with forage species,
including M. maximus, were evaluated for the effects of tree density on forage yield and
livestock performance [77]. Increasing tree density significantly improved livestock perfor-
mance, underscoring the importance of evaluating interactions among system components
to achieve an appropriate balance among production objectives. The relative performance
of each system component can change over time due to several factors. Among these, higher
tree densities may initially favor livestock productivity by improving thermal comfort,
whereas subsequent thinning operations may enhance the productivity of both the forage
and tree components.

These findings differ from those reported in Argentina, where pastures established
beneath dispersed native trees composed primarily of Libidibia paraguariensis exhibited
only a slight increase in M. maximus digestibility accompanied by a 46% to 63% reduc-
tion in aboveground net primary productivity, despite improvements in radiation-use
efficiency [78]. The reduced productivity was attributed to the dense canopy architecture
of L. paraguariensis, which reduced incident solar radiation by as much as 60%. Further-
more, the tree—forage combination was not well suited for ILFs because cattle preferentially
grazed in shaded areas, where forage regrowth rates were insufficient to sustain grazing
pressure. Reduced forage productivity, nutritional composition and digestibility were also
observed in Panama, where M. maximus cultivars established beneath native and timber
tree plantations produced up to 50% less biomass than those grown under full sunlight [79].
The presence of the tree component enhanced several soil physical properties associated
with water infiltration; however, these improvements did not translate into measurable
gains in system performance. The negative results likely resulted from the specific tree
species, stand density, and tree age, which increased competition for water and reduced
the expected benefits of the AFS. Nevertheless, under conditions of moderate shading, the
cultivar Massai maintained satisfactory forage production even during a period of severe
drought associated with the El Nifio [79], whose intensity and frequency have increased
in recent decades [80]. Collectively, these findings underscore the importance of carefully
planning tree density and selecting compatible species when designing ILFs.

The available evidence suggests that M. maximus-based ILF systems are feasible when
appropriately designed and managed. Poor planning, unsuitable species combinations,
and inadequate long-term management can reduce productivity and economic viability.
ILFs should therefore be evaluated as integrated systems considering forage, trees, and
livestock together. Lower productivity of one component may be offset by gains in others,
maintaining economic viability and environmental sustainability.

3.3. Crop—Livestock—Forest Integration (ICLF)

The integration of M. maximus into ICLF or agrosilvopastoral systems has consider-
able potential but remains relatively underexplored. As with other AFSs, the successful
establishment of M. maximus depends heavily on careful planning and proper management.
In ICLE successive crop cycles often occur within the same area, requiring rapid pasture
establishment to allow timely introduction of the livestock component during intervals
between annual crops. In Mexico, flooding reduced the performance of a complex ICLF,
but forage trees allowed patches of M. maximus to survive [81]. This is notable because the
species generally has low tolerance to waterlogging and suggests that suitable tree-forage
combinations may improve pasture persistence in seasonally flooded areas. In Brazil, Massai
grass was evaluated as a monoculture and in ICLFs combining maize with different legumi-
nous tree species [82]. The ICLF maintained satisfactory forage production during the dry
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season, with the species association producing approximately 13.75 t ha=! of dry biomass,
compared with approximately 14 t ha=! produced by the M. maximus monoculture. This
association achieved forage performance comparable to highly nitrogen-fertilized monocul-
tures. Nitrogen-fixing trees may therefore reduce fertilizer costs, which can represent up to
half of total production expenses.

In Brazil, an ICLF combining M. maximus, maize, and eucalyptus reduced Massai grass
biomass by 9-38% under tree shade [63]. Nevertheless, milk production did not differ
among shading levels, possibly becausegreater shade improve animal thermal comfort, an
important factor influencing lactation performance. Furthermore, during periods when
seasonal conditions limited forage growth, maize silage produced within the system was
successfully used to supplement animal diets. On the other hand, in Brazil, an ICLF
combining cattle, sheep, M. maximus, maize, eucalyptus, and teak (Tectona grandis) increased
milk production by 1.21 kg per animal, reaching 8.31 kg/day under appropriate stocking
rates [62]. In addition, maize yield and grain quality were not adversely affected by the
integrated system; forage availability remained stable throughout the production cycle, and
NDF concentrations in the forage were slightly lower, a characteristic that can positively
influence milk production.

Collectively, different M. maximus cultivars perform well in ICLFs, supporting their
use in AFSs. Their value reflects both good livestock attributes and strong performance
when integrated with crops and trees. The compatibility between M. maximus and maize
is particularly relevant, as maize is one of the world’s most important crops. Integrating
these species in AFSs may therefore improve farm profitability while enhancing agricultural
sustainability and competitiveness.

3.4. Possible Environmental Impacts of Using Megathyrsus maximus in AFSs

As discussed above, the integration of M. maximus into AFSs can provide numerous
benefits for producers, society, and the environment. Nevertheless, its implementation
requires careful planning and management, as inappropriate establishment and manage-
ment practices may result in significant economic and ecological challenges. This concern
arises because M. maximus is an exotic species in most of the countries where it is currently
cultivated (Figure 3).

\,
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Figure 3. Global distribution of M. maximus. Distribution status is classified as native, introduced,
and introduced and invasive, referring to natural occurrence, controlled non-native occurrence, and
non-native populations that spread beyond controlled areas into native ecosystems, respectively. Data
were retrieved from Plants of the World Online [83,84]. The map was generated in Microsoft Excel by
classifying each country according to the distribution status of M. maximus: orange for introduced
and invasive, dark green for introduced, and light green for native.
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Many of the traits that make M. maximus desirable as a forage species are also closely
associated with its invasive potential. These traits have enabled the species to spread
rapidly across the world, colonizing degraded lands and natural ecosystems, and establish-
ing within agricultural fields [84-86]. Once established, the species disperses efficiently
through stolons and rhizomes, allowing it to outcompete native vegetation and alter lo-
cal ecosystems. Owing to its large stature and high biomass production, the invasion of
forested areas by M. maximus can modify fire dynamics by creating continuous fuel layers
that facilitate the spread of fire from the ground to the tree canopy. Moreover, because
the species is highly fire-tolerant, extensive burning often favors its persistence and fur-
ther establishment following fire events, thereby increasing its invasive success [84,85,87].
Breeding programs and cultivar selection have inadvertently enhanced M. maximus traits
associated with invasiveness [84].

Recommended control methods include chemical control, mechanical removal, inten-
sive grazing, prescribed burning, and biological control agents [84,85]. Megathyrsus maximus
has been reported to exhibit resistance to certain general-purpose and post-emergence her-
bicides [88], potentially limiting the effectiveness of chemical control. Herbicide application
also requires caution in areas containing native vegetation, where chemical drift may affect
non-target species and exacerbate environmental impacts. Chemical control can be com-
bined with mechanical or manual removal; however, these approaches are generally feasible
only on a small scale, as repeated interventions may be necessary until native vegetation
becomes sufficiently established to suppress M. maximus recolonization [89]. Intensive
grazing may also represent an effective management strategy when grazing frequency and
intensity are appropriately determined [90]. Additionally, prescribed burning has been suc-
cessfully applied as a management strategy, contributing to increased native plant species
richness [91]. Biological control agents have also been proposed as promising alternatives,
as the identification of host-specific pathogens or monophagous organisms may enable
targeted control of M. maximus while minimizing impacts on non-target species. Several
studies have identified pathogens, fungi, and arthropods associated with M. maximus, in-
cluding B. maydis [84], Drechslera gigantea, Exserohilum rostratum, and E. longirostratum [85].
Preventing the spread of M. maximus into native ecosystems deserves particular attention,
as one of the fundamental principles of AFSs is to promote sustainable production while
maintaining ecological integrity.

4. Perspectives
4.1. Climatic Suitability and Performance of Megathyrsus maximus in AFSs

A substantial body of knowledge is now available on the use of M. maximus in AFSs
(Table 1). Research covers all three main AFS types and different climatic conditions but is
concentrated in tropical environments, particularly ILFs, followed by ICLFs and ICFs. Most
studies were conducted under Aw climates, indicating that the use of M. maximus in AFSs has
been particularly explored under non-African seasonally dry tropical conditions, where M.
maximus is considered an introduced and potentially invasive species. The Mombasa cultivar
has the broadest experimental support and has been evaluated in ICF and ILF systems under
Aw, Am, and Af climates. Mombasa is suitable for both crop-associated and livestock-based
AFSs under a wide range of climatic and management conditions, particularly in tropical
and humid subtropical regions. In Brazil, comparable climatic conditions occur in portions
of the Cerrado, Amazon, and Atlantic Forest biomes. Tanzania, Massai and Tamani have
also been evaluated under contrasting environmental conditions, including BSh, Aw, and
Am climates, predominantly in ILF and ICLF systems. The available evidence therefore
supports their potential use in livestock-oriented systems across environmental conditions
broadly similar to those in which Mombasa has been evaluated, although its applicability
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to other climatic regions remains less well documented. Gatton and Aruana have been
studied primarily in subtropical or relatively dry environments. Gatton was evaluated
under Cfa, Cwa, and BSh conditions, corresponding to Brazilian environments such as the
Pampa, southern Atlantic Forest, and Caatinga. Aruana, evaluated under Cfa conditions,
appears particularly compatible to the Pampa and southern Atlantic Forest. Taken together,
these findings suggest that the incorporation of M. maximus into AFSs could be particularly
relevant for promoting more sustainable agricultural intensification in Brazilian agricultural
frontiers such as AMACRO and MATOPIBA, where agricultural expansion has been strongly
associated with deforestation pressure. However, this potential should be interpreted with
caution, since these regions are characterized by high temperatures and, particularly in
MATOPIBA, recurrent water limitations, whereas M. maximus generally shows limited
tolerance to severe water deficit. Therefore, cultivar selection and the capacity of the tree
component to mitigate heat and water stress will be critical for determining the long-term
suitability of these systems.

Within the native range of M. maximus, some populations grow naturally beneath tree
canopies, especially near large and nitrogen-fixing trees, when soil moisture is adequate
and grazing pressure is low [84,85]. Trials under artificial shading have shown that M.
maximus performs well at shading levels of up to 75%, with increased nitrogen accumulation
and dry matter production under moderate shade of up to 54%, while maintaining yields
comparable to full sun even at 81% shading [40,84,92]. In contrast, under AFS conditions,
shading has been associated with biomass reductions of 10-65%, although digestibility
and nutritional quality often improve (Table 1). These contrasting responses indicate that
results from artificial shading experiments cannot be directly extrapolated to integrated
AFS conditions. Additionally, the reduced water stress under shading plays a central role
in maintaining forage growth, whereas nitrogen availability becomes the primary limiting
factor under these conditions [67,93,94]. Nitrogen availability deserves particular attention
because the growth of tropical Poaceae is strongly regulated by this nutrient, and species
of the genus Megathyrsus are especially demanding with respect to nitrogen supply [64].
Regarding animal performance, several M. maximus-based AFSs showed improvements,
including increases in milk yield, greater body-weight gain, and higher live-weight gain
than under monocropping conditions [62,69,71]. These benefits were often associated with
improved forage digestibility and nutritional quality, although responses varied among
systems and management conditions [48,63,76].
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Table 1. Summary of studies on AFSs with Megathyrsus maximus.
M. maximus Reproduction Experiment Climate . . . P
Cultivar System AFS Type Condition Classification Country Years Arboreus Species and Density Other Species Main Findings Reference
- Up to 80% reduction in weed biomass;
Mombasa Apomitic ICF Experimental field Cwa Brazil 2022-2023 Musa spp. - - Up to 70% reduction in [44]
weed diversity.
- Improved digestibility, CPC, and
. . . . Attalea speciosa nutrient levels; )
Mombasa Apomitic ILF Experimental field Aw Brazil 2015-2016 (67 tree ha-1) Bos taurus taurus ~Reduced fiber and CH, emissions per [48]
kb of meat.
- Increased soil P availability;
- 5x more beneficial soil microbial
- - ICF Farm BSh India 2010-2012 Manilka zapota, Mangifera indica - populations; [55]
- Up to 75% increase in soil electrical
conductivity.
Dimocarpus longan, M. indica 7 Ie - Up to 84% reduction in soil and
Mombasa Apomitic ICF Farm Cwa Vietnam 2017 (125 tree ha™?) e ’Zfé/hs i/cu offea nutrient losses; [57]
Docynia indica (250 tree ha™!) - Slows surface runoff on steep slopes.
- Increases soil water availability in
- ; D. longan, M. indica steep slopes;
Mombasa Apomitic ICF Farm Cwa Vietnam 2022-2023 (250 tree ha-1) Z. mays s e gl o e [58]
maize.
Anadenanthera colubrinam, i .
Muyracrodrion urundeiva - Forage sales can offset maintenance
Tanzania Apomitic ILF Experimental field BSh Brazil 2015-2022 Y . - costs; [59]
Eucaliptus urophylla x Eucaliptus U
tereticorni - Up to 40.5 t CO,e can be sequestered.
ereticornis
- Increases milk yield by
Tectona grandis and Eucalyptus Z. mays, B. taurus tis? 12 Lg o gy
Tamani Apomitic ICLF Experimental field Aw Brazil 2021-2024 8 and P - Ay, 5. ! ’ - Reduces lignin and NDF [62]
urograndis Ouis aries RO
< concentrations;
- Maintains maize yield.
E. urophilla x Eucaliptus grandis Z. mays, Urochloa __1.]{) (()ies notfaffect mil]; yif.ld.; b ¢
Massai Apomitic ICLF Experimental field Aw Brazil 2018-2019 (338 tree ha~! and ruziziensis, B. f uces forage procuctivity by up o [63]
=) 38% (reduction may be offset by silage
714 tree ha™") taurus : .
production from maize).
o - Mombasa produced ~5t DM ha~!
mahogany (Meliaceae), palms Brachiaria more than Brachiaria;
Mombasa Apomitic ILF Experimental Field Am Brazil 2008 Y RN humidicola, B. ) : 2 [69]
(Arecaceae), Native species - - Animals gained ~12 kg more body
taurus indicus .
weight.
Urochloa brizantha - Massai produces ~1.65x more than
Mombasa/ . . o 4 Urochloa species;
Massai Apomitic ILF Farm Aw Brazil 2014 Caryocar brasiliense Stylusa;tblzflsl sspp., B. Up to 30% more forage than under [70]

full-sun conditions.
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Table 1. Cont.
M. maximus Reproduction Experiment Climate . . . s
Cultivar System AFS Type Condition Classification Country Years Arboreus Species and Density Other Species Main Findings Reference
Zanthoxylum riedelianum, Cordia
alliodora, Cedrela odorata, Hevea - More favorable forage chemical
guianensis, Erythrina sp., composition positively affects cattle
Calycophyllum spruceanum, performance;
Mombasa Apomitic ILF Experimental field Af Ecuador 2017-2020 Terminalia oblonga, Gustavia sp., B. indicus - Live weight gain of 24.82 kg LW ha™! [71]
Apeiba membranacea, Persea day’1 8
caerulea - Higher live weight gain than under
138 tree ha=! and monocropping (4.6 kg LW ha=! day~!).
pping & 57
312 tree ha™1)
- L. leucocephala enhances nitrogen
. s . . . _ _ capture;
Tanzania Apomitic ILF Experimental field Aw Mexico Leucaena leucocephala ~Increases CPC by 33%; [73]
- Reduces NDF concentration by 4.3%.
L. leucocephala, Crescentia cujete
625 or 468 shrubs ha™! .
Ca(ssz'a grandis, Pithecellobilzm - Trees promote greater plant height
Mombasa Apomitic ILF Experimental field Aw COIFJ m- 2010-2011 saman, Guazuma ulmifolia - and leaf size; . o . [74]
bia (39 tree ha-1) - Increase CP concentration by 2.4%;
Pachira quinatam, Swietenia - Bisdhnge CP ez o s,
macrophylla (22 tree ha™!)
- Biomass production decreases by
3.3kgha™i;
Samanea saman - Reduces NDF and ADF =
- - ILF Farm Aw Venezuela 2007 (30%, 20-30% and 10% shade) - concentrations; [75]
- Tends to increase CPC;
- Improves forage digestibility.
Brosimum alicastrum, Ceiba i Rgdl'xces mills gl e“teric CH,
pentandra, Piscidia piscipula, Cynodon emlsswtr'l N fromtc.attle (A By
- - ILF Farm Aw Mexico 2016-2017 Bursera simaruba, Lysiloma nlemfuensis, B. PIQO uction C(}S S’T . herbicid [76]
latisiliquum indicus x B. taurus e<11.u1rtgs iSOG i
2 =il applications;
e L ) - Provides higher nutritional quality.
- With a regrowth interval of
. iy o approximately 60 days, Gatton panic
Gatton Apomitic ILF Experimental field Cfa Brazil 1995-2003 Acacia mearnsit | B. indicus x B. grass outperforms; [77]
/Aruana (500-1667 tree ha™') taurus A o .
- Aruana grass exhibits greater carrying
capacity.
Libidibia paraguariensis - Slightly increases forage digestibility;
. . < o - Reduces aboveground net
Gatton Apomitic ILF Farm Cwa/BSh Ar 2013-2014 Schinopsis lorentzi, Aspidosperma - productivity (46-64%); (78]
gentina spp., Prosopis nigra (5,3 and Reduction i iated with i
12,3 tree ha1) - Reduction is associated with intense
4 shading.
. . - - Reduces biomass production (up to
Massai Dalbergia retusa, Platymiscium o o 5
/Mombasa Apomitic ILF Farm Aw Panama 2015-2017 pinnatum, Diphysa americana, S. ‘?20//0)) ¢ TDN (7%), ADF (9%), and NDF [79]
/Tanzania macrophylla (50-65% shade) o

- Increases CPC and TDN (13-23%).

https://doi.org/10.3390/ grasses5040045


https://doi.org/10.3390/grasses5040045

Grasses 2026, 5, 45 16 of 26
Table 1. Cont.
M. maximus Reproduction Experiment Climate . . . R
Cultivar System AFS Type Condition Classification Country Years Arboreus Species and Density Other Species Main Findings Reference
Tabebuia rosea, S. macrophylla, C.
odorata, Enterolobium
cyclocarpum, Gemelina arborea, Sorghum vulgaris, - Forage tree species enable the
Tanzania Apomitic ICLF Experimental field Aw Mexico 2005-2006 Pawlonia tomentosa, Tabebuia Mucuna spp., persistence of pasture patches in [81]
pentaphylla, T. grandis, L. Rhynchosia minima  flooded areas.
leucocephala, Gliricidia sepium, G.
ulmifolia, B. alicastrum
- Forage production reached
Albizia lebbeck, Cratylia argentea, 7. mavs. Arachis 13.75 tha™!, comparable to pastures
Massai Apomitic ICLF Experimental field Cwa Brazil 2007-2010 Dipteryx alatta, L. leucocephala : ]/W; toi receiving high rates of N fertilization; [82]
and hybrids P - Differed by 0.25 tha™! from
monoculture system.
- Eucalyptus has no allelopathic effect
Tanzania Apomitic ICLF Experimental field Am Brazil 1999 E. urophylla Oryza sativa on M. maxins; [94]

- N is the primary constraint on forage
yield.

The experimental condition refers to whether agricultural activity was already established at the study site (Farm) or whether this study was conducted in an
environment specifically designed for research purposes (Experimental Field). The Képpen-Geiger climate classification: Af (tropical without dry season), Am
(tropical monsoon), Aw (tropical with dry winter), BSh (dry zone with low latitude and altitude), Cfa (humid subtropical without dry season and with hot summer)
and Cwa (humid subtropical with dry winter and hot summer). not available. CPC: crude protein content; NDF: neutral detergent fiber; TDN: total digestible
nutrients; ADF: acid detergent fiber.
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4.2. Policy and Technological Context for Expansion of AFSs

Several barriers still hinder the widespread adoption of AFSs. Constraints to AFS
establishment include insufficient technical expertise for system design and management,
the lack or limited knowledge regarding machinery, access to financing, inadequate market
valuation of AFS products, insufficient governmental support, and a shortage of cultivars
specifically developed for AFSs [50,53]. From a technological perspective, the incorporation
of emerging technologies into AFS monitoring represents a major opportunity for system
improvement. Remote sensing technologies enable intensive data collection through the use
of drones, ground-based sensors, and satellite imagery, providing a comprehensive under-
standing of system dynamics. The integration of these datasets with Artificial Intelligence,
Deep Learning, and Machine Learning (ML) techniques allows simultaneous analysis of
variables related to soil and plant growth parameters. The combined use of a smartphone
camera, spectrometer, and ML has shown promising results for predicting the biomass and
quality of Mombasa grass in an ILF system in Colombia [95]. This approach enabled the
inference of pasture parameters without the need for laboratory analyses, predicting values
slightly lower than those obtained through conventional destructive analyses. The accuracy
achieved in this study was primarily associated with the analysis of a single wavelength
rather than broader spectral ranges, which may help reduce noise and uncertainty in the
predictive models. In addition, it was noted that AFSs in tropical regions tend to exhibit
greater complexity and heterogeneity, which can affect the accuracy of computational mod-
els in such environments. However, this limitation can be addressed by incorporating
information on climate, soil conditions, and associated plant species, particularly legumes,
which are known to reduce the accuracy of prediction models in complex pasture systems.
Therefore, combining climatic and historical data enables predictive analyses capable of
forecasting system responses to environmental conditions. Such information can support
more precise irrigation and fertilization management, thereby increasing the productivity
of system components while reducing management costs.

Governmental support is also essential for expanding the adoption of AFSs, as many
producers face financial and regulatory barriers that limit implementation. Brazilian forest
legislation requires that a specified proportion of rural properties remain covered by native
vegetation, with this requirement reaching up to 80% of the property area in the Amazon
region [96]. AFSs represent a valuable opportunity in this context because they maintain
native forest cover while simultaneously generating marketable products. By aligning
environmental legislation with ecologically sustainable production practices, AFSs create
opportunities to generate income, conserve native forests, and restore degraded areas
along agricultural frontiers [7]. From a Brazilian perspective, this scenario gains particular
relevance when considered together with the extent and spatial distribution of degraded
pasturelands, including the extensive areas occurring in the Central-West, North, and
Northeast regions. These areas represent a major opportunity for the expansion of AFSs. In
this context, the adoption of AFSs incorporating M. maximus could contribute directly to the
objectives of the ABC Program and the PLANAVEG by combining productive intensification
with the recovery of degraded land [20,23]. Such systems may also support compliance
with the Brazilian Forest Code by reconciling agricultural production with the maintenance
or restoration of native vegetation within rural properties [96].

The carbon market represents another important area in which governmental support
can facilitate the expansion of AFSs, given their potential to reduce GGE and generate
carbon credits. Carbon credits are issued through certification systems in which producers
demonstrate that their activities remove or sequester greenhouse gases, receiving credits
corresponding to the quantity of carbon dioxide removed from the atmosphere. These
credits can subsequently be traded with organizations seeking to offset their GGEs. In
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2024, carbon credits were generally traded at values ranging from approximately USD 4
to USD 6 per metric ton of CO,e. However, prices vary according to the carbon removal
methodology employed, with projects involving reforestation and ecological restoration
typically commanding higher values, frequently exceeding USD 10 and, in some cases,
reaching up to USD 50 per metric ton of CO,e [97]. Because this market is regulated by
certification bodies that establish eligibility and pricing criteria, access to carbon trading
remains limited for many smallholder farmers. To address this limitation, initiatives aiming
to facilitate the participation of family farmers in carbon markets in partnership with the
government can expand access to carbon markets through the establishment of new AFSs
and the regularization of existing ones. Reliable methods to quantify CO,e sequestration and
storage are essential for integrating AFSs into carbon markets and remain a major limitation
for carbon credit certification [98]. Therefore, governmental participation encompasses
not only direct financial incentives but also the establishment of legal and institutional
frameworks that encourage AFS adoption in strategically important regions. Still, in parallel,
the recovery of degraded pastures through AFSs may provide a practical pathway linking
the agronomic evidence reviewed here with Brazil’s climate, restoration, land-use, and
environmental policy objectives.

It is also important to recognize that improving AFSs requires overcoming cultural
barriers. As discussed above, farmer resistance often reflects concerns that AFSs reduce
productive land and increase competition for resources among plant species. These miscon-
ceptions can be addressed through the dissemination of scientific knowledge and practical
information to producers. University outreach projects in Brazil have shown that clear and
accessible communication about the ecological and economic benefits of AFSs can increase
farmer acceptance and adoption [99]. Knowledge can be disseminated through educational
materials, workshops, and public awareness campaigns that build technical capacity and
reduce resistance to species integration in agricultural systems [20,50]. Furthermore, in-
creasing the number of professionals specialized in the design and management of AFSs
would likely make a substantial contribution to the broader dissemination and successful
implementation of these production systems.

4.3. Enhancing Megathyrsus maximus for Use in AFSs

The improvement of M. maximus cultivars also represents a key strategy for enhancing
the productivity and sustainability of livestock production. To date, breeding programs have
primarily focused on increasing seed and leaf production while enhancing resistance to the
fungal pathogen Bipolaris maydis, to which some cultivars remain susceptible [22]. Because
M. maximus includes numerous apomictic genotypes, conventional breeding programs
generally rely on crosses between apomictic and sexual individuals to generate heterotic elite
genotypes that outperform their phenotypically contrasting parents [22,100]. This process
produces both sexual and apomictic hybrids. Sexual hybrids are subsequently backcrossed
until the desired traits are combined with apomixis, allowing propagation through seeds
without meiosis and thereby fixing the selected genotype across successive generations.
Despite the considerable opportunities for genetic improvement among existing M. maximus
germplasm, only the cultivars BRS Tamani and BRS Quénia are artificially developed hybrids.
The remaining commercial cultivars consist of naturally occurring genotypes selected for
desirable agronomic traits [40]. This highlights the substantial natural genetic variability
within the species and its potential for further improvement, including the enhancement of
shade tolerance.

Furthermore, breeding programs targeting traits associated with invasiveness, such as
plant height, seed dehiscence, and fertility, may represent a promising strategy to reduce
the invasive potential of M. maximus. As previously discussed, biological control agents
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may also represent a promising approach, as the identification of host-specific pathogens or
monophagous organisms could enable targeted control of M. maximus, potentially including
genotype-specific interactions. However, this approach requires extensive research to
establish host specificity, efficacy, and ecological safety, and may require additional selection
efforts to optimize the desired host-pathogen interactions. Furthermore, the use of biological
control agents is subject to stringent ecological and regulatory requirements concerning
the transboundary movement and release of organisms, which may represent significant
barriers to the broader implementation of these strategies worldwide.

Although the natural genetic diversity of M. maximus provides a foundation for identi-
fying superior cultivars, improved genotypes can be further developed through biotechno-
logical approaches. Nevertheless, progress in M. maximus breeding remains constrained by
several factors, including the tetraploid genome, difficulties associated with tissue culture
establishment, its reproductive biology, limited financial support, challenges in conducting
controlled-environment experiments, and the relatively small number of active breeding
programs [22,37]. Previous studies have demonstrated the feasibility of somatic embryoge-
nesis and plant regeneration from different explant types, including leaf tissues, immature
embryos, and inflorescences [101-104]. These techniques have also been applied to com-
mercially important cultivars, such as Mombaga and Tanzénia [105]. Furthermore, induced
mutagenesis has been successfully employed to generate M. maximus variants exhibiting
morphological and physiological alterations [106,107], although the availability of such
genetic resources remains limited. Despite these advances, the application of genetic en-
gineering and genome-editing technologies to M. maximus remains largely unexplored.
Future research could therefore focus, in the short term, on developing and optimizing
genetic transformation protocols to enable gene overexpression, targeted gene knockout,
and CRISPR/Cas-mediated genome editing, potentially facilitating the improvement of
traits associated with invasiveness. For AFSs, breeding priorities should differ from those
typically considered for open pastures, with particular emphasis on: (i) enhanced shade
tolerance; (ii) improved drought tolerance, especially for regions such as MATOPIBA and
AMACRO; (iii) reduced nitrogen requirements; and (iv) lower invasive potential. In the
long term, advances in these breeding efforts could contribute to the development of cul-
tivars better adapted to the specific environmental and management conditions of AFSs.
Consequently, expanding research on the structural and functional genomics of M. maximus,
together with increased investigation of naturally shade-adapted germplasm, represents a
promising avenue for developing cultivars better suited to integration into AFSs.

5. Conclusions

The available evidence supports the potential of M. maximus for integration into AFSs
(Figure 4), particularly in ILFs, for which the most extensive experimental evidence is
available. Across different systems, M. maximus showed better forage quality and improved
animal performance, sustained forage production, contributed to soil conservation, and re-
duced fertilizer requirements when appropriately associated with crops and trees. However,
these benefits depend strongly on cultivar selection, tree density, environmental conditions,
and long-term management. In Brazil, the 105.4 Mha of medium- and low-vigor pasture-
land represent a particularly important opportunity for AFS expansion. Incorporating
even a portion of these areas into AFSs could contribute to agricultural diversification,
restoration of degraded land, and climate-change mitigation. Nevertheless, realizing this
expansion requires a coordinated research and implementation agenda focused on (i) vali-
dation of cultivar x AFS type x tree species/density combinations; (ii) determination of
field-based shading thresholds that balance forage biomass, nutritional quality, and animal
performance; (iii) development of cultivars that reduce fertilization requirements, improve
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drought and shade tolerance, and minimize invasion risks; (iv) expansion of remote-sensing
and data-driven monitoring systems for pasture performance; and (v) alignment of financial
incentives, carbon-market mechanisms, technical assistance, and environmental policies on
AFSs. Addressing these priorities could translate the demonstrated agronomic potential of
M. maximus into broader, economically viable, and environmentally responsible adoption
of AFSs.

Review of the
Advantages and Disadvantages

A Improved soil quality and soil properties
Ag rOfO I"eStry A Greater production diversity
A Reduced environmental impacts
SyStemS A More efficient land-use productivity
A Environmental conservation and restoration of
degraded lands, supported by public policies

V Need for technical training

V¥ More complex management and greater
susceptibility to management errors

V¥ Machinery and agricultural inputs may be costly

and not widely accessible to producers

_ _ o _ Megathyrsus
A High forage quality and high biomass production

A High palatability and digestibility maximus
A Adapted to Brazilian edaphoclimatic conditions

A Potential for genetic improvement

A Suitable for multiple livestock species

A Adapted to shaded environments

WV Susceptible to water stress

WV Requires moderate to high soil fertility X >

WV Susceptible to inadequate management and
pasture degradation
¥V Non-native species with invasive potentia

A f t A The integration improves forage attributes and

grororestry reduces seasonal fluctuations in forage production

Systems with A The forage grass provides biomass and ground

M. th cover, contributing to improved soil quality
egatnyrsus A Higher livestock productivity due to greater forage

maximus availability and improved thermal comfort

A Enhanced productivity of associated plant species in
the presence of Megathyrsus maximus

A The forage grass suppresses weed infestation

V The AFS must be carefully designed and managed to
avoid negative interactions among its components

Figure 4. Advantages and disadvantages of AFSs, the forage grass M. maximus, and their integration.
Green and red arrows represent positive and negative interactions, respectively.
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