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Abstract: The prevailing climate of a region, the intercropping system adopted, and the choice of forage species are key
factors influencing both forage and grain biomass in intercropped forage ecosystems. This study aimed to analyze the
components present in forage plant intercropping systems used for animal production between 2014 and 2024. The
research question was developed using the PICo methodology [Population (P), Interest (I), and Context (Co)], with terms
related to forage plants defined as the Population, intercropping systems as the Interest, and intercropping systems for
animal production as the Context. Boolean operators were used to construct the search strategy, with the following key
terms: Population: “forage plants”, Interest: “intercropping systems”, and Context: “intercropping systems for animal
production.”. Articles were searched on the Scopus platform (n = 28), Web of Science (n = 406), and Taylor & Francis (n =
516), totaling 950 articles. From this total, only 57 articles were selected to be included in this research. The results showed
that Brazil had the highest number of publications on the topic (n = 23), followed by the United States. Intercropping
combinations involving Fabaceae - Poaceae were the most frequent (61.77%), followed by Poaceae - Poaceae (19.12%) and
Cactaceae - Poaceae (4.41%). Fourteen different climatic classifications were identified among the studies, with Aw being
the most common, followed by BSh and BSk. Intercropping systems involving corn, Cactaceae, and sorghum were the most
productive, regardless of the prevailing regional climate. Overall, forage biomass varied across the different climatic zones
evaluated. The predominant forage family combinations were Poaceae - Fabaceae, followed by Poaceae - Poaceae and
Poaceae - Cactaceae.

Keyword: Cactaceae, Climate, Forage biomass, Fabaceae, Poaceae.

Abbreviations: Af = Equatorial climate with no dry season; Aw = Tropical climate with dry winters; BSh = Hot semi-arid
climate, with temperatures above 18 °C; BSk = Cold semi-arid climate, with temperatures below 18 °C; BWh = Hot arid
climate, with temperatures above 18 °C and annual rainfall up to 250 mm; CAM = Crassulacean Acid Metabolism; C3 = Plants
that perform photosynthesis via the Calvin-Benson cycle and possess the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuDP); C4 = Primarily Poaceae species that use phosphoenolpyruvate carboxylase (PEPcase),
making them more productive than C3 plants; Cfa = Humid subtropical climate, mild with no dry season and hot summers.
The warmest month averages above 22 °C; Cfb = Marine west coast climate, mild with no dry season and warm summers.
All months average below 22 °C; Csa = Mediterranean climate, mild with dry, hot summers. The warmest month averages
above 22 °C, with at least four months exceeding 10 °C; Cwa = Humid subtropical climate, mild with dry winters and hot
summers; Cwb = Subtropical highland climate with dry winters and mild summers. The warmest month averages below 22
°C; Dfb = Humid continental climate with severe winters, no dry season, and warm summers; Dsa = Humid continental
climate with hot summers and Mediterranean influence; the coldest month averages below 0 °C; Dwb = Humid continental
climate with severe, dry winters and warm summers.

Introduction

The primary objective of sustainable agriculture is to enhance the productivity of agricultural systems without
compromising natural resources for future generations. In this context, forage plant intercropping systems represent an
effective strategy for increasing forage biomass, improving soil quality, and reducing the need for chemical inputs (Bell et
al, 2014). Intercropping involves cultivating two or more species within the same area. In addition to providing
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agroecological benefits, such as greater biodiversity and more efficient use of available resources (Moraes etal., 2014), these
systems also offer economic advantages by increasing land-use efficiency and enabling the production of multiple outputs,
such as forage and grains, within the same area.

The inclusion of forage species, particularly those from the Fabaceae (legumes) and Cactaceae botanical families in
combination with Poaceae (grasses), enhances the resilience of intercropping systems by improving their ability to
withstand adverse weather conditions and biotic stressors, such as pests and diseases (Almeida et al., 2023). Coexisting
forage species maximize soil resource use due to their diverse root architectures, which allow nutrient uptake across
different soil layers (Sekhon et al., 2018). In Poaceae - Fabaceae systems, the biological nitrogen fixation performed by
Fabaceae is essential for enhancing soil fertility (Carvalho et al., 2014; Bybee-Finley et al., 2016; Ligoski et al., 2020).
Successful intercropping depends on careful evaluation of several factors, including the forage species involved, the regional
climate, the intercropping design, and the specific spatial arrangement of crops. Proper assessment of these components
can lead to productive, ecological, and economic benefits, as each factor influences ecological compatibility, nutrient
requirements, and growth dynamics within the system. This strategic planning reduces competition for light, water, and
nutrients (Moraes et al,, 2014). Conversely, when forage species are not ecologically compatible, competition may intensify,
often leading to the dominance of one species over another and reducing the system’s effectiveness (Pereira et al., 2017).
These considerations highlight the need for continued research to better understand the dynamics of integrated production
systems (Silva et al., 2018) and to identify agricultural practices that enhance their sustainability (Martins et al., 2023).
The interaction between Poaceae and Fabaceae in intercropping systems deserves particular attention due to the natural
compatibility between these botanical families. Poaceae species, such as Megathyrsus maximus, are valued for their high
biomass production and adaptability to a wide range of climatic conditions (Pereira et al., 2014). In contrast, Fabaceae
species such as gliricidia (Gliricidia sepium) are notable for their nitrogen-fixing capacity and their contribution to improved
soil fertility (Santos et al., 2018). Species compatibility is one of the most critical determinants of intercropping success,
influencing forage yield as well as system persistence and long-term sustainability.

Finally, itis important to emphasize that the success of an intercropping system depends not only on the selection of species
but also on appropriate pasture management. Given the growing global emphasis on environmental sustainability and the
need for more efficient production models, forage intercropping has emerged as a promising approach. Therefore, the
objective of this study was to conduct a systematic review to analyze the components present in forage plant intercropping
ecosystems used for animal production.

Results

Geographic distribution, year of publication of the studies and botanical families used

Based on the geographical distribution of research on forage plant intercropping systems for animal production, Brazil leads
with the highest number of studies (n = 23). It is followed by the United States, China, and Iran, each contributing five studies
(Figure 1).
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Figure 1. Geographical distribution of research evaluating forage plant intercropping systems for animal feeding (Total of
57 articles).
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Regarding the temporal distribution of the research, most studies were published in 2014, with 12 publications, followed
by 2024 with eight publications. In the period from 2014 to 2018, 49.12% of the studies were published, while 50.88% were
published between 2019 and 2024 (Figure 2).
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Figure 2. Temporal distribution of research evaluating forage plant intercropping systems for animal feeding.

Most studies reported results from intercropping systems combining legumes and grasses, which accounted for 61.77% of
the publications. Intercropping between Poaceae - Poaceae represented 19.12%, while Cactaceae - Poaceae combinations
comprised 4.41% of the studies (Figure 3).
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Figure 3. Botanical families adopted to compose the different types of forage plant intercropping used in animal feeding.

Forage biomass, forage species used and predominant climate

Research evaluating forage plant intercropping systems for animal feeding encompassed a wide range of regions, totaling
14 different climatic domains. Most studies were conducted in areas classified as Aw, characterized by a tropical climate
with distinct rainy and dry seasons (Figure 4).
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Figure 4. Climate types according to the Koppen-Geiger classification where the research evaluating forage plant
intercropping systems for animal feeding were conducted.

The highest grain biomass yield was observed in the Cwa climate, averaging 6,737 kg ha™, followed by the Aw climate with
5,658 kg ha™*. Intercropping systems involving corn or soybeans demonstrated the highest grain production (Table 1S). For
forage biomass, the Af climate recorded the greatest yield, reaching 25,355 kg ha™" in intercropping systems involving corn
or elephant grass. In the BSh climate, forage biomass was slightly lower at 21,598 kg ha™*, whereas the BSk climate exhibited
the lowest yield, with 13,931 kg ha™™. Overall, intercropping systems involving corn, Cactaceae, and sorghum consistently
produced the highest biomass, regardless of the prevailing regional climate.

Discussion

Geographic distribution, year of publication of the studies and botanical families used

To explain why Brazil leads in the number of studies on intercropping systems (Figure 1), it is essential to consider the
country’s extensive diversity of forage species, many of which have been introduced or genetically improved. These species
form the basis of the diet for Brazil’s 238.6 million cattle (IBGE, 2025), which are raised almost entirely on cultivated or
natural pastures (Landau et al., 2020). The large volume of studies produced by Brazilian research institutions on
sustainability is also influenced by international frameworks such as the United Nations’ Agenda 21, which encourages the
development of sustainable societies with strong commitments to environmental responsibility (Agenda 21, 2025). This
emphasis aligns with the urgent need for agricultural systems that are environmentally balanced and capable of producing
low-carbon or carbon-neutral food. Brazil’s substantial potential for food production and its strategic role in fostering
sustainable agricultural practices and ensuring global food security further reinforce its relevance in this context (Silva et
al,, 2018; Sodré Filho et al., 2021; Souza et al., 2023). Consequently, in the face of growing global sustainability challenges
and rising demand for environmentally responsible farming systems, Brazil has emerged as a key contributor to the
development of production models that reconcile productivity with environmental preservation, resulting in a significant
increase in scientific publications on this topic (FAO, 2022). Other countries also adopt intercropping systems for animal
production, such as Australia, Canada, and New Zealand. However, the participation of these countries was not observed
(Figure 1), likely due to the restricted article search methodology used, which considered only the Scopus, Web of Science,
and Taylor & Francis databases. The databases commonly used for agricultural science research in these countries include
AGRICOLA (NAL Catalog), AGRIS (FAO), CABI (Centre for Agriculture and Bioscience International), PubMed, and Google
Scholar (All Databases, 2025).

Regarding the temporal distribution of publications, 2024 showed a renewed emphasis on studies involving forage plant
intercropping systems (Figure 2), with particular attention directed toward combinations of Poaceae and Fabaceae species
(Figure 3). These studies addressed a range of topics, including biomass production (Javanmard et al., 2020), improvements
in forage chemical composition (Abera et al.,, 2022; Arif et al., 2022), sustainability (Baghdadi et al., 2016; Bell et al., 2014;
Carvalho et al., 2014), and reductions in fertilizer use (Santos et al., 2018; Santos et al., 2020). Additional benefits discussed
in the literature include enhanced soil fertility, decreased dependence on agrochemicals, and reduced pest pressure (Lira
et al,, 2021; Pierre et al,, 2022), as well as improvements in crop spatial arrangements (Freitas et al., 2021; Almeida et al,,
2023). Commonly, these studies evaluate the strategic arrangement of Poaceae rows alongside Fabaceae species to assess
their interactions and the mutual advantages arising from these intercropping configurations.

Forage biomass, forage species used, and predominant climate

The Cwa climate is classified as humid subtropical, while the Aw climate corresponds to a savannah type with annual rainfall
ranging from more than 750 mm up to 1800 mm (Pereira et al,, 2017). These climates are characterized by milder
temperatures, consistent rainfall, and relatively uniform evapotranspiration during the rainy season. As a result, grain crops
experience lower water stress, contributing to greater stability during their growth and development (Borghi et al., 2014).
In these regions, intercropping systems involving corn and soybean are the most common (Ceccon and Concengo, 2014).
The Af climate, also known as a humid or super-humid tropical climate, or equatorial rainforest climate, offers highly
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favorable conditions for forage biomass production. These include temperatures above 15°C, abundant solar radiation with
approximately 12 hours of daylight throughout the year, minimal photoperiod variation, consistent rainfall, and fertile soils
(Baghdadi et al., 2016). Under such conditions, intercropping systems typically include highly productive C4 grasses with
high photosynthetic efficiency, such as Pennisetum purpureum (Ernawati et al., 2023) and Zea mays (Mthembu et al., 2018).
These grasses are often combined with C3 legumes, such as Indigofera zollingeriana and Glycine max, which enhance soil
fertility and contribute to the nutritional balance within the system (Baghdadi et al., 2016).

In semi-arid regions, where the predominant climate is classified as BSh, intercropping systems involving cacti and grasses
have received increasing attention due to their resilience under drought conditions. Species of Opuntia and Nopalea, which
utilize CAM metabolism, offer a substantial advantage by efficiently storing water and energy, resources that are essential
during prolonged dry periods (Alves et al., 2022). When intercropped with Poaceae or Fabaceae, cacti contribute to highly
productive systems, with forage yields reaching 21,598 kg ha™ of high-quality biomass (Table 1S). Studies further indicate
that Cactaceae - Poaceae intercropping improves the efficiency of soil and water use, particularly in areas affected by soil
degradation (Souza et al., 2023).

The intercropping of Cactaceae and Fabaceae species represents a promising strategy for regions with limited water
availability, such as those characterized by a BSh climate. This system combines the drought tolerance of cacti with the
nitrogen-fixing capacity of legumes, thereby enhancing soil fertility and overall resource-use efficiency (Souza et al,, 2023).
As aresult, it supports a low-input production model and provides a valuable source of water, energy, and protein for animal
feeding (Santos et al., 2018; Vieira et al., 2023).

The intercropping of forage plants is a valuable strategy in pasture-based systems, aiming to improve both the nutritional
quality of animal feed and grain production. Grasses such as Urochloa brizantha (brachiaria grass) and Megathyrsus
maximus (mombaca grass) are recognized for their high productivity and palatability and can be efficiently intercropped
with corn (Zea mays) (Ceccon and Concengo, 2014). These Poaceae - Poaceae intercropping systems contribute to the
development of more productive and resilient pastures capable of meeting diverse demands for forage and grain production
(Pereiraetal, 2014; Silva et al., 2014). A key advantage of such combinations is the substantial increase in vegetative ground
cover, which plays a critical role in preventing soil erosion, enhancing soil fertility, improving nutrient availability, and
maintaining soil moisture (Santos et al., 2020). Furthermore, Poaceae - Poaceae intercropping promotes system
sustainability by reducing vulnerability to specific pests and diseases and ensuring more consistent pasture availability
throughout the year (Moraine et al., 2014).

Fabaceae species such as alfalfa (Medicago sativa) stand out for their excellent chemical composition and high forage
productivity. These attributes have made alfalfa a frequent subject of scientific investigations across a wide range of climates
and geographic regions (Berti et al., 2021). In addition to alfalfa, other legume crops such as Crotalaria juncea (crotalaria)
also play important roles in intercropping systems (Bybee-Finley et al., 2016; Silva et al., 2018).

A notable example of a successful Poaceae - Fabaceae intercropping system is the combination of star grass (Cynodon spp.)
with peanut (Arachis pintoi), which contributes significantly to the development of more sustainable pasture systems (Lal
etal,, 2024). In this arrangement, the grass functions as the primary forage source for livestock, while the legume enhances
soil quality by contributing organic matter and supplying nitrogen through biological fixation (Pereira et al.,, 2017). Owing
to its prostrate growth habit, peanut often evades grazing pressure, enabling it to persist in the system and maintain its role
in soil fertility improvement. This type of intercropping is particularly beneficial in rotational grazing systems, where the
rapid regrowth capacity of Poaceae is essential to ensuring a consistent and reliable forage supply (Carvalho et al.,, 2014).

Materials and Methods

The systematic review followed the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA), as outlined by Page et al. (2021).

Search strategy and selection criteria

The literature review was conducted between September and October 2024 through electronic searches in the Scopus, Web
of Science, and Taylor & Francis databases. Access to these platforms was provided via the CAPES Periodicals Portal,
available through the university network of the Federal University of Piaui (UFPI), which ensures open access to these
resources. The research question was formulated using the PICo methodology (Population, Interest, and Context). In this
framework, terms related to forage plants represented the Population (P), intercropping systems represented the Interest
(I), and intercropping systems for animal production represented the Context (Co). Boolean operators were used to build
the search string as follows: Population - “forage plants”; Interest - “intercropping systems”; Context - “intercropping
systems for animal production.”

All search results were screened, exported, and imported into the Mendeley reference management software. The extracted
data from the selected studies were then compiled into a Microsoft Excel® spreadsheet for the preparation of figures and
graphs.

Pre-established exclusion criteria

Data extraction and analysis

The search identified 28 articles in Scopus, 406 in Web of Science, and 516 in Taylor & Francis, totaling 950 records (Figure
5). After removing 61 duplicates appearing in two or more databases, 889 articles remained for title and abstract screening.
Applying the exclusion criteria, 57 peer-reviewed publications were selected for full analysis. These studies were classified
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by first author and publication reference, and the following variables were extracted: regional climate, intercropping type,
intercropped species, location of the intercropping system, forage biomass, and grain biomass (when reported). Microsoft
Excel® was used to compile the dataset and generate tables, graphs, and maps based on the extracted variables. All 57
selected articles were included in the reference list.
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Figure 5. [dentification, screening and inclusion of studies via databases and registers.

Conclusion

Forage biomass varies across the climatic conditions evaluated, with the most common intercropping systems involving
grass - legume combinations, followed by grass - grass and grass - cactus systems. However, a substantial gap remains
regarding studies that include other botanical families. Thus, further research is needed to explore and assess intercropping
systems incorporating a broader diversity of forage plant families. Corn and soybean stand out as the most commonly used
species for forage and grain production in intercropping systems across the different climates evaluated. The combination
of different botanical families provides distinct advantages, including enhanced soil fertility and greater resilience to
adverse environmental conditions, such as drought. These intercropping models enable more sustainable livestock
production by reducing dependence on external inputs and increasing the year-round availability of forage or grain
biomass. Consequently, such systems contribute directly to food security and to the long-term sustainability of agricultural
activities in regions with challenging climatic conditions.
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