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Livestock are critical for incomes, livelihoods, nutrition and ecosystems management throughout the global South. Livestock production and the consumption of livestock-based foods such as meat, cheese, and milk is, however, under global scrutiny for its contribution to global warming, deforestation, biodiversity loss, water use, pollution, and land/soil degradation. This paper argues that, although the environmental footprint of livestock production presents a real threat to planetary sustainability, also in the global south, this is highly contextual. Under certain context-specific management regimes livestock can deliver multiple benefits for people and planet. We provide evidence that a move toward sustainable intensification of livestock production is possible and could mitigate negative environmental impacts and even provide critical ecosystem services, such as improved soil health, carbon sequestration, and enhanced biodiversity on farms. The use of cultivated forages, many improved through selection or breeding and including grasses, legumes and trees, in integrated crop-tree-livestock systems is proposed as a stepping stone toward agroecological transformation. We introduce cultivated forages, explain their multi-functionality and provide an overview of where and to what extent the forages have been applied and how this has benefited people and the planet alike. We then examine their potential to contribute to the 13 principles of agroecology and find that integrating cultivated forages in mixed crop-tree-livestock systems follows a wide range of agroecological principles and increases the sustainability of livestock production across the globe. More research is, however, needed at the food system scale to fully understand the role of forages in the sociological and process aspects of agroecology. We make the case for further genetic improvement of cultivated forages and strong multi-disciplinary systems research to strengthen our understanding of the multidimensional impacts of forages and for managing agro-environmental trade-offs. We finish with a call for action, for the agroecological and livestock research and development communities to improve communication and join hands for a sustainable agri-food system transformation.
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IMPORTANCE OF SUSTAINABLE LIVESTOCK PRODUCTION SYSTEMS

Even though the role of animal based proteins as part of a sustainable twenty-first century food system is a highly debated topic (Meybeck and Gitz, 2017), the livestock sector currently plays a key role in food and nutrition security, particularly in developing countries. Livestock products (meat, milk and eggs) contribute 15% and 31% of the global per capita calorie and protein supply, respectively (Godde et al., 2021). Large regional differences characterize the nutritional contributions of livestock, with low intakes of animal-source food in the Global South compared with excesses in the Global North (Meyfroidt, 2018). Livestock are kept by more than half of rural households (FAO, 2018, 2021), with more than 844 million people worldwide receiving some income from agriculture, and the livestock sector contributing about 40% of the value-added in agriculture (Gontijo de Lima et al., 2015).

In general, family farming—often by smallholders cultivating less than two hectares—is still the predominant form of livestock production in the global South, in terms of numbers as well as occupied area (Lowder et al., 2021). On these family farms, livestock production mainly occurs in mixed crop-livestock systems (Herrero et al., 2010), where livestock has a multitude of functions, ranging from the provision of food, nutrition, income and risk reduction to farmers as well as the contribution of essential nutrients and draft power to reduce drudgery and improve crop productivity. The farms are further connected to—mostly local, regional, and national—markets where they generate a plethora of other jobs along livestock value chains (Lie et al., 2017; Bravo et al., 2018; Enciso et al., 2018).

In response to increasing demand for livestock products, these traditionally mixed systems increasingly intensify and are thereby replaced by specialized livestock production systems with spatially decoupled crop and livestock production and high levels of resource depletion and/or environmental pollution (Garrett et al., 2017a; Jin et al., 2020). For instance, about 51% of total feed nitrogen (N) in China was imported in 2015, greatly increasing energy requirements for transport, greenhouse gas (GHG) emissions abroad, and causing nutrient surpluses in China (Du et al., 2018; Zhang et al., 2020). The spatial decoupling of crop and livestock production is further associated with smaller fractions of manure returned to cropland and larger losses of manure N to surface and ground waters and GHG emissions (Bai et al., 2018). Hence, specialized crop production systems increasingly rely on synthetic fertilizers, and have higher environmental costs per unit of crop product (Zhao et al., 2017). Lastly, the proportion of grain-based feed ingredients and thus direct competition with human nutrition typically increases in the specialized livestock production systems. At the same time, their dependence on antibiotics and growth promoters is harmful for public health (antibiotic resistance, foodborne, and zoonotic diseases) (Peterson et al., 2020).

Globally, the livestock sector has a huge environmental footprint. It is responsible for emitting 14.5% of the total anthropogenic GHG emissions (Adegbeye et al., 2020), 33% of the total reactive nitrogen emissions (Mueller and Lassaletta, 2020), and is utilizing 30% of the total ice-free land area (Havlík et al., 2012). While large regional differences exist, many of the current livestock production systems in the tropics are responsible for undesirable environmental effects. Expansion of grazing land for livestock is a major driver for deforestation especially in Latin America, leading to about 57% of pasture land replacement with forests over the last decades (Graesser et al., 2015). Overgrazing in pasture and rangelands has resulted in severe soil degradation through compaction and erosion (Martinez and Zinck, 2004), especially in the drylands, with SOC losses creating a large carbon deficit in soils globally (Sanderman et al., 2017). In addition, livestock production is associated with biodiversity loss and high water use (Alkemade et al., 2013; Heinke et al., 2020) Among the most recognized and studied side effects of livestock production related to environmental damage in the tropical areas are: GHG emissions contributing to global warming, deforestation, biodiversity loss, high water use, and land/soil degradation (Martinez and Zinck, 2004; Alkemade et al., 2013; Chirinda et al., 2019; Boddey et al., 2020; Butterbach-Bahl et al., 2020). Widely publicized recent reports, such as EAT-Lancet (Willett et al., 2019), prompted a wave of media outreach arguing that one of the main solutions to the climate change and human health crises, globally, is to eat no or little animal-source foods (Paul et al., 2020a). Although we concur that the growing demand for livestock products presents a threat to environmental sustainability, we question the notion that stopping livestock production altogether is the most suitable or feasible option. Firstly, the political will is lacking and the necessary behavioral change of the majority of consumers is unlikely to occur (Winders and Ransom, 2019). Under these circumstances, it is important to have complimentary strategies that do not eliminate livestock but instead transform its production to reduce the environmental damages from the livestock sector. Secondly, livestock is not only of vital importance for low-income societies in socio-economical terms, but—when managed well—also plays various complex and often positive environmental and social benefits (Paul et al., 2020b). To reduce the consumption of animal source food could be a valid option for the Global North where diets show an excess in protein and energy consumption, but not for low and middle income countries where most people are under recommended nutrition standards. There, it is, thus, critical to identify sustainable management strategies. These strategies should be applicable to the local context, socially-acceptable, economically viable and avoid the environmental degradation that in the long-term undermines their existence.

Agroecology has been put forward as a solution to modern crises such as climate change and malnutrition, contrasting with the dominant industrial agricultural model based on the use of external inputs (Wezel et al., 2020), while improved forages have been proposed as an important entry point for the sustainable intensification of livestock production systems (Rao et al., 2015). This paper takes a closer look at and links up both these proposed solutions. It explores the benefits of including improved forages in integrated crop-livestock-tree systems and investigates the role of such forage-based systems in agroecological transformation. We thereby specifically focus on mixed cropping systems and cultivated forages in the tropics, i.e., crops that are specifically grown as animal feed, be it for grazing or cut-and-carry purposes; and exclude from our analyses the native and naturalized pastures and rangelands.

Based on a review of literature and expert opinion, we aim to demonstrate the importance of cultivated tropical forages, with their emerging environmental co-benefits, for ensuring sustainable livestock production based on agroecological principles. In section The Agroecological Framework, it starts by briefly introducing agroecology as (i) a science, (ii) a practice and (iii) a movement supporting the application of 13 principles—and their underlying values—to the design of farming and food systems. The next section, section Ensuring System Sustainability Through Integrating Improved Forages in Mixed Crop-Tree-Livestock Systems in the Tropics, summarizes how cultivated forages have been put into practice by farmers in the global south and how this provides benefits across different sustainability domains and barriers to further adoption at scale. Section Contributions of Improved Cultivated Forages to Agroecological Transformation proceeds by (i) outlining through which pathways and mechanisms this practice is in line with each of the agroecological principles and (ii) assessing to which extent applying these principles is covered in the scientific literature about forage-based livestock production systems in the tropics. Based on field experience and literature review, we summarize our understanding of the mechanisms and pathways through which the integration of forages in animal production systems can contribute or has shown to contribute to each of the 13 agroecological principles. Based on this understanding, search strings were developed for agroecology as a whole and separately for each principle. They were combined with a general search string capturing the integration of cultivated forages in smallholder mixed crop-tree-livestock systems in the tropics (see Supplementary Material). We report the number of hits in Web of Science as a metric for the availability of evidence of this contribution from the perspective of the scientific community. After reviewing the science at the forage-agroecology nexus, section Future Outlook finally identifies critical knowledge gaps and recommends the next steps for scaling up the contribution of cultivated tropical forages to the agroecological transformation of agri-food systems.



THE AGROECOLOGICAL FRAMEWORK

The principles of agroecology have evolved in history, from agriculture-centered to a holistic food system approach (Gliessman, 2018; Wezel et al., 2020). The most common definition of agroecology, “the application of ecological concepts and principles to the design and management of sustainable agroecosystems, or the science of sustainable agriculture,” has recently evolved into an integrated concept bringing the three dimensions of sustainability—ecological, economic, and social—to all parts of the food system. The approach is grounded in ecological thinking where a holistic, systems-level understanding of food system sustainability is required (Gliessman, 2018). An agroecological perspective on agri-food systems links the nutritional value of food and dietary choices to the environmental and social impacts of food production (Lamine and Dawson, 2018). Hilbeck et al. (2015) write that “agroecology is neither a defined system of production nor a production technique. It is a set of principles and practices intended to enhance the sustainability of a farming system, and it is a movement that seeks a new way of food production. Scholars thereby agree that the term incorporates three components (IFOAM EU, 2019). First, it is a scientific discipline, studying the ecology of agricultural systems. Second, it has evolved into a set of agricultural practices. Finally, it has turned into a movement that incorporates social justice, food sovereignty and the preservation of cultural identities (Méndez et al., 2013). As such, it operates at different levels and engages different stakeholders ranging from scientists to farmers and communities in the context of the sustainable agri-food systems.

As happens with multi-dimensional concepts, operationalization often ends up focusing on one or a few components and fails to maintain a holistic approach. While promoting unidimensional agroecological practices, often mainly technical, still contributes to an agroecological transformation, these approaches are less sustainable as they often lack the sociopolitical support needed e.g., to reverse the power balance with conventional agriculture (Le Coq et al., 2020). Practically, neglecting the multidimensionality of the agroecology concept results in confusion with other concepts like organic agriculture, conservation agriculture, nature-positive agriculture or the more recent regenerative agriculture. Organic and conservation agriculture are based on simple principles around soil fertility management at plot level, aiming at avoiding the use of agrochemical and protecting the soil through permanent soil cover. The two differ in their market orientation, with organic agriculture strongly driven by product certification. Regenerative agriculture proposes a more holistic approach, trying to reconcile agroecology and sustainable intensification under the same banner, but seems to generate just more confusion (Giller et al., 2021). Nature-positive solutions, in turn, are less specific and englobe anything where nature works to address societal challenges, in agriculture or other sectors (Seddon et al., 2021), which includes the agroecology concept. The difference would be that nature-positive agriculture focusses on practices, whereas agroecology focusses on processes. But a common feature between all these different concepts is their meager integration of the livestock component. Until 2015, only 5% of indexed studies concerning agroecology dealt with livestock (Soussana et al., 2015).

As the concept gains prominence as a way to sustainably transform agriculture and food systems, particularly in a post-COVID world (Altieri and Nicholls, 2020), attempts to recognize all its dimensions and make it operational have culminated recently with the development of a clear framework and evaluation tool (FAO, 2018, 2021; Mottet et al., 2020). The framework is composed of ten interlinked and interdependent elements: (i) diversity, (ii) synergies, (iii) efficiency, (iv) resilience, (v) recycling, (vi) co-creation and sharing of knowledge, (vi) human and social values, (vii) culture and food traditions, (viii) responsible governance, (ix) circular, and (x) solidarity economy. The first five describe common characteristics of agroecological systems, the sixth and seventh describe foundational practices and innovation approaches, and the last three describe context features and enabling environment (FAO, 2018, 2021). These 10 elements imply a series of requirements for farming system management that can be articulated in 13 principles: recycling, input reduction, soil health, animal health, biodiversity, synergy, economic diversification, co-creation of knowledge, social values and diets, fairness, connectivity, land and natural resource governance, and participation (Wezel et al., 2020). A farming system that scores high in these principles can be seen as transitioning toward a sustainable food system via agroecological transformation. Figure 1 presents a schematic overview of the different agroecological principles at play in a mixed crop-tree-livestock farm.
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FIGURE 1. The agroecological principles at work in a forage-based mixed croptree-livestock systems.


In section Contributions of Improved Cultivated Forages to Agroecological Transformation, we assess the role of improved tropical forages as a potential catalyst for enabling livestock systems to contribute to the 13 principles and support an agroecological transformation. As a background, the next section defines improved forages, summarizes documented uptake, the multi-dimensional impacts of this uptake and barriers to more wide-spread uptake.



ENSURING SYSTEM SUSTAINABILITY THROUGH INTEGRATING IMPROVED FORAGES IN MIXED CROP-TREE-LIVESTOCK SYSTEMS IN THE TROPICS

Livestock production in the global South takes place in a variety of livestock production systems. The grassland-based systems, in which crop-based agriculture is minimal, cover the largest areas (Robinson et al., 2011), while most production (i.e., meat, milk, eggs) occurs in mixed crop-livestock systems (Herrero et al., 2010). Cultivated forages include a wide variety of sown or planted grasses, herbaceous legumes, trees and shrubs (mostly legumes) that are integrated in a variety of mixed systems, including intensive or extensive mixed agricultural systems with grazing or cut-and-carry systems, agro-pastoral and silvo-pastoral systems (Rao et al., 2015). In Latin America and the Caribbean, permanent pastures are the most common use of forages, while in Sub-Saharan Africa and Southeast Asia cut-and-carry systems prevail.

There exists a large diversity of forages allowing adaptation to various production contexts. The so-called genetic improvement of tropical forages is relatively recent and was for several decades relying heavily on the agronomic selection of wild relatives. The agronomic/genetic evaluation of forages has been focused not only on productivity and feed quality but also on tolerance to biotic (insects, diseases) and abiotic (low soil fertility, aluminum toxicity, drought, waterlogging) stress factors. Through this selection from the wild it was possible to identify superior germplasm which resulted in substantial and sustainable productivity gains (per head and per unit area) as well as enhanced resilience (e.g., Peters et al., 2013; Rao et al., 2015; Schultze-Kraft et al., 2018). Recently the importance of bred forages has increased (Jank et al., 2014) and this has allowed attention to specific constraints, where diversity in the natural populations reached limitations in identifying productive, nutritive and stress-tolerant materials. For example, in well-drained environments in Latin America and the Caribbean with a wide distribution of Urochloa (previously known as Brachiaria; Cook et al., 2020) decumbens, resistance to a major insect, spittlebug, became an issue to be addressed by the breeding efforts, while for waterlogged environments there remains a scarcity of high-quality forages (Argel et al., 2007). Bred forages with a combination of desirable traits (e.g., productivity, quality and resistance to biotic and abiotic factors) are also attractive to seed suppliers for targeting specific agro-ecological niches, allowing a greater market differentiation providing incentives for development of the forage seed sector. For example, in the case of crop-livestock systems in Latin America and the Caribbean (LAC), we see expanding demand for forages requiring soil fertility management and greater attention to environmental concerns. There is also an increasing demand for shade-tolerant forages for silvopastoral systems with high resilience to vulnerable climates with extreme and unpredictable weather conditions. Throughout the rest of this paper we will use the term “improved forages” when we refer to forages that have gone through a process of agronomic selection from wild relatives or breeding and selection leading to genetic gain in desirable traits.

At first sight, such improved forages seem similar to the high yielding crops such as wheat and rice, widely promoted by the international agricultural research centers in the 1960s and 1970s and adopted as part of the Green Revolution (Byerlee and Lynam, 2020). We do, however, not expect the well-documented drawbacks, such as high input prices, environmental pollution and increased inequality, of the green revolution to re-occur with improved forages. First, the technology in itself differs significantly, with the improved forages not requiring intensive application of pesticides, herbicides and synthetic fertilizers. On the contrary, many have been selected or are specifically bred for their capacity to perform well in marginal areas facing climate variability and change, low fertility or acid soils, water logging, and for pest and disease resistance. In addition, they are being promoted as a component of mixed cropping systems to improve the overall system performance and efficiency in using local resources. Finally, a wide variety of forage species and varieties, including indigenous trees and so-called neglected or orphan crops, are considered for system improvement.

Decades of efforts to promote cultivated forages for their productivity and environmental benefits have contributed to widespread adoption, particularly grasses in LAC (White et al., 2013; Baptistella et al., 2020, REDE ILPF ref). It is worthwhile to have a closer look at some successful scaling examples. Maass et al. (2015) estimated that the adoption of hybrid Urochloa cultivars in East Africa was about 1,000 hectares (20,000 households). Labarta et al. (2017) and ISPC (2018) reported that adoption of improved Urochloa cultivars in Colombia, Peru, Nicaragua, Costa Rica and Honduras occurred on approximately 7.9 million hectares. According to White et al. (2013), Stylosanthes varieties (from the CGIAR genebank) have been adopted on at least 200,000 hectares. Valentim and Andrade (2005) estimated the early adoption of Arachis pintoi for the Amazon region of Brazil to have reached 1,000 cattle producers and to have generated a gross profit of US$ 4,000 per year per producer. Wunscher et al. (2004) and Lascano et al. (2005) reported a successful early adoption of Arachis pintoi in Colombia and Costa Rica.

The benefits of integrating improved forages in livestock production systems have previously been described as part of the LivestockPlus concept (Rao et al., 2015). The authors describe how the sustainable intensification of forage-based systems, combining genetic, ecological and socio-economic intensification processes, increases the efficiency of the systems, has the potential to improve livelihoods, and yields a range of environmental co-benefits—including improved soil health, reduced erosion, reduced GHG emissions and improved GHG balances (emissions vs. carbon accumulation/life cycle), and improved adaptation to climate variability and change. Figure 2 illustrates how forages can be integrated in mixed crop-tree-livestock systems and summarizes how this positively impacts on livelihoods and the environment.
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FIGURE 2. Productivity and environmental co-benefits of tropical forage technologies.


The relatively wide adoption of improved tropical forages in LAC has convincingly demonstrated their capacity to increase productivity while reducing livestock-related GHG emissions per unit product. On one side, their ability to increase soil carbon sequestration has been demonstrated (Fisher et al., 1994) while the ability of certain grasses (e.g., Urochloa and Megathyrsus) to modulate the rhizosphere interactions through biological nitrification inhibition has proven to reduce soil-borne N2O emissions up to 60% (compared to similar genotypes without this ability) either after fertilization or urine deposition (Subbarao et al., 2009; Byrnes et al., 2017). Another strategy is the improvement of cattle diets through supplementation with forage legumes, which has the potential to reduce up to 67% cattle enteric CH4 emissions based on a legume (i.e., Leucaena) inclusion proportion of 36% when compared to a grass alone diet (Gaviria-Uribe et al., 2020; Montoya-Flores et al., 2020).

In addition to these environmental co-benefits there is a huge body of evidence about their economic benefits. Zooming into forage grasses, the implementation of improved forage-based cattle production systems in Latin America, for example, increases the Internal Rate of Return (IRR)1 by 10–100% compared to traditional grazing systems (Seré and Estrada, 1982; Seré et al., 1993). The implementation of improved Urochloa brizantha cultivars in Colombian beef cattle systems is expected to reduce the producer's risk of obtaining economic losses and lead to economic benefits of US$ 11.3 million at the national level (2022–2048) from which 62.5% would fall on the producer and 37.5% on the consumer. Supplementation by 35% with the forage oats (Avena sativa AV25T cv. Altoandina) in a Kikuyu grass dairy system increases the net present value (NPV)2 by >100% when compared with a Kikuyu monoculture and leads to an IRR of 49.9% (Rivas and Holmann, 2000). The implementation of spittlebug-resistant Urochloa hybrids was estimated to have potential benefits equivalent to 43% of Colombia's beef and dairy production volume of 2003 (Rivas and Holmann, 2004a,b). The implementation of different planted forages in West Africa during the period from 1977 to 1997 was estimated to result in an social internal rate of return3 on investments of 38% over 20 years (Elbasha et al., 1999).

Examples also abound around the dual economic-environmental benefits associated with forage legumes. The introduction of forage legumes in the crop-livestock systems of Nicaragua has proven benefits to tackling degradation and restoring land and soil health. When introduced into the smallholder traditional crop-livestock production system of the Nicaraguan hillsides, Canavalia brasiliensis derived on average 69% of its N from the atmosphere by symbiotic N2-fixation, and increased the soil N balance when used as green manure (Douxchamps et al., 2010). In this case, 12% of the N from Canavalia was recovered in the subsequent maize crop (Douxchamps et al., 2011). However, when used as forage to increase milk yields and annual net income, Canavalia bears the risk of triggering soil N depletion, unless animal manure is recycled. Therefore, biophysical and socioeconomic trade-offs must be carefully balanced at the farm level to maximize nutrient use efficiency and ensure a sustainable farming system intensification (Douxchamps et al., 2014). Pastures on highly weathered soil in forest margins in Caquetá, Colombia increased dry matter and N/protein yield in farmers pastures containing legumes; because of additional N input via symbiotic N2 fixation; greater P uptake in productive grass-legume than grass-alone pastures in spite of low plant available P in soils, which likely resulted in greater P recycling (Villegas et al., 2020). Furthermore, the inclusion of the legume Arachis pintoi in grass-legume associations in the same study area doubles beef and milk production and leads to an IRR of between 19.3 and 21.1%, which is significantly higher than for a traditional production system (Rivas and Holmann, 2000). For Costa Rica, grass-legume associations with Arachis pintoi and Cratylia argentea (Rivas and Holmann, 2000) lead to an estimated 30% reduction in production costs per kilogram of milk (Peters et al., 2001). Profitability evaluations in Costa Rica, Michoacán (Mexico) and the Colombian Caribbean region report an IRR that oscillates around 33% for a Leucaena leucocephala-grass association (Jimenez-Trujillo et al., 2011; González, 2013; Murgueitio et al., 2015). The inclusion of Leucaena diversifolia in a Urochloa brizantha cv. Cayman hybrid production system in Colombia is financially profitable and improves all risk and performance indicators when compared with Cayman as a monoculture. This legume increases the Net Present Value (NPV) and the IRR and decreases the minimum area required for generating two basic salaries, the payback period and the risk of obtaining economic loss (Enciso et al., 2020). Also in south-east Asia, forage legumes have proven to play multiple roles, supporting at farm level an increase of N recycling intensity, of N balances and of land productivity. However, the magnitude of the effects there depends strongly on the type of farming system, with more important effects where potential for improvement was high (Epper et al., 2019). While in Queensland, Australia, Leucaena leucocephala has been identified as the most productive and profitable legume, doubling the gross margin (expressed per unit of area), when compared with perennial grasses. At the regional level, economic benefits from the adoption of L. leucocephala have been estimated to be more than US$ 69 million/yr for 2006 in a planted area of 150,000 ha (Shelton and Dalzell, 2007; Bowen et al., 2016).

Also tree-based forage species have been demonstrated to have multiple benefits. Pilot sites in Mali, Burkina Faso and Niger, for example, show that more successful restoration outcomes are achieved when combining slow-growing indigenous trees or shrubs with fast growing native fodder species for livestock (Sacande and Berrahmouni, 2016). Fodder species have been used to incentivise restoration for example in Burkina Faso (Vinceti, 2020) leading to more resilient restoration outcomes and great adoption of restoration by farmers. Dry forest species can provide critical reserves during extreme drought offering important food and fodder for communities (Valette, 2019). Early effects of silvopastoral systems with improved forages also show improved soil health and increased abundance and diversity of soil macrofauna as documented by e.g., Barros et al. (2003); Lira et al. (2020), and Vazquez et al. (2020). Mixed systems with a strong tree component are thus gaining prominence because of their true multiple environmental wins: increased soil quality, GHG emission mitigation, higher biodiversity and improved water use efficiency.

As a final example, cactus pear (Opuntia ficus-indica) is gaining increasing interest across the globe because of its unique features that could help alleviate hunger in arid regions thanks to its ability to survive in harsh conditions. This spineless species is not invasive and is used as livestock feed that can improve meat and milk production for cash earnings, while helping to reduce groundwater use through its high-water use efficiency (species with CAM photosynthetic pathway). Furthermore, its evergreen cladodes can provide “at any time of the year” high palatable green fodder with a high Ca to P ratio. Despite its low crude protein and fiber content, the cactus pear cladodes are high in water, sugars, ash and vitamins A and C representing a digestible energy-rich feed when incorporated into livestock diets (Rocha Filho et al., 2021). Because of their high-water content, cactus pears also reduce the need for livestock watering. In fact, cactus pear is a very versatile, resilient crop. It is very easy to establish and able to grow on lands where no other crops can grow. Cactus pear is a multi-functional plant that can be utilized to restore degraded land, control soil and water erosion, regulate climate through carbon sequestration, and its fruits and cladodes are consumed by humans (Inglese et al., 2018; Hassan et al., 2019).

Even though the research on gender and social benefits has started later, good evidence on positive impacts in that dimension of sustainability is also emerging. A case study from Kenya shows that the adoption of improved planted forages in dairy systems leads to additional roles of women in feed and dairy production and thus more control over the derived incomes from the production system, but also to higher labor burdens, which might affect technology adoption (Lukuyu et al., 2021). Ba et al. (2013) report an average of 50% reduction in amount of labor and time spent by smallholder farmers in supplying forages to their animals in south Central Vietnam. The adoption of Urochloa hybrids and other improved forages in Ugandan pig production systems has led to time savings among male and female farmers (reduced time for collecting feed) and thus made it possible for the producers to engage in other economic activities (e.g., farming, small-scale enterprises). It also changed the decision-making structures in the households and empowered women to join their husbands in the decision on which forage to adopt and how to grow and manage it (Lukuyu et al., 2020). In Ethiopia and Kenya, women and youth are increasingly starting to engage in forage businesses, from which they retain income, and which is a promising pathway for women's economic empowerment (Njuguna-Mungai et al., under review).

Despite the growing evidence on the multiple benefits of integrating cultivated forages in mixed crop-tree-livestock systems and some successful scaling examples, overall the adoption rates of improved forages remain relatively low, especially outside Brazil and Latin America. Many of the determining factors for the adoption of forage technologies have been studied and include risk factors (perception of risk about future returns from implementing the technology, risk aversion of the producer) (e.g., Marra et al., 2003; van Winsen et al., 2014; Trujillo-Barrera et al., 2016), the availability of commercial seeds, forage establishment costs, the availability of technical information on the establishment and management, the promotion and availability of knowledge about potential benefits and risks (CIAT, 2004; Wunscher et al., 2004; Lascano et al., 2005), labor requirements (Kaimowitz and Angelsen, 2008), farm size and farm management, the proximity to input markets (ISPC, 2018), the growth of output markets (Kaimowitz and Angelsen, 2008), as well as the general access to productive inputs (e.g., fertilizer, manure, pesticides), capital (e.g., credits, payments for ecosystem services, product differentiation) (e.g., Charry et al., 2019), and extension/technical assistance (Ruiz et al., 2016; Bravo et al., 2018; Enciso et al., 2018; Charry et al., 2019), social capital, and membership of farmer groups (Oulu, 2020). Likewise, structural conditions can influence the adoption of improved forages, such as the prevailing extensive nature of the cattle production systems, low land prices (which can lead to an expansion of area instead of intensification) (White et al., 2001), land tenure rights (Kaimowitz and Angelsen, 2008), land speculation (Smith et al., 1997), political violence and warfare (ISPC, 2018), and missing regulatory and monitoring frameworks. When it comes to promoting the adoption of forage technologies, it is also important to analyze and understand how livestock producers make their decisions and how their decision-making process is influenced by factors such as trust (in the information provided or in its sources), social networks and socio-cultural contexts (e.g., Jones et al., 2013; Martínez-García et al., 2013; Rossi Borges and Oude Lansink, 2016; Ambrosius et al., 2019; Hidano et al., 2019).



CONTRIBUTIONS OF IMPROVED CULTIVATED FORAGES TO AGROECOLOGICAL TRANSFORMATION

As partly demonstrated in the previous section, integrating improved forages in mixed crop-tree-livestock systems is associated with a wide variety of practice changes. These changes include agronomic and animal husbandry practice change, awareness creation, capacity building, and multi-stakeholder engagement approaches to actions associated with the broader food systems, such as waste reductions and dietary shifts. As amply described in the scientific literature (see Table 1), they thereby align well to all 13 agroecological principles.


Table 1. Key references describing the contribution of tropical forages in mixed crop-tree-livestock (MCTL) systems to the 13 agroecological principles described by Wezel et al. (2020).
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The first principle, recycling, prescribes to use local renewable resources as much as possible and close as far as possible resource cycles of nutrients and biomass. Forages take up nutrients available in the system, including from deep soil layers, and make these available to livestock. This results in improved nutrient use efficiency. More options to close nutrient cycles through animal manure also exist. In terms of input reduction, the second principle, forages are associated with a reduced need for external inputs, such as feeds, agro-chemicals and water. First, they are associated with a reduction of the need for commercial feed/supplements/concentrates through higher feed efficiency and quality. Well-managed high-quality forages can eliminate or minimize the need for concentrates by moderate producing animals, because intensive utilization of forages (cutting or grazing at the right moment of the phenology) increases the production of metabolizable energy and protein per unit of area. Second, they often are associated with a reduction of the need for off-farm manure or chemical fertilizers. This is facilitated through symbiotic N2 fixation by forage legumes and the use of forages (partly/fully) as green manure. In addition, there is higher availability of on-farm animal manure because of increased livestock productivity (through higher stocking rates and better-fed animals) and increased availability of crop residues for soil amendments as they can be replaced by forages in the feed basket. Third, the use of forages as a cover crop reduces the need for weeding and chemical weed control, while the use of forages with genetic tolerance against certain pests and diseases or the use of forages in the push-pull system replaces chemical pest control measures (e.g., against stemborer and striga). Fourth, forages are associated with decreased water requirements. Increased soil water retention and infiltration is observed as a result of forages used as a cover crop or green manure to improve soil structure and limit run-off and in the case of improved forages established in areas previously covered by degraded pastures. Drought-tolerant and water-saver forages reduce dependence on water for irrigation compared to currently used forages grown in similar conditions.

Integrating cultivated forages in the systems enhances different dimensions of soil health, the third principle. The chemical soil health is improved through root exudation or forages used as green manure, through the stimulation of nutrient cycling, soil organic matter (SOM) accumulation, increased soil carbon stocks and sequestration. The physical soil properties are improved as a result of increased soil aggregation, improved soil structure and aeration, increases in particulate organic matter in soil, roots remaining in soil after harvest/grazing, forages as green manure or cover crop, or the use of forages to prevent soil erosion. Below-ground biodiversity and biological activity is increased through increased soil microbial diversity and activity, presence of rhizobia. Diverse pastures (mix of various species) of diverse functions (secondary compounds, root system) improve the conditions for biological activity at deeper horizons, while increased use of tree-based forages can improve soil quality through improved mycorrhizal networks. The integration of forages, with their capacity to sequester and store carbon in the soil and to inhibit biological nitrification, finally, can significantly enhance the climate change mitigation function of the soil.

Different mechanisms are at play for improving animal health and welfare, the fourth agroecological principle. High-quality forages (incl. legumes) in the systems improve the overall quality and quantity feeding and thus animal health, amongst others through enhanced immunity and resistance to pathogens. The conservation of forages (e.g., hay, silage, pellets) thereby increases the availability of feed during seasons where scarcity of feed leaves the animals most vulnerable to disease. Forages from diverse pastures (a mix of various species) complement each other in their contents of critical nutrients for the animal and secondary compounds. Some can, for example, be more efficient in utilizing P or pumping Cu or Mg, providing balanced nutrients and secondary compounds (antibloat, antiparasite agents), while recent results indicate that bioactive tanniniferous plants represent a valuable option as an alternative to commercial drugs for the control of gastrointestinal nematodes. Animal welfare is increased in silvopastoral systems. The trees/shade create more favorable microclimatic conditions and reduce heat stress, which has in turn been associated with more stable social/hierarchical behavior. In addition to animal health and welfare, also positive indirect effects on human health have been documented. Improved plant health, including those of forages, under minimal use of agrochemicals improves animal and human health through reduced exposure to chemical residues. Well-fed animals require less antibiotics thus reducing the need for antibiotics and risk of antimicrobial resistance. Well-fed and healthy animals cause a lower pathogen load in manure that can be transmitted through the food chain and feeding healthy forages can reduce feeding of feeds with high aflatoxins such as maize in East Africa.

The fifth agroecological principle, biodiversity, can be enhanced by increasing biodiversity across the landscape. Enhancing land productivity, through high-yielding forages, can spare land for biodiversity conservation and prevent the need for further land conversion to agriculture. The introduction of alternative forage species increases the diversity of species and genetic resources at farm and landscape level as compared to grass monocultures or degraded/intensively-managed pastures. This can include the use (and in-situ conservation) of local/neglected species. The broader variety of forage species in combination with reduced use of chemical weed/pest control is likely to attract/maintain wider diversity of e.g., pollinators and below-ground fauna. such well-managed pastures increase the natural introduction of native plant species with desired feeding value and resilience to extreme environmental conditions. In silvopastoral systems, the presence of shrubs and trees has been demonstrated to have a positive impact on biodiversity by creating complex habitats for wild animals and plants and harboring a richer soil biota as compared to conventional grazing systems. Cultivated forages enhance positive ecological interactions and complementarities among system components at the interface between the system's soil, plant, and animal components and thus align well with the sixth agroecological principle of synergy. Using for example tree-based forages can help to increase on-farm above and below ground carbon storage, leading to additional climate mitigation benefits.

Different mechanisms contribute to economic diversification, the seventh principle. In first instance, forages enable further commercialization of livestock production. Feed represents the highest cost of production in any livestock system and cultivated forages can substantially reduce the feed input costs. In combination with enhanced productivity, this results in increased rates of return and opens opportunities for income diversification with cattle fattening or commercial milk production. Also the forages in themselves allow for income-diversification. Income-generating opportunities along the forage value chain include forage seed supply, marketing and distribution, the sale of hay, silage, pellets and timber or fruits in the case of forage trees.

Approaches that encourage co-creation of knowledge and horizontal learning used in research and development efforts around cultivated and improved forages include: on-farm variety trials and participatory monitoring and evaluation, capacity building and knowledge exchange activities such as field days and farmer exchanges. These approaches promote farmer-to-farmer contacts as well as more equal relationships between farmers and researchers. This encourages sharing knowledge and skills and triggers innovation in combination with encouraging community-level seed production and “passing on the gift,” the existing technology (and associated management practices) scale out quickly.

In terms of social values and diets, principle number nine, animal sourced foods (ASF) are an important source of proteins and readily available micro-nutrients, especially important for improving the nutritional status of especially young children and pregnant and lactating women. Integrating cultivated forages in livestock production systems can increase both the quantity and quality of ASF production. The forages also enable the production of sustainably produced ASF, with simultaneous social, economic and environmental benefits.

Efforts to ensure the affordability of quality and environmentally-friendly animal products and the creation of opportunities for smallholders, including for women and youth align well to principle ten, fairness. Forages support dignified and robust livelihoods along the livestock value chains. In line with connectivity, the eleventh principle, local feed, seed, and ASF production allow re-embedding food systems into local economies. Actors along the forages and ASF value chains have more proximity and confidence and are better connected to markets. Principle twelve, land and natural resources governance, prescribes to strengthen institutional arrangements to improve, including the recognition and support of family farmers, smallholders and peasant food producers as sustainable managers of natural and genetic resources. Forages create a need for land-use planning and offer opportunities for development of new resource management strategies, for instance to mitigate soil degradation (e.g., fanya juu terraces). Participatory land-use planning processes can ensure the optimal use of land areas that would not be suitable for crops, use in rotation/intercropping/life barriers/under trees and at times promote land use options for carbon-neutral agriculture. In line with the last principle, participation, the Forage community has started to apply a wide array of participatory approaches. Through participatory system dynamics modeling and participation in multi-stakeholder innovation platforms or round-table discussions, farmers can be included in the design of livestock and forage sector strategies. These approaches promote equal relationships and balanced powers between farmers, researchers and policy makers.

Between 2005 and 2021, a total of 1,183 peer-reviewed publications addressed the use of cultivated forages in smallholder systems. The most studied principles concerning the forages are economic diversification, social values and diets, biodiversity, and recycling, all illustrated by more than 200 peer-reviewed publications, mostly at farm scale. Animal health renders 126 hits, then the other principles with less than a hundred. Connectivity was the least represented, with only five hits. These results show that the most evident agroecological impact of forages, according to the scientific community, can be observed in terms of market opportunities and income diversification. The high number of hits for social value and diets illustrates how high the topic of animal-source food and vegetarianism is currently on the global agenda. The principle of biodiversity includes particularly papers reporting options to include forages in rotation or intercropping with different types of systems and pastures' diversity. Finally, the capacity of forages to provide options to close nutrient cycles at the farm level was well-documented. The scientific community's interest in these topics has evolved: social values and diets are high on the agenda since 2012, recycling emerged a bit later in 2015, while economic diversification and biodiversity display a sawtooth but generally increasing interest (Figure 2). Besides connectivity and participation, which are both only sporadically addressed, the documentation of the other principles increased during the period 2005–2020, with some promising peaks for animal health and synergy. More research is needed at the food system scale to fully understand the role of forages in agroecology, particularly on sociological and process aspects, which are both at the core of the four principles less documented. This also indicates a yet to be filled opportunity for forage experts to engage more with the agroecological movement and make forages part of sustainable agri-food system transformation. The finding that despite the existence of scientific literature about cultivated forages and each of the agroecological principles, only 38 out of the 1,183 publications in our WoS search explicitly mention agroecology corroborates this action gap.



FUTURE OUTLOOK

As illustrated in sections Ensuring System Sustainability Through Integrating Improved Forages in Mixed Crop-Tree-Livestock Systems in the Tropics and Contributions of Improved Cultivated Forages to Agroecological Transformation, there is increased research interest and understanding of the economic, social and agroecological dynamics related to improved forages and their integration in mixed crop-tree-livestock systems. However, several knowledge and technology gaps still exist. At the actual technology level, it is important to continue the genetic improvement and identify or develop forage varieties tolerant to a wide range of biotic and abiotic stress factors. Supported by state-of-art genomics and phenomics, this can be done more efficiently and rapidly than before (Chang et al., 2019). Ensuring genetic diversity at forage level provides an insurance with respect to the impact of biotic and abiotic stress factors on yield and quality (Finckh, 2008). Livestock production, however, does not only take place in heterogeneous agro-climatic conditions, but also in a wide diversity in farm systems, and socioeconomic or policy contexts (Umunezero et al., 2016). To guide the choice of forage species and their integration into farming systems more systems agronomy is needed to produce robust socio-ecological niches for various systems that can be scaled (Paul et al., 2020c). This must be combined with increased research investments in the forages-soil health nexus which seem to have remained stable but low, with <100 WoS hits in total (Figure 3).
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FIGURE 3. Evolution of the interest of the scientific community for the different nexi between forages and principles.


Further research is also required to strengthen our understanding of the multiple interacting impacts of improved forages at the food system level. An increased understanding of particularly the social dimension has a lot to offer, also in terms of understanding the drivers, underlying causes and impacts of changes linked to the productivity, economic, environmental and human dimensions (Rietveld et al., 2021), while our WoS search results show a low coverage of these issues in the scientific literature. Based on empirical data, foresight analyses and farming systems modeling can be used to estimate multidimensional impacts of forages and for reducing agro-environmental trade-offs (Groot et al., 2012; Paul et al., 2020c). In addition to developing context-specific data on the potential trade-offs associated with integrating forages in mixed crop-tree-livestock systems, a better understanding of what drives uptake of improved forages, especially within agroecological initiatives, is needed for guiding large-scale investments and supporting the decision-making processes around that.

At a more immediate action level, to ensure agroecological-based farming sustainability, there is a need for demand for the resultant products driven by sufficient public attention. To achieve the level of attention that results in changes in policy and consumer demand, there is a need for influential communication targeting policymakers and the different publics. Raising awareness at different decision-making levels should aim to differentiate, label and promote livestock products derived from agroecosystems based on agroecological principles. Concurrently, cultivated forages should be promoted as a versatile and multi-purpose crop through public campaigns (social media, workshops, leaflets, lobbying) (Louhaichi et al., 2018). However, from the literature search (Figure 2) these aspects seem to be understudied which would imply limited innovation in awareness raising. Yet, by highlighting the evidence-based benefits of integrating cultivated forages in agroecosystems, we can increase the visibility of crop-livestock systems and inform the flow of scaling-up investments. In addition, promotional and educational activities, along with results from further research involving farmer participation, in combination economic incentives, such as payments for ecosystem services and the development of inclusive business models, should be further explored (Schultze-Kraft et al., 2018).



CONCLUSION

The environmental and social consequences of the prevailing agri-food system have sparked a lively societal discussion on how to feed an increasing population in a socio-ecologically sustainable and equitable way. In response, agroecology has been presented as a practice, scientific discipline, and socio-political movement that applies ecological concepts in the sustainable management of agricultural systems. Although some literature highlights the important role livestock play in sustainable food systems and specifically agroecology, the prevailing narrative, especially so in the popular media, argues that one of the leading solutions to climate change and human health crises is to eat no or little animal-source foods.

In this paper, however, we point out that the narrow climate/diet framing misses the valuable role livestock can play, especially for family farmers in the south. Integrated systems present an opportunity to improve livestock production, support livelihoods, enhance and protect biodiversity, close nutrient loops etc. and forages play a key role in catalyzing this transformation. Scientific literature and documented practice change by farmers indicate that integrating cultivated forages in mixed crop-tree-livestock systems follows a wide range of agroecological principles and increases the sustainability of livestock production across the globe. We, therefore, have reason to believe that livestock production in the tropics based on improved forages can boost the sustainability indicators of this system, moving toward an agroecological transformation of the food system. It is, however, clear that a lot of this promise is yet to materialize and calls for an urgent coming together of the agroecological and livestock research and development communities. The specific role of the scientific community is therein to generate and use nuanced evidence on what is possible and what is not (taking multi-scale trade-offs into account). As part of the overall movement, they can help ensuring that forages gain more prominence in agroecological initiatives and that more investments are made in sustainable agri-food system transformation with explicit livestock and forage components.
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FOOTNOTES

1The IRR is a financial indicator for estimating the profitability of potential investment projects. Although the IRR calculations are based on the same formula used for estimating the Net Present Value (NPV) of an investment project, it does not estimate the actual dollar value of the project but the expected annual return. Those potential investments with the highest IRR are generally the ones most desirable.

2The NPV is an economic indicator that describes the difference between the present values of cash in- and outflows over a defined period of time and is used in investment planning for analyzing the profitability of a potential investment. The NPV considers the time value of money, is used to compare different investment alternatives, and relies on a discount rate related to the cost of required capital for making the investment. Investment options with a negative NPV are most likely not profitable and should be neglected.

3The social IRR is a financial indicator that refers to the costs and benefits to society of a potential investment. It considers the opportunity costs of people not participating and the full cost of a potential investment for society, which makes it different from the general IRR indicator which only considers costs at the individual level. Apart from potential productivity increases derived from a potential investment, the social IRR also considers a broad range of possible non-economic benefits, such as better nutrition or a higher availability of end products.
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