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The long-term survival of livestock production systems depends critically on the sustainable usage of resource-efficient strategies, such as the supplementation or replacement of conventional feed ingredients (CFI) like maize and soybean with less expensive, more effective, and locally accessible sources. Wild fruits and their byproducts (WFBP) from multipurpose trees (e.g. leaves, seeds) offer a promising low-cost non-traditional alternative dietary source of energy, protein, vitamins, minerals, oxycaretenoids, and bioactive substances that function at a cellular level in livestock. According to research these non-CFI can enhance livestock voluntary intake, digestibility, and overall performance while alleviating the heavy reliance on CFI. Conversely, the use of these alternative feed resources (AFR) necessitates a thorough evaluation of their nutrient composition, antinutritional factors (ANF), and proper inclusion levels. At low appropriate inclusion levels in livestock rations, the availability of optimal crude energy, crude protein content, and availability of necessary amino acids (AA) in these AFR, can be taken advantage of in saving costs and reducing demands for soybean and maize, which are the indisputable CFI for both livestock and man. This review synthesizes the current research status of WFBP looking at their nutritional profiles (energy, protein, minerals, fiber etc.) and their impacts in livestock productivity. Furthermore, this review will address potential processing techniques to lessen their drawbacks like ANF or palatability. By highlighting these issues, this paper seeks to provide a guide for the sustainable incorporation of these AFR into livestock diets, striking a balance between nutritional effectiveness and economic feasibility.
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Highlights

	Global livestock production is facing one major challenge of ensuring adequate availability of nutritious feed.

	Due to the growing demand for meat and animal products, there is a need to design new alternative efficient feed systems.

	This review article details the possible use of wild fruits and their respective tree byproducts (WFBP) as partial or supplement stockfeed ingredients.

	The knowledge base of these potential alternative feedstuffs and their limitations are highlighted in this review.






1 Introduction

Wild fruits (WF) are a vital source of human and animal nutrition, vital for preserving and maintaining good health (Wadhwa et al., 2013; Chisoro et al., 2018). Additionally, they also contribute to the ecosystem in many areas by giving a range of wildlife species food and a habitant to live (Hassan et al., 2011). Lately, in animal nutrition, there has been a growing interest in the sustainable utilization of non-human edible WF trees output and their respective byproducts (WFBP) in livestock feed (Chisoro et al., 2018; Gürbüz and Özkan, 2018). Finding sustainable and affordable means or methods of feeding livestock has become increasingly crucial due to the rising demand for animal produce, especially in developing countries (FAO, 2011; World Economic Forum, 2019; Jalal et al., 2023). This is being exacerbated by the rising global population and the need for climate smart agriculture. WFBP can improve feed accessibility and sustainability while lowering dependency on resource-intensive feeds (like, soybean and maize) when used in animal feed (Paul, 2019; Chisoro and Nkukwana, 2020a; Balehegn et al., 2021; Msweli, 2021).

Furthermore, this lowers production costs and boost profitability, while helping farmers sustainability and promotion of the advancement of a more circular livestock-economy (Balehegn et al., 2021). Despite the potential benefits of the utilization of WFBP in livestock rations, there are practical considerations that need to be considered. In addition, the availability of WFBP can vary depending on season and location, which can create challenges for farmers trying to incorporate these materials in feed (Nkukwana, 2019; Luciano et al., 2020). Additionally, the appropriate processing techniques on WFBP need to be considered to reduce their non-nutritive components, especially ANF, mycotoxins, pathogens, toxins and a solid understanding of the proper inclusion levels in livestock diets. Even so, the crude protein (CP) content, lysine value, and essential sulfur-containing Amino Acids (AA) (cysteine and methionine) content of these alternative feed resources (AFR) needs to be considered. For their appropriate inclusion in livestock feed formulations at their modest inclusion levels for ideal livestock productivity (Rijsberman and Frank, 2016; Chakraborty and Gupta, 2017; Bhatti et al., 2018).

This review is going to discuss the various kinds and categories of WFBP that can be employed in livestock diets. Additionally, it is going to highlight their nutritional worth, potential advantages on animal performance and health, and the practical aspects of including these AFR in livestock diets. By highlighting the potential of WFBP as AFR, the goal is to add to the body of knowledge already available on sustainable livestock production systems. While giving a thorough evidence-based overview of the present state of research on WFBP, thereby supporting the notion on the sustainable use of these resources in livestock nutrition.




2 The livestock sector current global status

Globally, the livestock industry is very dynamic and is changing rapidly in developing nations due to the rising demand for animal products (World Economic Forum, 2019). While many production processes are becoming more efficient and environmentally sustainable, the market for livestock products is mostly stagnating in developed countries due to changes in dietary preferences and societal concerns. The demand for livestock products has historically changed due to changes in human population, income, and urbanization. This production response in various livestock systems has been correlated with advances in science, technology and increase in the number of animals (FAO, 2011). Competition for natural resources, notably land and water, competition between food and feed, and the requirement to function in a carbon-constrained economy are currently significantly influencing agriculture and will continue to have an increasing impact on the productivity of livestock (ILRI, 2012; UN, 2014; Stødkilde et al., 2023).

Considering that soybean meal (SBM) and maize are the most widely used food and feed ingredients, which are unsustainable, plant-based protein and energy sources for livestock nutrition, while also being the backbone of most worldwide production systems. Conventional protein crop production, soy production in particular, is closely associated with detrimental effects on the environment, such as deforestation and land degradation, the depletion of fossil fuels, atmospheric pollution, global warming, acidification and eutrophication, and harm to biodiversity (Chisoro et al., 2019; Pexas et al., 2023). Furthermore, significant financial investments are needed for the large-scale cultivation of protein crops, mostly related to labor, fossil fuels, land (such as rent), and synthetic and chemical inputs (such as fertilizers, insecticides, and herbicides) (Pexas et al., 2023).

Long market chains that employ at least 1.3 billion people worldwide and directly assist approximately 600 million poor smallholder farmers in developing countries are continuously being established in the livestock sector (Sattar et al., 2021). This sector is a crucial risk reduction approach for communities that are at risk, since livestock are crucial nutrient and traction sources for smallholder systems’ crop production. Worldwide, the consumption of livestock products makes up 17% of kilocalories consumed and 33% of the protein consumed. As shown in Figure 1, the production for beef, pork and chicken continued to increase from 2020 to 2023 despite the disruptions caused by the 2020 Covid-19 pandemic, the Russo-Ukraine war which had significant influences on global grain and soybean supply, and the 2022 global oil price fluctuations which had an impact on goods transportation and agriculture productivity (Glufke et al., 2020; Pexas et al., 2023; Rauw et al., 2023). However, there continue to be significant disparities between rich and poor countries (Thornton, 2014; Paul, 2019; Lukuyu et al., 2020).




Figure 1 | Global meat production trends from 2020 to 2023. Beef and pork are in 1 000 metric tons (Carcass weight equivalent) and chicken is in 1 000 metric tons (Ready to cook equivalent) source (USDA, 2024a), livestock and poultry: world markets and trade. As you can see there has been a steady increase in pork production with a rather constant production of chicken and beef since 2020.



This sector is expanding fast in emerging economies, and it accounts for about 33% of their agricultural GDP (Pexas et al., 2023). As shown in Figure 2, the estimated total consumption of meat in 2050 across the world in relation to 2019 consumption levels tends to imply that meat consumption will continue to increase globally. With pronounced increases in consumption being in East Asia, Latin America and Sub-Saharan Africa but with rather steady increases in Europe and North America according to the Falcon et al. (2022) report. Given that most demand is currently satisfied by domestic production and is expected to do so for the foreseeable future, the combination of the rising demand in developing nations and the rather stagnant demand in industrialized developed nations represents a significant opportunity for livestock farmers in developing nations (Thornton, 2014; UN, 2014; Balehegn et al., 2021).




Figure 2 | The graph shows the estimated total consumption of meat in 2050 across the world in relation to 2019 consumption levels. From this it implies that meat consumption will continue to increase in the coming years globally. Pronounced increases in consumption will be in East Asia, Latin America and Sub-Saharan Africa. Data sourced from the Falcon et al. (2022) report “Rethinking Global Food Demand for 2050”.



In sub-Saharan Africa and South Asia, the food demand for animal products will almost quadruple, rising from around 200 kcal per person per day in 2000 to over 400 kcal per person per day in 2050 (Figure 2). From the early 1960s to the mid-2000s, livestock carcass weights increased by roughly 30% for chicken and beef cattle and about 20% for pigs (FAO, 2011; Donkor et al., 2021). For cows, gains in milk production per animal have been around 30%, roughly equal to increases in chicken egg production per animal over the same period (UN, 2014; Pexas et al., 2023). Large-scale forest conversions have taken place over the past 20 years in the Amazon Basin, Southeast Asia, and Central and West Africa. While the amount of forest land has increased because of the abandonment of agricultural land in the Eurasian boreal forest and other regions of Asia, North America, Latin America, and the Caribbean (FAO, 2011; ILRI, 2012). This presents an opportunity for the use of innovative methods or alternative feedstuffs to CFI in stockfeed to promote sustainable livestock production, in a way to avoid the continued forest conversions that are taking place in Latin America and Africa. Given the continued production of intensive CFI, particularly maize and soybean, which is highly unsustainable (Figures 3,  4). For sustainable livestock production and be in line with the UN sustainable Development Goals (SDGs) in mitigating climate change and greenhouse gases (GHG) (OECD/FAO, 2024).




Figure 3 | Global production trends of the commonly used grain CFI in animal and human nutrition as sourced from the (USDA, 2024b) report. Here we can see that the output of these resources was rather similar across 2019 to 2023. Implying that if these trends continue in the future there will be a great need for the use of alternative or supplementary feed ingredients to complement the demand and supply for these cereal ingredients in animal feed and for human consumption.






Figure 4 | World production trends of the commonly used oilseeds CFI for stockfeed as sourced from the (USDA, 2024c) report. The trends here are like those noted on cereal CFIs, however, soybean showed significant increases in production especially in the 2022/23 and 2023/24 production seasons. As it is the most indisputable protein oilseed for animal and human nutrition, and it is a crop that is given the most significant attention by producers and governments globally.






3 The recent trends in the livestock feed industry

Conventional ingredients the likes of cereal grains (maize, wheat, barley, etc.), oilseed meals (soybean, rapeseed, fava beans, canola, etc.), and forages (hay, silage, etc.) dominate livestock diets (D’Mello, 2012; Patil and Patil, 2017). However, interest in AFR such as food byproducts, insects, wild fruit byproducts (WFBP), algae, seaweeds and single cell proteins is growing due to sustainability issues and growing customer demand for organic and non-GMO products (Adamu et al., 2022; OECD/FAO, 2022; Chisoro et al., 2023). These substitutes offer reduced environmental footprints and lessen the heavy dependency on resource-intensive CFI (i.e. maize and soybean) as depicted by their increased need in production (Figures 3 and 4), especially in developing countries where CFI scarcity persists (Nyamukonda and Ndlovu, 2019; OECD/FAO, 2024).

Locally sourced, sustainable substitutes such as WFBP should be incorporated into stockfeed to lessen this dependency on imported protein feeds (such as grains and seeds). This change reduces supply-chain interruptions and contamination, two hazards associated with long-term storage and overseas shipping. For instance, Ukraine, a significant exporter of soybeans and sunflowers, has worsened storage and transportation circumstances due to the ongoing war, post-Covid trade obstacles, and energy constraints, resulting in damaged grains and feed insecurity (Pexas et al., 2023). The utilization of resources like WFBP reduces reliance on unstable international markets, while improving the livestock sector resilience and productivity when included in stockfeed formulations (Chisoro et al., 2023; Pexas et al., 2023).

Furthermore, the other increasing trend having this push is the advent of precision livestock farming, which maximizes animal health and output using technology and innovation. To track feed consumption and spot potential health risks earlier, sensors and data analysis are being used in livestock production (Islary et al., 2018; Adamu et al., 2022). The industry is already adjusting and adapting to these changes and innovations by creating cutting-edge solutions, like specialized feed formulas and fresh new substitutes or supplement ingredients. These adjustments are essential for addressing the industry’s sustainability issues and meeting the demand for animal products globally (Banday et al., 2023; Jalal et al., 2023).



3.1 Factors currently affecting CFI usage in stockfeed

Despite advances in animal nutrition science, livestock in pastoral and mixed-production systems around the globe experience seasonal or ongoing nutritional stress, which compromises their wellbeing and productivity (Jalal et al., 2023). In both smallholder and commercial systems, inadequate nutrition continues to be a major productivity obstacle that is made worse by unstable supply networks, environmental stresses, and socioeconomic limitations. The following key influencing factors are making it more difficult in the utilization of CFI:

	Price: Globally, maize and soybeans are the major ingredients in most livestock feed, but many regions, including Europe, Asia, and Africa, cannot continue to rely on their imports. The world’s supply is dominated by major producers such as the U.S., China, Argentina, Brazil, Ukraine, and Russia, making importing countries susceptible to fluctuations in prices and disruptions in supply. For example, all of Malaysia’s feed ingredients are imported, including fishmeal, SBM, and maize; the country imports 3 million tons of maize yearly from Argentina alone, at a cost of US$ 1.5 billion (Donkor et al., 2021). This reliance is prevalent in most areas that cannot supply their local needs for feed for people and animals. Moreover, the UN SDGs, which promote self-sufficient and sustainable agricultural systems, are at odds with this kind of dependence (Nasir et al., 2022). Price trends of CFI tend to fluctuate and have continued increasing globally and are heavily influenced by global trends the likes of the 2020-2022 Covid-19 pandemic, the ongoing Russo-Ukraine war and to some extend inflation and/or possible recessions in some nations (Figure 5).

	Production: When comparing locally produced feed resources to imported CFI, life cycle assessments show clear environmental benefits. For instance, compared to importing a ton of soybeans from Brazil, with growing and using a ton of lucerne domestically in Europe can reduce land use by 63%, freshwater eutrophication by 97%, acidification by 98%, and global warming potential by up to 95% (Pexas et al., 2023). This emphasizes how local feed resources are more sustainable than imported CFI. The need to diversify feed protein sources is further underscored by climate change forecasts that indicate big yield losses for major soybean farmers, including an 86–92% drop in U.S. soybean yields by 2050. Global CFI growth rates will fall short considering the growing meat consumption demand (Figures 1, 2) and are unable to counteract the growing price volatility (Figure 5), according to recent production trends (2019–2023). To sustainably meet this
anticipated demand for livestock products by 2050, these patterns highlight the vital necessity to incorporate AFR, such as locally farmed crops and WFBP (Aziz ur Rahman et al., 2019).

	Availability: It is difficult for farmers to consistently supply livestock with high-quality feed since CFI are either limited or prone to seasonal shortages in many areas (Chisoro et al., 2019). Natural catastrophes, pandemics, and geopolitical conflicts are examples of global events that worsen shortages by upsetting supply systems and reducing livestock productivity. Economically, it is expensive and risky to import CFI, i.e. soybean meal (SBM), from far-off producers in South America, China, or the U.S. to support livestock systems in Europe, Asia, or Africa. Additionally, the price volatility for fossil fuels and erratic global trade dynamics exacerbates this (Chisoro et al., 2023; Jalal et al., 2023). In addition to destroying ecosystem services and releasing GHG into the environment, the production of CFI for stockfeed puts human food production in competition with it for freshwater resources and arable land (Pexas et al., 2023; Rauw et al., 2023).

	Climate: The availability, quality, supply, and demand of CFI have all been severely impacted by global climate change. Reduced feed availability and extensive crop failures have resulted from extreme weather events including droughts and floods (Food and Agriculture Organization (FAO), 2018). For instance, in 2019 and 2023, Southern Africa was ravaged by Cyclones Idai, Kenneth, and Freddy, which destroyed infrastructure, livestock, and crops, making food shortages, poverty, and hunger worse (United Nations Development Programme (UNDP), 2019; World Food Programme (WFP), 2019; United Nations Office for the Coordination of Humanitarian Affairs (OCHA), 2023). Similarly, the production and distribution of CFI have been significantly affected by the floods in Brazil and Sri Lanka in 2021, the floods in Pakistan in 2022, the frequent hurricanes in the U.S. and the earthquakes in Japan (OECD/FAO, 2022; 2024). These disastrous incidents show how susceptible CFI supply chains are susceptible to climate-related disturbances, highlighting the crucial need for AFR that can mitigate their supply-demand imbalances and are resilient to environmental events.

	Infrastructure: The infrastructure required to maintain stable feed and agricultural systems, such as sufficient storage, processing facilities, and transportation networks, is lacking in many emerging countries. These restrictions affect feed manufacturing and animal production by making it more difficult for farmers to make or get high-quality feed components (Lalev et al., 2022; Chisoro et al., 2023). The difficulties faced by producers have been made worse by recent climate disasters as aforementioned that have damaged existing infrastructure (Donkor et al., 2021). Furthermore, Ukraine’s agricultural infrastructure has been seriously devastated by the Russo-Ukrainian war, which has affected its productivity and its position as a major producer of sunflower, maize, and soybeans globally (Banday et al., 2023). To guarantee sustainable production, these infrastructure issues underscore the necessity for robust, locally suitable feed solutions.






Figure 5 | The parity price trends per ton of some of the most important CFI in livestock feed as sourced from the USDA (2019, 2020, 2021, 2022, 2023) reports. A parity price refers to a price at which the values of two assets or securities are equal. Prices that farmers receive in the local markets where they typically sell their produce are used to compute parity prices. Implying that, unless otherwise noted, the parity prices apply to the average of all classes and grades of the commodity as sold by all farmers’ USDA (2023). From this we can see that the parity prices where rather similar from 2018 to 2021, but then significant increases of these prices were observed from 2021 onwards to 2023 probably due to the global events (i.e. Covid-19, Russo-Ukraine war, fuel price fluctuations and/or inflation).



These factors make it very difficult for farmers to use or access standard CFI. The use of locally accessible feed sources, like oilseeds of indigenous fruit bearing trees, WFBP, local forage crops, and crop leftovers, as well as the creation of substitute feed ingredients are becoming increasingly popular solutions to solving or mitigating some of these challenges (OECD/FAO, 2022; 2024).





4 Nutritional composition and potential uses in feed of WFBP

When fruits and vegetables are processed for human use, byproducts such oilseeds, seedcakes,
pulp, peels, and pomace are produced (Mwale et al., 2008; Ogunlade and Omojola, 2021). These byproducts are good substitutes or supplements to CFI because they are nutrient-rich and include high amounts of CP, fiber, minerals, and vitamins (Hassan et al., 2011; Getachew et al., 2013). As evidenced by baobab seeds, WF trees yield nuts and fruits with distinct aroma and scents that improve livestock feed intake (FI) (Chisoro et al., 2018). In addition, to their nutritional importance, WF trees support environmental sustainability by offering vital ecosystem services such carbon sequestration and wildlife habitats (Rijsberman and Frank, 2016). Acorns (oak trees), wild cherry fruits, baobab seeds, marula seeds, moringa seeds and leaves, neem seeds, tamarind seeds and leaves, and wild grapevine seeds are a few examples of WFBP that have been researched for use in stockfeed (Chakraborty and Gupta, 2017; Chibwana et al., 2017). These resources provide a sustainable way to lessen dependency on CFI while diversifying the diets of livestock.

Table 1, details how WFBP are potential feedstuffs because of their high-quality fat, protein, vitamins, minerals, and energy content, comparable to the indispensable CFI (i.e. soybean and maize) (Sebola et al., 2021). With the best results at this inclusion level, Chisoro et al. (2018) found that adding baobab seed oilcake (BSOC) to broiler diets in place of 5% of soybean meal (SBM) enhanced growth performance and decreased feed costs. Similarly, Mazizi et al. (2019) showed that Japanese quail diets could be completely substituted with marula nut meal (MNM) in place of SBM without affecting FI or growth. Pig performance and meat oxidative stability were improved by Scerra et al. (2024), when 20% of the cereals (wheat bran and barley) were substituted with bergamot pulp meal (BPM) or olive leaf meal (OLM). In lamb diets, Gravador et al. (2015) found that substituting carob pulp meal (CPM) for 24–35% of barley preserved growth performance while raising the amount of polyunsaturated fatty acids (PUFA) in meat without compromising oxidative stability. Chingala et al. (2019) also discovered that, in comparison to steers fed SBM, feeding Malawi Zebu steers with baobab seed meal (BSM) and white thorn tree leaf meal (WTLM) enhanced microbial nitrogen supply, dry matter intake (DMI), and nutrient digestibility. Finally, gulf algae meal (GAM) derivatives improved immunological responses, performance, and reproductive features in laying Japanese quail, according to Rahmatnejad et al. (2024). Together, these studies demonstrate how WFBP can increase livestock output in a sustainable manner while lowering dependency on CFI.


Table 1 | Proximate nutrient composition summary of a few examples of WFBP.



Even though WFBP have potential as sustainable feed ingredients, their usefulness in livestock diets may be compromised by the presence of ANF like phytate, tannins, protease inhibitors (like trypsin inhibitors), oxalates, saponins, and alkaloids (Nkukwana et al., 2014; El-Deek et al., 2020). Unless they undergo specific processing, these substances decrease palatability, hinder nutrient digestion, and restrict their potential as affordable substitutes for CFI (Nyamukonda and Ndlovu, 2019; Chisoro and Nkukwana, 2020b). It has been demonstrated, for example, that pretreatment of whole jujube with chemical or cold plasma reduces the synthesis of 5-hydroxymethylfurfural while increasing its total phenolic content and antioxidant capacity, hence increasing its functional value (Bao et al., 2021).

Similarly, adding exogenous enzymes (tannase, pectinase, and xylanase) to broiler diets enhanced
nutrient availability and decreased the viscosity of ileal digesta in field bean-based feeds, proving the effectiveness of enzymatic detoxification (Abdulla et al., 2017). Additionally, processing methods can increase inclusion rates. For example, when treated, common vetch seeds (CVS) increased inclusion levels in broiler meals by up to 20% without affecting performance when compared to control diets (Sadeghi et al., 2011). These findings underscore the necessity of tailored processing techniques to optimize ANF mitigation and harness the full nutritional potential of WFBP (Kaczmarska et al., 2021). These feed ingredients offer a viable means of fostering sustainability in livestock production, even if additional research is required to grasp their full nutritional worth and potential advantages (Hassan et al., 2020). A summary of a few selected WFBP proximate nutrient compositions is presented in Table 1, detailing their comparability with the main CFI (i.e. maize and soybeans). The table clearly displays how WFBPs contain relatively acceptable nutrient levels to be partial or supplement ingredients in stockfeed.



4.1 Factors that affect the full utilization of WFBP as feed supplements

As aforestated in the above section, these alternatives have factors that at present limit their full utilization (García-Moya et al., 2019). These limitations still require full understanding and innovative ways to counter them. While WFBP share physicochemical and antinutritional issues similar to CFI, critical gaps persist in translating mitigation strategies for the full utilization of WFBP. Through processing, supplementation, or genetic modification, decades of research on CFI have developed reliable methods to mitigate their drawbacks, including nutritional bioavailability, ANF, and digestibility. WFBP, in contrast, are still understudied and have little systematic data on practical ways to overcome their limitations. The following are key WFBP unresolved challenges in their full utilization:

	Maturity: The fruit’s ripeness level greatly influences its nutritional content and taste. For instance, fruits that are harvested before they are fully mature or ripe enough may be less tasty and contain lower nutritional value than those harvested when they are at their right stage of development (Nyamukonda and Ndlovu, 2019).

	Processing: Processing techniques have a significant influence on the nutritional makeup, digestibility, and palatability of WFBP. Their chemical structure and nutritional profiles can be improved by processes like grinding, fermentation, or drying, which can increase or decrease their feed value. For example, research shows that drying WFBP may cause thermal degradation or leaching, which lowers concentrations of minerals, vitamins, and phenolic compounds (Chibwana et al., 2017). This necessitates optimized processing procedures to maximize nutrient retention and guarantee consistent quality in stockfeed applications as highlighted by this diversity.

	Antinutritional elements (ANFs): Due to natural ANF such tannins, phytic acid, and oxalates, WFBP frequently have reduced palatability and bioavailability despite their high nutritional content. For instance, trypsin inhibitors reduce pancreatic enzyme activity, phytic acid chelates vital minerals (such as iron and zinc), and tannins bind to dietary proteins and inhibit proteolytic enzymes, all of which reduce nutrient digestibility (García-Moya et al., 2019). However, these difficulties can be lessened by using specific processing techniques before inclusion of WFBP in stockfeed formulations, such as fermentation, heat treatment, or enzymatic hydrolysis. The entire nutritional potential of WFBP as sustainable substitutes for CFI is unlocked by such interventions, which also improve palatability and neutralizes ANF.

	Seasonal variation: Harvest timing has an impact on the nutritional makeup of WFBP, which shows notable seasonal variability. For example, the macronutrient, vitamin, and mineral profiles of fruits picked early in the season may be significantly different from those of fruits picked at maturity (Bhatti et al., 2018). When including WFBP into livestock rations, this intrinsic variability calls for thorough, regular nutrient analysis and flexible feed formulation techniques to guarantee constant dietary quality. In order to optimize the sustainable use of WFBP as dependable substitutes for CFI and to account for variations in nutrient density, such proactive approaches are essential.

	Species variation: While some WF species are high in macronutrients like fiber, phenolic compounds, or antioxidants, others may have higher concentrations of micronutrients like vitamins or minerals (Adejumo and Machebe, 2018). Sensory features, such as unique aroma, also affect livestock acceptance, with some aroma’s increasing or decreasing intake. These issues can be resolved by strategically using feed additives or enzymes to mask unwanted odors, improve palatability, and balance nutrient profiles. In this way, WFBP can be sustainably incorporated into livestock rations while reducing nutrient composition variability and sensory appeal.

	Environmental elements: The nutritional value and palatability of WFBP are greatly influenced by environmental factors such as soil composition, rainfall patterns, and local climate. According to García-Moya et al. (2019), WFBP cultivated in nutrient-rich soils generally show a greater micronutrient density than those from deprived soils. Trees that have adapted to particular habitats are the source of many WFBP, including seeds and byproducts from native species including baobab, carob, tamarind, neem, marula, and sheanut. Consequently, their yields and availability are naturally erratic and dependent on regional climates (Chisoro and Nkukwana, 2020b). This reliance on the environment highlights the necessity of region-specific approaches to improve WFBP consumption in livestock feed and stabilize supply systems, guaranteeing their sustainability as sustainable substitutes for CFI (Wapi et al, 2013).

	Technical aspects: There are several obstacles in the way of the sustainable incorporation of WFBP into livestock feed systems. Seasonal and unpredictable variations in supply, physicochemical characteristics including dustiness, high bulk density, and powdery texture, and supply chain inefficiencies in post-harvest management (collection, storage, and transportation) are some of the main obstacles (Pexas et al., 2023). Additional limitations stem from the requirement for costly processing procedures (such as dehulling, drying, mechanical, or thermal treatments) to improve safety and digestibility, as well as a lack of research facilities to determine the optimum levels of nutrient inclusion in animal diets (Abdollahi and Ravindran, 2019; Rahmatnejad et al., 2024). Unlocking the full potential of WFBP as sustainable, regionally adaptable substitutes for CFI requires tackling these issues comprehensively i.e. through enhanced processing technologies, innovative logistics, and focused research and development.



Several unresolved issues continue to impact the nutritional quality and palatability of WFBP in livestock diets. To optimize their potential as sustainable substitutes for CFI, targeted strategies are needed, such as rigorous research to address ANF, optimized processing methods, and precise formulation protocols to determine optimum inclusion levels. Additionally, for WFBP to be successfully incorporated into livestock rations, three requirements must be met: (a) consistent availability (even if seasonal), (b) cost competitiveness in comparison to CFI, and (c) thorough characterization of their nutritional variability, digestibility, and metabolizable energy content (Hassan et al., 2020; Abdollahi and Ravindran, 2019).

Beyond these basics, improving the feeding value of WFBP necessitates a variety of strategies, including: (i) feed evaluation that prioritizes energy and digestible AA; (ii) diet formulations based on digestible rather than total AA; (iii) adding synthetic AA strategically to meet animal needs; (iv) using exogenous enzymes to improve nutrient utilization; and (v) customized processing techniques to reduce ANF and increase nutrient bioavailability (Abdollahi and Ravindran, 2019; Chisoro et al., 2023). When taken as a whole, these actions could increase the quantity of WFBP included in livestock diets while supporting the objectives of nutritional and economic sustainability.





5 Impact of incorporating WFBP in livestock nutrition

Population growth and changing dietary choices are expected to create a 70% increase in the demand for livestock-derived goods worldwide by 2050 (Food and Agriculture Organization (FAO), 2023; World Bank Group, 2021). To meet this demand, 30–50% more agricultural area may be needed if existing livestock production methods continue, which would put further strain on limited natural resources. Given that the livestock industry currently makes a substantial contribution to GHG emissions, land degradation, and biodiversity loss, such expansion runs the danger of making environmental degradation worse (Marchant-Forde and Boyle, 2020; Chisoro et al., 2023). To decouple livestock production development from ecological impact, it is imperative that sustainable alternatives be used, such as incorporating WFBP into stockfeed.

The incorporation of WFBP into livestock feed formulations offers the benefits of both economic efficiency and ecological protection. This avoids the need for more arable land and lowers the amount of land allocated for waste management, protecting local ecosystems by reusing materials like baobab seed oil cake (BSOC), tamarind leaf meal (TLM), sheanut seed meal (SSM), and mango seed meal (MNM), which are leftovers from processing WF. Crucially, because these materials are sourced from pre-existing agro-industrial waste streams, WFBP procurement avoids direct land-use competition and has a small land footprint. Their superiority over CFI is further demonstrated by environmental life-cycle assessments. With sustainable sourcing and processing methods, WFBP can reduce eutrophication potential by up to 83% and reduce GHG emissions, acidification, and other pollution indicators by up to 99% (Abdulla et al., 2017; Habibi et al., 2024).

Circular feed resource systems that emphasize regeneration and local sourcing can reduce input costs and increase productivity economically. Adoption of AFR allows for immediate cost savings by reducing dependency on synthetic fertilizers, irrigation, agrochemicals, and fossil fuels (all of which are major sources of cost in CFI production) (Hassan et al., 2020). Additionally, logistical costs are decreased via proximity-driven models for AFR, in which commodities are produced close to end-user markets or transit hubs. In addition to reducing emissions associated with transportation, this localization optimizes supply chains, reducing the costs associated with producing feed and maintaining livestock (Mbukwane et al., 2022). When combined, these tactics establish WFBP as essential elements of sustainable livestock systems that strike a balance between environmental preservation and financial sustainability.

Due to meat’s high nutritional value (protein, vital fatty acids, and minerals) and gastronomic appeal, meat plays a crucial part in various diets around the world. However, the livestock sector is under increasing pressure from cascading disruptions as earlier stated, which have made supply-demand imbalances worse and made conventional meat production less predictable and more expensive (Omollo et al., 2020). However, despite production and religious restrictions in emerging countries, pork continues to dominate markets, with beef and poultry following closely behind (Figures 1, 2) (Egea et al., 2018; Wang et al., 2022; Xu et al., 2023). Notably, because of its versatility and lower resource thresholds, poultry continues to be a vital component of smallholder and subsistence systems in Africa, Asia, and Latin America (Jalal et al., 2023). To overcome limiting obstacles, use of AFR in stockfeed, such as WFBP, provides a practical way to boost output and maintain supply chains (Chisoro et al., 2018, 2023). Current research highlights WFBP’s potential to reduce dependency on resource-intensive conventional diets by enhancing feed efficiency, disease resilience, and growth performance across species. Some case studies on the use of WFBP in ruminant, pig, and poultry systems are summarized in the sections that follow.



5.1 WFBP in poultry nutrition

One of the most indispensable sources of animal protein crucial for human growth and development is poultry meat. With an expected total meat consumption of 45.3 kg, current predictions predict that its share of the world’s per capita meat consumption would increase from 13.8 kg (33%) to 17.2 kg (38%), by 2030 (Nkukwana, 2019; World Economic Forum, 2019). The output of chicken feed is anticipated to increase at a compound annual rate of 7.1% between 2018 and 2027, in tandem with this demand, reaching a total of about 890 million metric tons by the conclusion of this time frame (Abdollahi and Ravindran, 2019). But even in the most optimistic agricultural yield scenarios, CFI (i.e. maize and SBM), are unlikely to be able to meet these increasing demands. Since 60–70% of the costs of raising chickens are feed related, inclusion of AFR such as WFBP provides a dual benefit, they lessen dependency on CFI while lowering feed-related expenditures (Chisoro and Nkukwana, 2020b). These kinds of developments are essential for improving cost effectiveness, closing supply-demand gaps, and guaranteeing poultry systems’ long-term scalability.

Various studies in poultry have shown pronounced benefits in the utilization of WFBP either as alternatives to antibiotics or supplements to maize and soybean. For example, Paul et al. (2022) showed that adding neem leaf extract (NLE) to Cobb 500 broiler feeds in place of enrofloxacin and ciprofloxacin greatly improved growth performance, final body weight (BW), and organ development. Similarly, broilers fed Moringa oleifera leaf meal (MOLM) in place of salinomycin and zinc bacitracin showed enhanced feed conversion ratios (FCR), BW growth, and gastrointestinal health (Nkukwana et al., 2014). This strategy was further supported by earlier research by Schiavone et al. (2008), which demonstrated that chestnut wood extract (CWE) may increase FI and BW while replacing synthetic DL-α-tocopherol acetate in broiler diets without sacrificing nutrient digestibility. These results support the urgent need for the poultry sector to lessen its reliance on antibiotics, which fuel antimicrobial resistance, a serious public health issue, especially in broiler systems where there is a higher danger of zoonotic transmission. Producers can address both production efficiency and antimicrobial stewardship by incorporating WFBP, such as NLE, MOLM, and CWE (Table 2).


Table 2 | Performance characteristics summary on monogastric animals fed varying inclusion levels of WFBP in their diets.






5.2 WFBP in pig nutrition

As the most intensively produced type of meat and with the highest feed costs the use of AFR in pig production is very apparent. Numerous studies have been done in supplementing WFBP in pig diets with various promising results. For instance, developing pigs fed diets containing 15% sodium hydroxide-treated sheanut kernel cake (TSNKC) as a substitute for wheat bran showed equivalent growth performance and FI according to Oddoye et al. (2015). According to Magonka et al. (2018), growth parameters were maintained while feed costs were decreased when 5% sunflower cake (SFC) was substituted with baobab seed cake (BSC). The usefulness of WFBP was further confirmed by Mabena et al. (2022), who demonstrated that 15% amarula nut cake (ANC) may be used in place of SBM in the diets of growing pigs, producing comparable protein digestibility and FI while improving the color characteristics of the meat (redness, lightness). Beyond cost-efficiency, WFBP can improve meat quality, Scerra et al. (2022) observed that 15% exhausted bergamot pulp byproduct (EBPB) as a partial SBM substitute in fattening pigs increased docosapentaenoic acid and total n-3 polyunsaturated fatty acids (PUFA) in pork, enhancing its nutritional profile despite no differences in FI, final BW, or carcass yield.




5.3 WFBP in rabbit nutrition

In the context of global food security, the domesticated rabbit stands out as a notable potential livestock species, especially as the growing human population puts more strain on limited agricultural resources (McNitt et al., 2013). Rabbits show remarkable adaptation to high-roughage, low-grain rations while retaining robust growth and reproductive performance, in contrast to pig and poultry, which need grain-dependent diets (de Blas and Wiseman, 2010). According to recent research, grain-free diets high in fibrous plant matter can support rabbits’ normal physiological development, providing a crucial edge as human and livestock competition for CFI intensifies (McNitt et al., 2013). Due to their ability to effectively turn unconventional feed sources (i.e. like crop residues, agroforestry byproducts, and wild vegetation) into premium meat, rabbits are positioned as a sustainable source of protein, especially in developing nations that are struggling with food scarcity and a lack of arable land (Mcafee et al., 2010). Additionally, the richness of native plants in these areas, which are frequently inappropriate for monogastric animals, complements rabbits’ nutritional adaptability and lessens their dependency on feeds that require a lot of resources. Through the use of locally accessible WFBP in rabbit production, stakeholders can improve food security, reduce volatility of feed-costs, and promote circular agricultural systems; all of which are important goals for robust, just food networks.

Given that the world’s population expected increase to 10 billion people by 2050, producing rabbits appears to be a viable way to meet this growing demand for food. The inclusion of WFBP in rabbit diets has two benefits: a) it lowers feed costs while improving growth and b) reproductive efficiency. For example, Ogbuewu et al. (2011) showed that neem leaf meal (NLM) enhanced female reproductive results without sacrificing growth or FI when 5% soybean meal (SBM) was substituted. Similarly, Henry et al. (2018) found that adding pawpaw leaf meal (PLM) to the meals of New Zealand White × Chinchilla crossbreed rabbits improved their reproductive success and follicle-stimulating hormone (FSH) levels without having an unfavorable effect on growth or other physiological balances. Adeyeye et al. (2021) also noted that replacing 10% SBM with kola nut pod-husk meal (KNPM) reduced feed costs and increased profitability while maintaining growth performance similar to control diets. While Adeniji et al. (2012) noted that a 60% addition of a 1:1 blend of groundnut cake (GNC) and MOLM to grower rabbit diets increased BW and reduced feed costs compared to the unsupplemented feeds. Taken together, these studies demonstrate the feasibility of WFBP as sustainable, affordable feed substitutes that maximize rabbit husbandry productivity (Table 2).




5.4 WFBP in beef nutrition

The inclusion of WFBP to beef cattle diets has shown interesting results, including nutritional and therapeutic benefits. For example, the leaves of tamarind (Tamarindus indica) and neem (Azadirachta indica), which are known across the world for their hepatoprotective, antibacterial, and antiprotozoal qualities, have been tested as natural anthelmintics. In contrast to their solo use (neem: 29.93%; tamarind: 42.67%), Rahaman et al. (2022) found that a 1:1 blend of neem and tamarind leaves had higher anthelmintic efficacy (68.15%), demonstrating synergistic potential in parasite treatment. Beyond their use in medicine, WFBP can be used as affordable alternatives to traditional feed antibiotics. Mlambo et al. (2011) found that replacing urea with marula seed cake (MSC) in weaner cattle rations yielded comparable growth rates, FI, and FCR, with no differences in average daily gain (ADG) between MSC-supplemented and control diets. This suggests MSC could reduce the reliance on synthetic nitrogen sources without compromising productivity. Similarly, Chingala et al. (2019) evaluated baobab seed meal (BSM) and white thorn tree leaf-meal (WTLM) as protein alternatives to soybean meal (SBM) in Malawi Zebu steers. Steers fed BSM diets outperformed their SBM-fed counterparts in terms of dry matter intake (DMI), final BW, and total tract nutrient digestibility (TND), all while displaying a higher microbial nitrogen supply. Overall, these studies demonstrate the dual utility of WFBP in beef production systems; as cost-effective substitutes for traditional protein or energy sources and as functional additives for health management (Table 3).


Table 3 | Summary performance characteristics in ruminant livestock fed diets with varying inclusion levels of WFBP.






5.5 WFBP in dairy nutrition

Generally, the global dairy sector has been experiencing steady growth on both production and consumption (Gebreyowhans and Zegeye, 2019).The demand for dairy products has been increasing globally, driven by population increase, the rise in household income and the change in dietary preferences (International Livestock Research Institute (ILRI), 2016; World Bank Group, 2021). Global milk production peaked at 810 million metric tons in 2020, with China, India, and the U.S. as the top three producers (World Bank Group, 2021; USDA, 2022). At the same time, emerging nations have been the main drivers of this sectoral expansion; their dairy industries are growing at an average annual rate of 3.7% (World Economic Forum, 2019). Rising disposable incomes, urbanization, population increase, and dietary changes toward nutrient-rich foods are the main causes of this increase (International Livestock Research Institute (ILRI), 2016; Food and Agriculture Organization (FAO), 2019). The need to find sustainable feed resources, such as WFBP, to meet the growing demand while lowering dependency on CFI is highlighted by this rapid growth.

The need to implement climate-smart agriculture and reduce its environmental impact has prompted
the dairy industry to embrace technology advancements and sustainability-driven methods more and more (Food and Agriculture Organization (FAO), 2019; Livestock Development Institute of Africa (LDIA), 2014; World Bank Group, 2021). However, this sectoral development and profitability are threatened by enduring issues such as fluctuating milk costs, competition from plant-based substitutes (such as soy, almond, oat, and rice-based products), and changing consumer trends (World Bank Group, 2021). Notwithstanding these challenges, there is a significant opportunity due to the ongoing growth of dairy output in emerging countries and the persistent desire from consumers for traditional dairy products.

Dairy rations that incorporate WFBP could improve sustainability, lower costs, and increase resistance to environmental and market stresses. Studies demonstrate their capacity to boost ruminal protein metabolism, milk yield (MY), and milk protein (MP) content in dairy calves without compromising FI or nutrient digestibility (Madzimure et al., 2011; Bashar et al., 2020). For example, Raj et al. (2016) discovered that adding karanja or neem seed cake to total mixed rations (TMR) in place of 30% of CFI increased MY while preserving MP levels and milk solids. Sesbania leaf meal (SSLM) increased MY in crossbred dairy cows without lowering FI (Gebreyowhans and Zegeye, 2019), while marula seed cake (MSC) replaced SBM in nursing cows to improve digestibility without changing MY (Mdziniso et al., 2016). Additionally, Bashar et al. (2020) found that adding moringa leaf meal (MOLM) gradually to diets based on silage increased milk output while maintaining digestibility and crude protein (CP) intake. The dairy industry can promote sustainable agriculture, lower GHG emissions associated with the production of conventional feed and conform to climate-smart practices by incorporating WFBP as partial substitutes or supplements (Table 3).




5.6 WFBP in sheep and goat nutrition

Small-scale ruminant production, especially that of sheep and goats, is essential to the economy of desert and rural areas of emerging nations and is expected to continue to be crucial to the world’s meat supply. WFBP provide sustainable ways to improve meat quality and productivity in these systems. For example, Qwele et al. (2013) noted that Xhosa lop-eared goats fed either grass hay (GH), sunflower cake (SFC), or MOLM, discovered that supplementing with MOLM (200 g/day) increased the meat’s antioxidant capacity, as shown by a lower lipid oxidation (LO) and a higher total phenolic content (10.62 ± 0.27 mg tannic acid equivalent/g). This enhanced the meat’s color, chemical composition, and shelf-life stability over time. Similarly, Geron et al. (2015) showed that adding 15% tamarind pulp residue (RETP) to sheep diets preserved FI and BW while reducing feed expenses. More recently, Baleseng et al. (2023) found that in lamb fattening diets, morula kernel cake (MKC) can completely replace traditional protein sources like lucerne and sunflower meal (SFM) without affecting meat quality, FCR, final BW, DMI, or FI. This was ascribed by the study to MKC’s balanced nutritional composition, which satisfied the growth and maintenance needs of lambs (Table 3).





6 Antioxidant influence of the inclusion of WFBP in livestock feed

The nutritional value and sensory qualities of meat are significantly influenced by the content of the feed (Stelzleni and Johnson, 2008). Plant-derived natural antioxidants (PDNA), which are abundant in unsaturated fatty acids and bioactive compounds, such as essential oils, herbs, leaf meals, and seed extracts, have drawn more attention from researchers to improve the quality of meat (Cullere et al., 2013; Hoffman et al., 2014). Notably, the fatty acid profile, oxidative stability, and sensory qualities of meat are enhanced by the effective transfer of polyphenols and flavonoids, which are abundant in many PDNA sources, from feed to muscle tissue (Fu et al., 2022; Tang et al., 2023). While the bioavailability and metabolic fate of these compounds vary depending on their chemical structure and post-ingestion pathways, their role in mitigating LO and modulating volatile compound formation remains pivotal to preserving meat quality (Bellés et al., 2017; Estévez and Lorenzo, 2018). WFBP, which are particularly rich in phenolics and antioxidants, offer a sustainable means of enhancing these benefits. Incorporating WFBP into livestock rations can thus synergistically improve meat sensory parameters, such as flavor and shelf-life stability.

Furthermore, to enhance the quality of chicken, pork, and beef, it is customary to supplement
with α-tocopherol (100–200 mg/kg feed). α-tocopherol is an essential part of the skeletal muscle’s endogenous antioxidant defense and a major factor in the oxidative stability of biological membranes (Dalle Zotte et al., 2016; Tang et al., 2023). Supplementing with α-tocopherol has many well-documented benefits, such as protecting fresh meat from discoloration, promoting greater oxidative stability during storage, and reducing the oxidation of proteins, cholesterol, and PUFAs in processed meat products (Estévez and Lorenzo, 2018; Tang et al., 2023). Significantly, comparable results have been obtained with natural tocopherol-rich feedstuffs, including plant-derived materials (e.g., rooibos, tamarind, moringa, acorns, and olive leaf) and WFBP, which are in line with sustainable practices (Dalle Zotte et al., 2016; Wong et al., 2023; Wang et al., 2024). Whole plants, leaves, seeds, and their extracts are increasingly valued in livestock diets as multifunctional additives, acting as natural antioxidants, color stabilizers, and physiological enhancers (Qi et al., 2022; Tang et al., 2023). This highlights the feasibility of incorporating WFBP as partial feed ingredients or supplements, providing a dual benefit of enhancing meat quality and promoting resource-efficient, circular agricultural systems.

Due to their antibacterial and antioxidant qualities, WFBP show great promise as natural feed additives. For example, Jayawardana et al. (2015) showed that by lowering LO, MOLM improves oxidative stability in ghee, increasing shelf life. Similarly, Qwele et al. (2013) found that dietary MOLM supplementation reduced superoxide dismutase (SOD) activity and glutathione (GSH) depletion in goats while reducing LO in meat during storage. Gravador et al. (2015) discovered that carob pulp meal (CPM) preserved the oxidative stability of meat in ruminant diets by substituting 24–35% of barley without hastening deterioration. Scerra et al. (2022) further noted that adding 30% almond hulls (AH) to lamb diets enhanced meat oxidative stability (lowering LO in raw and cooked meat after 5 and 7 days of refrigeration, respectively) without affecting growth performance. In addition to terrestrial livestock, Hendam et al. (2024) noted how baobab fruit extract powder (BFP; 4 g/kg diet) benefits Nile tilapia by improving intestinal health, growth, antioxidant capacity, and serum immunity. Finally, Taylor et al. (2011) demonstrated that broiler diets containing volatile oil and dried rosemary leaves inhibited the production of off-flavor and thiobarbituric acid-reactive compounds (TBARS) in breast meat. Taken together, these studies highlight WFBP’s dual function of enhancing meat quality and shelf life while supporting resource-efficient, sustainable animal production.




7 Potential WFBP ingredient processing techniques

To improve their safety, palatability, and digestibility for the best possible nutrient utilization by animals, feed ingredients must go through crucial preprocessing in the manufacturing of livestock feed to remove contaminants, ANF, mycotoxins, and pathogens (Kinyuru et al., 2018; Nyamukonda and Ndlovu, 2019). The reduction of ANF (i.e. naturally occurring compounds that impair nutrient bioavailability, FI, digestibility, and animal health) is essential for the successful integration of WFBP as partial ingredients or supplements in livestock rations (Jayawardana et al., 2015; Chisoro et al., 2023; Hendam et al., 2024). ANFs, which include tannins, alkaloids, and protease inhibitors, limit livestock productivity and product quality by interfering with the absorption of essential nutrients, such as minerals (like calcium and phosphorus), vitamins (like A, C, and E), and essential AA (like lysine and methionine) (Geron et al., 2015; Tang et al., 2023).

To lessen these impacts, traditional processing methods are used separately or in combination to break down ANF below critical toxicity thresholds, including soaking, fermentation, germination, steam sterilization, and dehulling (Bashar et al., 2020; Scerra et al., 2022; Rahaman et al., 2022). CFI processing already incorporates these techniques; for instance, cottonseeds are heat-treated to detoxify gossypol (Negi and Pant, 2017; Feedipedia, 2023), and soybeans are roasted to lower trypsin inhibitors and tannins (CVB, 2018). By using comparable techniques on WFBP, their potential as sustainable substitutes or supplements to CFI can be unlocked by improving their palatability, nutrient bioavailability, and safety. Specific processing strategies designed to maximize the use of WFBP in animal diets are examined in the sections that follow:

	1. Sun drying: Before inclusion of WFBP to livestock rations, feed manufacturers use sun drying as a low-cost and widely used method to reduce moisture and ANF. This method works best for moisture-rich WFBP, like juicy fruits, leaf meals, and seeds, which often need to be dehydrated to improve digestibility, extend shelf life, and facilitate processing (Ramteke et al., 2019). Common uses include drying azolla, duckweed, cassava peels, sweet potato foliage, and algae; materials that are susceptible to deterioration because of their high initial moisture content (Stein et al., 2016; Rojas and Stein, 2017; Widderich et al., 2022).



The final product’s nutritional quality is greatly impacted by the drying process. For example, when Babiker et al. (2018) examined the effects of partial shade (PS) and direct sun (DS) drying on the leaves of Moringa oleifera and M. peregrina, they found different compositional results. Whereas DS-dried leaves showed increased antioxidant activity and overall phenolic content, PS-dried leaves maintained higher quantities of beta-carotene, ascorbic acid, minerals, and AA. These results highlight the need of choosing drying methods according to the feedstuff being dried, since DS improves oxidative stability while PS protects heat-sensitive vitamins. Such information is essential for maximizing the use of WFBP in feed compositions tailored to a given region.

	2. Autoclaving: Like sun drying but more effective, autoclaving is a thermal processing method that uses heat, steam, and pressure to lower moisture and ANF in WFBP. Autoclaving is useful in cold or humid locations with little sunlight (such as parts of Europe), where typical sun drying is unfeasible, albeit being more expensive and energy intensive. This process improves nutrient bioavailability and shelf stability while hastening the dehydration of high-moisture products like fruit pulps or leaf meals. Its effectiveness in raising feed quality has been demonstrated by recent studies. For example, when common carp (Cyprinus carpio) were fed SBM, wheat bran, maize, and barley, Abdulazeez and Al-Tameemi (2023) showed that autoclaving greatly raised the apparent digestibility coefficients (ADCs) for dry matter, protein, and energy. Although fishmeal demonstrated little reactivity, autoclaved diets also increased growth rates and feed efficiency as compared to untreated controls. Similarly, Sung et al. (2022) assessed autoclaved poultry meal (APM) in broiler chickens and pigs, identifying metabolic responses unique to each species. The metabolizable energy (ME) of unautoclaved poultry meal (unAPM) was higher in pigs (4,792 kcal/kg DM) than in broilers (3,591 kcal/kg DM). While autoclaving for a longer period (134°C, up to 180 min) decreased ME values more sharply in pigs, indicating that broilers are better able to withstand extended processed APM. These results highlight the potential of using autoclaving to maximize WFBP utilization in feed systems, albeit with trade-offs.

	3. Chemical or cold treatment: By reducing ANF and enhancing functional qualities, chemical and cold treatments are efficient ways to increase the nutritional value of WFBP. Because trypsin inhibitors are stable in acidic environments, Fernandez et al. (1993) noted that soaking faba beans in a 0.07% sodium bicarbonate (NaHCO3) solution decreased trypsin inhibitor activity more efficiently than a 0.1% citric acid solution. Similarly, novel cold treatments like thermosonication and cold plasma have demonstrated promise in altering the structure of WFBP. According to Bao et al. (2021), pretreatments with chemicals, cold plasma, and thermosonication changed the morphology of the jujube’s surface by forming pores and microcracks, which sped up moisture transport and cut drying periods by 18%, 12%, and 7%, respectively. Notably, chemical and cold plasma pretreatments decreased the formation of 5-hydroxymethylfurfural (a potential toxicant) by 25% and 15%, respectively, improving the safety and quality of dried jujube for feed applications. These treatments also improved nutrient retention; total phenolic content increased by 13%, 12%, and 6%, while antioxidant capacity (as determined by ferric reducing antioxidant power) increased by 13%, 11%, and 3%. These methods offer scalable, energy-efficient alternatives to conventional drying, especially for moisture-rich WFBP in areas lacking consistent solar exposure.

	4. Soaking: For WFBP, soaking is an economical pretreatment that improves moisture content, palatability, and nutrient digestibility while lowering ANF including tannins and phytic acid (Gürbüz and Özkan, 2018). However, the type of plant, time, and soaking medium all affect how effective it is. For example, soaking lentil seeds in distilled water for 24 hrs decreased trypsin inhibitors by 58–66% (Batra et al., 1986), but soaking French bean (Phaseolus vulgaris) seeds in water for 18 hrs maintained 98–99% of trypsin inhibitor activity (Desphande and Cheryan, 1983). Recent developments emphasize the importance of targeted soaking solutions, Dhlakama et al. (2022) showed that treating baobab seeds with deionized water, 0.5% monovalent salts (NaCl, NaHCO3), or divalent sodium salts (Na2S2O5) significantly reduced bulk density, oxalate, and phytate content while raising the temperature at which they gelatinized, which are important improvements for feed processing and nutrient bioavailability. These results highlight the potential of soaking as a scalable technique to maximize WFBP for livestock diets, as long as the parameters are adjusted to the feedstuff’s unique ANF profile and functional objectives.

	5. Sprouting or Germination: This is a technique commonly used in hydroponic fodder systems (e.g., barley, wheat, and maize) that improves feed quality through biochemical modifications during seed germination (García-Moya et al., 2019). For example, sprouting decreased phytic-phosphorus levels in mung beans (Phaseolus aureus) and rice beans (Vigna umbellata) by 9.8% and 11.3%, respectively, in comparison to ungerminated seeds (Verma and Mehta, 1988). These biochemical changes highlight sprouting’s potential to optimize WFBP for sustainable livestock feed formulations. Such decreases in phytic acid improve mineral absorption in livestock by reducing its chelating capacity (Khan et al., 1991; Sharma et al., 1996). Additionally, sprouting mitigates lectin-related ANFs; germination decreased haemagglutinating activity in seeds by inactivating concanavalin A, as evidenced by a 49% reduction in jack bean (Canavalia ensiformis) after treatment (Esonu et al., 1998; Akande and Fabiyi, 2010).

	6. Roasting and/or toasting: Thermal processing methods like roasting and toasting improve the quality of livestock feedstuffs by lowering ANF and increasing digestibility and palatability. These techniques work especially well with oilseed meals like cottonseed meal CSM) and SBM. For example, it has been demonstrated that roasting baobab (Adansonia digitata) seeds or seed cake improves FI and growth performance in sheep, layers, and broilers. This increase allows broiler diet inclusion levels to increase from 5% to 15% (Chisoro et al., 2018; Saulawa et al., 2014; Hassan et al., 2020b; Adeyeye et al., 2021). The nutritional content of baobab and jack bean (Canavalia ensiformis) seeds can also be increased by toasting them, enabling up to 20% of them to be included in poultry feeds (Akande and Fabiyi, 2010; Saulawa et al., 2014). Toasting by itself, however, might not be enough to reduce ANFs in some ingredients. Esonu et al. (1998) discovered that toasting jack beans did not considerably lower toxin levels, highlighting the necessity of combining thermal treatments with other techniques (such as soaking and fermentation) in order to optimize ANF reduction and safely increase of inclusion rates. According to these results, roasting and toasting are useful but context-dependent tactics that call for complementing processing methods to ensure the best possible feed safety and effectiveness in systems in livestock.

	7. Fermentation: By using beneficial microorganisms to break down ANF, fermentation improves nutrient bioavailability, feed palatability, and digestibility in WFBP, stabilizes feed matrices, improves gut health, and reduces waste through the production of microbial metabolites (e.g., organic acids, enzymes). Research on baobab, tamarind, common vetch, and moringa seeds has shown that fermentation increases inclusion levels in livestock diets, increases dry matter digestibility, and improves FI in poultry and ruminants (Singh et al., 2007; Chisoro et al., 2017; Stein et al., 2016; Saulawa et al., 2014).



Fermentative bacteria, such as Lactobacillus and Bacillus species, play a critical role in biotransforming mycotoxins into non-toxic metabolites, improving microbial safety (Sugiharto and Ranjitkar, 2019). In addition to improving nutrition, fermentation also improves feed safety by reducing mycotoxin contamination. For instance, solid-state fermentation (SSF) reduced zearalenone (a Fusarium-derived mycotoxin) by 60–80% in cereal-based substrates (Yang et al., 2018), and Okeke et al. (2015) also observed similar detoxification in maize grains.

	8. Enzymes: The inability of poultry to hydrolyze non-starch polysaccharides (NSPs) and ANF found in CFI like wheat, soybean, barley, and rapeseed has been addressed by exogenous enzyme supplementation, which improves nutrient digestibility, availability, and absorption in formulated feeds (Sugiharto and Ranjitkar, 2019). Although not a direct processing method, enzymes like amylase, phytase, and protease are essential feed additives that hydrolyze complex carbohydrates, phytic acid, and proteins, respectively, releasing bound nutrients (Kiarie et al., 2013; Rahman et al., 2021).



Enzyme supplementation can maximize nutrient release from fibrous matrices in WFBP added to livestock rations, negating the decreased digestibility frequently linked to non-traditional feed sources. For example, in diets high in WFBP, phytase increases the bioavailability of phosphorus, while proteases improve the absorption of AA, which are important factors in swine and poultry development performance (Abdollahi and Ravindran, 2019; Mbukwane et al., 2022). This approach lessens dependency on expensive, energy-intensive processing techniques while simultaneously increasing feed efficiency and promoting the sustainable use of WFBP.

The meticulous, context-specific application of techniques is essential to this process since different feed ingredients frequently call for customized combinations of techniques to maximize digestibility, nutritional availability, and palatability. Two separate stages of processing take place. To reduce ANF and improve nutritional utility, the first phase concentrates on ingredient-specific treatments (such as drying, fermentation, or detoxification etc.). For AFR, they must undergo stringent preprocessing to satisfy quality criteria as substitutes or supplements to CFI, this stage is especially crucial.

The secondary phase involves feed manufacturing steps: a) Grinding to increase surface area, disrupt ANF, and improve nutrient accessibility; b) Mixing to ensure uniform nutrient distribution; and c) Pelletizing/Extrusion to reduce waste and enhance digestibility by consolidating ingredients into consistent, nutrient-dense pellets. While secondary processing is standard in commercial feed production, the primary phase remains indispensable, especially for AFR. Given livestock producers’ stringent demands for high-quality feed, meticulous preprocessing of WFBP is essential to ensure their viability in sustainable feed formulations.




8 Opportunities and future directions

This review highlighted a lot of points on the use of WFBP in livestock feed. This highlights a few additional points that must be considered for future full utilization of these resources in livestock feed as detailed below:

	Value addition and commercialization: Examination of the potential for adding value to WFBP must be considered to increase their economic value and marketability. The appropriate processing methods as aforementioned must be investigated and used according to the WFBP in question. To create products with added value for stockfeed, human use, and in other sectors. Entrepreneurship and the creation of small businesses for the production and sale of products based on these WFBP must be encouraged by local communities or the government (Chisoro et al., 2023).

	Support for policies and regulations: Policies and rules that encourage the sustainable inclusion of WFBP in stockfeed must be promoted. Local communities and relevant government agencies must work together in the creation of such policies and standards for the collection, processing, and marketing of these resources. While promoting the inclusion of WFBP feed sources in national strategies and plans for continued livestock production (Chisoro and Nkukwana, 2020a; Nduku et al., 2021).

	Research and development needs: Continued research on the proximate nutrient composition, bioactive substances, and potential health advantages of various WFBP through additional research (Chisoro et al., 2019). While also investigating how using feed made from these resources impacts animal performance, product quality, and environmental sustainability (Jalal et al., 2023). In addition, looking into how livestock diets can be improved, by considering the potential synergistic effects of mixing these AFR with other feed additives (antioxidants, probiotics, prebiotics, enzymes etc.). Further hands-on research and on-farm animal trials to determine whether it is feasible and acceptable to feed livestock with rations that contain these feedstuffs at various inclusion levels as shown in Tables 2 and 3.

	Community engagement and capacity building: Engagement of local communities, farmers, and livestock producers in the sustainable use of these resources must be encouraged. By offering training and capacity-building programs on how to recognize, gather, prepare, and use WFBP as livestock feed ingredients (Mazizi et al., 2020). While also encouraging research teams, extension services, and regional communities to cooperate to transfer technologies and share information on the use and processing of these feed resources (Hassan et al., 2020).

	Protection of the environment: Emphasize on the environmental advantages of using WFBP in feed, such as lowering demand on natural resources and fostering biodiversity preservation by local communities and governments. By speaking up in favor of conservation of WF-bearing trees and appropriate harvesting methods to assure their ongoing availability (Chisoro and Nkukwana, 2020b). While encouraging agroforestry systems that combine the production of livestock with the cultivation of WF trees, boosting the ecosystem’s resilience and push UN SDGs (Chisoro et al., 2023).



It is essential to investigate the possibilities and prospects of incorporating WFBP into livestock feed to support sustainable livestock production systems. Producers can improve resource efficiency and lessen dependency on CFI by giving priority to research on scalable processing techniques, environmental effect reduction, and nutritional improvement. By implementing these tactics, the livestock sector will become more robust and ecologically balanced, maximizing the value of unused WFBP and bringing agricultural practices in line with international sustainability standards.




9 Conclusion

WFBP have a lot of potential to improve livestock production in a sustainable way, especially in developing nations where access to CFI is limited. In addition to resolving feed scarcity and lowering environmental footprints, these underutilized materials provide affordable, environmentally friendly CFI substitutes. However, more research is needed to determine species-specific nutritional profiles, safe inclusion levels, and commercial viability to optimize their incorporation into livestock diets. To guarantee constant quality and supply, practical issues including seasonal availability, sustainable harvesting methods, and post-harvest storage must also be methodically resolved.

Policy frameworks and institutional actions encouraging the sustainable use of WFBP could empower rural smallholder farmers, enhancing livelihoods and increasing socioeconomic resilience. This review underlines the dual benefits of WFBP adoption, improving sustainable agriculture through lower feed prices and ecological implications, while aiding rural development. Cooperation between governments, scientists, and international organizations is essential to achieving this promise. By making strategic investments in technology transfer, market connections, and context-specific research, livestock farmers will be able to efficiently utilize these resources, closing gaps in sustainability and food security.
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Species Ingredient Inclusion Control Animal Parameters  Effect References
Pigs Moringa oleifera leaf meal 0, 25,5 0r 7.5 Soybean Finisher pigs Feed intake Highest 7.5 (Mukumbo
Feed conversion | No effect etal, 2014)
ratio No effect
Body weight No effect
Meat quality
Treated Sheanut kemel cake 0, 10, 15 or 20 Wheat bran Growing pigs Weight gain No effect (Oddoye
Feed intake No effect etal, 2015)
Feed No effect
conversion ratio
Marula nut cake 0,5,10, 15 0r 20 Soybean meal Fattening pigs Body weight Highest 5 (Mabena
Feed intake No effect etal, 2022)
Feed conversion | Highest 15
ratio Lowest 10
Meat quality
Baobab seed cake 0.50r10 Sunflower seed cake Weaner pigs Feed intake Highest T2 (Magonka
Body weight Lowest T3 etal, 2018)
Feed No effect

conversion ratio

Conand T, Cereal based diet Fattening pigs Final body No effect (Scerra et al,, 202
weight No effect
Dry matter No effect
intake Highest T,
Feed conversion
ratio

Fatty acid intake

Layers Moringa oleifera whole 0,1,3,and 5 Gluten 20% Hy-Line hens Bird weight Lowest 5 (Mabusela
seed meal Feed intake Highest 0 etal, 2018)
Laying rate Lowest 1
Egg weight Lowest 5
Oven-dried tamarind 02,4608 Wheat and rice polish Hisex Brown, Feed efficiency | Highest § (Chowdhury
1SA Brown, Feed intake No effect et al, 2005)
Lohmann Brown, Laying rate Highest 2
Starcross Brown, Egg weight No effect
Babcock B-300, York cholesterol | No effect
Starcross-579 Serum cholesterol | No effect
"Guar meal (GM) T, Ty Tyor T, Feed withdrawal group Late-Phase laying hens  Bird weight Highest T, (Gutierrez
reduction Highest T, et al, 2008)
Days 10 0 egg Lowest Ty
production Highest T,
Organ weights
Salmonella
Enteritidis
invasion
“Colocynth seed meal TuTaTsor Ty Basal diet Hy-Line Brown Egg number Highest Tz (Abbas et al, 2022)
layers Egg weight Lowest Ty
Feed intake Highest T,

Stress response Highest T,
Immunological | Highest T,

response
Broilers Baobab seed oilcake 0.5,10and 15 Soybean ROSS 308 Feed intake Lower 0 (Chisoro
Feed conver No effect etal, 2018)
ratio Higher 0, 5
Bird weight Higher 15
Feed costs
“Moringa oleifera leaf meal  (T), C+), T5, T5, Tyyand | Salinomycin and zinc bacitracin Cobb 500 Feed intake No effect (Nkukwana
(Ts, C-) Feed conversion  Highest Ts. etal, 2014)
ratio Highest T
Bird weight No effect
Apparent
digestibility
Marula nut meal 0,25, 50, 75 and 100 Soybean Japanese quail Bird weight Highest 25 (Mazizi
Feed intake Highest 75 etal, 2019)
Feed Lowest 0
conversion ratio
Extract of chestnut wood ENCO, ENCIS, ENC20  DL-a-tocopherol acetate Cobb 500 Feed intake Highest ENCIS (Schiavone
and ENC25 Feed conversi No effect etal, 2008)
ratio Highest ENC20
Bird weight No effect
Protein efficiency | No effect
ratio
Apparent
digestibility
“Neem leaf extract NC, PC and NLE Enrofloxacin and ciprofloxacin Cobb 500 Bird weight Highest NLE (Paul et al, 2020)
Feed intake Lowest NC
Feed conversion | Lowest NLE
ratio Highest NLE
Organ size No effect
Blood parameters | Highest NLE
Feed costs
/Moringa oleifera leaf meal Ty, To, T3, Ty and Ts Salinomycin and zinc bacitracin Cobb 500 Bird weight No effect (Nduku
Feed intake Highest Ts etal, 2021)
Feed conversion | Lowest Ty
ratio No effect
Organ size Highest T,
Meat quality
Rabbits Kola nut pod-husk meal 0, 10; 20 and 30 Chinchilla x NZ Body weight Highest 0 (Adeyeye
white cross Feed intake No effect etal, 2021)
Feed conver Lowest 0
ratio No effect
Blood parameters
FPawpaw leaves Control (T)), T and T, | Concentrate feed Chinchilla x NZ FSH (mIUmL-1) | Highest Ty (Henry et al, 2018)
white cross Progesterone No effect
(ngmL-1) No effect
Testosterone No effect
(ngmL1)
Estradiol (E2)
(pgmL-1)
Neem leaf meal 0,5,10and 15 Soybean Chinchilla x NZ Paired oviductal | Highest 0 (Ogbuewu
white cross weights No effect etal, 2011)
Body weight No effect
Feed intake No effect
Feed conversion | Highest 5
ratio
Female
reproductive tract
Microbially fermented 0,25, 50, 75 and 100 Maize Weaner rabbits Body weight Highest 50 (Oloruntola
cassava starch residue Weight gain Lowest 100 etal, 2018)
Feed intake Lowest 0
Feed Highest 100
conversion ratio
Groundnut Cake 0,20,40,60,80and 100 Maize bran Grower rabbits Body weight Highest 60 (Adeniji and
with MOLM Weight gain Lowest 0 Lawal, 2012)
Feed intake Lowest 100
Feed conversion | Highest 0
Feed costs Lowest 100

“Only two experimental diets were used = Con, a cereal-based concentrate dict and T the same diet with ensiled bergamot pulp partally replacing 15% dry matter of the Con diet
PTreatments =T, (consisted of a feed withdrawal group), T, (ful-fed groups combining standard laying hen feed with either 20% GM (20%GM)), Ts (20% GM supplemented with 250,000 units/kg of B-mannanase (Hemicell; 20% + E)) and T (fll-fed standard laying
diet group (nonmelted contral).

“Experimental groups = T, (non-stressed group provided with basal diet (non-stressed control group), T (non-stressed group provided with Citrulus Colocynthis seed supplementation (coloeynth-seed-supplemented group)), T (oxidative stress group injected with
paraquat (PQ) and provided with basal diet (PQ-injected group)) and T, (oxidative stress group injected with paraquat and provided with C. Colocynthis sced supplementation (colocynth seed supplementation with PQ injected group)).

“Dietary treatments = T, (positive control (bC) with 68 g salinomycin and 500 g zinc bacitracin per kg of feed); T, (MOLMj, (ML 1, 3 and 5); T (MOLMcgiun (MM 3,9 and 15 g T, (MOLMhigh (MH; 5, 15 and 25 g) per kg of feed); and T; (a negative control
(without supplementation)).

“NC = Negative control (basal diet without any additives), PC = positive control (basal diet with antibiotics, Vitamin B-complex, and amino-acid supplementation) and NLE = Neem laf extracts treated group, basal diet supplemented with 0.1% aqua extract of neem
leaves (20 ml of 5% NLE per liter drinking water).

T, = 300 g/ton zinc bacitracin and 500 g/ton salinomycin; T = 1000 g/ton MOLM; T; = probiotic (500 g/ton Enviva Pro); T, = organic acid (1000 g/ton Novyrate C) and Ts = without additives.

“Dietary treatments = control (T;) (concentrate and potato (Ipomea batatas) leaves), T (concentrate and fresh pawpaw leaves) and T; (concentrate and wilted pawpaw leaves).
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Animal Ingredient Control Animal/Breed Parameters Effect References
Beef *Marula seed cake \Tyor Ty Urea as a Nitrogen source 24-month dairy Final live weight Highest T (Mlambo
‘male weaners Weight gain Lowest T, etal, 2011)
Feed intake Highest T, Lowest Ty
Feed conversion ratio
"Neem and Tamarind 2 To Tyor Ty No supplementation Indigenous beef cows Fecal egg count Lowest T, Highest T, (Rahaman
leaf meal Efficacy rate etal, 2022)
“Moringa oleifera and CON, PRO, ML or MSC Without supplementation Rumen in vitro Organic matter No effect (Mahmood
Propolis leaf meal simulation study disappearance No effect etal., 2022)
Crude protein Highest MSC Lowest PRO
disappearance
Volatile fatty acid (VEA)
profile
Fermentation gases
“Baobab seed meal and Con, Tyor Ty Hay with Soybean Malawi Zebu steers Total tract nutrient Highest Con (Chingala
White thorn tree leaf-meal digestibility Lowest T, etal, 2019)
Final body weight Highest Con
Feed conversion ratio Highest T,

Rumen microbial nitrogen

Dairy “Moringa leaf meal fodder T, T, or T, Napier silage and concentrate Breed-1 (BCB-1) Crude protein intake No effect (Bashar
dairy cows Digestibility No effect etal., 2020)
VEA profile Highest T, No effect
Methane (CH,) Lowest T,
production
Daily milk production
Karanja cake and Neem Con, dNC or dKC Soybean meal Crossbred dairy cows Efficiency of milk No effect (Raj etal, 2016)
seed cake production Highest dNC No effect
Milk yield No effect
Milk protein

Total milk solids

Baobab seed cake 0,5 100r 15 Cottonseed cake Guernsey cows Feed intake Highest 0 (Madzimure
Milk yield Lowest 15 etal, 2011)
Milk protein Highest 15
Total milk solids Lowest 0

“Marula seed cake Con, SBM+MSC or MSC  Soybean meal Lactating dairy cows Invitro DM digestibility  No effect Highest MSC (Mdziniso
Apparent DM digestibility etal, 2016)

Sesbania sesban leaves 0,1.25 kg/d, 2 kg/d and No supplementation Holstein Frisian x Zebu  Total DM intake Highest 2 (Gebreyowhans

275 kg/d crossbred dairy cows Feed conversion efficacy o effect and Zegeye, 2019)

Apparent DM digestibility  Highest 275
Daily milk yield Lowest 0

Ground flax seed 0,5,10,and 15 Corn and soybean meal Organic-certified Ruminal microbiota No effect (Resende

Jersey cows diversity No effect etal, 2015)

Enteric CH, emissions Highest T,

Urinary purine derivatives

Sheep and Goats | "Moringa oleifera leaf meal T, T, or Ty Grass hay and sunflower Castrated Xhosa lop- % Inhibition of DPPH'  Highest T, Highest T,

eared goats % Inhibition of ABTS" Lowest T,
% Inhibition of lipid Highest T,
oxidation
SOD activity (inhibition
rate %)

Extraction of Tamarind pulp | 0,5, 10 and 15 Soybean meal Mongrel sheep Body weight No effect (Geron

Organic matter intake Highest 15 et al, 2015)
Organic Noeffect

matter digestibility

"Morula kernel cake Ty, Tyor Ty Sunflower seedcake Finishing tswana lambs Body weight Highest Ty (Baleseng
Dry matter intake Highest T, etal, 2023)
Apparent nutrient Lowest T,
digestibility Lowest Ty
Nitrogen retention No effect

Hot carcass weight

IFlax seed meal Ty ToTyorTy Soybean meal Dorper x Small thin-tailed | Body weight Highest T (Hao et al, 2020)
crossbred rams Dry matter intake No effect
Feed efficiency Lowest T,
Apparent digesti Highest Ty
*Sesbania sesban and Con, T or T, Alfalfa Farafra growing lambs Body weight Highest T,
reed grass Dry matter intake Highest T
Feed conversion rate Lowest T,
Blood serum constituents | Highest T,
Meat Lowest T,
quality characteristics
'Neem leaf meal L To Tyor T, No supplementation Anglo-Nubian male goats  Body weight Highest T, (Taethaisong
Organic matter intake Lowest Ty et al,, 2023)
Organic matter Highest T,
digestibiity Lowest T,
Volatile fatty acids Highest T,
Nitrogen retention
Sheanut meal 0, 5,10, 15 or 20 Rhodes grass hay and maize bran Growing sheep Ruminal NH;-N Highest 5 (Amerit
concentration Lowest 5 etal, 2023)
Acetate concertation Highest 0
Butyrate concentration Highest 15
Lowest 10
Propionate concentrates
Ruminal protozoan count
"Marula seed cake Ty Ty Tyor Ty Grass hay (unsupplemented) Nguni goats Organic matter intake Highest T, (Mlambo
Organic matter Lowest Ty etal, 2011)
digestibiity Lowest T,
Nitrogen intake Highest T,

Nitrogen retention

“Treatment (T;) = commercial attening ration (with urea as a N source) (CFR-U), T = commercial fattening ration in which urea was wholly replaced with MSC (CFR-MSC) or T, = commercial fattening ration in which MSC and urea contributed equal amounts of N
(CER- MSC+U).

Treatment (T, roup A (control basal diet), T:
“CON = control diet without supplementation, MS
propolis (PRO, 3% CP).

“Three treatments = Con, rangeland hay and maize bran with soybean meal; T, rangeland hay and maize bran with baobab seed meal (baobab diet): T, rangeland hay and maize bran with V. polyacantha leaf-meal (Vachellia diet) as the protein source.

T = control diet consisting of 1:1 dry matter (DM) of Napier silage and conventionally mixed concentrate, T, = control diet with concentrate replaced with 50% moringa feed or T; = control diet with 100% concentrate with moringa feed.

“Con = Control TMR (T1-Control) formulated using dried maize fodder (roughage source) and concentrate feed, dNC = used at 3.78% of TMR (T2-dANC) of 13.2% detoxified neem seed cake or dKC = 5.85% of TMR (T3-dKC) of soybean meal substituted with 18%
detosified karanja cake.

£Con = formulated diet containing soybean meal, SBM+MSC = formulated diet containing 50% Marula seed cake and 50% soybean meal (SBM) as a protein supplement; and MSM = formulated diet containing Marula seed cake as a protein supplement.

T, = group 1 goats were supplemented with 200 g of dried M. oleifera leaves (MOL), T = group 2 (positive control) supplemented with 170 g of sunflower sced cake (SC) per head per day and T = group 3 (negative control) fed on grass hay (GH) ad libitum. DPPH &
ABTS = free radical scavenging assay, SOD = Superoxide dismutase assay.

T, (CD) = commercial diet, T> (MKCD) = morula kemel cake diet, and Ts (MSCD) = morula seed cake diet.

T} = 18% Soybean meal (SBM), T; = 12% SBM and 6% fla seed meal (FSM), Ty = 6% SBM and 12% FSM and T, = 18% FSM.

“Con = fed as 60% concentrates and 40% fresh alfafa, T, = fed as 60% concentrates plus 40% fresh Sesbania sesban and T, = fed as 60% concentrate plus 40% fresh reed grass.

Mreatment (T1) = control, T, = control + 15% Propylene ethylene glycol (PEG) in the concentrate, T = 6% Neem leaf (NL) meal in concentrate; and T, = 6% NL + 15% PEG in the concentrate.

T, = 300 g/day of grass hay with no supplementation, T = 300 g/day of grass hay in combination with marula seed cake (MSC), T, = 300 g/day of grass hay in combination with sunflower cake (SC) and T,
‘meal (SBM).

Group B (supplemented with grinded Neem leaves), T = Group C (treated with grinded Tamarind leaves) and T = (Group D treated with both grinded Neem leaves and Tamarind leaves).
= CON supplemented with moringa seed cake (MSC, containing 49% crude protein (CP)), ML = CON supplemented with moringa leaf powder (ML, containing 28% CP), or PRO = CON supplemented with raw

300 g/day of grass hay in combination with soybean
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Parameter Chemical composition, % DM = Essential Fats, % FA Indispensable Vital
Amino Acids, minerals,

g/16g N ag/kg
CF  CFat 1 C18:2 C18:3 Lys Met Ca

Major Traditional Feed Ingredients
Maize, yellow" 867 76 |20 | 36 12 280 55.0 1.0 2.9 21 3.6 0.1 24

Soybean, raw* 89.7 363 | 86 19.6 0.5 220 54.0 8.0 6.2 14 39 22 5.0

Wild Fruits

African baobab fruit, fresh” 278 | 151 | 234 | 40 1wz |- - - - - - 119 | 30
African locust bean, aerial, fresh® 56.8 120 | 448 | 3.9 58 - - - - - - 116 0.9
Breadfruit, dehydrated” 89.4 4.7 6.0 27 55 - - - - - - 09 14
Carob, pod meal, without seeds” 85.3 5.1 9.0 0.5 36 = = 1 = 38 14 | 5.1 49 0.9
Date palm, fruit® 84.0 37 6.1 23 37 = = 7 27 15 34 3.9 27
Jackfruit, fresh® 353 129 8.1 1.8 5.1 - - - - - - - -

Jujube, whole, fresh® 489 | 133 155 | 35 9.8 - - - - - - 184 | 18
Marula fruit, aerial part, dry® 96.8 89 162 | 5.1 125 2 = - - - - 305 0.9
Moringa, podsb 10.7 176 | 335 | 35 9.7 - & - - - - 27 54
Peach palm, whole fruit, dried” 87.6 7.0 7.3 113 23 | 43.7 129 29 37 16 35 24 39
Spanish lime, fruit® . 100 108 | 13 27 - . . B - R R R

Wild Fruit Tree Leaves

Assyrian plum, aerial part, fresh® 38.0 139 | 202 | 57 14.1 - - - - - - 25.0 21
Banyan, aerial part, fresh® 38.2 10.9 28.6 3.6 12.2 # - = = - = 208 49
Baobab, fresh” - 109 | 146 | 50 22 | - - - - - - 26 27
Flamboyant, leaves, fresh® 38.4 15.5 16.1 5.1 6.6 = = = - = = 53 3.0
Indian laurel, areal part, fresh® 383 16.9 322 35 6.6 - - - - - - 73 5.5
Luffa leaves® 745 | 160 120 | 28 6.0 - - - - - - - -

Moringa, dried” 91.2 26.8 122 | 64 10.8 - - - 4.8 15 4.4 25.6 33
Moth bean, aerial part, fresh® - 132 | 227 |21 149 - - - - - - 258 3.0
Neem, fresh® 335 16.6 16.8 37 120 = = = - E E: 183 25
Taro, aerial part, dried® 89.7 223 17.6 4.5 13.7 = = ® - - - S -

Sheanut leaves” 24.7 7.9 234 5.6 6.3 - - - - - - 74 11

Tamarind” 37.1 118 | 233 | 59 7.6 - - - 59 13 4.8 18.7 21

Wild Fruit Seeds

African baobab® 90.0 213 229 15.9 42 - = = = E £ 25 59
African locust bean” - 311 10.8 18.5 5.6 - - - 6.7 0.6 33 37 25 |
Annatto, depigmented” 899 | 146 | 189 | 24 55 . - . 45 16 3.0 14 | 43 ‘
Colocynt.hb 95.0 130 | 408 | 249 52 123 60.1 0.3 37 25 33 24 25 ‘
Carob” - 178 | 98 29 33 - - - - - - 67 13 ‘
Chia® - 165 302 | 402 4.8 10.5 20.4 56.8 10 0.6 0.7 63.1 86.0 ‘
Flamboyamb 89.8 20.0 129 6.8 6.8 49 371 7.6 3.3 L1 4.1 17 4.6 ‘
Guar® 924 28.0 6.9 37 50 = < & 4.0 14 2.8 = =
Jatropha, defatted” 90.1 16.9 36.1 6.0 5.8 = - - 3.8 12 32 9.3 8.5
Monkey thorn® 97.3 312 - 9.3 14 - - - - - - 6.3 14
Moth bean® 92.3 254 52 1.9 4.1 22.1 234 16.7 6.0 1.6 39 28 32
Red sour plum*® 95.5 182 - - - - - - 1.03 0.2 - 179 345
Sheanut kernels” 96.6 8.6 8.0 50.2 35 - - - - - - 13 10
Silver leaf tree® 95.3 462 | - - - - - - 1.6 0.7 - 39.5 112
Tamarind® 91.0 154 264 7.0 27 = = 2 6.5 12 32 3.0 17
Tamarugb 90.8 272 10.2 4.5 4.7 - - - - - - 1.9 21

Wild Fruits Byproducts

African baobab oil seed cake” 90.9 229 | 199 | 81 46 - - - 11 0.3 04 0.24 0.7

Bergamot pulp, ensiled by-product’ | 185 | 50.8 | - 13.7 53.8 25.1 341 8.9 - - - - -
Date palm, pulp after extraction® 883 | 52 75 10 29 - - - 4.8 19 45 5.0 6.1
Guar meal® 950 | 420 | 127 53 58 - - - 41 11 3.0 7.0 21
Luffa oil meal® 903 | 423 22 | 151 9.8 - - - - - - - -
Marula oil cake® 953 | 393 | 58 | 438 50 775 69 0.1 23 1.8 21 13 10.0
Moringa oil meal® - 368 | - 0.4 57 = = = 15 19 23 38 16.6
Neem seed and kernel cake® 95.4 373 13.8 6.3 15.0 - - - - - - 8.8 72
Taro, tuber, dried® 89.5 8.1 6.1 1.0 4.0 - - - 4.3 23 39 48 26
Peach palm, fruit pulp, dried” 897 |57 |23 | 172 19 503 125 1.8 4.9 13 39 08 07
Sheanut cake, oil < 10%" 928 | 141 | 1Ll 45 7.2 = = - 4.0 21 34 30 24
Tamarind hulls® - 72201 | 03 25 - - - - - - - -

The - denotes that the value is not available.

“Information sourced from the CVB Feed Tables for ‘Chemical composition and nutritional values for feedstuffs’ (CV, 2018).
*Information sourced from the Feedipedia website (Feedipedia, 2023).

“Information collected from the research study by Chisoro et al. (2018, 2019).

IInformation collected from the research study by Kulczy nski et al. (2019).

“Information taken from the review by Chisoro and Nkukwana (2020b).

‘Information collected from the research study by Scerra et al. (2022).





