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Abstract
Circular agriculture has emerged as a promising key framework for address the inefficiencies and environmental pressures associated with conventional food production systems. Within this context, livestock systems can play a transformative the role by enabling valorisation of waste streams, enhancing nutrient recycling, and improving overall resource-use efficiency. This review critically examines the multifunctional role of livestock in circular agriculture, with a particular focus on their capacity to convert non-human-edible biomass, such as crop residues, agro-industrial by-products, and food waste, into high-value animal-sourced foods. Drawing on recent literature, the analysis explores how livestock systems can be reconfigured to utilise non-human-edible biomass, including crop residues, agro-industrial by-products, and food waste, thereby reducing competition between feed and food while enhancing sustainability outcomes. The findings highlight that livestock can function as biological upcycles, converting low-value materials into high-quality animal products, while also contributing to closed nutrient loops through manure management and integration with crop production. Additional benefits include the generation of renewable energy through anaerobic digestion and improved economic resilience through diversified outputs. However, the extent of these benefits depends on system design, management practices, and regional context. Despite their potential, circular livestock systems face challenges related to greenhouse gas emissions, regulatory constraints, economic feasibility, and knowledge gaps. These challenges highlight the need for a systems-based evaluation that accounts for environmental, economic, and social dimensions. The study concludes that livestock can contribute meaningfully to sustainable food system transitions when aligned with circular principles, but their  role must be critically assessed to avoid burden-shifting and unintended environmental impacts. 
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1. Introduction
Modern agriculture faces a profound challenge: how to produce sufficient, nutritious food for a growing global population while minimising environmental degradation and resource depletion [1,2]. Over recent decades, agricultural systems have largely followed a linear model of production, characterised by the extraction of finite resources, their transformation into food and feed, and the eventual generation of waste [3,4]. This “take–make–dispose” approach has contributed to significant inefficiencies, including nutrient losses, accumulation of organic waste, greenhouse gas (GHG) emissions, and increasing pressure on land, water, and energy resources [5,6]. In response, the concept of circular agriculture has emerged as a promising framework to reconcile food production with environmental sustainability [4].
Circular agriculture is rooted in the broader principles of the circular economy, aiming to close nutrient loops, reduce waste, and optimise the use of biomass [3,7]. Rather than viewing agricultural by-products and waste streams as liabilities, circular systems seek to reintegrate them into productive cycles, thereby enhancing resource efficiency and reducing environmental burdens [5,8]. In this context, livestock production, often criticised for its environmental footprint, can play a pivotal and transformative role [9]. By converting low-value or non-human-edible biomass into high-quality animal products such as meat, milk, and eggs, livestock systems have the potential to enhance resource efficiency and contribute to more sustainable food systems [10,11].
Historically, livestock have been integral to agricultural cycles. Traditional mixed farming systems relied on the close integration of crops and animals, whereby crop residues were used to feed livestock and manure was returned to the soil to maintain fertility [12,13]. However, the intensification and specialisation of agriculture during the twentieth century led to a progressive decoupling of crop and livestock systems [14]. This separation has resulted in pronounced nutrient imbalances: regions with intensive livestock production frequently experience manure surpluses and associated environmental risks, while crop-dominated regions rely heavily on synthetic fertilisers [15,16]. Reintegrating these systems is a central objective of circular agriculture and represents a critical opportunity to restore ecological balance and improve nutrient cycling efficiency [14].
One of the central debates in sustainable food systems concerns the concept of food–feed competition, which refers to the use of human-edible crops for animal feeding [17,18]. Critics argue that feeding cereals and soybeans to livestock is an inefficient use of resources, as it diverts food that could otherwise be consumed directly by humans [19,20]. However, this perspective does not fully account for the unique biological capabilities of livestock. Ruminants, such as cattle and sheep, can digest fibrous materials, including grass, crop residues, and by-products that are inedible to humans, converting them into nutrient-dense foods [9,10,18]. Similarly, monogastric animals such as pigs and poultry can utilise a wide range of agro-industrial by-products, thereby reducing reliance on primary feed crops [17,21]. From a circular perspective, the key is not to eliminate livestock, but to optimise their role as recyclers of biomass [15,18].
Waste valorisation is a central component of circular agriculture and refers to the process of transforming waste materials into valuable products [3,22]. In livestock systems, this includes the use of agro-industrial by-products as feed, the recycling of food waste where regulations permit, and the management of manure for nutrient recovery and energy production [18,23,24]. For example, by-products from the food and biofuel industries, such as brewers’ grains, oilseed meals, and whey, can be efficiently incorporated into animal diets, thereby reducing both feed costs and the environmental burdens associated with waste disposal [25,26]. In addition, livestock manure, when properly managed, represents a valuable source of nutrients for crop production and can be utilised in anaerobic digestion systems to produce biogas, a renewable energy source [27,28].
Despite these potential benefits, livestock production remains a subject of intense scrutiny due to its environmental impacts [24,29]. The sector is associated with GHG emissions, particularly methane from enteric fermentation in ruminants and nitrous oxide from manure management [30,31]. It also contributes to land-use change, water consumption, and biodiversity loss in certain contexts [6,32,33]. However, these impacts are highly variable and depend on production systems, management practices, and regional conditions [32]. Importantly, circular approaches to livestock production can help mitigate many of these concerns by improving resource efficiency, reducing waste, and enhancing the integration of crop and livestock systems [14,18].
In the EU, the transition toward more sustainable and circular agricultural systems is strongly supported by policy initiatives such as the European Green Deal and the Farm to Fork Strategy [34,35]. These frameworks emphasise the need to reduce nutrient losses, promote organic farming, enhance animal welfare, and decrease reliance on external inputs [8,18,26][36,37]. Within this policy landscape, livestock systems are increasingly expected to contribute to sustainability goals by adopting circular practices. This includes better integration with crop production, improved manure management, and the use of alternative feed resources such as agro-industrial by-products [8,18,26].
However, the transition to circular livestock systems (CLS) is not without challenges. Regulatory constraints, particularly regarding the use of food waste in animal feed, can limit the implementation of certain waste valorisation strategies [21,38]. Concerns about biosecurity and food safety are paramount, especially in the context of disease transmission [38]. Additionally, the variability in the nutritional composition of by-products can complicate feed formulation and require advanced knowledge and technologies[39]. Economic factors, such as the cost of infrastructure for manure processing or biogas production, also play a significant role in determining the feasibility of circular practices [28,40].
Furthermore, societal perceptions of livestock production are evolving. Increasing awareness of environmental and ethical issues has led to growing scrutiny of animal agriculture, particularly intensive systems [41,42]. While circular agriculture offers a pathway to improve sustainability, it also requires transparent communication and public trust [43]. Demonstrating that livestock can be part of a solution, rather than solely a problem, is essential for the long-term viability of the sector [44].
Given these considerations, there is a clear need to critically examine the role of livestock within circular agricultural systems. Understanding how different species, production systems, and management practices contribute to waste valorisation and resource efficiency is essential for designing sustainable food systems. Moreover, evaluating the environmental, economic, and social implications of these approaches can help identify best practices and inform policy development.
This paper aims to analyse the role of livestock in circular agriculture, with a particular focus on waste valorisation pathways and their implications for sustainability. It will explore how livestock systems can help close nutrient loops, reduce waste, and improve resource-use efficiency, while also addressing the associated challenges and trade-offs. By integrating insights from scientific literature and real-world applications, this paper seeks to provide a comprehensive overview of the potential for livestock to support a transition toward more sustainable and resilient agricultural systems. In doing so, the paper contributes to an ongoing discussion about the future of animal production in a resource-constrained world. Rather than framing livestock solely as a source of environmental pressure, it adopts a more nuanced perspective that recognises both the limitations and the opportunities of the sector. Ultimately, the transition to circular agriculture will depend not only on technological innovation but also on systemic changes in how food is produced, processed, and consumed. Livestock, when appropriately managed, can play a crucial role in this transformation. To facilitate understanding of the role of livestock within circular agriculture, a conceptual framework is presented in Figure 1, illustrating the main resource flows, valorisation pathways, and system interactions.
2. Concept of Circular Agriculture
Circular agriculture is an approach to food production that seeks to maximise resource efficiency, minimise waste, and close nutrient and energy loops within agricultural systems [45,46]. It represents a shift away from the conventional linear model, where inputs are used to produce outputs that eventually become waste, toward a regenerative system in which outputs are continuously reintegrated as inputs [47]. This concept is grounded in the broader framework of the circular economy, adapted specifically to the biological and ecological processes that underpin agriculture [44,48].
At its core, circular agriculture is based on three key principles: reducing external inputs, recycling biomass, and restoring natural systems [47]. First, it aims to reduce dependence on finite and environmentally costly inputs such as synthetic fertilisers, imported feed, and fossil fuels [45]. Second, it emphasises the recycling of nutrients and organic matter through the reuse of agricultural by-products, food waste, and manure [7]. Third, it seeks to maintain and enhance soil health, biodiversity, and ecosystem services, ensuring the long-term sustainability of production systems [47,49].
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Figure 1. Conceptual framework of livestock within circular agriculture systems. Livestock convert non-human-edible biomass (e.g., crop residues, agro-industrial by-products, and food waste) into animal-sourced foods, while manure is recycled as fertiliser and used for renewable energy production. The integration of crop and livestock systems closes nutrient loops and enhances resource-use efficiency, generating environmental, economic, and social benefits.

A central feature of circular agriculture is the concept of closing nutrient cycles, particularly for essential elements such as nitrogen (N), phosphorus (P), and potassium (K). In conventional systems, these nutrients are often lost through processes such as leaching, volatilisation, runoff, and waste disposal, leading to environmental problems including water pollution and GHG emissions [50]. Circular systems aim to retain these nutrients within the production cycle by reusing organic residues and integrating crop and livestock systems [51]. For example, manure produced by livestock can be applied to agricultural land as a natural fertiliser, reducing the need for synthetic inputs while improving soil structure and fertility, enhancing nutrient availability and soil organic matter [52,53].
Another important aspect of circular agriculture is the efficient use of biomass, especially in relation to the concept of food–feed competition. In linear systems, a significant proportion of crops suitable for human consumption (such as cereals and soybeans) is used as animal feed, raising concerns about inefficiency and food security [54]. Circular agriculture challenges this model by prioritising the use of non-edible biomass for livestock feeding. This includes crop residues (e.g., straw, husks), agro-industrial by-products (e.g., bran, pulp, distillers’ grains), and surplus or unsold food that cannot be directly consumed by humans [55,56]. By doing so, livestock act as biological converters, transforming low-value materials into high-quality protein and other animal products [54,56].
The concept also promotes the integration of agricultural subsystems, particularly crop and livestock production. In highly specialised and industrialised systems, these components are often geographically and functionally separated, resulting in inefficiencies and environmental imbalances [57]. Circular agriculture encourages their reintegration, allowing for synergies such as the use of livestock manure to fertilise crops and the use of crop residues to feed animals [58]. This integrated approach not only improves nutrient cycling but also enhances resilience by diversifying farm outputs and reducing reliance on external inputs [50,59].
Energy use is another critical dimension of circular agriculture. Traditional agricultural systems are heavily dependent on fossil fuels for machinery, fertiliser production, and transportation. Circular systems aim to recover and reuse energy from agricultural waste streams, for instance, through anaerobic digestion of manure and organic residues to produce biogas, a renewable energy that can be used on‑farm or fed into the grid, contributing to reduced GHG emissions and improved energy self‑sufficiency. Anaerobic digestion harnesses microbial breakdown of organic materials, converting biomass such as manure, crop residues and other wastes into methane‑rich biogas that can be combusted for heat, electricity or upgraded to biomethane for use as a transport fuel or grid injection, thereby replacing fossil energy sources and closing energy loops in agricultural systems. Adoption of biogas technologies within circular agriculture not only enhances energy self‑sufficiency at farm and regional levels but also complements nutrient recycling when digestate is returned to soils as organic fertiliser [59,60].
Importantly, circular agriculture is not a one‑size‑fits‑all model but rather a flexible framework that can be adapted to different environmental, economic and social contexts. Its implementation depends on factors such as climate, soil type, farm structure and available technologies, all of which influence how circular principles are applied in practice and which strategies are most appropriate for particular settings [61,62]. Recent literature emphasises that circular agricultural models are highly context‑specific and adapted to local needs, with diversity in approaches ranging from small rural farms to industrial operations, reflecting variations in socio‑economic conditions, resource availability, infrastructure and cultural practices [62]. As a result, in some regions traditional practices such as integrated crop–livestock systems or extensive grazing already exhibit elements of circularity, whereas in others substantial investments in infrastructure and management innovations—such as nutrient recovery technologies or precision resource flows—are required to achieve meaningful circular transitions [61,62].
In Europe, circular agriculture is increasingly emphasised within sustainability strategies. EU frameworks like the Green Deal and Farm to Fork Strategy promote reduced nutrient loss, organic matter recycling, and lower dependence on external agricultural inputs [63]. The Farm to Fork Strategy explicitly sets targets such as reducing nutrient losses by at least 50 % and fertiliser use by at least 20 % by 2030, positioning circularity and sustainable nutrient management at the core of EU agricultural policy [63,64]. These initiatives recognise that improving the circularity of agricultural systems, including better integration of nutrient cycles and waste streams, is essential for addressing contemporary challenges such as climate change, biodiversity loss, and resource scarcity [63,65]. However, transitioning to circular agriculture faces challenges, as regulations limiting certain waste and by-products in animal feed, protecting food safety and animal health, hinder some waste valorisation pathways [66]. Additionally, collecting, processing, and redistributing agro-industrial by-products is costly and complex, especially where infrastructure is limited, creating adoption barriers, particularly for smaller-scale producers [66]. There are also knowledge and technological barriers, such as gaps in expertise, access to innovation and extension services, which further constrain the uptake of circular practices within farming communities [63].
Despite these challenges, circular agriculture offers a holistic, systems‑based approach to improving food production sustainability. By emphasising resource efficiency, nutrient recycling and system integration, it provides a conceptual foundation for re‑thinking the role of livestock and other agricultural components in interconnected agricultural landscapes [62,67]. In circular frameworks, farms are viewed as interconnected systems in which outputs from one process become valuable inputs for another, such as integrating crop and livestock production to recycle nutrients and reduce external input dependency [62]. This systems perspective underpins the design of closed‑loop farming models and integrated organic or agroecological practices, which have been shown to enhance resource utilisation, reduce waste and improve resilience across food systems [68,69]. In this context, livestock production can be re-evaluated not only in terms of its environmental impacts but also in terms of its potential contributions to circularity. Understanding the principles of circular agriculture is therefore essential for assessing how animal production systems can be redesigned to better align with sustainability goals.
3. Role of Livestock in Circular Systems. 
Livestock play a central and diverse role in circular agriculture, acting as biological converters, nutrient recyclers and integrators of agricultural subsystems. While animal production is often associated with environmental pressures, within a circular framework, it can significantly enhance resource efficiency by transforming materials that would otherwise be wasted into valuable food products and organic resources [70]. In circular bioeconomy systems, livestock can upcycle non‑human‑edible biomass such as crop residues, grass from marginal lands and agro‑industrial by‑products into nutrient‑dense animal‑sourced foods while recycling nutrients and organic matter back into cropping systems through manure and other residual streams [70,71]. Understanding this role, therefore, requires a shift in perspective from viewing livestock primarily as competitors for human‑edible resources, to recognising their potential as key agents in biomass valorisation and nutrient cycling that support more integrated, sustainable agricultural systems [70,71].
One of the most important contributions of livestock in circular systems is their ability to convert non-human-edible biomass into high-quality, nutrient-dense foods. A large proportion of global agricultural biomass (such as grasslands, crop residues and various agro‑industrial by‑products) is not directly consumable by humans [70]. Livestock, particularly ruminants (such as cattle, sheep, and goats), possess specialised digestive systems that enable them to break down fibrous plant materials through microbial fermentation in the rumen, allowing them to utilise resources (such as pasture, hay and straw) materials that would otherwise have limited or no direct value for human nutrition [70]. By feeding on low‑opportunity‑cost biomass that is unsuitable for human consumption, ruminants can convert these inputs into nutrient‑dense foods like meat and milk without directly competing with humans for edible crops, supporting both food supply and resource‑efficient production within circular agricultural frameworks [70,72].
Monogastric animals, including pigs and poultry, also play a significant role in circular systems, albeit in different ways. These species are highly efficient at converting feed into meat and eggs and can utilise a wide range of agro‑industrial by‑products and surplus food streams as alternative feed ingredients within circular food systems [73]. In circular approaches, diets for pigs and poultry are increasingly formulated to include low‑opportunity‑cost feed materials (such as co‑products from food processing [e.g. whey, cereal by‑products], crop residues and other human‑inedible ingredients), reducing reliance on conventional cereals and soybean meal while capturing nutrients that would otherwise be lost [73,74]. For example, pigs are well‑suited to use former food products and food processing residues as feed inputs, which can help retain nutrients in the food chain and decrease the environmental footprint associated with the cultivation of primary feed crops [74]. Similarly, poultry diets can incorporate oilseed meals and other industrial by‑products as sustainable feed components [73]. By integrating these alternative feed sources into monogastric diets, livestock helps reduce demand for land‑intensive feed crops such as maize and soybean, alleviating pressure on land use and reducing the environmental footprint of feed production within circular agriculture frameworks [73,74].
Another key function of livestock in circular agriculture is their role in nutrient recycling through manure production. Animal manure is a valuable organic fertiliser rich in essential nutrients, including N, P and K, and when managed appropriately, it contributes substantially to soil fertility and structure by supplying nutrients and organic matter to soils [52,75]. Proper application of manure can improve soil physical and biological properties, enhance microbial activity, and increase nutrient availability for crops, thereby helping close nutrient loops within farming systems and reducing reliance on synthetic fertilisers [52,75]. In integrated crop–livestock systems, manure serves as a direct link between animal and plant production, reinforcing the interconnectedness that defines circular agriculture, as nutrients excreted by livestock are returned to fields to support subsequent crop growth rather than being lost to the environment [70,75].
Beyond its use as a fertiliser, manure also represents a resource for renewable energy production. Through processes such as anaerobic digestion, manure and other organic residues can be converted into biogas, which can be used for heating, electricity generation, or as a vehicle fuel, thereby displacing fossil energy sources and contributing to GHG mitigation [76,77]. The residual material from biogas production, known as digestate, is nutrient‑rich and can be used as a fertiliser or soil conditioner, further enhancing nutrient recycling and reducing reliance on synthetic fertilisers [77,78]. Anaerobic digestion of livestock manure has been linked to significant improvements in energy efficiency and nutrient utilisation within circular agriculture frameworks, demonstrating its potential to contribute to sustainable farm systems [76].
Livestock also contribute to circular systems by enabling the productive use of marginal lands that are unsuitable for crop cultivation. Grasslands, which account for a large portion of the world’s terrestrial surface, often cannot be used for arable farming due to soil, climate or topographical constraints, yet support a range of biomass that can be converted into food through grazing livestock [79,80]. Grazing livestock can utilise forage on these lands, thereby increasing overall land‑use efficiency without direct competition with crop production, and can deliver multiple ecosystem services, including supporting biodiversity and contributing to soil carbon pools under appropriate management regimes [79,81]. Research has also shown that mixed grazing systems can enhance plant diversity and soil carbon sequestration in grasslands, illustrating how livestock grazing (when managed sustainably) can maintain ecosystem structure and function on marginal terrains [82]. Well‑managed grazing, particularly within integrated landscape approaches, therefore contributes to circular agriculture by linking biomass production on marginal lands with food production and ecosystem service delivery.
The integration of livestock into agricultural systems also enhances system resilience and diversification. Mixed farming systems that combine crop and animal production are generally more robust in the face of economic and environmental variability because they spread risk across multiple enterprises and reduce reliance on a single output [59,83]. Livestock provide multiple outputs (such as meat, milk, eggs and manure), and in some contexts even draft power, while offering flexibility in resource use, for example, by converting surplus crop residues into animal products or using animal outputs to support crop growth [84]. This means that crop failures can be partially offset by livestock production, and surplus biomass from one part of the system can be redirected to another, increasing the overall stability of the farm [59,84]. Such interconnectedness and diversity of outputs is a key attribute of mixed crop–livestock systems and is recognised as a pathway to improved resilience, food security and livelihood stability under variable climatic and market conditions [59,83].
However, the extent to which livestock contribute positively to circular agriculture depends heavily on management practices and system design. In systems where animals are fed large quantities of human‑edible feed or where manure and nutrient flows are not effectively recycled, the potential benefits of circularity can be substantially diminished [66,73]. Research shows that optimising livestock systems for circularity involves strategies such as prioritising non‑human‑edible feed resources (e.g. crop residues and agro‑industrial by‑products), improving feed efficiency to reduce waste and emissions, enhancing manure management to capture nutrients and energy, and strengthening the integration between crop and animal production to close nutrient loops and increase system efficiency  [73,75,79]. These integrated approaches enhance resource use within farming systems and help unlock the environmental and economic advantages of circular livestock production while minimising trade‑offs associated with conventional, linear livestock models [75,79].
It is also important to recognise that different livestock species offer complementary roles within circular systems. Ruminants are particularly valuable for utilising fibrous biomass and maintaining grassland ecosystems, while monogastric excel in converting concentrated feed and by-products into high-quality protein with relatively high efficiency. A balanced combination of species can therefore maximise the use of available resources and improve the overall sustainability of the system.
4. Livestock as Biological Upcyclers.
A key concept within circular agriculture is the idea of livestock as biological upcyclers, meaning their ability to transform low-value, non-human-edible biomass into high-value, nutrient-dense food products [85,86]. Unlike simple recycling, which often maintains the same level of value, upcycling increases the nutritional and economic value of resources [70]. In this sense, livestock, through their unique physiological and metabolic processes, serve as natural bioconversion systems that upgrade materials otherwise unsuitable for human consumption [54,85].
A substantial proportion of global agricultural biomass consists of materials that humans cannot digest or efficiently utilise. These include lignocellulosic plant materials such as grasses, crop residues (e.g., straw, maize stove), and by-products from food and biofuel industries [85,86]. Without livestock, much of this biomass would either remain underutilised or require alternative disposal methods, some of which may have environmental costs [70,86]. By incorporating these materials into animal feeding systems, livestock effectively recover value from waste streams, contributing to both food production and waste reduction [54,85].
Ruminant animals, such as cattle, sheep and goats, are particularly effective biological upcyclers due to their specialised digestive system. The rumen hosts a complex microbial ecosystem capable of breaking down cellulose and hemicellulose (components of plant cell walls that are indigestible to humans) through the synergistic activity of bacteria, protozoa and fungi [87,88]. Anaerobic microbial fermentation of these fibrous materials yields volatile fatty acids, which serve as the primary energy source for the host animal [88,89]. In addition, the rumen microbiota synthesises microbial protein from non‑protein nitrogen and feed components, contributing substantially to the animal’s amino acid supply and ultimately to meat and milk protein production [88,90]. As a result, ruminants can convert low‑quality forages and other fibrous biomass into high‑quality protein, milk and other products, effectively upgrading the nutritional value of the original biomass [88,89].
Monogastric animals, including pigs and poultry, also play an important role as biological upcyclers, although their mechanisms differ. While they cannot digest high‑fibre materials to the same extent as ruminants, they are highly efficient at converting concentrated feedstuffs and by‑products into animal protein [91,92]. Pigs, for example, have traditionally been fed kitchen scraps and food waste, reflecting their omnivorous diet, and they can utilise a wide range of agro‑industrial residues such as whey, distillers’ grains and surplus bakery products as alternative feed ingredients [74,93]. The inclusion of former food products (defined as food intended for human consumption but no longer suitable for that purpose) in pig diets can maintain growth performance and support sustainable nutrient reuse within the food system [74]. Poultry can similarly incorporate various by‑products and agro‑industrial co‑products into their diets, contributing to efficient use of available resources and aligning with circular agriculture principles [91,92].
The concept of livestock as biological upcyclers is closely linked to their net contribution to the human‑edible protein supply. When animals are fed primarily on resources that humans cannot consume, such as crop residues and by‑products, their metabolism can result in a net gain of edible protein available to people. Some livestock systems, therefore, contribute positively to human protein supply when they minimise competition with foods that humans could otherwise eat directly [94]. In contrast, systems that rely heavily on human‑edible grains can increase feed–food competition and reduce the overall efficiency of protein production from agricultural biomass [94]. Consequently, maximising the upcycling potential of livestock involves carefully selecting feed resources that do not compete directly with human food supplies, aligning with strategies to reduce feed–food competition and enhance food security in sustainable food systems [94,95].
Beyond protein production, livestock also upcycle biomass into a range of other valuable outputs. Animal‑sourced foods such as milk and eggs provide essential nutrients, including bioavailable calcium, vitamins and high‑quality protein, and meat delivers energy and a balanced spectrum of essential amino acids crucial for human nutrition [54,96]. In addition to edible outputs, livestock produce by‑products such as hides, wool and feathers that can be transformed into textiles, biomaterials and industrial products, enhancing the overall value derived from biomass and supporting diversified value chains [97]. Manure, another major co‑product, is widely regarded as a resource rather than waste in circular systems: it can be returned to agricultural soils to recycle nutrients, improve soil fertility and reduce reliance on synthetic fertilisers, or used in anaerobic digestion systems to generate renewable energy and nutrient‑rich digestates for fertilisation [54,70]. In this way, livestock contribute to nutrient recycling and the valorisation of residual biomass, reinforcing the biological upcycling concept within sustainable and circular agricultural frameworks.
However, the efficiency of livestock as biological upcyclers is influenced by several factors, including feed composition, animal genetics, management practices and overall system design. Systems that rely heavily on human-edible feed or fail to utilise by-products effectively may not achieve true upcycling benefits and can increase competition between feed and food resources [98,99]. Moreover, practical and regulatory constraints limit the use of certain waste streams, particularly those related to food safety and disease prevention. For example, although the use of food waste in animal feed has potential sustainability benefits, concerns regarding pathogen transmission, variability in nutrient composition and biosecurity risks have led to strict regulations or outright bans in many regions [100,101]. These constraints highlight the importance of appropriate processing, risk mitigation strategies and policy frameworks when integrating waste streams into livestock feeding systems.
Environmental considerations also play a critical role in evaluating the upcycling function of livestock. While the conversion of waste biomass into food provides clear resource efficiency benefits, it must be balanced against the environmental impacts associated with animal production, including GHG emissions, land use and nutrient losses [44,102]. Consequently, the net sustainability of livestock systems depends on both their ability to utilise non-human-edible resources and their environmental footprint [44,103]. Assessing livestock as biological upcyclers, therefore, requires a systems-level perspective, commonly employing tools such as life cycle assessment (LCA) to quantify environmental impacts alongside resource efficiency and nutritional outputs [103,104].
Despite these challenges, the concept of livestock as biological upcyclers provides a powerful framework for rethinking their role in sustainable food systems. Rather than being viewed solely as resource-intensive, livestock can be recognised for their capacity to enhance the value of existing biomass, reduce waste, and contribute to nutrient cycling. This perspective is essential for designing agricultural systems that are both productive and environmentally responsible.
5. Waste Valorisation Pathways in Livestock Systems
A cornerstone of circular agriculture is the concept of waste valorisation, which refers to transforming materials traditionally considered waste into valuable resources. In livestock systems, waste valorisation encompasses feed by-products, food waste, manure, and energy recovery, allowing farms to reduce environmental impact, enhance resource efficiency, and improve economic sustainability. These pathways illustrate how livestock can be integrated into circular systems as biological upcyclers and nutrient recyclers.
A wide range of biomass streams can be valorised within livestock systems, each with distinct nutritional characteristics and operational constraints. Table 1 provides a structured overview of the main categories of feed resources used in circular livestock systems.
Table 1. Overview of major categories of biomass resources used in circular livestock systems, including representative examples, their primary nutritional contributions, and key limitations affecting their utilisation. These feed resources play a central role in reducing feed–food competition and enhancing resource efficiency through waste valorisation.
	Category
	Common Examples
	Primary Nutritional Contribution
	Main Challenges
	Key
References

	Crop Residues
	Wheat straw; corn stover; sugarcane bagasse
	Fermentable fibre (energy source for ruminants)
	High lignin content; low digestibility; often requires pre-treatment
	[17]

	Agro-industrial By-products
	Distillers grains (DDGS); soybean hulls; citrus pulp
	High-quality protein and digestible energy
	Logistical constraints; high moisture content (perishability); price volatility
	[18], [24]

	Food Surplus and Retail Waste
	Bread and bakery waste; fruit and vegetable rejects
	Soluble carbohydrates; vitamins
	Strict sanitary regulations; variable composition; pathogen risk
	[25] [21]

	Former Food Products (FFPs)
	Processed food no longer intended for human consumption
	High energy density (cooked starches and fats)
	De-packaging requirements; traceability issues; lipid oxidation
	[38],

	Emerging Feed Sources
	Insect meal (reared on organic waste); seaweed
	Concentrated amino acids; bioactive compounds
	Scaling limitations; consumer acceptance; regulatory barriers
	[26]



5.1 Agro-Industrial By-Products in Feed
One of the most widespread and effective waste valorisation strategies is the use of agro-industrial by-products as livestock feed. These materials are generated by food processing, beverage production and biofuel industries and include products such as brewers’ grains, whey from dairy processing, oilseed cakes from oil extraction, and fruit and vegetable pulp [38,105]. The incorporation of these by-products into animal diets can reduce reliance on conventional feed resources, improve resource efficiency and contribute to circular agricultural systems by retaining nutrients within the food chain [38,106]. In addition, the nutritional composition of many agro-industrial by-products (often rich in protein, fibre or energy) makes them suitable feed ingredients for both ruminant and monogastric livestock when appropriately processed and formulated [23,105].
[bookmark: _GoBack]By incorporating these by-products into animal diets, farms can achieve multiple benefits. Resource efficiency is improved, as materials that would otherwise require disposal are converted into high-value animal products [38,106]. Cost reduction can be realised, since feed represents a major proportion of livestock production costs, and the use of by-products can reduce dependence on conventional feed grains [38,107]. Also, environmental benefits arise from diverting by-products away from waste streams, thereby reducing landfill use, methane emissions from decomposition, and the overall carbon footprint of food systems [23,106].
Ruminants, pigs and poultry can all utilise agro-industrial by-products to varying degrees. Ruminants are particularly efficient at processing fibrous by-products such as beet pulp and brewers’ spent grains due to their ability to ferment structural carbohydrates in the rumen [105]. In contrast, monogastric animals such as pigs and poultry are more efficient at converting energy- and protein-dense residues into meat, eggs and other products [38]. Appropriate diet formulation is essential to ensure nutritional balance, maximise productivity and maintain animal health while effectively utilising these alternative feed resources [105,106].
5.2 Food Waste Recycling
Food waste, including household scraps and surplus food from retail and processing, represents an important feed resource in circular systems, particularly for pigs and, to a lesser extent, poultry [73,108]. This practice reflects traditional feeding systems in which pigs consumed kitchen waste, aligning with circular principles of nutrient reuse [74].
The use of processed food waste can improve resource efficiency, reduce reliance on conventional feed, and lower environmental burdens associated with waste disposal, without compromising animal performance when properly managed [109]. However, strict treatment and regulation are required to mitigate biosecurity risks, including pathogen transmission, necessitating processes such as heat treatment and controlled handling [66,108].
Key considerations for using food waste in livestock diets include ensuring safety, understanding nutrient variability and complying with legal requirements. Before food waste can be included in animal diets, it must generally undergo heat treatment or fermentation to eliminate potential pathogens and reduce the risk of disease transmission; inadequate processing has historically been linked to outbreaks of diseases such as foot‑and‑mouth disease and African swine fever, which have driven restrictive regulations in many regions [110,111]. Nutritional assessment is also critical because food waste is heterogeneous and its nutrient composition can vary widely; without proper analysis and diet formulation, diets may be unbalanced, impairing animal performance or health [112,113]. Finally, legal and regulatory compliance is essential: many jurisdictions restrict the use of untreated food waste in livestock feed to guard against biosecurity risks, and specific requirements (e.g. heat processing standards for swill used in pig diets) are enforced under animal health and feed safety laws to prevent the spread of pathogens [110,111]. 
By recycling food waste, farms can reduce landfill loads, decrease GHG emissions, and recover nutrients, while simultaneously supplying cost-effective feed. This approach exemplifies the dual benefit of environmental mitigation and resource recovery.
5.3 Manure Management and Nutrient Recycling
Manure is the primary waste output of livestock systems and a key resource for nutrient recycling and soil fertility when managed appropriately. Applying manure directly to croplands spreads essential nutrients such as N, P and K across fields, functioning as a natural fertiliser that can replace or supplement synthetic inputs and improve soil health by increasing organic matter and soil microbial activity [114]. Another common treatment is composting, an aerobic process in which microorganisms decompose manure into a more stable, nutrient‑rich amendment that reduces pathogen levels and odours while enhancing soil structure and nutrient availability [115,116]. Finally, anaerobic digestion breaks down manure in the absence of oxygen to produce biogas, a renewable energy source, while generating a nutrient‑rich digestate that can be used as a biofertiliser, helping close nutrient loops and reduce dependence on synthetic fertilisers [117,118]. Livestock manure, rather than being a waste, can be transformed into valuable inputs for crop production and energy systems within circular agricultural frameworks. Effective manure management closes nutrient loops by returning N, P, and K to agricultural soils. It also prevents pollution from runoff and reduces reliance on non-renewable inputs, aligning livestock production with circular agriculture principles.
5.4 Energy Recovery
Livestock waste streams (including manure, slurry and other organic residues) can be converted into renewable energy, adding another important dimension to waste valorisation within circular agricultural systems. 
One of the most widely adopted technologies is anaerobic digestion, a microbial process that decomposes organic matter in the absence of oxygen to produce biogas, a mixture rich in methane that can be used to generate electricity, heat or vehicle fuel, thereby substituting fossil energy sources and enhancing energy self‑sufficiency on farms [119,120]. Capturing methane through anaerobic digestion also mitigates GHG emissions that would otherwise be released directly into the atmosphere from unmanaged manure and slurry decomposition [119,121]. In addition to its energy value, the digestate left after fermentation remains nutrient‑rich and can be applied to agricultural land as a biofertiliser, returning organic matter and plant nutrients such as N and P to soils and contributing to soil fertility while reducing reliance on synthetic fertilisers [122,123]. 
These processes demonstrate how livestock waste can be transformed from an environmental burden into a source of renewable energy and fertile soil amendments, supporting the circular economy’s aims of resource recovery and emissions reduction. Energy recovery exemplifies the concept of waste-to-resource transformation, a central tenet of circular agriculture.
5.5 Integrated Waste Valorisation Systems
The greatest benefits in CLS are realised when multiple valorisation pathways are integrated within a farm or regional system. In such models, agro‑industrial by‑products feed livestock, turning materials that would otherwise be wasted into productive inputs and helping retain nutrients within the food system [124]. At the same time, manure and processing residues can be stabilised through composting or converted via anaerobic digestion, producing nutrient‑rich soil amendments and renewable energy, which both contribute to soil fertility and reduce reliance on external inputs [121,124]. Surplus food waste can also be safely recycled into animal feed following appropriate treatment and regulatory compliance, thereby diverting organic resources from disposal and enhancing feed resource efficiency [124]. These practices enable the nutrients from animal products, manure and digestate to be returned to crop fields, effectively completing nutrient loops and reinforcing the circular flow of resources between crop and livestock systems. Such systems exemplify the principle that one farm’s “waste” can become another’s “resource,” a defining feature of circular agriculture.
5.6 Challenges and Considerations
Despite the clear benefits of waste valorisation in CLS, several challenges and considerations must be addressed to implement these pathways effectively. 
Ensuring feed safety and quality is essential because heterogeneous by‑products and food waste streams vary widely in composition and can harbour pathogens, chemical residues or contaminants if not carefully monitored and processed before inclusion in animal diets [103].
Logistical challenges arise from the collection, storage and transport of by‑products, food waste and manure, which can be labour‑intensive, costly and technically complex, particularly when maintaining feed quality and preventing spoilage over time [125]. 
Regulatory compliance is a significant constraint: policies governing feed safety, manure application, and bioenergy production differ across jurisdictions and often restrict the use of certain waste streams in livestock feed to mitigate risks such as disease transmission, necessitating stringent certification, traceability and treatment protocols [66]. 
Finally, there are environmental trade‑offs to consider. Although upcycling can reduce waste and avoid emissions associated with landfill or incineration, livestock systems still generate greenhouse gases and other pollutants, and assessments that consider the full life cycle (including emissions from processing, transport and conversion) are needed to avoid burden‑shifting and ensure net environmental benefits [126]. 
Addressing these challenges requires technological innovation, training, and supportive policies, but the potential benefits in sustainability and circularity are substantial.
6. Economic and Social Implications
Beyond environmental sustainability, livestock systems in circular agriculture have significant economic and social implications. By valorising waste streams, recycling nutrients, and producing multiple outputs, CLS can enhance farm profitability, create employment opportunities, and support rural communities. However, successful implementation requires investment, infrastructure, and supportive policies. 
6.1 Economic Benefits of Circular Livestock Systems
Beyond environmental sustainability, livestock systems within circular agriculture have significant economic and social implications. By valorising waste streams, recycling nutrients, and generating multiple outputs, CLS can enhance farm profitability, create employment opportunities, and strengthen rural economies. However, their successful implementation depends on adequate investment, infrastructure, and supportive policy frameworks [44,127].
CLS can generate both direct and indirect economic benefits for farmers and agribusinesses. One of the most immediate advantages is the reduction in feed costs. Feed represents the largest single expense in livestock production, and the utilisation of agro-industrial by-products, crop residues, and safely processed food waste can significantly reduce reliance on conventional feed grains such as wheat and soybean meal. Studies have shown that incorporating by-products such as brewers’ grains, whey, and oilseed cakes into livestock diets can lower input costs while maintaining or even improving animal productivity, provided that diets are properly formulated [23,128].
In addition to cost savings, CLS create new revenue streams. Manure and other organic residues can be processed into organic fertilisers or used in anaerobic digestion systems to produce biogas. This not only offsets on-farm energy use but can also generate income through the sale of electricity, heat, or biomethane. Recent research highlights that integrating anaerobic digestion into livestock systems can significantly improve farm profitability while simultaneously reducing GHG emissions [28,129]. These diversified outputs allow farms to move beyond single-product systems and develop more resilient business models.
Improved resource efficiency is another key economic benefit. By integrating crop and livestock systems, farms can optimise the use of available biomass, reduce waste, and increase productivity per unit of land. Circular systems enable nutrients to be reused within the farm, decreasing dependence on external inputs such as synthetic fertilisers and purchased feed. This enhanced efficiency contributes to long-term economic resilience, particularly in the face of volatile input prices and market uncertainty [44,130].
Furthermore, CLS offer opportunities for market differentiation. As consumer awareness of environmental sustainability and ethical production increases, there is a growing demand for livestock products that are produced with reduced environmental impact. Products labelled as sustainably produced, circular, or low-waste can command price premiums and improve market access. Evidence suggests that consumers are increasingly willing to pay more for environmentally friendly food products, particularly when transparency and certification schemes are in place [131,132]. This creates incentives for producers to adopt circular practices and communicate their sustainability credentials effectively.
6.2 Rural Development and Employment
CLS also have important social implications, particularly in rural areas, where they contribute to employment generation, community resilience, and capacity building. The transition towards circular agriculture often increases labour demand due to the integration of activities such as feed recovery, nutrient recycling, manure management, and bioenergy production. Compared with highly specialised, industrial systems, circular and mixed farming systems tend to be more labour-intensive and can therefore stimulate rural employment and support local economic development [133]. Empirical analyses of circular economy transitions in agriculture also indicate that the adoption of recycling practices and secondary resource use can create new employment opportunities across agricultural value chains, including processing, logistics, and energy sectors [134]. In addition, technologies such as anaerobic digestion associated with livestock systems generate both temporary and permanent jobs in construction, operation, and maintenance, while also supporting new entrepreneurial activities linked to energy and fertiliser production [135].
Beyond job creation, CLS contribute to enhanced community resilience. By diversifying outputs (such as meat, milk, eggs, organic fertilisers, and renewable energy) farms reduce their dependence on single income sources and become less vulnerable to market volatility and environmental shocks. Mixed crop–livestock systems, a core component of circular agriculture, are less sensitive to price fluctuations and input dependency, thereby improving economic stability at both farm and community levels [133]. Moreover, circular systems promote local resource use and internal nutrient cycling, which reduces reliance on external inputs and strengthens the adaptive capacity of rural production systems under conditions of climate and economic uncertainty [64].
The implementation of circular livestock practices also drives skill development and knowledge transfer in rural areas. Circular systems require technical competencies in areas such as feed formulation using by-products, nutrient management, and the operation of technologies such as anaerobic digestion. This shift fosters the development of new knowledge networks, encourages farmer learning, and supports the emergence of more knowledge-intensive agricultural systems. Evidence from circular agriculture initiatives shows that such transitions are associated with the development of new skills, particularly among younger farmers and rural workers, and can enhance participation and empowerment within rural communities [135]. At the same time, the transition involves broader social change, including new forms of collaboration, organisation, and knowledge exchange across the agricultural value chain, which are essential for the successful implementation of circular systems [64].
6.3 Policy and Institutional Support
The economic and social benefits of CLS are strongly influenced by policy frameworks, which can either facilitate or constrain their adoption. Public policies play a central role in shaping the economic feasibility of circular practices, particularly through financial incentives, regulatory structures, and knowledge support systems.
Financial support mechanisms, including subsidies and targeted incentives, are critical for promoting the adoption of circular technologies and practices in livestock systems. Investments in renewable energy infrastructure, such as anaerobic digestion plants, manure processing technologies, and sustainable feed innovations, often require substantial upfront capital. Policy instruments such as grants, feed-in tariffs, and rural development funding can significantly improve the economic viability of these systems and reduce financial risk for farmers. Evidence from European agricultural policy frameworks indicate that targeted subsidies under programmes such as the Common Agricultural Policy (CAP) have been instrumental in supporting bioenergy adoption and nutrient recycling initiatives within livestock systems [28,136].
At the same time, regulations and standards are essential to ensure that circular livestock practices are implemented safely and sustainably. Policies governing feed safety, manure application, waste handling, and environmental protection help prevent risks related to contamination, disease transmission, and nutrient pollution. However, overly complex regulatory frameworks or high compliance costs can act as barriers, particularly for small-scale producers with limited financial and administrative capacity. Studies have shown that strict regulations on the use of food waste in animal feed, while necessary for biosecurity, can limit the adoption of circular feeding practices and reduce opportunities for waste valorisation [21,136]. Achieving an appropriate balance between risk management and innovation is therefore crucial for enabling circular transitions in livestock systems.
In addition to financial and regulatory measures, research and extension services play a vital role in facilitating the uptake of circular livestock practices. Governmental and institutional support through advisory services, farmer training programmes, and knowledge transfer initiatives enhances the capacity of producers to implement new technologies and management strategies. Access to reliable information on feed formulation using by-products, nutrient management, and energy recovery systems is particularly important for ensuring both economic efficiency and environmental performance. Research has demonstrated that strong agricultural knowledge and innovation systems significantly improve adoption rates of sustainable practices and support the dissemination of best practices across farming communities [137,138].
6.4 Challenges and Limitations
Despite their potential benefits, CLS face several economic and social challenges that can limit their adoption and scalability. One of the primary constraints is the requirement for substantial capital investment. Infrastructure associated with circular practices (such as anaerobic digestion plants, manure processing facilities, and feed treatment technologies) often involves high upfront costs, which can be prohibitive for many farmers, particularly smallholders. Evidence suggests that while such investments can yield long-term economic and environmental benefits, the initial financial burden and uncertainty regarding returns remain significant barriers to adoption [28,139].
In addition to financial constraints, knowledge gaps represent a major challenge. The implementation of circular livestock practices requires specialised expertise in areas such as feed formulation using by-products, nutrient management, and the operation of bioenergy systems. Farmers with limited access to training, advisory services, or technical support may struggle to adopt these practices effectively. Studies highlight that insufficient knowledge transfer and weak agricultural innovation systems can significantly hinder the uptake of sustainable and circular approaches, particularly among small-scale or less-experienced producers [137,138].
Market access also poses an important limitation. While CLS can produce environmentally sustainable products, access to premium markets that reward such practices is uneven. Farmers in developing regions, or those operating within conventional supply chains, may not benefit from price premiums due to limited certification schemes, weak market infrastructure, or low consumer awareness. As a result, the economic incentives for adopting circular practices may be insufficient, reducing their attractiveness despite potential environmental gains [140].
Regulatory barriers further complicate the implementation of CLS. Legal restrictions related to feed safety, particularly the use of food waste in animal diets, as well as regulations governing manure management and renewable energy production, can limit the extent to which waste valorisation strategies are applied. Although these regulations are essential for safeguarding public and animal health, they can also impose administrative burdens and restrict innovation if not carefully designed. For example, strict controls on swill feeding in many regions have reduced opportunities for recycling food waste into livestock feed, despite its potential sustainability benefits [21,136].
6.5 Social Acceptance and Perception
The societal dimension plays a crucial role in shaping the success and acceptance of circular livestock practices. Public perception of livestock systems strongly influences market demand, particularly as consumers become increasingly aware of environmental sustainability and ethical production issues. Consumer awareness and understanding of how livestock contribute to circularity (through waste upcycling, nutrient recycling, and reduced resource use) can positively affect acceptance and purchasing behaviour. Studies indicate that consumers are more likely to support livestock products perceived as environmentally sustainable, especially when clear information and credible labelling are provided [131,141]. Improving transparency and communication regarding circular practices is therefore essential to enhance consumer trust and market uptake.
Animal welfare considerations also represent a central societal concern. While CLS aim to improve resource efficiency, it must also ensure that animal health and welfare are not compromised. Consumers and regulatory bodies increasingly demand high welfare standards, and failure to meet these expectations can undermine the social acceptability of livestock production systems. Research shows that animal welfare is a key determinant of consumer attitudes towards animal-based food products, often interacting with environmental concerns in shaping purchasing decisions [142,143]. Consequently, CLS must balance efficiency gains with ethical livestock management practices to maintain legitimacy and public support.
Community engagement is another critical factor influencing the long-term viability of CLS. The integration of local knowledge, participatory decision-making, and stakeholder involvement enhances the relevance and acceptance of circular practices at the local level. Engaging farmers, communities, and other stakeholders in the design and implementation of circular systems can improve adoption rates and foster a sense of ownership and trust. Evidence suggests that inclusive and participatory approaches to agricultural innovation strengthen social acceptance and facilitate the successful transition to more sustainable and resilient food systems [137,144]. Furthermore, demonstrating tangible local benefits (such as employment opportunities, improved soil fertility, or renewable energy generation) can reinforce community support and ensure the durability of circular livestock initiatives.
7. Discussion
The concept of circular agriculture reframes livestock systems from being primarily resource-intensive to potentially resource-efficient components of sustainable food systems. Within this framework, livestock function not merely as consumers of biomass but as active agents of upcycling, nutrient recycling, and system integration. This perspective challenges conventional narratives and highlights the conditions under which livestock can contribute positively to sustainability outcomes.
Livestock act as biological upcyclers by converting low-value or non-human-edible biomass into nutrient-dense food products. Ruminants, owing to their specialised digestive systems, are particularly effective at utilising fibrous materials such as pasture, crop residues, and agro-industrial by-products, whereas monogastric species such as pigs and poultry efficiently convert more concentrated by-products and permissible food-waste streams. This functional complementarity across species enables a broader utilisation of available biomass and supports more efficient resource use. However, the extent of this benefit depends critically on feed composition; systems that rely heavily on human-edible feed inputs undermine the upcycling advantage and intensify food–feed competition.
The role of livestock in nutrient recycling further reinforces their potential contribution to circular systems. Manure represents a key pathway for returning essential nutrients, including N, P, and organic matter, to agricultural soils, thereby reducing reliance on synthetic fertilisers and improving soil health. When integrated effectively with crop production, livestock systems can contribute to closing nutrient loops and enhancing agroecosystem resilience. Nevertheless, these benefits are highly context-dependent. Poor manure management can lead to nutrient losses, water pollution, and GHG emissions, indicating that circularity is not inherently achieved but must be actively managed.
Waste valorisation pathways, including the use of agro-industrial by-products, food waste, and energy recovery technologies, further illustrate the transformative potential of CLS. By redirecting materials that would otherwise be discarded, these systems can reduce environmental burdens while improving economic efficiency through lower input costs and diversified revenue streams. Integrated systems, in which crop residues feed livestock, manure fertilises crops, and organic waste is converted into energy, exemplify the systemic synergies central to circular agriculture. At the same time, the feasibility of such integration depends on logistical, technological, and regulatory conditions, which vary widely across regions and production systems.
Despite these advantages, significant challenges and trade-offs remain. Livestock production continues to be associated with GHG emissions, particularly methane from enteric fermentation and nitrous oxide from manure management. While circular approaches can mitigate some of these impacts, they do not eliminate them, and in some cases may shift environmental burdens rather than reduce them overall. In addition, variability in by-product availability and quality, regulatory restrictions on waste use, and biosecurity concerns limit the scalability of certain circular practices. Economic barriers, including high capital investment requirements for infrastructure such as anaerobic digestion, further constrain adoption, particularly among small-scale producers. Social and institutional factors, including consumer perceptions, animal welfare concerns, and policy frameworks, also play a decisive role in shaping the feasibility of CLS.
Consequently, CLS should not be viewed as a universal solution but rather as a context-dependent strategy with significant potential when appropriately designed. Their effectiveness depends on aligning feed resources with non-human-edible biomass, optimising nutrient management, integrating crop and livestock production, and adopting enabling technologies. Equally important are supportive policy environments, access to knowledge and training, and market structures that reward sustainable practices.
Beyond their environmental implications, CLS offer broader societal benefits. By enhancing resource efficiency, reducing waste, and generating renewable energy, they contribute to climate mitigation and resource conservation. At the same time, their integration into farming systems can support rural development by creating employment, diversifying income streams, and facilitating knowledge transfer. These multidimensional contributions highlight the importance of adopting a systems perspective when evaluating livestock within sustainable agriculture.
The transition towards CLS requires not only technological innovation but also systemic change in how agricultural systems are organised, managed, and valued. Recognising both the opportunities and limitations of livestock within circular frameworks is essential for developing balanced, realistic pathways towards sustainable food systems.
8. Future Perspectives and Innovations
The transition of livestock systems toward circular agriculture presents significant opportunities for innovation and systemic improvement. As global populations rise and environmental pressures intensify, livestock must increasingly function not only as producers of food but also as biological upcyclers, nutrient recyclers, and drivers of sustainable resource use. Advancements in technology, feed development, and policy support will be essential to realise this potential.
Precision livestock farming offers considerable promise by enabling real-time monitoring of animal health, growth, and feed efficiency. Sensors and automated systems can optimise feed allocation, improve nutrient utilisation, and reduce waste while simultaneously enhancing animal welfare. This approach allows farmers to fine-tune diets to individual animals, minimising methane and N emissions and improving the overall efficiency of circular systems.
Innovations in feed resources also have transformative potential. Novel sources such as insect-based protein, microalgae, and pre-treated food waste can expand the range of non-human-edible biomass converted into high-quality animal products. Insects, for example, efficiently transform organic waste into protein suitable for pigs, poultry, and aquaculture, while microalgae can provide nutrient-rich supplements and even utilise nutrient streams from livestock waste, closing multiple loops simultaneously. These feed innovations not only reduce reliance on conventional grains but also increase the overall sustainability and resilience of livestock production.
Manure and other livestock residues can be further valorised through energy and nutrient recovery technologies. Anaerobic digestion converts manure into biogas for electricity, heat, or vehicle fuel, while the residual digestate serves as a nutrient-rich fertiliser for crops. Emerging nutrient recovery systems can extract N, P, and K from waste streams, creating standardised fertilisers that reduce environmental pollution and add economic value. Coupled with renewable energy integration, these approaches transform waste streams into productive resources, reinforcing the circularity of livestock systems.
Digital tools and data-driven decision-making will play an increasing role in optimising circular livestock production. Platforms that track by-product availability, monitor nutrient flows, and predict environmental and economic outcomes enable precision management at farm and regional scales. LCA and predictive modelling help evaluate trade-offs between emissions, productivity, and economic performance, guiding informed decisions and improving system resilience.
Policy and institutional support will be essential to scale these innovations. Incentives such as subsidies, tax benefits, or premium pricing for sustainably produced livestock products can encourage adoption. Standards and certification schemes enhance consumer confidence, while research and extension services provide the technical guidance necessary for implementation. Combined with education and awareness campaigns, such frameworks can bridge the gap between technological potential and practical adoption, ensuring CLS are economically viable, environmentally responsible, and socially acceptable.
CLS also align closely with global sustainability and climate objectives. By improving feed efficiency, recycling nutrients, and generating renewable energy, they contribute to GHG mitigation, resource efficiency, and food security. Future research and innovation should focus on expanding feed options, improving manure and nutrient management, evaluating trade-offs through LCAs, and exploring economic and social feasibility.
Conclusion
Livestock occupy a pivotal role within circular agriculture, functioning as biological upcyclers, nutrient recyclers, and integrators of crop-livestock systems. By converting non-human-edible biomass (including crop residues, agro-industrial by-products, and food waste) into high-quality protein, milk, and eggs, livestock enhance resource efficiency while reducing pressure on conventional feed crops. Their manure further contributes to soil fertility and renewable energy production, closing nutrient and energy loops that reveal the principles of circular agriculture. This dual function of converting low-value biomass into nutritious food and recycling nutrients positions livestock as essential agents in sustainable food systems.
However, realising this potential requires careful system design, species-specific management, and technological innovation. Ruminants excel at fibrous biomass conversion and grassland utilisation, whereas monogastric efficiently process concentrated by-products. Integrating these complementary roles, alongside effective manure management and waste valorisation strategies, maximises environmental and economic benefits. Nevertheless, challenges persist, including GHG emissions, feed variability, regulatory constraints, capital investment needs, and social acceptance. Addressing these barriers demands policy support, farmer training, and research-driven innovation.
Looking forward, emerging technologies (such as precision livestock farming, alternative protein feeds, and advanced nutrient recovery) offer pathways to enhance circularity, reduce environmental impacts, and strengthen system resilience. Livestock should not be viewed solely as contributors to environmental pressures but as active participants in a regenerative agricultural paradigm. By aligning management practices, technological innovations, and policy frameworks, CLS can simultaneously support food security, environmental sustainability, and rural development, representing a transformative approach to resilient and resource-efficient agriculture.
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Figure 1. Conceptual framework of the role of livestock in circular agriculture. Livestock convert non-human-edible
biomass and wastes into animal-sourced foods, while manure is recycled as fertiliser and used for renewable energy.
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