


Review Article 
Modern Livestock Production Management Strategies for Resource-Efficient Animal Agriculture: A review

Abstract
Livestock production systems play a critical role in global food and nutritional security while exerting substantial pressure on land, water, energy, and the environment. Rapid growth in demand for animal-source foods has intensified the need for management strategies that improve productivity without proportional increases in resource use. This review synthesises contemporary advances in livestock production management with emphasis on resource efficiency, sustainability, and system resilience. Key themes include optimisation of feed and water use, precision nutrition, genetic improvement for productivity and adaptability, preventive health management, and deployment of precision livestock farming technologies. Evidence from global studies indicates that precision feeding and improved ration formulation enhance feed conversion efficiency and reduce nutrient excretion, while genomic selection accelerates genetic gains in productivity, feed efficiency, and climate tolerance. Preventive healthcare, biosecurity, and reduced antimicrobial reliance strengthen herd performance and public health safeguards. Integration of sensors, automation, data analytics, and Internet of Things platforms enables real-time monitoring and data-driven decision-making, supporting efficient use of inputs and early detection of health disorders. Environmental sustainability is addressed through greenhouse gas mitigation strategies, improved manure management, climate-resilient housing, and the application of life cycle assessment for benchmarking system performance. Socio-economic analyses highlight that economic viability improves when technological adoption is coupled with capacity building, institutional support, and coherent policy frameworks. The review identifies persistent research gaps related to long-term system interactions, scalability of digital innovations, and alignment of productivity goals with environmental outcomes. Addressing these gaps through interdisciplinary research and evidence-based policy will be central to advancing resource-efficient and sustainable livestock production systems.
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1. Introduction
Livestock production systems have undergone a marked transition from extensive, subsistence-oriented practices to intensive and semi-intensive commercial operations. Livestock farming remains a bedrock of India’s agrarian economy, supporting the livelihoods of millions of rural households, contributing to nutritional security, and forming a significant component of the agricultural GDP. The livestock sector contributes up to 50% of the global agricultural gross domestic product, and supports the livelihoods and food security of almost 1.3 billion people in developing countries (Maheshwari et al. 2025).  Early systems relied primarily on natural grazing, low external inputs, and indigenous breeds adapted to local agro-ecologies (Agumas et al., 2021). With population growth and rising demand for animal protein, production models shifted toward higher stocking densities, improved breeds, and structured feeding regimes. Global livestock numbers exceed 1.7 billion cattle and buffaloes, 2.3 billion sheep and goats, and more than 33 billion poultry birds annually, reflecting the scale of intensification achieved over the past five decades. The adoption of mechanisation, formulated feeds, artificial insemination, and veterinary health programs accelerated productivity gains (Vlaicu et al., 2024). Milk yields per cow in intensive systems increased from below 1,000 kg per lactation in traditional systems to over 8,000 kg in high-input dairy operations, while broiler growth cycles shortened from 90 days to nearly 35–40 days due to genetic and nutritional advancements. Intensive livestock production exacerbates deforestation, biodiversity loss, water scarcity, and soil degradation through high feed demand, manure mismanagement, and land-use change (Singh et al., 2025). Livestock systems account for nearly 30% of global agricultural land use and consume about one-third of total cereal production through feed channels (Herrero et al., 2013). Water footprints of animal products are substantial, with beef requiring 15,000–20,000 L of water per kg of edible product, compared to 4,000–6,000 L for poultry meat. Such figures highlight the urgency of improving efficiency in feed, water, and energy utilisation. Animal agriculture contributes approximately 14.5% of anthropogenic greenhouse gas emissions, dominated by methane from enteric fermentation and nitrous oxide from manure management. Resource-efficient livestock management aims to decouple productivity growth from environmental degradation by enhancing output per unit of input and reducing emission intensity per kg of product. 
 Scope and objectives of the review
• Thematic coverage
This review synthesises contemporary strategies in livestock production management that enhance resource efficiency while sustaining productivity, animal welfare, and economic viability (Hume et al., 2011).  Emphasis is placed on nutrition, genetics, health management, precision technologies, and environmental stewardship as interconnected components of modern systems.
• Analytical perspective
The paper integrates findings from peer-reviewed literature, global assessments, and meta-analyses published during the last two decades (Harari et al., 2020). Comparative evaluation of conventional and emerging practices is undertaken to identify pathways that improve feed conversion efficiency, reduce water and energy use, and lower emission intensities across livestock species.
 Key challenges in modern livestock management
• Productivity–sustainability trade-offs
Intensification has delivered significant productivity gains, yet it often raises concerns related to environmental load, animal welfare, and socio-economic equity. Feed efficiency improvements of 10–20% achieved through high-energy diets may coincide with increased reliance on externally sourced feed grains, intensifying competition between food and feed sectors.
• Health, welfare, and biosecurity constraints
High-density livestock operations face elevated risks of disease transmission and metabolic disorders, necessitating robust preventive health frameworks (Otte et al., 2007). Antimicrobial usage in food animals accounts for nearly 70% of total global antimicrobial consumption, underscoring the challenge of balancing productivity with public health safeguards.
• Socio-economic and policy limitations
Adoption of resource-efficient technologies is often constrained by capital requirements, skill gaps, and uneven access to advisory services (Ranganai et al.,2025). Smallholder-dominated systems face distinct barriers in adopting precision tools and advanced breeding programs, reinforcing the need for context-specific strategies supported by enabling policy frameworks.
2. Literature Review 
2.1. Resource Use Efficiency in Livestock Systems
2.1.1. Feed resource optimisation and nutrient use efficiency
2.1.1.1. Feed conversion efficiency and productivity gains
Feed accounts for nearly 60–70% of total livestock production costs, making optimisation central to resource-efficient systems (Khanal et al., 2022). Feed conversion ratio (FCR) improvements directly reduce pressure on land, water, and energy resources. Modern dairy cattle managed under optimised feeding regimes achieve feed efficiencies of 1.2–1.5 kg milk per kg dry matter intake, compared to values below 0.8 in low-input systems. In poultry, genetic selection combined with balanced diets has reduced broiler FCR from 2.5 in the 1970s to nearly 1.6 in contemporary systems.
2.1.1.2.  Precision nutrition and nutrient balance
Precision feeding strategies align nutrient supply with physiological requirements across growth, lactation, and reproduction stages. Use of phase feeding, amino acid balancing, and rumen-protected nutrients reduces nitrogen and phosphorus excretion by 15–30%, lowering environmental nutrient loading. Improved digestibility through enzyme supplementation enhances metabolizable energy utilisation, improving output per unit of feed input.
2.1.2. Water use efficiency and conservation strategies
2.1.2.1. Water footprints of livestock products
Livestock production exerts significant pressure on freshwater resources through drinking water, feed production, and service water use (Ran et al., 2017). Global average water footprints range from 4,300 L kg⁻¹ for poultry meat to over 15,000 L kg⁻¹ for beef, reflecting differences in feed composition and growth efficiency. Enhancing water productivity focuses on reducing indirect water use embedded in feed crops.
2.1.2.2. Water-saving management practices
Improved watering systems, leak-proof drinkers, and automated flow regulators reduce wastage by 20–40% in intensive housing systems. Recycling of wash water and integration of water-efficient fodder crops further improve overall water use efficiency. Enhanced animal health and thermal comfort also reduce water demand by minimising heat stress-related consumption spikes.
2.1.3. Energy utilisation and renewable energy integration
2.1.3.1. Energy demand in livestock operations
Energy consumption in livestock systems arises from feed processing, housing ventilation, lighting, milking, and waste handling (Casey et al.,2006). Dairy farms typically consume 0.8–1.2 kWh of electricity per litre of milk produced under intensive management, with milking and cooling accounting for over 50% of on-farm energy use.
2.1.3.2. Renewable energy and efficiency gains
Integration of biogas digesters utilising manure can supply 30–60% of on-farm energy requirements while reducing methane emissions from waste storage. Solar-powered water pumping and lighting systems lower dependence on fossil fuels, improving energy efficiency and reducing production costs over the system life cycle.
2.1.4. Land use efficiency and integrated farming systems
2.1.4.1. Livestock–crop interactions
Livestock systems occupy nearly 70% of global agricultural land, primarily through grazing and feed crop cultivation (Pandey et al., 2022). Enhancing land use efficiency emphasises higher output per unit area through improved forage varieties, rotational grazing, and optimised stocking rates. Integrated crop–livestock systems increase overall system productivity by 10–25% through nutrient recycling and diversified output streams.
2.1.4.2. Circular resource flows
Recycling of crop residues as feed and manure as fertiliser closes nutrient loops, reducing reliance on external inputs. Such systems improve soil organic carbon, enhance nutrient availability, and stabilise farm income while maintaining ecological balance across production landscapes.
2.2. Advances in Animal Nutrition and Feeding Management
2.2.1. Precision feeding and ration formulation
2.2.1.1. Concept and technological basis
Precision feeding integrates animal-level data, nutrient requirement models, and real-time monitoring to align feed supply with physiological demand (Pomer et al., 2023). Variability in intake and production among animals within a herd can exceed 20–25%, justifying individualised or group-specific ration formulation. Use of near-infrared spectroscopy and automated feeders enables dynamic adjustment of energy, protein, and mineral supply.
2.2.1.2. Impacts on efficiency and emissions
Balanced rations based on metabolizable energy and digestible amino acids improve feed efficiency by 8–15% in ruminants and monogastrics. Precision feeding strategies reduce nitrogen excretion by up to 30% and methane emission intensity per unit of milk or meat by 10–20%, reflecting improved nutrient capture at the animal level.
2.2.2.. Use of alternative and non-conventional feed resources
2.2.2.1. Diversification of the feed resource base
Dependence on conventional feed grains increases vulnerability to price volatility and land competition (Naylor et al., 2010). Incorporation of agro-industrial by-products such as oilseed cakes, brewers’ grains, distillers' dried grains with solubles, and fruit processing residues provides cost-effective nutrient sources. These materials can replace 10–30% of conventional concentrates without compromising animal performance when properly processed and balanced.
2.2.2.2. Novel protein and energy sources
Insect meals, microalgae, and single-cell proteins are emerging as sustainable alternatives with favourable amino acid profiles and lower land and water footprints. Life cycle assessments indicate that insect-based protein production requires up to 50% less land and emits 30–40% fewer greenhouse gases compared to soybean meal production.
2.2.3.. Feed additives, probiotics, and nutraceuticals
2.2.3.1.  Functional feed components
Feed additives such as enzymes, organic acids, essential oils, and ionophores enhance nutrient availability and gut health (Xu et al., 2018). Enzyme supplementation improves fibre and starch digestibility, increasing metabolizable energy utilisation by 3–8% in ruminants and monogastrics.
2.2.3.1. Probiotics and nutraceutical effects
Probiotics and prebiotics stabilise gut microbiota, enhance immune function, and improve growth performance. Meta-analyses report average improvements of 5–7% in average daily gain and reductions of enteric pathogen load in poultry and pigs receiving probiotic supplementation. Plant-based nutraceuticals rich in bioactive compounds support antioxidant status and metabolic efficiency, contributing to improved resilience under nutritional and environmental stress.
2.2.4. Reducing feed losses and improving digestibility
2.2.4.1. Feed handling and storage efficiency
Post-harvest losses during feed storage and handling can reach 5–15% in poorly managed systems. Improved silage compaction, use of preservatives, and controlled storage environments reduce dry matter losses and preserve nutrient quality (Collins et al., 2017).
2.2.4.2 Digestive efficiency enhancement
Processing techniques such as pelleting, extrusion, and steam flaking increase starch and protein availability, improving digestibility coefficients by 5–12%. Enhanced digestibility translates into higher output per unit feed intake and lower nutrient excretion, reinforcing the role of feeding management in resource-efficient livestock production.
2.3. Genetic Improvement and Breeding Strategies
A. Conventional breeding for productivity and resilience
• Selection principles and long-term gains
Conventional breeding based on phenotypic selection and pedigree records has delivered sustained improvements in livestock productivity over successive generations (Ullah et al., 2025). Selection for milk yield, growth rate, fertility, and survivability has resulted in annual genetic gains of 1–2% in dairy cattle and 2–3% in poultry and pigs under structured breeding programs. Emphasis on resilience traits such as disease tolerance and reproductive efficiency strengthens system stability under variable production environments.
• Crossbreeding and heterosis effects
Crossbreeding exploits heterosis to improve performance traits beyond parental averages (Negash et al., 2023). Gains of 5–10% in fertility, calf survival, and growth rate have been reported in crossbred cattle and small ruminants, reflecting improved adaptability and robustness. Such strategies remain central to productivity enhancement where rapid genetic progress is required.
B. Genomic selection and marker-assisted breeding
• Genomic tools and prediction accuracy
Advances in molecular genetics have enabled the use of dense single-nucleotide polymorphism panels to estimate genomic breeding values with higher accuracy at an early age. Genomic selection increases the accuracy of selection by 20–40% compared to traditional pedigree-based methods, significantly reducing generation intervals.
• Marker-assisted approaches for complex traits
Marker-assisted selection targets quantitative trait loci associated with milk composition, growth efficiency, and disease resistance (Li et al., 2024). Integration of genomic data with performance records accelerates improvement in low-heritability traits such as fertility and longevity, enhancing overall herd productivity and lifetime efficiency.
C. Breeding for feed efficiency and climate adaptability
• Feed efficiency as a genetic trait
Residual feed intake has emerged as a key indicator of feed efficiency, independent of growth and production level (Herd et al., 2009). Genetic variation in residual feed intake allows selection for animals consuming 10–15% less feed for the same output, translating into substantial reductions in feed demand and methane emission intensity.
• Climate resilience and adaptive traits
Selection for heat tolerance, disease resistance, and metabolic efficiency supports productivity under thermal and nutritional stress. Incorporation of adaptive traits into breeding objectives reduces productivity losses during climatic extremes and stabilises output per unit of resource input across production cycles.
D. Conservation of indigenous and resilient breeds
• Genetic diversity and ecosystem services
Indigenous livestock breeds represent valuable reservoirs of genetic diversity, often exhibiting superior tolerance to heat, parasites, and low-quality feeds (Naskar et al., 2012). Conservation of these genetic resources safeguards traits essential for the long-term sustainability and adaptive capacity of livestock systems.
• Strategic utilisation and improvement
Structured improvement programs combining selective breeding with conservation approaches enhance productivity while maintaining genetic integrity (Harris et al.,1994). Use of indigenous germplasm in crossbreeding and genomic studies contributes to resilient production systems capable of maintaining efficiency under resource constraints.
2.4. Health Management and Biosecurity Approaches
2.4.1. Preventive healthcare and herd health planning
2.4.1.1. Structured health programs and productivity outcomes
Preventive healthcare emphasises planned vaccination, strategic deworming, nutritional support, and routine clinical monitoring to reduce disease incidence and productivity losses. Well-designed herd health programs lower morbidity by 20–40% and improve milk yield and growth performance through reduced subclinical disease burden. Economic analyses indicate benefit–cost ratios ranging from 2.5:1 to 5:1 for preventive interventions compared with curative treatments.
2.4.1.2. Integration of nutrition, welfare, and management
Health planning integrates feeding management, housing design, and stress reduction (Sharpe et al., 2018). Improved housing ventilation and hygiene reduce respiratory and enteric disease prevalence, enhancing survivability and lifetime productivity while lowering veterinary expenditures.
B. Disease surveillance and early detection systems
• Surveillance frameworks and epidemiological gains
Disease surveillance systems combine routine health records, laboratory diagnostics, and epidemiological modelling to track pathogen circulation. Early detection reduces outbreak size by 30–60% through timely isolation and treatment, minimising production losses.
• Digital and sensor-based monitoring
Wearable sensors, automated behaviour tracking, and real-time physiological monitoring detect deviations in activity, rumination, and body temperature before clinical signs appear (Ding et al.,2025). Studies report detection of metabolic and infectious disorders 2–4 days earlier than visual observation, improving treatment success and reducing spread.
C. Biosecurity protocols and risk mitigation
• On-farm biosecurity measures
Biosecurity focuses on controlling animal movement, sanitation, quarantine, and personnel hygiene. Farms implementing comprehensive biosecurity protocols record 40–70% lower disease introduction risk compared with farms lacking structured measures (Renault et al., 2018). Zoning, controlled entry points, and equipment disinfection interrupt transmission pathways of contagious pathogens.
• Supply chain and external risk control
Risk mitigation extends beyond farm boundaries to transport, feed sourcing, and market interactions. Traceability systems and standardised biosecurity guidelines across value chains reduce cross-farm transmission and stabilise production continuity.
D. Reduced antimicrobial use and resistance management
• Antimicrobial stewardship strategies
Livestock production accounts for a substantial share of global antimicrobial consumption, raising concerns over resistance development (Robinson et al., 2016). Preventive health, vaccination, and improved hygiene reduce therapeutic antimicrobial use by 30–50% without compromising productivity.
• Alternatives and integrated approaches
Use of probiotics, vaccines, and immune modulators supports disease control while limiting reliance on antimicrobials. Integrated resistance management aligns animal health, public health, and environmental objectives, strengthening the sustainability of livestock systems under resource-efficient production models.
2.5. Precision Livestock Farming and Digital Technologies
A. Sensors, wearables, and real-time monitoring
• Physiological and behavioural sensing
Precision livestock farming relies on continuous monitoring of animals through sensors measuring activity, rumination, body temperature, heart rate, and feeding behaviour (Lamanna et al., 2025). Accelerometer-based wearables detect changes in locomotion and lying patterns with accuracies exceeding 90%, enabling early identification of lameness, estrus, and metabolic disorders. Rumination sensors correlate strongly with feed intake and digestive health, providing actionable indicators of nutritional status and welfare.
• Productivity and welfare impacts
Real-time monitoring supports timely interventions that improve productivity and welfare outcomes (Tiwari et al., 2025). Studies report reductions of 15–25% in disease-related losses and improvements of 5–10% in reproductive efficiency through sensor-assisted management, reflecting enhanced responsiveness and reduced reliance on subjective observation.
B. Data analytics, artificial intelligence, and decision support
• Big data integration and modelling
Large volumes of sensor-generated data require advanced analytics for interpretation and decision-making (Glaser et al., 2008). Machine learning algorithms process multivariate datasets to predict health events, optimise feeding strategies, and forecast production performance. Predictive models achieve sensitivities above 80% for early disease detection, supporting proactive herd management.
• Decision support systems
Artificial intelligence–based decision support tools synthesise data from nutrition, genetics, and health domains to recommend management actions. Use of such systems improves feed efficiency and reduces input wastage by aligning interventions with real-time animal needs, enhancing overall resource-use efficiency.
C. Automation and robotics in livestock operations
• Automated feeding and milking systems
Robotic milking systems and automated feeders reduce labour demand while improving consistency in feeding and milking routines (Bach et al., 2017). Adoption of robotic milking increases milk yield by 5–15% through higher milking frequency and improved udder health, while labour requirements decline by up to 30%.
• Robotic manure and housing management
Autonomous robots for manure scraping, cleaning, and bedding distribution enhance hygiene and reduce pathogen load within housing facilities (Butaney et al.,2025). Improved cleanliness contributes to a lower incidence of mastitis and hoof disorders, strengthening health and productivity outcomes.
D. Integration of IoT for smart livestock management
• System connectivity and interoperability
Internet of Things platforms connect sensors, machinery, and management software into unified systems. Interoperable architectures enable seamless data exchange across feeding, health, and environmental control components, improving coordination and reducing operational inefficiencies.
• Resource optimisation through smart systems
IoT-enabled livestock systems optimise water, energy, and feed use through automated control and real-time feedback (Gehlot et al., 2022). Integrated smart management reduces input wastage by 10–20% and supports traceability and transparency across production systems, reinforcing sustainability and consumer confidence.

2.6.Environmental Sustainability and Climate-Smart Practices
A. Mitigation of greenhouse gas emissions from livestock
• Emission sources and intensity metrics
Livestock-related greenhouse gas emissions originate mainly from enteric fermentation, manure management, and feed production (Symeon et al., 2025). Methane accounts for nearly 44% of livestock sector emissions, while nitrous oxide contributes about 29%, reflecting the role of digestive processes and nutrient cycling. Emission intensity, expressed as kg CO₂-equivalent per kg of milk or meat, serves as a key indicator of system efficiency. Improvements in feed quality and animal productivity reduce emission intensity by increasing output per animal.
• Nutritional and genetic mitigation strategies
Dietary interventions such as increased digestibility, lipid supplementation, and optimised forage-to-concentrate ratios lower enteric methane yield by 10–25%. Selection for higher productivity and feed efficiency further reduces emissions per unit of product through dilution of maintenance requirements.
B. Manure management and nutrient recycling
• Manure as a nutrient resource
Livestock manure contains significant quantities of nitrogen, phosphorus, potassium, and organic carbon, representing both a resource and a potential environmental risk (Jose et al., 2016). Efficient manure handling reduces nutrient losses that otherwise contribute to ammonia volatilisation and nitrate leaching. Improved storage and application techniques lower nitrogen losses by 20–40%, enhancing nutrient recovery efficiency.
• Recycling and circular nutrient flows
Anaerobic digestion stabilises organic matter, reduces pathogen load, and produces biogas while conserving the nutrient value of digestate. Use of treated manure as fertiliser improves soil organic carbon stocks and crop productivity, reinforcing circular nutrient flows across integrated production systems.
C. Climate-resilient housing and management practices
• Housing design and thermal regulation
Thermal stress reduces feed intake, reproductive efficiency, and growth performance (Ahmad et al., 2022). Climate-resilient housing incorporates ventilation, insulation, shading, and cooling systems to maintain thermal comfort. Proper housing design improves productivity by 10–20% during periods of heat stress through stabilised physiological responses.
• Management adaptations for resilience
Adaptive management practices include altered feeding schedules, improved water availability, and stress-reducing handling protocols (Oke et al., 2025). These measures enhance animal resilience, reduce mortality risk, and sustain output under climatic variability.
D. Life cycle assessment and sustainability indicators
• Assessment frameworks and indicators
Life cycle assessment evaluates environmental impacts across the entire production chain, encompassing feed production, on-farm activities, processing, and transport. Common indicators include greenhouse gas emissions, water use, energy demand, and land occupation per unit of product.
• Benchmarking and decision support
Use of standardised sustainability indicators enables comparison of production systems and identification of mitigation hotspots (Hegab et al., 2023). LCA-based benchmarking supports evidence-based decision-making by quantifying trade-offs between productivity and environmental performance, guiding the adoption of climate-smart livestock practices.
2.7. Socio-Economic, Policy, and Future Perspectives
A. Economic viability and cost–benefit considerations
• Cost structures and profitability metrics
Economic viability of livestock systems depends on feed costs, labour efficiency, capital investment, and productivity levels. Feed expenses constitute nearly 60–70% of total production costs across dairy, poultry, and pig enterprises, making feed efficiency a primary determinant of profitability. Adoption of precision feeding and health management practices improves net returns by 10–25% through reduced input wastage and higher output per animal. Cost–benefit analyses of precision technologies report payback periods ranging from 2 to 5 years, reflecting favourable economic performance under stable management conditions.
• Risk management and income stability
Diversification of income through integrated crop–livestock systems, manure valorisation, and energy generation improves resilience to price volatility (Kumar et al., 2022). Economic modelling indicates that diversified systems reduce income variability by 15–30% compared with specialised operations, supporting long-term financial stability.
B. Adoption barriers and capacity building
• Structural and knowledge constraints
Adoption of resource-efficient livestock practices is constrained by limited access to capital, technology, and skilled labour. High initial investment costs and lack of technical literacy slow the uptake of digital tools and advanced breeding strategies. Surveys across developing and transition economies identify training gaps and advisory service limitations as major barriers to technology diffusion.
• Capacity building and human capital development
Targeted capacity-building programs enhance managerial skills, data literacy, and animal husbandry expertise (Zia et al., 2021). Farmer training initiatives and participatory extension models improve adoption rates of improved practices by 20–40%, highlighting the role of human capital in sustainable livestock transformation.
C. Policy frameworks supporting sustainable livestock systems
• Incentives and regulatory mechanisms
Policy frameworks influence the adoption of sustainable practices through incentives, standards, and regulatory oversight. Subsidies for renewable energy, breeding programs, and health infrastructure lower entry barriers for producers, while environmental regulations promote responsible resource use. Alignment of livestock policies with climate and sustainability goals strengthens coherence across agricultural development agendas.
• Institutional coordination and market support
Effective policy implementation requires coordination among agricultural, environmental, and public health institutions (Thow et al., 2018). Market-based instruments such as certification schemes and sustainability labelling reward producers adopting resource-efficient practices, creating economic incentives linked to environmental performance.
D. Emerging research gaps and future directions
• Knowledge gaps and innovation needs
Despite technological advances, gaps remain in understanding long-term interactions among genetics, nutrition, health, and environment under diverse production conditions (Rexroad et al., 2019). Limited longitudinal data restricts the evaluation of cumulative impacts on productivity, welfare, and emissions, underscoring the need for integrated research approaches.
• Future research priorities
Future research emphasises system-level optimisation using digital twins, advanced modelling, and life cycle assessment integrated with socio-economic analysis (Galkin et al., 2025). Development of scalable, low-cost technologies and inclusive innovation pathways will support broader adoption of resource-efficient livestock systems, strengthening global food security and environmental sustainability.
Conclusion 
Modern livestock production management has evolved into a multifaceted system that integrates nutrition, genetics, health, digital technologies, and environmental stewardship to enhance resource-use efficiency. Advances in precision feeding, genomic selection, preventive health care, and sensor-based monitoring have demonstrated measurable gains in productivity, feed efficiency, and animal welfare while reducing environmental footprints. Climate-smart practices, improved manure recycling, and life cycle assessment frameworks provide quantifiable pathways to lower greenhouse gas emission intensity and nutrient losses. Socio-economic analyses show that profitability and resilience improve when technological adoption is supported by capacity building and coherent policy frameworks. Persistent gaps remain in long-term system-level data integration, scalability of digital tools, and harmonisation of productivity and sustainability goals. Addressing these gaps through interdisciplinary research and evidence-based policy will strengthen the transition toward resilient, efficient, and environmentally responsible livestock systems.
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