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Table S1. Literature review on beef production systems

	Beef production 


	Beef is the third most consumed meat globally, accounting for 22% of global meat consumption (Ritchie et al., 2023). Beef is also called red meat and is a good source of protein and energy for meat eaters in many countries. Its nutritional composition is important to the human diet, affecting growth and physical and cognitive development. Diets containing lean red meat can lower plasma cholesterol and contribute significantly to omega-3 fatty acid intake. Red meat contains valuable minerals and vitamins, specifically zinc, iron, selenium, and vitamin B12. The top three beef producers are the United States, Brazil, and China (United States Department of Agriculture [USDA], 2024). In 2023, global beef production was estimated at 59.4 million metric tons, with global consumption of 57.7 million metric tons (USDA, 2024). The leading beef exporting countries are Brazil, Australia, and the United States (USDA, 2024). Around the world, several production practices are used in the production of beef. 

	Beef production systems
	In the journey of farm to fork, beef production involves various stages starting from breeding to distribution. Breeders raise cattle with specific genetics, while cattle are raised in cow-calf operations. Auction markets facilitate transactions between breeders, producers, and feeders with feeders purchasing feeder calves and raising them to market weight before cattle are processed at meat-packing facilities and distributed globally (Cattle Feeders Association of Alberta, 2017). According to the United Nations Food and Agriculture Organization (FAO) classification, there are three major beef production systems: landless systems, where cattle are fed in confined spaces; grassland-based systems, where they continue to graze until slaughter (Steinfeld & Mäki-Hokkonen, 1995; Pilling & Rischkowsky, 2007; Robinson et al., 2011); mixed farming systems that involves growing crops and rasising cattle. 

	Landless systems
	Landless systems are intensive, indoor production techniques that do not require grazing land for raising livestock (Phillips & Rodgriguez, 2006). These systems are often used in developed countries and can be further categorized into landless industrialized and small-scale landless systems. In these systems, less than 10% of feed provided to animals is produced on the farm and they often have high stocking rates of over 10 livestock units per hectare (Garnett et al., 2017)

Landless industrialized beef production emphasizes the use of technology, machinery, and scientific management practices to achieve maximum productivity and efficiency (Steinfeld & Mäki-Hokkonen, 1995). This approach relies on feedlot systems where cattle are raised in enclosed facilities and fed high-energy diets to promote rapid weight gain and shorten the production cycle (MacDonald & McBride, 2009). Small-scale peri-urban/urban livestock production is characterized by having no croplands on the farm and no access to large communal grazing areas (Pilling & Rischkowsky, 2007).

	Grassland-based systems
	Grassland-based systems involve letting the animals graze on pasture and forage plants instead of being grain-fed. Most grassland-based or grazing production systems are located in marginal or unsuitable crop-growing regions due to inadequate rainfall, cold temperatures, challenging topography, or in areas where degraded farmland has been converted to pasture (Pilling & Rischkowsky, 2007). Examples include transhumant systems, rangelands, and pasture-based systems. Over 90% of dry matter in grazing livestock production comes from rangelands and pastures, and purchased feed is 10% only (Garnett et al., 2017).

Intensive grazing systems require comparatively high amounts of labour, resources, and capital to maximize the quantity of meat produced for every unit of land by increasing grazing pressure, stocking rates, and forage use (Allen et al., 2011). Pasture-based grazing systems use rich soils, high to moderate precipitation, and fairly fast to medium nitrogen cycling to allow cattle to grow and fatten naturally without the use of artificial hormones or antibiotics (Rinehart, 2006; Rinehart & Baier, 2011). Rangelands are areas that are unsuitable for cultivation due to physical constraints such as low and inconsistent precipitation, rough terrain, and inadequate drainage (Briske, 2017). In transhumant systems, cattle are moved seasonally and in cycles between different ecological areas for grazing, such as highland and lowland pastures to optimize the use of grazing resources and provide a more diverse diet for the animals (Umutoni & Ayantunde, 2018).

	Mixed farming systems
	Mixed farming systems combine other agricultural activities with breeding and raising cattle for beef production, using a variety of crops, pastures, and animal species to maximize land utilization and raise productivity (Pilling & Rischkowsky, 2007). In mixed systems, less than 90% of dry matter for animals comes from grass, with the rest coming from crop by-products, residues, ley crops, and feed grains, or more than 10% of production value comes from non-livestock farming activities (Garnett et al., 2017).

	Others
	Other beef production systems include regenerative grazing, biodynamic farming, and certified organic beef production. Regenerative grazing involves managing grazing lands in a way that mimics the natural movements of wild herbivores (Morris, 2021), while biodynamic farming uses a holistic, ethical, and ecological approach to agriculture (Biodynamic Association, 2023). Certified organic beef production raises cattle on certified organic pastures and provides them with certified organic feed, prohibits the application of chemical pesticides, fertilizers, and antibiotics, and promotes animal welfare and biodiversity (USDA, 2013).
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Table S2. Description of ESG indicators

	S.N.
	Indicators
	Description

	
	Natural capital
	

	1
	Net GHG emissions
	GHG emissions produced by crop and livestock production, farm production, processing, and transportation

	2
	Freshwater extraction and water pollution
	Freshwater used in agricultural production, clean and operate facilities and machinery and water pollution due to these activities.

	3
	Waste generation (on the farm)
	Waste produced throughout the production process. 

	4
	Air pollution 
	GHG, odor, and organic dust produced.

	5
	Loss of plant/livestock biodiversity
	The loss of plant/livestock diversity by only using selected breeds or crops.

	6
	Loss of agri-enviro biodiversity
	The impact of agricultural production on flora and fauna (insects, birds, animals, soil microbes) exist in the landscape in addition to the livestock and crops.

	7
	Land use change (indirect)
	The change in land use to produce crops or livestock.

	8
	Land degradation (direct)
	Degradation of the land caused by agricultural production systems. 

	9
	Soil contamination
	Soil contamination due to chemicals and organic pollutants.

	
	Human capital
	

	10
	Skills and knowledge of workers
	Formal and informal education required to do the job.

	11
	Workplace health & safety standards
	Extent of industry regulations to ensure workers’ conditions.

	12
	Health of farmers
	Farm owners’ physical and mental health, lifestyle, security/stability.

	13
	Health of farm/production workers
	Farm workers’ physical and mental health, lifestyle, security/stability.

	14
	Consumers' health
	Risk of disease from production processes or from consumption.

	
	Social capital
	

	15
	Community engagement
	Community engagement: Engagement of the producers with the local community.

	16
	Networks
	Network of stakeholders for learning, sharing and collaborating.

	17
	Employment
	Quantity of employment generated by the production system.

	18
	The livelihood of farmers
	Support of agribusiness to farmers’ livelihood

	19
	Opportunities for young people
	Employment, training, future prospects.

	
	Produced capital
	

	20
	Energy use 
	 Electricity and fuel are used in production, processing, and transportation. 

	21
	Plant/Animal health
	Health risk of animals/plants.

	
	Productivity
	Productivity by geographical area and human/resource input.

	23
	Profits
	Return on investment after expenses.

	
	Governance
	

	24
	Influence on policies & regulations 
	Lobbying power, level of investment, publicity, the extent of influence.

	25
	Governance structure
	Framework of management and decision making.

	26
	Remuneration


	Compensation received by various stakeholders in production processes such as farmers, labors, communities.

	27
	Ethical practices
	Set of values and behaviors for ethical conduct throughout the production practices.

	28
	Transparency
	Openness and clarity of production process.

	29
	Accountability
	Responsibility and answerability of producers.

	30
	Risk management and oversight
	Processes and practices followed by the producers to identify, plan and manage the risks that could impact the production process.

	31
	Stakeholder engagement
	Active involvement and communication among the stakeholders.

	32
	Governance code and compliance
	Adherence to established principles, regulations, and standards related to corporate governance.


Table S3. Search terms and keywords used to search literature

	 Production systems
	Natural capital
	Social capital
	Human capital
	Produced capital
	Governance

	Transhumant
	(Beef production) AND ("Transhumant" OR "Transhumance") AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND ("Transhumant" OR "Transhumance") AND ("Skills" OR "Workers" OR "Knowledge" OR "Health" OR "Safety" OR "Farmers" OR "Consumers")
	(Beef production) AND ("Transhumant" OR "Transhumance") AND ("Community engagement" OR "Networks" OR "Employment" OR "Livelihood" OR "Young people" OR "Youth")
	(Beef production) AND ("Transhumant" OR "Transhumance") AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND ("Transhumant" OR "Transhumance") AND ("Governance" "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethic" OR "Transparency" OR "Accountability" OR "Risk" OR "Stakeholder" OR "Corporate governance" OR "Code" OR "Compliance")

	Pasture based
	(Beef production) AND ("Pasture based" OR "Rangelands") AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND ("Pasture based" OR "Rangelands") AND ("Skills" OR "Workers" OR "Knowledge" OR "Health" OR "Safety" OR "Farmers" OR "Consumers")
	(Beef production) AND ("Pasture based" OR "Rangelands") AND ("Community" OR "Network" OR "Employment" OR "Livelihood" OR "Young" OR "Youth")
	(Beef production) AND ("Pasture based" OR "Rangelands") AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND ("Pasture based" OR "Rangelands") AND ("Governance" "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethic" OR "Transparency" OR "Accountability" OR "Risk" OR "Stakeholder" OR "Corporate governance" OR "Code" OR "compliance")

	Silvopasture
	(Beef production) AND ("Silvopasture") AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND ("Silvopasture") AND ("Skills" OR "Workers" OR "Knowledge" OR "Health" OR "Safety" OR "Farmers" OR "Consumers")
	(Beef production) AND ("Silvopasture") AND ("Community engagement" OR "Networks" OR "Employment" OR "Livelihood" OR "Young people" OR "Youth")
	(Beef production) AND ("Silvopasture") AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND ("Silvopasture") AND ("Governance" "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethical practices" OR "Transparency" OR "Accountability" OR "Risk management" OR "Stakeholder engagement" OR "Corporate governance" OR "Code" OR "Compliance")

	Industrialized
	(Beef production) AND ("Landless" OR "Factory farming" OR "CAFO") AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND ("Landless" OR "Factory farming" OR "CAFO") AND (" Skills" OR "Workers" OR "Knowledge" OR "Health" OR "safety" OR " Farmers" OR "Consumers")
	(Beef production) AND ("Landless" OR "Factory farming" OR "CAFO") AND ("Community" OR "Networks" OR "Employment" OR "Livelihood" OR "Young people" OR "Youth")
	(Beef production) AND ("Landless" OR "Factory farming" OR "CAFO") AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND ("Landless" OR "Factory farming" OR "CAFO") AND ("Governance" OR "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethic" OR "Transparency" OR "Accountability" OR "Risk" OR "Stakeholder" OR "Corporate governance" OR "Code" OR "Compliance")

	Small-scale
	(Beef production) AND ("Landless" AND "Small scale") AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND ("Landless" AND "Small scale") AND ("Skills" OR "Workers" OR "Knowledge" OR "Health" OR "Safety" OR " Farmers" OR "Consumers")
	(Beef production) AND ("Landless" AND "Small scale") AND ("Community" OR "Networks" OR "Employment" OR "Livelihood" OR "Young" OR "Youth")
	(Beef production) AND ("Landless" AND "Small scale") AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND ("Landless" AND "Small scale") AND ("Governance" OR "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethical practices" OR "Transparency" OR "Accountability" OR "Risk management" OR "Stakeholder engagement" OR "Corporate governance" OR "Code" OR "Compliance")

	Biodynamic
	(Beef production) AND (Biodynamic farming) AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination") 
	(Beef production) AND (Biodynamic) AND ("Skills" OR "Workers" OR "Knowledge" OR "Health" OR "Safety" OR "Farmers" OR "Consumers")
	(Beef production) AND (Biodynamic) AND ("Community engagement" OR "Networks" OR "Employment" OR "Livelihood" OR "Young people" OR "Youth")
	(Beef production) AND (Biodynamic) AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND (Biodynamic) AND ("Governance" OR "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethic" OR "Transparency" OR "Accountability" OR "Risk" OR "Stakeholder" OR "Corporate governance" OR "Code" OR "Compliance")

	Organic
	(Beef production) AND (Organic) AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND (Organic) AND ("Skills" OR "Workers" OR "Knowledge" OR "Health" OR "Safety" OR "Farmers" OR "Consumers")
	(Beef production) AND (Organic) AND ("Community" OR "Networks" OR "Employment" OR "Livelihood" OR "Young people" OR "Youth")
	(Beef production) AND (Organic) AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND (Organic) AND ("Governance" OR "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethic" OR "Transparency" OR "Accountability" OR "Risk" OR "Stakeholder" OR "Corporate governance" OR "Code" OR "Compliance")

	Regenerative
	(Beef production) AND ("Regenerative farming" OR "Regenerative grazing") AND ("Environment" OR "Emissions" OR "Water extraction" OR "Water pollution" OR "Waste generation" OR "Air pollution" OR "Plant biodiversity" OR "Livestock biodiversity" OR "Agri-enviro biodiversity" OR "Land use" OR "Land degradation" OR "Soil contamination")
	(Beef production) AND ("Regenerative farming" OR "Regenerative grazing") AND (" Skills" OR "Workers" OR "Knowledge " OR "Health" OR "Safety" OR "Farmers" OR "Consumers")
	(Beef production) AND ("Regenerative farming" OR "Regenerative grazing") AND ("Community" OR "Networks" OR "Employment" OR "Livelihood" OR "Young people" OR "Youth")
	(Beef production) AND ("Regenerative farming" OR "Regenerative grazing") AND ("Energy use" OR "Plant health" OR "Animal health" OR "Health" OR "Productivity" OR "Profits")
	(Beef production) AND ("Regenerative farming" OR "Regenerative grazing") AND ("Governance" OR "Policies" OR "Regulations" OR "Governance structure" OR "Renumeration" OR "Ethic" OR "Transparency" OR "Accountability" OR "Risk" OR "Stakeholder" OR "Corporate governance" OR "Code" OR "Compliance")


Table S4. Ranking of beef production systems and on ESG indicators

	Beef production system
	Environmental indicators
	Social indicators
	Governance indicators

	Transhumant
	4
	3
	2

	Pasture-based
	3
	6
	3

	Silvopasture
	5
	7
	5

	Landless industrialized
	1
	1
	1

	Small-scale landless
	2
	2
	4

	Biodynamic farming
	7
	4
	6

	Certified organic
	6
	5
	8

	Regenerative grazing
	8
	8
	7


Note: Here 8 denotes highest positive rank

Table S5. Strengths, weaknesses, opportunities and threats (SWOT) matrix of selected eight beef production systems

	Beef production system
	Strengths
	Opportunities
	Weaknesses
	Threats
	References

	Transhumant system


	· Preserves local culture with traditional practice.

· Help maintain ecosystem balance.

· Low input cost.

· Utilizes natural pastures.
	· Growing demand for sustainably produced beef.

· Premium pricing for specialty beef. 

· Agri tourism potential.

· 
	· Land tenure issues when the land is owned by private landowners.

· Limited scale.

· Skilled herders and proper logistics required for mobility. 

· Labor-intensive.
	· Change in land use.

· Extreme weather patterns due to climate change.

· Regulatory changes.
	(Bassett, 2009; Olea & Mateo-Tomás, 2009; Huntsinger et al., 2010; Chakrabarti, 2011; Nori & Gemini, 2011; Ayantunde et al., 2014; Liechti & Biber, 2016; Ocak, 2016; Motta et al., 2018; Mumba et al., 2018; Tenzing et al., 2018; Fernández-Giménez & Ritten, 2020; Namgay et al., 2021; Wilson et al., 2022)

	Pasture-based system
 
	· Natural and healthy diet for cattle.

· Consume materials which are not edible to humans. 

· Environmental sustainability

· Improved animal welfare

· Improved meat quality with better nutrition, fat quality and antioxidants

· Address cultural aspects in society where grass fed meat is preferred.
	· Growing demand for grass fed beef.

· May get higher price in certain market.

· Ecotourism.


	· Seasonal and weather dependence for quantity and quality.

· Slower cattle growth rate.

· More land requirements.              

· Soil degradation and negative soil impact in case of poorly managed grazing.
	· Competition with intensive feedlot.

· Land degradation.

· Over grazing.

· Climate change.

· Changing consumers preferences.
	(Charteris et al., 1999; Otte & Chilonda, 2002; Pilling & Rischkowsky, 2007; Hill et al., 2009; Daley et al., 2010; Veysset et al., 2010; Goldstein et al., 2011; Broom et al., 2013; Lobato et al., 2014; Liechti & Biber, 2016; Chingala et al., 2017; Tenzing et al., 2018; Kaurivi et al., 2019; Cardoso et al., 2020; Oliveira et al., 2020; Stampa et al., 2020; Greenwood, 2021; Namgay et al., 2021;  Klopatek et al., 2022; Tsakiridis et al., 2024)

	Agroforestry or 

silvopasture system 

	· Conserve natural resources.

· Diverse income streams.

· Promote resilience.

· Improved animal welfare.
	· Growing demand for sustainable beef.

· Support and incentives

· Carbon offsetting and environmental services.

· Niche market.

· Ecotourism.
	· High initial investment for establishment and management.

· Long-term planning and commitment required.

· Tree and Forage Competition.
	· Disease outbreaks or pest infestations in trees and forages

· Climate change and extreme weather

· Threats from wild animals.
	(Clason & Robinson, 2000; Grado et al., 2001; Broom et al., 2013; Broom, 2017; Kremen & Merenlender, 2018; Jose & Dollinger, 2019; Jose et al., 2019; Resende   et al., 2020; Sauer et al., 2021; Francis et al., 2022; Kumar et al., 2022; Shi & Conway-Anderson, 2022; Zeppetello et al., 2022; Schinato, 2024)

	Landless industrialized production systems


	· Advanced technology adoption.

· High production efficiency.

· Consistent product quantity and quality.

· Economies of scale.

· Reduced land and labor requirement.
	· Growing demand for beef.

· Access to international market.

· Employment. opportunities. 

· Research and innovation for sustainable practices.
	· Impact on environment.

· Highly dependent on machinery, infrastructure, and synthetic inputs.

· Animal welfare concerns.

· Potential to reduce genetic diversity.

· Vulnerability to disease outbreaks.

· Occupational health and safety concerns.
	· Perception and preferences of consumers.

· Price volatility.

· High risks of disease transmission.

· Zoonotic disease outbreaks.

· Competition with alternative proteins.
	(Steinfeld & Mäki-Hokkonen, 1995; Hinrichs & Welsh, 2003; Steinfeld et al., 2006; Emel & Neo, 2010; Hribar, 2010; Bartelt-Hunt et al., 2011; Marble, 2012; Rossi & Garner, 2014; Asem-Hiablie et al., 2018; Blanchette, 2018; Morath, 2018; Lam et al., 2019; Gosnell, 2021; Sandhu, 2021)

	Small-scale landless system


	· Utilize land unsuitable for crop production.

· Lower initial investment.

· Often use indigenous breeds and local resources.

· Promote local community relationships. 

· Flexibility in location.
	· Increasing demand for local products.

· Diversification of farm activities.

· Contribute to livelihood of small-scale farmers.

· Governments’ support and incentives.
	· Limited scale and production capacity.

· Dependency external input as feed.

· Environmental impact.

· Limited access to the formal market.

· Limited access to modern technologies. 

· Use of antibiotics and hormones.
	· Change in land use and urbanization.

· Fluctuation in feeding prices

· Extreme weather patterns due to climate change.

· High risks of disease transmission 
	(Hall et al., 2004; Steinfeld et al., 2006; Pilling & Rischkowsky, 2007; Nkomboni & Beekman, 2015; Priyanti et al., 2015; Pereira et al., 2016; Li et al., 2018; Greenwood, 2021)

	Biodynamic farming


	· Holistic ecosystem management.

· Enhance soil fertility and better soil structures. 

· Promote biodiversity conservation.

· Use of local and on farm resources.

· Reduced use of chemicals.
	· Growing demand for sustainable beef.

· Premium price.

· Support and incentives.

· Restoration of ecosystem services.

· 
	· Transition challenges.

· Limited research.

· Require investment in biodynamic preparations, infrastructure, and specialized equipment.

· Certification and compliance cost.
	· Competition with low priced conventionally produced beef.

· Climate change and extreme weather.

· Limited consumer awareness.
	(Reganold & Palmer, 1995; Menke et al., 2004; Phillips & Rodgriguez, 2006; Turinek et al., 2009; Petherick, 2010; Mulley et al., 2014; Buck et al., 2020; Bajracharya, 2022; Muhie, 2022)



	Certified organic beef production

 
	· Environment friendly. 

· Avoids use of synthetic chemicals. 

· Premium price.

· Higher nutrition value.

· Consumers’ trust.
	· Growing demand for organic products.

· Niche market access.

· Support and incentives.

· Research and innovation.
	· Rigorous certification requirements. 

· Transition period to Certification.

· Organic feed required.

· Animal health concerns.

· Potential for high production costs, lower yield and higher price for consumers.
	· Competition with low price conventional beef.

· Contamination risk.

· Change in organic regulations and standards.

· Mislabeling and fake claims.
	(Fernandez & Woodward, 1999; Raynolds, 2004; Chander et al., 2011; Blanco-Penedo et al., 2012; Crandall et al., 2013; Hafla et al., 2013; Sutherland et al., 2013; Escribano, 2016; Buratti et al., 2017; Angerer et al., 2021; Bajracharya, 2022; Michalke et al., 2023)



	Regenerative grazing


	· Improved soil health and fertility.

· Enhanced carbon sequestration.

· Promote biodiversity conservation.

· High resilience to climatic hazards. 

· Higher animal welfare. 
	· Growing demand for sustainable beef.

· Premium price.

· Support and incentives.

· Restoration of ecosystem services.
	· Requires infrastructure for rotational grazing, water systems, and fencing.

· Require specific knowledge and expertise.

· Longer timeframe for results. 

· More land requirements.
	· Competition with low price conventional beef.

· Climate change and extreme weather.
	(LaCanne & Lundgren, 2018; Teague, 2018; Buck et al., 2020; Teague & Kreuter, 2020; Brown et al., 2021; Dillon & Machmuller, 2021; Dyer & Desjardins, 2021; Pinheiro et al., 2021; Spratt et al., 2021; Cusworth et al., 2022; Howard, 2022; Montgomery et al., 2022; Page & Witt, 2022; Schulte et al., 2022; Mayerfeld et al., 2023; Seymour & Connelly, 2023)
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Table S6. Policy recommendations on the basis of ESG and SWOT findings

	Beef production system
	Main target area
	Policy recommendation

	Transhumant system
	Weak governance; land tenure, labor intensity
	Protect grazing rights, Mobile extension services, inclusive land governance frameworks



	Pasture-based system

 
	Vulnerability to over grazing, land degradation, seasonal variation
	Support for adaptive grazing planning, soil regeneration support, Payment for ecosystem services for biodiversity conservation

	Agroforestry or 

silvopasture system 


	High initial cost, long-term investment, climate, and wildlife impact
	Startup grants for establishment, carbon credit access for agroforestry, Insurance scheme for climate and wildlife impact

	Landless industrialized production systems


	High GHG emissions, pollution, poor animal welfare, low community engagement
	Regulations on emissions, waste, and chemical use, Mandatory ESG disclosure, incentives for transitioning to mixed or lower impact systems

	Small-scale landless system


	Reliance on purchased feed, low market access, high disease, and climate risk
	Promote cooperative models, microloans/support for secure housing to prevent diseases, capacity building in sustainable feed and waste management

	Biodynamic farming


	Limited adoption, high labor demand, high knowledge required, niche market access
	Funding for participatory research and development, consumer awareness campaigns, premium market access through cooperatives/ branding

	Certified organic beef production

 
	Certification transition costs, compliance burden, consumer pricing
	Subsidies for certification transition, public programs to buy organic beef, streamline compliance to support small farmers

	Regenerative grazing


	Biodiversity conservation, improved soil health, requires high resource/land, requires expertise 
	Payment for ecosystem services,

Subsidies for soil carbon practices and infrastructure, training programs in holistic grazing management
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