Table S1. Allocation methods used in LCA studies of crop or feed systems.
	Citation
	Product system
	Co-products allocated between
	Method of allocation

	Goglio et al. (2018)
	discussion article of crop interactions within cropping systems
	crops in rotation
	hierarchy: 1) subdivision, 2) causal allocation, 3) other physical allocation

	Brankatschk and Finkbeiner (2017)
	methodological paper for crop systems
	crops in rotation
	allocation method proposed: Cereal Unit based on animal nutritional value using barley as a benchmark - include inventory for entire crop rotation but keep functional unit as e.g. 1 t wheat crop, everything else is a co-product allocated based on Cereal Unit - conversion factors reported in Brankatschk and Finkbeiner (2015))

	Costa et al. (2020)
	review of legume studies
	final products and co-products, upstream products, nutrient flow between legumes and following crops
	46% of studies used Cereal Unit (Brankatschk and Finkbeiner 2017); 15% claimed no co-products (generally if area-based FU or temporal frame covers all crops - e.g. everything associated with non-harvested legume cover crops fully attributed to crop harvested after - but if legume harvested the N benefit is fully attributed to following crop but leaching fully attributed to legume); 27% used mass, energy or economic allocation, 3% system expansion, 3% biophysical allocation

	Khatri and Jain (2017)
	review of edible oil systems
	oil and co-products
	in order of most commonly applied in reviewed literature: 1) system expansion, 2) not specified, 3) mass, 4) economic, 5) not applied, 6) other, 7)energy

	van der Werf and Nguyen (2015)
	crop plants
	21 plant co-products used as ingredients for animal feeds
	energy; economic; physiological construction cost of plant compounds (new methodology proposed). Lit review of 24 LCA studies from 2000-2013 for plant co-products used as animal feed: economic used in 19, energy in 3, system expansion and mass allocation in 2, nitrogen content in 1.

	Summerscales and Dissanayake (2018)
	flax
	seed, long fibre, short fibre, dust
	economic, mass

	Del Hierro et al. (2021)
	barley
	barley grain and barley straw
	economic compared to mass

	Tricase et al. (2018)
	barley
	barley grain and barley straw
	economic

	Dijkman et al. (2017)
	barley
	all life cycle co-products
	economic

	Locker et al. (2019)
	corn stover
	grain and stover
	system expansion and mass allocation

	Derose et al. (2019)
	Distiller's Grains
	corn ethanol and Distiller's grains
	energy and economic

	Goglio et al. (2012)
	sunflower and maize, both in rotation with wheat
	grain and residues
	physical (mass) compared to no allocation (all impacts to grain)

	Shrestha et al. (2020)
	wheat
	winter wheat main product with all other rotational crops in crop rotation co-products
	energy, economic, mass, Cereal Unit

	Ni et al. (2019)
	wheat
	wheat grain and straw
	economic, energy, calorific values

	Palmieri et al. (2017)
	wheat straw
	wheat and straw
	economic, mass, cereal unit

	Salim et al. (2019)
	glucose from wheat
	wheat for glucose and wheat straw; glucose and valuable by-products bran, gluten meal and gluten feed
	economic and mass

	Heusala et al. (2020)
	oat and faba bean protein concentrates
	oat protein concentrate, oat oil, beta glucan
	economic

	Heusala et al. (2020a)
	foods made with oat protein concentrate
	oat protein concentrate, oat starch are co-products of beta glucan production, oat oil also produced
	economic

	Kyttä et al. (2021)
	recycled fertilizers to produce oats
	fertilizers, tallow, biogas
	economic

	Matsuura et al. (2017)
	soybean-sunflower production system
	sunflower and soybean
	time of soil occupation, yield, economic

	Fridrihsone et al. (2020)
	rapeseed
	oil mill stage: rapeseed oil and cake/expeller
	1) system expansion (protein residues as animal food would offset production of soy meal), 2) mass, 3) energy, 4) economic

	Khatri et al. (2017)
	mustard oil
	seed and straw; oil and cake
	system expansion and economic allocation for agricultural system; economic and mass allocation for industrial system

	Werth et al. (2021)
	finishing feed for cattle
	different transportation scenarios; feed and DDGS
	transportation: 100% empty return load, 50% and 0%; DDGS: energy, mass, economic, system expansion 

	Boone et al. (2019)
	agricultural systems (organic and conventional)
	all crops in system
	proposed allocation procedure based on capacity to deliver ecosystem services

	Sevenster et al. (2020)
	crop rotations
	each crop in rotation
	system expansion recommended, allocation based on time in rotation when not possible

	Nakashima and Ishikawa (2017)
	cropping system
	winter wheat, sugar beet, adzuki bean, kidney bean, soybean, potato
	land-area allocation 

	Van Stappen et al. (2018)
	eight cereal crops
	cereal for human food and animal litter/feed, straw left on field
	economic, mass for sensitivity



Table S2. Allocation methods used in LCA studies of dairy systems.
	Citation
	Product system
	Co-products allocated between
	Method of allocation

	Kyttä et al. (2021b)
	review of dairy studies
	milk, meat, beef and dairy by-products e.g. fertilizers, bioenergy, hides, pet foods
	In order of frequency in the literature: biophysical for milk and meat; economic; system expansion 
manure handled as a co-product in 18 studies, 12 of which applied economic allocation and 6 substitution

	Baldini et al. (2017)
	review of milk studies
	meat, energy from biogas, manure as common co-products of milk production
	IDF 2010 recommends biological method based on feed energy utilization, FAO 2010 proposed protein content. Most authors chose economic value (15 studies), then biological (7), 6 allocated all to milk, 3 mass, 2 protein, 2 system expansion, and 4 other.

	Garg et al. (2018)
	dairy
	crop co-products in supply chain for feed; only milk considered an output (slaughter of cows not allowed in India and manure mostly used on farm)
	economic, mass, digestibility

	Romano et al. (2021)
	dairy buffalo (with wheat production scenario)
	dairy and meat from culled animals and by-product wheat grain (straw used on farm as litter and feed), excluded meat provided by male calves
	economic

	Romano et al. (2021b)
	dairy (with on farm wheat production)
	wheat, cows culled, dairy (main product)
	no allocation scenario, economic, and mass scenarios. Culled cows considered products to avoid 

	Thoma et al. (2013)
	milk
	milk and beef, fluid milk and excess cream at processing plant, animals sold to another dairy
	causal allocation (metabolic partitioning – equations provided in paper), subdivision when possible. Compared to economic and protein-based

	Gilardino et al. (2020)
	dairy
	dairy for market, meat for market, milk for family consumption, food for calves, organic fertilizer, draught power
	no allocation, economic allocation, allocation according to farmers perception, system expansion

	March et al. (2021)
	milk
	milk and meat
	mass and economic

	EDA (2018)
	dairy
	raw milk, dairy products produced on farm, live animals leaving the farm for slaughter or further fattening or replacement of dairy cattle including dry culled cows and calves, dead animals leaving the farm, manure, sold non-dairy products (feed and arable products), energy produced on the farm; dairy products at dairy unit; transportation from retail to consumer home; materials recycling, or incineration with energy recovery at the end-of-life
	upstream impacts allocated to raw milk and live animals based on IDF 2015 (metabolic partitioning), manure and dead animals considered “residues” with no allocation except when manure has economic value then economic allocation for manure but still biophysical for milk and live animals; manure in anaerobic digester is residual and emissions of digester fully allocated to electricity and heat produced. Transportation of raw milk and distribution of packaged dairy products allocated based on fresh mass. 

	Rice et al. (2017)
	dairy
	meat and milk
	comparing methods: economic, energy, protein, emergy, mass of liveweight, mass of carcass weight, physical causality 

	Oliveira et al. (2021)
	dairy
	livestock phase: raw buffalo milk, dead animals for meat, manure; cheese-making phase: buffalo mozzarella, hard cheese, ricotta, butter, semi-hard cheese, whey
	scenarios: no allocation to co-products, economic allocation, exergy allocation

	Famiglietti et al. (2019)
	milk
	 milk and meat; dairy co-products
	biophysical for milk and meat at farm gate; dry mass for dairy products and by-products; sensitivity analysis of fat and protein content and economic allocation

	Carvalho et al. (2021)
	milk
	milk, meat
	biophysical and economic, no allocation

	Aguirre-Villegas et al. (2017)
	dairy
	crops: soybean meal and oil, outputs: milk, meat, biogas-based electricity
	system expansion for electricity; mass for soybean meal and oil; nutritional content (protein and fat) for milk and meat

	Dalla Riva et al. (2017)
	cheese
	mozzarella and co-products; milk and animal live weight
	subdivision when possible, then milk solids allocation; energy content of feed to produce each product for milk and animal live weight

	Vellinga and de Vries (2018)
	dairy
	meat and milk
	biophysical allocation as described in Thoma et al. (2013) for milk and carcass weight; economic allocation for feed production

	Finnegan et al. (2017)
	dairy
	11 dairy products, meat, crops
	physio-chemical (Feitz et al. 2007) for dairy products and economic for milk, meat and crops

	Salvador et al. (2017)
	dairy
	milk and beef
	no allocation and physical (metabolic partitioning) allocation

	Berlese et al. (2019)
	cheese
	milk and meat; mozzarella, ricotta and ripened cheese
	no allocation, physical (metabolic partitioning, dairy solids) and economic allocation

	Baldini et al. (2020)
	dairy
	milk, meat
	no allocation, physical (metabolic partitioning) and economic

	Brizga et al. (2021)
	dairy
	raw milk, cows for slaughter, calves
	mass

	Usva et al. (2019)
	milk
	different dairy products; milk and beef
	physical/causal (milk solids); feed energy consumption/drinking water consumption

	Lehmann et al. (2019)
	dairy
	milk and meat
	mass

	Laca et al. (2020)
	dairy
	milk and meat
	biophysical

	Palmieri et al. (2017b)
	dairy
	milk and meat; curd and whey
	physical with cereal unit as sensitivity; no allocation

	Sabia et al. (2020)
	dairy sheep
	milk, meat, wool
	economic

	Pirlo and Lolli (2019)
	milk
	milk, meat, calves
	no allocation, economic, physical/causal

	Wilkes et al. (2020)
	milk
	milk and live animals for meat
	economic, protein, no allocation

	Uddin et al. (2021)
	milk
	milk and meat
	biophysical, sensitivity with economic and no allocation

	Vida and Tedesco (2017)
	milk
	milk, meat, electricity made from anaerobic digestion of manure and maize silage
	physical/causal for milk and meat; system expansion for renewable energy system

	Jungbluth et al. (2018)
	processed dairy products
	yogurt, cream, UHT milk
	subdivision; allocation according to milk solid content, compared to recommendation of International Dairy Federation (IDF 2010 based on Feitz et al. 2007) 

	Flysjö et al. (2014)
	dairy
	consumer milk, yoghurt, cooking, other fresh dairy products, butter, butter blends, yellow cheese, white cheese, mould cheese, cream cheese, whole milk powder, skim milk powder, whey protein concentrates, whey-based products
	raw milk: weighted fat and protein (1:1.4) based on price paid to farmers; purchased dairy products: no allocation needed; other raw materials and ingredients: subdivision; packaging: based on mass (wanted to be volume but not available); energy used in processing: based on product dry matter; inbound transport: based on product dry matter; outbound transport: based on mass

	Feitz et al. (2007)
	dairy
	multiple dairy products produced by plant
	physio-chemical allocation matrix based on industry data from 17 plants developed through process of subtraction/substitution to determine average resource use and wastewater emissions for individual products within multi-product plants

	Yan and Holden (2018)
	dairy
	butter, skimmed milk powder, fat filled powder
	subdivision, allocation for evaporators and dryers based on water removed; for chemicals, solid waste management, electrical and thermal energy allocation based on proportion of solids in final products

	Santos et al. (2017)
	cheese
	cheese, yogurt, butter, cottage cheese, ricotta
	economic

	Finnegan et al. (2018)
	review of cheese studies
	cheese and by-products (liquid whey and whey cream)
	Common approaches from literature: no allocation, economic allocation, subdivision 

	Houssard et al. (2020)
	yogurt
	Greek yogurt and acid whey
	dry weight milk solid mass allocation; economic allocation

	Houssard et al. (2021)
	Greek yogurt
	dairy processing by-products
	system expansion to avoid allocation

	Bava et al. (2018)
	cheese
	product of dairy processing
	dry matter content, economic, nutritive value

	Dalla Riva et al. (2018)
	cheese
	cheeses and whey
	economic 

	Depping et al. (2020)
	dairy
	fractionation co-products
	functionality and economic allocation in ALCA; product substitution in CLCA

	Bacenetti et al. (2018)
	whey protein concentrate
	cheese, whey, buttermilk, butter; different whey protein concentrates
	physical allocation based on DM content

	Salas-Vargas et al. (2021)
	cheese
	cheeses, whey, cottage cheese, butter, yogurt, etc.
	economic, physiochemical





Table S3. Allocation methods used in LCA studies of other livestock systems.
	Citation
	Product system
	Co-products allocated between
	Method of allocation

	Rawnsley et al. (2018)
	review of livestock systems
	various co-products (milk, meat, wool, etc.)
	common in literature: no allocation, economic, mass, biophysical, system expansion

	Costantini et al. (2021)
	review of poultry studies
	carcass and secondary slaughtering products (inedible organs, head, feet, blood, feathers, etc.), as well as eggs and spent hen meat
	economic allocation most common, some system expansion 

	FAO (2014)
	poultry LEAP guidelines
	animal species within farm backyard system; spent hens within farm; cull birds within farm; meat processing (meat and non-meat products); egg processing (shells/wasted and broken eggs)
	multiple species: subdivision when possible, biophysical causality based on proportion of total feed energy; cull birds: system expansion with substitution when possible, biophysical causality based on metabolic partitioning (if disposed it is a waste not a co-product); meat processing: subdivision when possible, economic allocation; egg processing: economic allocation; if product have no economic value and material has subsequent use it is residual and receives no allocation, if no economic value and no subsequent use it is waste and emissions from waste treatment added to inventory of remaining co-products

	Hietala et al. (2021)
	beef
	milk and beef; rapeseed oil and rapeseed meal; manure
	milk and beef: metabolic partitioning, tested IDF allocation as recommended by dairy PEFCR (EDA 2018); rapeseed: economic; manure: no allocation - assumed all spread for crops to feed same animal

	Gonzalez-Quintero et al. (2021)
	beef
	meat and milk
	economic, energy, mass

	Bragaglio et al. (2018)
	beef
	 not indicated
	background data came from ecoinvent3 (allocation default) and Agri-footprint (mass allocation)

	Bragaglio et al. (2020)
	beef
	beef, milk, ecosystem services
	economic

	Saget et al. (2021)
	beef vs. pea protein
	cattle co-products, pea dehulling and fractionation co-products (hulls, slurry, starch)
	economic and mass for beef co-products and pea co-products, biophysical (metabolic energy requirements) for beef as sensitivity

	Saget et al. (2021b)
	plant-based burger and beef burger
	beef and co-products; veggie burger and processing co-products
	economic, sensitivity of mass for veggie and biophysical for beef

	Dougherty et al. (2019)
	lamb
	lamb, breeding stock, wool
	mass, economic, protein

	Wiedemann et al. (2015)
	sheep
	wool and meat
	protein requirements and partitioning of digested protein, protein mass allocation, economic allocation, system expansion, subdivision for different animals produced on same farm

	Eady et al. (2012)
	sheep
	food and fibre co-products (crops and sheep)
	subdivision for crops and sheep; biophysical and economic allocation for co-products from sheep

	Campos et al. (2020)
	poultry by-products for animal feed (fish industry)
	poultry fat, poultry by-product meal, steam hydrolyzed feather meal, and poultry for human consumption
	economic, mass for sensitivity analysis. Natural gas inputs: exergy

	Cherubini et al. (2018)
	swine
	multi-functional processes: grain processing (soybean and maize), animal rearing, manure management system, slaughtering. Piglets, sows, boars, swine in animal rearing and for swine carcasses and their co-products in the slaughterhouse stage, manure, soybean meal and oil, maize grain
	substitution/system expansion; economic; mass; for manure allocation occurs after manure management system before application in soil (as opposed to before sending manure to management system). No mass allocation of electricity/heat to manure management system because energy does not have a weight so system expansion, so products are meat, electricity and heat

	Pazmiño and Ramirez (2021)
	pork
	pork and slaughter co-products
	economic

	Six et al. (2017)
	pork
	 pork co-products
	economic allocation for products; employee commuting data allocated by mass

	Costantini et al. (2020)
	eggs
	eggs and meat
	not allocated (attributed entirely to eggs), sensitivity analysis for biophysical allocation (metabolizable energy requirements for growth and egg productions) and economic

	van Hal et al. (2019)
	eggs
	feed co-products
	food-based, compared with economic

	Parker (2018)
	salmon
	co-products from crop, fishery, animal by-product feed inputs; fish mortalities, sludge for compost, fish product; animal co-products at slaughter
	energy density/biophysical; system expansion (sludge replaces fertilizers) and mortalities excluded; mass

	Newton and Little (2018)
	salmon
	salmon, fish oil, viscera
	subdivision; economic (mass as sensitivity)

	Silvenius et al. (2017)
	fish
	fish meal and oil; soymeal and soybean oil/canola meal and canola oil; fillet and by-products
	mass; economic; economic

	Le Féon et al. (2020)
	livestock 
	livestock co-products
	biophysical (amount of energy used in growing and maintaining parts of animal), also mass and economic factors collected

	Le Féon et al. (2020)
	livestock 
	livestock co-products
	biophysical (metabolic energy requirements) 

	Leip et al. (2019)
	manure
	manure and other livestock products
	nutrient value from manure for crop production 
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