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S.1. Import feed-related livestock production in China

To estimate how much livestock production in China is supported by imported feeds from the U.S., we first derived the ratio of specific feed types that were used by each livestock type under different production systems ranging from 0 to 1 using data from Fang et al.1, as shown in equation (1).

=     (1)

Where refers to different types () of livestock population () under different production systems () including traditional, medium, industrial, and grazing. represents the Dry Matter (DM) intake () of different livestock types under different production systems.  refers to the relative composition (%) of different feed types () per livestock type and per production system. Feed types include brans, oil and sugar crops, cereal grains, protein-rich feed, food waste, annual forages, perennial forages, animal and fish, Phosphorus additives, and others. We used integer numbers from 1 to 10 to represent each feed type, respectively (= brans, = oil and sugar crops, 3 = cereal grains…).

Based on the derived feed use ratio, we allocated different types of imported feeds to livestock per type and per production system, as shown in equation (2). Then, in addition to the imported feeds, we assumed that feed coming from food waste is provided domestically within China without additional N inputs, so the total adjusted feed use is estimated as a sum of both imported feeds and feed from food waste, as shown in equation (3).

=   (2)

  =  +  (3)
Where  refers to the proportion of (5= food waste) in total feed use per livestock type and per production system. Types of imported feed include oil and sugar crops, cereal grains, protein-rich feed, and annual forages.

Based on adjusted feed use, we estimated import feed related livestock N production in China based on Feed Conversion Ratio (FCR) and N contents of livestock products, as shown in equation (4).
 =          (4)
Where  refers to the inputs (kg) of feed dry matter per kg animal product produced for different livestock types () under different production systems ().











Table S.1. NUE (%) of major feed crops in China and the US. Estimates of crop specific NUE was adapted from Zhang et al. (2015)2. NUE of forage was derived from Gu et al.3. 
	
	China
	U.S.

	Wheat
	35%
	49%

	Rice 
	40%
	44%

	Maize
	34%
	72%

	Sorghum 
	45%
	62%

	Other cereals
	37%
	61%

	Soybeans 
	53%
	82%

	Other oilseeds 
	37%
	41%

	Forage  
	43%
	85%












Table S.2. NUE (%) of animal-derived food in China and the US. Estimates of livestock NUE in the U.S. was calculated using feed consumption data per animal type from IFEEDER (https://www.ifeeder.org/research/feeding-america-s-domestic-livestock-and-pets-is-essential/ )4. Average livestock NUE in China was estimated using feed formulae and feed conversion ratio (FCR) per animal type and per production system adapted from Fang et al.1 and associated N content in animal products5.
	
	China
	U.S.

	Milk
	6%
	14%

	Beef
	4%
	13%

	Pork
	17%
	18%

	Chicken meat
	23%
	36%

	Eggs
	18%
	25%

	Mutton
	7%
	14%










Table S.3. Recovery rate of manure applied to soils and manure left on pasture per livestock type in China and the U.S. in 2021 adapted from FAOSTAT6.  
	
	China
	U.S.

	Manure applied to soils 

	Dairy cattle
	48%
	54%

	Beef cattle 
	30%
	11%

	Hog 
	81%
	54%

	Broiler
	54%
	95%

	Layer
	54%
	95%

	Sheep and goat
	11%
	11%

	Manure left on pasture 

	Dairy cattle
	23%
	11%

	Beef cattle 
	51%
	81%

	Sheep and goat
	89%
	89%




















Table S.4. Overview of GHG emission sources in crop and livestock production systems considered in this study. 
	
	Source of emissions
	Description 

	Upstream emissions
	Fertilizer manufacturing (CO2)
	CO2 emissions from the manufacture of synthetic N fertilizer

	
	Fertilizer transport (CO2)
	CO2 emissions from the transport of synthetic N fertilizer

	On-farm emissions
	Agricultural soils (N2O)
	Direct and indirect N2O emissions from N inputs to cropland and grassland, including fertilizer, manure, deposition, and biological nitrogen fixation (BNF)

	
	Residue burning (N2O, CH4)
	N2O and CH4 emissions from residue combustion

	
	Rice cultivation (CH4)
	CH4 emissions arising from the cultivation of rice

	
	Enteric fermentation (CH4)
	CH4 emissions caused by enteric fermentation

	
	Manure management (N2O, CH4)
	N2O and CH4 emissions arising from manure storage and management

	Post-farm emissions
	Food transport (CO2)
	CO2 emissions from transporting agricultural products between the U.S. and China by mode of water 




Table S.5. GHG emission intensity (CO2e kg N-1) from residue burning and rice cultivation per crop type in the U.S7.
	
	U.S.

	CH4 (residue burning) 

	Corn 
	0.019

	Rice 
	0.37

	Wheat 
	0.12

	Other Small Grains
	0.31

	Sorghum 
	0.034

	Legume Hay + Grass Hay
	0.0047

	Peanuts 
	0.16

	Soybeans 
	0.0074

	N2O (residue burning)

	Corn 
	0.0090

	Rice 
	0.12

	Wheat 
	0.049

	Other Small Grains
	0

	Sorghum 
	0

	Legume Hay + Grass Hay
	0.0047

	Peanuts 
	0.16

	Soybeans 
	0.0029

	CH4 (rice cultivation)

	Rice 
	81.87






























Table S.6. GHG emission intensity (CO2e kg protein-1) from manure management and enteric fermentation per livestock type in China and the U.S8.
	
	Enteric fermentation
(CH4)
	Manure management
(CH4)
	Manure management
(N2O)

	China

	Dairy cattle
	44.1
	5.3
	3.2

	Beef cattle
	135.5
	15.8
	18.8

	Hog
	1.4
	17.4
	2.7

	Broiler
	0
	0.6
	1.4

	Layer
	0
	3.7
	1.3

	Sheep and goat
	150.9
	4.5
	10.4

	U.S.

	Dairy cattle
	19.6
	7.7
	3.1

	Beef cattle
	64.3
	2.5
	12.5

	Hog
	1.2
	16.8
	1.5

	Broiler
	0
	0.5
	0.8

	Layer
	0
	1.9
	0.8

	Sheep and goat
	118.5
	5.5
	14.1




















Table S.7. GHG emission intensity (kg CO2e tonne-1 km-1) from international food transportation adapted from Li et al.9. 

	Transport mode
	Ambient transport
	Temperature-controlled transport

	Water 
	0.01
	0.02





Table S.8. Export price and Environmental Damage Cost (EDC) for feed crops and animal-derived food products in the U.S.6,10,11. Standard deviation represents export price fluctuation from 2015 to 2022. 

	
	Export price
(US$ kg N-1)
	EDC
(US$ kg N-1)

	Dairy milk 
	238.6 ± 66.8
	98.7

	Eggs
	58.6 ± 10.2
	28.6

	Pork
	91.2 ± 8.3
	78.0

	Poultry meat
	79.8 ± 12.7
	34.1

	Beef
	288.9 ± 33.4
	93.3

	Mutton 
	122.6 ± 9.5
	69.1

	Forage 
	16.9 ± 2.4
	3.3

	Soybeans
	7.0 ± 1.3
	3.9

	Maize
	14.7 ± 3.6
	7.7

	Wheat
	14.4 ± 3.7
	18.8

	Rice 
	70.6 ± 35.8
	23.9

	Other cereals
	14.4 ± 3.9
	12.0

	Other oilseeds
	21.5 ± 8.9
	27.1


















Table S.9. Import price and Environmental Damage Saving (EDS) for feed crops and animal-derived food products in China11,12. Standard deviation represents import price fluctuation from 2015 to 2022. 

	
	Import price
(US$ kg N-1)
	EDS
(US$ kg N-1)

	Dairy milk 
	483.2 ± 312.2
	404.2

	Eggs
	85.5 ± 15.1
	135.0

	Pork
	96.8 ± 12.2
	124.8

	Poultry meat
	97.3 ± 57.4
	159.0

	Beef
	314.8 ± 38.8
	616.5

	Mutton 
	206.2 ± 51.9
	324.5

	Forage 
	18.8 ± 3.7
	19.9

	Soybeans
	7.5 ± 1.4
	13.3

	Maize
	16.8 ± 3.1
	29.2

	Wheat
	16.1 ± 3.4
	27.9

	Rice 
	85.5 ± 49.8
	22.5

	Other cereals
	16.2 ± 3.9
	25.6

	Other oilseeds
	29.9 ± 21.2
	25.6




















Table S.10. IPCC emission factors for the major forms of N pollution and the damage cost estimates in China and the US (2020)11,13. 
	
	Fraction of N surplus as reactive N species (%)
	Damage cost ($US kg N-1)

	
	
	China
	U.S.

	N2O 
	0.03
	15.1
	19.5

	NO3-
	0.73
	16.3
	21.0

	NOx
	0.12
	11.0
	12.0

	NH3
	0.12
	11.3
	12.3
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Fig S.1.  Comparison of NUE of different crop and animal products, feed N requirement by animals, and GHG emission intensity from nitrogen inputs for different crops comparing China and the U.S7,14. 
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Fig S.2.  GHG emission intensity from manure management and enteric fermentation comparing China and the U.S. for different animal products15. Unit is in kg CO2e kg protein-1.
	

[image: ]
Fig S.3. Comparison of environmental impacts from crop and livestock production in trading feed and food scenarios. a, nitrogen loss (Tg N), b, GHG emissions (Tg CO2e). Unit is in Tg CO2e. 
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Fig S.4. Share of crop production at county-level in the U.S. in 2017. a, soybeans, b, protein feeds (soybean), c, hay, d, oil and sugar crop (peanut, sunflower, canola, sugarcane, sugar beet), e, f,. Data was obtained from USDA-NASS16.
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Fig S.5. Share of livestock population at county-level in the U.S. in 2017. a, dairy cattle, b, beef cattle, c, sheep and goat, d, hog, e, broiler, f, layer. Data was obtained from USDA-NASS16.
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Fig S.6. Changes in feed and food nitrogen production at county-level in the U.S. in 2017. a, feed (Gg N), b, food (Gg N). 
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