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Table S1 Mean annual grain production by wheat and maize (corn), and the areas of both cereal crops harvested across different geographic regions of the world over the five-year period 2018–2022.a
	Crop
	Average by geographic region
	Global 

	
	Asia
	Europe
	Americas
	Africa
	Oceania
	total

	Wheat
	
	
	
	
	
	

	Tg grain/year
	337.81
	263.04
	113.62
	27.82
	24.65
	766.93

	Global shareb
	(44.1%)
	(34.3%)
	(14.8%)
	(3.6%)
	(3.2%)
	(100%)

	Tg grain Nc
	6.76
	5.26
	2.27
	0.56
	0.49
	15.34

	Mha harvested
	98.73
	62.03
	35.47
	9.85
	11.36
	217.44

	Maize
	
	
	
	
	
	

	Tg grain/year
	368.36
	125.83
	572.28
	90.82
	0.54
	1157.83

	Global shareb
	(31.8%)
	(10.9%)
	(49.5%)
	(7.8%)
	(<0.1%)
	(100%)

	Tg grain Nc
	5.89
	2.01
	9.16
	1.45
	0.01
	18.53

	Mha harvested
	66.32
	18.39
	73.38
	41.31
	0.07
	199.47

	Wheat + Maize
	
	
	
	
	
	

	Tg grain/year
	706.17
	388.87
	685.90
	118.64
	25.19
	1924.76

	Global shareb
	(36.7%)
	(20.2%)
	(35.6%)
	(6.2%)
	(13.1%)
	(100%)

	Tg grain Nc
	12.65
	7.27
	11.43
	2.01
	0.50
	33.87

	Mha harvested
	165.05
	80.42
	108.85
	51.16
	11.43
	416.91


a  FAOSTAT (2025). Scientific names are provided in Table S11.
b Values in parentheses indicate either wheat or maize grain tonnage as a percentage of the global total.
c Calculated assuming every tonne of grain harvested contains 20 kg N for wheat and 16 kg N for maize (Ludemann et al. 2024).
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Table S2 Comparisons of annual wheat grain production and the areas harvested by the ten countries producing the most wheat, the amounts of N removed in grain, the rates of N fertiliser applied, and fertiliser-N as a percentage of N offtake in harvested wheat grain (shown in parentheses).
	Country
	Wheat productiona
	Area harvesteda
	Average grain yield
	 N Fertiliser applied

	
	(Tg grain/year)
	(Tg grain N/year)b
	(Mha/year)
	(t/ha)
	(kg N/ha)b
	(kg N/ha)c
	(Tg N/year)d

	China
	134.79
	2.70
	23.69
	5.69
	114
	212
	5.02 (186%)

	India
	105.73
	2.11
	30.38
	3.48
	70
	112
	3.40 (161%)

	Russian Federation
	82.56
	1.65
	28.03
	2.94
	60
	36
	1.01 (61%)

	USA
	48.67
	0.97
	15.08
	3.23
	64
	78
	1.18 (122%)

	France
	35.48
	0.71
	5.04
	7.04
	140
	165
	0.83 (117%)

	Canada
	31.44
	0.63
	9.77
	3.22
	64
	85
	0.83 (132%)

	Ukraine
	26.17
	0.52
	6.48
	4.04
	80
	104
	0.67 (129%)

	Pakistan
	25.67
	0.51
	8.89
	2.88
	58
	154
	1.37 (269%)

	Australia 
	24.24
	0.48
	11.31
	2.14
	42
	39
	0.44 (83%)

	Germany
	21.91
	0.44
	2.98
	7.35
	146
	150
	0.45 (102%)

	10-country total
	536.65 
	10.73
	141.65
	
	
	
	15.20

	Global sharee
	70%
	70%
	65%
	
	
	
	80%

	15-country totalf
	568.47
	11.37
	151.56
	
	
	
	15.84

	Global sharee
	74%
	74%
	70%
	
	
	
	83%


a  Average production data for the period 2018–2022 (FAOSTAT 2025). 
b Calculated assuming wheat grain contains 20 kg N per tonne (Ludemann et al. 2024). 
c Rates of N fertiliser applied to wheat in 2018 (IFA 2022; Ludemann et al. 2022).
d Calculated assuming the average N fertiliser rate used by each country in 2018 was also representative of the rates applied to wheat in every year between 2018 and 2022. Values in parentheses indicate fertiliser N as a percentage of grain N offtake.
e Values represent either total wheat grain production or area harvested as a percentage of the total global wheat data presented in Table S1, or percentage N fertiliser used as a percentage of the 19 Tg fertiliser-N reported to be applied globally to wheat (IFA 2022).
f Includes additional wheat grain and area data, and the amounts of N fertiliser applied to wheat in the five major maize producing countries Brazil, Argentina, Mexico, Indonesia and South Africa (note: no wheat data available for Indonesia; FAOSTAT 2025; IFA 2022).



Table S3 Comparisons of annual maize grain production and the areas harvested by the ten countries producing the most maize, the amounts of N removed in grain, the rates of N fertiliser applied, and fertiliser-N as a percentage of N offtake in harvested maize grain (shown in parentheses).
	Country
	Maize productiona
	Area harvesteda
	Average grain yield
	N Fertiliser applied

	
	(Tg grain/year)
	(Tg grain N/year)b
	(Mha/year)
	(t/ha)
	(kg N/ha)b
	(kg N/ha)c
	(Tg N/year)d

	USA
	360.06
	5.76
	33.14
	10.86
	174
	158
	5.24 (91%)

	China
	265.87
	4.25
	42.24
	6.29
	101
	190
	8.03 (189%)

	Brazil
	97.04
	1.55
	18.38
	5.28
	85
	68
	1.25 (81%)

	Argentina
	55.66
	0.89
	7.80
	7.14
	114
	49
	0.38 (43%)

	Ukraine
	34.04
	0.54
	4.91
	6.93
	110
	107
	0.53 (98%)

	India
	30.12
	0.48
	9.57
	3.15
	50
	104
	0.99 (206%)

	Mexico
	27.30
	0.44
	6.98
	3.91
	63
	123
	0.86 (195%)

	Indonesia
	21.48
	0.34
	3.87
	5.55
	90
	117
	0.45 (132%)

	South Africa
	14.77
	0.24
	2.85
	5.18
	83
	100
	0.29 (121%)

	Russian Federation
	14.14
	0.23
	2.63
	5.38
	86
	89
	0.23 (100%)

	10-country total
	920.38 
	14.73
	132.37
	
	
	
	18.24

	Global sharee
	79%
	79%
	66%
	
	
	
	87%

	15-country total
	960.34
	15.37
	137.34
	
	
	
	18.84

	Global sharee
	82%
	82%
	69%
	
	
	
	90%


a  Average production data for the period 2018–2022 (FAOSTAT 2025). 
b Calculated assuming maize grain contains 16 kg N per tonne (Ludemann et al. 2024). 
c Rates of N fertiliser applied to maize in 2018 (IFA 2022; Ludemann et al. 2022).
d Calculated assuming the average fertiliser N rate used by each country in 2018 was also representative of the rates applied to maize in every year between 2018 and 2022. Values in parentheses indicate fertiliser N as a percentage of grain N offtake.
e Values represent either total maize grain production or area harvested as a percentage of the total global maize data presented in Table S1, or percentage N fertiliser used as a percentage of the 21 Tg fertiliser-N reported to be applied globally to maize (IFA 2022).
f Includes additional maize grain and area data, and the amounts of N fertiliser applied to maize in the five major wheat producing countries France, Canada, Pakistan, Australia and Germany (FAOSTAT 2025; IFA 2022).


[bookmark: _Hlk181793844]Table S4 Mean annual grain production by major cool- and warm-season pulse legume crops and the areas harvested across different geographic regions of the world, and the three counties responsible for the largest production over the five-year period 2018–2022.a
	Legume
	Average by geographic region
	Global
	Top-three producing countries

	
	Asia
	Europe
	Americas
	Africa
	Oceania
	Total
	
	
	

	Major cool-season crops
	
	
	
	

	Chickpea (Garbanzo bean)
	
	India
	Australia
	Türkiye

	Tg grain/year
	13.34
	0.45
	0.82
	0.76
	0.69
	16.06
	11.57
	0.68
	0.59

	Global shareb
	(83.1%)
	(2.8%)
	(5.1%)
	(4.7%)
	(4.3%)
	(100%)
	(72.1%)
	(4.3%)
	(3.7%)

	Mha harvested
	12.46
	0.48
	0.52
	0.48
	0.57
	14.51
	10.11
	0.57
	0.50

	Field pea (pea)
	
	Canada
	Russian Fed
	China

	Tg grain/year
	2.64
	5.56
	4.68
	0.58
	0.29
	13.75
	3.62
	2.84
	1.47

	Global shareb
	(19.2%)
	(40.4%)
	(34.0%)
	(4.3%)
	(2.1%)
	(100%)
	(26.3%)
	(20.7%)
	(10.7%)

	Mha harvested
	1.88
	2.53
	2.08
	0.50
	0.25
	7.24
	1.54
	1.38
	0.95

	Lentil
	
	
	
	
	
	
	Canada
	India
	Australia

	Tg grain/year
	2.60
	0.18
	2.59
	0.17
	0.66
	6.20
	2.27
	1.34
	0.66

	Global shareb
	(41.9%)
	(2.9%)
	(41.8%)
	(2.8%)
	(10.6%)
	(100%)
	(36.6%)
	(21.7%)
	(10.6%)

	Mha harvested
	2.52
	0.19
	1.90
	0.16
	0.46
	5.23
	1.62
	1.42
	0.46

	Faba bean (broad bean)
	
	China
	Ethiopia
	UK

	Tg grain/year
	1.82
	1.73
	0.23
	1.56
	0.42
	5.76
	1.73
	1.07
	0.57

	Global shareb
	(31.5%)
	(30.1%)
	(3.9%)
	(27.1%)
	(7.4%)
	(100%)
	(30.1%)
	(18.5%)
	(9.8%)

	Mha harvested
	0.87
	0.63
	0.18
	0.76
	0.26
	2.71
	0.84
	0.49
	0.17

	Major warm-season crops
	
	
	
	

	Green gram (mungbean) & Black gram (urad)c
	
	India
	Myanmar
	China

	Tg grain/year
	12.01
	0
	0.07
	0
	0.17
	12.25
	5.94
	2.69
	1.32

	Global shareb
	(98.0%)
	0
	(0.6%)
	0
	(1.4%)
	(100%)
	(48.5%)
	(22.0%)
	(10.8%)

	Mha harvested
	19.74
	0
	0.12
	0
	0.10
	19.96
	14.31
	2.88
	0.75

	Common bean (dry bean)c
	
	Brazil
	Tanzania
	USA

	Tg grain/year
	0
	0.39
	7.38
	7.40
	0
	15.17
	2.85
	1.25
	1.14

	Global shareb
	0
	(2.6%)
	(48.8%)
	(48.8%)
	0
	(100%)
	(18.8%)
	(8.2%)
	(7.5%)

	Mha harvested
	0
	0.20
	6.99
	8.51
	0
	15.70
	2.55
	0.95
	0.52

	Cowpea (black-eyed bean)
	
	Nigeria
	Niger
	Burkina Faso

	Tg grain/year
	0.21
	0.02
	0.06
	8.75
	0
	9.04
	4.01
	2.38
	0.68

	Global shareb
	(2.2%)
	(0.3%)
	(0.7%)
	(96.8%)
	0
	(100%)
	(44.3%)
	(26.4%)
	(7.5%)

	Mha harvested
	0.17
	0.01
	0.06
	14.52
	0
	14.77
	4.78
	5.80
	1.40

	
Pigeonpea (red gram)
	
	
India
	
Malawi
	
Myanmar

	Tg grain/year
	4.36
	0
	0.05
	0.72
	0
	5.13
	4.01
	0.43
	0.34

	Global shareb
	(85.0%)
	0
	(1.0%)
	(14.0%)
	0
	(100%)
	(78.1%)
	(8.3%)
	(6.5%)

	Mha harvested
	5.08
	0
	0.08
	0.60
	0
	5.76
	4.63
	0.26
	0.44

	Other pulsesd
	
	
	
	

	[bookmark: _Hlk181101663]Various species
	
	India
	Australia
	UK

	Tg grain/year
	2.00
	2.06
	0.21
	1.97
	0.78
	7.03
	0.99
	0.78
	0.27

	Global shareb
	(28.4%)
	(29.4%)
	(3.0%)
	(28.0%)
	(11.1%)
	(100%)
	(14.1%)
	(11.1%)
	(3.8%)

	Mha harvested
	3.12
	1.18
	0.06
	2.61
	0.62
	7.59
	2.31
	0.57
	0.09

	All pulses
	
	
	
	
	
	
	
	
	

	Total
	
	
	
	
	
	
	India
	Canada
	China

	Tg grain/year
	38.96
	10.40
	16.09
	21.92
	3.02
	90.38
	24.76
	6.45
	4.86

	Global shareb
	(43.1%)
	(11.5%)
	(17.8%)
	(24.3%)
	(3.3%)
	(100%)
	(27.4%)
	(7.1%)
	(5.4%)

	Mha harvested
	45.85
	5.21
	11.99
	28.15
	2.26
	93.46
	33.46
	3.43
	2.66


a FAOSTAT (2025). Individual cool- and warm-season species were ranked based on decreasing areas harvested. Scientific names are provided in Table S11. Note: A value of zero indicates no production data were reported.
b Values in parentheses indicate grain tonnage as a percentage of the global total.
c Production data for the FAO category ‘Beans, dry’ were split between common bean or green gram and black gram as outlined by Peoples et al. (2021), with the ‘Americas’ values adjusted according to green gram data for Brazil obtained from IBGE (2019).
d The term ‘Other pulses’ combines the production data for all pulse legumes grown on <1Mha globally. These crops include lupin (0.98 Mha: narrow-leaf lupin, white lupin, and yellow lupin), vetch (0.34 Mha: common vetch and other various Vicia species), and Bambara groundnut (0.31 Mha), as well as a cohort of minor legume crops not formally identified in the FAO database (5.96 Mha).



Table S5 Mean annual grain production of warm-season oilseed legumes and the areas harvested across different geographic regions of the world, and the three counties responsible for the largest production over the five-year period 2018–2022.a
	Legume
	Average by geographic region
	Global
	Top-three producing countries

	
	Asia
	Europe
	Americas
	Africa
	Oceania
	Total
	
	
	

	Soybean (soyabean)
	
	Brazil
	USA
	Argentina

	Tg grain/year
	32.32
	11.69
	303.23
	4.40
	0.03
	351.67
	122.11
	113.97
	46.38

	Global shareb
	(9.2%)
	(3.3%)
	(86.2%)
	(1.3%)
	(<0.1%)
	(100%)
	(34.7%)
	(32.3%)
	(13.2%)

	Mha harvested
	22.23
	5.66
	96.22
	3.31
	0.02
	127.44
	37.58
	33.81
	16.39

	Groundnut (peanut)
	
	China
	India
	Nigeria

	Tg grain/year
	30.64
	0
	4.95
	17.24
	0.02
	52.85
	17.95
	9.26
	4.34

	Global shareb
	(58.0%)
	0
	(9.4%)
	(32.6%)
	(<0.1%)
	(100%)
	(34.0%)
	(17.5%)
	(8.2%)

	Mha harvested
	11.83
	0
	1.39
	17.31
	0.01
	30.54
	4.64
	5.23
	3.61

	Total
	
	
	
	
	
	
	Brazil
	USA
	Argentina

	Tg grain/year
	62.96
	11.69
	308.18
	21.64
	0.05
	404.52
	122.80
	116.90
	47.61

	Global shareb
	(15.6%)
	(2.9%)
	(76.2%)
	(5.3%)
	(<0.1%)
	(100%)
	(30.4%) 
	(28.9%)
	(11.8%)

	Mha harvested
	34.06
	5.66
	97.61
	20.62
	0.03
	157.98
	37.76
	34.41
	16.79


[bookmark: _Hlk181609342]a FAOSTAT (2025).
b Values in parentheses indicate grain tonnage as a percentage of the global total.





Table S6 Examples of the improvements in crop productivity and N uptake by wheat, maize or other cereal crops when grown in the absence of supplementary N fertiliser after legumes used for grain, forage, green manure (GrM), brown manure (BrM), or cover-crops (C-cr) in different geographic regions of the world.
	Region, country 
& preceding legumesa
	Following cerealab
	Number of site/years 
	Mean increase after legumes
	Reference

	
	
	or legume species
 (n)
	Grain yieldc

(t/ha)
	Above-ground biomassd
(tDM/ha)
	Crop N uptakee

(kg N/ha)
	

	Asia
	
	
	
	
	
	

	Grain legumes
	
	
	
	
	
	

	South Asia
	
	
	
	
	
	

	India:
	
	
	
	
	
	

	Pigeonpea or other pulses
	Wheat
	8
	0.60
	-f
	-f
	Singh & Verma (1985)

	Pigeonpea
	Maize
	1
	1.06
	3.74
	21 (32)g
	Kumar Rao et al. (1983)

	Chickpea, lentil or other pulses
	Maize
	4
	0.87
	1.45
	26 (40)
	Ahlawat et al. (1981)

	Pakistan: 
	
	
	
	
	
	

	Chickpeah
	Wheat
	6
	0.59h
	1.59h
	24h (36)
	Aslam et al. (2003)

	Chickpea or lentil
	Wheat
	2
	0.33
	-
	-
	Mohammad et al. (2003)

	Green gram
	Wheat
	6
	0.27
	1.27
	11 (17)
	Shah et al. (2003)

	Lentil
	Maize 
	2
	-
	0.58
	-
	Shah et al. (2003)

	Lentil
	Sorghum
	6
	-
	2.31
	-
	Shah et al. (2003)

	South-East Asia
	
	
	
	
	
	

	Thailand:
	
	
	
	
	
	

	Soybean, groundnut, green gram
	Maize
	6
	1.87
	2.81
	18 (27)
	Sunwanarit et al. (1986)

	Groundnuthi
	Maize
	4
	0.19h
	0.56h
	5h (8)
	McDonagh et al. (1993)

	Groundnuti
	Maize
	4
	0.61
	2.55
	14 (27)
	McDonagh et al. (1993)

	East Asia
	
	
	
	
	
	

	China: 
	
	
	
	
	
	

	Soybean or groundnut
	Wheat
	8
	0.55
	-
	-
	Xia et al. (2023)

	Soybean
	Wheat
	5
	3.33
	-
	-
	Yan Z et al. (2024)

	Soybean
	Maize
	5
	2.21
	-
	-
	Yan C et al. (2024)

	[bookmark: _Hlk199765410]West Asia
	
	
	
	
	
	

	Syria:
	
	
	
	
	
	

	Chickpea, lentil or other pulses
	Wheat
	7
	-
	1.70
	9 (13)
	Pala et al. (1994)

	Chickpea or lentil
	Wheat
	28
	0.74
	-
	-
	Ryan et al. (2008)

	Forage legumes
	
	
	
	
	
	

	South Asia
	
	
	
	
	
	

	India:
	
	
	
	
	
	

	Fodder cowpea
	Wheat
	1
	0.50
	-
	-
	Lal et al. (1978)

	Berseem clover
	Maize
	1
	0.41
	-
	-
	Lal et al. (1978)

	East Asia
	
	
	
	
	
	

	China: 
	
	
	
	
	
	

	[bookmark: _Hlk199679193]Lucerne
	Maize
	2
	0.25
	1.73
	17 (26)
	Peng et al. (2022)

	West Asia
	
	
	
	
	
	

	Syria:
	
	
	
	
	
	

	Vetch or medic
	Wheat
	28
	1.21
	-
	-
	Ryan et al. (2008)

	GrM/BrM or C-cr
	
	
	
	
	
	

	East Asia
	
	
	
	
	
	

	China:  
	
	
	
	
	
	

	Various legume GrM
	Wheat
	1
	0.06
	-
	-
	Ma et al. (2021)

	Soybean GrM
	Wheat
	3
	0.21
	0.21
	18 (27)
	Yang et al. (2014)

	Soybean/green gram/Huai GrM
	Wheat
	6
	0.5
	-
	-
	Zhang et al. (2016)

	Soybean/green gram/Huai GrM
	Wheat
	4
	0.35
	-
	23 (35)
	Dabin et al. (2015)

	Soybean GrM
	Wheat
	3
	0.08
	-
	-
	Li et al. (2014)

	Soybean C-cr
	Wheat
	4
	0.63
	1.06
	41 (62)
	Wang et al. (2024)

	Mix of grain & forages GrM
	Maize
	1
	0.73
	-
	-
	Ma et al. (2021)

	Hairy vetch C-cr
	Maize
	1
	1.00
	1.00
	27 (41)
	Ma et al. (2025)

	Europe
	
	
	
	
	
	

	Grain legumes
	
	
	
	
	
	

	Austria:
	
	
	
	
	
	

	Field pea or faba bean
	Wheat
	12
	1.93
	-f
	-f
	Dachler & Köchl (2003)

	Denmark:
	
	
	
	
	
	

	Field pea
	Wheat
	2
	0.60
	-
	27 (40)g
	Jensen & Haabr (1990)

	Field pea
	Barley
	2
	1.40
	-
	36 (55)
	Jensen & Haabr (1990)

	Field pea or lupin
	Barley
	12
	1.13
	-
	-
	Jensen et al. (2004)

	France:
	
	
	
	
	
	

	Field pea
	D-wheatj
	24
	0.35
	-
	-
	Plaza-Bonilla et al. (2016)

	Field pea
	Wheat
	3
	0.90
	1.47
	12 (18)
	Beillouin et al. (2021)

	Soybean or various pulses
	Wheat 
	14
	0.96
	-
	14 (21)
	Guinet et al. (2020)

	Germany:
	
	
	
	
	
	

	Field pea or faba bean
	Wheat
	31
	2.23
	-
	-
	Albrecht & Guddar (2004)

	Field pea or faba bean
	Wheat
	6
	2.68
	-
	-
	Maidl et al. (1996)

	Faba bean
	Wheat
	3
	1.89
	-
	-
	Köpke (1996)

	Faba bean
	Wheat
	4
	0.50
	-
	-
	Stülpnagel & Scheffer (1985)

	Faba bean
	Oats
	2
	0.91
	-
	-
	Justus & Köpke (1995)

	Italy:
	
	
	
	
	
	

	Field pea
	Wheat
	1
	0.95
	-
	34 (52)
	Giambalvo et al. (2004)

	Serbia:
	
	
	
	
	
	

	Soybean
	Wheat
	5
	1.38
	-
	-
	Savić et al. (2026)

	Spain:
	
	
	
	
	
	

	Faba bean 
	Wheat
	1
	1.09
	2.30
	-
	Melero et al. (2011)

	Switzerland:
	
	
	
	
	
	

	Field pea
	Rye
	2
	1.00
	-
	-
	Charles & Vuilloud (2001)

	United Kingdom:
	
	
	
	
	
	

	Faba bean
	Wheat
	6
	1.57
	-
	-
	Prew & Dyke (1979)

	Field pea or faba bean
	Wheat
	18
	1.92
	-
	-
	McEwen et al. (1989)

	Faba bean
	Barley
	5
	0.61
	-
	-
	Dyke & Slope (1978)

	Forage legumes
	
	
	
	
	
	

	France
	
	
	
	
	
	

	Vetch
	Wheat
	4
	1.50
	-
	25 (37)
	Guinet et al. (2020)

	Lucerne, white or red clover
	Wheat
	16
	2.78
	-
	59 (89)
	Amossé et al. (2014)

	GrM/BrM or C-cr
	
	
	
	
	
	

	Austria:
	
	
	
	
	
	

	Vetch & field pea mix C-cr
	Barley
	1
	0.60
	-
	-
	Rinnofiner et al. (2008)

	Vetch & field pea mix C-cr
	Rye
	1
	0.80
	-
	-
	Rinnofiner et al. (2008)

	Denmark:
	
	
	
	
	
	

	Red clover or hairy vetch C-cr
	Barley
	2
	1.27
	2.19
	30 (45)
	Li et al. (2015)

	Red clover
	Barley
	4
	1.85
	-
	-
	De Notaris et al. (2025)

	Slovenia:
	
	
	
	
	
	

	Crimson clover or subclover C-cr
	Maize
	5
	0.95
	1.93
	40 (61)
	Kramberger et al. (2009)

	Spain:
	
	
	
	
	
	

	Hairy vetch C-cr
	Maize
	1
	0.90
	1.50
	21 (32)
	Salmerón et al. (2010)

	Americas
	
	
	
	
	
	

	Grain legumes
	
	
	
	
	
	

	North America
	
	
	
	
	
	

	Canada: 
	
	
	
	
	
	

	Field pea
	Wheat
	1
	0.95
	1.81
	46 (70)g
	Stevenson & van Kessel (1996)

	Field peah
	D-wheatj
	3
	0.52h
	-f
	15h (23)
	Gan et al. (2016)

	Field pea
	D-wheatj
	3
	0.28
	-
	6 (9)
	Gan et al. (2016)

	Lentil, field pea or faba bean
	Wheat
	16
	1.04
	-
	-
	St Luce et al. (2015)

	Lentil, field pea or other pulses
	Wheat
	28
	0.44
	-
	16 (24)
	Miller et al. (2002)

	Lentil, field pea or other pulses
	Wheat
	8
	0.16
	0.46
	7 (11)
	Liu et al. (2024)

	Lentil, field pea or chickpea
	D-wheatj
	9
	0.20
	-
	-
	Gan et al. (2003)

	Lentil, field pea or chickpea
	Wheat2
	9
	0.12
	-
	-
	Gan et al. (2003)

	Soybean, lentil or other pulses
	Wheat
	12
	0.40
	-
	-
	Wang et al. (2025)

	Soybean, lentil or other pulses
	Wheat2
	12
	0.12
	-
	-
	Wang et al. (2025)

	Lentil, field pea or faba bean
	Barley
	15
	0.74
	-
	-
	Wright (1990)

	Lentil, field pea or faba bean
	Wheat2
	15
	0.19
	0.30
	5 (8)
	Wright (1990)

	Soybean
	Maizej
	1
	0.82
	-
	-
	Goss et al. (2002)

	Soybean
	Maize
	33
	2.61
	-
	-
	Liang et al. (2025)

	USA:
	
	
	
	
	
	

	Field pea
	Wheat
	3
	1.94
	-
	-
	Smiley et al. (1994)

	Field pea
	Wheat
	2
	1.02
	-
	47 (71)
	Maaz & Pan (2017)

	Field pea
	Wheat
	4
	0.52
	-
	-
	Holman et al. (2018)

	Field pea, soybean, or dry bean
	Wheat
	6
	0.16
	-
	-
	Krupinsky et al. (2006)

	Soybean
	Maize
	4
	3.58
	-
	58 (88)
	Omay et al. (1998)

	Soybean
	Maize
	30
	2.88
	-
	-
	Varvel & Wilhelm (2003)

	Soybean
	Maize
	2
	2.97
	-
	29 (44)
	Bergerou et al. (2004)

	Soybean
	Sorghum
	20
	2.42
	-
	-
	Varvel & Wilhelm (2003)

	South America
	
	
	
	
	
	

	Argentina:
	
	
	
	
	
	

	Soybean or field pea
	Maize
	28
	2.60
	4.98
	21 (32)
	Salvagiotti et al. (2025)

	Chile:
	
	
	
	
	
	

	Field pea or lupin
	Wheat
	12
	1.49
	-
	34 (52)
	Espinoza et al. (2012)

	Field pea or lupin
	Wheat
	6
	1.97
	2.38
	54 (86)
	Espinoza et al. (2015)

	Forage legumes
	
	
	
	
	
	

	North America
	
	
	
	
	
	

	Canada: 
	
	
	
	
	
	

	Lucerne
	Barley
	1
	0.61
	1.69
	-
	Ta & Faris (1990)

	Lucerne
	Barley2
	1
	0.42
	0.48
	-
	Ta & Faris (1990)

	Lucerne
	Barley3
	1
	0.37
	0.20
	-
	Ta & Faris (1990)

	Lucerne/red clover
	Maize
	33
	4.36
	-
	-
	Liang et al. (2025)

	USA:
	
	
	
	
	
	

	Lucerne
	Wheat
	2
	1.47
	-
	-
	Smiley et al (1994)

	GrM/BrM or C-cr
	
	
	
	
	
	

	North America
	
	
	
	
	
	

	Canada:
	
	
	
	
	
	

	Field pea or faba bean GrM
	Wheat
	7
	1.26
	-
	-
	St Luce et al. (2015)

	Field pea, lentil or grasspea GrM
	D-wheatj
	27
	0.68
	-
	21 (32)
	Gan et al. (2016)

	USA:
	
	
	
	
	
	

	[bookmark: _Hlk206318926]Hairy vetch, lentil or pea C-cr
	Wheat
	16
	1.20
	-
	-
	Holman et al. (2018)

	Vetch or crimson clover/oats C-cr
	Maize
	8
	3.78
	-
	81 (123)
	Mitchell & Teel (1977)

	Hairy vetch C-cr
	Maize
	4
	0.45
	-
	-
	Utomo et al. (1990)

	Hairy vetch C-cr
	Maize
	8
	1.37
	-
	-
	Norris et al. (2018)

	Hairy vetch C-cr
	Maize
	4
	-
	-
	32 (49)
	Singh et al. (2018)

	Central America
	
	
	
	
	
	

	Mexico:
	
	
	
	
	
	

	Vetch GrM
	Maize
	2
	0.41
	2.64
	22 (33)
	Astier et al. (2006)

	South America
	
	
	
	
	
	

	Argentina:
	
	
	
	
	
	

	Hairy vetch C-cr
	Maize
	70
	0.71
	-
	-
	La Menza et al. (2025)

	Hairy vetch C-cr
	Maize
	15
	1.69
	3.23
	14 (21)
	Salvagiotti et al. (2025)

	Brazil:
	
	
	
	
	
	

	Hairy vetch C-cr
	Maize
	2
	0.98
	-
	57 (87)
	Pott et al. (2021)

	Chile: 
	
	
	
	-
	
	

	Vetch/oats GrM
	Wheat
	4
	2.13
	-
	51 (77)
	Espinoza et al. (2012)

	Vetch/oats GrM
	Wheat
	2
	2.38
	3.34
	48 (73)
	Espinoza et al. (2015)

	Oceania
	
	
	
	
	
	

	Grain legumes
	
	
	
	
	
	

	Australia: 
	
	
	
	
	
	

	Lupin
	Wheat
	26
	0.35
	-f
	-f
	Rowland et al. (1988)

	Lupin or field pea
	Wheat
	36
	0.79
	2.44
	37 (56)g
	Evans et al. (1991)

	Chickpea 
	Wheat
	6
	1.01
	1.68
	14 (21)
	Holford & Crocker (1997)

	Chickpea
	Wheat
	9(5)l
	0.85
	1.12
	15 (23)
	Felton et al. (1998)

	Chickpea or field pea
	Wheat
	17
	0.49
	1.42
	24 (36)
	Armstrong et al. (2019)

	Chickpea, lupin or faba bean
	Wheat
	5
	0.76
	1.90
	20 (30)
	Goward et al. (2016)

	Chickpea, lupin or other pulses
	Wheat
	14
	0.51
	-
	22 (33)
	Strong et al. (1986)

	Chickpea, lupin or other pulses
	Wheat
	4
	1.10
	-
	31 (47)
	Asseng et al. (1998)

	Chickpea, lupin or other pulses
	Wheat
	16
	0.70
	2.00
	20 (31)
	Peoples et al. (2017)

	Lupin or field pea
	Wheat
	4
	1.12
	-
	38 (57)
	Evans et al. (2003)

	Lupin or field pea
	Wheat2
	4
	0.83
	-
	20 (30)
	Evans et al. (2003)

	Lupin or field pea
	Wheat
	230
	0.56
	-
	-
	Seymour et al. (2012)

	Lupin or field pea
	Wheat2
	40
	0.36
	-
	-
	Seymour et al. (2012)

	Lupin or field pea
	Wheat
	2
	0.40
	2.49
	19 (29)
	Malik et al. (2015)

	Lupin or field pea
	Wheat2
	2
	0.22
	-
	-
	Malik et al. (2015)

	Lupin
	D-wheatj
	2
	0.25
	0.59
	21 (32)
	French et al. (2015)

	Lupin
	Wheat2
	2
	0.31
	0.69
	12 (18)
	French et al. (2015)

	Chickpea, lupin or field pea
	Wheat
	7
	0.43
	-
	-
	Goward et al. (2016)

	Chickpea, lupin or field pea
	Wheat2
	7
	0.25
	-
	-
	Goward et al. (2016)

	Green gram or black gram 
	Sorghum
	2
	3.08
	4.18
	53 (81)
	Doughton & MacKenzie (1984)

	Forage legumes
	
	
	
	
	
	

	Australia: 
	
	
	
	
	
	

	Vetch
	Wheat
	2
	0.30
	-
	15 (23)
	Strong et al. (1986)

	Lucerne, subclover or serradella
	Wheatm
	16
	-h
	-
	33 (49)
	Dear et al. (2004)m

	Lucerne, subclover, medic
	Wheatm 
	3
	1.0
	-
	34 (51)
	Harris et al. (2006)

	Subclover or serradella
	Wheat
	4
	0.22k
	0.54k
	4k (6)
	French et al. (2015)k

	Subclover or serradella
	Wheat2
	4
	0.29
	0.48
	7 (11)
	French et al. (2015)

	Lucerne, subclover or vetch
	Wheat
	6
	0.47
	-
	-
	Goward et al. (2016)

	Lucerne, subclover or vetch
	Wheat2
	6
	0.26
	-
	-
	Goward et al. (2016)

	Lucerne, subclover, or medic
	Wheat
	6
	1.65
	3.01
	44 (67)
	Holford & Crocker (1997)

	Lucerne, subclover, or medic
	Wheat2
	6
	1.67
	2.47
	30 (46)
	Holford & Crocker (1997)

	Lucerne, subclover, or medic
	Wheat3
	6
	1.49
	2.14
	25 (38)
	Holford & Crocker (1997)

	Lucerne, lablab or burgundy bean
	Sorghum
	5
	0.67
	2.38
	23 (35)
	Bell et al. (2017)

	GrM/BrM or C-cr
	
	
	
	
	
	

	Australia: 
	
	
	
	
	
	

	Vetch GrM
	Wheat
	17
	0.95
	2.20
	48 (73)
	Armstrong et al. (2019)

	Vetch or clovers GrM
	Wheat
	4
	1.83
	-
	66 (101)
	Evans et al. (2003)

	Vetch or clovers GrM
	Wheat2
	4
	1.20
	-
	45 (68)
	Evans et al. (2003)

	Vetch, field pea or lupin BrM
	Wheat
	5
	1.10
	2.80
	30 (45)
	Goward et al. (2016)

	Vetch, field pea or lupin BrM 
	Wheat
	4
	1.40
	4.10
	41 (63)
	Peoples et al. (2017)

	Vetch BrM
	Wheat
	4
	0.30
	0.82
	17 (26)
	Armstrong et al. (unpubl.)

	Africa
	
	
	
	
	
	

	Southern Africa
	
	
	
	
	
	

	Grain legumes
	
	
	
	
	
	

	South Africa: 
	
	
	
	
	
	

	Groundnut or pulses
	Maize
	5
	0.62
	0.93
	13 (20)g
	Lengwati et al. (2020)

	Zimbabwe: 
	
	
	
	
	
	

	Soybean
	Maize
	2
	1.46
	-f
	-f
	Kasasa et al. (1999)

	Soybeanh
	Maize
	8
	1.05g
	-
	-
	Giller et al. (2000)

	Soybean
	Maize
	8
	1.63
	-
	-
	Giller et al. (2000)

	Soybean
	Maize
	1
	0.10
	-
	-
	Zingore et al. (2008)

	Malawi:
	
	
	
	
	
	

	Soybean, groundnut or pulses
	Maize
	20
	1.49
	-
	-
	MacColl (1989)

	Tanzania: 
	
	
	
	
	
	

	Various pulses
	Maize
	3
	0.29
	-
	-
	Marandu et al. (2013)

	East/Central Africa
	
	
	
	
	
	

	Kenya: 
	
	
	
	
	
	

	Cowpea
	Maize
	4
	0.03
	-
	-
	Rao & Mathuva (2000)

	Soybean
	Maize
	2
	0.32
	-
	-
	Anyanzwa et al. (2010)

	Soybean
	Maize
	2
	2.08
	-
	-
	Kihara et al. (2010)

	Soybean or various pulses
	Maize
	15
	1.14
	-
	-
	Ojiem et al. (2014)

	Ethiopia: 
	
	
	
	
	
	

	Faba bean
	Wheat
	4
	1.11
	-
	-
	Habtemichial et al. (2007)

	Faba bean
	Wheat
	1
	0.26
	-
	-
	Bezabeh et al. (2022)

	Field pea, lentil or faba bean
	Wheat
	4
	1.53
	4.00
	68 (103)
	Mesfin et al. (2023)

	West Africa
	
	
	
	
	
	

	Cameroon:
	
	
	
	
	
	

	Soybean or cowpea 
	Maize
	2
	0.68
	-
	-
	Jemo et al. (2006)

	Nigeria:
	
	
	
	
	
	

	Cowpea
	Maize
	8
	0.88
	-
	-
	Franke et al. (2008)

	Cowpea, soybean or velvet beanh
	Maize
	6
	0.64g
	-
	-
	Ozoh et al. (2019)

	Cowpea, soybean or velvet bean
	Maize
	6
	0.78
	-
	-
	Ozoh et al. (2019)

	Ghana:
	
	
	
	
	
	

	Groundnut or cowpea
	Maize
	2
	0.88
	2.93
	30 (45)
	Dakora et al. (1987)

	Cowpea
	Maize
	2
	0.70
	-
	26 (40)
	Horst & Härdter (1994)

	Groundnut or various pulses
	Maize
	3
	2.50
	-
	-
	Dakora & Keya (1997)

	Groundnut, soybean or cowpea
	Maize
	3
	-h
	2.44
	-
	Sauerborn et al. (2000)

	Cowpea or pigeonpea
	Maize
	2
	0.67
	-
	-
	Adjei Nsiah et al. (2007)

	Cowpea
	Maize
	1
	0.62
	-
	13 (20)
	Adjei Nsiah et al. (2008)

	Groundnut or soybean 
	Maize
	12
	0.64
	0.85
	11 (18)
	Kermah et al. (2019)

	Mali:
	
	
	
	
	
	

	Cowpea
	Millet
	1
	0.16
	-
	-
	Samaké et al. (2006)


a Scientific names for legume and non-legume crops are provided in Table S11, and for legumes used for forage, green/brown manure or cover-crops in Table S12.
b Unless otherwise indicated the cereal was the first crop grown after a legume. Where data were collected for more than one post-legume cereal crop, the number ‘2’ indicates the second and ‘3’ the third cereal crop grown after legumes. 
c Increased cereal grain yield = (cereal yield after a legume) – (cereal yield after a non-legume control). 
[bookmark: _Hlk185430286]d Increased cereal above-ground dry matter (DM) = (cereal DM after a legume) – (cereal DM after a non-legume control). 
[bookmark: _Hlk191643041]e Improvements in cereal N uptake = (cereal N after a legume) – (cereal N after a non-legume control). In situations where above-ground N wasn’t measured, but grain yield and total above-ground DM were determined, stubble biomass was calculated as: (above-ground DM) – (grain yield), and average N contents for grain and stubble of wheat (5.6 kg N per tonne of stubble and 20 kg N per tonne of grain), and maize (7.6 kg N per tonne of maize stubble and 16 kg N per tonne of grain) were used to estimate crop above-ground N uptake (Ludemann et al. 2024). 
f A dash indicates no data were reported.
g Crop N uptake values shown in parentheses represent estimates of total cereal N (above + below-ground N) where shoot N data have been adjusted to include as estimate of the additional N associated with roots. These were achieved by multiplying cereal above-ground N data by a factor of 1.52 assuming 34% of the total plant N of wheat and other cereals was allocated below-ground (Khan et al. 2003; Wichern et al. 2008). 
h The above-ground biomass of the preceding legume crop was either harvested for silage (Canada) or the vegetative stubble (stover) was removed at grain harvest to either be consistent with common local farmer practice (Pakistan and Thailand), or to mimic the effect of cattle grazing (Zimbabwe and Nigeria). In these situations, the contributions to cereal production from the prior legume was derived predominantly from below-ground legume residues. 
i In this study a non-nodulating/non-N2-fixing legume line totally dependent upon soil N for growth was used as the control rather than a non-legume.
j Durum wheat (D-wheat). It was assumed that yield responses by Durum wheat would be similar to common bread wheat, so data from both species were combined for summary Table 3.
k Average values for first year wheat crop were reduced by drought (French et al. 2015).
l Grain yield data were available for nine wheat crops, but above-ground biomass and N uptake were only reported for five of the nine crops, which included data collected from two sites in a drought year.
m Wheat response was calculated by comparing wheat grown after legume-based swards to wheat following grass-dominant pasture. 



Table S7 Mean annual grain production, the areas harvested, and average grain yields of different grain legume species in major wheat and maize producing countries 2018–2022. Countries are ranked in order of declining combined areas of wheat and maize production.a
	Country
	Chickpea
	Field 
pea
	Lentil
	Faba 
bean
	Gr & Bl gram
	Common bean
	Cowpea
	Pigeonpea
	Other pulsesb
	Soybean
	Groundnut
	Total

	China
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.02
0.003
5.33
	1.47
0.95
1.55
	0.17
0.06
2.69
	1.73
0.83
2.09
	1.32
0.75
1.76
	0
0
	0.01
0.01
1.02
	0
0
	0.15
0.06
-
	17.77
9.00
1.97
	17.95
4.64
3.87
	40.58
16.31

	USA
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.27
0.18
1.49
	0.76
0.37
2.07
	0.27
0.23
1.19
	0
0
	0
0
	1.14
0.52
2.17
	0.01
0.007
2.03
	0
0
	0
0
	113.97
33.80
3.37
	2.64
0.59
4.46
	119.1
35.69

	India
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	11.57
10.11
1.14
	0.91
0.69
1.32
	1.34
1.42
0.95
	0
0
	5.94
14.3
0.41
	0
0
	0
0
	4.01
4.63
0.87
	0.99
2.31
-
	12.20
11.74
1.04
	9.26
5.23
1.77
	46.22
50.44

	Russian Federation
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.44
0.47
0.93
	2.84
1.38
2.06
	0.17
0.18
0.97
	0.007
0.005
1.62
	0
0
	0.006
0.005
1.19
	0
0
	0
0
	0.27
0.15
-
	4.69
2.91
1.61
	0
0
	8.42
5.10

	Brazil
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg)
(Mha)
(t grain/ha)
	0
0
	0.003
0.001
3.00
	0
0
	0.01
0.03
0.36
	0.07
0.12
0.59
	2.85
2.55
1.12
	0
0
	0
0
	0
0
	122.11
37.58
3.25
	0.69
0.18
3.71
	125.7
40.47

	Argentina
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.14
0.10
1.39
	0.19
0.08
2.40
	0.03
0.03
1.06
	0.02
0.002
8.90
	0
0
	0.63
0.48
1.32
	0
0
	0
0
	0
0
	46.38
16.39
2.83
	1.23
0.40
3.07
	48.62
17.48

	Ukraine
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0
0
	0.53
0.26
2.07
	0.008
0.009
0.95
	0.007
0.002
2.90
	0
0
	0.07
0.04
1.62
	0
0
	0
0
	0.04
0.03
-
	3.58
1.51
2.37
	0
0
	4.28
1.85

	Australia
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.68
0.57
1.20
	0.27
0.24
1.11
	0.66
0.46
1.42
	0.42
0.25
1.61
	0.17
0.10
1.72
	0
0
	0
0
	0
0
	0.77
0.61
-
	0.03
0.02
1.50
	0.02
0.005
3.20
	3.02
2.25

	Canada
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.20
0.13
1.57
	3.62
1.54
2.35
	2.27
1.62
1.40
	0
0
	0
0
	0.36
0.15
2.44
	0
0
	0
0
	0
0
	6.54
2.21
2.96
	0
0
	12.99
5.64

	Pakistan
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.36
0.92
0.39
	0.02
0.04
0.67
	0.005
0.01
0.51
	0
0
	0.17
0.23
0.77
	0
0
	0
0
	0
0
	0.009
0.02
-
	0.01
0.01
1.02
	0.12
0.12
0.93
	0.70
1.35

	Mexico
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0.21
0.11
1.87
	0.002
0.002
1.40
	0.010
0.009
1.16
	0.04
0.02
1.62
	0
0
	1.08
1.50
0.72
	0
0
	0
0
	0.10
0.009
-
	0.27
0.16
1.69
	0.01
0.06
1.74
	1.81
1.87

	France
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0
0
	0.56
0.17
3.21
	0
0
	0.16
0.07
2.36
	0
0
	0
0
	0
0
	0
0
	0.19
0.01
-
	0.41
0.17
2.44
	0
0
	1.32
0.51

	Indonesia
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0
0
	0
0
	0
0
	0
0
	0.19
0.18
1.07
	0
0
	0
0
	0
0
	0.001
0.002
-
	0.44
0.31
1.39
	0.68
0.32
2.11
	1.31
0.81

	Germany
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0
0
	0.27
0.09
3.10
	0
0
	0.21
0.06
3.56
	0
0
	0
0
	0
0
	0
0
	0.08
0.05
-
	0.09
0.03
2.67
	0
0
	0.65
0.22

	South Africa
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
(t grain/ha)
	0
0
	0.001
0.001
1.03
	0
0
	0
0
	0
0
	0.06
0.05
1.23
	0.005
0.01
0.46
	0
0
	0.02
0.02
-
	1.40
0.79
1.76
	0.05
0.04
1.23
	1.54
0.91

	15-country total
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg grain)
(Mha)
	13.89
12.59
	11.44
5.80
	4.93
4.02
	2.60
1.28
	7.80
15.56
	6.28
5.42
	0.03
0.03
	4.01
4.63
	2.62
3.34
	329.89
116.64
	32.73
11.59
	416.2
180.9


a FAOSTAT (2025), with additional information for green gram in Brazil obtained from IBGE (2019). A value of zero indicates that no data were reported. 
b The ‘Other pulses’ category combines the production data for individual crops which were grown on <1 Mha globally and includes a cohort of unidentified grain legume species. Because the numbers were collated from a mixture of different species no yield (t grain/ha) values have been presented. 

Table S8 Estimates of the total annual accumulation of crop Na, N removed in grain at harvestb, and the total amount of N derived from biological N2 fixation (BNF)c for different pulse and oilseed legume species grown in major wheat and maize producing countries 2018–2022. Countries are ranked in order of declining combined areas of wheat and maize production.
	Country
	Chickpea
	Field 
pea
	Lentil
	Faba 
bean 
	Gr & Bl gram
	Common bean
	Cowpea
	Pigeonpea
	Other pulses
	Soybean
	Groundnut
	Total

	China
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.002
0.001
0.001
	0.16
0.05
0.10
	0.02
0.006
0.01
	0.18
0.06
0.13
	0.14
0.05
0.09
	0
0
0
	0.002
<0.001
0.001
	0
0
0
	0.01
0.005
0.009
	2.27
1.09
1.38
	1.53
0.69
0.95
	4.31
1.96
2.67

	USA
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.04
0.009
0.03
	0.08
0.03
0.05
	0.03
0.01
0.02
	0
0
0
	0
0
0
	0.12
0.04
0.04
	0.001
<0.001
<0.001
	0
0
0
	0
0
0
	11.26
6.44
6.87
	0.22
0.10
0.13
	11.75
6.63
7.14

	India
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	1.96
0.37
1.22
	0.10
0.03
0.06
	0.17
0.05
0.10
	0
0
0
	0.97
0.21
0.60
	0
0
0
	0
0
0
	0.56
0.13
0.41
	0.16
0.03
0.10
	2.11
0.78
1.29
	1.04
0.36
0.64
	7.07
1.96
4.42

	Russian Federation
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.06
0.01
0.04
	0.29
0.10
0.18
	0.02
0.006
0.01
	0.001
<0.001
<0.001
	0
0
0
	0.0007
0.0002
0.0003
	0
0
0
	0
0
0
	0.03
0.009
0.02
	0.66
0.29
0.29
	0
0
0
	1.06
0.42
0.54

	Brazil
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0
0
0
	0.0003
0.0001
0.0002
	0
0
0
	0.002
0.0004
0.002
	0.007
0.002
0.004
	0.34
0.10
0.13
	0
0
0
	0
0
0
	0
0
0
	12.29
6.95
12.29
	0.06
0.03
0.04
	12.79
7.08
12.47

	Argentina
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.02
0.004
0.01
	0.02
0.007
0.01
	0.004
0.001
0.003
	0.001
0.001
0.001
	0
0
0
	0.07
0.02
0.03
	0
0
0
	0
0
0
	0
0
0
	5.00
2.70
3.05
	0.11
0.05
0.07
	5.23
2.78
3.17

	Ukraine
	
	
	
	
	
	
	
	
	
	
	
	

	 Tg crop N)
(Tg grain N)
(Tg total BNF)
	0
0
0
	0.05
0.02
0.03
	0.001
<0.001
<0.001
	0.001
0.0002
0.001
	0
0
0
	0.008
0.002
0.003
	0
0
0
	0
0
0
	0.005
0.001
0.003
	0.42
0.21
0.18
	0
0
0
	0.49
0.23
0.22

	Australia
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.11
0.02
0.05
	0.03
0.01
0.02
	0.07
0.02
0.05
	0.05
0.01
0.03
	0.02
0.01
0.01
	0
0
0
	0
0
0
	0
0
0
	0.09
0.03
0.06
	0.004
0.002
0.003
	0.001
0.001
<0.001
	0.38
0.11
0.22

	Canada
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.03
0.006
0.02
	0.36
0.13
0.22
	0.25
0.08
0.15
	0
0
0
	0
0
0
	0.04
0.01
0.01
	0
0
0
	0
0
0
	0
0
0
	0.69
0.38
0.42
	0
0
0
	1.37
0.61
0.82

	Pakistan
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.09
0.01
0.05
	0.003
0.001
0.002
	<0.001
<0.001
<0.001
	0
0
0
	0.02
0.01
0.01
	0
0
0
	0
0
0
	0
0
0
	0.001
<0.001
<0.001
	0.002
0.001
0.001
	0.02
0.004
0.01
	0.14
0.03
0.07

	Mexico
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0.03
0.007
0.02
	<0.001
<0.001
<0.001
	0.001
<0.001
<0.001
	0.004
0.001
0.003
	0
0
0
	0.15
0.04
0.06
	0
0
0
	0
0
0
	0.08
0.004
0.005
	0.04
0.02
0.02
	0.02
0.004
0.01
	0.33
0.08
0.12

	France
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0
0
0
	0.05
0.02
0.03
	0
0
0
	0.02
0.006
0.01
	0
0
0
	0
0
0
	0
0
0
	0
0
0
	0.02
0.007
0.01
	0.05
0.02
0.02
	0
0
0
	0.14
0.05
0.07

	Indonesia
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0
0
0
	0
0
0
	0
0
0
	0
0
0
	0.02
0.01
0.01
	0
0
0
	0
0
0
	0
0
0
	<0.001
<0.001
<0.001
	0.07
0.03
0.04
	0.07
0.03
0.04
	0.16
0.07
0.09

	Germany
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	0
0
0
	0.02
0.01
0.02
	0
0
0
	0.02
0.007
0.01
	0
0
0
	0
0
0
	0
0
0
	0
0
0
	0.009
0.003
0.006
	0.01
0.005
0.004
	0
0
0
	0.06
0.03
0.04

	South Africa
	
	
	
	
	
	
	
	
	
	
	
	

	 (Tg crop N)
(Tg grain N)
(Tg total BNF)
	0
0
0
	<0.001
<0.001
<0.001
	0
0
0
	0
0
0
	0
0
0
	0.007
0.002
0.003
	0.001
<0.001
<0.001
	0
0
0
	0.002
0.001
0.002
	0.19
0.09
0.12
	0.006
0.004
0.002
	0.21
0.10
0.12

	15-country total
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	2.35
0.44
1.44
	1.18
0.40
0.73
	0.57
0.17
0.36
	0.27
0.09
0.20
	1.18
0.28
0.73
	0.74
0.22
0.28
	0.004
0.001
0.003
	0.56
0.13
0.41
	0.34
0.09
0.21
	35.03
19.01
23.27
	3.06
1.26
1.90
	45.28
22.10
29.53

	World total
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg crop N)
(Tg grain N)
(Tg total BNF)
	2.58
0.51
1.60
	1.35
0.49
0.84
	0.68
0.22
0.42
	0.55
0.20
0.41
	1.64
0.43
1.02
	1.78
0.54
0.68
	1.64
0.43
1.02
	0.88
0.16
0.65
	0.83
0.25
0.52
	38.35
20.59
25.31
	5.96
2.04
3.70
	56.24
25.86
36.17


a Total N values for each legume crops were determined from grain production data presented in Table S7 as described by Herridge et al. (2022) using specific measures of: 
(i) Harvest index (HI; the ratio of harvested grain dry matter (DM) to maximum above-ground biomass DM). The HI values applied were carefully chosen from studies that sampled peak above-ground biomass and N prior to any significant leaf-fall during crop maturation and senescence. This ensured that N in fallen leaves were included in the subsequent calculations of post-harvest legume residue N in Table S9: Above-ground DM = (Grain production)/HI,  
(ii) Shoot N content (%N): Above-ground crop N = (Above-ground DM) x (Shoot %N/100), and 
(iii) Experimentally derived estimates of the proportion of total plant N below-ground. Such estimates were used to adjust above-ground crop N to include an estimate of the additional N associated with the nodulated roots as previously described (Herridge et al. 2022; Khan et al. 2003; Unkovich et al. 2010): Total crop N = (Above-ground crop N) x (Root-factor). 
Applications of fertiliser-N to soybean have been assumed not to influence the crop N calculations. Of the top-three soybean producing countries shown in Table S5, no fertiliser-N was used in Argentina and only trivial amounts of N fertiliser was applied to soybean in Brazil and the USA (average rates of 16 kg N/ha and 6 kg N/ha, respectively; IFA 2022). Even though higher amounts of fertiliser-N were supplied to soybean in China (49 kg N/ha) and India (36 kg N/ha; IFA 2022) as the fourth and fifth the most important soybean producing countries, the meta-analysis of N effects on soybean BNF undertaken by Salvagiotti et al. (2008) suggested that these rates of N were still well below the threshold where BNF is likely to be significantly suppressed.
b Grain N harvested was calculated from grain data in Table S7 using average grain %N values (Herridge et al. 2022): Grain N = (Grain production) x (Grain %N/100).
c BNF for each crop used consolidated estimates of the percentage of legume N derived from atmospheric N2 (%Ndfa) collated by Peoples et al. (2021). 
In the case of soybean there were three distinct different regional groupings:
(1) Brazil = 78±6.3%, (2) North America, Argentina, Asia, Africa and Oceania = 61±14.0%, and (3) Europe = 44±13.8%. 
The %Ndfa of other grain legume crops did not vary greatly across regions, but also fell into three distinct groups with statistically-similar average %Ndfa values: 
[bookmark: _Hlk187580674](1) faba bean, lupin and pigeonpea = 74±11.8%, (2) common bean = 38±11.1%, and (3) chickpea (except Australia), field pea, lentil, vetches, cowpea, green gram, black gram, Bambara groundnut and groundnut = 62±13.4%.The %Ndfa value used for Australian chickpea was 43±23.9% based on additional recent data from on-farm surveys, experiments and publications not originally included in the Peoples et al. (2021) dataset. Consequently, the number (n) of site x years of data used for determination of a mean %Ndfa value increased from 48 to 112. Total BNF = (%Ndfa/100) x (Total crop N). For the FAO category “Pulses - not elsewhere identified”, %Ndfa was assumed to be 62%. 


[bookmark: _Hlk198640589]Table S9 Estimates of the annual net inputs of BNFa and amounts of legume N remaining after grain harvestb in above-ground vegetative residues and nodulated roots of different pulse and oilseed legume species grown in major wheat and maize producing countries 2018–2022. Countries are ranked in order of declining combined areas of wheat and maize production.
	Country
	Chickpea
	Field 
pea 
	Lentil
	Faba 
bean 
	Gr & Bl gram
	Common bean
	Cowpea
	Pigeonpea
	Other pulses
	Soybean
	Groundnut
	Total

	China 
(Tg net inputs BNF)
(Tg residual N)
	
0.001
0.001
	
0.05
0.11
	
0.004
0.01
	
0.07
0.12
	
0.04
0.09
	
0
0
	
<0.001
0.001
	
0
0
	
0.004
0.009
	
0.30
1.18
	
0.26
0.84
	
0.73
2.36

	USA 
(Tg net inputs BNF)
(Tg residual N)
	
0.02
0.03
	
0.02
0.05
	
0.01
0.02
	
0
0
	
0
0
	
0.003
0.08
	
<0.001
0.001
	
0
0
	
0
0
	
0.43
4.82
	
0.03
0.11
	
0.51
5.11

	India 
(Tg net inputs BNF)
(Tg residual N)
	
0.85
1.59
	
0.03
0.07
	
0.06
0.12
	
0
0
	
0.39
0.76
	
0
0
	
0
0
	
0.29
0.43
	
0.07
0.13
	
0.50
1.32
	
0.28
0.68
	
2.47
5.10

	Russian Federation 
(Tg net inputs BNF)
(Tg residual N)
	
0.02
0.05
	
0.08
0.19
	
0.007
0.02
	
<0.001
<0.001
	
0
0
	
<0.001
<0.001
	
0
0
	
0
0
	
0.008
0.02
	
-0.003
0.37
	
0
0
	
0.11
0.65

	Brazil 
(Tg net inputs BNF)
(Tg residual N)
	
0
0
	
<0.001
<0.001
	
0
0
	
0.001
0.002
	
0.002
0.005
	
0.03
0.24
	
0
0
	
0
0
	
0
0
	
2.63
5.34
	
0.01
0.03
	
2.67
5.62

	Argentina 
(Tg net inputs BNF)
(Tg residual N)
	
0.01
0.02
	
0.005
0.01
	
0.001
0.003
	
<0.001
0.001
	
0
0
	
0.005
0.05
	
0
0
	
0
0
	
0
0
	
0.34
2.29
	
0.02
0.07
	
0.38
2.44

	Ukraine 
(Tg net inputs BNF)
(Tg residual N)
	
0
0
	
0.005
0.01
	
<0.001
<0.001
	
<0.001
<0.001
	
0
0
	
<0.001
0.005
	
0
0
	
0
0
	
0.001
0.003
	
-0.03
0.21
	
0
0
	
-0.02
0.23

	Australia 
(Tg net inputs BNF)
(Tg residual N)
	
0.03
0.09
	
0.01
0.02
	
0.02
0.05
	
0.02
0.03
	
0.005
0.01
	
0
0
	
0
0
	
0
0
	
0.03
0.06
	
0.001
0.002
	
<0.001
0.001
	
0.12
0.27

	Canada 
(Tg net inputs BNF)
(Tg residual N)
	
0.01
0.03
	
0.09
0.23
	
0.08
0.18
	
0
0
	
0
0
	
0.007
0.02
	
0
0
	
0
0
	
0
0
	
0.04
0.31
	
0
0
	
0.23
0.77

	Pakistan 
(Tg net inputs BNF)
(Tg residual N)
	
0.04
0.07
	
0.001
0.002
	
<0.001
<0.001
	
0
0
	
0.008
0.02
	
0
0
	
0
0
	
0
0
	
<0.001
0.001
	
0
0.001
	
0.006
0.01
	
0.06
0.10

	Mexico
(Tg net inputs BNF)
(Tg residual N)
	
0.01
0.02
	
<0.001
<0.001
	
<0.001
<0.001
	
0.002
0.003
	
0
0
	
0.02
0.11
	
0
0
	
0
0
	
0.001
0.004
	
0.006
0.02
	
0.003
0.007
	
0.04
0.17

	France 
(Tg net inputs BNF)
(Tg residual N)
	
0
0
	
0.01
0.03
	
0
0
	
0.006
0.01
	
0
0
	
0
0
	
0
0
	
0
0
	
0.005
0.01
	
-0.004
0.02
	
0
0
	
0.02
0.07

	Indonesia 
(Tg net inputs BNF)
(Tg residual N)
	
0
0
	
0
0
	
0
0
	
0
0
	
0.008
0.02
	
0
0
	
0
0
	
0
0
	
<0.001
<0.001
	
0.01
0.04
	
0.02
0.05
	
0.04
0.11

	Germany 
(Tg net inputs BNF)
(Tg residual N)
	
0
0
	
0.006
0.02
	
0
0
	
0.007
0.01
	
0
0
	
0
0
	
0
0
	
0
0
	
0.003
0.006
	
-0.001
0.004
	
0
0
	
0.02
0.04

	South Africa 
(Tg net inputs BNF)
(Tg residual N)
	
0
0
	
<0.001
<0.001
	
0
0
	
0
0
	
0
0
	
<0.001
0.005
	
<0.001
<0.001
	
0
0
	
0.001
0.002
	
0.03
0.10
	
0.002
0.004
	
0.03
0.11

	15-country total
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg net inputs BNF)
(Tg residual N)
	0.99
1.91
	0.35
0.77
	0.18
0.40
	0.11
0.17
	0.46
0.90
	0.06
0.51
	0.001
0.003
	0.29
0.43
	0.12
0.24
	4.25
16.02
	0.64
1.80
	7.40
23.15

	World total
	
	
	
	
	
	
	
	
	
	
	
	

	(Tg net inputs BNF)
(Tg residual N)
	1.09
2.07
	0.35
0.86
	0.21
0.47
	0.20
0.35
	0.59
1.21
	0.13
1.24
	0.58
1.21
	0.49
0.71
	0.27
0.58
	4.72
17.76
	1.66
3.92
	10.29
30.38


[bookmark: _Hlk185085546]a  Data from Table S8 were used to calculate the net inputs of fixed N remaining after grain harvest: Net inputs fixed N = (Total BNF) – (Grain N harvested).
b Data from Table S8 were also used to calculate the amounts of residual legume N remaining after grain: Residual legume N = (Total crop N) – (Grain N harvested).



Table S10 Assumptions used to estimate the amount of legume stubble N consumed, excreted and subsequently lost from Australian and South African cropping systems when legume stubble is grazed by livestock following grain harvest to enable the calculation of ‘likely returns’ of legume residual N prior to cereals.a
	Parameter
	Assumptions & commentary

	
	Australia
	
	South Africa

	Total grain legume area
	2.25 Mha (Table S8)
	
	0.91 Mha (Table S8)

	Total legume residue N 
	0.27 Tg residue N (Table S10)
	
	0.11 Tg residue N (Table S10)

	Area of legume prior to cereal
	70% of total = 1.6 Mha
	
	Assumed 100% of total = 0.91 Mha

	Legume residue N prior to cereal
	70% of the 0.27 Tg N = 0.189 Tg residue N (117 kg N/ha) 
	
	0.11 Tg residue N (121 kg N/ha)

	Above-ground stubble as a % of residue N
	One-third of the total residue N was from chickpea & two-thirds from other pulse crops (Table S10), so it was assumed that 37% of total legume residue N was as vegetative stubble in recognition of chickpea’s higher below-ground pool of N than other pulses (Herridge et al. 2022; Unkovich et al. 2010). 
	
	Assume 70% of the total crop N accumulated prior to grain harvest was above-ground (Herridge et al. 2022),  ̴50% of total crop N removed in grain (Table S9) & 50% remained in above- & below-ground residues (Table S10), so vegetative stubble post grain harvest estimated as 40% of total legume residue N.

	Legume stubble N
	37% of 0.189 Tg residue N = 0.07 Tg stubble N
	
	40% of 0.11 Tg N = 0.044 Tg stubble N (0.040 Tg N soybean)

	Area of legume stubble grazed
	15% of 1.6 Mha = 0.24 Mha
	
	75% of soybean = 75% of 0.79 = 0.59 Mha (Table S8)

	Legume stubble N in grazed area
	15% of 0.07 Tg stubble N = 0.0105 Tg stubble N
	
	75% of 0.040 Tg soybean stubble N = 0.03 Tg stubble N

	% livestock utilisation of stubble
	  ̴̴30% of the stubble eaten by sheep: assumed to be half that of a grazed pasture (Thompson & Fillery 1998; Peoples & Baldock 2001) 30% of 0.0105 = 0.0032 Tg N consumed.
	
	50% stubble N consumed by livestock. 50% of 0.03 Tg stubble N = 0.015 Tg N consumed.

	% consumed stubble N excreted
	Average 90% of ingested N was returned to the field (Fillery 2001) 90% of 0.0032 = 0.0028 Tg N
	
	Average 90% of ingested N was returned to the field by mature animals (Fillery 2001) 90% of 0.015 = 0.0135 Tg N

	% excreta as urine
	Average 70% of excreted N in the form of urine (Fillery 2001; White et al. 1997) 70% of 0.0028 = 0.002 Tg urine N
	
	Average 70% of excreted N in the form of urine (Fillery 2001; White et al. 1997) 70% of 0.0135 = 0.0095 Tg urine N

	% loss of faeces N
	Assumed to be negligible over the summer fallow period (Thompson & Fillery 1997).
	
	Assumed to be negligible over the fallow period (Thompson & Fillery 1997).

	% loss of urinary N 
	Losses of N from urine patches via leaching or denitrification assumed to be negligible under average rainfall conditions (Ridley et al. 2001; White et al. 2000), but losses via ammonia volatilisation during the summer fallow assumed to be 40% of urinary N (Thompson & Fillery 1998). 40% of 0.002 = 0.0008 Tg N (3.3 kg N per grazed ha)
	
	Losses of N from urine patches via leaching or denitrification assumed to be negligible under average rainfall conditions (Ridley et al. 2001; White et al. 2000), but N losses via ammonia volatilisation during the fallow assumed to be 40% of urinary N (Thompson & Fillery 1998). 40% of 0.0095 = 0.0038 Tg N (6.4 kg N per grazed ha)


a The same assumptions and procedures described here were also applied to derive estimates of likely net inputs of fixed N.

Table S11 Common and scientific names of various crop species referred to in previous Tables. 
	
Common name
	Scientific name

	Legumes
	

	Groundnut (peanut)
	Arachis hypogaea L.

	Pigeonpea (red gram, toor)
	Cajanus cajan (L.) Millsp.

	Chickpea (Bengal gram, garbanzo bean)
	Cicer arietinum L.

	Soybean (soyabean)
	Glycine max (L.) Merr.

	Lablab (Hyyacinth bean)
	Lablab purpureus (L.) Sweet

	Grasspea (chickling vetch)
	Lathyrus sativus L.

	Lentil
	Lens culinaris Medik.

	Lupin
	various Lupinus spp.

	Narrow-leaf lupin
	L. angustifolius L.

	White lupin
	L. albus L.

	Yellow lupin
	L. luteus L.

	Field pea (pea)
	Pisum sativum L.

	common bean (dry bean)
	Phaseolus vulgaris L.

	Faba bean (Broad bean)
	Vicia faba L.

	Common vetch
	V. sativa L.

	Black gram (urad bean, mashbean, mash daal)
	Vigna mungo (L.) Hepper

	Green gram (mungbean) 
	V. radiata (L.) R. Wilczek

	Bambara groundnut
	V. subterranea (L.) Verdc.

	Cowpea (black-eyed bean)
	V. unguiculata (L.) Walp.

	Non-legumes
	

	Oats
	Avena sativa L. 

	Canola
	Brassica napus L.

	Barley
	Hordeum vulgare L.

	Millet (Pearl millet)
	Pennisetum glaucum (L.) R.Br.

	Rye
	Secale cereale L.

	Sorghum
	Sorghum bicolor (L.) Moench

	Wheat (common wheat)
	Triticum aestivum L.

	Durum wheat (pasta wheat)
	T. durum Desf.

	Maize (corn)
	Zea mays L.

	




Table S12 Common and scientific names of various legumes referred to in previous Tables that were used for forage, green or brown manure, and cover-crops.a 
	Common name
	Scientific name

	Desmanthus (wild tantan)
	Desmanthus virgatus (L.) Willd

	Huai bean (wild soybean)
	Glycine soja Siebold & Zucc.

	Burgundy bean
	Macroptilium bracteatum (Nees & C. Mart.) Marechal & Bau

	Medic (annual medics)
	Various Medicago spp.

	Strand medic
	M. littoralis Lois

	Snail medic
	M. scutellata (L.) Mill.

	Lucerne (alfalfa)
	M. sativa L.

	Velvet bean
	Mucuna pruriens 

	Serradella (French serradella)
	Ornithopus sativus Brot.

	Clover (annual clovers)
	Various Trifolium spp.

	Berseem clover
	T. alexandrinum L.

	Crimson clover
	T. incarnatum L.

	Balansa clover
	T. michelanum L.

	Persian clover
	T. resupinatum L.

	Subclover
	T. subterraneum L.

	Arrowleaf clover 
	T. vesiculosum Savi.

	Red clover
	T. pratense L.

	White clover
	T. repens L.

	Vetch
	Various Vicia spp.

	Hairy vetch (woolly-pod vetch)
	V. villosa Roth


 a Note: Species listed in Table S11 can also be harvested for forage and used for green or brown manure, and cover-crops.
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Figure S1 Global trends in areas of (a) major cool-season pulses, (b) major warm-season pulses, and (c) oilseed legumes harvested during 1961–2020 (FAOSTAT 2025).
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