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Text S1.
The following are a brief description of N budget equations.
				(1)
									(2)
						(3)
									(4)
						(5)
									(6)
[bookmark: OLE_LINK1][bookmark: OLE_LINK2] is non-structural N in tissue  (g N m-2) and  is structural N in tissue  (g N m-2), where  is leaf, root, or stem.  is N allocation to tissue  (g N m-2 day-1),  is N reallocation from leaf to root during leaf offset (g N m-2 day-1),  is N reallocation from leaf to stem during leaf offset (g N m-2 day-1),  is N reallocation from root to leaf during leaf onset (g N m-2 day-1), and  is N reallocation from stem to leaf during leaf onset (g N m-2 day-1).  is N turnover from tissue  (g N m-2 day-1 ) to , and  is N turnover from tissue  (g N m-2 day-1) to .  is N flux from non-structural to structural N in tissue  (g N m-2 day-1).
			(11)
	(12)
 is the N pool as  (g N m-2), where  is soil NH4+ or soil NO3-.  is N fertilizer input (g N m-2 day-1),  is atmospheric N deposition input as  (g N m-2 day-1),  is N mineralization of litter N (g N m-2 day-1),  is N mineralization of soil organic matter N (g N m-2 day-1),  is net nitrification to  (g N m-2 day-1),  is N2O emission during nitrification (g N m-2 day-1),  is NO emission during nitrification (g N m-2 day-1),  is NH3 volatilization (g N m-2 day-1),  is immobilization of  to soil organic matter N (g N m-2 day-1),  is N2 emission during denitrification (g N m-2 day-1),  is N2O emission during denitrification (g N m-2 day-1),  is NO emission during denitrification (g N m-2 day-1), and  is leaching of  (g N m-2 day-1).
		(13)
							(14)
where  is N in litter (g N m-2),  is N in soil organic matter (g N m-2),  is the N flux from  to  (g N m-2 day-1), and  is free-living BNF (g N m-2 day-1). Note that the C to N ratio of litter is flexible but the C to N ratio of soil organic matter is constant.


Text S2.
The atmospheric CO2 concentration forcing consists of the annual time series of globally-averaged atmospheric CO2 concentration. The meteorology forcing is 6 hourly data from 1901 to 2018 for seven meteorological variables from the Japanese Reanalysis (JRA) with monthly values adjusted to the Climate Research Unity (CRU) data, yielding CRU-JRA which is a blended product with the 6 hourly temporal resolution of reanalysis data but without the biases that may be present in reanalysis data (Harris et al., 2020). Land cover is from the European Space Agency (ESA) Climate Change Initiative (CCI). ESA CCI land cover is available from 1992 to 2015 and contains 37 land cover categories (Li et al., 2018). Wang et al. (in prep) summarizes the methodology for mapping/reclassifying the ESA CCI land cover’s 37 land cover categories to CLASSIC’s nine PFTs and also explains how this reclassification is ground-truthed against data from another high-resolution land cover product. The change in crop area is based on the Land-use Harmonization (LUH) project (Chini et al., 2021). The population density forcing is based on Goldewijk et al., 2017 and is used by the fire module in CLASSIC for calculating anthropogenic fire ignition and suppression. The N deposition and N fertilisation forcings are based on Tian et al., 2018.
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Figure S1. Schematic illustration of the structure of the biogeochemical component of CLASSIC. C pools are green and N pools are orange. C fluxes are indicated by red arrows and N fluxes are indicated by blue arrows.
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Figure S2. a. Symbiotic biological nitrogen fixation as a function of nitrogen stress of vegetation (assuming constant soil temperature of the top soil layer). b. Nitrogen stress of vegetation as a function of nitrogen demand of vegetation (assuming constant nitrogen uptake of vegetation). The vertical red line represents nitrogen uptake of vegetation.
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Figure S3. Geographical distribution of nitrogen deposition (averaged over 1998 to 2018).
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Figure S4. Geographical distribution of crop area (averaged over 1998 to 2018).
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Figure S5. Nitrogen mineralisation over the historical period simulated by CLASSIC for all global change drivers concurrently and individually. (a) Time series. (b) Change from pre-industrial (averaged over 1701 to 1721) to present-day (averaged over 1998 to 2018) estimates (where the solid line indicates the median and the box extends from the first quartile to the third quartile).
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Figure S6. Nitrogen losses simulated by CLASSIC (averaged over 1998 to 2018). (a) Nitric oxide emissions, (b) nitrous oxide emissions, (c) ammonia emissions, and (d) nitrogen leaching. Observation-based estimates are from (Billen et al., 2013; Bouwman et al., 2013; Fowler et al., 2013; Pilegaard, 2013; Sutton et al., 2013).
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Figure S7. Time series of (a) gross primary productivity, (b) vegetation carbon, (c) soil organic carbon, and (d) evapotranspiration simulated by CLASSIC, CLASSIC without the regulation of BNF by N limitation (CLASSIC-statN), and CLASSIC without N cycling (CLASSIC-C) over the historical period from 1701 to 2018. Observation-based estimates are from (Beer et al., 2010) for gross primary productivity, (Xu et al., 2021) for vegetation carbon, (Köchy et al., 2015) for soil organic carbon, and (Martens et al., 2017) for evapotranspiration.

Table S1. CLASSIC parameters.
	Parameter / unit
	Plant functional type
	Value
	Source

	
[kg C g N-1]
	Needleleaf evergreen
	25.5
	(McGroddy et al., 2004)

	
	Needleleaf deciduous
	25.5
	

	
	Broadleaf evergreen
	15.2
	

	
	Broadleaf cold deciduous
	15.1
	

	
	Broadleaf dry deciduous
	15.2
	

	
	C3 crop
	9.6
	

	
	C4 crop
	9.6
	

	
	C3 grass
	9.6
	

	
	C4 grass
	9.6
	

	
[kg C g N-1]
	-
	28.2
	(Yuan et al., 2011)

	
[kg C g N-1]
	Needleleaf evergreen
	252.4
	(Weedon et al., 2009)

	
	Needleleaf deciduous
	252.4
	

	
	Broadleaf evergreen
	115.2
	

	
	Broadleaf cold deciduous
	115.2
	

	
	Broadleaf dry deciduous
	115.2
	

	
	C3 crop
	9.64
	

	
	C4 crop
	9.64
	

	
	C3 grass
	-
	

	
	C4 grass
	-
	

	
[g N kg C-1 day-1]
	- 
	0.0001
	

	
[g N m-2 day-1]
	Needleleaf evergreen
	0.02
	

	
	Needleleaf deciduous
	0.02
	

	
	Broadleaf evergreen
	0.02
	

	
	Broadleaf cold deciduous
	0.03
	

	
	Broadleaf dry deciduous
	0.03
	

	
	C3 crop
	0.1
	

	
	C4 crop
	0.1
	

	
	C3 grass
	0.02
	

	
	C4 grass
	0.02
	

	
[unitless]
	natural PFTs
	0.5
	

	
	crop PFTs
	0.0
	

	
[g C g N-1]
	-
	6.5
	(Minchin & Witty, 2005)

	
[μmol CO2 g N-1 sec-1]
	Needleleaf evergreen
	14.2
	(Kattge et al., 2009)

	
	Needleleaf deciduous
	14.2
	

	
	Broadleaf evergreen
	36.2
	

	
	Broadleaf cold deciduous
	33.1
	

	
	Broadleaf dry deciduous
	36.2
	

	
	C3 crop
	41.3
	

	
	C4 crop
	41.3
	

	
	C3 grass
	28.2
	

	
	C4 grass
	28.2
	

	
[μmol CO2 m-2 sec-1]
	Needleleaf evergreen
	34.1
	(Kattge et al., 2009)

	
	Needleleaf deciduous
	34.1
	

	
	Broadleaf evergreen
	6.4
	

	
	Broadleaf cold deciduous
	5.4
	

	
	Broadleaf dry deciduous
	6.4
	

	
	C3 crop
	23.7
	

	
	C4 crop
	23.7
	

	
	C3 grass
	22.2
	

	
	C4 grass
	22.2
	

	
[unitless]
	-
	0.01
	(Asaadi & Arora, 2021)

	
[kg C g N-1]
	Needleleaf evergreen
	56.1
	(McGroddy et al., 2004)

	
	Needleleaf deciduous
	56.1
	

	
	Broadleaf evergreen
	33.5
	

	
	Broadleaf cold deciduous
	33.1
	

	
	Broadleaf dry deciduous
	33.5
	

	
	C3 crop
	21.2
	

	
	C4 crop
	21.2
	

	
	C3 grass
	21.2
	

	
	C4 grass
	21.2
	

	
[kg C g N-1]
	-
	62.0
	(Yuan et al., 2011)

	
[kg C g N-1]
	Needleleaf evergreen
	555.2
	(Weedon et al., 2009)

	
	Needleleaf deciduous
	555.2
	

	
	Broadleaf evergreen
	253.4
	

	
	Broadleaf cold deciduous
	253.4
	

	
	Broadleaf dry deciduous
	253.4
	

	
	C3 crop
	21.2
	

	
	C4 crop
	21.2
	

	
	C3 grass
	-
	

	
	C4 grass
	-
	





Table S2. Description of the forcings for the historical simulations for the period from 1701 to 2018 in which we examined the effect of global change drivers concurrently and individually. The global change drivers that we examined are atmospheric CO2 concentration, N deposition, climate, and land use change (which is characterized by changing crop area and N fertiliser application). Time periods over which each forcing varies are given.
	
	Forcings

	
	Atmospheric CO2 concentration forcing
	N deposition forcing
	Meteorology forcing
	Land cover forcing
	N fertilisation forcing

	Global change driver
	All
	1701 – 2018
	1701 – 2018
	1701 – 2018
	1701 – 2018
	1701 – 2018

	
	Atmospheric CO2 concentration
	1701 – 2018
	1701
	1701 – 1725 repeated
	1701
	1701

	
	N deposition
	1701
	1701 – 2018
	1701 – 1725 repeated
	1701
	1701

	
	Climate
	1701
	1701
	1701 – 2018
	1701
	1701

	
	Land use change

	1701
	1701
	1701 – 1725 repeated
	1701 – 2018
	1701 – 2018





Table S3. Summary of the representation of biological nitrogen fixation in CLM4.5, CLM5, JSBACH, JULES-ES, LPJ-GUESS, and CLASSIC.
	
	CLM4.5
	CLM5
	JSBACH
	JULES-ES
	LPJ-GUESS
	CLASSIC

	Free-living biological N fixation
	-
	Linear function of ET
	-
	-
	-
	Function of temperature and soil organic matter C

	Symbiotic biological N fixation
	Non-linear function of NPP
	Plant growth optimisation following the Fixation and Uptake of Nitrogen (FUN) model (Fisher et al., 2010)
	Non-linear function of NPP
	Linear function of NPP
	Linear function of ET
	Function of temperature and N stress of vegetation





Table S4. Global carbon and nitrogen pools and fluxes simulated by CLASSIC (averaged over 1998 to 2018) in comparison to simulations of five CMIP6 land models (CLM4.5, CLM5, JSBACH, JULES-ES, and LPJ-GUESS; Davies-Barnard et al., 2020).
	
	CLASSIC
	CLM4.5
CLM5
JSBACH
JULES-ES
LPJ-GUESS
	Observation-based estimates from (Davies-Barnard et al., 2020)

	Vegetation carbon (Pg C)
	427
	349 – 579
	343 – 539

	Vegetation nitrogen (Pg N)
	3.4
	1.8 – 3.6
	

	Soil organic matter + litter carbon (Pg C)
	1122
	 682 – 3249
	1837 – 3257 
2157 – 2293

	Soil organic matter + litter + inorganic nitrogen (Pg N)
	87
	38 – 291 
	133 – 140

	Gross primary production 
(Pg C yr-1)
	140
	115 – 142 
	113 – 125 

	Heterotrophic respiration
(Pg C yr-1)
	70
	44 – 53 
	57 – 73

	Autotrophic respiration
(Pg C yr-1)
	65
	57 – 82
	45 – 50

	Total ecosystem respiration (Pg C yr-1)
	135
	110 – 128
	94 – 118

	Total natural biological nitrogen fixation (Tg N yr-1)
	70
	46 – 107
	52 – 141
40 – 100

	Vegetation root nitrogen uptake (Tg N yr-1)
	1419s
	465 – 1172
	

	Nitrogen loss
(Tg N yr-1)
	170
	47 – 141
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