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Model of N2O emissions
Our model is an updated version of the model NL-N-RR of Philibert et al. (2012). 
The estimated model parameter values, as well as the variance-covariance matrix are given in Table S1.   Diagonal elements of the variance-covariance matrix are the variances of the estimators of , , and , and the off-diagonal elements are their covariances.
This model was compared to three simpler variants; a model without random effect and without rice effect (this model assumes that the N2O response does not vary across site-years), a model with rice effect but without random effect (this model assumes that the difference between rice and non-rice is the only source of variation of the N2O response across site-years), a model including random effect but no rice effect (this model assumes that the N2O response varies across site-years, but that the difference between rice and non-rice does not explain a significant part of the between-site-year variability). These models were compared using the Akaïke Information Criterion (AIC) and the Bayesian Information Criterion (BIC), as in Philibert et al. (2012). The results showed that the model including rice effect and random effects was the best one (i.e., the model leading to the lowest AIC and BIC values).  

Model uncertainty
We compare the 95 percentile confidence interval (95th percentile to 5th percentile values) for the present model to the 95th percentile confidence interval reported by Shcherbak et al. (2014) in Figure S6. In Figure S7, we compare the impacts of two separate types of uncertainty on the mean global N2O emissions estimates.

Impacts of model and data selection

In this section, we consider the impact of different modeling choices on our results. In other words, how do choices about experimental field data inputs, as well as model functional form, impact global N2O emissions estimates for N2O?  For comparison, we also present N2O emissions estimated from the IPCC Tier I linear model (De Klein, 2006), and the upland grain model from Shcherbak et al (2014) combined with the flooded-rice model derived in this paper.  We summarize the results in the Table S2.  The models with Z=0 (i.e. not for flooded rice) are shown in Figure S8, where we have included the Shcherbak et al. (2014) upland grain model for comparison.

Manure allocation model

We estimate of 7.8 Tg of manure N applied to crops, which represents ~9% of the 86.3 Tg total N applied in the form of synthetic and manure fertilizer. This estimate is substantially smaller than other circa 2000 estimates of manure N applied to crops (Liu et al. 2010, FAO 2016).  For example, Liu et al. (2010) estimate that 17.3 Tg of manure N applied to crops in year 2000 represents 25.6% of total N applied in 2000 (c.f. INman/INfer Table 1).  FAOSTAT (FAO 2016) report 23.6 Tg manure N, which is 22.6% of total N applied in 2000.  Our total manure N application rates are lower than these previous estimates because we applied management factors from Robinson et al. (2011) and Herrero et al. (2013), which estimate the fraction of total manure N applied to crops. These values are animal- and region-specific, and reflect the high heterogeneity of manure use around the world. Typical values range from 20-50% (Herrero et al. (2013), Tables S17-S21).  In contrast, Liu et al. (2010) use an average manure-recycling rate of 66% except for select countries (e.g., 50% for Switzerland and the Netherlands, 70/90% in the United Kingdom for cattle/pigs).
We tested the effect of the constraint that manure is applied to crops in the 5 minute pixel in which it is produced on total manure N applied to crops.  We find that a 6x increase in the distance over which manure can be transported leads to an increase in total manure N applied of just 1.5%.

Definition of regions
We defined Eastern Europe following the UN Statistics Division (Belarus, Bulgaria, Czech Republic, Hungary, Moldova, Poland, Romania, Russia, Slovakia, and Ukraine) with the addition of the Baltic states (Estonia, Latvia, Lithuania). Sub-Saharan Africa includes Sudan.
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Figure S1. Total direct N2O-N emissions due to synthetic N fertilizer and manure application to crops calculated from the linear model (De Klein et al., 2006). Emissions are calculated as a weighted average over 171 crops using an emission factor of 1% for all crops except flooded rice, which has an emission factor of 0.31%. Areas without 2000-era N application data are shown in grey.  Units are kg of N2O-N per cultivated ha.


Figure S2. Difference in N2O-N emissions calculated with the IPCC Tier I linear model (De Klein et al., 2006) compared to emissions estimated from the non-linear model developed here.  Emissions are calculated as a weighted average over 171 crops using an emission factor of 1% for all crops except flooded rice, which has an emission factor of 0.31%. Areas without 2000-era N application data (Mueller et al., 2012) are shown in grey.  Units are kg of N2O-N per cultivated ha.
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Figure S3. Country-specific synthetic N and manure fertilizer application and associated direct N2O emissions estimated by linear and non-linear models. (a) Total applied N fertilizer; (b) N2O-N emissions calculated using the linear model; (c) N2O-N emissions calculated using the non-linear model. Histograms are normalized such that the area of each bar is proportional to the fraction of total N applied (a) or emitted (b,c) The top 10 countries, ranked in each subfigure by applied N (a), and emitted N2O (b,c) are shown in color, while all remaining countries are displayed in gray.
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Figure S4. Fitted median responses of N2O emissions for N application rates from 0 to 700 kg N/ha.  Fitted responses for rice and non-rice were obtained with the model NL-N-RR fitted to the combined field data sets of Stehfest and Bouwman and those compiled by Shcherbak et al, limited to Napp <=700 kg/ha, with field data from experiments not on crops excluded.
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Figure S5. Model residuals as a function of applied N rate.  . Residuals were calculated with the model described in Table S1 using the site-specific parameters α0i and α1i.


Figure S6. Comparison of mean model and uncertainty for Shcherbak et al. (2014, blue), and the nonlinear model developed in this paper (black/grey). Shcherbak et al. uncertainty is for the mean change in emissions factor model for all site-years (excluding N-fixing crops and a bare soil site-year), and is reproduced from Figure 3 of Shcherbak et al. (2014) Uncertainty for the model developed here encompasses parameter uncertainty. The blue thin vertical lines indicate the range of estimates obtained using the 5th to 95th percentile model parameter values (but averaging over site-year variability.)  


Figure S7. Uncertainty estimates of N2O emissions associated with empirical N application rates circa 2000.  Bars represent mean values of predicted total global emissions in each N application rate range using the nonlinear model developed here, accounting for model parameter uncertainty.  Vertical lines span the 5th through 95th percentile estimates.  Green crosses represent the increase in N2O-N emissions that would result from heterogeneity of the N application rate data below the administrative unit scale for which data are available, with a coefficient of variation of 54%. This value (54%) is selected because it leads to the same increase in total N2O emissions (from 0.66Tg to 0.78Tg) as using the 95th percentile model parameters. Histogram is normalized such that the area of each bar is proportional to the fraction of total global N2O-N emitted.
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Figure S8.  Mean N2O emissions estimated using the NLNRR models derived from varying experimental datasets, and excluding flooded rice.  The models are described in Table S2. NLNRR indicates a non-linear (NL) nitrogen effect (N) random intercept (R) random effect (R) model.  The differences between the mean responses reported here and the median responses reported in Figure S4 are due to the nonlinearity of the fitted models.   Lower subplot differs only in axis range.







Supplementary tables

Table S1. Estimated model parameter values and variance-covariance matrix.
	
	
	
	
	
	

	0.3033216
	0.7066093
	0.0033885
	0.001950911
	-0.9718765
	2.317842

	Variance-covariance matrix of the estimator of , , and :
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Table S2. Global direct N2O emissions under various modeling assumptions.  Models developed and applied include the IPCC linear model (“IPCC”), the NLNRR model from Philibert et al. 2012 (“Philibert”), a rice-differentiated NLNRR model constructed based on the same data from Stehfest and Bouwman (2006) as used in Philibert et al. 2012 (“Philibertricesep”), a rice-differentiated NLNRR model constructed based on field data from Stehfest and Bouwman (2006) and Shcherbak et al. (2014) limited to N application rates ≤500 kg N/ha (“NLNRR500”), a rice-differentiated NLNRR model constructed based on field data from Stehfest and Bouwman (2006) and Shcherbak et al (2014) limited to N application rates less than or equal to 700 kg N/ha (“NLNRR700”), the upland grain emissions model from Shcherbak et al. (2014, “Shcherbak), and the upland grain emissions model from Shcherbak et al coupled with the NLNRR700 model for rice (“Shcherbak hybrid”).  “No Rice Differentiation” indicates a model developed for all crops without a rice “discount factor”.  “Rice Differentiation, All crops” indicates that the model accounts for reduced emissions from paddy rice.  For “Rice Differentiation, No Flooded Rice”, flooded rice emissions are omitted entirely.   NLNRR indicates a non-linear (NL) nitrogen effect (N) random intercept (R) random effect (R) model.
	Model Name
	Type
	Experimental Data Source
	Max N Application Rate
(kg N/ha)
	Total N2O emissions, No Rice Differentiation
(Tg N2O-N)
	Total N2O emissions, Rice Differentiation
All crops
(Tg N2O-N)
	Total N2O emissions, Rice Differentiation
Flooded Rice excluded
(Tg N2O-N)

	IPCC
	Linear
	
	
	0.86
	0.77
	0.73

	Philibert
	NLNRR
	Stehfest & Bouwman 2006
	500
	0.77
	
	

	Philibertricesep
	NLNRR
	Stehfest & Bouwman 2006
	500
	
	0.75
	
0.71

	NLNRR500
	NLNRR
	Stehfest & Bouwman 2006; Shcherbak et al. 2014
	500
	
	0.72
	

0.68

	NLNRR700
	NLNRR
	Stehfest & Bouwman 2006; Shcherbak et al. 2014
	700
	
	0.66
	

0.62

	Shcherbak
	Shcherbak et al. upland grain (all other crops) 
	Stehfest & Bouwman 2006;
Shcherbak et al. 2014
	


	0.77
	
	

	Shcherbak, Hybrid
	Shcherbak et al. upland grain (all other crops) / NLNRR (paddy rice)
	Stehfest & Bouwman 2006 and Shcherbak et al. 2014
	700
	
	0.69

	

0.65







Table S3. N2O emissions by world region. Circa year 2000 total N application and mean N application were derived from Mueller et al. (2012) “Linear EF” is the emissions factor (EF) calculated using the IPCC Tier I linear method [0.31% for flooded rice, 1% for all other crops], “Non-linear EF” is total direct EF calculated using the NLNRR model updated from Philibert et al. (2013) with different factors for flooded rice and all other crops. d(N2O)/dN is the incremental change in N2O emission associated with an incremental change in N application on all harvested area in units of kg N2O-N/100 kg N.  This table is reproduced as Table S8 in the supplementary dataset.


	Country
	Total N Application
	Mean N Application rate
	Linear EF
	Non-linear EF
	d(N2O-N)/dN

	
	Gg
	kg ha-1
	%
	%
	0.01 kg/
kg

	Asia
	48776
	94
	0.82
	0.73
	0.83

	USA + Canada
	12555
	76
	0.99
	0.82
	0.88

	Western Europe
	8435
	102
	1.00
	0.95
	1.07

	South and Central America
	5117
	42
	0.96
	0.71
	0.71

	East Europe
	4216
	28
	1.00
	0.69
	0.68

	Middle East
	2908
	67
	0.98
	0.77
	0.82

	Sub-Saharan Africa
	1653
	11
	0.98
	0.69
	0.61

	North Africa
	1429
	78
	0.94
	1.20
	1.06

	Oceania
	1064
	43
	1.00
	0.74
	0.74




Table S4. N2O emissions by top 10 countries, administrative units, and crops. Circa year 2000 direct N2O emissions calculated under various models for top 10 countries by total N applied to croplands.  The linear and non-linear models are as described in the text.  The Shcherbak model (Shcherbak et al. 2014) is the upland grain crops model: EF = (0.001 N[6.49 + 0.0187 N])
	
	Total N App.
	Mean N App. rate
	Linear N2O emission
	Non-linear N2O emission
	Scherbak N2O emission

	
	Gg
	kg ha-1
	Gg
	Gg
	Gg

	World:
	86329
	68
	770
	662
	771

	
	
	
	
	
	

	Country:
	 
	 
	 
	 
	 

	China
	25627
	158
	219
	205
	250

	India
	12031
	65
	98
	75
	100

	United States
	10852
	83
	107
	90
	96

	Pakistan
	2414
	122
	23
	21
	23

	Indonesia
	2142
	69
	15
	12
	18

	France
	1937
	109
	19
	18
	19

	Brazil
	1872
	38
	18
	13
	15

	Canada
	1703
	49
	17
	13
	14

	Germany
	1579
	128
	16
	16
	15

	Turkey
	1405
	69
	14
	10
	12

	 
	 
	 
	 
	 
	 

	Administrative Unit:
	
	
	
	
	

	Shandong (China)
	2480
	204
	25
	25
	26

	Uttar Pradesh (India)
	2471
	94
	21
	16
	21

	Pakistan
	2435
	122
	23
	22
	23

	Henan (China)
	2320
	176
	22
	21
	23

	Indonesia
	2142
	69
	15
	12
	18

	France
	1935
	109
	19
	18
	18

	Sichuan (China)
	1837
	131
	16
	13
	17

	Jiangsu (China)
	1767
	208
	14
	15
	19

	Hubei (China)
	1716
	212
	13
	14
	18

	Hebei (China)
	1696
	166
	17
	16
	17

	 
	 
	 
	 
	 
	 

	Crop:
	
	
	
	
	

	wheat
	16784
	81
	168
	138
	148

	maize
	13648
	101
	136
	124
	129

	flooded rice
	13585
	97
	42
	43
	122

	cotton
	3004
	99
	30
	26
	27

	barley
	2977
	55
	30
	24
	25

	rapeseed
	2644
	108
	26
	23
	24

	soybean
	2162
	29
	22
	14
	16

	potato
	1885
	98
	19
	18
	18

	vegetable (other) 
	1834
	126
	18
	17
	18

	sugarcane
	1822
	93
	18
	15
	16





Table S5. Summary of studies estimating direct N2O emissions in response to application of synthetic N fertilizer to crops. Notably, no other study included here calculates paddy rice emissions separately from other crops.

	Source
	Year
	Synthetic Fertilizer
(Tg yr-1)
	Emissions of N2O-N
(Tg yr-1)
	Emissions Factor
(%)
	Fertilizer Data Source

	Mosier et al., 1998
	1989
	79
	0.90
	1.25
	FAO

	Vergé et al., 2007
	1990
	n/a
	0.80
	1.25
	FAO

	Bouwman 1996
	1990
	80
	1.00
	1.25
	FAO 

	FAOstat 
(2014a)

	2000
	81
	0.81
	1.00
	FAO

	Vergé et al., 2007
	2000
	n/a
	0.95
	1.25
	FAO

	
Flynn & Smith, 2010
	2005
	93
	0.92
	1.00
	International Fertilizer Industry Association

	Syakila & Kroeze, 2011
	2006
	n/a
	0.90
	1.00
	FAO
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France 0.017 Tg
Germany 0.014 Tg
Egypt 0.014 Tg
Brazil 0.013 Tg











image9.emf



0 100 200 300 400 500 600 700



0
10



20
30



40
50



Applied N (kg ha-1)



N
2O



 (k
g 



ha
-1



)



All
Rice
Not rice










0 100 200 300 400 500 600 700

0

1

0

2

0

3

0

4

0

5

0

Applied N (kg ha-1)

N

2

O

 

(

k

g

 

h

a

-

1

)

All

Rice

Not rice


image10.emf

image13.png
kg N20-N/ha
= 2 PN

kg N20-N/ha

o o

o O o O

w £

N

Comparison of non-linear models

—— Philibert .

ricesep
_ - NLNRR500
I NLNRR700

e Shcherbak

1 1 T T L4

1
100 200

1
300 400 500 600
kg/ha

Comparison of non-linear models

— Philibert .
rice

- NLNF{R500

—.-—. NLNRR

700
e Shcherbak

sep

[
50 100

1 1 1
200 250 300 350
kg/ha

400




