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SUPPLEMENTARY MATERIALS

Table S1 The SNMI score and its ranking, average NUE, average annual yield-N, and average annual total crop production-N for
all countries during 20142018

Yield (kg ha* Production

Rank Country/Region SNMI score NUE N) (Tg N)
1 Argentina 0.28 0.72 102 4.1
2 Paraguay 0.34 0.66 138 6.6 x 101
3 Tajikistan 0.40 0.73 64 5.5 % 107
4 Nepal 0.41 0.63 75 1.7 x 101
5 Brazil 0.43 0.57 136 8.6
6 Ukraine 0.44 0.85 53 1.8
7 Serbia 0.45 0.61 71 2.0x 101
8 Saint Vincent and the 0.46 1.12 50 25x%x10*
Grenadines
9 Romania 0.46 0.74 55 5.0x 101
10 United States of 0.47 0.54 86 14
America
11 Lao People’s 0.47 0.97 48 8.6 X 1072
Democratic Republic
12 Hungary 0.47 0.59 69 3.1x 101
13 Denmark 0.52 0.50 85 2.1x10?
14 Malaysia 0.52 0.68 54 4.4 x 107
15 Myanmar 0.52 0.65 56 6.9 x 107!
16 Bangladesh 0.52 0.48 99 8.5 x 107
17 Bulgaria 0.53 0.56 63 23x 10"
18 Slovakia 0.56 0.52 65 8.9 x 102
19 Greece 0.56 0.64 52 1.7 x 107!
20 Uruguay 0.57 0.46 85 1.8 x 107!
21 Cambodia 0.57 0.83 42 1.7 x 107!

22 Croatia 0.59 0.46 71 6.4 X 102
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194 Qatar 1.34 0.04 6 1.0x10*
195 Bahrain 1.34 0.04 5 25 x10°
196 Brunei Darussalam 1.37 0.01 5 53x10°
197 Botswana 1.38 0.02 2 59 x10*
198 Faroe Islands 1.39 0.02 2 4.6 x 108
199 Iceland 1.40 0.01 1 15x10*

Note: The SNMI value for Dominican Republic was calculated based on the NUE and N yield data developed based on Zhang et
al., 201501, Because the FAO nutrient budget database shows a dramatic increase in N yield for Dominican Republic, which is
different from all other databases compared in Zhang et al., 2021 and suggests a potential error in the FAO nutrient budget
databasel?.

— reference NUE = 1

—reference NUE = 0.8

0.81 /

0.61

0.41
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0.21

0.0 0.80.91.0 2.0
Original NUE

Fig. S1 Methods for normalizing NUE with different reference NUE values.
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REFERENCE YIELD TEST

The reference yield is an important parameter in the calculation of SNMI (equation 2), measuring the progress
of a country towards achieving a certain yield target. The reference yield was determined as a universal yield
target (i.e., 90 kg ha!) for all countries in the global assessment presented in this study. In addition to using the
universal target, the reference yield can also be determined with region-specific targets considering the limitation
of regional ecological and socioeconomic conditions. Therefore, we designed two sensitivity tests to investigate
how SNMI values change as the reference yield changes from a universal target to region-specific targets.

In the first test, we calculated SNMI for each country with country-specific reference yield derived from
attainable yields (Yield_att,,) for 155 countries and 16 crops (cr) from Mueller et al.l’l. The yield level was
converted to N yield level with crop-specific N content parameters (N C,.,.)F’l. Considering potential discrepancies
in the yield levels used by Mueller et al. in the baseline year (Yield_2000.,) and FAOSTAT, we scaled the
attainable yield to align with the FAOSTAT record, which we used for SNMI assessment in this study. Therefore,
the definition of the country-specific reference yield is defined as below.
y Zcrl./ield_attcr -NC,, (s1)
X-Yield_2000., - NC,,
This definition of reference yield can be applied to calculate the normalized yield (NYield™) in equation 2 (main
text) for each country. The equation of NYield* can be further simplified to the one below for estimating
NYield* around year 2000.

NYield,.r = NYieldgap 2000

X Yield_2000., X NC,,
NYield* =<{ Z.Yield_att, X NC. (52)
1 (NYield > NYield,.y)

With the NYield* calculated with country-specific reference yield, we calculated SNMI for each country and
compared it with the SNMI calculated with a universal reference yield (90 kg ha* yr! N).

(NYield < NYield, ;)

In the second test, we calculated SNMI values at grid level (see Fig. 6 in main text) to highlight sub-national
variation in SNMI. SNMI values were calculated using either the universal reference yield of 90 kg ha* N (left
panels in Fig. 6) or a region-specific reference yield based on the ratio current/attainable yield as described above
(right panels in Fig. 6). Gridded data on crop N yield and NUE for the year 2010 at a spatial resolution of 0.5x
0.5 degrees were obtained from the IMAGE modell®l. Current and attainable yields from Mueller et al.ll at
country-level were aggregated to the level of 26 world regions defined in IMAGELL.

DATA QUALITY

An accurate SNMI assessment relies on high-quality data on N budgets, however, estimates of different N budget
terms can vary widely across global datasets!”], urging for more collaborative efforts to improve N budget
quantification globally. In this study, we used data on N yield and NUE from the FAO nutrient budget databasel”]
as it provides consistent, long-term data on nutrient budgets for most global countries. However, derived scores
need to be interpreted in the light of substantial uncertainties in the FAO nutrient budget data. For example,
fertilizer and applied manure N in the FAQ nutrient budgets may not exclude these inputs to non-cropland (based
on FAOSTAT domains ‘fertilizer by nutrient” and ‘livestock manure’), while N removal represents N removal
by crops based on FAOSTAT crop statistics, which do not include grass production and most fodder crops. Even
though the fraction of fertilizer applied to pastureland is very low globally, this fraction could be large in
countries with large area of intensively managed grassland, and the information about such fraction is very
limited. Consequently, the NUE from FAO nutrient budget database tends to be lower than other database for
cropland NUE, especially in countries with a large area of grassland and fodder crops, such as the Netherlands
and Ireland. In addition, the cropland area used to calculate per-hectare N yields (in kg ha* yr* N) from total
crop N removal (in kt yr* N) in the FAO database is based on data from the FAOSTAT land use domain, where
‘cropland’ includes fodder crops and temporary grassland that are not included in the yield data.

We compared data on N yield and NUE from FAO for 26 EU countries with data from EuropeAgriDB v1.0F], a
recent dataset of crop production and N flows in European cropland and grassland for the period 196120191,



The EuropeAgriDB partly relies on FAO data for the assessment of crop yields and areas but includes a more
detailed assessment of (1) crop N removal for crops not considered by FAOSTAT, such as fodder crops and (2)
the allocation of manure and fertilizer inputs to arable crops, fodder and grassland. Results show that NUE
estimates for cropland (including major crops, fodder crops, and temporary grassland, but not permanent
grassland) from EuropeAgriDB are higher than NUE estimates from FAO for all countries (except Romania,
Fig. S2, top). This result is due to a higher N removal in the EuropeAgriDB (as N removal by fodder crops and
temporary grassland is also considered), as well as a lower N input (as EuropeAgriDB excludes the share of total
fertilizer and manure inputs applied on permanent grassland). Differences are substantial in some countries (e.g.
for Ireland 0.09 vs. 0.70 for Ireland or 0.17 vs. 0.54 for Portugal). Similarly, estimated crop N removal per
hectare from EuropeAgriDB is for all countries (Fig. S2, bottom). Based on the EuropeAgriDB, 16 out of 26
countries have achieved a yield higher than the reference of 90 kg ha* yr* N, while this is only two countries
based on FAO data. Comparison of country-level SNMI scores calculated based on both datasets (Fig. S3) show
consistently lower SNMI values (i.e., better performance) based on EuropeAgriDB data (both due to higher NUE
and higher N vyield). This comparison demonstrates the level of difference between N budget databases and
provides insights for potential improvement in the global FAO database by leveraging new and detailed regional
assessment such as EuropeAgriDB.

Significant estimates of NYield" and NUE" change from 2009 to 2018
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Fig. S4 Four quadrants with linear regression estimates of NYield*and NUE*change from 2009 to 2018. The color of the dots
represents significant linear regression estimates of SNMI change (P < 0.05).



Country specific SNMI assessment during the most recent five years
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Fig. S5 An overview of the SNMI, Yield, NUE and N production of selected countries for the period 2014-2018. The x axis

represents the yield (kg ha* N) each country and the y axis represents the NUE. The size of the bubble represents the total harvested
N (Tg yr ! N), and the color scale shows the five-year average SNMI score for each country.
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