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Input-output estimates of nitrogen on cropland are essential for improving nitrogen management and better understanding
the global nitrogen cycle. Here, we compare 13 nitrogen budget datasets covering 115 countries and regions over 1961-2015.
Although most datasets showed similar spatiotemporal patterns, some annual estimates varied widely among them, result-
ing in large ranges and uncertainty. In 2010, global medians (in TgN yr~") and associated minimum-maximum ranges were 73
(64-84) for global harvested crop nitrogen; 161 (139-192) for total nitrogen inputs; 86 (68-97) for nitrogen surplus; and 46%
(40-53%) for nitrogen use efficiency. Some of the most uncertain nitrogen budget terms by country showed ranges as large as
their medians, revealing areas for improvement. A benchmark nitrogen budget dataset, derived from central tendencies of the

original datasets, can be used in model comparisons and inform sustainable nitrogen management in food systems.

eeding an increasing world population without degrading the

environment requires informed nitrogen management and

improved understanding of nitrogen cycles'”. Nitrogen is a
critical element for crop growth and consequently an important
determinant of food supply**. In fact the proportion of the world’s
population depending on food produced arising from the use of
nitrogen inputs rose to 48% by 2008°. Since the early-20th-century
discovery of the Haber-Bosch process, which converts inert atmo-
spheric N, to reactive nitrogen, nitrogen inputs for crop production
have increased rapidly, accounting for about 85% of total anthropo-
genic nitogen inputs to the global nitrogen cycle by 2010°. In parallel,
excess nitrogen loss to the environment has increased locally, region-
ally and globally, leading to environmental problems such as water
and air pollution, climate change, biodiversity loss and ozone deple-
tion”®. Yet in some regions nitrogen use for crop production is still
insufficient to balance nitrogen removal, resulting in the opposite
problem of soil mining and soil fertility loss’. Overall, nitrogen man-
agement is closely related to at least nine Sustainable Development
Goals, including those focusing on food supply and pollution*’.

Nitrogen budgets for crop production (also known as nitrogen
balance) are used by diverse stakeholders for a variety of applica-
tions'"'?. Some farmers with relatively advanced knowledge or
extension support already use nitrogen budgets to help with deci-
sions regarding fertilizer and manure application rates and manage-
ment. Policymakers have begun using nitrogen budgets to monitor
the environmental impacts of agricultural production and to evalu-
ate impacts of policies at watershed to national and regional scales'’.
Non-profit organizations and the food industry have applied them
as simple tools to inform retailers and help guide consumer food
choices'*".

In addition, nitrogen budget datasets are used in ecological mod-
elling, including biogeochemical models to help simulate N,O emis-
sions and carbon-nitrogen interactions related to climate change
feedbacks'® and hydrological models to estimate nitrogen loading
to rivers and estuaries'’. Most of these databases include nitrogen
inputs from use of synthetic fertilizer, animal manure applications,
atmospheric deposition and biological fixation, and nitrogen out-
puts in harvested products (Fig. 1); while other nitrogen losses in
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forms of gas emissions (for example, N,O and NH,), leaching and
runoff have been measured or modelled.

Quantifying nitrogen budgets has become particularly important
on a national scale due to increasing policy interest in monitoring
and reporting country-level performance of sustainable agriculture
and sustainable nutrient management'®. Several important inter-
national reporting processes, and chiefly the 2030 Sustainable
Development Agenda'®”, have developed indicators to help coun-
tries monitor the status of agriculture sustainability at the national
level, where a critical part of the information used for estimating
nitrogen budgets is collected (for example, fertilizer consumption
and production data generated by national statistics bureaus or fer-
tilizer industry associations). A number of countries (for example,
the United States, India, Germany and Sweden) have commissioned
the creation of national nitrogen budgets, but many still do not have
fully implemented national budgets, or their budgets are not com-
parable beyond national boundaries due to different methodologi-
cal approaches. Understanding the uncertainties in the relevant data
categories as well as differences among sources will enhance our
capacity to quantify, understand and report trends in regional and
global nitrogen budgets.

In this article we compare existing long-term global nitrogen bud-
gets for crop production at national scales in a systematic manner.
We analyse an ensemble of nitrogen budget estimates for crop pro-
duction from ten working groups, covering the period 1961-2015
and focusing on four major nitrogen inputs to cropland and one
nitrogen output in the form of harvested products (Table 1 and Fig.
1). Although not exhaustive, these datasets represent the state-of-the
art in published literature and the most recently updated global sta-
tistics on quantifying nitrogen budgets. Our primary objective is to
analyse the differences and discrepancies among estimates for each
nitrogen budget item at national and global scales and their causes,
and consequently recommend future steps for improving the quan-
tification of nitrogen budgets for crop production. To help facilitate
comparisons among models that require nitrogen budget inputs, we
also propose a nitrogen budget benchmark dataset that can be used
as a common dataset in model intercomparison projects.

Results

Global crop nitrogen budgets. Globally, nitrogen inputs for crop
production, including synthetic and organic fertilizers, biological
fixation and atmospheric deposition, have roughly quadrupled since
the 1960s at 40 (38-54) TgNyr~!, reaching 161(139-192) TgNyr~!
(median, minimum-maximum value of the ensemble) in 2010
(Supplementary Table 7). The increasing nitrogen inputs, more
intensive crop management and, to a lesser extent, an increase in
the expansion of cropland area globally (about 17%°') have together
boosted crop production. Nitrogen removals through harvest
were 22(22-24) TgNyr~" in 1961 and 73 (64-84) TgNyr~! in 2010
(Fig. 2 and Supplementary Table 7). In the 1990s, nitrogen inputs
experienced a temporary slow-down in increased use, even reduc-
tions in some regions, attributable partly to the collapse of Former
Soviet Union (FSU) and partly to regulations in the European
Union. From 2000 to 2015, however, global nitrogen inputs
increased by about 48(43-52) TgNyr~!, with an annual growth
rate of roughly 3%yr~', driven mostly by increasing use of syn-
thetic fertilizer nitrogen (about 57%). Each type of nitrogen input
has increased from 1961 to 2010: synthetic fertilizer input from
11(10-12) to 94(82-102) TgNyr~'; manure input from 14 (12-17)
to 22(21-36) TgN yr~!; fixation from 8 (5-9) to 27 (17-31) TgNyr™%
and deposition from 6 (6-14) to 16 (10-19) TgNyr~".

Ofthe ten working groups (Table 1), eight provided national nitro-
gen budgets on a global scale for the period 1961-2015 with a yearly
time resolution. Their estimates all show similar increasing trends
for global nitrogen inputs and crop production, but with marked
differences among estimated quantities (Fig. 2). Two additional

Volatilization/emission and other
forms of nitrogen outputs
T (e.g., NHg, NO, N,O, N,)
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Leaching/runoff
(e.g., NH,*, NO,~, DON, PON)
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Manure (22 TgN) Crop products
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Agricultural BNF (32 TgN)

e
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Fig. 1| Nitrogen budgets for crop production and resulting nitrogen
species released to the environment. This Article focuses on the evaluation
of the four input budget terms (blue arrows) and the crop products term
(green arrow), and does not assess the distribution of losses among

the different reactive nitrogen forms indicated by the red arrows, or the
changes in soil nitrogen stock. The sizes of the blue and green arrows are
determined by estimated nitrogen budgets for the global crop production
system for the period 2011-2015 (the number in parentheses is the median
value of all available estimates for each nitrogen budget term from the 13
datasets). The crop products budget term includes all parts of the crop that
are removed from the cropland and used for various production purposes
(for example, crop grains, crop residues removed for feed). However,
considering the large uncertainty related to the quantity of crop residue
removed and whether this is used for productive purposes after removal,
some datasets focus the assessment on crop grains only. BNF, biological
nitrogen fixation; DON, dissolved organic nitrogen; PON, particulate organic
nitrogen. This figure was created in PowerPoint (Microsoft).

databases of global nitrogen budgets were available for 2000, and one
estimated nitrogen budget for 2010 (Fig. 2). Across data sources, the
difference between the lowest and highest estimates was 52 TgN yr™!
for nitrogen inputs and 20 TgN yr~ for harvested nitrogen in 2010
(Fig. 2 and Supplementary Table 7). The normalized range (differ-
ence between the lowest and highest estimates divided by median
value) was 33% for nitrogen inputs and 27% for harvested nitrogen
(Fig. 2 and Supplementary Table 7).

Nitrogen surplus, defined as the difference between nitro-
gen inputs and harvested nitrogen (see Methods), increased from
16(8-23) TgNyr™ in 1961 to 86(68-97) TgNyr~' in 2010 glob-
ally, accompanied with declining values of world aggregated nitro-
gen use efficiency (NUE, computed as nitrogen in harvested crop
products divided by nitrogen inputs) from 59% (49-61%) to 46%
(40-53%) (Fig. 2 and Supplementary Table 7). The range of nitrogen
surplus values among different estimates was caused by differences
in all budget terms, but primarily from the variability in fertilizer
nitrogen input and harvested nitrogen.

National cropland nitrogen budgets and variation in estimates.
Global nitrogen budgets, as well as the range of existing estimates,
are dominated by a handful of countries or regions, including
China, India, the United States, FSU and Brazil (Fig. 3), which
account for 56-64% of the combined global nitrogen inputs and
outputs in 2000 (and 56-66% for 2010). For 2000, the only year
with available data from all 13 datasets, the range for synthetic fer-
tilizer input was largest in China (that is, 8 TgNyr™'), about 36%
of the median value (that is, 23 TgNyr™) of all estimates (Fig. 3
and Supplementary Table 6; see results for 2010 in Supplementary
Fig. 7 and Supplementary Table 7). The largest range in estimates
for manure inputs was also seen for India (that is, 5TgNyr~!, with
a normalized range as 262%) with a median value of 2TgNyr™ in
2000. While the ranges for other countries were smaller, they were
of the same order of magnitude as the median value, indicating high
uncertainties in manure nitrogen estimates for those countries. For
biological nitrogen fixation, the ranges of estimates are similar to,
or larger than, the median value for most countries. The largest
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Table 1| Global datasets examined in this study

Datasets References Data sources and methods by variable
Nitrogen Nitrogen manure Nitrogen fixation Nitrogen deposition Nitrogen harvested Land area
synthetic
fertilizer
Zhang 2015;  Zhanget al.® FAOSTAT and Estimated manure Use parameters  Use deposition map Constant nitrogen Harvested area from
Zhang IFA application on soil from  from refs. ?#%4¢  from Bouwman content from FAOSTAT
Reorganized? FAOSTAT et al.*° and cropland reference (for
distribution map from  example Lassaletta
Ramankutty et al.*” et al.’; modified
oil palm nitrogen
content)
Lu and Tian Lu and Tian“¢, FAOSTAT and FAOSTAT livestock Not available Not available Not available Cropland area from
Zhang et al.*® IFA number and calculations HYDE 3.2 (ref. *")
Nishina with  Nishina et al.*> FAOSTAT Not available Not available Not available Not available Cropland area from the
(or without) Harmonized Global Land
double Use map (LUHa) v.1.0
cropping® (ref. *?)
Lassaletta Lassaletta FAOSTAT and FAOSTAT livestock Use parameters  Dentener et al.*?, Constant nitrogen Use the combination
et al. et al.”* IFA number and calculations  from refs, 3394 Bouwman et al.> content from of harvested area and
reference cropland from the
FAOSTAT 2012 database
Conant and Conantetal®®  FAOSTAT FAOSTAT with IPCC unit  FAOSTAT FAOSTAT cropland FAOSTAT with Harvested area from
Dorich conversions with average area and Dentener IPCC crop nitrogen FAOSTAT

Bodirsky with
(or without)
forage©

IMAGE

Gerber and
Mueller

Chang et al.

FAO

Bodirsky
et al.?>>

Bouwman
etal.*°

Mueller
et al.***%, West
etal.”

Skalsky et al.*%,
Herrero et al.*®,

Valin et al.®%,
Havlik et al.°¢,
J.C.etal,in

preparation

FAOSTAT soil
nitrogen budget
domain®!

IFA, Lassaletta
etal’

FAO

Mueller et al.>®

Crop and
spatially explicit
information
from SPAM
dataset® and
EPIC crop model
simulations®*©°,
further
harmonized to
FAOSTAT and
IFA (J.C.etal., in
preparation)

FAOSTAT
fertilizers by
nutrient

Weind| et al.**, Bodirsky
etal.”®

Calculate from the
animal stocks and
nitrogen excretion rates

Gridded Livestock of the
World and calculations

Nitrogen content in
livestock excretion

is calculated by
subtracting the nitrogen
in livestock products
and by-products from
the nitrogen in livestock
feeds; information
about feed needs,
productivity and
manure management

is from Herrero et al.*.
More details in Havlik
etal.®®and J.C.etal., in
preparation

FAOSTAT livestock
manure

parameters from
refS. 24,3848

Use parameters
from various
data sources,
including
Herridge et al.*®

Crop production
and nitrogen
content

Range of fixation
rates from Smil*,
scaled to yield

Use parameters
from refs.
74,7‘3,38,:’,8; covers
both nitrogen
fixation from
leguminous
crops and
nitrogen fixation
from free-living
organisms.
More details
in).C.etal,in
preparation

FAOSTAT crop
production and
Zhang et al.®

etal.”®

ACCMIP°¢, LUH2
(ref.*)

Deposition map for
2000 from Dentener
et al.*%. Scale the
deposition map to
other years using
emission inventories
(historical) or
scenarios (projection)

Deposition map

for 2000 from

an ensemble

of atmospheric
chemistry-transport
models from Dentener
etal®

Atmospheric nitrogen
deposition for 2000
is derived from

the International
Global Atmospheric
Chemistry (IGAC)/
Stratospheric
Processes and

Their Role in
Climate (SPARC)
Chemistry-Climate
Model Initiative
(CCMI) nitrogen

deposition fields®®

Zhang et al.?

percentage and
harvest rates

Literature review on
nitrogen contents®,
and FAOSTAT data

Crop production and
nitrogen content

Nitrogen content
from USDA 2009
(ref. 1), crop yields
from Monfreda

et al.®?

Crop yields derived
from simulations
from the EPIC crop
model and SPAM
information on crop
management® and
further harmonized
with FAOSTAT;
nitrogen contents
(as a percentage of
dry matter) of major
crops are derived
from Table A4 of
Bodirsky et al.*

FAOSTAT crop
production and IPNI
coefficients

Cropland area from LUH2
(ref. °7), based on Klein
Goldewijk et al.>®

Land cover data from
HYDE 3.1 (ref. °%)

Cropland area from
FAOSTAT, irrigated area
from Portmann et al.%,
crop area from Monfreda
et al.®?, pasture area from
Ramankutty et al.*®

Harvested area from
crop and spatially
explicit SPAM dataset
harmonized with
cropland land cover
from GLC2000 (ref.
%) and then at regional
level to harvested area
from FAOSTAT; further
adjustment of total
cropland to total arable
land from FAOSTAT

FAOSTAT cropland area

#Two datasets were provided by Zhang et al.’; both use the same data-processing procedure, but with input data downloaded from FAQ in different years. Zhang 2015 and Zhang Reorganized used the
downloaded data from 2014 and 2018, respectively. “Two datasets were provided by Nishina et al.*>. The double-cropping region is based on the global crop use intensity map developed by Siebert et al.”.
‘Without double cropping’ indicates the nitrogen fertilizer input in the double-cropping regions was excluded from the cropland inputs. “Two datasets were provided by Bodirsky et al.”>*"; one included
forage crop in the budget, one excluded forage crop.
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Fig. 2 | Global nitrogen budgets for crop production from various data sources. a, Global nitrogen inputs. b, Global harvested crop nitrogen product.
¢, Global nitrogen surplus. d, Global NUE. Nitrogen input is the sum of nitrogen deposition, fixation, manure and fertilizer. Nitrogen surplus is the difference
between nitrogen inputs and harvested nitrogen. NUE is the ratio of harvested nitrogen to nitrogen inputs. See Table 1 for description of each data source.

ranges for deposition were from India and China (about 5 and
3TgNyr, respectively), and both were comparable to their median
estimates (normalized range as 167% and 117%, respectively). The
largest range and median values for harvested nitrogen were both
in the United States, with the range and median values at 4 and
11 TgNyr, respectively (Fig. 3 and Supplementary Table 6).

For each country or region, the nitrogen budget term with the
widest range among estimates was also the largest contributor
to the range in nitrogen surplus estimates (Fig. 4a), and conse-
quently should be a focus for reconciling differences and improving
national budgets. For example, the nitrogen budget term with the
largest contribution to the range in nitrogen surplus was synthetic
fertilizer use in China and several EU countries, harvested nitrogen
in Brazil, FSU and many Southeast Asian countries, and manure
in the majority of African countries. In comparison, some nitrogen
budget terms, such as nitrogen deposition and nitrogen fixation,

are relatively small contributors to the overall nitrogen budget, but
the estimated ranges of these budget terms are often higher than
the median value, indicating large uncertainties in those budget
terms. When normalized by their median values, nitrogen manure,
fixation or deposition have the widest normalized ranges for most
countries (Fig. 4b).

Discussion

Varying causes of differences. Harvested nitrogen is calculated
by crop production times nitrogen content (that is, kgN per kg dry
matter’ or wet weight** of harvested crop product; see Table 2 for
the calculation method). Since most studies use crop production
data from Food and Agriculture Organization (FAO) statistics (also
called FAOSTAT)* or, in a limited number of cases, may rely on
independent national statistics for a few countries (Table 1), the dif-
ferences in harvested nitrogen among studies are largely attributable
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Fig. 3 | The estimates of nitrogen budget terms and land area by countries for 2000. This figure demonstrates the relative importance of each country
in each nitrogen budget, and their uncertainty level. a-f, The quantity and range for each of the five nitrogen budget terms (applied fertilizer nitrogen (a),
applied manure nitrogen (b), nitrogen fixation (¢), nitrogoen deposition (d) and harvested nitrogen (e)) and for the harvested area (f). In each panel, a
box is plotted for each country: the width on the x axis is determined by the median value of all available estimates for that country from the 13 datasets,
while the height on the y axis is determined by the range of estimates. The upper (or lower) boundary of each box is determined by the difference between
maximum (or minimum) and median values of all estimates (the median values correspond to O on the y axis). The distance between the red cross and
the right side of the boxes is determined by the nitrogen quantity for the remaining countries outside of the 115 countries and regions, using the ‘Zhang
Reorganized' data. A three-letter country identifier is shown for the largest boxes: USA, United States; CHN, China; IND, India; FSU, Former Soviet Union;
PAK, Pakistan; BRA, Brazil; ARG, Argentina; NGA, Nigeria. The same assessment for 2010 is available as Supplementary Fig. 7. The specific values at the
global and country scales for all of the boxes, including those too small to label here, are provided in Supplementary Table 6 for the year 2000 (average of
1998-2002) and in Supplementary Table 7 for the year 2010 (average of 2008-2012).

to different parameter values used by different investigators for
nitrogen content. Among the 14 major crop groups considered, fibre
crops, oil palm, fruits, vegetables and ‘other crops’ show the high-
est variations in nitrogen content values used by research groups
(Fig. 5). Although differences in the nitrogen content parameters
for major staple crops are smaller, they often cause considerable dis-
crepancies in national harvested nitrogen estimates because a large
fraction of total harvested nitrogen is from staple crops. Most stud-
ies use one nitrogen content value for each crop or crop group, not
considering the variation of nitrogen content among regions due
to different varieties, management and yield, the change of nitro-
gen content with time and the changing relative contributions of
specific crops within crop groups®. Such assumptions are likely to
introduce bias in the estimation of harvested nitrogen, but this bias
is difficult to quantify due to the lack of nitrogen content data by
regions and for long-term series.

Another plausible cause for differences in harvested nitrogen is
the different sectoral coverages of crops among studies, especially

| www.nature.com/natfood

fodder crops. Fodder crops may account for about 20% of the
total harvested crop nitrogen globally, although reliable national,
regional and global statistics are mostly lacking””. Defined as the
crops primarily harvested for animal feed, fodder includes not only
the typical forage crops such as green maize, sorghum, clover or
alfalfa, but also temporary pastures. Most studies exclude natural
and permanent grasslands as fodder crops (Supplementary Table
1), but the national definition of temporary or permanent grassland
can change with time, thus affecting the statistics reported to supra-
national institutions and contributing to variation among the vin-
tages of the relevant FAOSTAT crop production data. In addition,
fodder crops produced and consumed within a farm (by grazing or
feeding) are often not reported. Given the large uncertainty asso-
ciated with the reported data from countries, the annual report of
harvested fodder crops by FAOSTAT (for example, alfalfa and clo-
ver) was discontinued in 2013, but was reinstated in 2020.

The consideration of fodder crops not only affects estimates of
harvested nitrogen, but also other nitrogen budget terms (for exam-
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Fig. 4 | Uncertainties in region-specific nitrogen budgets. a-c, Nitrogen
budget uncertainties expressed in terms of the nitrogen budget term

with the largest range (a), the largest normalized range (b) and the range
of nitrogen surplus by country (¢). In a and b, the colour of a country is
determined by the nitrogen budget term with the largest range and the
largest range normalized by the median value, respectively (see Methods).
In ¢, the intensity of the grey colour for each country is determined by

the range of nitrogen surplus rates estimated by all datasets. The specific
values of major crop-producing countries by budget term are provided in
Supplementary Table 6. Maps were created in MATLAB.

ple, biological nitrogen fixation) and harvested area. In addition to
fodder crops, the consideration of some permanent crops (for exam-
ple, fruit trees, olives and vineyards) and short rotation crops (for
example, harvested cover crops such as clover or rye) varies among
studies, often depending on data availability. While most of these
crops are negligible for crop nitrogen budgets on a global scale, they
may represent important factors in specific countries or regions.

Fertilizer nitrogen shows a surprisingly large range among dif-
ferent research groups in many major crop-producing countries (for
example, China and the United States; Fig. 6a,b), despite use of FAO
or International Fertilizer Association (IFA) as the source of input
data by most research groups. Such large variations are caused by
one or more of following reasons (note the order of the list does not
reflect the importance):

1. Differences in the fraction of synthetic fertilizer used for crop
production. In some developed countries, a non-trivial share of
synthetic fertilizers used in agriculture is applied to managed

permanent grasslands™* or forestry production. A recent re-
port estimated that the percentage of fertilizer nitrogen applied
to grassland in 2014-2015 was 11% and 17% for the United
States and the European Union, as high as 90% in New Zealand
and <5% globally”’. Conversely, many studies did not exclude
the fertilizer used on pasture within their assessment of crop-
land applications; some used approximate values for the per-
centage in developed and developing countries>”, while some
used modelling approaches to estimate this percentage’. Lack
of information can lead to more than 20% differences among
studies in developed countries (Fig. 6b). While this uncertainty
is less of an issue for most developing countries, the increasing
use of fertilizer for pasture and forestry, as well as aquaculture,
in those countries (for example, China) may lead to higher
uncertainty in cropland nitrogen input estimates. Another ap-
proach to address this uncertainty is to aggregate fertilizer ap-
plication by crop types following a bottom-up approach, but
such information remains scarce, especially on a country scale.

2. Differences in fertilizer statistics among different sources.
The FAO disseminates information it collects officially from
its member countries via questionnaires®, while IFA relies on
sales reports from their members, most of which are fertilizer
companies. Both complement missing data with statistical pro-
cesses, including nitrogen balance methods at the country level
and using available national production and international trade
information. Moreover, there are temporal differences: coun-
tries reporting to FAO use primarily calendar years, but may
report at times in fertilizer years depending on data availability;
whereas IFA uses a mix of calendar and fertilizer years. As FAO
and IFA are strengthening their collaboration in improving fer-
tilizer statistics, there is growing agreement between the two
global datasets (Supplementary Fig. 1). Most research groups
use FAO or IFA data or combinations of both as the foundation
of their fertilizer nitrogen estimates by country with global cov-
erage. Some may also employ independently compiled national
statistics for some countries, for instance data from United
States Department of Agriculture (USDA). These data sources
use different approaches to categorize and record the use of fer-
tilizer products and their nitrogen contents, which may vary
among regions and lead to differences in estimated fertilizer
nitrogen inputs among data sources.

3. Discrepancies in data vintages. FAO and IFA produce annual
updates which may include corrections across the time-series.
For example, FAOSTAT updated China’s nitrogen fertilizer use
data after 2000 in 2017, based on new analysis and updated
national statistics. Consequently, the estimates of fertilizer in-
puts for crops from the “Zhang Reorganized’ dataset (defined
in Table 1), using FAOSTAT data downloaded in 2018, is over
10TgNyr lower than from “Zhang 2015’ which used FA-
OSTAT data downloaded in 2014 (Fig. 6a). Clearly such dis-
crepancies can be reduced if all working groups agree to use the
most recently updated FAO and IFA data as reference input sta-
tistics, but it presents practical challenges for working groups
to adopt the updates at regular annual intervals. While working
groups can decide on how they manage the updates from the
basic fertilizer statistics, it is essential for all working groups to
document data vintages clearly.

Manure nitrogen added to cropland is generally computed as the
estimated amount of nitrogen excreted by livestock multiplied by
the assumed fraction of nitrogen collected and applied to cropland
(Table 2). This approach leads to large uncertainties, due to differ-
ent ways to estimate animal excretion, its nitrogen concentration,
manure management and grassland versus cropland distribution.
It is indeed one of the main sources of uncertainties in nitrogen
budgets”***.
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Table 2 | Key parameters for nitrogen budget calculation on a national scale

Dominating method Key parameters Uncertainty Importance
Nitrogen harvested QNiarvestedj = D2 QP_crop,; x NCer QP_crop,; * -
B NC *kk ok kk
cr
Nitrogen fertilizer QNyer; = QNfer; x frac_Nferc.op; QNfer; * ok
frac_Nfer,,; xoxk REXE
Nitrogen manure QNpyanj = X Liviy; x Exyy; x Collecty,; x frac_fraccropy,; Liv;,; * B
[
' Ex,, Collect,,, frac_crop,,; ~ *** R
Nitrogen fixation NFRcr; X QP_crope,; Niyeri >k *x
QNﬁx,/' = Z . .
e { Nfixerj X Acrj (When NFR,; is not available)
NFR,, *kk ok
NFRj = %Ndfac,j x NCer x BGNc,j/NHIc,; !
or NFR;; = NC¢
Nitrogen deposition  QNgep; = Ngepj X A Nep; s *
A Kk Hokok

J

The numbers of stars in the ‘Uncertainty’ and ‘lmportance’ columns indicate the level of uncertainty of the parameter and the importance of the parameter in determining the nitrogen budget, which
together determine the priority for further development. In the table, QN esteqr QNrerjy QNinanis QNp,;and QNy,,,; are the quantify of harvested nitrogen, nitrogen fertilizer input, nitrogen manure input,
biological nitrogen fixation, and nitrogen deposition for a region j. QP_crop.,; and NC,, are the quantity of crop production and nitrogen content for crop type cr. QN,,,; and frac_Nfer,,,,; are the total nitrogen
fertilizer consumption and the fraction of the fertilizer used for crop production in region j. Liv,,;, Ex,; Collect,,; and frac_crop,,, are the number of livestock, the excretion rate, the collection rate and the

fraction of collected manure used for cropland for livestock type Iv and region j. A ; is the land area for crop type cr and region j. A

is used as the harvested area in several studies (for example, Zhang

crj

et al.?), and as cropland area in others (for example, Lu and Tian*®). NFR_; is the scaling factor for nitrogen fixation rate based on crop yield, and is estimated as the function of the percentage of nitrogen
uptake from fixation (%Ndfa,,)), below ground biomass (BGN,,) and harvested index (NHI,,;) in some studies, and is equivalent to NC_ in others. N, is the nitrogen deposition rate for a region j.

The Intergovernmental Panel on Climate Change (IPCC) pro-
vides guidelines for estimating animal excretion factors used
by most of the studies considered herein®. They include build-
ing simplified, default (Tier 1) datasets based on livestock- and
region-specific excretion factors that are constant over time, or
developing more sophisticated data-intensive calculations (Tiers 2
and 3). The diverse methodologies may require only national live-
stock number statistics at Tier 1 or may require the use of proxies
such as meat or milk productivity’ and differences between feed
intake and production® at Tiers 2 and 3. Process-based livestock
modelling can consider different livestock types and regions and
different management systems that affect excretion factors*>*. Some
of these approaches require the accounting of animal feed inputs,
largely taken from FAO data, but lacking complete characterization
of uncertainty for items such as grazing, roughages, synthetic amino
acids, crop residues or food waste®’. The FAOSTAT data included in
this study provide a useful reference, offering simple national esti-
mates at Tier 1, with regional and global coverage, over the period
1961-2017*.

Estimation of the fraction of manure nitrogen collected and
applied to cropland comprises three steps™: (1) estimating the share
of the excreta that is directly deposited on grasslands; (2) estimat-
ing the amount of N lost during manure management (for example,
volatilized as ammonia), which can vary substantially between dif-
ferent management systems; (3) estimating the share of managed
manure that is applied to croplands instead of managed grasslands
(which is important only in some countries, such as Ireland and
New Zealand). Many of the parameters and factors are still very
rough estimates based on expert knowledge or surveys without
specific regional characteristics, and few of them are provided with
uncertainty ranges. For example, there is a considerable range in
estimates of total nitrogen manure applied to crops, ranging from
20-50% to 50%-90%". Only some studies'-”* consider other uses
of animal manure such as energy, such as household fuel, which is
important for regions such as South Asia. In conclusion, the range
of manure nitrogen estimates from different research groups dem-
onstrates the high impact of parameter settings and contrasting
approaches to manure nitrogen estimation (see, for example, the
case of the United States in Fig. 6¢).
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Biological nitrogen fixation is estimated with a crop-specific nitro-
gen fixation rate (for example, with units of kgNha'yr=')* or with a
linear function of crop yield>*>*, where the yield is from FAOSTAT
in most studies. Both approaches introduce large differences among
studies, due to the highly variable parameterization among regions
and crop types (Supplementary Table 2 and Supplementary Table 3).
Although most research groups derive parameters from three major
studies”*®¥, estimated nitrogen fixation still shows differences,
especially for some countries such as Brazil (Supplementary Fig. 2).
For example, the published nitrogen fixation rate ranges from 3
to 300kgNha~'yr~' for beans”; the estimated percentage of plant
nitrogen derived from nitrogen fixation (Ndfa%) varies in existing
studies from 50% in China to 80% in Brazil for soybean®. The dif-
ferences are mainly caused by three major reasons:

1. The different assumptions made for the relation between yield
and nitrogen fixation. For example, some studies, such as the
Nutrient Use Geographic Information System (NuGIS), as-
sume nitrogen fixation equals harvested nitrogen for legumi-
nous crops*’; while many others consider nitrogen fixation as a
fraction of the whole plant, including the parts above and below
ground (that considers root nitrogen and nitrogen rhizodeposi-
tion)”*"** (see equations in Table 2).

2. Non-symbiotic nitrogen fixation (free-living nitrogen fixation;
also called ‘associative nitrogen fixation’ when it occurs in the
rhizosphere of crop plants). The rate of non-symbiotic nitro-
gen fixation remains poorly quantified, as it varies by crop type,
bacteria type, cropping rate and many other factors*. For ex-
ample, it ranges between 20 and 30kgNha~'yr~! for rice and
from 50 to >150kgNha~'yr~ for sugar cane’; while little is
known about free living nitrogen fixation in other cropping sys-
tems and little information is available regarding the variation
of the rates among regions. Although differences in estimated
non-symbiotic nitrogen fixation rates are relatively small com-
pared with other budget terms on a global scale, they could be
important for countries with high rice or sugar cane production
(for example, Vietnam and Brazil).

3. The consideration of fodder crops can affect the total input
through biological nitrogen fixation in countries where fodder
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Fig. 5 | Estimates of crop nitrogen content from different data sources.
Scatter points show the variation of nitrogen content of 13 crop groups
used by five data sources??>#2772 Each crop group includes one or more
than one crop species; the detailed definitions are given in Supplementary
Table 5.

crops that are important nitrogen fixers, such as alfalfa, are
common (for example, the United States and Argentina).

Nitrogen deposition is mostly estimated by overlaying maps
of atmospheric nitrogen deposition* and cropland distribution
(Table 1). The range of estimated nitrogen deposition in this study
is mainly caused by following reasons:

1. The choice of nitrogen deposition maps and spatial and tem-
poral scaling methods. Most research groups use nitrogen
deposition maps that originate from the outputs of an atmos-
pheric chemistry model or an ensemble of models that has
been validated by measurements (for example, a deposition
map for 2000 on a 1°X1° resolution®). Assumptions need
to be made in order to estimate the deposition rate in other
years. For example, Bouwman et al. scaled the deposition rate
to other years using emission inventories”’, whereas Zhang
et al. linearly extrapolated between years with available depo-
sition maps’.

2. The treatment of annual nitrogen deposition rates. The nitro-
gen deposition rate from measurements or models is reported
as an annual value (for example, kgN ha~'yr™"), while some ni-
trogen budget databases are estimated based on each harvest
(for example, yield is usually reported per harvest). Using the
annual nitrogen deposition rate as the nitrogen deposition for
one harvest may lead to overestimation, especially in regions
dominated by multicropping systems* (for example, the annual
rate may be applied to each harvest).

Land use areas are used to estimate some soil nitrogen budget
terms and are consequently a potential cause for differences among
nitrogen budget estimates. Some studies use cropland area to down-
scale the national nitrogen fertilizer consumption statistics to fine
spatial scales (for example, the 0.5°x0.5° grid in Nishina et al.*)
by calculating the average fertilizer application rate; some use the
regional statistics of crop-specific fertilization rate and cropland
area to allocate the national total fertilizer consumption to a gridded
level (for example, the ‘Lu and Tian’ dataset'); others use cropland
and pasture land areas to estimate the proportion of fertilizer use for
cropland versus pasture land (for example, the “Zhang 2015’ data-
set’). Most nitrogen budgets for fodder crops and nitrogen deposi-
tion rely on a calculation based on land use area. How the land area
is used determines whether and how much it affects the differences
among nitrogen budget estimates.

The mixed use of different concepts and data for land use area
may introduce bias in nitrogen budget estimates. Three main types

of land use area are used in nitrogen budget calculations: cropland
area, harvested area and planted area (Supplementary Table 4). Of
these, the first two are defined by the FAO. They have been used
interchangeably and erroneously in many cases, but their values
are not always consistent with each other, especially in regions with
complex cropping systems (for example, multicropping and inter-
cropping) or with large percentages of fallow land or crop failures.
For example, cropland area has been used to upscale nitrogen input
or harvest rates (kgNha™'yr™') based on the harvested area in order
to obtain a regional nitrogen budget estimate, but this approach will
lead to overestimation in regions with large percentages of fallows
(for example, some European countries), or crop failure, and will
lead to underestimation in regions with intensive multicropping
systems (for example, China).

Even for the same land use area concept (for example, cropland),
large variations exist in different data products or different versions
of the same product (Supplementary Fig. 3), leading to differences
in nitrogen budgets. The global cropland area used by databases
examined in this study ranges from 1.1 to 1.6bnha in circa 2000
(Supplementary Table 6).

Timely assessment of nitrogen budgets. Timely assessment of
nitrogen budgets for crop production is critical for nitrogen man-
agement. While the sizes of most nitrogen budget terms have been
increasing rapidly, relevant statistics are published with time lags.
The FAO and IFA provide nitrogen budget estimates with a stan-
dard 2yr time lag, that is, statistics up to the year 2018 were avail-
able in 2020. Considering the time needed to collect, process and
validate the full suite of nitrogen budget data, including fixation
and deposition, publication of integrated nitrogen budgets usu-
ally has a longer lag than the FAO/IFA lag. Considering the recent
trend of increasing nitrogen inputs by 3% yr~' globally, and perhaps
more rapidly on some national or subnational scales, any time lag
is problematic.

There is also a trade-off between spatial and temporal resolu-
tion. For example, the high-resolution crop nutrient balance map
on EarthSTAT* provides nitrogen budget information on a 5X5
arcmin resolution (approximatelyl0km X 10 km at the equator), but
for only the year 2000”. Nitrogen inputs have increased by more
than 50% since then, and the spatial distribution of those increased
inputs is not even. It is possible in principle to scale the detailed
2000 global nitrogen budget map to more recent years, but that
requires uncertain assumptions (for example, nitrogen input rates
increase by the same percentage among regions within a country).

The relationship between differences and uncertainties. The
analysis in this paper focuses on evaluating differences in nitrogen
budget estimates caused by different calculation methods and/or
data sources (approach (a) in Supplementary Fig. 4). This approach
differs from uncertainty analysis (such as a Monte Carlo simula-
tion) which explores impacts of uncertainty in input parameters.
It also differs from model intercomparisons, which explore differ-
ences in models using a common set of input data (see discussion
of approaches (b) and (c) in Supplementary Fig. 4). Although this
analysis does not provide a full range of uncertainties for nitrogen
budgets, it reveals the large differences among existing nitrogen
budget estimates. Admittedly, a small difference in a budget term
among the research groups included in this analysis may arise from
the common use of a single input dataset, but the common original
data source, itself, may have substantial uncertainties. Consequently,
a small difference in a budget term estimate among research groups
reported here does not necessarily mean small uncertainty of the
underlying original data of that nitrogen budget term. On the other
hand, the large differences reported here for other budget terms due
to variation in calculation methods and data sources does imply
high uncertainty in those terms.
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Fig. 6 | Examples of historical nitrogen records on a national scale. a, Total cropland fertilizer nitrogen for China. b, Total cropland fertilizer nitrogen for the
United States. ¢, Application rate of nitrogen manure in the United States. d, Application rate of nitrogen fertilizer in the United States. Colours represent
different data sources (with same colour codes as used in Fig. 2; the records from NuGIS*°, which are only available for the United States in recent years,

are added as short blue lines in b-d for comparison).

Proposed benchmark dataset. Nitrogen budget data are commonly
used as inputs to a variety of models of biogeochemical and agro-
nomic processes, such as emissions of greenhouse gas and air pollut-
ants, nutrient leaching, carbon sequestration and crop productivity.
We propose a benchmark for nitrogen budget estimates based on
the median value and the range of nitrogen budget estimates used in
this study (the benchmark values are available in the Supplementary
Data). The benchmark should not be viewed as representing the
‘real’ or ‘best’ values for the nitrogen budget, but rather as the cen-
tral tendency of the current set of published estimates analysed here.
The common use of this benchmark nitrogen budget will facilitate
comparisons among models that are due to model structures rather
than differences in data inputs. Future studies can also compare
model outputs using new nitrogen budget data, as improvements or
new information become available, with model outputs using this
benchmark dataset to evaluate how improvements in nitrogen bud-
get input values may affect results and conclusions.

| www.nature.com/natfood

Recommendations for improving crop nitrogen budgets. Based
on insights afforded by this comparison among nitrogen budgets,
we offer the following recommendations.

First, establish clear protocols for collecting and synthesizing
data for nitrogen budgets, including the clarification of important
concepts, considered items, assumptions and procedures. Different
interpretations of a concept (for example, forage crop, permanent
and temporary grasslands, cropland area) during data collection
and analysis will probably lead to bias in nitrogen budget estimates.
Clarifying those concepts and adhering to relevant international
definitions (for example, FAO definitions of land use and crop cat-
egories) will help reduce such bias. Clear documentation of data
vintages and use of the most up-to-date statistics (for example, FAO
and IFA statistics), especially when major corrections have been
made to historical records, is essential.

Second, improve the accuracy and uncertainty estimates of key
parameters used in nitrogen budget quantification, such as crop
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nitrogen content, livestock excretion and the subsequent manure
management, crop-specific fertilizer use, symbiotic and free fixa-
tion rates, and fertilization of permanent grasslands (Table 2).
Comparing the ranges of nitrogen budget estimates among coun-
tries and nitrogen budget terms (Figs. 3 and 4) can help identify
the priority nitrogen budget terms for improvement in each region.

Third, develop methodologies to cross-compare and constrain
nitrogen budget estimates from multiple sources and approaches,
such as combining bottom-up with top-down estimates for budget
items. Developing nitrogen budgets with different approaches based
on different assumptions, each with its own strengths and weak-
nesses, would further improve our understanding of the possible
range of nitrogen budget terms.

Fourth, improve the quantification of other nitrogen budget
terms. In addition to the five nitrogen budget terms compared in
this study, several others are potentially important for the nitrogen
balance but have been poorly quantified?. For example, nitrogen
in residues such as straw may account for 25-38 TgNyr~' globally,
and it should be counted as part of the nitrogen outputs when it is
permanently removed from cropland through harvest or burnt in
many regions®. Nitrogen in irrigation water may account for about
3-4TgNyr globally”, and is potentially important for countries
and regions with high nitrogen concentrations in the groundwater
and surface water sources and with large irrigated areas.

Finally, there is a need to continuously improve the quality, rel-
evance and timeliness of national statistics. Analyses such as this
one can serve as impetus for integrating knowledge and findings
from the science community into ongoing efforts driven by the pol-
icy community to improve national statistics, through the design of
better data-collection methods within farm surveys and censuses®.
The nitrogen budget terms with the largest ranges vary from coun-
try to country, indicating different needs for countries to improve
their nitrogen budget accounting. To improve nitrogen budget esti-
mates, current uncertainties in concepts, data and methods need
to be addressed, and collaborations among academia, government
agencies (for example, statistics bureaus), the private sector (for
example, the IFA) and international organizations (for example, the
FAO) should continue and increase.

Methods

Data sources and data synthesis. We collected data from ten research groups for
nitrogen budget terms, including synthetic fertilizer use, manure application, crop
biological nitrogen fixation, atmospheric deposition and nitrogen in harvested crop
products. Since some research groups (that is, Zhang et al.’, Bodirsky et al.”” and
Nishina et al.”*) provided two datasets of nitrogen budgets developed for testing
different input data or modelling approaches, we collected a total of 13 nitrogen
budget datasets. Each budget term is saved in a 13 55 X 115 matrix that includes
13 estimates, for a 55yr period (1961-2015), for 115 countries or regions, using a
subset of those defined by FAOSTAT.

Those countries or regions accounted for the majority of global nitrogen inputs
and outputs in 2000 (the only year that included all 13 datasets; 95-98% of the global
total, depending on the nitrogen budget term; Fig. 3). For some of the nitrogen
budget terms (including area, fertilizer use, manure application, biological fixation,
deposition and yield), if a research group did not provide data, we retained blanks
in the relevant cells of the matrix for that research group. However, when we are
comparing nitrogen total input and surplus data of all research groups, missing
data are replaced with data from the “Zhang Reorganized’ dataset to enable the
comparison. For example, the ‘Lu and Tian’ dataset only provided nitrogen fertilizer
and manure application data, so their total nitrogen inputs include their nitrogen
fertilizer and manure application data plus Zhang’s nitrogen fixation and deposition
data, and their nitrogen surplus data equals their input data minus Zhang’s yield data.

Definition of nitrogen surplus and NUE. In this study, the nitrogen budget is
defined for the crop production system'”. The nitrogen budget inputs include
fertilizer (QNj,), manure (QN,,,,), crop biological nitrogen fixation (QNj,) and
atmospheric deposition (QN,,,), and the major productive output is harvested crop
products (QN,;y4)"*. The nitrogen surplus (QNj,.;) and NUE are defined as™:

urplus.

QNsurplus = QN + QN + QNpy + QNdep - QNyie]d

QN

NUE = oxFav,.. Qv TNy

These nitrogen budget terms were reported as the total annual quantity of
nitrogen by country and year (kgNyr~'). Notably, the NUE and nitrogen surplus
are defined for the crop production system only, which accounts for most of the
nitrogen inputs to the agrifood system, and the majority of nitrogen lost from
the agrifood system. However, the efficiency and nitrogen pollution stress of the
agrifood system are also influenced by the proportion of crops used for food and
livestock production, food loss along the food supply change and many other
factors. The nitrogen budget assessment for the agrifood system is also important
for sustainable nitrogen management'>*, but is beyond the scope of this paper.

Range and normalized range. For each nitrogen budget term and year, the range of
estimates (range) is defined as the differences between the maximum (max) and
minimum (min) values of the datasets:

range = max — min

The normalized range (range_n) is defined as:

max — min
range n = —————
median

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Most data presented in this study are contained within the Supplementary
Information. The benchmark datasets are available in the Supplementary Data.
Other raw data supporting the findings of this study are available through Dryad
(https://doi.org/10.5061/dryad.vt4b8gtrd) and from the corresponding authors
upon reasonable request. Source data are provided with this paper.

Code availability
The code used to perform analyses in this study is generated in MATLAB 2016b
and is available upon request.
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