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A redistribution of nitrogen fertiliser across global
croplands can help achieve food security within
environmental boundaries
Andrew Smerald 1✉, David Kraus1, Jaber Rahimi 1, Kathrin Fuchs 1, Ralf Kiese 1,

Klaus Butterbach-Bahl 1,2 & Clemens Scheer1

A major societal challenge is to produce sufficient food for a growing global population while

simultaneously reducing agricultural nitrogen pollution to within safe environmental bound-

aries. Here we use spatially-resolved, process-based simulations of cereal cropping systems

(at 0.5° resolution) to show how redistribution of nitrogen fertiliser usage could meet this

challenge on a global scale. Focusing on major cereals (maize, wheat and rice), we find that

current production could be (i) maintained with a 32% reduction in total global fertiliser use,

or (ii) increased by 15% with current nitrogen fertiliser levels. This would come with sub-

stantial reductions in environmental nitrogen losses, allowing cereal production to stay within

environmental boundaries for nitrogen pollution. The more equal distribution of nitrogen

fertiliser across global croplands would reduce reliance on current breadbasket areas, allow

regions such as Sub-Saharan Africa to move towards self-sufficiency and alleviate nitrogen

pollution in East Asia and other highly fertilised regions.
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The industrial fixation of atmospheric dinitrogen (N2) for
synthetic fertiliser production has been credited with feeding
40–50% of the current world population1. However, this has

resulted in a massive perturbation of the global nitrogen (N)
cycle1–3. The input of reactive nitrogen (denoted Nr and including
all N species except N2) to terrestrial ecosystems has increased from
~100 TgNyr−1 in 1860 (mostly from natural sources) to a present
value of 286 TgNyr−1, of which 110 TgNyr−1 originates from
synthetic fertilisers2–4. The resulting accumulation of Nr in the
atmosphere, biosphere and hydrosphere is driving climate change,
ozone depletion, biodiversity loss and eutrophication3,5. In order
to bring human activity back into its “safe operating space“6–8,
it has been estimated that anthropogenic Nr creation needs to be
reduced to no more than 60–100 TgNyr−17,9, although this could
be increased to 130 TgNyr−19. Reconciling the need to reduce the
effects of environmental Nr pollution with the need to feed the
world population is here referred to as the “Nr challenge”. A key
part of meeting this challenge involves reducing the flows of the
most harmful forms of Nr into the environment. These include
nitrous oxide (N2O), whose increasing atmospheric concentration
accounts for about 6% of the radiative forcing responsible for global
warming10 and ammonia (NH3) and nitrate (NO3

−), which are
responsible for degrading ecosystems on a local to regional scale, as
well as indirectly contributing to rising N2O levels11–13.

The three major food crops, maize, wheat and rice, account for
>60 TgNyr−1 of synthetic N fertiliser use, ~60% of the global
total14. At the same time, they directly contribute ~50% of globally
consumed calories, as well as ~12% of all livestock feed14. Reducing
the Nr input to cereal agroecosystems while maintaining or
increasing yields is thus a crucial part of mitigating the Nr chal-
lenge, which is expected to further intensify due to a rapidly
growing global demand for crops15–17, potentially by 35–56%
between 2010 and 205018. However, it is worth noting that actual
crop demand could be considerably lower in the case of largescale
adoption of more plant-based diets and/or reduction of food
spoilage and waste19–21.

Here, we use the process-based biogeochemical model Land-
scapeDNDC (LDNDC)22 to show that considerable mitigation of
the Nr challenge is possible by redistributing N fertiliser usage on
a global scale, i.e. prioritising N fertiliser application in locations
where it has the largest effect on cereal yields, resulting in yield
increases in some regions and yield decreases in others. We adopt
a target date of 2030, and additionally build into the N fertiliser
redistribution strategy the conditions that: (1) the NO3

− con-
centration in soil water leachate does not exceed the critical load
of 2.5 mgNl−1, beyond which aquatic ecosystem degradation is
likely7,9,23, and (2) there is no change in the distribution of arable

land (both conditions are enforced at the 0.5° grid cell level).
Within this framework, we evaluate two main scenarios (see
Table 1) relative to the baseline (which models agricultural con-
ditions in 2015): (1) the low emission scenario prioritises reduc-
tions in N2O emissions consistent with the goal of limiting global
warming to 1.5 °C24; (2) the high yield scenario prioritises
increases in cereal production consistent with the upper end of
predicted crop demand in 203018. In addition, we evaluate a
maintain regional production scenario, which builds on the high
yield scenario but avoids decreases in cereal production relative to
the baseline scenario in (sub-) continental regions.

Since we are considering only a short timescale (i.e. 2015–2030),
we have assumed that agricultural conditions typical of 2015 are
relevant for the entire period. This includes the assumption that
changes in the climate and atmospheric CO2 concentrations won’t
lead to a large change in cereal yields, which is consistent with
previous work on the effect of climate change and increased CO2

fertilisation on cereal yields before 203025. It also includes the
assumption that irrigation and field management strategies (except
for fertiliser usage) remain constant. Another important assump-
tion is that phosphorous, potassium and other plant nutrients are
supplied commensurately with N, and are therefore not limiting
factors for crop growth.

Results and discussion
Quantifying the Nr challenge. In our simulations of current
agricultural practice (baseline scenario in Table 1 and Figs. 1–3),
62 TgNyr−1 (22 TgNyr−1 to maize, 21 TgNyr−1 to wheat and 19
TgNyr−1 to rice) is supplied as synthetic fertiliser26 and 8
TgNyr−1 as manure27, resulting in a total global production of
maize, wheat and rice of 2570 Tgyr−1 (950 Tgyr−1 of maize, 720
Tgyr−1 of wheat and 900 Tgyr−1 of rice). This is in good
agreement with the FAO estimate of 2520 Tgyr−1 (1050 Tgyr−1

of maize, 730 Tgyr−1 of wheat and 740 Tgyr−1 of rice)14. Asso-
ciated N2O emissions are 1.0 TgNyr−1 (0.42 TgNyr−1 from
maize, 0.35 TgNyr−1 from wheat and 0.26 TgNyr−1 from rice),
consisting of 0.76 TgNyr−1 of direct emissions from agricultural
soils and 0.25 TgNyr−1 of indirect emissions due to the conver-
sion of NO3

− and NH3 to N2O in the wider environment. N2O
emissions thus correspond to ~15% of the estimated 7 TgNyr−1

of total anthropogenically generated emissions28. Global NO3
−

leaching losses amount to 14.5 TgNyr−1 (6.0 TgNyr−1 from
maize, 5.6 TgNyr−1 from wheat and 2.9 TgNyr−1 from rice),
corresponding to 21% of the applied N. As a result, water leachate
from 40% of the total harvested area, accounting for 48% of total
production, has an NO3

− concentration exceeding the critical

Table 1 Results of scenario runs for improving the efficiency of N fertiliser usage in cereal agroecosystems.

Scenario name Scenario assumptions and constraints Crop production
(Tgyr−1)

Synthetic fertiliser
usage (TgNyr−1)

NO3
− leaching

(TgNyr−1)
N2O emissions
(TgNyr−1)

Baseline • Circa 2015 conditions 2580 62 14.5 1.02
Low emission • N2O: 29% reduction in emissions

• NO3
−: soil water leachate conatins

<2.5 mgNl−1 in every grid cell

2640
(+2%)

42
(−32%)

6.2
(−57%)

0.72
(−29%)

High yield • Production: 15% increase
• NO3

−: soil water leachate contains
<2.5 mgNl−1 in every grid cell

2960
(+15%)

63
(+2%)

7.8
(−46%)

0.97
(−5%)

Maintain regional
production

• Production: High yield plus every region
maintains at least 2015 levels of crop
production

3050
(+18%)

70
(+13%)

10.5
(−28%)

1.06
(+4%)

The baseline scenario models cereal agriculture (maize, wheat and rice) in current conditions. All other scenarios redistribute N-fertiliser application rates on a global scale so as to maximise cereal
production, given the scenario assumptions and constraints. Percentages in brackets show the difference from the baseline. Supplementary Table 9 shows the same information broken down by crop
type.
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load (>2.5 mgNl−1) at which ecosystem degradation becomes
likely (see Fig. 2). Water leachate from 7% of the harvested area,
accounting for 9% of production, is considered unsafe for human
consumption (>11 mgNl−1)29. For more details on the evaluation
of results see Supplementary Note 1.

A large fraction of current cereal production is concentrated in
North America, East Asia and Europe (see Fig. 1). These regions
account for 53% of production, despite only containing 38% of
the global harvested area. On the other hand, Sub-Saharan Africa
accounts for 9% of the global harvested area but only 4% of
production. One reason for this production disparity is the

inequality in N fertiliser application rates. Synthetic N fertiliser
usage in North America (143 kgNha−1cropping-season−1),
East Asia (236 kgNha−1cropping-season−1) and Europe
(94 kgNha−1cropping-season−1) accounts for 62% of total global
usage, as compared to <1% in Sub-Saharan Africa (11
kgNha−1cropping-season−1). Unsurprisingly, high environmen-
tal N losses are likewise concentrated in North America, East Asia
and Europe, which account for 56% of N2O emissions and 54% of
NO3

− leaching. In these regions the NO3
− concentration of water

leachate exceeds 2.5 mgNl−1 across 58% of the harvested area. On
the other hand, agricultural land in Sub-Saharan Africa only

Fig. 1 Synthetic N fertiliser usage and cereal yields before and after fertiliser redistribution.Maps of N-fertiliser application rates (a, b and c) and cereal
yields (d, e and f), for the baseline (a, d), low emission (b, e) and high yield (c, f) scenarios (see Table 1 for scenario descriptions). Black bars show the
distribution of harvested areas vs. N application rates or cereal yields. Red dashed lines represent the global mean and standard deviation. Difference maps
are shown in Supplementary Fig. 7 and maps of global harvested areas in Supplementary Fig. 8.
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contributes marginally to global environmental N losses from
cereal cropping systems, with 3% of global N2O emissions and 2%
of NO3

− leaching (only 11% of the harvested area has N leaching
exceeding 2.5 mgNl−1).

Opportunities for meeting the Nr challenge. The global dis-
parity in N-fertiliser usage (see Fig. 1), coupled with the highly
non-linear relationships between fertiliser usage, cereal yields and
environmental N losses in the form of N2O emissions and NO3

−

leaching, suggests that global fertiliser redistribution has a high
potential to mitigate the global Nr challenge. In the low emission
scenario, redistribution allows cereal production to be maintained
at current levels, despite a reduction in global N fertiliser usage
from 62 to 42 TgNyr−1 (15 TgNyr−1 for maize, 11 TgNyr−1 for

wheat and 16 TgNyr−1 for rice). Considering a safe budget of
60–100 TgNyr−17, this leaves a remaining budget of 20–60
TgNyr−1 for all other anthropogenic N fixation, including ferti-
lisation of other crops, biological N fixation by leguminous crops
and NOx creation during combustion processes4. In this scenario,
N2O emissions are reduced by 29% compared to the baseline
(29% for maize, 40% for wheat and 13% for rice), in line with
what is required by 2030 to limit global warming to 1.5 °C24. The
NO3

− concentration of soil-water leachate is reduced below 2.5
mgNl−1 over 96% of the harvested area (see Fig. 2), and this
corresponds to a 57% reduction in NO3

− leaching (62% for
maize, 71% for wheat and 24% for rice).

On a (sub-) continental scale (see Fig. 3) the low emission
scenario implies large reductions in N fertiliser usage in East Asia

Fig. 2 N2O emissions and NO3
− leaching before and after N fertiliser redistribution.Maps of N2O emission rates (a, b and c) and NO3

− concentration of
soil water leachate (d, e and f), for the baseline (a, d), low emission (b, e) and high yield (c, f) scenarios (see Table 1 for scenario descriptions). Black bars
show the distribution of harvested areas vs. N2O emission rates or NO3

− concentrations. Red dashed lines represent the global mean and standard
deviation (no standard deviation is shown for NO3

− concentrations due to the long tailed nature of the distribution).
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(236 to 88 kgNha−1cropping-season−1) and North America (143
to 107 kgNha−1cropping-season−1). This results in relatively
modest reductions in production (−18% in East Asia and −6% in
North America), but a substantial reduction in environmental N
pollution (NO3

− leaching: East Asia: −81% or 7.1 to 1.2 mgNl−1;
North America: −40% or 2.8 to 1.7 mgNl−1; N2O emissions:
East Asia: −53%; North America: −25%). Yield decreases in
intensively farmed regions are outweighed by increases in regions
such as Sub-Saharan Africa and Eurasia, where modest increases
in average N fertiliser application rates (Sub-Saharan Africa 11 to
54 and Eurasia 11 to 59 kgNha−1cropping-season−1) result in
large yield increases (+67% and +123%).

Of the three crops, wheat shows the highest potential to reduce
N fertiliser usage and Nr losses without reducing global yields,
with a 45% reduction in N fertiliser usage, 40% reduction in N2O
emissions and 71% reduction in NO3

− leaching. This is achieved
by balancing reductions in wheat yields in South Asia, East Asia
and Western Europe with increases in Eastern Europe and
Northern Asia (see Supplementary Figs. 9 and 10 and
Supplementary Table 3). Maize also shows considerable potential,
with a 33% reduction in N fertiliser usage, 29% reduction in N2O
emissions and 62% reduction in NO3

− leaching. This is primarily
driven by modest reductions in maize yields in East Asia and
North America being compensated by increases in Sub-Saharan
Africa (Supplementary Table 4). Rice shows much lower potential
for changes in N fertiliser management to reduce Nr losses
(Supplementary Table 5), but some reductions are possible by
shifting production from East to South-East Asia. However, losses

of N2O and NO3
− are currently much lower than in wheat and

maize fields. This is due to common management practices that
result in soil compactification and water saturation, reducing the
percolation rate and promoting complete denitrification of NO3

−

to N2 rather than N2O.
In the high yield scenario, N fertiliser redistribution allows

cereal production to be increased by 15% by 2030 (i.e. in line with
the upper end of predicted demand) without increasing global N
fertiliser usage, which remains at just over 60 TgNyr−1 (21
TgNyr−1 for maize, 20 TgNyr−1 for wheat and 22 TgNyr−1 for
rice). As a result, large cuts in other anthropogenic Nr fixation
pathways, such as fossil fuel combustion (currently 30 TgNyr−1)4

or agricultural biological N fixation (currently 60 TgNyr−1)4,
would be necessary to stay within the safe budget of 60−100
TgNyr−17. N2O emissions in the high yield scenario show a small
reduction of −5% (−8% for maize, −6% for wheat and +4% for
rice), consistent with some, but not all, of the IPCC scenarios for
limiting global warming to 1.5 °C24. NO3

− leaching nearly halves
(−50% for maize, −59% for wheat and −14% for rice), and, as in
the low emission scenario, is below the critical threshold of 2.5
mgNl−1 on over 96% of the harvested area.

In the high yield scenario, East Asia is the only region where
cereal production is reduced (−11%, see Fig. 3), due to a 51%
decrease in N fertiliser usage (to 117 kgNha−1cropping-
season−1). However, this results in a 44% reduction in N2O
emissions and a 77% decrease in NO3

− leaching. Large
production increases occur in Sub-Saharan Africa (+93%), the
region with the highest predicted increase in food demand16, and
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Fig. 3 Regional changes in cereal yield, N-fertiliser usage, N2O emissions and NO3
− leaching. Changes are shown relative to the baseline scenario (see

also Supplementary Fig. 12 and Supplementary Tables 1–5).
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Eurasia (+159%), driven by increasing N fertilisation rates (to 94
and 114 kgNha−1cropping-season−1 respectively).

Of the three crops, maize shows less potential for yield increases
than wheat or rice, due to a combination of yield saturation and
risks for NO3

− leaching. Large global reductions in NO3
− leaching

from maize fields are mostly due to reductions in N fertiliser usage
in East Asia, while compensatory increases in, for example, Sub-
Saharan Africa lead to only modest increases in NO3

− leaching (see
Supplementary Figs. 9 and 11 and Supplementary Table 3). For
wheat, the relatively modest increases in yield between the low
emission and the high yield scenario (+14%) require a large
increase in N fertiliser usage (+80%). Nevertheless, NO3

− leaching
can be kept within environmental limits by directing a higher
fraction of N fertiliser to Eurasia as opposed to South and East Asia,
where current N fertilisation levels are very high (see Supplemen-
tary Table 4). For rice, where N2O emissions and NO3

− leaching
are already low compared to wheat and maize, modest decreases in
NO3

− leaching are possible by reducing N fertiliser levels in East
Asia, while increasing them in South and in particular South-East
Asia (see Supplementary Table 5).

In order to illustrate further options associated with N fertiliser
redistribution, we map out a trade-off frontier in Fig. 4. This gives
a snapshot of the maximum possible agronomic efficiency given
current agricultural technologies, and would be expected to evolve
over time30,31. At the frontier, N fertiliser is globally redistributed
so as to maximise crop production, and the low emission and high
yield scenarios thus correspond to points on the frontier curve.
Mapping out a frontier curve makes it clear that the efficiency
with which N fertiliser is converted to cereal yields decreases with
increasing cereal production, resulting in N losses increasing
faster than yields (see Supplementary Fig. 13). In consequence,
even small reductions in the demand for cereals, for example via
dietary change or reduced food wastage, would have a large effect
on N fertiliser usage and N losses.

The cost of maintaining crop production in East Asia. Reducing
average cereal yields in East Asia, as occurs in both the low emission
and high yield scenarios, would upset the region’s current balance
between production and consumption14, necessitating an increase in
imports (assuming no reduction in consumption). In consequence,
we have assessed the extent to which N fertiliser redistribution
within East Asia would allow N pollution to be reduced while
maintaining cereal yields (maintain regional production scenario).
We find that current production could be achieved with 22% less
N fertiliser usage. However, even though NO3

− leaching in the
region would be 31% lower than in the baseline case, NO3

− pollu-
tion would remain a major concern, with >50% of the harvested area
exceeding the critical load (2.5 mgNl−1). This would predominantly

be driven by maize production (average of 57 kgNha−1 of leaching
across a total harvested area of 45.4 Mha), as opposed to rice pro-
duction (average of 14 kgNha−1 of leaching across 33.7 Mha of
harvested area). Our results thus suggest that, without additional
changes to agricultural management practices, East Asia cannot
produce sufficient cereals to meet current demand while avoiding
the consequences of NO3

− pollution.

Implications and caveats. Efficient N fertiliser redistribution
would alter the global distribution of cereal production (see
Fig. 1), changing trade patterns and food self-sufficiency levels.
One important effect would be a reduction in the global reliance
on breadbasket regions such as the US Midwest or Eastern China
(Figure 1 shows that, relative to the baseline, the low emission and
high yield scenarios have smaller standard deviations in their yield
distributions, implying a more even distribution of yields across
farmland). This would reduce the impact of breadbasket
failures32, which will likely become more frequent as the climate
warms and extreme weather events such as drought become more
common33. On average, it would also reduce disruption to the
global food system caused by regional conflicts. However, this is
not guaranteed, as highlighted by the current war in Ukraine,
which is among the regions with the highest potential to increase
cereal yields, especially of wheat.

At the regional level, the most obvious beneficiary of N fertiliser
redistribution would be Sub-Saharan Africa, which currently
produces only 72% of the cereals it consumes14 and is particularly
vulnerable to volatility in global food markets34. Even in the more
conservative low emission scenario, the increase in cereal produc-
tion would allow it to become self-sufficient at current consump-
tion levels, and also partially satisfy the predicted rapid rise in
demand16. On the other hand, Central America and North Africa/
Middle East show only limited potential to increase production
by more efficient N fertiliser use, and so would remain heavily
reliant on imports (current production levels are 58% and 54% of
consumption14).

Increasing yields in regions such as Sub-Saharan Africa - often
discussed in terms of yield-gap closing - has received considerable
attention in the literature35–37. However, those studies that have
considered the effect of yield gap closing on N flows38–42 have
neither put the flows into the context of safe boundaries for N
losses, nor paired yield-gap closing with yield reductions in
heavily fertilised regions. On the other hand, studies that have
explored the consequences of enforcing N boundaries on a global
scale have typically relied on exogenous assumptions for future
developments in nitrogen use efficiency43,44. In contrast, the key
feature of our work is to provide a quantified scheme for how to
improve the global efficiency with which N fertiliser is converted
to cereal production (see Supplementary Note 2 for a more
detailed comparison to past work).

Efficient conversion of N fertiliser into cereals is clearly a
crucial part of the Nr challenge, since maize, wheat and
rice agroecosystems receive 60% of synthetic N fertiliser14.
As such, it is desirable to additionally pursue other strategies for
increasing the conversion efficiency, many of which would
interact constructively with spatial redistribution. For example,
optimisation of the timing, placement and type of N fertiliser
usage45,46, improved residue management47,48 and large scale
adoption of urease and nitrification inhibitors49,50. At the same
time, Nr stored in cereal grains remains in a reactive state, and
careful management of both human waste and animal manure,
especially from intensive livestock production51, is another
key ingredient for mitigating the Nr challenge, since our study
takes into account only the manure that is applied to cereal
agroecosystems.

Low emission

High yield

Fig. 4 The trade-off frontier between cereal production and N fertiliser
usage. Blue dots show the global cereal production obtainable via optimal
redistribution of N fertiliser on a global scale (i.e. the redistribution that
maximises cereal production for a given quantity of N fertiliser). The yellow
shaded region shows the wider, non-optimal space of possibilities for
redistributing N fertiliser.
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While we have concentrated on the trade-off between yields and
Nr pollution, there are additional challenges associated both with
closing yield gaps in sparsely fertilised regions and reducing yields
in highly fertilised regions. For closing yield gaps, additional N
fertiliser application may need to be paired with other changes in
field management and/or the wider agricultural environment36.
For example, in addition to ensuring that nutrients such as
phosphorous and potassium are supplied commensurately with N,
it may also be necessary to improve the infrastructure for
harvesting, transporting and storing crops52. On the other hand,
reducing yields in currently high-yielding areas may be politically
difficult. For example, farmers in the Netherlands have recently
been resisting proposals by the government to reduce N pollution
by cutting livestock numbers53.

Our predictions for how N fertiliser could be optimally
redistributed so as to reduce usage and therefore environmental
N pollution could be improved by further refinements to the
LDNDC model structure and by new data sources. For example,
global datasets concerning common crop rotations and multi-
cropping practices would improve our ability to model the effect
of previous management on N and carbon budgets. Further work
on the processes and parameters that govern maize and rice yields
would also allow for improved predictions. Currently, predicted
maize yields are 10% below FAO estimates and rice yields 20%
above FAO estimates (see Supplementary Note 1). This suggests
that N surplus (i.e. remaining N after plant N uptake) is on
average overestimated for maize and underestimated for rice,
resulting in over- (maize) and under- (rice) estimation of N2O
emissions and NO3

− leaching. Improving model yields would
therefore increase the potential for maize cultivation and decrease
the potential for rice cultivation in the low emission and high yield
scenarios. Furthermore, considering diseases, pests and weeds
could improve modelled yields.

In conclusion, we have demonstrated that spatial redistribution
of N fertiliser in cereal agroecosystems could alone allow for
considerable mitigation of the Nr challenge by 2030. Since these
systems account for ~1/3 of total anthropogenic Nr fixation3, this
would provide a big step towards bringing Nr usage back within
its safe operating space, and result in a more even spread of cereal
production across global cropland. Finally, it is worth pointing
out that spatial redistribution of N fertiliser at the global scale is
not an all or nothing strategy. Even a partial implementation
could bring substantial benefits in many regions, increasing food
security while mitigating the effects of Nr on climate change and
environmental pollution.

Methods
Model description. LandscapeDNDC is a model framework for
the simulation of nitrogen, carbon and water flows within and
between soil and plants and in exchange with the atmosphere and
hydrosphere22. It is 1-D, process based and allows for the cou-
pling of different sub-models. Here we here use MeTrx for
simulating soil carbon and N turnover54 and PlaMox for plant
growth54–56.

Crop yields. In the PlaMox submodel, plants are divided into four
compartments—roots, stems, leaves and grains - and crop yields are
determined by the grain biomass at harvest time. Carbon, which in
the model is related to total biomass by a constant factor, enters the
plant via a photosynthesis routine based on the modelling
approaches of Farquhar et al.57 and Ball et al.58. The maximum rate
of carbon intake is determined by a combination of leaf area, canopy
structure, incoming radiation and atmospheric CO2 levels, and this
is further modified by N and water availability and temperature.
Carbon accumulation depends on the difference between incoming

carbon from photosynthesis and carbon losses via respiration, root
exudation and plant senescence. Accumulated carbon is dynami-
cally allocated between roots, stems, leaves and grains, depending
on the plant development stage, which is determined by the accu-
mulation of growing degree days. Different crops share most of the
same processes, but are parametrised differently and have small
differences in the dynamical allocation of carbon to plant com-
partments. Additionally, the development of winter wheat is
dependent on having sufficiently low winter temperatures to meet
the need for vernalisation.

Nr losses. N2O is produced during nitrification and denitrification
processes. Nitrification occurs in the aerobic soil fraction, and the
rate of N2O production depends on the size, activity level and
potential growth rate of the nitrifier population, pH, temperature,
level of water saturation and NH4

+ availability. Denitrification
occurs in the anaerobic soil volume fraction, and the rate of
combined N2O and N2 production depends on the size, activity
level and potential growth rate of the denitrifier population and
carbon and N availability. Larger anaerobic soil volume fractions
lead to a higher total denitrification rate, but result in a smaller
ratio of N2O:N2 production. N2O produced via nitrification and
denitrification diffuses through the soil column, and may be
denitrified to N2 before being emitted to the atmosphere.

NO3
− leachate is carried by water percolating through the soil

column. Water percolation is simulated via a cascading bucket
model, and the rate depends on the soil hydraulic conductivity,
wilting point and field capacity, as well as the relative water
content of neighbouring soil layers59. The leaching of NO3

− is
proportional to availability and to the ratio of percolated to total
water in a soil layer. NO3

− availability is itself dependent on the
balance between input (fertilisation, deposition), production
(nitrification) and consumption (plant uptake, microbial assim-
ilation, denitrification) processes. NO3

− leaching out of the
bottom soil layer leaves the simulation and is considered to have
leached into the ground water.

NH3 is produced in an equilibrium reaction with NH4
+, with

high pH values and temperatures favouring NH3. The availability
of NH4

+ is dependent on the balance between input (fertilisation,
deposition), production (mineralisation) and consumption (plant
uptake, microbial assimilation, nitrification) processes. As with
N2O, the movement of NH3 through the soil column and into the
atmosphere is modelled as a diffusion process.

Model calibration and validation
Field scale calibration and validation. LDNDC has been calibrated
and validated against field-scale measurements across a variety of
land-uses (arable54,55,60–64, grassland56,61,65 and forest59,66,67)
and climates (temperate55,61, tropical54,62,64 and savannah68).
Simultaneous calibration was performed across multiple sites and
measurements, with a particular focus on N losses, especially
of N2O and NO3

−55,61,69,70. Soil processes were parametrised
consistently across different land-uses and climates55,61,70 and
plant processes across different climates and soil types55,61. The
soil process description and parametrisation has been further
improved using measurements of the stable isotope 15N65,71 (see
Supplementary Tables 7 and 8 for values of key parameters).

Crucially for this study, calibration and validation of the model
has been performed for highly varying N fertiliser application
rates. In upland systems fertiliser application rates varied from
~20–300 kgNha−1yr−161, and in paddy rice systems from 0–360
kgNha−1yr−162, and the model was able to robustly simulate both
crop yields and N losses across the full range of N inputs.
Additionally, the soil process description and parametrisation has
proven capable of simulating N losses across ecosystems with
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highly varying N input rates, ranging from extensively managed
forests66,67 (N deposition of 10–20 kgNha−1yr−1) to intensively
managed grasslands56 (up to 240 kgNha−1yr−1 of manure).

Regional validation. LDNDC has been used extensively for
regional simulations, and has proven able to provide robust
estimates for plant growth and N losses across varying scales and
ecosystem types. This includes at the catchment60,63,70,
subnational22,72, national64,73 and supernational scale48. These
regional studies included large differences in N fertiliser appli-
cation rates. For example, European croplands were modelled
with rates varying from 20–365 kgNha−148.

Global calibration and validation. The only additional model
calibration performed for global modelling was a grid-cell-specific
crop cultivar selection42. This was done by matching the accu-
mulated growing degree days required for crops to reach maturity
to the average number of growing degree days between the planting
and harvesting days in the crop calendar. The accumulated growing
degree days required for other plant development stages (e.g.
emergence, flowering, grain filling) were adjusted proportionally.

Previous use of LDNDC for global crop modelling has shown
that it is comparable to other crop models for modelling crop yields,
and in particular their climatic response25. For this study we have
performed a number of additional validation steps on the global
scale. We compared (see Supplementary Note 1): (1) simulated crop
yields to FAO data14 for country-specific yields in the year 2015; (2)
simulated crop N contents to country-specific FAO data for 201514,
via measurements of the N use efficiency; (3) simulated direct soil
N2O emissions to a tier 1 emission factor approach applied on a
country scale74; (4) simulated NO3

− leaching to a tier 1 leaching
factor approach applied on a country scale74; (5) simulated yield
gaps due to nutrient deficiency to those estimated by the Global
Agro-Ecological Zones project75. In all cases a good agreement was
found between the different approaches, suggesting that LDNDC is
capable of accurately simulating both current yields and N losses
and their response to changes in N fertiliser usage.

Model setup: The input data and setup were mostly chosen so as
to be consistent with the Gridded Global Crop Model Inter-
comparison (GGCMI) project, since this provides a collection of
the most up-to-date data for global crop modelling25. We focused
on agricultural conditions in the year 2015, the most recent year
for which all necessary input data is available. As is common in
global crop modelling, only one growing season was simulated
per calendar year, and crop rotations were not considered (thus
we ignore the effect of N fixation by leguminous crops grown in
rotation with cereals)25,31,43,76. While multi-cropping was not
explicitly simulated, it was taken into account in post-processing
via the harvested area. As such, we ignore the interaction between
subsequent crops. The N fertiliser application rates used for the
baseline scenario combine subnational, crop-specific data for
large producer countries (e.g. China, USA, India, Western Eur-
ope) with national rates for countries where no better data is
available (e.g. large parts of Africa)26. The data is based upon the
N fertiliser application rates reported in Mueller et al.39, updated
using the Land Use Harmonisation 2 dataset77. Other inputs and
management options are summarised in Supplementary Table 6.

In addition to a baseline scenario using year 2015 N fertiliser
application rates, we ran simulations for a range of other N fertiliser
input rates. These additional simulations varied themineral fertiliser
rate between 0 and 600 kgNha−1 cropping-season−1 (specifically we
simulated 0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240,
260, 280, 300, 350, 400, 500, 600 kgNha−1cropping-season−1).

Rather than just using climate data for 2015, we averaged
model outputs over 10 years of climate input (2006–2015). This

was motivated by our aim to capture 2015-like conditions, rather
than specifically modelling the year 2015. As such, we aimed to
avoid anomalies arising from using only a single year of climate
data, for example due to the chance occurrence of (possibly
atypical) heavy rainfall shortly after fertilisation, resulting in very
high NO3

− leaching.

Model outputs: These included cereal yields, direct N2O emis-
sions, NO3

− leaching, NH3 volatilisation, water percolating out of
the soil layer and surface runoff. Indirect N2O emissions were
calculated from NO3

− leaching and NH3 volatilisation using the
emission factors given in the 2019 refinement to the 2006 IPCC
guidelines74 (which estimate that 1.1% of leached NO3

− and 1%
of volatilised NH3 are converted to N2O). In order to determine
the N load of water leaving the field we divided NO3

− leaching by
the total volume of water leaving the field (i.e. percolation and
surface run-off).

The model outputs were used to create a multidimensional
dataset, linking N fertiliser usage to cereal production and N
losses. Using this dataset, fertiliser response curves were
constructed for every combination of grid cell, crop-type, water
management option (rainfed/irrigated) and quantity of interest
(cereal yields, N2O emissions etc.) by interpolating between the
21 simulated N fertiliser levels.

In order to convert per hectare model outputs into total cereal
production, N2O emissions etc., we used grid-cell specific harvested
areas. These were based on the MIRCA2000 dataset, which gives
rain-fed and irrigated areas for approximately the year 200078.
Since worldwide harvested areas have changed considerably in
recent years, the harvested areas in the MIRCA2000 dataset were
scaled on a country-by-country basis using the FAOSTAT
statistics14. That is, the distribution of cropland within a country,
and the irrigated fraction within each grid cell were set to the values
in the MIRCA2000 dataset, while the total harvested area for each
country was set to the FAO-provided value for 2015. Only grid cells
with >500 ha of harvested area were simulated, both to reduce the
computational effort and to avoid skewing map-based visualisa-
tions of the results towards regions with very little cereal
agriculture. As a result, the total simulated area was 566.4 Mha,
corresponding to 99% of the total global harvested area for maize,
wheat and rice of 574.9 Mha14.

Targets for 2030: Targets were used to constrain the scenarios
discussed in the main text (see Table 1). The predicted increase in
crop demand for the period 2015–2030 was adapted from the
prediction of a 35–56% increase between 2010 and 205018. Taking
into account the known increase in crop production between
2010 and 201514, and assuming a linear increase in the period
2015–2050, results in an increase of 7−15% for 2015–2030.

N2O emission targets were adapted from the IPCC report on
limiting global warming to 1.5 °C24. This includes multiple
scenarios for emission reductions, each of which has an associated
trajectory for agricultural N2O emissions in the period 2010–2030.
The most extreme of these scenarios (for agricultural N2O
emissions) involves a 26% reduction. A second no-overshoot
scenario allows for a 5% increase in N2O emissions, which is
compensated by higher cuts in other greenhouse gas emissions.
Taking into account the increase in N fertiliser usage between 2010
and 201514, these scenarios are consistent with a 29% decrease or
1% increase in N2O emissions in the period 2015–2030.

NO3
− leaching targets were adapted from the finding that a N

content of 0.5–2.5 mgNl−1 is sufficient to degrade aquatic
ecosystems7,9,23. We adopt the upper end of this range as the
maximum allowable leaching rate from cereal agroecosystems
and apply it at the grid cell level. We choose the upper end, since
water flowing into surface and ground water stores from cereal
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agroecosystems will be mixed with that flowing from other land
use types, often with lower N concentrations. An important
caveat is that equivalent action needs to be taken to limit N losses
from livestock production. Our assumption of a globally
homogeneous critical load for NO3

− losses is consistent with
past studies7,9,43,44, but, in reality, there will be some hetero-
geneity (e.g. the presence of wetlands may enhance the ability of a
landscape to retain and immobilise excess NO3

−, thus allowing
for a higher critical load79). If the NO3

− leaching target is
exceeded despite reducing synthetic N fertiliser application to
zero (i.e. due to a combination of soil N mineralisation and
manure application) we do not try to enforce the target by other
means (e.g. reduced manure application).

Optimising N fertiliser usage: A stochastic minimisation proce-
dure was used to spatially redistribute N fertiliser to minimise its
usage for a fixed value of global maize, wheat or rice production.
The minimisation was performed subject to the additional con-
dition that NO3

− leaching losses should not exceed 2.5 mgNl−1

in any grid cell (unless they already do so in the absence of
synthetic fertiliser application). The process was then repeated for
different values of global production. Details of the imple-
mentation are given in Supplementary Note 3.

When evaluating global production increases, we aimed to keep
the ratio between maize, wheat and rice production fixed at the
current level, under the assumption that relative demand for maize,
wheat and rice is likely not to change dramatically over the
timeframe of our study. However, this was only possible up to a
total increase of 9%, at which point no further increase in maize
yields was possible (due to a combination of yield saturation and
NO3

− leaching constraints). In consequence, production increases
>9% are achieved by increasing rice and wheat yields more than
maize yields.

Data availability
Input data is publicly available and listed in Supplementary Table 6. Inputs include soil
properties (https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/
harmonized-world-soil-database-v12/en/), climate data (https://data.isimip.org/search/
page/2/simulation_round/ISIMIP3a/product/InputData/climate_forcing/gswp3-w5e5/
query/gswp3-w5e5_obsclim/), N deposition rates (https://data.isimip.org/search/
product/InputData/subcategory/n-deposition/), N fertiliser application rates (https://
zenodo.org/record/5176008) and crop calendars (https://zenodo.org/record/5062513).
The LDNDC results used to create the figures and referenced throughout the text are
available via Zenodo80 (https://zenodo.org/record/8214104).

Code availability
LandscapeDNDC (model website: https://ldndc.imk-ifu.kit.edu) is available via the
Radar4kit depository81 (https://radar.kit.edu/radar/en/dataset/gzeZcaTYNiPMzEyV.
LandscapeDNDC%2B%2528v1.30.4%2529). Codes used for analysis and plotting of all
the figures are available via Zenodo (https://zenodo.org/record/8214104)80.
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