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Abstract

Mineral nitrogen (N) fertilizer use is essential to maintain high-yielding cropping systems that
presently provide food for nearly half of humanity. Simultaneously, it causes a range of detrimental
impacts such as greenhouse gas emissions, eutrophication, and contamination of drinking water.
There is growing recognition of the need to balance crop production with the impacts of fertilizer
use. Here we provide a global assessment of the potential to reduce mineral fertilizer use through
four interventions: capping surpluses, enhancing manure cycling to cropland, cultivation of
off-season green manures, and cycling of human excreted N to cropland. We find that the
combined potential of these interventions is a reduction in global N fertilizer use by 21%-52%.
The availability of interventions is spatially heterogeneous with most cropland having three to four
interventions available with alternative N sources tending to be more abundant on cropland
already receiving fertilizer. Our assessment highlights that these locally in part already practiced
interventions bear great opportunities to mitigate synthetic N use and dependency globally. Yet,
their limited adoption underpins the need for cross-sectoral policies to overcome barriers to their
implementation and agronomic research on their robust scaling.

1. Introduction

Global agricultural production and food security
have become highly reliant on mineral fertilizers over
the past century. Synthetic mineral nitrogen (N)
is estimated to support the nourishment of nearly
half of humanity [1]. Due to its wide-spread use, N
losses from agriculture have become the major cause
for aquatic, marine, and terrestrial eutrophication,
and a drinking water pollutant [2—4]. Moreover, the
dependence on fossil fuel energy for producing syn-
thetic fertilizers and its concentration in few coun-
tries globally has been identified as a risk for food
security [5-7]. Contrasting to the contributions of
N fertilizer to food security and its environmental
externalities, large parts of global croplands are sub-
ject to plant nutrient deficits, contributing to food

© 2024 The Author(s). Published by IOP Publishing Ltd

shortages, lock-ins in marginalized livelihoods, and
amplified soil degradation [8, 9].

Having long been addressed in environmental
[10] and agronomic research [11], sustainable crop
nutrient management has more recently started tak-
ing an increasingly prominent role in policymaking,
including the EU’s Farm to Fork strategy [12], the
USA’s global fertilizer challenge [13], China’s action
plan for targeting zero growth of synthetic fertilizer
use [14, 15], and various initiatives of the United
Nations [16, 17].

Various options to alleviate synthetic N fertil-
izer use have been evaluated or proposed in earlier
studies, most often focusing on a single approach.
These include improvements in crop N use effi-
ciency (NUE) through improved fertilizer manage-
ment and technology [18], enhanced cycling of
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manure N to cropland [19], in-field biological N
fixation [20], crop and fallow rotations [21, 22], crop
residue management [23, 24], and recovery of N
from waste streams such as sewage [25] among oth-
ers. An earlier synthesis has been provided by the
Global Partnership on Nutrient Management and the
International Nitrogen Initiative [26]. Several of these
interventions have earlier been combined in studies
focusing on N pollution mitigation, e.g. across sec-
tors in China [15] and from croplands globally [27].
Global and continental integrated modeling studies
have evaluated strategies to mitigate global or regional
fertilizer inputs or related outcomes of food system
transformations, addressing implications of a global
roll out of organic farming for N cycles [28], out-
comes for food security of adhering to regional N
surplus boundaries [29], feasibility of N cycle clos-
ure at regional scales [30], or future N requirements
for contrasting demand and management scenarios
[31]. These earlier studies provide insights into the
multi-faceted outcomes of transformative change in
the agri-food system for both human nutrition and N
cycles considering demand and supply-side measures.
Yet, they do not quantify the impact of individual
interventions and their combinations within a con-
sistent data framework and spatially explicit globally,
which is vital to evaluate their potentials for sustain-
able N management at regional scales and to under-
stand the role of bundles compared to individual
interventions across spatial scales. It also avoids the
loss of information and potential bias from using data
aggregated at administrative levels such as the balan-
cing out of spatially divergent nutrient surpluses and
deficits or the potential overestimation of combined
intervention potentials.

To overcome this gap, we herein employ com-
prehensive state-of-the-art spatial data and literature-
derived parameters to quantify the potential for mit-
igating synthetic N inputs to cropland through four
interventions (I) capping present fertilizer surpluses
at attainable levels of NUE, (II) increasing the rate
of N cycling from livestock manure to cropland, (III)
substitution of mineral N fertilizer with N provided
by side-season green manures, and (IV) substitu-
tion of mineral N fertilizer with N captured from
human excretion (table 1). Through a chain of ana-
lyses (figure 1), the study provides novel insights on
the spatial distribution of the interventions’” availab-
ilities and potentials as well as their global totals and
individual shares, including the effectiveness of indi-
vidual and combined interventions.

2. Methods

2.1. Study design

We assess both the individual and combined technical
potential of the interventions in sequence based on
the logic that inefficient resource use (in-situ manage-
ment) should be addressed before investing in new N
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sources as the latter requires deeper economic trans-
formations. While the availability of N from organic
sources may be limited in initial years after their
implementation, we assume here a steady state when
N cycling is equilibrated [32]. A mid-point scenario
serves as a medium variant for use in all evaluations
beyond the intervention cascade (see section 2.7).

All analyses were performed for a reference year
2010 and at a spatial resolution of 5 arcmin (approx.
8.3 km x 8.3 km near the equator), assuming
local implementation and no transport of N bey-
ond this distance. Including transport would require
further information and assumptions on specific
implemented technologies, infrastructure, and socio-
economic context, which are beyond the scope of
this study. Still, further potentials from transport can
be bracketed based on the global technical poten-
tials (figure S8) of in principle mobilizable N sources
manure and human waste. Brief rationales of the
interventions are provided in supplementary text S1,
a comparison of our estimates presented herein with
earlier research is provided in supplementary text S2,
and a discussion of key limitations of the methodo-
logy in supplementary text S3.

2.2. Soil surface nutrient balance

A cropland soil surface N balance serves for cat-
egorizing cropland with N surplus and deficit (e.g.
figure S11) and provides the basis for the estimation
of improvements in NUE (section 2.3). The pixel-
specific soil surface N balance [33] (Nyp,;) was calcu-
lated as (all units [kg])

Npa = (Nfert + Nian +Nﬁx)

- (Ncrop + Nresidue,removed + Nresidue, burned)

(1)

where Ny is the amount of N applied in min-
eral fertilizer, N, is the amount of N applied in
manure, Ng, is the amount of biologically fixed N,
Nrop ist the amount of N exported in harvested crops,
Niesidue,removed 15 the amount of N removed in crop
residues, and N esidueburned 18 the amount of N lost
from burning residues.

We estimate spatially explicit crop-specific N fer-
tilizer application rates around the year 2010 based
on the respective rates around the year 2000 [34]
and scaling them by national changes in N fertilizer
application between 2000 and 2010 as reported in
FAOSTAT [35]. Scaled application rates were capped
at the maximum global rate for each crop in the ori-
ginal dataset to avoid unreasonable application rates.
Subsequently, data for the 132 crops reported in [34]
were aggregated to the 42 crop types (table S3) in the
land use database SPAM 2010 v2.0 [36, 37], which
provided spatially explicit crop yields, harvested, and
physical cultivated areas. Manure N applied to cro-
pland was adopted from [38]. Nitrogen embedded in
harvested crop biomass (supplementary table S3) was
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Figure 1. Study design schematic outlining the flow of conceptualization, quantification, and analyses. The top row outlines the
interventions, which are in the bottom part combined to scenarios bracketed by parameter ranges, followed by a quantification of
global total potentials, individual and combined implementation to mitigate N fertilizer use, and complementary evaluations on
the requirement for bundles of interventions. See Methods for details and table 1 for an overview of intervention characteristics.

sourced from databases [39] and literature. Nitrogen
embedded in crop residues was estimated based on
the same sources and crop-specific harvest indices as
implemented in the EPIC cropping systems model
[40, 41]. Removal and burning rates of crop residues
for major crops at the national scale were adopted
from [42]. Residue burning rates for rice were adop-
ted from a review for major producing countries [43]
assuming an N removal fraction of 80% [44]. For
leguminous crops, we assumed that N not applied in
fertilizer is fixed from the atmosphere or long-term
soil N cycling from earlier fixation.

2.3. Reduction potential for nitrogen fertilizer
application surplus

The potential for mitigating mineral N fertilizer sur-
plus was estimated based on the cropland soil surface
N balance and achievable nitrogen use efficiencies
(NUEs). There are various conceptualizations and
accordingly approaches to estimate NUE as reviewed
and exemplary quantified in [45]. Herein, we refer to
fertilizer NUE in cropping systems in terms of the N

removal in harvest relative to agronomic N inputs. We
set an NUE range of 0.5-0.75 of which the lower end
corresponds to lower targets commonly used in liter-
ature and policies and the upper end is a conservative
but still highly ambitious estimate of achievable NUE
as elaborated in supplementary text S1. To quantify
the potential for N fertilizer sparing through NUE
improvement, we first calculate the present pixel-
specific N requirement for all crops (Nyeq,pase) as (all
units [t])

Nreq, base — (Ncrop + Nresidue, removed T Nresidue,burned)
- (Nﬁx,crop +Nﬁx,rr +Nﬁx,rb) (2)

where Niyesidueremoved 1S N removed in residue,
Niesidueburned 18 N lost in burned residue and Ngy
and Ny b are the proportions of fixed N in the earlier.
See equation (1) for other elements. Subsequently,
this value was scaled to the hypothetic requirement
at a given NUE (Neq,nue) according to

Nreq,nue = INreq,base = NUE (3)

where NUE is the target NUE parameter (table 1). The
pixel-specific fertilizer sparing potential Nspare nue Was
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Table 1. Nitrogen fertilizer mitigation interventions, their rationales, and parameter boundaries reflecting uncertainties and levels of
ambition. Quantifications were carried out for the 243 combinations of the three values for each of the five parameters. The mid-point
scenario is based on the values in the respective row combined with the fertilizer retention scenario keeping 20% of the baseline
application volume. NFRV is the nitrogen fertilizer replacement value, i.e., the fraction of organic N that can readily be taken up by a
crop the same way as mineral fertilizer. See Methods section for details and supplementary text S1 for extended rationale and parameter

ranges.

Mineral N fertilizer
surplus sparing

Increasing manure

Intervention cycling to cropland

Cultivation of green
manures

Cycling of human
excreted N

Rationale and  Reduce mineral N

exemplary surplus through cropland by adopting practices
measures improved from farms with higher manure
management N cycling rates and avoiding

practices that result in losses through inefficient
handling or direct discharge

increased N use
efficiency (NUE),
e.g. through better
timing, tailored

Additional manure N cycling to

Cultivation of N Capture, processing,
fixing green manures and application of
outside the main crop human excreted N
growing seasonon  from wastewater
climatically suitable  and sanitation
cropland

fertilizer
formulations, and
technology adoption
Lower boundary Achievable Cycling ratio at 90" NFRV = 0.5 As upper boundary, ~ Recovery
NUE = 0.50 percentile modified by soil efficiency = 20%
limitations (see
Methods)
Mid-point Achievable Cycling ratio at 95" NFRV = 0.75 Mean of outcome for Recovery
NUE = 0.60 percentile lower and upper efficiency = 55%
boundaries
Upper Achievable Cycling ratio at 9™ NFRV = 1.0 Spatially explicit Recovery
boundary NUE = 0.75 percentile coefficients for N efficiency = 90%

transfer constrained
by aridity and
cropping intensity

then calculated as

Nspare,nue = Nfert - Nman - Nreq,nue with Nspare,nue = 0.

(4)

2.4. Improved manure cycling to cropland

This intervention assumes that all farms within sim-
ilar production systems (e.g. low-input subsistence
farming, mixed crop-livestock, high-input farming)
can realize a similar rate of manure cycling to crop-
land through knowledge and technology transfer. To
estimate attainable rates of manure cycling to cro-
pland, we combined gridded estimates of baseline
manure N cycling to cropland [38] (figure S1) with a
global classification of agricultural systems, i.e. land-
scapes with structurally similar agricultural produc-
tion systems [46]. The latter have been derived using
spatially explicit data on agro-environmental char-
acteristics (e.g. soil types, topography, native vegeta-
tion; level 1) and agricultural production systems (e.g.
crop types, management intensities, livestock; level
2), which resulted in a total of 86 unique typologies
with ten classes of varying agricultural management
(level 2). We used this level 2 classification to estim-
ate the manure cycling to cropland ratios for the 90th,

95th, and 99th percentile per class (figure S2). These
attainable ratios were attributed to each pixel within
a given management class if the baseline ratio was
lower. Subsequently, we estimate how much of the
applied manure N reaches the crop the same way
as mineral N fertilizer assuming good management
practice and a steady state of the system by specify-
ing a nitrogen fertilizer replacement value (NFRV)
[32, 47]. Accordingly, pixel-specific N available from
improved manure cycling (Navail,manure) [Kg] was
estimated as

N, avail,man — (N excreted,man X Crpecentile - Napplied,man)
x NERV (5)

where Neycretedman 15 total manure N excreted in
the pixel [kg], crpercentile is the fraction of manure
cycling for the given percentile (i.e. scenario) in
the agricultural system typology the pixel belongs
to [—], Nappliedman is the manure N applied in
the baseline [kg], and NFRV is the N fertilizer
replacement value as a fraction [—]. In the case of
Navailman < Napplied,man> 1-€. if the respective pixel is
above the given percentile of ¢, Nayail,man Was set to 0.
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2.5. Cultivation of green manure cover crops

We estimate potential N transfer from an off-season
green manure to a main crop based on (a) average
annual cover crop biomass production for legumes
across cool to subtropical climates [48] (1 = 389 pub-
lications), (b) an average N concentration of 2% in
dry matter biomass [49], (c) an N transfer rate, and
(d) suitable area. We digitized relevant figures from
[48], extracted biomass data for legume species per
temperature and humidity class, and calculated the
mean for each climate (table S1). For actual N trans-
fer, we assume an availability of green manure N for a
main crop of 30%, which is at the lower end of exper-
imental findings ranging from 27%-41% [22, 50,
51]. Resulting coefficients of green manure N trans-
fer to the main crop for the temperature (cold, mild,
warm) and humidity (semi-arid, humid) categor-
ies were assigned to Koeppen-Geiger climate regions
over cropland (figure S3).

The area suitable for green manure cultivation
was determined by (a) Koeppen-Geiger regions for
which several green manure trials (n > 2) have been
recorded in at least one of two extensive literature
reviews (see below), (b) aridity index (AI) > 0.3,
and (c) cultivation of annual crops, and (c) crop-
ping intensity (i.e. the number of crops grown within
a year consecutively on the same field). Rules (a)
and (b) were determined by intersecting locations of
off-season legume cover crop experiments (n = 173)
from two databases on soil conservation practice trials
[52, 53] with a dataset of Koeppen-Geiger regions
[54], and determining the 90th percentile of the
aridity index [55] for the same data. We made the
exceptions to include Koeppen-Geiger region Am, for
which no locations have been reported but which is
climatically located between Af and Aw, and exclude
hot steppes BSh, where trials are located but green
manures may only be feasible to cultivate in niches. To
account for cropping intensity, we scaled the potential
for N transfer in each pixel by the ratio of harvested
to physical cropland area (figure S5).

For a scenario with soil limitations (lower bound-
ary; table 1), spatially distributed values of poten-
tial N transfer were scaled to 20% in pixels that
have soils with high or very high P immobiliza-
tion potential according to [56] or a negative cro-
pland P budget according to [57], which may sub-
stantially limit the establishment of a green manure
[58]. We hence consider P limitation a general limit-
ing factor that frequently also reflects suboptimal pH,
aluminum toxicity, and other soil related limitations
typically co-occurring in strongly weathered or oth-
erwise degraded soils [59]. Accordingly, pixel-specific
N available from green manures (Nyyail green) [kg] was
estimated as

Navail,green - biomassgreen X Nconc,biomass X aredgyit
X fraccors X i X 0.3 x 1000 (6)

C Folberth et al

where biomassgrecn is the biomass per hectare for the
respective climate region [t ha™!], Neoncbiomass 15 the
concentration of N in the green manure biomass, here
0.02, areagy; is the suitable area for green manures
in the pixel [ha], fracc: is the scenario- and pixel-
specific scalar [—] with or without soil limitations
(0.2 for soil limitations or 1 assuming no limitations),
ci is the cropping intensity scalar, 0.3 is the N transfer
coefficient [—], and 1000 is a conversion factor from
[t] to [kg].

2.6. Cycling of human excreted N

National amounts of N consumed in food per capita
were estimated based on per capita food supply for
the >90 commodities reported in FAOSTAT [35] less
food waste [60], and food-specific N contents (table
S4). Resulting rates [kg N cap~! yr~!] were multi-
plied with gridded population data for the year 2010
[61] to obtain annual N excretion per pixel (figure
S6). We adopted a span of N recovery efficiencies ran-
ging from 20% as an ambitious but realistic trajectory
under present technology regimes in sanitation [62]
to 90% as the recovery potential considered feasible
in earlier research [25], selecting a mid-point of 55%.
Based on this, N potentially available from human
excretion (Navailhuman) [Kg] was estimated as

Navail,human = Ndiet,natl,cap X (1 _fracwaste)
x cap X NRE (7)

where Niet natlcap i the amount of N in the national
average diet per capita and year [kg], fracy,ste 1s the
accumulated fraction of food waste from field to fork
[—], cap is the number of people in a given pixel [—],
and NRE is the nitrogen recovery efficiency [—].

2.7. Intervention cascade and boundaries
Interventions were implemented sequentially in the
order of columns in table 1. For each intervention,
we defined lower and upper parameter boundaries to
bracket uncertainties and ambitions. For each inter-
vention and parameter set (n = 243), the technical N
supply or capping potential was estimated first (prior
sections). Subsequently, these potentials were sub-
tracted from mineral N fertilizer inputs per pixel in
the defined sequence. Eventually, the median, 25th
and 75th percentile, minimum, and maximum were
calculated for each step of the sequence. We capped
the maximum N fertilizer sparing rate per pixel at
a value of 100 kg N ha~! for the combined inter-
ventions, assuming that higher values would require
more specific, locally tailored approaches to be sus-
tainable while maintaining present crop yields. To
quantify a solely substitution-based N fertilizer mit-
igation path, we performed complementary analyses
excluding improvement in NUE.

Replacing all mineral fertilizer with alternative
sources of N may not always be recommendable or
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feasible without yield losses. For example, the nutri-
ent stoichiometry of manure may need to be adjusted
to match crop requirements [63], or organic sources
of N may fail occasionally, e.g. if the establishment
of a green manure is impaired by adverse weather.
Moreover, earlier research indicates that a mix or
organic and inorganic N sources often provides the
best outcomes in terms of nutrient use and crop yields
[64, 65]. To account for this, we combined the inter-
ventions with three levels of minimum baseline N
fertilizer retention: (I) allowing all N fertilizer to be
replaced (0% retention), (II) retaining at least 20% of
baseline mineral N fertilizer per pixel, and (III) retain-
ing at least 50% of fertilizer per pixel. This resulted
eventually in three realizations of the above 243 para-
meter combinations or a total of 729 parameter sets.

The mineral N fertilizer remaining after interven-
tion implementation (N yemain tot) [t] Was estimated in
each pixel as

N, remain,tot — Nrere — N, spare,nue Navail,man - Navail,green
- Navail,human Wlth Nremain,tot > 0 (8)

where N is baseline mineral N fertilizer input [t],
Npare,nue [t] is N sparing potential through improved
fertilizer NUE [t], Nailman is N available from
improved manure cycling [t], Nayail green is N available
from green manures|[t], and Nyl human 1S N available
from human excretion [t]. With the above constraints
of (a) a maximum sparing rate of 100 kg N ha™! per
pixel and (b) the respective N fertilizer retention frac-
tion, interventions occurring later in the above chain
were only considered if the N remainder stayed above
these thresholds and remained non-negative in each
pixel.

3. Results

3.1. N fertilizer mitigation potentials and patterns
The four interventions have a combined potential to
spare 21%—52% of mineral N fertilizer inputs to cro-
pland globally across the three levels of N fertilizer
retention and intervention boundaries (figure 2(a);
see also table 1). If the total N sparing potential is
not limited to 100 kg N ha~!, which we implemented
here as a safeguard to avoid overly optimistic sparing
potentials and to acknowledge that very high N fer-
tilizer substitution may rather require tailored solu-
tions, the sparing potential would be slightly higher
with 21%-59% (figure S12).

Capping the N fertilizer surplus by increasing
NUE to a range of 0.50-0.75 would lead to a reduc-
tion in global synthetic N use by 11%-28% (11—
27 Tg). This agrees well with the range of earlier
studies suggesting sparing potentials of 14%-30%
with improved N fertilizer management including the
abatement of gaseous emissions, better timing and
placement of applications, and more efficient chem-
ical formulations [34, 66].

C Folberth et al

Livestock manure N provides an additional sav-
ings potential of 3%-9% of the baseline, corres-
ponding to 2.6-8.3 Tg N in addition to the approx.
25 Tg manure N presently applied to cropland [38].
While this is a minor share of the estimated 120 Tg
manure N excreted by livestock globally, it needs to
be considered that approx. 50 Tg N in animal fod-
der are sourced from grassland [29] and need to
be replenished, including losses unavoidable in free-
range grazing via runoff and volatilization [67]. This
leaves a rather moderate fraction of manure N dispos-
able as an input to cropland in addition to the baseline
(see also figure S8).

Nitrogen transfer from the cultivation of green
manures outside the main season allows for a further
decrease in N fertilizer requirement by 4%—-8%. This
amount is primarily the result of the cropland area
estimated to be suitable for green manures (herein
880 Mha), whereas N transfer rates themselves range
from 1.4-32 kg N ha~! with an area-weighted aver-
age of 8-16 kg N ha~! globally for soil-constrained
and unconstrained boundary scenarios.

Finally, recovering N from human food consump-
tion and reusing it locally as a fertilizer can substi-
tute 3%—7% of the baseline N fertilizer consumption,
harnessing a volume of 2.4-6.8 Tg N out of a total
potential stock of nearly 30 Tg N (figure S8). This
volume results from reuse in rural and moderately
urbanized areas coinciding with cropland; highly urb-
anized areas outside food-producing regions (>80%
built-up land cover) would contribute another up
to 7.5 Tg N (figure S8) from spatially highly con-
centrated sources. Yet, this is not accounted for in
the present study, which does not consider spatial
transfer of N, the feasibility and destination of which
depends on the specific technology and underlying
economics.

If improvement in NUE is not included but only
N fertilizer substitution interventions (figure 2(b)),
the total mitigation potential decreases to 12%-32%,
highlighting the importance of improved fertilizer
management but also the still sizable potential of
alternative N sources combined. The contribution of
livestock manure increases to 3.7-12.2 Tg (4%-13%),
that of green manures to 5.1-9.6 Tg (5%-10%), and
that of human excreted N to 2.9-10.3 Tg (3%-11%)
as in regions that have potential for fertilizer surplus
capping, a larger volume of fertilizer can be substi-
tuted by the alternative N sources in this scenario.
Evidently, the alternative N sources can in part com-
pensate a lack in NUE improvement but not to the full
extent, rendering the latter the main lever at global
scales among these interventions in-situ.

Spatially, rates of N fertilizer reduction range
from close to zero up to the defined maximum of
100 kg N ha™! for the mid-point scenario (figure 3).
The highest rates occur where N can be sourced
from concentrated livestock or human settlements,
coinciding with high mineral N fertilizer use. Such
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Figure 2. Combined mineral N fertilizer mitigation potential along a chain of interventions (a) including capping of N fertilizer
surplus or (b) considering mineral fertilizer substitution with alternative N sources only. Later occurring interventions may bear a
larger potential that is not fully exploited (see also figures S5 and S6). Interventions may hence be considered in part
interchangeable leading to the same combined potential (i.e. result for last intervention). The green bar indicates the mineral N
fertilizer consumption around 2010. Boxes show the total range (light color), 25th and 75th percentile (dark color) and mean
(black line) of remaining N fertilizer requirement after the implementation of each intervention across its parameter ranges
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Figure 3. Rate of spared N [kg N ha=!] for the bundles of interventions in the mid-point scenario (see table 1) with retention of
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hotspots are located in parts of China, the USA,
Europe, New Zealand, South America, the Arab pen-
insula, and South Africa. Improvements in NUE or
green manures in turn provide moderate to minor
rates locally but are available more ubiquitously
across global croplands.

Vis-a-vis the mitigation of mineral N applica-
tion, we estimate complementary the availability of
interventions on cropland with baseline N surplus
or deficit separately (figure S11) to evaluate theoret-
ical potentials for N input improvement also where
additional sources may contribute to achieving higher
productivity outcomes. We estimate that presently

34% of global croplands experience an N deficit and
conversely 66% have a neutral or positive soil sur-
face N balance. All four interventions are inherently
only available on cropland with a positive N balance
and improvements in NUE allow most often for the
highest N mitigation rates. If only the three inter-
ventions that provide alternative N sources are con-
sidered, most areas in both N balance categories have
three interventions potentially available (66% and
71% of cropland with negative or positive N balance,
respectively), followed by cropland with two inter-
ventions (29% and 25%), and eventually one (5%
and 4%).
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Figure 4. Number of interventions implemented in each pixel in the mid-point scenario (see table 1) (a) and extent of harvested
cropland area with a given number of implemented interventions ordered by the baseline mineral N fertilizer application rate,
which is also represented by the color scale (b). Larger numbers of interventions are available (figure S9) and required in
high-input regions of North America, Europe, and Southern and East Asia. Three to four interventions are implemented on the

majority of cropland (63%) and foremost in regions with moderate to high fertilizer application volumes.

In turn, the amount of N potentially available
from the alternative sources (total of 58 Tg) is less bal-
anced distributed among deficit and surplus cropland
(not shown). Additional manure sources are foremost
available on cropland with a positive N balance (83%
of total) indicating limited potential in regions with
present N fertilizer deficiency and the requirement for
more transformative approaches in those. The distri-
bution of N available from green manures in turn is

more balanced with 63% to 37%, whereas the availab-
ility of human excreted N is again moderately skewed
towards cropland with high N supply (77% vs 23%).

3.2. Requirement for intervention bundling

Each of the individual interventions has sizeable tech-
nical potential in terms of total N volumes glob-
ally (figure S8). However, they stay well below the
combined N mitigation potential if implemented




10P Publishing

Environ. Res. Lett. 19 (2024) 044027

individually for fertilizer substitution (figure S7) as
their spatial distributions vary greatly and their coin-
cidence with fertilized cropland controls their effect-
iveness locally. Consequently, only bundles of inter-
ventions allow for mitigating the present levels of fer-
tilizer use across most croplands globally (figure 4).

On the major share of cropland, three to four
interventions are available (figure S9) and imple-
mented simultaneously in the mid-point scenario
(figure 4(a)). These are foremost located in intens-
ively managed cropping regions of North America,
Europe, and East and Southeast Asia. One or two
interventions are primarily implemented in regions
with low baseline fertilizer inputs, which typically
cancels at least the option of surplus reduction,
mostly in sub-Saharan Africa, Central Asia, and South
America. Also, the spatial disconnectedness of crop-
lands from alternative nutrient sources such as suffi-
ciently large livestock herds and human populations
leaves fewer options in many of these regions, render-
ing the cultivation of green manures the most ubi-
quitously realizable intervention there (figure S10).

More comprehensive bundles of interventions
are evidently implemented on cropland with higher
baseline N application rates whereas a single inter-
vention is often sufficient on cropland with low
baseline N application (figure 4(b); see also figure
S13). A set of all four interventions is most frequently
employed on cropland with N application rates of 50—
300 kg N ha™!. Still, there are few regions with mod-
erately low fertilizer application that require all inter-
ventions, stressing that also their combined potentials
can be limited locally. Conversely, the implementa-
tion of one or two interventions also occurs in part on
cropland with N application of up to 300 kg N ha~!
highlighting that complementary options considered
herein are not applicable across all intensively man-
aged cropland globally.

4. Discussion

Our analysis highlights that optimizing fertilizer use
and substitution bear great combined potential to
reduce mineral N fertilizer consumption. Even if the
potentials found herein cannot always be realized loc-
ally, several interventions exist in most places and
harnessing them in a coordinated manner would nev-
ertheless contribute to comprehensive global N mitig-
ation potentials depending on the ambitions invested.
This may be further enhanced by additional options
not analyzed in this study such as the retention of
presently burned or removed crop residue [29], N
fixation and transfer within rotations [28, 68], or
enhanced NUE and N fixation in intercropping [69]
(see also supplementary text S1). Yet, while the first is
considered to provide an overall low potential due to
low N concentration and high C:N ratios in residues,
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the second and third would require a redesign of
cropping patterns and likely the demand side. Beyond
the supply-side perspective taken here, demand-side
interventions such as food waste reduction and diet-
ary change provide comprehensive levers for fur-
ther reductions [29, 70] that may regionally eliminate
the requirement for mineral N fertilizer according to
earlier studies (see also supplementary text S2).

Although the interventions herein provide sizable
potentials to mitigate N fertilizer use, their imple-
mentation can introduce new risks and externalit-
ies. In line with earlier studies, we assume that long-
term average yields are not affected by switching from
mineral to organic N sources [32]. However, a meta-
analysis found that crop yields in organic farming
typically have a higher inter-annual variability due
to weather fluctuations and their impact on soil bio-
logical processes [71]. Also the biomass production
and N fixation by green manures is subject to weather
fluctuations and extremes, which affects the amount
of N provided in adverse years. In part this can be
addressed through plant mixtures that increase green
manures’ climate resilience [22, 72]. Similarly, live-
stock manure supply is subject to feed availability
and animal health, which may be impaired by biotic
and abiotic shocks [73] and improved manure cyc-
ling to cropland may in turn pose a serious risk of
soil contamination with heavy metals [74]. While
these risks are well known and management options
exist, the adoption of the interventions at scales will
have to be paired with appropriate foresight and risk
management.

On the other hand, various co-benefits can be
expected from the adoption of the interventions,
starting from substantial energy and GHG emis-
sion savings for fertilizer production [22], mitigation
of air pollution [66], carbon sequestration potential
[9], prevention of eutrophication from capping fer-
tilizer surplus [27], and public health improve-
ments from upgrading wastewater infrastructure
[75]. Furthermore, the diversification of N sources
can provide supply chain resilience if the above-
mentioned risks are managed properly.

While our study presents for the first time an
investigation of N fertilizer mitigation potentials
through bundles of interventions globally, the indi-
vidual interventions have been known and stud-
ied regionally or conceptually [22, 32, 47, 66, 75].
The fact that such interventions are still not sys-
tematically adopted underpins the importance of
economic, technological, social, and institutional
barriers [76-80] that will require further scru-
tiny. Globally consistent and spatially disaggregated
socioeconomic data may allow for a spatially expli-
cit analysis of barriers and enablers but are thus far
lacking sufficient detail. In this context, our analyses
provide a first indication of potential hotspots for
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N fertilizer use mitigation and the requirement for
intervention bundling that may incentivize further
research into regionally and locally specific barriers
and enablers for adoption.

A range of local and regional studies provide
exemplary insights into factors that can facilitate the
adoption of such interventions or may hamper it.
For example [81], found that the adoption of sus-
tainable fertilizer management in China could be
facilitated through the establishment of demonstra-
tion networks and targeted government subsidies
for required machinery, while public-private part-
nerships enabled the provision of tailored fertilizer
formulations. For cover crops in the US mid-west,
besides market opportunities also cultural norms and
the option space farmers are aware of pose barri-
ers to adoption, indicating that capacity building and
targeted extension services are key elements in the
upscaling of such practices [82]. In regions that allow
for the cultivation of several cash crops annually,
green manures may compete with the production of
another crop and be limited by economic constraints
such as high labor requirement and the need for
complementary agronomic inputs [83]. Also animal
manure is in some regions subject to competitive uses,
being sourced as a household fuel or for other non-
agricultural purposes in India among others [84].
Nitrogen recovery from wastewater streams beyond
the lower threshold herein finally requires substan-
tial investments in upgrading existing infrastructures
[62] or building new ones where they lack so far [85].
While economic support and incentives as well as
knowledge transfer emerge as common themes, the
local experiences highlight that efforts to promote
the adoption of interventions for sustainable N man-
agement will need to be tailored towards the par-
ticular local context to ensure that the specific chal-
lenges faced are addressed [86]. Moreover, scaling and
implementation of novel technologies such as nutri-
ent cycling from waste streams commonly requires
cross-sectoral integration of various actors (e.g. poli-
cymakers, private sector, and potential users) within
the agri-food system and beyond, which is often pos-
ing the most substantial barrier [87, 88].
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