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Abstract

Vulnerabilities of the global fuel-fertilizer-food nexus have been revealed by a regional geopolitical conflict causing sudden
and massive supply disruptions. Across over- and under-fertilized agricultural systems, nitrogen (N) fertilizer price spikes will
have very different effects and require differentiated responses. For staple cereal production in India, Ethiopia, and Malawi,
our estimates of N-fertilizer savings show the value of integrated organic and inorganic N management. N-deficient systems
benefit from shifting to more cost-effective, high-N fertilizer (such as urea), combined with compost and legumes. N-surplus
systems achieve N savings through better targeted and more efficient N-fertilizer use. Globally, there is a need to re-balance
access to N-fertilizers, while steering the right fertilizer to the right place, and managing N in combination with carbon through
near-term interventions, while striving for longer-term sustainable management. Nationally, governments can invest in
extension and re-align subsidies to enable and incentivize improved N management at the farm level.

Full Text

Fuel-fertilizer-food nexus

As a primary yield determinant, nitrogen (N) is needed in massive quantities for production of cereals and other crops.
Application of large quantities of soluble N-fertilizer supports high yields, while simultaneously posing an environmental
threat through direct and indirect generation of greenhouse gas emissions, spread of invasive species, and degradation of
water quality '. Fossil fuel energy is the feedstock for fertilizer manufacture. The price of energy-intensive synthetic N-
fertilizers has fluctuated greatly over time, closely tracking volatile international fossil fuel supplies and prices?. This has
direct consequences for agricultural production as price spikes in N-fertilizer are an important predictor of food shortages,
price surges, and hunger, as seen in 2008 and 2022 (Fig. 1). We see this with a staple food crop such as wheat for which a
15% increase in prices would lead to an 8% reduction in wheat consumption, with severe consequences for protein and
calorie intake®.

Geospatial dimensions of N-fertilizer use

Fertilizer use has been a major driver pushing the global N cycle beyond planetary boundaries?, although contributions are
highly spatially variable®. Overall, the use of N-fertilizer on global cropland is severely skewed, leading to over-fertilization in
some regions and under-fertilization in others®. In high-input agricultural systems, typically in developed and rapidly
developing countries, more than half of applied N is lost to the environment, contaminating aquatic, terrestrial, and
atmospheric systems”’. In low-input agricultural systems, typically in low-income developing countries, applied N is often
insufficient for plant needs and combined management of organic and inorganic nutrient sources is lacking, resulting in

stunted plant growth, limited biomass production and carbon (C) sequestration, and poor soil health”.
Context for N management

Soil N status is biologically mediated and integrally linked to the C cycle, making N management complex and knowledge
intensive. Nitrogen use efficiency (NUE), the proportion of applied N in harvested products, typically ranges from 20 to 55%°.
Increased NUE can reduce nitrate-N leaching and gaseous N loss from fertilized maize, wheat, and rice fields®. In specific
contexts, notably high N-input systems, fertilizer advisories have been effective at providing guidance that reduces over-
fertilization'?. There is less scope for gains in NUE in N-deficient systems, where a bigger concern is soil mining, occurring
when crop uptake exceeds the amount of N-fertilizer applied’” 7. In such systems, increased access to N is paramount.
Organic matter addition and crop diversification are viable strategies for increasing crop yields, especially where N fertilizer
application rates are low'2.

Farm-level N management is heavily influenced by policy and socio-technological infrastructure. Governments in many
countries use subsidies to encourage farmers to apply more fertilizer in order to boost yields, total production, and rural
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incomes'3. In this policy context, global N usage increased by 300% between 1961 and 2019™4. Input subsidies have played
an outsized role in public sector expenditure’®, inadvertently driving pollution'® and disincentivizing appropriately tailored
fertilization'”. The often modest infrastructure for agricultural research and extension is problematic, given the knowledge
intensive nature of managing N for sustainable and environmentally sound crop production’®. Nonetheless, fertilizer usage in
some regions (e.g., sub-Saharan Africa) is widely regarded as sub-optimal’®with low average application rates attributed, in
part, to low and spatially variable economic returns to farm-level fertilizer investments29. Advisories that inform local
knowledge based on soil conditions, crop yield goals, and market conditions can help improve farm-level profitability and
thereby induce greater fertilizer investment?'.

Current crisis

In a world where N-fertilizer mismanagement is reinforced by policy and infrastructure at the local level and a volatile fuel-
fertilizer-food nexus at the global level, a regional geopolitical conflict has revealed the centrality of N to critical global
challenges. Sudden and massive fuel and fertilizer supply disruptions arising from the Russia-Ukraine war have led to
skyrocketing fertilizer prices?2. This poses a comprehensive threat to agricultural productivity, particularly for farming
systems burdened by low NUE or N deficiency. Rising fertilizer and food prices translate into reduced food access and
diminished food security for vulnerable populations?3.

Governments need viable solutions to break the fuel-fertilizer-food security nexus and preempt current and future global food
crises. To support discussion of policy responses in the context of N-fertilizer crises, this paper estimates N status for three
major staple cereals in key production geographies. Specifically, we calculate N balance (surplus/deficit), NUE, N harvest
gaps, and potential N savings from management interventions in maize, wheat, and rice in three countries representing a
range of biophysical and socio-economic production conditions. The countries and cereal systems chosen encompass
production intensification extremes, and are highly relevant to global food security vulnerabilities. Using the best available
data, this paper then estimates N-fertilizer savings that could be achieved in these three countries, without compromising
crop yield, through implementation of specific N management strategies. The focus here is on interventions that could be
implemented immediately in response to a N-fertilizer crisis. Policy implications of these globally-relevant N management
strategies are discussed. Rather than promoting specific interventions, our analysis supports a technology-agnostic approach
to N management that is context-based, evidence-driven, and data-enabled.

Results

For India, Ethiopia and Malawi — all developing countries that face pressing food security challenges - this study assesses
the current status of N management and N harvest gaps as well as the near-term impact of rising fertilizer prices on N
application and yield. Further, it estimates potential N-fertilizer savings from regionally-targeted interventions in maize, wheat,
and rice systems. India is a rapidly developing country with intensive cropping systems where high N use and low NUE leads
to high N surplus in many areas 724. In Ethiopia, maize and wheat cropping intensity varies across regions and ecological
zones with a negative N balance in many areas?®. Maize and rice production in Malawi is representative of the highly N-
deficient cereal systems that are relied upon by over 100 million people in sub-Saharan Africa2®.

Nitrogen status by country and crop

Our estimates of N surplus or deficit (i.e., difference between N input and N removal) and NUE (i.e,, ratio of N-output to N-
input) indicate that cereal production systems in these three countries encompass extremes from N surplus to N deficiency to
N mining (Figs. 2—-4). High N harvest gaps (i.e., difference between potential and actual N harvest in grain) are observed
under both N surplus and N deficiency and across low and medium NUE and N mining conditions (Figs. 2—4).
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Maize production (Fig. 2) exhibits high N surplus and low NUE across the Indo-Gangetic Plains (IGP) and Northeastern India
and modest N deficiency in rainfed areas of central and southern India. Severe N deficiency is widespread in maize
production in Malawi, where N mining is prevalent, and across much of Ethiopia, except for the central region which has
moderate NUE paired with a high harvest gap.

Surplus N application and low NUE are prevalent in wheat production (Fig. 3) across India, with the exception of the N-
deficient western semi-arid region (e.g. the Rajasthan), which has medium NUE and a low N harvest gap. Nitrogen status
varies across Ethiopia’s tropical wheat systems with N mining and high N harvest gaps in warm regions and medium to high
NUE and sometimes surplus N in cool regions. Wheat is a minor crop, and generally N-deficient in Malawi with the exception
of wheat production by the commercial farming sector, which has moderate to high N inputs.

N surpluses predominate in Indian rice production (Fig. 4). In Malawi, N deficiency is much more typical, including prevalent N
mining and high N harvest gaps. An Africa-wide meta-analysis estimates that NUE in rice systems ranges from 12 to 21, with
a mean value of 14 kg/ha?’. These values are similar to estimates of NUE in rice of 13 kg/ha in China?® and 18.4 kg/ha in
Asia overall 2°.

Impacts of the current crisis

In the current fertilizer crisis, we have seen prices doubling over very short time periods. For example, the price of high-N urea
fertilizer increased from US$ 483/ton in 2021 to US$850/ton in the first quarter of 2022 and is projected to remain at elevated
levels in 202330 Application rates of urea and other N fertilizers have a strong negative response to rising prices 3" and there

is a large body of evidence that reduced N fertilizer application negatively affects crop yield, particularly for cereal production
32

To anticipate the impact of the fertilizer price spikes in India, Ethiopia, and Malawi, we estimated near-term changes in
application rates, based on price elasticity estimates for urea, and resulting effects on yield (Supplementary Information 2). In
India, total maize and wheat production is expected to drop by 2.67 million tons and 5.8 million tons, respectively, in response
to a 1.2 million ton decrease in total urea application (212 thousand tons for maize and 987 thousand tons for wheat). In
Ethiopia, a projected decrease of 8.6 thousand tons in total urea application (4.1 thousand tons for maize and 3.5 thousand
tons for wheat) would reduce maize production by 92 thousand tons and wheat production by 83 thousand tons. Malawian
maize systems are projected to apply 6 thousand tons less urea fertilizer and produce 166 thousand fewer tons, equivalent to
US $27 million in foregone production. Malawi rice N use is modest and, relative to maize, is not expected to be negatively
impacted by N fertilizer price increases. Potential production declines of high magnitude are thus predicted for maize
everywhere and for wheat in India and Ethiopia. The rapidity of these production losses underscores the vulnerability of
cereal production systems to N inputs as well as the severe food security implications of the current fertilizer crisis. This is
particularly concerning for countries that are heavily dependent on local production of staple cereals 33.

Near-term interventions for improved nitrogen management

To inform responses to the fertilizer crisis, evidence from the literature was used to estimate N-fertilizer savings from near-
term interventions in major cereal systems in India, Ethiopia, and Malawi. Integrated management of organic and inorganic N
was estimated based on promotion of farm-level use of manure or compost and production of legume crops. The effect of
reallocating public subsidies to more cost-effective, high-N fertilizers was estimated by quantifying the extra N that could be
made available through lower unit cost of N supply relative to currently subsidized low-N fertilizer types. Increased N-fertilizer
use efficiency was estimated as the effect of fertilizer advisories prescribing improved fertilizer management strategies. This
study is based on evidence of achievable shifts in N management practice over a one to two year time frame, for a modest
proportion of cropped area (10%). We did not assess interventions with longer time horizons or large investment requirements
such as precision agriculture, mechanization, or deep placement of fertilizer.
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Production systems in all three countries are projected to save on N-fertilizer from adoption of integrated organic and
inorganic N management, with especially large total savings possible in Indian rice production (Fig. 5a). The feasibility of this
strategy is conditioned by the availability and accessibility of organic-N sources. In Africa, for example, current manure inputs
are estimated to be about 10 kg N/ha and net biological N fixation by legumes is estimated to be in the range of 10-20 kg
N/ha 7. Our analysis estimates short-term N savings from a 10% increase in area manured and cropped with legumes, a
feasible increase over the short term, based on data gathered through household surveys. Over the medium to long term, with
research investments, this could be increased substantially. We have, however, assumed that short-term legume
production/expansion will not be limited by soil phosphorus (P) supply or poor market infrastructure, which could be limiting
factors for widespread adoption of legumes. If achieved, these organic inputs could reduce the need for a substantial
proportion of current inorganic N-fertilizer use in Africa (i.e., ~ 25% in Ethiopia and Malawi), but the scope is considerably less
for N substitution through organic sources in India given high levels of N use there.

Organic inputs are not only sources of additional N, but also affect NUE. Combined organic and synthetic N inputs improve
NUE and lower the total N input required to achieve yields equivalent to those from high fertilizer-N alone 343°. an added
advantage of organic inputs is their residual effects across multiple years®®.

Shifting to high-N fertilizer types such as urea (46% N) is projected to result in significant N savings, especially in low-N cereal
systems in Ethiopia and Malawi (Fig. 5b). High-N fertilizers generally supply two- or three-fold higher amounts of N per unit of
fertilizer compared to compound, multi-nutrient fertilizers, such as di-ammonium phosphate (18% N), enabling significant
cost-savings. This analysis is consistent with 25% of current N requirements being met by shifting from a low-N fertilizer,
such as 18% N DAP to a high-N content fertilizer, such as 46% N urea, without incurring additional expense (i.e. urea has a
lower unit cost for N than alternative fertilizer blends).

Fertilizer advisories for improved N management appear to offer significant potential N savings in wheat and rice production
systems where N over-fertilization is common such as in the irrigated rice-rice and rice-wheat systems in India, which typically
receive high doses of soluble inorganic N. However, fertilizer advisories are of modest N-saving value in cereal systems where
N use is low to moderate.

Discussion
Solutions in a crisis

Focusing on globally-important cereal crops, this study confirms the importance of differentiated approaches across over-
and under-fertilized agricultural systems. Within and across the three focus countries, our analysis found important variation
in the combination of N surplus/deficiency, NUE, and N harvest gaps across maize, wheat, and rice. Since these three
countries are indicative of the range of N use in African maize and wheat production?®, our findings suggest that singular
interventions are unlikely to lead to improved N management at sufficient scale. This aligns with other studies that identify
complex political and socio-technological drivers of N management'®®. This study takes the next step and considers the
evidence for tailoring N strategies by country, and by cropping system.

In the context of a sudden fertilizer shortage and an emergent food security crisis, durable solutions are needed quickly and
at large scale. Our analysis demonstrates that meaningful N-fertilizer savings are achievable in cereal production systems in
the near-term and identifies N status as a critical differentiator for intervention objectives. In N-surplus systems, N-fertilizer
savings can be achieved by increasing NUE, for example, through fertilizer advisories that assist farmers to reduce over-
fertilization and loss of N to the environment while lowering production costs®?4. In N-deficient systems, shifting to high-N
fertilizers can offer greater profit:cost ratios, especially for resource-constrained farmers. In countries with variable patterns of
N use, like India and Ethiopia, redirecting delivery of urea and other high-N fertilizers from N-surplus cropping systems to
supply depots in N-deficient areas can stabilize productivity and profitability in a crisis3’.
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In geographies and cereal systems characterized by N-mining, where soils are N-deficient and N inputs are modest, cost-
effective means of increasing N supply are critical. This can be achieved through expanding farmers' access to high-N
fertilizers, paired with knowledge about fertilizer placement and timing for efficient utilization, and building an enabling
environment for farmers to source organic-N from compost production and legume rotation crops®®. Extension campaigns
show promise for improving fertilizer use in an effective manner, particularly in sub-Saharan maize production. This is a clear
example of a N-mining system that can be rebalanced through attention to soil health, integrated organic and inorganic N
management, and cost-effective use of high-N fertilizer 3°. Soil acidification is a concern when applying high-N fertilizers, but
this challenge can be moderated when fertilizer use is combined with lime or organic inputs that harness biological sources
of N, modify soil acidity, and reduce the risk of fertilizer response variability*?. Thus, coordinated outreach through public and
private sector extension is needed to alert farmers about safe, cost-effective use of high-N fertilizers.

Geo-differentiated approaches are important not only for soil N management, but also for balanced fertilizer investments.
The requirement for costly fertilizers that include a full complement of P, K, and micronutrients depends on the geo-location
and the cropping system. Based on fertilizer response trial data, P deficiency and insufficiency of other nutrients can result
when urea is used in place of combined fertilizers. In sub-Saharan Africa, N is the most limiting nutrient for rice production (in
93% of sites tested) followed by P in 60% of sites*'. In the short term, N is the one nutrient that shows a consistent and
profitable crop response in low-yield environments2?. Thus, increasing access to high-N fertilizer for more cost-effective
fertilization of cereal crops is consistent with an evidence-based response to a fertilizer supply crisis. Greater reliance on high-
N fertilizer, such as urea, is supportable in the short-term, particularly if paired with site-specific knowledge as part of an
integrated organic-inorganic N management campaign. For example, inorganic fertilizer placement and timing and
concurrent integrated crop and water management are particularly important for improving NUE in African rice production?”.
In sum, productivity of cereals is highly related to N inputs. Shifting to high-N fertilizer is a strategy that can be deployed
rapidly to address a N-fertilizer price crisis and to prevent loss in productivity that could cause widespread food insecurity.

We fully acknowledge that balanced nutrition has indirect as well as direct benefits, such as addressing micronutrient
deficiencies and enhancing disease tolerance, which will vary with specific crop and soil requirements. Thus, geo-
differentiated management is required over time and space. What has not always been appreciated is that, during a crisis,
constraints on time, resources, and logistics hamper the ability of individual farmers and national and regional policy makers
to effectively assess options and take action in line with their priorities. Therefore, for cereal production systems where yields
are low (e.g., many smallholder farms in Africa), immediately ensuring sufficient supply of N should be the first-order priority.
On balance, the imperative for supplying other required nutrients is more modest given minimal offtake in a moderate
yielding crop and inherent soil nutrient supply capacity*?. That is, other macronutrient requirements (e.g., K, P) in low-yield
environments can be met, in large part, by soil weathering and biological cycling processes and supported through organic
amendments and crop diversification #3. Cost-effective management can thus be achieved through judicious use of high-N
inorganic fertilizers combined with biologically-based management.

In contrast to low-yield, rainfed cereals, the requirement in high-yield, intensive cereal systems (e.g, irrigated wheat and rice-
wheat double crops in India) is for balanced fertilizer inputs given high nutrient offtake. In these systems, crop diversification
through legume integration can play a role in meeting N demand through biological sources and reducing inorganic fertilizer
dependency'2. Short-season legume integration into intensive cereal production, as illustrated by mungbean in wheat-rice
systems, has been shown to be highly effective and N conserving in fine-textured soils, but not coarse-textured soils**. This
further illustrates that context matters in targeting soil fertility management technologies, at fine as well as coarse scales. A
systematic review of sustainable intensification technologies provides further evidence of this ‘hyper-localization’ principle*®.
Taking into account environment and market context is of particular importance where nutrient demand is high, thus
intensive cereal production systems achieve substantial benefits from fine-tuned extension advice. Overall, large doses of
inorganic and organic fertilizers will be needed to meet macro and micronutrient requirements of high-yield cereal production
areas 6.
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Viable, targeted responses to volatile N-fertilizer supply will depend on an expanded evidence base regarding N status of
cereal systems and other contextual factors. Promoting integrated organic and inorganic N management is a 'no regrets' N-
fertilizer savings strategy. Carbon and N dynamics are interlinked and organic amendments can supply N to crops and
improve N fertilizer efficiency through enhanced soil C stocks and soil health 3%47. To expand legume production and use of
compost, researchers should explore effective agronomic practices, including mechanization options that can facilitate
timely incorporation of green manures and other sources of organic inputs. Some promising areas for testing and validation
include better delivery of extension messages, improved market infrastructure, and incentives for growing and trading organic
nutrients. The functionality and reach of local extension systems, digital advisories, and other services are important for
expanding N sources in N-scarce areas as well as for promoting judicious, moderate doses in areas where over-fertilization is
prevalent.

Preempting future fertilizer crises

To safeguard global food security, our challenge is to realign access to N-fertilizers so that they are more broadly available in
N-starved locations, and at the same time, manage for cost-effective, safe use everywhere. Particularly in N-surplus
environments, integrated nutrient management can deliver improved NUE and minimize N loss to the environment. In N-
deficient systems, increased access to high-N fertilizer, combined with investment in innovative extension to promote
increased organic-N sources and sound soil management, is foundational to meeting food production needs. As high
fertilizer prices strain the ability of governments to maintain existing fertilizer subsidies, evidence-based repurposing of these
subsidies could incentivize use of the right fertilizer type in the right places*®4°. Paradoxically, the disruption caused by a
fertilizer supply crisis can stimulate interest in combined use of organic and inorganic inputs that would lead to improved
NUE, crop productivity, and soil health.

This paper presents a technology-agnostic, evidence-based approach to tailoring N management solutions to the conditions
of specific cereal production systems. As newer technologies such as bio-fertilizers, polymer coatings, nano-urea, and
precision agriculture generate sufficient field data, these can be integrated into evidence-based analysis °°. Deeper knowledge
about how to increase organic-N sources through enhancing biological nitrogen fixation (BNF) and other soil-based
processes would enable better targeted N management interventions that improve NUE. Mechanization and irrigation are also
important long-term investments for improving N efficiency®.

With appropriate extension support, more farmers can benefit from N management interventions in the immediate term. This
is fundamental to cereal productivity, food security, and livelihoods. Yet, throughout the developing world, an overwhelming
number of agricultural households cannot be served given inadequate budgets, staffing, transportation, resources, and
training for extension and other advisory services®'. Promising developments include improvements in extension efficacy
through digital tools and bi-directional communication approaches that engage local knowledge and support farmer
agency®2. Medium- and long-term investments in decentralized agricultural research and extension networks can facilitate
farmer-led innovation in improved N management.

This paper highlights the urgent need for policies that rebalance N availability and for investment in agricultural technical
expertise and extension for improved N management. This is key to keep producer costs minimal while ensuring high crop
yields. If improved N management is not tackled, we risk severe negative impacts for cereal production, increases in food
prices, and poor nutrition.

With more frequent and severe fertilizer and food crises on the horizon, a skillful global response will deploy existing and new
strategies that account for important differences among agricultural systems. Given finite resources, solutions should be
carefully targeted to specific, local contexts with the near-, medium-, and long-term in mind.

Methods
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Spatial distribution of current nitrogen balance across countries

Using spatial data on crop N input and output and information on current and potential N harvest, we classified crops in
questions in each country based on NUE, N surplus/deficit and N harvest gap (Figs. 2-4). For this, we considered all sources
of N inputs into the production areas i.e. synthetic N input 23, manure N>* residue N> atmospheric N-deposition 6, N from
mineralization %5, and N fixation calculated by multiplying legume N content with the percentage of it derived from N,
fixation®’. We used harvested crop area and crop yield extrapolated from Ray et al.>® and their corresponding N content®® to
calculate spatial N output at the spatial level. Similarly, we obtained biophysical crop production potential (i.e. yield potential)
from the FAO Global Agro-Ecological Zones (GAEZ) v4 data portal (https://gaez.fao.org/). We calculated N surplus or deficit
as the difference between N input and output. We estimated NUE using a using a simple mass balance principle using the
annual amount of N-input and N-output for each crop 3°. NUE was classified as low (NUE < 30), medium (30 < NUE < 90), or
high/soil mining (NUE = 90) through visual inspection of NUE data. Finally, we calculated N harvest gaps as the difference
between potential N removal (i.e. potential yield x N content) and actual N removal. N harvest gap values exceeding global
median were considered 'high' whereas those less than global median were considered 'low'.

Estimates of nitrogen fertilizer savings

For each country and crop, we estimated N fertilizer savings under four near-term intervention scenarios: (i) shifts from lower-
N inorganic fertilizers to high-N inorganic (urea) fertilizer; (ii) enhanced access to organic-N sources, i.e., promotion of manure
and compost use; (jii) biological nitrogen fixation from increased production of legume crops; and (iv) improvements in NUE
through fertilizer advisories and farmer training. Values used for calculating N savings (e.g., country-specific crop area, N
fertilizer application rates, sources of N and total N demand for each crop, enhanced organic-N source estimates based on
10% increase in current use) were obtained from multiple sources (Supplementary Information 1). Adoption rates were based
on review of literature considering effects of agricultural policies and government and extension investments.

N fertilizer savings were calculated as follows:

(i) N savings through shifts to high-N (SN,,) fertilizer considers N from urea input (N,e5) and a 50 percent conversion from
non-urea inorganic sources (Nonurea), SUch as diammonium phosphate (DAP), to urea:

SNurea = Nurea + (0~5Nnonurea*fu/fnu )* Ac (Eq- 1)

where SN, ¢, is shift to high-N urea (MT), Nyeq is N from urea input (MT), N,,onurea iS N from non-urea sources (MT), f, is the
fraction of N in urea, f,, is the fraction of N in non-urea sources and A, is crop area (ha).

Nyrea = N* A*A¢ * 1000 (Eq. 2)
and
Nnonurea = NUr* Ac*Af *1000 (Eq- 3)

where N, is rate of N application (kg/ha) from urea, NU is rate of non-urea inorganic fertilizer (kg/ha), A¢ is the fertilized crop
area fraction for a specific crop out of total crop area (A,).

(i) Calculations of N-fertilizer savings by integrating organic fertilizer are based on estimates of current crop area under
organic-N (i.e., manure, compost, legumes) (Supplementary Information 1) and increased farmer adoption, resulting in a 10%
increase in crop area under organic fertilizers. Note that we refer to manure here with acknowledgement that compost is in
some cases included within this term.

Current manure N input (N,,c) in MT was calculated:
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Nine= A *A*M,*M*1000 (Eq. 4)

where As, is the fraction of specific crop area fertilized with manure, M, is rate of manure application (kg/ha), M is manure N
content (%).

With an assumption of 10 percent area increase in the adoption of manure, increased N from manure (N,,;) in MT was
calculated:

Nma = 0.1*A*M*M_*1000 (Eq. 5)

The extra N-input from adoption of manure (N,,,.) was obtained as:

Nme= Nma - Nimc (Eq. 6)

(iii) Current legume N input (N;;) in MT was calculated:

N,c= Aq*A*BNF*1000 (Eq. 7)

where Aq is the fraction of crop area under legumes and BNF is biological N fixation (kg/ha).

With an assumption of 10% area increase in the adoption of legumes, the increase in N-from legume adoption (Nla) in MT
was obtained as:

Nj,= 0.1*A;*BNF*1000 (Eq. 8)

The extra N input from adoption of legumes(N,;) in MT was obtained as:
Nie= Nia = Ni (Eq. 9)

Thus, the increase (savings) from organic N (Ng,) in MT was calculated as:
Ngo = Nie + Npe (Eq. 10)

(iv) Improvements in NUE and resulting fertilizer savings due to fertilizer advisories were estimated using factors derived from
previous studies that measured NUE in response to site-specific nutrient management strategies® '°. Accordingly, we
estimated the effect on NUE and savings of fertilizer-N based on fertilizer advisories being adopted on 10% of fertilized
cropland area for each crop and country.

References

1. Maaz, T. M. et al. Meta-analysis of yield and nitrous oxide outcomes for nitrogen management in agriculture. Glob Chang
Biol 27,2343-2360 (2021).

2. Goklany, I. M. Humanity Unbound: How Fossil Fuels Saved Humanity from Nature and Nature from Humanity. Policy
Anal December 20, 1-33 (2012).

3. Mottaleb, K. A, Kruseman, G. & Snapp, S. Potential impacts of Ukraine-Russia armed conflict on global wheat food
security: A quantitative exploration. Glob Food Sec 35, (2022).

4. Campbell, B. M. et al. Agriculture production as a major driver of the earth system exceeding planetary boundaries.
Ecology and Society 22, (2017).

5. Stevens, C. J. Nitrogen in the environment. Science vol. 363 578—-580 Preprint at
https://doi.org/10.1126/science.aav8215 (2019).

6. Mueller, N. D. et al. Closing yield gaps through nutrient and water management. Nature 490, 254-257 (2012).

Page 9/16



10.

11.

12.

13.

14.
15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

. Farnworth, C. R. et al. Gender and inorganic nitrogen: what are the implications of moving towards a more balanced use

of nitrogen fertilizer in the tropics? Int J Agric Sustain 15, 136—-152 (2017).

. Tilman, D., Cassman, K. G., Matson, P. A,, Naylor, R. & Polasky, S. Agricultural sustainability and intensive production

practices. Nature 418, 671-677 (2002).

. Chivenge, P. et al. Progress in research on site-specific nutrient management for smallholder farmers in sub-Saharan

Africa. Field Crops Res 281, (2022).
Sapkota, T. B. et al. Crop nutrient management using Nutrient Expert improves yield, increases farmers’ income and
reduces greenhouse gas emissions. Sci Rep 11, (2021).

Elrys, A. S., Abdel-Fattah, M. K,, Raza, S., Chen, Z. & Zhou, J. Spatial trends in the nitrogen budget of the African agro-food
system over the past five decades. Environmental Research Letters vol. 14 Preprint at https://doi.org/10.1088/1748-
9326/ab5d9e (2019).

MacLaren, C. et al. Long-term evidence for ecological intensification as a pathway to sustainable agriculture. Nat Sustain
5,770-779 (2022).

Ibarrola Rivas, M., Nonhebel, S. & Jose Ibarrola Rivas, M. Estimating Future Global Needs for Nitrogen Based on Regional
Changes of Food Demand. Agricultural Research & Technology 8, (2017).

FAQ. FAOSTAT. in Fertilizers by Nutrient (2022).

Springmann, M. & Freund, F. Options for reforming agricultural subsidies from health, climate, and economic
perspectives. Nat Commun 13, 82 (2022).

Kanter, D. R. et al. A framework for nitrogen futures in the shared socioeconomic pathways. Global Environmental
Change 61, 102029 (2020).

Kishore, A., Alvi, M. & Krupnik, T. J. Development of balanced nutrient management innovations in South Asia:
Perspectives from Bangladesh, India, Nepal, and Sri Lanka. Glob Food Sec 28, 100464 (2021).

Jayne, T. S., Mason, N. M., Burke, W. J. & Ariga, J. Review: Taking stock of Africa’s second-generation agricultural input
subsidy programs. Food Policy vol. 75 1-14 Preprint at https://doi.org/10.1016/j.foodpol.2018.01.003 (2018).

Holden, S. T. Fertilizer and sustainable intensification in Sub-Saharan Africa. Glob Food Sec 18, 20-26 (2018).
Bonilla-Cedrez, C., Chamberlin, J. & Hijmans, R. J. Fertilizer and grain prices constrain food production in sub-Saharan
Africa. Nat Food 2, 766—772 (2021).

Oyinbo, 0., Chamberlin, J., Abdoulaye, T. & Maertens, M. Digital extension, price risk, and farm performance: experimental
evidence from Nigeria. Am J Agric Econ 104, 831-852 (2022).

FAQ. Impact of the Ukraine-Russia conflict on global food security and related matters under the mandate of the Food
and Agriculture Organization of the United Nations (FAO).
https://reliefweb.int/sites/reliefweb.int/files/resources/EN_125.pdf (2022).

Behnassi, M. & el Haiba, M. Implications of the Russia—Ukraine war for global food security. Nature Human Behaviour
vol. 6 754-755 Preprint at https://doi.org/10.1038/s41562-022-01391-x (2022).

Sapkota, T. B., Bijay-Singh & Takele, R. Improving nitrogen use efficiency and reducing nitrogen surplus through best
fertilizer nitrogen management in cereal production: The case of India and China. Agronomy 178, (2022).

van Beek, C. L. et al. Soil nutrient balances under diverse agro-ecological settings in Ethiopia. Nutr Cycl Agroecosyst 106,
257-274 (2016).

Blackie, M. et al. Maize mixed farming system: An engine for rural growth and poverty reduction. in Farming Systems ana
Food Security in Africa 67—-104 (Routledge, 2019).

Senthilkumar, K. Closing rice yield gaps in Africa requires integration of good agricultural practices. Field Crops Res 285,
108591 (2022).

Xu, X. et al. Methodology of fertilizer recommendation based on yield response and agronomic efficiency for rice in
China. Field Crops Res 206, 33-42 (2017).

Page 10/16



29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

Dobermann, A. et al. Site-specific nutrient management for intensive rice cropping system in Asia. Field Crops Res 74,
37-66 (2002).

World Bank. Commodity Markets Outlook: Pandemic, war, recession: Drivers of aluminum and copper prices.
https://openknowledge.worldbank.org/bitstream/handle/10986/38160/CMO-October-2022.pdf.

Renfro, R. Z. H. Fertilizer price and subsidy policies in Bangladesh. World Dev 20, 437-455 (1992).

Brunelle, T., Dumas, P, Souty, F,, Dorin, B. & Nadaud, F. Evaluating the impact of rising fertilizer prices on crop yields.
Agricultural Economics 46, 653-666 (2015).

Abay, K. et al. The Russia-Ukraine crisis: Implications for Global and Regional Food Security and Potential Policy
Responses. https://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/135913/filename/136124.pdf (2022).
Agegnehu, G., Nelson, P. N. & Bird, M. |. The effects of biochar, compost and their mixture and nitrogen fertilizer on yield
and nitrogen use efficiency of barley grown on a Nitisol in the highlands of Ethiopia. Science of The Total Environment
569-570, 869-879 (2016).

Vanlauwe, B. et al. Agronomic use efficiency of N fertilizer in maize-based systems in sub-Saharan Africa within the
context of integrated soil fertility management. Plant Soil 339, 35-50 (2011).

Chivenge, P, Vanlauwe, B. & Six, J. Does the combined application of organic and mineral nutrient sources influence
maize productivity? A meta-analysis. Plant Soil 342, 1-30 (2011).

Wortmann, C. S. & Stewart, Z. Nutrient management for sustainable food crop intensification in African tropical
savannas. Agron J 113, 4605-4615 (2021).

Ewing, P. M., TerAvest, D., Tu, X. & Snapp, S. S. Accessible, affordable, fine-scale estimates of soil carbon for sustainable
management in sub-Saharan Africa. Soil Science Society of America Journal 85, 1814-1826 (2021).

Burke, W. J., Jayne, T. S. & Snapp, S. S. Nitrogen efficiency by soil quality and management regimes on Malawi farms:
Can fertilizer use remain profitable? World Dev 152, 105792 (2022).

Gurmessa, B. Soil acidity challenges and the significance of liming and organic amendments in tropical agricultural
lands with reference to Ethiopia. Environ Dev Sustain 23, 77-99 (2021).

Saito, K. et al. Yield-limiting macronutrients for rice in sub-Saharan Africa. Geoderma 338, 546-554 (2019).

ten Berge, H. F. M. et al. Maize crop nutrient input requirements for food security in sub-Saharan Africa. Glob Food Sec
23,9-21 (2019).

Drinkwater, L. E. & Snapp, S. S. Advancing the science and practice of ecological nutrient management for smallholder
farmers. Front Sustain Food Syst 6, (2022).

Chaki, A. K. et al. Conservation agriculture enhances the rice-wheat system of the Eastern Gangetic Plains in some
environments, but not in others. Field Crops Res 265, 108109 (2021).

Reich, J., Paul, S. S. & Snapp, S. S. Highly variable performance of sustainable intensification on smallholder farms: A
systematic review. Glob Food Sec 30, 100553 (2021).

Ladha, J. K. et al. Biological nitrogen fixation and prospects for ecological intensification in cereal-based cropping
systems. Field Crops Res 283, 108541 (2022).

Palm, C. A,, Gachengo, C. N., Delve, R. J., Cadisch, G. & Giller, K. E. Organic inputs for soil fertility management in tropical
agroecosystems: application of an organic resource database. Ecosystems and Environmentvol. 83 (2001).

FAO, UNDP & UNEP. A multi-billion-dollar opportunity — Repurposing agricultural support to transform food systems. A
multi-billion-dollar opportunity — Repurposing agricultural support to transform food systems (FAO, UNDP, UNEP, 2021).
doi:10.4060/cb6683en.

Gautam, M. et al. Repurposing Agricultural Policies and Support: Options to Transform Agriculture and Food Systems to
Better Serve the Health of People, Economies, and the Planet.
https://openknowledge.worldbank.org/bitstream/handle/10986/36875/P17064300a6dea0db09c8b0cf6a1dfe8b8a.pdf?
sequence=7&isAllowed=y (2022).

Page 11/16



50. Bindraban, P. S. et al. Safeguarding human and planetary health demands a fertilizer sector transformation. PLANTS,
PEOPLE, PLANET 2, 302-309 (2020).

51. Ragasa, C. & Chapoto, A. Moving in the right direction? The role of price subsidies in fertilizer use and maize productivity
in Ghana. Food Secur 9, 329-353 (2017).

52. Jayne, T. S. & Sanchez, P. A. Agricultural productivity must improve in sub-Saharan Africa. Science (1979) 372, 1045-
1047 (2021).

53. Lu, C. & Tian, H. Global nitrogen and phosphorus fertilizer use for agriculture production in the past half century: Shifted
hot spots and nutrient imbalance. Earth Syst Sci Data 9, 181-192 (2017).

54. Zhang, B. et al. Global manure nitrogen production and application in cropland during 1860-2014: A 5 arcmin gridded
global dataset for Earth system modeling. Earth Syst. Sci. Data 9, 667-678 (2017).

55. IPCC. Chapter 17: N20 emissions from managed soils, and CO2 emissions from lime and urea application. Agriculture
Forestry and Other Land Use. 2079 Refinement to 2006 IPCC Guidelines for National Greenhouse Gas Inventories’vol. 4
(2019).

56. Eyring, V. et al. Long-term ozone changes and associated climate impacts in CMIPS simulations. Journal of Geophysical
Research Atmospheres 118, 5029-5060 (2013).

57. Herridge, D. F.,, Peoples, M. B. & Boddey, R. M. Global inputs of biological nitrogen fixation in agricultural systems. Plant
Soil 311, 1-18 (2008).

58. Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C. & Foley, J. A. Recent patterns of crop yield growth and stagnation. Nat
Commun 3, 1293-1297 (2012).

59. Feliciano, D., Nayak, D. R., Vetter, S. H. & Hillier, J. CCAFS-MOT - A tool for farmers, extension services and policy-advisors
to identify mitigation options for agriculture. Agric Syst 154, 100-111 (2017).

Figures

300.0 3.00

i
=
f=

2.50
200.0 2.00
150.0 1.50

100.0 1.00

Fertilizer and Food Prices Indices

i » f\"
500 =y avs JPefilde,n ¢ 0.50

--#"q T

Ratio: Fertilizer price indices/Food price indices

0.0 0.00
SN "o W~ @m0 Ny WDw g ;o2 N Mg nowm e~ 0m 2
TR b e ELT ER R R A AR i hnd Y
ol T 1 > U o4O L L omo = by O WM | & b RoE = e il
2 3% 9o % 8 0o v oweorgs532 Yoo do kgesargs =Y e b

quZD—-u_E"Ig—. q:mOZD—-u_Eﬂig—‘ Z v QO
Fertilizer Food = = = Rafio

Figure 1

Page 12/16



Trends in fertilizer and food price indices from July 1992 to June 2022, where an index value of 100 corresponds to the 2074-
2016 average prices (left axis), and the ratio of fertilizer and food price indices, where higher values correspond with lower
fertilizer availability (right axis). Sources: Monthly fertilizer price index based on international prices of urea, DAR, potassium,
and phosphate (IndexMundi; online data sources). Food price index from FAOQ.

[ surplus N, Low NUE, Low harvest gap

' Surplus N, Low NUE, High harvest gap
Surplus N, Med NUE, Low harvest gap
Surplus N, Med NUE, High harvest gap
Deficit N, Low NUE, Low harvest gap
Deficit N, Low NUE, High harvest gap
Deficit N, Med NUE,Low harvest gap
Deficit N, Med NUE, High harvest gap

I Deficit N, N mining, Low harvest gap
Deficit N, N mining, High harvest gap

Figure 2

Classification of maize area in India (upper left panel), Ethiopia (lower left panel), and Malawi (upper right panel) based on N
surplus/deficit, nitrogen use efficiency, and N removal gap. Classification details are provided in Methods (N use efficiency
maps).
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Figure 3
Classification of wheat area in India (upper left panel), Ethiopia (lower left panel), and Malawi (upper right panel) based on N

surplus/deficit, nitrogen use efficiency, and N removal gap. Classification details are provided in Methods (N use efficiency
maps).
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Figure 4

Classification of rice areas in India (left panel) and Malawi (right) based on N surplus/deficit, nitrogen use efficiency, and N
removal gap. Classification details are provided in Methods (N use efficiency maps).
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Figure 5

(a) Estimated total N-fertilizer saved in cereal production systems in India, Ethiopia, and Malawi through: (i) promotion of
manure use (including compost) and legume production, (ii) subsidized access to increase use of high-N fertilizer types; (iii)
advisories for improved fertilizer use efficiency. (b) Proportion of N-fertilizer saved relative to N-fertilizer used in cereal
production in India, Ethiopia, and Malawi.
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