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Nutrient asymmetry challenges the
sustainability of Ukrainian agriculture

Check for updates

Sergiy Medinets 1,2 , Oene Oenema 3, Bryan M. Spears 1, Andriy Buyanovskiy4,
Volodymyr Medinets 2, William J. Brownlie 1, Eiko Nemitz1, Massimo Vieno1 & Mark A. Sutton 1

The Russian invasion of Ukraine has disrupted crop exports and global food security, overshadowing
critical nutrient asymmetry and the associated environmental risks. Here we demonstrate that
following nutrient shortages after independence in 1991, fertilizer use increased over 2000-2021, but
has decreased sharply following the invasion in early 2022. Input-output balances of nitrogen (N),
phosphorus (P) and potassium (K) for staple crops (wheat, maize and sunflower) highlight soil P and K
mining since 1991, increasing N surpluses during 2000-2021 and large NPK deficits since the war
began in 2022. Based on analysis of five scenarios for 2030, we show how an Integrated Nutrient
Management Plan for Ukraine combining manure recycling, precision fertilization and legume
expansion is urgently needed, and would maintain crop productivity, significantly reduce nutrient
surpluses and improve nutrient use efficiencies up to 80–89%, substantially curtailing environmental
pollution and soil degradation.

Ukraine has long been one of the world’s leading exporters of wheat, maize
and oilseed products. The Russian invasion of Ukraine in 2022 dramatically
changed this situation. The invasion disrupted the exports of grain and
vegetable oil and increased the prices for fertilizers, energy and shipping,
affecting global food insecurity1–3. The devastating impact of the large-scale
war on Ukraine’s agricultural sector extends beyond the export blockage.
This is related to a decrease in utilized agricultural areas (Supplementary
Fig. 1), damaged infrastructure for processing, storage and irrigation, and
destruction of grain stocks4–6. While the war has sparked discussions on
global food security, energy and fertilizer availability and environmental
impacts2,5–7, to date less attention has been paid to the impacts on the
sustainability of crop production in key exporting countries, including
Ukraine8,9. Large nutrient imbalances may cause severe nutritional, eco-
nomic and environmental threats, including soil degradation, especially in
the long term10–13, jeopardizing crop yields and food exports (Supplemen-
tary Figs. 2-4, Note 1.1). Here, we trace nutrient management during
Ukraine’s transition from the Soviet era (from 1980) through the challenges
of independence (since 1991), culminating in the pre-war period of high
agricultural productivity (2019-2021), and through thefirst two years ofwar
(2022-2023).

Using Ukraine as a case study, we analyze the impacts of nutrient
imbalances, including, to the best of our knowledge, the first county-to-
national scale assessment of how war has disrupted nutrient cycles in a
major breadbasket country, with implications for global food security. We

also assess five forward-looking nutrient management scenarios to inform
policy for sustainable recovery by 2030, while also warning of the potential
consequences if urgent action is not taken. The analysis focuses on the three
staple crops (wheat, maize and sunflower) collectively covering more than
67% of Ukraine’s total utilized agro-area in 202114.

Results and Discussion
Input-output nutrient balances and use efficiencies
FollowingUkraine’s independence in 1991, use of nitrogen (N), phosphorus
(P) and potassium (K) fertilizers and numbers of livestock decreased dra-
matically, mainly due to the disruption of supply and marketing chains15

(Fig. 1; Supplementary Fig. 6). Synthetic fertilizer N use gradually increased
again from early 2000s following economic development, but has reduced
significantly since the Russian invasion in 2022 (Fig. 1; Supplementary
Figs. 7–9). Mean total N fertilizer use increased by 18-fold for sunflower,
8-fold formaize and 5-fold forwheat between 2000 and 2021, reaching 97%,
72% and 108% of the 1990 (pre-independence) levels, respectively (Fig. 1).
As of 2018, Ukraine had the second highest synthetic N fertilizer rate per
hectare of the world’s major countries exporting wheat (after the EU) and
maize (after the US) (Supplementary Figs. 2c, 4c).

Livestock numbers decreased substantially after 199014 (Supplemen-
tary Fig. 6). As a result,manure productionwasmuch lower than in the pre-
independence period. Manure N application to cropland was also hindered
by the decoupling of crop and livestock production systems through farm
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Fig. 1 | Average annual N, P and K fertilizer inputs, yields, nutrient balances and
nutrient use efficiencies for wheat, sunflower and maize crops in Ukraine over
1980, 1986, 1990 and 2000–2023. Fertilizer inputs (a) show the combined amounts
of synthetic and organic NPK applied; yields (b) represent harvested crops removed
from the field; nutrient balances (c) indicate the difference between nutrients in
inputs and those in harvested yields (see “Methods” for details); nutrient use effi-
ciencies (d) are the ratios of nutrients in harvested yield to nutrient inputs (see
“Methods” for details). Annual inorganic N deposition (Supplementary Fig. 5) and

annual N fixation by free-living organisms (assumed to be 5 kg N ha−1 yr−1)37, both
not shown in this figure, were used as N inputs for N balance and N use efficiency
calculations (see “Methods” for details). To avoid risk of soil nutrient mining, 90%
fertilizer use efficiency is shown as an illustrative benchmark target (see “Methods”
for detail). Horizontal dashed lines represent the final year of USSR era (1990), a
distinct drought year (2020) and the beginning of the large-scale war in
Ukraine (2022).
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specialization15. Our estimates indicate that the fraction of manure N
excreted applied to cropland decreased from around 34% in 1986-1990 to
around 10% in 2021 (Supplementary Fig. 10). As a result, manure N
(including other organic fertilizers) contributed only 2–4% to the total
fertilizerN input to the studied crops (wheat,maize and sunflower) in 2020-
2021, while this sharewas 24-53%during 1980-1990 (Fig. 2; Supplementary
Fig. 11, Note 2.1). We estimate the economic loss from unutilized manure
nutrients at around USD 2.2 billion in agriculture across Ukraine in 2021
(Fig. 3; Supplementary Note 2.1).

Following the dramatic reduction in total fertilizer use after 1990, NPK
withdrawal in harvested wheat, maize, and sunflower decreased only
modestly during the first ten years. Fertilizer use and NPK withdrawal in
harvested crops increased again during the 2000-2021 period (Fig. 1). We
attribute themodest initial decline in yields underNPKinput deficits during
1990–2000 to compensation by soil nutrient mining, i.e. enhanced miner-
alization of organic matter reserves inherent to the rich black soils
(Chernozems)8,15. Persistent nutrient-deficient soil management practices
led to continuous depletion of soil organic matter (SOM) across Ukraine,
resulting in ameasurable 5–6% reduction in SOM content over that decade
(SupplementaryFig. 12,Note 2.2–2.3). The increasing cropyields during the
period 2000–2021 are probably due to a combination of increased fertilizer
use, together with improved crop varieties and crop husbandry practices.
Ukraine ranked second (after the EU) in wheat yield per hectare and third

(after theUSandArgentina) inmaize yieldover 2019–2021 (Supplementary
Figs. 2b, 4b).

Balances of NPK inputs and outputs for wheat, maize, and sunflower
revealed continuousdeficits for P andKandvariable deficits/surpluses forN
for these crops during 2000–2023 (Fig. 1). Sunflower tended to have con-
tinuous N deficits, while maize (since 2001) tended to have continuous
surpluses. Wheat had relatively large N deficits in the early 2000s and
surpluses from 2010 onward, increasing steadily from 2016.We estimate N
surpluses of up to 59 and 68 kgN ha−1 yr−1 for wheat and maize, respec-
tively, in 2020, which was a dry year (Fig. 1). The resulting economic loss
associatedwith each 10 kgN surplus ha−1 for the combined area of the three
crops in Ukraine was around USD 524 million annually (Supplementary
Note 2.1). The actual surpluses were higher if the contribution of organic N
deposition from the atmosphere is considered considered16–18 (seeMethods
for details). The combinedNPKdeficits in 2023 for the three crops exceeded
those of any year since 2000 (Fig. 1; Supplementary Note 2.4).

We thus see a major asymmetry in Ukrainian agricultural nutrient
balances at the country scale, with recent surpluses for N in wheat and
substantial continuous deficits for both P and K, followed by the pervading
NPK deficits in 2023. By asymmetry in this context, we mean the combi-
nation of imbalances (including spatially), both between inputs and outputs
(including demand by different crops) and between different nutrients,
leading to low nutrient use efficiency. As seen in Fig. 4, we find large

Fig. 2 | Average annual synthetic and organic N, P, and K fertilizer application to wheat, sunflower, and maize in Ukraine during 1980, 1986, 1990, and 2000-2023.
Dotted lines represent the beginning of the large-scale war in Ukraine (2022); dash-dotted lines represent the final year of the USSR era (1990).
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Fig. 3 | Estimated annual economic loss from unutilized manure nutrients in
Ukrainian agriculture from 1986 to 2023 (colored bars). Values are in million
USD per year, based on the average price of one kg of N, P and K in synthetic

fertilizers as of June 2024 (see Supplementary Note 2.1). Dotted lines represent the
final year of USSR era (1990) and the beginning of the large-scale war in Ukraine
(2022). The percentage of unutilized manure is also shown next to each bar.

Fig. 4 | Average annual N, P and K input-output balances for wheat, sunflower
and maize per county in Ukraine over 2019-2021, pre-war years. Positive values
indicate nutrient surplus liable to be lost; Negative values indicate nutrient deficit.
Annual inorganic N deposition (Supplementary Fig. 5) and annual N fixation by

free-living organisms (assumed to be 5 kg N ha−1 yr−1)37, both not shown in this
figure, were used as N inputs for N balance calculations (see Methods for details).
Grey-filled counties indicate no data; see Supplementary Table 1 and Fig. 17 for
county details.
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variations in nutrient balances between counties, reflecting large differences
between counties in NPK applications, often with asymmetric responses in
yields (Supplementary Figs. 14–16, Note 2.5).

During the mid-1980s, NPK use efficiencies for most crops were
mostly ≤50% due to excessive NPK inputs linked to subsidized synthetic
fertilizers8,15 and the application of relatively large amounts of animal
manure, which was available in much greater quantities than currently
(Fig. 2; Supplementary Fig. 7). During the 1990s - early 2000s inputs of NPK
via synthetic and organic (largely manure) fertilizers greatly decreased,
mainly due to the disruption of supply andmarketing chains, while the crops
largely relied on soil nutrient stocks15, leading to soil degradation (Supple-
mentary Fig. 12, Note 2.2–2.3). As a results, fertilizer NPK use efficiencies
exceeded 100% during this period. Later, NPK use efficiencies of maize (since
2004) and wheat (since 2010) decreased again but remained variable for N
(60-97%) andwell above 100% for P andK; the opposite tendency was found
for sunflower (Fig. 1). Thus, NPK use efficiencies surpassing 90-100%
indicate continuous soil nutrient depletion19, particularly for K and P, but
also for N, as evidenced by steady decline in soil organic matter content
during this period (Fig. 1; Supplementary Fig. 12, Note 2.6). The spatial
patterns of nutrient use efficiencies varied significantly across crops and
betweenmajor georegions of Ukraine (Supplementary Figs. 18–20, Note 2.7).

Impact of the war on nutrient balances and use efficiencies
Following the Russian invasion of Ukraine on 24 February 2022, slight
decreases during 2022 were observed in fertilizer application and crop
production. This limited immediate impact could be attributed to the
resilience of fertilizer and agrochemical supply chains, which benefited from

advanced planning and restocking routines typically completed by late
winter/ early spring. Consequently, fertilizers for winter/ spring crops
contracted in 2021were largely accumulated inwarehouses inUkraine and/
or even delivered to farmers despite the onset of hostilities. However, the
impact of the war was larger in 2023. Total fertilizer applications decreased
by 37-54% for the three crops compared with 2021, while the utilized agro-
area decreased by 22-34%. Despite this, favourable weather conditions,
enhanced soil mineralization, and, potentially, residual soil nutrients from
preceding crops collectively contributed to relatively high yields in 2023,
comparable to those in 2021. Conversely, this led to high nutrient use
efficiencies, but exacerbated soil nutrient mining to levels greater than the
early 2000s (Fig. 1; SupplementaryFigs. 21-23). The impact has beenuneven
across the country, with higher soil N depletion observed in central, eastern,
and south-western counties (Fig. 5). We anticipate a substantial further
increase in NPK deficits, leading to soil nutrient mining in Ukrainian
agriculture, ultimately degrading soils and decreasing yields if the war
continues (see scenario S-w below). This indicates the need for farmers to be
supported with economic and technical assistance to prevent an eventual
collapse of food production.

Implications for food security
The evolving nutrient management landscape in Ukraine holds profound
implications not only for national food security but also for the stability of
the global food supply chain. As one of the world’s top exporters of wheat,
maize and sunflower oil, Ukraine plays a critical role in feeding over 400
million people worldwide, particularly in import-dependent regions20,21

(Supplementary Figs. 2–4, Note 1.1). However, the ongoing war has

Fig. 5 | Average annual N, P, and K input-output balances for wheat, sunflower,
andmaize per county inUkraine during 2023, the 2nd year of the large-scale war.
Positive values indicate nutrient surplus liable to be lost; Negative values indicate
nutrient deficit. Annual inorganic N deposition (Supplementary Fig. 5) and annual

N fixation by free-living organisms (assumed to be 5 kg N ha−1 yr−1)37, both not
shown in this figure, were used as N inputs for N balance calculations (see Methods
for details). Grey-filled counties indicate no data or excluded data (see Methods for
details); see Supplementary Table 1 and Fig. 17 for county details.
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disrupted fertilizer supply chains and reduced agricultural inputs, aggra-
vating imbalances of N, P and K (Figs. 1, 5; Supplementary Fig. 8). These
imbalances aremarked by spatial and crop-type asymmetry inN (surpluses
in some areas, and deficits in others) and persistent deficits in P and K
(Figs. 4, 5). The resulting degradation of Ukraine’s Chernozem soils (Sup-
plementary Fig. 12,Note 2.2), is crucial as these store about 7%of theworld’s
soil carbon and underpin around 90% of the country’s agricultural
output14,22. Without immediate intervention, this trend could trigger sub-
stantial losses of soil organic matter, especially in the regions affected by the
war, risking long-term productivity declines for key crops, such as wheat
and maize23.

Given that Ukrainian grain exports traditionally support food security
in regions such asNorthAfrica and theMiddle East (Supplementary Fig. 3),
disruptions in crop output could exacerbate hunger and price volatility
worldwide20,21. The ripple effects are global: disruptions in Ukrainian grain
exports during the early months of the war contributed to a sharp rise in
global food prices, with the FAO Food Price Index reaching its highest level
on record in 2022, over 14% higher than the previous year24. This surge
intensified global food insecurity, contributing to a wider hunger crisis with
a global estimate of 691–783millionpeople affected in 202225.Moreover, the
under-utilization ofmanure, caused by the decoupling of livestock and crop
systems, represents a missed opportunity for circular nutrient economy
practices (Figs. 2, 3; Supplementary Figs. 10, 11, Note 2.1) that could reduce
dependence on synthetic fertilizers while lowering reactive N and green-
house gas emissions. Addressing these challenges requires improved access
to fertilizers and long-term investments in integrated nutrientmanagement
strategies. Strengthening Ukraine’s nutrient resilience is not merely a
national priority but a global imperative when considering the global food
security and climate interactions.

Nutrient management scenarios
We developed forward-looking nutrient management scenarios to project
how Ukraine’s nutrient balances for major crops (wheat, maize, sunflower)
might evolve by 2030 (Table 1, Fig. 6; Supplementary Tables 2, 3, Figs. 24,
25). These scenarios highlight both challenges and opportunities for
Ukraine to achieve agricultural sustainability (see details in Supplementary
Note 2.8). The scenarios include:

S-0: Business-as-usual (BaU), maintaining 2021 practices prior to the
invasion of Ukraine;
S-w:Extendedwar disruption scenario, assuming prolonged fertilizer
shortages at 2023 levels;
S-1: Manure-enriched precision fertilization, replacing synthetic N
with manure-N of an increased 30% share;
S-2: Enhanced-efficiency fertilizers (EEFs), building upon S-1;
S-3: Legume-based diversification, in combination with S-2 or S-1.
In the BaU scenario (S-0), substantial nutrient imbalances persist with

annual N surpluses (~42 kgN ha−1 yr−1 for wheat and maize), causing
cumulative losses of ~4 million tonnes (Mt) N total over 2024-2030 across
these crops growing areas in Ukraine (Table 1). Simultaneously, P and K
deficits (6–10 kg ha−1 yr−1) lead to cumulative soilmining of ~0.1Mt of each
by 2030, gradually reducing soil fertility (Supplementary Tables 2, 3,
Note 2.8). Sunflower systems, nearly balanced in 2021, remain less
problematic.

The extended war disruption scenario (S-w) severely escalates
nutrient depletion, projecting cumulative deficits of 1.7Mt N, 2.8 Mt P and
2.1 Mt K for the three crop growing areas over 2024-2030 (Table 1; Sup-
plementary Tables 2, 3, Note 2.8). Such extreme nutrient mining risks
irreversible damage to Ukraine’s Chernozem soils, depleting soil organic
matter and lowering productivity, echoing degradation patterns of the
1990s15,26,27. This scenario emphasizes the critical need for immediate
interventions to sustain national and global food security.

By contrast, the three sustainable nutrient management scenarios
demonstrate achievable improvements (Fig. 6; Supplementary Figs. 24, 25).
Scenario S-1 involves substituting part of synthetic N fertilizer with man-
ure-N, reaching a30%share, combinedwithprecision fertilization strategies

(e.g., guided by a Smart Fertilizer Planner; Supplementary Note 2.9),
reducing total N inputs (through synthetic N) by 10% for maize and wheat,
and 5% for sunflower. By 2030, S-1 projects a 37% synthetic N reduction, a
28% increase in manure-N, halving N surpluses and approaching balanced
P and K applications. This scenario envisages a significant reduction of N
losses: ammonia (NH3) reduce by ~49%, nitrous oxide (N2O) by ~13% and
N runoff by 50–67%, with potential yield increases of ~5%, compared to
BaU (S-0). Nutrient use efficiencies would increase substantially, reaching
76–84% for N and 79–87% for P and K, alongside improved soil organic
matter and resilience (Table 1; Supplementary Tables 2, 3, Note 2.8).

Scenario S-2 builds on S-1 by integrating EEFs, allowing an additional
10% reduction in total N (through synthetic N) without yield loss. By 2030,
N surpluseswoulddecrease further to 9–17 kgNha−1 yr−1, elevatingNUE to
85–88%, with cumulative emissions reduced significantly: NH3 (~77%),
N2O (~48%) and nitric oxide (NO, ~60%) compared to BaU (Table 1;
SupplementaryTables 2, 3,Note 2.8). This substantially enhances air quality
and supports climate mitigation.

Scenario S-3, proposes expanding legumes to 20% of grain land,
leveraging biologicalNfixation (130–150 kgNha−1 yr−1, on average28). This
strategy could deliver an estimated 40–50 kgN ha−1 benefit to subsequent
cereals, reducing total N inputs (through synthetic N) by an additional
~15%.Whencombinedwith S-1or S-2, this results in a 52–61%reduction in
synthetic N input relative to BaU by 2030, with an expectation of main-
taining the same level of yields as BAU but with higher nutrient use effi-
ciency (Table 1; Supplementary Note 2.8).

Collectively, these scenarios show how Ukraine’s nutrient asymmetry
can be addressed. By adopting sustainable nutrient management practices
(S-1, S-2, S-3), Ukraine could maintain crop productivity, significantly
reduce nutrient surpluses and improve nutrient use efficiencies to 80–89%,
substantially curtailing environmental pollutionand soil degradation (Fig. 3,
Table 1; Supplementary Figs. 24, 25, Tables 2, 3). The urgency of transi-
tioning from fertilizer dependence, intensified by war-induced disruptions,
underscores the need for immediate policy actions and investment toward
sustainable agricultural recovery (see below).

Current challenges and urgent actions
Based on our analyses, there is strong evidence of imbalanced nutrient
use in Ukraine, which is greatly exacerbated by the current Russo-
Ukrainian war. The increased asymmetry between nutrient inputs and
outputs, and between N, P, and K, is reducing the sustainability of crop
production, while also jeopardizing the economy, environment, and
future global food security. These changes originate in part also from the
hundreds of thousands of casualties in Ukraine, as well as around 5
million internally displaced Ukrainians, and loss of 20% of the popula-
tion who have fled the country29. Aside from the obvious humanitarian
crisis, these human disturbances limit the ability to focus on sustainable
practices. Recognizing these challenges, the observed nutrient asym-
metry highlights the need to develop an Integrated Nutrient Manage-
ment Plan for Ukraine, which can also have relevant messages for other
countries. To support this, our analysis of scenarios points toward the
following priority measures for sustainable recovery, which would also
improve farm profitability:
• Adoption of precision fertilization principles for crop nutrition based

on crop requirements and the ‘5R approach’ (right source, rate,
application time, application place, and application method) at the
field-to-farm scale is the foundational measure underpinning all
sustainable practices, as demonstrated in scenarios S-1, S-2, and S-3
(Table 1; Supplementary Tables 2, 3, Note 2.8). This approach should
be supported/guidedby a simple, farmer-friendly, region-tailored, crop
variety-specific Smart Fertilizer Planner tool to estimate NPK input
requirements based on crop yield of top-performing farms in a region
over the past 3-5 seasons (Supplementary Note 2.9). After harvest,
this tool would help calculate annual field-scale nutrient balances
and estimate nutrient use efficiency, to guide actions for the
following season.
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• Increasingmanure-N recycling by 30%by 2030 is a top-priority,multi-
benefitmeasure.When combinedwithprecision fertilization, as shown
in scenario S-1, it could lead to a 37% reduction in synthetic N use,
partly through substitutionwithmanure-N, while halvingN surpluses,
significantly mitigating direct N emissions (including from previously
wasted manure), and helping to balance P and K applications
compared to BaU (scenario S-0). Thismeasure also boosts nutrient use
efficiency (76–87%) and enhances soil organic matter and resilience
(Table 1; Supplementary Tables 2, 3, Note 2.8). However, successful
implementation requires government support through the develop-
ment and strong coordination of a national programme to reintegrate
animal husbandry and cropping systems. This could include
manure–fodder exchanges between livestock and arable farms and
increased use of processed manure, supported by investments in
community-level manuremanagement infrastructure. As a first step, a
nationwide inventory of manure management practices should be
conducted across georegions to improve manure collection, promote
low-emission storage on livestock farms, and ensure complete
recycling of manure nutrients onto croplands with minimal environ-
mental pollution (see Supplementary Fig. 10, Note 2.1).

• Application of EEFs, including urease and/or nitrification inhibitors as
well as slow-release formulations, is a targeted measure aimed at
maximizing environmental benefits by mitigating N pollution. When
combined with the previous two measures (as illustrated in scenario
S-3), EEFs could significantly reduce N emissions by 48–64% and
increase NUE to 85–88% (Table 1; Supplementary Tables 2, 3,
Note 2.8), e.g., replacing conventional urea with slow-release fertilizers
offers a practical and immediately actionable step toward achieving
these outcomes.

• Diversification of crop rotation with N-fixing leguminous crops
(including cover crops) is a conventional yet actionable strategy to
reduce N fertilizer inputs and deliver broader benefits for subsequent
crops, such as improved soil quality, disruption of pest/disease cycles,
enhanced P availability and potential yield gains. In scenario S-3, we
showed that when combined with manure-enriched precision
fertilization (S-1) and/or EEFs (S-2), this approach can achieve
a substantial 52–61% reduction in synthetic N use relative to the BaU

(S-0) scenario by 2030. Although potentially less profitable for farmers
in the short term,practices such as cover cropping for greenmanure are
likely to require subsidies to support widespread adoption (Table 1;
Supplementary Note 2.8).

In addition, the establishment of regional advisory services to support
the implementation of the outlined measures and broader Good Agri-
cultural Practices at the field-to-farm level should be incorporated into an
Integrated Nutrient Management Plan for Ukraine. These would raise
farmers’ awareness of nutrient management issues by offering education
and knowledge transfer, with tailored, region-specific strategies supported
by simplified cost-benefit analyses and providing the required information
for the Smart Fertilizer Planner. Accompanying grants and loans to farmers
for investment in nutrient management would catalyze change that can
ultimately become self-sustaining (Supplementary Note 2.10).

Developing such a plan, evidence-backed by our scenario analysis,
should not wait until the war is over. While the war makes conditions
harder, all the measures listed could already start with appropriate invest-
ment. Indeed, there is now an urgent need for strengthening international
action to support Ukrainian agriculture and prevent further depletion of
precious nutrients with the accompanying soil degradation, while recog-
nizing that thismust be the start of a long-termcommitment to supporting a
transition to sustainable nutrient management. We propose that an Inte-
grated Nutrient Management Plan for Ukraine be incorporated into the
agriculture sector recovery under theUkraine Recovery andReconstruction
(URR)budget, which currently accounts for 10.5%of the total plannedURR
budget of USD 524 billion30. We also recommend prioritizing agro-food
system resilience as a key focus within the URR framework.

The actions listed are not only a priority for the Ukrainian economy,
but are needed to maintain continued exports internationally, global food
security, and environmental sustainability, contributing to SDG Goal 2:
Zero Hunger by 2030 and supporting the transition to a circular and net-
zero economy by combating nutrient pollution and reducing greenhouse
gas emissions. Addressing this wider challenge is a key opportunity for
United Nations-affiliated bodies such as the International Nitrogen Man-
agement System11, the UNEP Nitrogen Working Group, and the Global

Fig. 6 | Average nitrogen (N) surplus or deficit as a percentage of total N input for
wheat, maize, and sunflower in Ukraine under five contrasting scenarios
for 2030. The business-as-usual scenario (BaU; S-0) reflects the continuation of
2021 agricultural practices prior to the Russian invasion. The extended war dis-
ruption scenario (War; S-w) assumes prolonged fertilizer shortages at 2023 levels.
Themanure-enriched precision fertilizer scenario (S1; S-1) involves the substitution
of synthetic Nwithmanure-N, increasing its share by 30%, combinedwith precision
fertilizer application. The enhanced efficiency fertilizer scenario (S2; S-2) builds
upon S1 by incorporating nitrification inhibitors and slow-release fertilizers. The
legume-based diversification scenario (S3; S-3) introduces optimized crop rotations

with legumes, in combination with S2 or S1 (see Nutrient Management Scenarios).
Scenario colours indicate relative N emission reductions: red (BaU) denotes no
reduction, a green gradient from S1 to S3 reflects stepwise reductions, and grey
indicates the situation under the War (see Table 1; Supplementary Note 2.8). The
green-shaded belt represents the acceptable N surplus range, between 10% and 20%
of total N input38. The green-dotted belt indicates further reductions from 10%
toward the minimally unavoidable N loss, expected to decline over time with
improved agricultural practices. Arrows indicate the direction of surplus reduction.
The dotted horizontal line marks zero N balance (equilibrium) with surpluses above
and deficits below this threshold.
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Partnership onNutrientManagement, in cooperation with the FAO, where
a stronger coordination of effort is needed that linksmanagement ofN, P, K
and other nutrients. International actionwould helpmobilize cross-sectoral
intergovernmental policy on nutrients, accelerating the transition to a cir-
cular economy. If progress is to bemade towards theColomboDeclaration31

and Target 7 of the Global Biodiversity Framework32, to at least halve
nitrogenandwidernutrient pollutionby 2030, such international support to
Ukraine could become a beacon to guide necessary actions globally.

Methods
Agricultural data
We analyzed Ukraine’s national statistical data14 to estimate NPK balances
of utilized cropland and fertilizer-derived nutrient use efficiencies of crop-
land used for the production of wheat, maize, and sunflower; crops grown
for forage were not included in our analysis. The focus was on the period
from 1980 to 2023, which includes the years of the large-scale war impact
(2022-2023) and the last 10 years of the pre-independence (1980-1990)
period.Weusedannual statistical data (yield, synthetic andorganic fertilizer
use per crop) reported by SSSU14 to calculate average synthetic and organic
NPK fertilizer inputs as well as yield per hectare of the utilized agricultural
area (UAA) allocated to each respective crop.Where county-level data were
available (since 2007 for sunflower andmaize, and since 2009 forwheat), we
used these to calculate UAA-weighted annual magnitudes for each
respective crop (see SupplementaryNote 3.1). Since 2014, national statistics
have not included areas that were temporarily occupied or annexed by the
Russian Federation. Between 2014 and 2021, the occupied territories varied
but encompassed approximately 30% of Donetsk and 50% of Luhansk
counties. Statistical data from the remaining areas under Ukrainian control
were collected and published in full. The Autonomous Republic of Crimea
was annexed in 2014, and no official data have been available from this
region since then. Following the large-scale Russian invasion on 24th Feb-
ruary, 2022, national statistics have ceased data collection in areas once they
fall under Russian control and resume collection once those areas are lib-
erated. All regions remaining under Ukrainian control have continued
regular reporting in accordance with established procedures since the war
began. In our analysis, we use average data (e.g., kg nutrient ha−1 yr−1) rather
than total annual values (e.g., kg nutrient per county or country) to mini-
mize spatial coverage bias and ensure comparability within the same county
across different time periods (e.g., non-occupied vs. partially occupied).We
assume that average values and trends are representative of the county as a
whole. However, if a county is more than 75% occupied, either by total area
or by area under the studied staple crops (whichever threshold is reached
first), we exclude it from the analysis, assuming the data are not repre-
sentative. For example, in 2023, Kharkivska (E-KR) and Luhanska (E-LU)
counties in their entirety, Donetska (E-DO), for maize were excluded. Also,
we excludeddata for 2023 forChernihivska (C-CN) county, as it reported an
unexplained increase in fertilizerapplication, suchas 1.6-fold (155 kg Nha−1

yr−1) for sunflower and 1.7-fold (245 kgN ha−1 yr−1) for maize in the 2nd
year of the large-scalewar, comparedwith 2021, thepre-war year,whichwas
most likely an error.

Nutrient contents in manure and other organic fertilizers
Since information on manure types and other organic materials applied to
fields was either unavailable in national statistics before 2018 or only par-
tially available for 2018–2023, the data during these years indicated only
total manure from agricultural animals (i.e., a sum of manure from cattle,
pigs, sheep and goats), total manure from poultry (i.e., a sum of manure
from chickens, ducks and geese), as well as other organic materials,
including other ‘unspecified’ organic fertilizers, silt, sapropel, peat and
related substances14. In both cases, no data on N, P, K contents in these
manures and organic fertilizers were reported in national statistics14. The
literature data on average N, P, K contents in manure varied widely (Sup-
plementary Table 4), while actual nutrient content in manure can be even
more variable, depending on factors such as (i) animal types, as each

producesmanurewithuniquenutrientprofiles (e.g., poultrymanure is often
richer in N and P compared to cattle manure), (ii) the diet of the animals
(e.g., nutrient-rich feeds yield manure with higher nutrient levels), (iii) age
and growth stage (e.g., younger animals retain more nutrients for growth,
resulting in lower nutrient levels in their manure), (iv) moisture content in
manure (e.g., liquid manure generally has diluted nutrient levels compared
to solid manure), and (v) storage conditions, including temperature and
handling practices, which can lead to nutrient loss over time, particularly of
N. Therefore, actual manure testing is recommended for precise field
application, as part of the Good Agricultural Practices.

To quantifyN, P andK content in the present study for the ‘undefined’
organic fertilizers as reported in national statistics14, we:
1. Surveyed various literature sources for N, P and K content across

manure types and ultimately decided to use data reported as typical for
Ukraine33 (see Supplementary Table 4).

2. Analyzed detailed statistics from 2018–2023 to estimate the average
contribution of ‘total manure from agricultural animals’ (79.8%),
poultrymanure (10.8%) andother organic fertilizers (9.4%, including a
minor share (<1%) of sapropel and peat) to the total organic fertilizer
applied14. We used the poultry share in a sensitivity analysis to
approximate the poultry proportion of total organic fertilizers applied
in previous years.

3. Calculated a mean sensitivity coefficient (1.288) as the mean ratio
between (a) the poultry manure share in total organic fertilizer to (b)
the poultrymanure share in totalmanure produced during 2018–2023,
and applied this coefficient retrospectively to estimate poultry manure
shares in total organic fertilizer for earlier years.

4. Assumed thatmost of themanure applied in the category ‘totalmanure
from agricultural animals’, as reported in national statistics on animal
husbandry14, was likely fresh cattlemanure on strawbedding due to the
practical absence ofmanuremanagement systems inUkraine.We also
assumed that chicken manure comprised the majority of poultry
manure applied. Due to the lack of specific data and for simplicity, we
applied theN,P,Kcontents for fresh cattlemanure on strawbedding to
other ‘unspecified’ organic fertilizers, which made up less than 10% of
the total organic fertilizer applied in 2018–2023.

5. Finally, we computed weighted N, P and K contents in the total
‘undefined’manure applied to thefield for each study year based on the
proportions of poultry manure (using specific NPK contents for
chickenmanure) and other organic fertilizers, including ‘total manure
from agricultural animals’ and ‘other organic fertilizer applied’ (using
specificN, P,K contents for fresh cattlemanure on straw bedding) (see
Supplementary Table 5).

Atmospheric deposition data
We used mean annual atmospheric deposition rates of total inorganic N
compounds, i.e., the sum of reduced (NH3 and NH4

+) and oxidized (NO,
NO2, NO3

-, N2O5, HNO3, etc.) forms, which were simulated by the EMEP-
MSC-W model for 1990–202234 (Supplementary Fig. 5); these EMEP-
reported data were used for both country and county scales. However, we
must emphasize the limited applicability of current atmospheric model
results, including EMEP-MSC-W, due to: (i) the inclusion of deposition
estimates for inorganic N forms only, (ii) reliance on data largely based on
estimated N emissions reported by countries that lack, or have poorly
developed, national emission monitoring networks, including Ukraine,
rather than on measured data, (iii) the lack of any estimates for organic N
deposition, which have been shown to significantly contribute to total
atmospheric deposition16, including in studies conducted in Ukraine17,18,35

(SupplementaryNote3.2). IncorporatingorganicNdeposition requiresmore
field studies with further in-depth investigation of the underlying chemical
mechanisms before being included in atmospheric models. Meanwhile,
atmospheric deposition of P and K is generally assumed to be negligible13,36;
however, more field measurements worldwide are needed to confirm or
challenge these assumptions in specific regions (Supplementary Note 3.2).
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Biological N fixation data
Although symbiotic biological N fixation is often not reported for maize,
sunflower, and wheat37, N fixation by free-living organisms is assumed to
occur in all the studied cropping systems in Ukraine. Since no specific data
for Chernozems are available, we included an average N fixation con-
tribution by free-living organisms of 5 kg Nha−1 yr−1, as a feasible rate based
on the review by Herridge et al.37. Available evidence suggests insignificant
use of legumes in crop rotations in Ukraine.

Nutrient balance estimations
We included nutrient inputs via organic (including manure) and syn-
thetic fertilizers, atmospheric inorganic N deposition, and N fixation by
free-living soil organisms, thereby neglecting inputs via soil weathering
andmineralization.We did not consider any input from irrigation, as our
study focused solely on rain-fed systems. Thus, annual agricultural bal-
ance of each crop (wheat, maize, sunflower) for each nutrient (N, P, K)
was calculated as the difference between a total fertilizer input, that is, the
sum of synthetic and organic fertilizer, applied as annual mass of N, P, K
per hectare, plus atmospheric inorganic N deposition and N fixation by
free-living organisms, minus the crop yield, expressed as the corre-
sponding nutrient mass per hectare. Positive nutrient balances indicate
nutrient inputs via fertilizers and manure exceed the nutrient withdrawal
with harvested crop, while negative balances reflect a nutrient deficit, i.e.,
nutrient withdrawal with harvested crop exceeds the nutrient inputs via
fertilizers and manure. We assume that straw and other crop residues
were largely returned to the soil and, therefore, were not included in the
harvested crop yield (see Supplementary Note 3.3). We highlight general
trends for wheat, maize, and sunflower crops, while recognizing that
considering crop rotations may influence results at the site level
(see Supplementary Notes 3.4).

Nutrient use efficiency estimations
We estimated total fertilizer N, P, and K use efficiencies (NUE, PUE, KUE)
for each cropping system as the ratio of nutrients in harvested yield to
nutrient inputs via organic and synthetic fertilizers applied. According to
EUNEP19 the optimal NUE, accounting all N sources rather than fertilizers
only, was suggested to be in a range between 50–90% with a desired yield
above 80 kg N ha−1.We also applied this framework also for P and K. Thus,
NUE, PUE, and KUE above 90–100% indicate a high risk of soil nutrient
mining, while those below this level indicate increasing risk of losses to the
environment, with possible soil nutrient accumulation. The limitations of
the generalized EUNEP approach have been recently outlined38,39 and dis-
cussed in the Supplementary Note 3.5.

Nutrient contents in crop yields
As information regardingNPK contents in the harvested crop yield was not
available from national statistics, we made a survey to explore various
sources, and finally used crop removal coefficients for each crop retrieved
from the most recent and comprehensive meta-analysis conducted8,40. We
crosschecked these coefficients for NPK40 with other available datasets
(Supplementary Table 6).

Nutrient management scenarios
We developed five nutrient management scenarios to assess how Ukraine’s
crop nutrient balances might evolve by 2030 under different strategies
(Table 1; Supplementary Tables 2, 3). These include: (i) Business-as-Usual
(BaU) scenario (S-0), assuming a return to 2021 practices; (ii) Extended war
disruption scenario (S-w), assuming prolonged fertilizer shortages at 2023
levels; (iii) Manure-enriched precision fertilization scenario (S-1), targeting
manure to supply 30% of total fertilizer N by partially substituting synthetic
N; (iv) Enhanced-efficiency fertilizer (EEF) scenario building on S-1 (S-2);
and (v)Legume-baseddiversificationscenario (S-3),designed tobecombined
with S-2or S-1. Sustainable nutrientmanagement scenarios (S-1, S-2, S-3) are
based onmaintaining the 2021 yield level. All scenario designs, assumptions,
calculations, and limitations are detailed in Supplementary Note 2.8.
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