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Abstract
Human activity over the past century has greatly disrupted the natural nitrogen (N) balance,
harming health and the environment. Sustainable nitrogen management requires cross-sectoral
governance, but studies tracking nitrogen flows across sectors are limited. This study assesses
cross-sectoral sources, flows, and sinks of reactive nitrogen (Nr) in Austria, identifying direct Nr

inputs and emitting sectors. Using the ‘UNECE-Guidance Document on National Nitrogen
Budgets’ and material flow analysis, we quantified Austria’s national nitrogen budget for
2015–2019. Results show the main nitrogen inflows and outflows from imports and exports in the
consumer goods and chemical industries. Energy imports also contribute significantly. Some
nitrogen is temporarily stored (e.g. in products) or transferred between sectors. However, not all of
this N-loss is of direct environmental concern. Annually, 389 kt Nr are lost directly to the
environment and causing significant environmental and economic consequences. Direct Nr inputs
primarily originate from agriculture (39.3%) and energy/transport (20.7%), with around 30%
from cross-border fluxes via water (13.9%) and air (16.6%). The remaining 10% stem from
settlements, waste management, and industry. This study highlights the complexity of nitrogen
sources and sinks in Austria and underscores the need for improvements towards reduced
uncertainties in future research, including higher-resolution spatial data to account for regional
variability.

1. Introduction

Reactive nitrogen (Nr) is vital for life but naturally
limited. Over the past century, human activities—
especially fossil fuel combustion and the Haber–
Bosch process—have increased anthropogenic Nr

production over tenfold, turning nitrogen from a
scarce resource into a surplus (Galloway et al 2008).
This dramatic increase has pushed Nr beyond its
planetary boundaries (Richardson et al 2023), with
wide-ranging impacts on climate, ecosystems, biod-
iversity, and human health (Häußermann et al 2021).

While nitrogen fertilization has been vital for agri-
cultural productivity, the associated environmental
damage now outweighs its economic benefits inmany
regions (Leip et al 2011). The sustainable manage-
ment of Nr is thus a critical cross-sectoral chal-
lenge and of great importance for achieving mul-
tiple United Nations Sustainable Development Goals
(United Nations 2015). The reduction of Nr emis-
sions is therefore a central task of various envir-
onmental policies. However, studies that monitor
all-encompassing cross-sectoral N-flows remain
rare.
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International frameworks such as the UNECE
Convention on Long-Range Transboundary Air
Pollution (UNECE 1999) and the EU National
Emission Ceilings Directive (Directive 2016/2284/EU
2020) recommendmember states to develop national
nitrogen budgets (NNB). NNBs serve as comprehens-
ive tools for quantifying Nr sources, sinks, and fluxes
within defined spatial and temporal boundaries. They
provide critical insights into emission hotspots, pol-
lution swapping, and opportunities for synergistic
mitigation strategies (Galloway et al 2003). Several
countries have compiled NNBs of varying detail
and scope, including the Netherlands (Kroeze 2003),
Germany (Umweltbundesamt Deutschland 2009a,
2009b, Geupel and Frommer 2015), Switzerland
(BAFU 2010, Heldstab 2013), the USA (Doering
III 2011, Sabo et al 2019), Denmark (Hutchings
et al 2014), Canada (Clair et al 2014), Great Britain
(Worrall et al 2016), Scotland (Carnell et al 2019),
China (Gu et al 2015, Zhang et al 2021), Japan
(Hayashi et al 2021), New Zealand (Parfitt et al
2012), and Norway (Hohmann-Marriott 2025).
Continental budgets have been developed for Europe
(van Egmond et al 2002, Leip et al 2011) and Asia
(Zheng et al 2002).

To guide policy decisions, various studies on
nitrogen flows in Austria have addressed different
aspects of nitrogen cascades. These include the nitro-
gen budget for national food and material con-
sumption (Pierer et al 2015), the gross nutrient bal-
ance (considering both nitrogen and phosphorus) in
the agricultural sector according to the EUROSTAT
manual (Schwarzl 2024), coupled national phos-
phorus and nitrogen turnover (Tanzer et al 2018),
urban nitrogen budgets (Kaltenegger et al 2023),
national and regional nitrogen balances related to
agricultural production and consumption (Strenge
et al 2023), potential environmental impacts at the
agricultural catchment scale (Mehdi-Schulz et al
2024), and forest ecosystems (Jandl et al 2012,
Dirnböck et al 2017). These studies have all provided
important information on specific nitrogen flows,
but a comprehensive, overarching picture remained
missing and a comparison of the obtained data
with those of other countries remained challen-
ging due to the use of different system boundar-
ies and hence different levels of detail. To address
these challenges, the task force on reactive nitro-
gen developed a standardized guideline for calcu-
lating NNBs (UNECE 2013). Yet, few studies have
fully adopted this framework to date. These con-
cernGermany (Häußermann et al 2021) and Scotland
(Scottish Government 2021). A comprehensive NNB
is also being developed for Sweden (IVL 2019–2022).
Building on this, we present the first comprehensive
NNB for Austria following the UNECE guidance. The
main objectives of this study are to estimate the cur-
rent cross-sectoral sources, flows, and sinks of Nr in

Austria, and to identify major Nr flows to the envir-
onment and their sectoral origins.

2. Materials andmethods

We followed the national N-budgets guidance doc-
ument (UNECE 2013) to calculate the national N-
budget for Austria. In brief, we assessed the flows of
N across and within eight sectors (Atmosphere (AT),
Energy and Transport (EF), Industrial Production
(MP), Humans and Settlements (HS), Agriculture
(AG), Forest and Semi-natural Vegetation (FS),
Waste Management and Wastewater Disposal (WS),
Hydrosphere (HY)), as well as the transboundary N-
flows with the rest of the world (RW). A sector may
have multiple sub-sectors. A nitrogen budget covers
reactive nitrogen compounds as well as the flows of
unreactive nitrogen (N2) and other Nr forms such
as organic nitrogen (Norg), which includes nitrogen
bound in organic molecules like proteins and amino
acids, and total nitrogen (Ntot) which encompasses
all forms of nitrogen, both organic and inorganic,
when they are serving as the source of Nr. Only flows
greater than one kiloton annually (k N a−1) were
considered for this analysis. Additionally, the N-sinks
(such as N storage in trees or soils) and emissions as
a consequence of land-use changes (e.g. the conver-
sion of grasslands into arable land) were included in
the N-budget calculation. The N budget quantifies all
nitrogen inputs, outputs, internal sources, sinks, and
stock changes within a defined system, like a sector
or nation. Here, “Balance” refers to a methodolo-
gical check for completeness, ensuring that all flows
are included. Surpluses or deficits (balance gaps)
are unexplained discrepancies between inputs and
outputs, while stock changes reflect measurable vari-
ations from known processes.

The UNECE guidelines are currently being
revised. The updated version, detailed by Winiwarter
et al (this issue) with extensive annexes (Schäppi et al
2025), maintains the original concepts while improv-
ing transparency and consistency. In the present
work, however, we use the nomenclature and toolset
of theUNECE (2013) guidance version. That includes
a slightly different set of sub-pools, and the use of a
‘waste’ pool that will now be renamed to ‘processing
of residues’.

Data on Nr flows were primarily sourced from
official national statistics, governmental reports,
and scientific literature. For certain N-flows, val-
ues were derived based on expert judgments and
back-calculation from other N-flows or models. The
uncertainty of N flows is assigned to four different
classes for each flow, ranging from 1 (low uncer-
tainty; 10%) to 4 (high uncertainty; 75%), according
to the guidance provided by Schäppi et al (2025). If
different uncertainty levels were identified, the higher
one was used as total uncertainty. Where available,
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the 2015–2019 average was provided. In some cases,
individual years were used.

In order to calculate mass balances, perform a
plausibility check, carry out error propagation of
initial data uncertainties, reconcile data, conduct
error screening, and visually display the nitrogen
flows, we used the freely available material flow
analysis software STAN version 2.6.801 (Material
Flow Analysis, TU Vienna, www.stan2web.net). In
the output graphs, flows are shown as arrows and
sectors/sub-sectors as boxes. Arrow color matches the
source pool, and width reflects flow size. Imports
and exports are included. Stock changes appear as
values inside the relevant box, with a positive sign
indicating a sink (when stocks increase). The nonlin-
ear data reconciliation is based on the conventional
weighted least-squares minimization approach, and
error propagation is performed following procedure
as described by Cencic (2016).

The statistics, databases, and calculation for indi-
vidual N-flows have been detailed by Häußermann
et al (2021), Umweltbundesamt (2024), and meth-
odological detail as well as sector-specific results are
presented in the supplement (figures S1–S8).

3. Results

3.1. Austrian nitrogen budget
For the calculation of the Austrian NNB, 128N-
flows and six stock changes across eight sectors
have been considered (figure 1). The largest nitro-
gen inflows and outflows in Austria are driven by
imports and exports associated with consumer goods
(727 kt N a−1 in imports and 612 kt N a−1 in exports)
and the chemical industry (368 kt N a−1 in imports
and 237 kt N a−1 in exports). Additional signific-
ant inflows come from the import of energy carriers
(200 kt N a−1) and ammonia synthesis (417 kt N a−1;
figure 1). In contrast, biological nitrogen fixation
contributes 33 kt N per year. On the outflow side,
the reduction to N2 (either during combustion or
via microbial denitrification) is estimated to be 92
and 98 kt N a−1, respectively, while a significant
amount of nitrogen is exported to neighboring coun-
tries via rivers (126 kt N a−1). Sinks were identi-
fied with estimated stock changes in the sectors of
forest and semi-natural vegetation (39.3 kt N a−1),
Human and Settlements (31 kt N a−1), Hydrosphere
(7.5 kt N a−1),Waste (2.4 kt N a−1). In contrast, stock
changes in the energy and fuel (−6.2 kt N a−1), and
agriculture (−153 kt N a−1) sectors reduce the size of
the pool.

The total annual nitrogen imports to Austria
(1515 ktN) exceed exports (1121 ktN), yielding a sur-
plus of 394 kt N per year. Some nitrogen is tempor-
arily stored (e.g. in products) or transferred between
sectors.

A detailed analysis of the nitrogen budgets in indi-
vidual pools (figures S1–S8) shows a major surplus in

the MP pool (415 kt N a−1), though with high uncer-
tainties. Of the 49 inflows and outflows of the pool,
data uncertainty has been estimated with 75% for 9
flows and with 50% for 14 flows. The HS pool had a
moderate surplus of 136 kt N a−1, retaining 57.1% of
inflows annually. EF and FS pools also showed mod-
erate surpluses of 104 kt N a−1 and 60 kt N a−1,
respectively. In contrast, HY and WS pools were
nearly balanced (19.1 kt N a−1 and −1.4 kt N a−1).
TheAGpool showed a deficit of−64 ktN a−1, match-
ing the nitrogen input from biological N-fixation
on Austria’s arable and grassland areas, which is not
fully captured in the current approach (only preced-
ing crop effects were considered (Umweltbundesamt
2019, Schwarzl 2021)). The AT pool had the highest
deficit at−197 kt N a−1.

3.2. Nr loss to the environment in Austria
Annually, around 389 kt of reactive nitrogen are
released into the environment in Austria, spreading
through the atmosphere and water bodies to forests
and semi-natural vegetation. The primary sources of
directNr inflows (excluding N2 flows) into the envir-
onment are the agriculture sector (153 kt N a−1)
and the energy and transport sectors (80 kt N a−1).
Approximately 30% of nitrogen inputs come from
transboundary flows via water (108 kt N a−1) and
air (163 kt N a−1). The remaining nearly 10%
is attributed to the sectors of humans and settle-
ments (20 kt N a−1), waste and wastewater man-
agement (17 kt N a−1), and industrial production
(0.4 kt N a−1, figure 2).

Of the environmentally relevant direct nitro-
gen emissions (excluding transfers between environ-
mental compartments and imports from abroad), at
least 80.4 ktN a−1 are attributed toNOx, 54.9 ktN a−1

toNH3, 6.3 ktN a−1 toN2O, and 76.1 ktN a−1 toNO3

(table 1).While 90%ofNOx emissions originate from
the energy sector, agriculture is the largest source of
NH3 and NO3 emissions (50.0 and 75.9 kt N a−1,
respectively) and contributes to nearly 80%of all N2O
emissions (5.1 kt N a−1).

4. Discussion

This study presents the current status of cross-sectoral
nitrogen flows and sinks in Austria for the period
2015–2019, in accordancewith (UNECE 2013) stand-
ardized guidance. A closed balance is a key object-
ive of any material flow analysis. The Austrian NNB
is not closed, showing an overall balance difference
of 394 kt N a−1 between all inflows (3469 kt N a−1)
and outflows (3075 kt N a−1) of the eight sectors,
which constitutes about 11% of the total nitrogen
inflows. This finding aligns with those in Germany,
which report a surplus of 9% (Häußermann et al
2021), and in the Netherlands, where the surplus
is 8% (Olsthoorn and Fong 1998). Similarly, nitro-
gen budgets for each individual pool show surpluses

3
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Figure 1. Nitrogen pools, stocks, and N-flows (>3 kt N a−1 ± uncertainty) of the National Nitrogen Budget for Austria (mean
2015–2019). Sectors are shown as boxes, flows as arrows, and stock changes as numbers within the corresponding sector boxes.
LUC= land use change. Trans-boundary N flows are shown as import (I) and export (E). Some N flows are partly aggregated to
maintain visibility.

Table 1. Direct anthropogenic emissions of reactive nitrogen species into the environment in Austria (mean 2015–2019), categorized by
respective sectors. Ntot refers to total nitrogen (organic+ inorganic).

NOx-N NH3-N N2O-N NO3-N Ntot

Source (kt N a−1)

Agriculture 3.4 50.0 5.1 75.9 18.2
Energy and fuels 76.9 2.8 0.7 0.0 0.0
Humans and
settlements

0.0 0.6 0.1 0.2 18.9

Waste 0.0 1.3 0.3 0.0 15.3
Material and
products

0.1 0.1 0.2 0.0 0.0

Total 80.4 54.9 6.3 76.1 52.4

of varying magnitudes, except for the agriculture
pool, which shows a slight deficit. These findings
highlight the need for continued efforts to enhance
the accuracy and availability of underlying data to
ensure more reliable assessments. When considering
the full biological nitrogen fixation potential of both
arable and grassland areas, the agricultural nitrogen

balance would be nearly neutral, aligning with the
findings inGermany (Häußermann et al 2021), indic-
ating that the real figures may be better expressed
by the potentials than the current estimate. Even if
a system appears balanced overall, uncertainties in
flows and stocks can cause imbalances. For instance,
the Swedish agricultural N budget shows a 15%
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Figure 2. Total inputs (kt N a−1) of reactive nitrogen into the environment in Austria, including transboundary (RW) nitrogen
flows, and the contributing sectors.

imbalance (IVL 2019–2022), aligning with the 20%
average surplus observed in six European countries
(Leip et al). Discrepancies with the Austrian agricul-
tural N budget may result from data uncertainties
(e.g. nitrogen estimates in feed and soil denitrification
rates) or unaccounted flows (e.g. soil stock changes,
especially in peat soils used for arable farming). Each
year, 57% of all nitrogen inflows stay in the human
and settlements sector (figure S4). This is two times
higher than the 27% reported for Austria in 2010
(Pierer et al 2015) and also exceeds the 40% recorded
for Germany between 2010 and 2014 (Häußermann
et al 2021). This suggests some nitrogen accumula-
tion in the form of durable consumer goods, which
can re-enter the cascade asNr emissions from the pro-
cessing of discarded items, potentially affecting the
environment (Kaltenegger et al 2023). It may also
indicate missing flows, such that real stock accumu-
lation would be smaller than expressed here. Further
data collection on flows and accumulation of Nr will
be needed for effectively guiding the implementation
of measures, also in comparison to the experience
gained in other countries.

STAN’s data reconciliation reveals six flows
exceeding uncertainty thresholds (table 2), highlight-
ing key data gaps. In ‘Energy and Transport’, missing
data likely relate to fuel N content. In forests, dis-
crepancies like negative N2 fixation values and uncer-
tainties in N2 denitrification point to inaccuracies in

input data and poor differentiation between react-
ive and non-reactive nitrogen. Estimating ‘Ammonia
Synthesis’ from literature may have further contrib-
uted to model discrepancies, as precise data for the
single Austrian plant were unavailable due to confid-
entiality reasons.

Calculating inter-sectoral nitrogen flows requires
a comprehensive understanding, highlighting the
need to involve different stakeholders to fill exist-
ing data gaps. Regular updates, as prescribed by
the Scottish Climate Act 2019 (Scottish Government
2019), could also improve data accuracy significantly.

4.1. Environmental Nr state in Austria
To avoid harmful effects on ecosystemhealth, the crit-
ical nitrogen load for terrestrial ecosystems should
not exceed an input of 5–30 kg of nitrogen per hec-
tare per year (Bobbink and Hettelingh 2022). In
Austria, 389 kt of reactive nitrogen are released into
the environment annually, with two-thirds enter-
ing the atmosphere and one-third the hydrosphere
(figure 2). The estimated atmospheric nitrogen input
of 227 kt N a−1 would correspond to a poten-
tial deposition of 14.93 kg N ha−1 a−1, which is
close to or exceeds the critical loads established for
Austrian ecosystems—commonly ranging from 5 to
10 kg N ha−1 a−1 for sensitive habitats and 10–
15 kg N kg N ha−1 a−1 for semi-natural forests
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Table 2. N-flows (± uncertainty) where data reconciliation in
STAN exceeds the input data uncertainty range. Z > 1 means that
the value changed more than would be expected based on data
uncertainty.

Input Output Z

Flow (kt N a−1)

Energy sources
industry

28.6± 9.4 8.7± 0.8 2.1

Biological N
fixation in the
forest

23.8± 17.9 −11.8± 12.4 2.0

Energy sources
household, trade,
and commerce

15.5± 5.1 6.9± 0.6 1.6

N2 emissions
from energy
generation

72.4± 54.3 154.1± 37.7 1.5

Energy sources
traffic

22.2± 7.3 11.4± 3.2 1.5

Ammonia
synthesis

417.3± 41.7 369.1± 34.7 1.2

and grasslands (Umweltbundesamt 2008). This indic-
ates a risk of eutrophication and biodiversity loss in
vulnerable ecosystems. To better trace atmospheric
nitrogen sources and pathways, sector-specific depos-
ition data are needed. This requires detailed atmo-
spheric transport and source–receptor modeling,
beyond the scope of this study and recommended
for future work. For comparison, we identified four
countries with similar timeframes and methodolo-
gies to Austria: Scotland, Germany, Austria (follow-
ing UNECE guidance), Switzerland, and Japan (using
comparable data sources UNECE reporting, OECD
etc). On a per-capita basis, out of these countries
Switzerland and Japan had the lowest Nr losses to
the environment (15 kg N per capita and year), while
Scotland, Austria, and Germany report much higher
losses (25–33 kg N per capita and year; table 3).
This subset-based comparison does not represent a
global ranking but highlights the need for standard-
ized guidance to ensure comparability and continu-
ous improvement of nitrogen budget data.

N losses have a significant impact not only on eco-
systems and human health but also lead to consider-
able economic consequences. A loss of 389 kt of nitro-
gen corresponds to fertilizer costs of approximately
389 million euros, calculated using an average 2024
price of around 1€ kg−1 N for nitrogen-based fer-
tilizers such as calcium-ammonium-nitrate and urea
(Agrar Markt Austria 2025).

The largest sources of Nr emissions into the
environment in Austria come from the agriculture
and energy sectors, with 152 kt N and 80 kt N
per year, respectively (figure 2). Austria is mak-
ing significant efforts to improve nitrogen use effi-
ciency in agriculture (e.g. by promoting low-emission
technologies for the application of farm manure

in the Austrian agri-environmental Program) and
reduce nitrogen pollution (e.g. by increasing the share
of renewable energy (BMNT 2019). However, in a
broader context, these measures have shown only
modest or partly positive results. Beyond national
efforts, regional improvements are crucial, especially
given the substantial transboundary Nr inputs into
Austria’s environment (118 kt N per year). This fur-
ther emphasizes the importance of considering long-
range transboundary pollution for national budgets
and highlights the need for cross-border standard-
ization of measures and monitoring, as seen in the
International Danube River Protection Convention.
Quantifying pollution supports international cooper-
ation by clarifying shared responsibilities and cross-
border impacts. In parallel, national nitrogen foot-
prints offer a consumption-based perspective, cap-
turing trade-related nitrogen pollution and comple-
menting territorial N budgets.

Our study demonstrates that the highest emis-
sions of nitrate (NO3), ammonia (NH3), and nitrous
oxide (N2O) are linked to the agricultural sector and
nitrogen oxides (NOx) to the energy and fuel sector.
National air emission inventories, reported annually,
are the main source for emission estimates. However,
yearly data and evolving methods complicate com-
parisons with the five-year averages used in nitrogen
budgets. Still, N budgets complement inventories by
offering amore comprehensive view of N flows across
sectors and environmental compartments, helping
reveal hidden losses and improve nitrogen manage-
ment (Sutton et al 2013).

5. Conclusions

This study applied material flow and mass bal-
ance concepts and standardized guidance to analyze
nitrogen cascades at the national scale, highlighting
sources, sinks, and cross-sectoral interactions. Key
challenges continue to be the lack of harmonized
methodologies, which complicates cross-sectoral and
international comparisons as well as the availabil-
ity and accuracy of data. However, through UNECE
guidance and the estimation of NNB, important pro-
gress is being made in addressing aspects of standard-
ization, data availability, and accuracy. The effects of
Nr on the environment are heterogeneous both tem-
porally and spatially (Strenge et al 2023), highlighting
the need to incorporate higher-resolution spatial data
to account for regional variability.Moreover, address-
ing data gaps (particularly in quantifying denitrifica-
tion in soils and water, biological N fixation, N-flows
in theMP sector, and those linked to land-use change)
requires further research and monitoring. Achieving
this will be more feasible through stronger collabor-
ation with stakeholders, including policymakers, aca-
demia, NGOs, industry, and other key actors.
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Table 3. Comparison of national nitrogen budgets for Nr loss (kt N a−1) from anthropogenic sources to the environment.

Reactive nitrogen loss from
anthropogenic sources (kt N a−1)

Reactive nitrogen loss from anthropo-
genic sources per capita (kg N cap−1 a−1)

Country Year
Population
(million) Air Water Total Air Water Total References

Scotland Closest to year
2015

5.4 55 123 178 10 23 33 (Dragosits et al
2025)

Austria Mean 2015-2019 8.6 157 117 274 18 14 32 (Umweltbundesamt
2024)

Germany Closest to year
2015

81.7 1015 1029 2044 12 13 25 (Häußermann
et al 2021)

Japan Closest to year
2015

127.1 1149 697 1846 9 5 15 (Hayashi et al
2021)

Switzerland 2020 8.6 72 59 131 8 7 15 (Heldstab 2013)
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Integrated, cross-sectoral governance is essen-
tial to effectively tackle nitrogen challenges, as isol-
ated efforts may shift rather than reduce environ-
mental burdens. Creating a national nitrogen dia-
logue committee could be key to developing a com-
prehensive action plan and management strategy,
in alignment with the UNEA Resolution 4/14 2019
and the UNEA Resolution 5/2 2022. Repeated eval-
uation of the nitrogen budget will build time series
data, helping to identify trends and assess the effect-
iveness of the actions taken (Zoboli et al 2016).
The ‘Call for data’ initiatives, as considered within
the UNECE Expert Panel on Nitrogen Budgets,
or legally binding reporting obligations, would
provide a valuable opportunity for data verification
and updates, with further uncertainty assessments
plannedwithin the scope of ongoing data preparation
efforts.

‘Living well, within the limits of our planet,’ is
one of the goals of several environmental action pro-
grams. Austria has surpassed its sustainable resource
consumption limits, with potential risks to the envir-
onment, climate, and human health. Establishing
a planetary boundary indicator, such as a national
integrated nitrogen target (Umweltbundesamt 2020),
addressing five planetary boundaries and their asso-
ciated SDGs (SDG 6 Water, SDG 13 Climate, SDG
15 Biodiversity, SDGs 13+ 15 Nitrogen flows, SDG 3
Health), would enhance nitrogen management com-
munication nationally and internationally and help
mitigate impacts. Since national values and targets for
Austria do not reflect pressures on individual ecosys-
tems, a regionalized assessment using an integrated
nitrogen indicator is needed. This is the subject of
ongoing research.
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