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A B S T R A C T

During the past twenty years, the Nordic countries (Denmark, Sweden, Finland and Norway) have introduced a
range of measures to reduce losses of nitrogen (N) to air and to aquatic environment by leaching and runoff.
However, the agricultural sector is still an important N source to the environment, and projections indicate
relatively small emission reductions in the coming years.
The four Nordic countries have different priorities and strategies regarding agricultural N flows and miti-

gation measures, and therefore they are facing different challenges and barriers. In Norway farm subsidies are
used to encourage measures, but these are mainly focused on phosphorus (P). In contrast, Denmark targets N and
uses control regulations to reduce losses. In Sweden and Finland, both voluntary actions combined with subsidies
help to mitigate both N and P.
The aim of this study was to compare the present situation pertaining to agricultural N in the Nordic countries

as well as to provide recommendations for policy instruments to achieve cost effective abatement of reactive N
from agriculture in the Nordic countries, and to provide guidance to other countries.
To further reduce N losses from agriculture, the four countries will have to continue to take different routes.

In particular, some countries will need new actions if 2020 and 2030 National Emissions Ceilings Directive
(NECD) targets are to be met. Many options are possible, including voluntary action, regulation, taxation and
subsidies, but the difficulty is finding the right balance between these policy options for each country.
The governments in the Nordic countries should put more attention to the NECD and consult with relevant

stakeholders, researchers and farmer's associations on which measures to prioritize to achieve these goals on
time. It is important to pick remaining low hanging fruits through use of the most cost effective mitigation
measures. We suggest that N application rate and its timing should be in accordance with the crop need and
carrying capacity of environmental recipients. Also, the choice of application technology can further reduce the
risk of N losses into air and waters. This may require more region-specific solutions and knowledge-based
support with tailored information in combination with further targeted subsidies or regulations.

1. Introduction

The supply of nitrogen (N), being an essential nutrient, has been

vitally important for increased food production to support the growing
global population and the diet change over the past century (Battye
et al., 2017).
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The Haber-Bosch process, which transforms atmospheric N2 to form
reactive N (ammonium and nitrate), made it possible to intensify
agriculture and increase food production. As a result, industrially pro-
duced mineral fertilizer is today the largest source of reactive N in
Europe (Sutton et al., 2011). During the past six decades, anthropogenic
production of reactive N in the world has increased almost five-fold
(Battye et al., 2017). Organic material like manures or root nodules of
leguminous, and deposition of N from the air, also provide N into the
soil along with the easily soluble nitrate compounds or ammonium-
nitrates from inorganic fertilizers. Organic N can be mineralized to
ammonium and nitrates by microbial reactions in soil.
Reactive N, derived from both fertilizer and organic compounds,

may contribute to several environmental effects. This occurs through
emissions to air (ammonia NH3, nitrous oxide N2O and nitrogen oxides
NOX), and to water, (nitrate NO3−, organic N, ammonium NH4+ and
NH3 by deposition) affecting ecosystems, climate and human health
(e.g. Galloway et al., 2003; Krupa, 2003; Erisman et al., 2013; Sutton
et al., 2009, 2011; 2013). For instance, Leip et al. (2015) estimated that
the agricultural sector in Europe contributes to 59% of N water quality
impacts.
In the Nordic countries, the level of N related problems varies.

Denmark has the highest N-loss per national area compared with the
other Nordic countries, due to the high percentage of agricultural area
(62%), see Table 1. Also, Denmark has the largest meat production,
particularly from pigs. The meat production in Sweden is only about
30% of the total production in Denmark, and in Finland and Norway it
is even smaller (about 20%), see Table 1.
A higher share of farm land, intensive livestock production (pri-

marily pigs), higher farming intensity and the sandy soils have con-
tributed to more severe N problems in Denmark compared with the
other Nordic countries. Consequently, from 1985 a series of political
action plans were implemented in Denmark to mitigate losses of N and
other nutrients (Dalgaard et al., 2014).
In Finland, the concerns about eutrophication arose by the 1960's,

and increasingly since 1995 a set of legal and voluntary instruments
have been implemented, targeting agricultural nutrient losses to waters.
Previously, increased N inputs and clearing forested land to develop
new fields gradually increased agricultural N losses in Finland.
However, between 2007 and 2012 N loads from agriculture were re-
duced by 10% (Rankinen et al., 2016).
In Norway, during the 1980's and 1990's, a system of regulation and

economic instruments coordinated by local authorities was developed
to encourage farming practices that would reduce diffuse sources of
nutrients from agricultural land and point sources such as silos and
manure storage systems. The economic instruments have focused
mainly on mitigation measures for losses of phosphorus (P) with a side
effect on N. The system has been fine-tuned over the years to target
areas with high risk of erosion and P losses. However, due to low focus
on N, surpluses per agricultural land area are generally higher in
Norway compared with the other Nordic countries, see Fig. 2.
In Sweden, legislation on storage and spreading of manure was in-

troduced by the 1980's and expanded in subsequent years. The mea-
sures have targeted reductions of both N and P. In 2001, the voluntary

advisory program “Focus on Nutrients” (“Greppa Näringen”) was in-
itiated in order to meet national environmental objectives including
reduced eutrophication and climate change. Support schemes within
the Rural Development Program (RDP), e.g. for catch crops, have also
been important to reduce nutrient loads to air and waters.
The aim of this study was to compare and discuss the present si-

tuation pertaining to agricultural N in the Nordic countries as well as to
provide recommendations for strategies and policy instruments to
achieve cost effective and balanced abatement of reactive N from
agriculture in the Nordic countries, and to provide guidance to other
countries.

2. N management in the Nordic countries

2.1. Measures to reduce ammonia emissions

Since agriculture emits most of the ammonia in Nordic countries,
the agricultural sector must promote emission reductions. An overview
of measures to reduce ammonia emissions in the Nordic countries, and
level of implementation, is provided in Table 2.
The Task Force on Reactive Nitrogen (TFRN), a working group of

the Convention on Long-range Transboundary Air Pollution (CLRTAP),
has summarized a comprehensive listing of techniques to reduce am-
monia emissions in the “UNECE Ammonia Guidance Document
(UNECE, 2014; Bittman et al., 2014). These mitigation techniques are
also summarized in the “UNECE Ammonia Framework Code” (UNECE,
2015). The TFRN has provided a short ranked list of priority measures
for ammonia emission reduction, in evaluating options for revision of
the Gothenburg Protocol Annex IX (Howard et al., 2015; UNECE,
2011):

1. Low emission application of manures and mineral fertilizers to land.
2. Animal feeding strategies (including phase feeding).
3. Covers on new slurry stores.
4. Farm N balance, i.e. strategies to improve N use efficiencies and
reduce N surpluses.

5. Low emission new (and largely rebuilt) pig and poultry housing.

These documents may serve as guidance in the Nordic countries to
evaluate potential mitigation techniques. In Denmark (and partly in the
other Nordic countries as well) at least number 1 and 3 in the list above
have already been implemented. Hence there are limited gains possible
from these suggestions for the future.
In agreement with the guidance above, Grönroos (2014) concluded

that the most cost effective abatement measures regarding reduction of
ammonia emissions in Finland are low emission manure application
techniques, feeding strategies and covered storages. Also in Norway,
the use of low emission application techniques (e.g. band spreading)
has been identified to be efficient measures to reduce ammonia-emis-
sions (Bechmann et al., 2016b). Emission reductions have been esti-
mated to be 1500–2000 tonnes N per year by changing the manure
application method from broad spreading to band spreading.
In Denmark, 89% of manure is collected as slurry (Birkmose et al.,

Table 1
Agricultural statistics in the Nordic countries; agricultural land, nitrate vulnerable zones (NVZ), meat production and N surplus from agricultural land. Source: FAO
FAOSTAT, Eurostat (http://ec.europa.eu/eurostat) and SSB (www.ssb.no). Data refer to 2015 or more recent years.

Total landarea
(km2)

Agricultural land
(km2)

NVZ (km2) Meat productiona (thousand tonnes) N surplus
(kg ha−1)

Total N surplus
(ktonnes)

pig cattle poultry sheep Total

Denmark 41,990 26,110 (62%) 26,110 (100%) 1530 124 164 2 1820 80 209
Sweden 407,310 30,398 (7.5%) 22,800 (75%) 240 132 159 5 536 32 97
Finland 303,910 22,734 (7.5%) 22,734 (100%) 179 85 129 1 395 49 111
Norway 365,245 9061 (2.5%) 2712 (30%) 137 85 101 27 351 100 91

a Only includes slaughtered animals.
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2013), whereas the ratio of slurry to FYM (Farm yard manure) is
smaller in Norway, 70% (Statistics Norway, unpublished) and Sweden,
62% (Statistics Sweden, 2017). In Finland, all cattle manure is collected
as slurry, and 78% of pig manure and 86% of poultry manure (Grönroos
et al., 2017). In Denmark, broadcasting has been banned since 2002,
but in Finland and Sweden about 35% and 28% of the slurry, respec-
tively, is applied with broadcast spreading, while in Norway 88% of the
slurry is being applied using broadcast spreading (see Table 3). This
clearly shows a potential to apply more low emission application
techniques to reduce emissions of ammonia, such as band spreading
and injection, particularly in Norway. In Sweden band spreading has
increased steadily during the past 15 years, and the Swedish Board of
Agriculture (SBA, 2010) projects that it will continue to increase stea-
dily in the future, even without regulations.

2.2. Measures to reduce emissions of nitrous oxide

Agricultural soils and manure management are the dominant
sources (about 60–90%) of emissions of N2O in the Nordic countries
(Antman et al., 2015). Efficient use of N will contribute to overall lower

N application, which should generally yield lower N2O-emissions
(Bakken and Frostegård, 2017). Table 4 provides an overview of mea-
sures to reduce emissions of N2O from the agricultural sector in the
Nordic countries.

2.3. Measures to reduce nitrate leaching

Agricultural producers in the Nordic countries can get support for a
number of measures to reduce nitrate leaching within the Rural
Development Programs (RDP). Bechmann et al. (2016a) concluded that
the agricultural mitigation measures targeting water management for
agriculture in the Nordic countries have many similarities, despite
natural and institutional differences between the countries. Table 5
provides an overview of measures to reduce nitrate leaching and level
of implementation in the Nordic countries.
Manure management, i.e. effective storage and utilization of organic

fertilizer, is important to reduce nitrate leaching. For instance, opti-
mized N fertilization contributes to overall lower N application, which
will reduce N leaching. Timing and weather conditions during appli-
cation is also important. Fertilizing with manure in the autumn mainly
means that a large portion of the N can be lost through leaching, rather
than fertilizing the crop, unless catch crops are present. Catch crops
(typically Lolium, other grass species, or fodder radish) can reduce ex-
cess leaching after autumn fertilization, however, they must be sown
sufficiently early and require relatively mild weather conditions in
order to develop properly. In a Nordic climate such conditions are not
present every year and therefore the effect of catch crops is highly
variable between years. Restricting application periods is a more ef-
fective approach to prevent N from leaching, particularly in a wet cli-
mate.
In Denmark, strict regulations of the use of N fertilizers have con-

tributed to reduced N leaching from agricultural areas (Windolf et al.,
2012). Denmark has set minimum standard utilization demands for
manure in the guidance documents for fertilizer management plans
(EPA, 2017). In addition to regulation for use of N fertilizer, catch crops
and wetlands are some of the most cost effective measures to reduce

Table 3
Application techniques for slurry in the Nordic countries (%). Updated from
Rodhe et al. (2018).

Country Broadcast spreading (%) Band spreading (%) Injection (%)

Denmarka 0 85d 15
Finlanda 35 34 31
Swedenb 28e 68e 4
Norwayc 88 12 0

a Estimated by national experts.
b Statistics Sweden (2017).
c Bechmann et al. (2016b).
d Including 20% acidified slurry.
e 24% of the surface spread manure (solid and liquid) is incorporated di-

rectly, 11% within 4 h and 9% within 24 h after spreading (Statistics Sweden,
2014).

Table 4
Overview of measures to reduce emissions of nitrous oxide (N2O) from agriculture in the Nordic countries. Updated from Hellsten et al. (2017).

Measure Implementation

Effective use of manure and fertilizers
Efficient N use will contribute to overall lower N application and hence lower emissions of
N2O. The amount of manure should be adjusted to the need of crops. In a Nordic climate,
spring application is more efficient than autumn application, but application on warm, wet
soils should be avoided.

See Table 2.

Avoid porous crusts, e.g. straw
Porous crusts during storage of slurry, urine and digested manure may increase the risk of
emissions of N2O (using e.g. a plastic sheet is better). However, it may depend on situation
and sometimes a crust is better than no crust. Covering solid manure heaps with a plastic
sheet may reduce emissions of N2O (Hansen et al., 2006).

See Table 2.

Rapid incorporation of manure after application
Likely reduces losses of N2O. Some methods for low ammonia emission application of
manure may increase emissions of N2O, but from a holistic perspective it is still
advantageous regarding greenhouse gases.

See Tables 2 and 3.

Digestion of manure
Anaerobic digestion does not result in significant N2O production, while aerobic digestion
(either as compost or as aerated slurries), will emit large amounts of N2O. However, both
potentially reduce N2O emissions after application to soil, because digestion makes the
nutrients more easily accessible for the plants. Emissions of N2O can be reduced/avoided by
applying a long digestion process, cooling the digested manure or collecting the gas.

See Table 5.

Catch crops
Reduce nutrient leaching, and likely also reduces losses of N2O (but may increase the use of
pesticides).

See Table 5.

Spring tillage
Spring tillage likely reduces losses of N2O (as long as the soil is not compacted).

See Table 5.

Use of nitrification inhibitors
Inhibiting nitrification of ammonium fertilizer will significantly reduce N2O emissions.
Potentially reduces emissions by 35% (Ruser and Schulz, 2015).

In the Nordic countries, there are no subsidies and very limited use of nitrification
inhibitors, though some use in Denmark. The limited use of urea and liquid N
products is one of the reasons for the interest in inhibitors in Sweden.
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nitrate leaching in Denmark (Eriksen et al., 2014).
In Norway, there is a potential in some areas for more efficient use

of N fertilizers at a low cost, resulting in a lower N surplus (Bechmann
et al., 2014). Suggested measures include: i) improved nutrient rates
based on average yield instead of highest expected yield as a basis for N
application, ii) split N application, iii) precision N application and iv)
improved efficiency in use of manure (Bechmann et al., 2016b). How-
ever, no legal regulations for these measures exist.
Also in Sweden, manure application technique and timing of

manure spreading are important means recommended to reduce N
leaching (Andersen et al., 2014). By the end of the 1990's, legislation
was introduced on when, and how fast, manure should be incorporated
into the soil. About 24% of surface spread manure (both solid and li-
quid) is directly incorporated into the soil (Statistics Sweden, 2014).
Direct incorporation may increase N leaching, since there will be more
N available for leaching, but it reduces P loss in surface runoff and also
ammonia emissions, which is the main purpose. Reduced losses by
immediate incorporation should be coupled with lower application
rates of manure and mineral fertilizers. Reduced tillage may increase
leaching via micro pores and has been used as a measure to reduce N
leaching in Sweden (Andersen et al., 2014). Farmers in Sweden can
apply for support within the Rural Development Program for post-
poning plowing from autumn to spring. Subsidies to encourage preci-
sion farming, using N-sensor techniques to apply optimum levels of
nutrients from mineral fertilizers are applied in some counties in
Sweden.
In Finland, the Nitrates Directive is implemented in the whole

country, see Table 6. It sets maximum annual application rates of so-
luble N (kg ha−1) for various crops. From 1st September the amount of
soluble N in farm animal manure and organic fertilizer products may
not exceed 35 kg ha−1. The Nitrates Directive also regulates the timing
and type of spreading. The voluntary Agri-Environment Program,
which has been adopted by the majority of farmers, sets slightly lower
application maximums than the Nitrates Directive. Moreover, the vo-
luntary program includes subsidies for crop cover (reduced tillage,
stubble, grass and winter crops) during autumn and winter that con-
tribute to lower N losses to ground and surface waters. Recently, in-
centives to plant cover crops were applied in some areas with high
potential to reduce N leaching (Valkama et al., 2015).

3. Progress in implementing nitrogen management actions in the
Nordic countries

The dominant policy instruments to reduce N losses from agri-
culture in the Nordic countries today consist of rules and regulations,
marked-based regulation, subsidies or information and voluntary ac-
tion. Bechmann et al. (2016a) noted that, although there are many si-
milarities regarding agricultural mitigation measures implemented in
the four countries, there are large differences between the instruments
used in the agricultural policy. In Denmark most of the measures have
been legislated, but with a recent shift towards a more geographically
differentiated and voluntary framework (Dalgaard et al., 2014). In
Finland and Norway, regionally adapted incentive-based policies are
used and agricultural environmental policies tend to have focused more
on the problem of P, especially in Norway. In Norway, the legislation on

manure management, the Regional Environmental Program and the
subsidies for environmental investments, successfully motivates farmers
to implement measures, mainly aimed at minimizing P losses. The
Finnish “Agri-Environment Program” payment system has succeeded in
enlisting 90% of farmers to the program. It has reduced soil P status and
thereby the risk of P losses from fields while increased crop cover
during winter has also reduced N leaching. The voluntary Swedish
advisory program “Focus on Nutrients”, running since 2001, has helped
reduce N leaching and decreasing N transport from agricultural land to
rivers (Nordin & Höjgård, 2017). The campaign focuses on increasing
nutrient management efficiency by increasing awareness and knowl-
edge using techniques described above. The core of the information
campaign is education and individual on-farm advisory visits. “Focus on
Nutrients” also provides information on a webpage (www.greppa.nu).
In the other Nordic countries, short-lived agri-environmental pro-

jects have targeted geographical areas. For example, in south-west
Finland, two agri-environmental projects TEHO (2008–2011) and
TEHO Plus (2011–2013) (Launto-Tiuttu et al., 2014), as well as in
southern Finland JÄRKI (2009–2013 and 2014–2018) have been run-
ning (www.jarki.fi). In Norway similar approaches have been im-
plemented for specific areas, e.g. the lake Vansjø and Skas-Heigre
catchments, where contracts with farmers on environmental behavior
were introduced together with farm visits. However, the main focus was
on P rather than N. In Norway, the webpage “Tiltaksveilederen” (www.
nibio.no/tiltak) presents information on mitigation measures to reduce
nutrient losses from agriculture. In Denmark, the new watershed ad-
visory scheme and the work with water councils (Graversgaard et al.,
2016) are other examples of information campaigns. Similar actions
were also undertaken in Denmark in the 1990's in campains called
“Gylle er guld” (“manure is money”).

3.1. Ammonia emissions

Ammonia emissions in the Nordic countries (Fig. 1) mainly origi-
nate from agriculture, about 94% in Denmark (Nielsen et al., 2018),
92% in Norway (Statistics Norway, 2018), 91% in Finland (MAF, 2018)
and 88% in Sweden (SEPA, 2018).
Denmark has had the largest reduction in emissions of ammonia by

about 40% between 1990 and 2013 (Nielsen et al., 2018). During the
same time period, the reduction in Sweden was 12%, and in Finland
11% (SEPA, 2018; MAF, 2018). In Norway, ammonia emissions have
even increased by 6% since 1990 (Statistics Norway, 2018). In Sweden,
the reduction in ammonia emissions is mainly a result of decreased li-
vestock numbers, reduced use of inorganic fertilizers and a more ef-
fective agricultural production (SEPA, 2018). At the same time, meat
consumption and meat import has increased (SBA, 2013), hence in
principle the ammonia emissions (and also other related nitrogen im-
pacts such as contamination of water) have been transferred elsewhere.
After the 23 year reduction in ammonia emissions in Denmark, emis-
sions are no longer decreasing (since 2013, see Fig. 1). Furthermore,
projections, based on assumptions on future policies and market de-
velopment, indicate relatively small emission reductions in the coming
years (Nielsen et al., 2018). It is therefore clear that additional action
and incentives to reduce ammonia emissions are necessary to stimulate
further reductions.

Table 6
Summary of the most important EU Directives regarding nitrogen and agriculture.

NECD National Emissions Ceilings
Directive

Sets emission targets (e.g. for ammonia) until 2020 and 2030.

ND Nitrates Directive Sets maximum N manure limits in nitrate vulnerable zones, for the NO3 concentration to be below WHO standards.
WFD Water Framework Directive Sets standards for N abatement in watersheds, to meet defined water qualities in streams, lakes and coastal waters, especially

critical for regions that border the sea.
IED Industrial Emissions Directive Regulates large pig and poultry farms (> 40,000 places for poultry, > 2000 places for production pigs (over 30 kg), or > 750

places for sows). Best available techniques (BAT) should be applied to reduce emissions, with guidance provided by published BAT
Reference documents (BREFs)
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3.2. Nitrogen deposition

The nitrogen deposition in the Nordic countries has been reduced by
about 25–30% since the 1980′s (Ellermann et al., 2013; Ferm et al.,
2019; Karlsson et al., 2018). Nitrogen deposition derives both from
reduced nitrogen (NHX) i.e. mainly ammonia emissions, and from oxi-
dized nitrogen (NOX) i.e. from fossil fuel combustion. Agricultural N
policies have mainly affected ammonia-based emissions (and deposi-
tions), hence only a small proportion of the total N depositions. The
remaining part, (primarily NOX-emissions) derives mainly from road
transport. In the EU, emissions of NOx are about twice as large as
emissions of ammonia (EEA, 2018).
In Denmark, both measurements and model calculations show a

decrease in N deposition of about 25% from 1989 to 2009 (Ellermann
et al., 2013). N deposition has also decreased in Sweden. A re-
construction of old measuring series in Sweden since 1955 indicates
that the wet deposition of N (both nitrate and ammonium N) culmi-
nated in the mid-1980's (Ferm et al., 2019). Since then, the wet de-
positions of both ammonium and nitrate have decreased by about 30%.
The measured total N deposition (nitrate and ammonium N) to

coniferous forests in Sweden has decreased by 27% from 2001 to 2016
(Karlsson et al., 2018). During this time period, NH3-emissions in
Sweden have been reduced by about 10%, while NOX-emissions have
been reduced by about 36%, so the majority of the N-deposition re-
duction is expected to be derived from NOX. During the same time
period, Finland has not shown the same decreasing trend in N deposi-
tion (Vuorenmaa et al., 2018). The regional scale annual total N de-
position in Norway is estimated to have been in the order of 177
ktonnes during 1978–1982, and was reduced to about 144 ktonnes in
the period 2012–2016, a reduction of about 25% over nearly 35 years.
The corresponding trend in reduced N deposition was from about 93
thousand ktonnes to 73 thousand ktonnes (22% reduction) (Aas et al.,
2017).

3.3. Nitrate leaching to the aquatic environment

Denmark has had the highest reductions when it comes to N
leaching to the sea. During the past 25 years, average N-surplus in
Danish agriculture has been reduced from almost 200 kg N ha−1 yr−1 in
the beginning of the 1990's to about 80 kg N ha−1 yr−1 (See Fig. 2). As
a result, the N load to marine waters has been reduced by 50% and the
previously increasing trend of N content in groundwater now shows a
decreasing trend (Hansen et al., 2011; Windolf et al., 2012). This re-
duction has mainly been accomplished by restricting use of N fertilizers
which give farmers incentive to improve N use efficiency. Since the
mid-1980's, a series of policy action plans to mitigate losses of N have
been implemented in Denmark. However, despite large reductions in

nitrate leaching, the targets set for the Water Framework Directive (see
Table 6) are sometimes exceeded, hence further reductions are still
needed.
In Norway, the estimated losses of N from agricultural areas to

marine waters increased by 11% from 1990 to 2011 (Selvik et al.,
2012). In Norway, the main focus has been on mitigation measures
reducing P losses, for instance measures targeted to erosion, e.g. re-
duced soil tillage. P is closely related to erosion and therefore these
measures will affect P.
In Sweden, inorganic N leaching from agricultural land has de-

creased since the 1980's. Monitoring stream water in 65 small catch-
ments dominated by agriculture, show that inorganic N leaching from
agricultural land has decreased between 35 and 60% during a 20-year
period (1991–2010) in southern and central Sweden (Fölster et al.,
2012). The leaching reductions were greatest in those regions where the
most extensive N mitigation measures had been implemented, i.e. the
introduction of catch crops, increased areas of grassland, improved
manure management, more winter cereals and less spring cereals.
In Finland, the N load from agriculture to waters has been calcu-

lated from long term measurements, showing only a marginal decrease
in recent years, despite considerable reductions in fertilizer use and N
field balances (Rankinen et al., 2016). The N balance has been reduced
by 40%, from 78.7 kg ha−1 (1995) to 47.4 kg ha−1 (2016) (Luke, 2018).
These values represent average values for the whole country, hence in
more intensive areas in south-western Finland in drainage basins of the
Archipelago Sea the N load from agricultural land is higher than this.

3.4. N surplus

The gross N balance, i.e. the potential surplus of N on agricultural
land, is a means to assess nutrient management and efficiency in agri-
culture. It is estimated by calculating the balance between N inputs
(fertilizers and manure, atmospheric deposition, biological fixation and
seeds and planting material) and N outputs (fodder/grazing and crop
harvest) from the agricultural system per hectare of agricultural land. A
surplus indicates potential environmental problems, while a deficit may
indicate a decline in soil nutrient status.
Denmark and Norway currently have a higher N surplus compared

with Sweden and Finland, see Fig. 2. Although Norway has the highest
N surplus per ha, the agricultural area in Norway is about 1/3 of that of
Denmark and Sweden and almost 1/2 that of Finland, therefore the
total N surplus (from the whole country) is about twice as big in Den-
mark compared with the other Nordic countries, see Table 1.
N surplus has decreased in Denmark, Finland and Sweden since

1990, particularly in Denmark (by more than 50%). Despite large re-
duction in N surplus, Denmark has matched increasing productivity of
other European countries (Kijek et al., 2015), hence demonstrating that
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there was room to improve environmental quality without sacrificing
productivity.

4. Nitrogen challenges

4.1. Compliance with the NEC-directive

Through the EU National Emissions Ceilings (NEC) Directive,
Denmark has committed to reduce ammonia emissions by 24%, Finland
by 20% and Sweden by 17% until 2030 (compared with the base year
2005) (EEB, 2017), see Table 7. Norway is not committed to the NEC-
Directive and has had the smallest emission reduction among the
Nordic countries, 4% since 2005 and even an increase of 6% since 1990,
see Table 7.
In Denmark, emission reductions relative to 2005 are predicted to

reach 18% by 2020 and 20% by 2030 (Nielsen et al., 2018). Hence,
target reductions (−24%) will not be reached until 2030. The de-
creasing emissions are primarily expected from manure management,
especially from the pig industry, mainly due to implementation of
emission reducing technology in livestock housing systems. This is,
however, partly counteracted by an expected increase in the use of
mineral fertilizers. Interestingly, the largest absolute decrease in am-
monia emissions in Denmark is predicted from bioenergy based local
district heating systems and wood or pellets based heating systems in
residential homes.
In Finland, agricultural ammonia emissions are expected to be about

29.6 ktonnes in 2020 and 27.5 ktonnes in 2030. Hence according to the
projections, the NECD-target for 2030 will be achieved.
In Sweden, ammonia emissions have been reduced by 8% since

2005, which is only half way to the reduction target for 2030 (17%). A
gradual transition from systems with solid manure to slurry systems,
with 62% slurry systems for cattle and pigs (Statistics Sweden, 2017),
has resulted in reduced ammonia losses. This trend is expected to
continue. However, unless livestock numbers are reduced, even further
measures are needed, e.g. lowering the crude protein in fodder further
or use more efficient covers for slurry compared with natural crusts.
This would require increased advice or stricter legislation regarding
feeding and housing conditions. In Sweden, feeding is increasingly
adapted to the individual animal, a trend that is likely to cut emissions
of ammonia in the future.
In Norway, manure spreading accounted for 86% of the ammonia

emissions from the agricultural sector, whereas mineral fertilizer ac-
counted for 9% (Bye et al., 2017). In Sweden, by comparison, manure
spreading only accounts for 33% of the agricultural emission, whereas
mineral fertilizers are at about the same level as in Norway (10%). The
dominating method for manure spreading in Norway is broadcast
spreading (see Table 3), which contributes to the high emissions of
ammonia. This clearly shows that changing into low emission spreading
techniques have a potential to cut emissions. Since 1990, ammonia-
emissions from manure in Norway have increased by 14% (Bye et al.,
2017). Ammonia-treatment of straw has decreased causing less am-
monia emissions from this source (Bye et al., 2017).

5. Policies to reduce nitrogen losses from agriculture – the way
forward

The pressure to reduce N losses from agriculture has been increasing
in the Nordic countries. Actions related to the WFD, the Nitrates
Directive and the designated nitrate vulnerable zones (EC, 2018) have a
high priority in all four countries. The WFD is primarily target (output)
oriented, toward the effect in the water environment, while the Nitrates
Directive is primarily input oriented, limiting the use of manure in ni-
trate vulnerable zones, see Table 6. Furthermore, Denmark, Sweden and
Finland are part of HELCOM (the governing body of the Convention on
the Protection of the Marine Environment of the Baltic Sea Area), where
measures to prevent N leaching have very high priority, because most
of the countries have reduction conditions set in the Baltic Sea Action
Plan.
Failure to comply with the NEC-directive and occasional ex-

ceedances of targets set for the WFD show that clearly, there is a need
for further reductions in the Nordic countries, and further focus on
working with farmers and other relevant actors to reduce N emissions
and increase N efficiencies are needed throughout the whole production
chain.
Since the countries have different priorities and strategies regarding

agricultural N flows and mitigation measures, the way forward is dif-
ferent. Denmark has achieved substantial reductions of N input, while
at the same time maintaining and even increasing agricultural pro-
duction value, in particular in relation to a more and more N efficient
livestock production. Between 2007 and 2013 Denmark increased its
agricultural total factor productivity by 3.2%, Finland by 1.9% and
Sweden by 0.2% compared with 0.1% growth as an average for the EU
countries (Kijek et al., 2015).
In Denmark, initial agricultural measures were successful and ef-

fective because they were cost effective and in many cases beneficial for
the farmer. Sweden, Norway and Finland may not yet have picked all
the low hanging fruit, for instance when it comes to low ammonia
application techniques, and therefore have a potential to reduce more N
losses from agriculture at a reasonable cost. Today there are many
measures available, but these measures are not always applied, and the
reasons for not applying these measures need to be identified and fur-
ther investigated. Wreford et al. (2017) have identified two main ap-
proaches to remove barriers:

1) Revision of agricultural policies that prevent the objectives of the
aim (e.g. a more N efficient agriculture).

2) Introduction of targeted initiatives to remove the most important
barriers.

Agricultural producers may be facing long term investment costs
(maybe> 20 years) from implementing abatement measures, hence
availability of funds could help to mobilize change and overcome
economic barriers. In Norway for instance, voluntary measures consist
of investment support and subsidies, to establish sedimentation ponds
and wetlands.

Table 7
Ammonia emissions (ktonnes) 1990, 2005 and 2016 (based on data in Fig. 1) and predicted emissions in 2030 if the NEC-target for 2020 and 2030 is to be fulfilled.
For 2016 also the emission change from 1990 to 2005 is shown.

1990 2005 2016 change since 1990/2005 2020a NEC-target change since 2005 2030a NEC-target change since 2005

Denmark 126 89 75 −40%/−15% 59 −33% 67 −24%
Sweden 60 58 53 −12%/−8% 49 −15% 48 −17%
Finland 35 35 31 −11%/−11% 28 −20% 28 −20%
Norway 27 30 28 +6%/−4% – – – –

a The NEC-target is stated as a reduction percentage from year 2005. Here we provide the emission based on the emission value for year 2005 from Nielsen et al.
(2018), SEPA (2018), MAF (2018) and Statistics Norway (2018).
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5.1. More stringent regulations, or not?

Agricultural abatement measures should not be too expensive to the
farmers, and should ideally even pay for themselves, e.g. through ad-
visory efforts that increase the utilization of livestock manure and
thereby obtain a reduction in the cost of mineral N fertilizer due to
savings of N within the farming system. For instance, improved nutrient
management planning, accounting for plant available N in manure and
based on average yield instead of maximum yield on a field, could be an
easy way to reduce N application with low cost for agricultural pro-
ducers (e.g. Bechmann et al., 2016b). It is important to communicate
and promote existing techniques to agricultural producers who have
not yet adopted them.
Farmers and their organizations generally prefer voluntary ap-

proaches compared with regulations. Some farmers may be interested
in implementing measures to reduce environmental problems, even if it
is costly. Hence providing information and knowledge through advisory
efforts is important. However, other farmers may be reluctant to change
from traditional practices and voluntary actions may result in very slow
change.
Important success criteria for changed farming behavior from

“Focus on Nutrients” in Sweden have been voluntary measures and
repeated farm visits, relating to how measures will influence farm
economy (positively or negatively) and feedback to agricultural pro-
ducers regarding the environmental progress (e.g. through the press) to
make the farmers proud of their achievements.
Sutton et al. (2018) concluded that a solely voluntary and economic

approach is unlikely to promote the necessary changes needed to meet
the ammonia emissions ceilings in the NEC Directive for 2020, and that
additional regulation will be necessary. For instance, Norway has fo-
cused on P more than N, hence there may be a need to adjust the
regulatory framework to reduce N losses from agriculture further. For
instance, Norway needs to have more focus on the use of N fertilizer, i.e.
a balanced N application.
The only country to achieve major emissions reduction among the

Nordic countries, Denmark, had achieved it by a regulatory approach.
However, it is unlikely that other countries with significantly lower
animal density could reduce losses to the same extent solely by means
of legislation. In Denmark, regulations have been an increased burden
for farmers, and recently there has been a shift towards a more vo-
luntary framework.
Engaging with relevant stakeholders, such as farmer's associations,

to assess required changes and finding suitable solutions and mitigation
measures can be useful to prepare the way for mandatory measures.
“Focus on Nutrients” in Sweden has been a good framework to com-
municate knowledge and information and may therefore already have
built a good basis for further development and acceptance of mandatory
measures among Swedish farmers. The Swedish Board of Agriculture
provide some examples of potential mandatory measures in Sweden,
e.g. that the current manure management regulations could be ex-
tended also to include digested manure, more efficient covers and an
expansion of the geographical area for regulations on manure appli-
cation (SBA, 2010). Another example could be to further regulate urea
and slurry application in Sweden. On the other hand, OECD (2018)
recommend that Sweden should reduce administrative costs by sim-
plifying agricultural regulations (regarding the environment, animal
and crop health, and animal welfare) that go beyond EU regulations.
This message indicates that, from a European perspective, the legisla-
tive burden is already high and should be coordinated and simplified
for the convenience of farmers.
In all Nordic countries, there is a trend towards larger farms that

may be more profitable, while small farms are gradually disappearing.
Currently large pig and poultry farms are regulated through the
Industrial Emissions Directive (IE Directive), applying Best Available
Techniques (BAT) to reduce emissions, with guidance provided by
published BAT Reference documents (BREFs) (Santonja et al., 2017). If

current trends are extrapolated into the future, it is likely that most
poultry and pork will be produced on IED-farms in the Nordic countries.
Large cattle farms are not included in this regulation. Considering that
there is an increasing number of industrial-scale cattle farms, Sutton
et al. (2018) highlighted the opportunity to include also cattle farms in
the regulations to follow BAT.
Another trend regarding agricultural policies in the Nordic countries

is that they are likely to move more towards geographically targeted
policies. Sweden and Norway already have stricter rules and regula-
tions in some parts of the country (in nitrate vulnerable areas according
to the Nitrates Directive), hence has adapted regionally targeted po-
licies. Denmark plans to bring this concept of region specific solutions
even further. A new agricultural legislative package will target mea-
sures according to site specific characteristics, e.g. based on targets for
N loading to specified inshore water. From August 2019, Danish
farmers may therefore have different management restrictions de-
pending on e.g. soil type and in which water catchment their farm is
located (EPA, 2017). Reducing environmental impact in the most sen-
sitive areas is important. However, Sutton et al. (2018) noted that ad-
ditional action in “hot spot” areas to maximize the environmental
benefits typically offer smaller contribution to total emission reduction.

5.2. More efficient use of manure and mineral fertilizers

Norway, having the highest average N-surplus among the Nordic
countries (see Fig. 2), indicates a need to have more focus on the use of
N fertilizer, i.e. a balanced application. Norway has not regulated fer-
tilizer N rates (except for the maximum amount of livestock manure to
be applied, 170 kg N ha−1, in the nitrate vulnerable zone). In Sweden,
there is currently an exciting development in precision agriculture,
using satellite images together with vegetation maps to adjust N rates to
crop needs.
McCrackin et al. (2018) concluded that manure is often not being

used efficiently in the Baltic region, particularly in countries with a
high livestock density. However in Denmark, the Nitrates Directive
limits the amount of pig manure-N that can be applied to arable land.
Less than half of Danish pig farms have enough agricultural land to
comply with these limits, and therefore, farms must rent additional land
or have other farms take care of the excess pig manure (Willems et al.,
2016). Redistribution of manure from animal-dense areas to crop-pro-
ducing areas may therefore be important to increase manure use effi-
ciency. In some parts of Finland for instance, manure is spread without
consideration to efficacy, i.e. disposed rather than used. If manure is
used more effectively, it can (partly) substitute costly and energy-de-
manding mineral fertilizers. However, transporting manure is energy
intensive and may damage roads. Furthermore, the financial cost of
moving manure is very much a concern and the price is dependent on
the distance of transportation. Birkmose et al. (2015) has estimated the
transportation cost of pig manure in Denmark at 1.3 Euro per ton
(1 km), 1.9 Euro per ton (5 km) and 2.4 Euro per ton (10 km).
N-taxation may be a means to influence the supply of reactive N into

the agricultural system. Sweden and Norway have had a tax on mineral
fertilizers and recently a re-introduction of the tax has been discussed in
both countries, see Table 8. The main reason for the re-introduction is
the lack of effective policy instruments to reduce the supply of N
through fertilization.
In Sweden, the previous N tax only reduced emissions of N2O by

about 2% because the Swedish N efficiency was already high (KI, 2014).
The N tax was abolished because it was considered to have little impact
on the use of fertilizers, but also to increase the competiveness of
Swedish agriculture. When the N-tax in Sweden was abolished, the use
of mineral fertilizers did not increase, probably because the price was
unchanged due to a general price increase on N fertilizer on the world
market (KI, 2014). Also in Norway, the effectiveness of the tax com-
pared with other measures has been questioned (Bechmann et al.,
2016b).
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5.3. New innovation

Denmark has been a pioneer among the Nordic countries when it
comes to utilize and develop knowledge and techniques to increase the
utilization of N in manure, e.g. trailing hose slurry application techni-
ques, acidification of slurry and phase feeding of livestock. In earlier
versions of the UNECE Ammonia Guidance Document, slurry acid-
ification was not considered a recommended method. However, con-
sidering the success across Denmark this recommendation was later
revised. Today there are initiatives to identify possibilities and obstacles
to implement slurry acidification in the Baltic Sea Region (Rodhe et al.,
2017).
This highlights the importance of investment to develop new tech-

nological innovations of more efficient measures. Methods to improve
precision farming, i.e. using satellite images and sensors to adapt the N
input to the soil, are interesting areas for research. Furthermore, more
research is needed regarding novel approaches to reduce N2O emissions
from agricultural soils, e.g. by increasing soil pH. Another example
refers to technique development to improve the efficiency of air
scrubbers (to reduce ammonia emissions from animal housing) so that
they can be more widely used in the Nordic countries.
Modern technology to increase the utilization of N in manure is

important, but is not the only solution to the problem. Overall good
farming, i.e. precise farming, reduced soil compaction, pest control etc.
with modern technology is also important in order to produce more
with less. In this way higher yields with lower nitrogen losses and net
greenhouse gas emissions can be obtained.

5.4. Integrated policy approaches

Due to the complexity of the N cycle and co-benefits and trade-offs
with other pollutants and effects, we recommend a holistic approach
that covers the full N cycle to tackle the problem of N losses from
Nordic agriculture. Recently the German government has highlighted
the need for integrated policy approaches to N reduction to enable a
holistic view of the total reactive N balance, beyond sector specific
reduction measures (GME, 2017). Ammonia experts have concluded
that (expressed as kg of N), abatement of ammonia emissions can be
rather cheap, compared with further abatement of NOx (Reis et al.,
2015). Hence, technical measures within the agricultural sector are
more cost effective compared with N reductions within other sectors
already subject to more stringent regulations.
In the Nordic countries, as well as in the rest of the world, increasing

concern about climate change has resulted in policy actions to combat
emissions of greenhouse gases. It is likely that future agricultural po-
licies in the Nordic countries will include agricultural climate change
policies, which will probably also influence N management. In
Denmark for instance, the overall Danish Climate Policy Plan aims to
achieve a 40% reduction in GHG emissions by 2020 compared with
1990 levels (The Danish Government, 2013). A holistic N policy ap-
proach can offer the opportunity to also incorporate reduction of me-
thane emission from agriculture (e.g. Hellstedt et al., 2014; Dalgaard
et al., 2015).
This study mainly focuses on technical measures to reduce N losses

from agriculture. However, we noted that technical measures may not
be enough to reach the pollution targets, hence also system change

measures, such as reduction of food waste, increasing the overall effi-
ciency in the food chain, or promotion of consumption patterns with
lower N footprints (e.g. Karlsson et al., 2017; Ocké et al., 2017;
Westhoek et al., 2015), may be needed. Leip et al. (2015) concluded
that a combination of technological measures to reduce N losses from
agriculture, improved food choices and reduced food waste is necessary
in order to make significant progress in mitigating environmental ef-
fects from N.

5.5. Recommendations on the way forward in the Nordic countries

The Nordic Governments should continue to consult relevant sta-
keholders, researchers and farmer's associations on which measures to
prioritize for two reasons:

- Finding the most efficient and feasible measures to implement, and
- having the support of the farmer's associations facilitates the process
of implementing mandatory measures.

It is equally important to influence attitudes in a general sense and
in a specific sense like local hotspots such as water quality. Before de-
signing and implementing new agricultural policy, the Nordic
Governments should:

- Firstly, identify potential barriers to the implementation, and
- secondly, identify ways to tackle the barriers, e.g. through increased
awareness and knowledge among the farmers regarding the effect of
the mitigation measure, or through the availability of funds (sub-
sidies).

It is important to pick low hanging fruits through use of the most
cost effective mitigation measures. First of all, N application rate and its
timing should be in accordance with the plant need and carrying ca-
pacity of environmental recipients. Also, the choice of application
technology can further reduce the risk of N losses into air and waters.
This may require more region-specific solutions and knowledge-based
support with tailored information in combination with further targeted
subsidies or regulations.
The effect of N-taxation on mineral fertilizers should be further

assessed to better understand the effectiveness of a new N-taxation.
Furthermore, investing in the development of new technological in-
novations is important in order to develop the next generation of effi-
cient mitigation techniques.
System change measures, e.g. reduced food waste, improved food

choices and efficiency in the food chain would further contribute to
reducing environmental effects from N. Finally, there is a need to em-
phasize holistic approaches across the N cycle and also links to mea-
sures for climate change.

6. Conclusions

The four Nordic countries are at different levels regarding agri-
cultural N flows and mitigation measures, and therefore they are facing
different challenges and barriers. In Norway, focus has been more on P
than N. In Norway and Finland subsidies are widely used, whereas in
Denmark regulations have, until now, been the main form. In Sweden

Table 8
Comparison of N taxation on mineral fertilizers in Denmark, Sweden, Finland and Norway.

Denmark Sweden Finland Norway

N taxation is not implemented in
Denmark, but there is a
pesticide tax as well as a tax on
P in fodder.

In Sweden, a tax on mineral N fertilizers was
introduced in 1984 to reduce N pollution, but
it was abolished in 2009 because it was
considered to be ineffective. A reintroduction
of the tax has been discussed in recent years.

In Finland, there has been no tax for
fertilizer nutrients after joining the EU in
1995. Before that, a P tax in the beginning
of the 1990's was able to efficiently reduce
P fertilization.

Norway had a tax on mineral fertilizers
(1988–2000). A reintroduction of the tax of
0.3 € per kg of N has recently been suggested
to reduce emissions of N2O (NOU, 2015:15).
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voluntary actions and information campaigns are important.
It is evident that commitment to the WFD, Nitrates directive and the

NEC Directive has had effect. However, to reach the environmental
goals by 2020 and 2030, different countries will have to take different
routes based on their actions in the past. A solely voluntary and eco-
nomic approach may not promote the necessary changes needed, hence
also the regulatory framework may need to be adjusted in order to
reduce N losses from agriculture further.
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