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and nutrient flows for the Baltic Sea catchment and discuss management practices and policies that influence
the magnitude of nutrient surpluses. We found that the majority of nutrients cycled through the livestock sector
and that large nitrogen and phosphorus surpluses often occurred in regions with high livestock density. Imports
of mineral fertilizers and feed to the catchment increased overall surpluses, which in turn increased the risk of
nutrient losses from agriculture to the aquatic environment. Many things can be done to reduce agricultural nu-
trient surpluses; an important example is using manure nutrients more efficiently in crop production, thereby
reducing the need to import mineral fertilizers. Also, existing soil P reserves could be used to a greater extent,
which further emphasizes the need to improve nutrient management practices. The countries around the Baltic
Sea used different approaches to manage agricultural nutrient surpluses, and because eight of the coastal coun-
tries are members in the European Union (EU), common EU policies play an important role in management. We
observed reductions in surpluses between 2000 and 2010 in some countries, which suggested the influence of
different approaches to management and policy and that there are opportunities for further improvement.
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However, the separation between crop and livestock production in agriculture appears to be an underlying cause
of nutrient surpluses; thus, further research is needed to understand how policy can address these structural is-
sues and increase sustainability in food production.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In many parts of the world, some regions are more dominated by
livestock production, while others are more focused on crop production.
The crop-livestock separation is an important driving force for nutrient
imbalances in agriculture (Nesme et al., 2015; Schipanski and Bennett,
2012). Areas focused on crop production often depend on imported
mineral fertilizer to a large extent. Areas focused on livestock produc-
tion import a large proportion of feed for animals (Wang et al., 2018),
while the manure usually is applied on fields close to the farm, often
in excess of crop needs.

The importance of improved use and handling of manure in order to
reduce nutrient surpluses and eutrophication risk has been highlighted
in a number of studies (e.g. Buckwell and Nadeu, 2016; Oenema et al.,
2007; Tybirk et al., 2013). The benefits of manure to soil fertility and
soil structure are well established (e.g. Diacono and Montemurro,
2010; Haynes and Naidu, 1998; Zavattaro et al,, 2017). However, it can
be challenging to manage manure in a resource-efficient way. Issues in-
clude excessive amounts of manure in intensive livestock production
areas, its bulkiness and costs of transport, and mismatch of nutrient
composition in relation to crop demands (Buckwell and Nadeu, 2016;
Kleinman et al., 2012; Toth et al., 2006). There are several ways to pro-
cess the manure to make it more transportable and easier to handle
(Sommer et al., 2013), and the development and evaluation of various
manure processing techniques is currently an active research field
(e.g. Hanifzadeh et al., 2017; Hou et al., 2018).

There are many reasons for increasing nutrient recycling, improving
nutrient use efficiency in agriculture, and reducing nutrient surpluses.
Application of mineral fertilizers and/or manure in excess of crop re-
quirements has negative environmental effects such as increased ni-
trate levels in groundwater (EEA, 2012; Spalding and Exner, 1993),
buildup of legacy P sources (Powers et al., 2016) and, ultimately, in-
creased eutrophication risk (Bai et al., 2013; Cameron et al., 2013;
Withers et al,, 2017). The production of synthetic and mineral fertilizers
has local environmental effects and also requires high energy inputs
(Mirlean and Roisenberg, 2006; Zhang et al., 2017). Using available nu-
trients efficiently and buying less mineral fertilizer can be positive for
the farm economy (Nordin and Hojgdrd, 2017); conversely, low nutri-
ent use efficiency suggests ineffective resource use. In a global context,
the anthropogenic influence on the biogeochemical cycle of nitrogen
(N) and phosphorus (P) is large, with widespread effects on ecosystems
and problems of excessive amounts in some parts of the world, while
the lack of fertilizer limits food production in other parts of the world
(Elser and Bennett, 2011; Steffen et al., 2015). Phosphate rock, which
is used to produce mineral P fertilizer, is a finite resource which was
added to EU's list of critical raw materials for which both economic im-
portance and supply risk is high (EC, 2014a).

Eutrophication is a severe environmental problem in the Baltic Sea
(HELCOM, 2014), as well as in many lakes and rivers in its catchment
(EEA, 2012). For decades, human activities have increased the amounts
of N and P entering the sea, causing large effects in the ecosystem
(e.g., hypoxic zones and changed species composition) (HELCOM,
2017), and affecting the possibilities for humans to use and enjoy the
sea (e.g., swimming and fishing). Inputs from point sources such as cen-
tralized sewage systems have been reduced to a large extent
(Naturvardsverket, 2014; Swinarski, 1999) but there is still potential
for further improvements (ECA, 2016). Diffuse inputs from agriculture
have been more challenging to control, and agriculture is currently the

single largest source of anthropogenic nutrient inputs to the Baltic Sea,
contributing about 40% of total waterborne nitrogen inputs and 30% of
total phosphorus inputs (HELCOM, 2018).

Hong et al. (2017) and Hong et al. (2012) calculated regional net an-
thropogenic inputs of N and P in the Baltic Sea catchment (NANI and
NAPI), finding that imported fertilizer and feed are the major compo-
nents of net nutrient inputs. Strong linear relationships exist between
regional net N and P inputs and riverine nutrient fluxes to the Sea;
when net N or P inputs to the catchment increases, riverine N or P fluxes
also increase. Changes in regional net N and P inputs between year 2000
and 2010 were generally reflected in changes in riverine N and P fluxes
to the sea's sub-basins. Thus, reducing imported fertilizer and feed are
important steps towards reducing land-based nutrient loads to the sea.

McCrackin et al. (2018) used the NANI NAPI budgeting approach and
constructed scenarios of improved nutrient use efficiency, assuming
that manure nutrients were redistributed from areas with intense ani-
mal production to areas that focus on crop production and would other-
wise import synthetic and mineral fertilizers. The basic idea is that if
manure nutrients were used more efficiently in crop production and nu-
trient recycling increased, the need to import mineral fertilizers would
decrease and contribute to lower overall nutrient surpluses. Nutrient
use efficiency was capped at 0.75 for N and 0.9 for P in the scenarios.
The analysis showed that there is substantial potential to improve nutri-
ent use efficiency in the Baltic Sea catchment and that the scenarios
could lead to reductions of N and P inputs to the sea.

Calculation of N and P balances in agriculture (i.e. positive or nega-
tive surpluses) is a commonly used approach to assess whether nutri-
ents are used efficiently and how nutrient management can be
improved (e.g. Blicher-Mathiesen et al., 2014; Buckley et al., 2015;
Uwizeye et al., 2016). The balances can be calculated using different ap-
proaches and at various scales, from individual fields to the global scale.

While Hong et al. (2017) focused on total net N and P inputs to the
catchment related to riverine fluxes to the Sea and analyzed inputs
per total land area, and McCrackin et al. (2018) quantified the benefits
of increasing manure use efficiency and reducing import of mineral fer-
tilizer with focus on country and sub-sea basin scale, here, we quantify
N and P surpluses per agricultural area at sub-country regions and ana-
lyze causes of surpluses. Specific aims in this study were to quantify ag-
ricultural N and P surpluses, analyze causes of surpluses on a country
and sub-country level, examine how the separation of crop- and live-
stock production affects surpluses, identify ways to reduce surpluses,
and discuss and provide examples of relevant policy tools to reduce nu-
trient surpluses and thus reduce eutrophication risk. This work provides
timely and relevant information for assessing and strengthening the
HELCOM Baltic Sea Action Plan (BSAP) and the revision of the EU Com-
mon Agricultural Policy.

2. Study area
2.1. Agriculture in the Baltic Sea catchment

Most of the agricultural land in the Baltic Sea catchment is located in
its southern regions (Fig. 1a), which to some extent reflects the climatic
preconditions for agriculture and where most people live. About 40% of
the entire agricultural land in the Baltic Sea catchment is located in
Poland alone. The proportion of total country area represented by agri-
cultural land varies greatly around the sea. For example, about 7% of
Sweden and Finland is agricultural area, while agriculture covers 40%
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Fig. 1. Maps of the Baltic Sea catchment with the catchment border shown by the blue line. (a) Agricultural land within the catchment is shown as darker green areas on the map (CORINE
Agricultural areas for EU countries and Global Land Cover Cultivated and managed areas for non-EU countries). (b) NUTS2 and Oblasts within the Baltic Sea basin (BY Belarus, CZ Czech
Republic, DE Germany, DK Denmark, EE Estonia, FI Finland, LT Lithuania, LV Latvia, PL Poland, RU Russia, SE Sweden, SK Slovakia).

of Poland and 60% of Denmark. The number of livestock in relation to
agricultural area also varies, with Denmark having the highest livestock
density compared to other countries (Table 1).

There is a general trend towards larger and fewer farms in the EU
countries within the catchment, and an increasing number of livestock
on large farms and fewer on small farms (EuroStat, 2016a, 2016b). Av-
erage farm size varies greatly, from about 10 ha in Poland to about
150 ha in the areas of Germany within the catchment (EuroStat,
2016a). There are still many small farms, especially in Poland, but
more than 40% of the utilized agricultural area in EU countries in the
catchment was found on farms larger than 100 ha (EuroStat, 2016b).
In Denmark, Germany, and Sweden, most of livestock were also found
on farms larger than 100 ha (year 2013). This is especially pronounced
in Denmark, with over 70% of the Danish livestock units (LSU) found
on farms larger than 100 ha (EuroStat, 2016b).

Table 1

Utilized agricultural area (UAA), average farm size, livestock density, and numbers of cat-
tle pigs and poultry. Only NUTS2 regions or oblasts within the Baltic Sea catchment are
included.

Country UAA Average Livestock Cattle Pigs Poultry
(1000 farm density (1000 (1000 (10,000
ha) size (LSU/ha) heads) heads) heads)

(ha)

Poland 14,410 10 0.64 5890 11,301 13,055

Belarus 3969 nd 0.92 2846 3151 3120

Germany 3645 155 0.75 2186 3196 1818

Sweden 3036 45 0.56 1497 1399 1655

Lithuania 2861 17 0.29 716 765 906

Denmark 2619 67 1.58 1615 12,076 1889

Finland 2282 42 0.51 912 1300 1029

Latvia 1878 23 0.26 413 365 499

Estonia 958 50 0.32 262 379 212

Russia 913 nd 1.17 501 718 3521

All data except average farm size from Hong et al. (2017), year 2013. Average farm size
from EuroStat (2016a). LSU = Livestock Units according to Eurostat (2013), nd = no data.

The economic importance of the agricultural sector also varies be-
tween the countries. The output of agricultural goods as percentage of
the gross domestic product (GDP) in the EU countries in the catchment
in year 2016 was highest in Lithuania (5.5%) and lowest in Sweden
(1.1%) (Table S1). The agricultural employment as percentage of total
employment in year 2016 was highest in Poland (10.5%) and lowest in
Germany (1.3%) (Table S1). Farmers' income varies among and within
countries in the catchment. Farm net-value-added per full-time person
equivalents working on the farm is highest in Denmark and lowest in
Latvia, Lithuania, and Poland, out of the EU countries in the catchment
(EC, 2016b). For the entire EU-27, a strong relationship exists between
the economic size of farm businesses and the average levels of income
generated, with higher income for larger farm businesses (Hill and
Bradley, 2015).

2.2. Data sources and calculations

Here we use agricultural nutrient surpluses, livestock density, per-
centage of imported/locally produced feed, and nutrient flows related
to production and consumption of food, based on data developed by
Hong et al. (2017). We focus on total N and P and refer to them as nutri-
ents for simplicity.

We focus on five-year averages for the years 2008-2012. Hong et al.
(2017) used the net anthropogenic N and P inputs accounting approach
(NANI-NAPI) that has also been described in detail in Howarth et al.
(1996), Howarth et al. (2012), Hong et al. (2012) and Swaney et al.
(2012).

Hong et al. (2017) used data from Eurostat for EU countries, national
statistics for regions in Russia and Belarus, and published conversion pa-
rameters to calculate the components of NANI-NAPI (Supplemental ma-
terial Section 1 and Tables S2-S4). We also calculated livestock units
from data provided by Hong et al. (2017) using standard coefficients
from Eurostat (2013) to facilitate analysis. The spatial unit for the data
collected is Nomenclature of Territorial Units for Statistics 2 (NUTS2)
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for EU countries and oblast for Russia and Belarus (Fig. 1b). Oblast and
NUTS2 are administrative geographical borders that are used for
reporting statistics. Strong, linear relationships between NANI and
NAPI and riverine fluxes of N and P have been found in the Baltic Sea
catchment (Hong et al., 2017; Hong et al., 2012), as well as for regions
in North America and Asia (Howarth et al.,, 2012; Swaney et al., 2012).
For the Baltic Sea as a whole, riverine input of N and P was about 17%
of NANI and 5% of NAPI in 2010 (Hong et al., 2017).
We calculated the agricultural N surplus (Sy) and P surplus (Sp) as

Sy = Ferty + Many + Depy + BNF—Cropy (1)
and
Sp = Fertp + Manp—Cropp (2)

Ferty was mineral fertilizer N or P, Many was manure N or P excre-
tion, Depy was oxidized forms of atmospheric N deposition, BNF was bi-
ological N fixation by crops, and Cropx was N or P in harvested crops.
These values can be negative (i.e. deficits) and we refer to deficits as
negative surpluses. All components used for calculating the surpluses
were obtained from Hong et al. (2017). The agricultural surpluses
were expressed as kg N or P per ha Utilized Agricultural Area (UAA).
The UAA is defined by Eurostat (2017) as total area taken up by arable
land, permanent grassland, permanent crops, and kitchen gardens. A
majority of the UAA is arable land and permanent grassland. By focusing
on agricultural surpluses per UAA (and not e.g. total land area), it is pos-
sible to make relevant comparisons between agriculture in different
countries and regions, which allows for a better understanding of nutri-
ent use in the agricultural system. However, while scaling by UAA en-
ables a better understanding of agricultural issues, scaling net inputs
by total area (e.g. in Hong et al., 2017) may be more useful for assessing
the relative contribution of different regions to coastal nutrient loads
(Swaney et al., 2018), especially when regions vary considerably in
their agricultural area.

We used estimated manure excretion from Hong et al. (2017),
which was calculated as numbers of livestock multiplied by excretion
rates (Table S3). We follow the approach of Swaney et al. (2018) in
our calculation of agricultural N and P surplus and use manure excre-
tion, without accounting for manure losses such as excretion outside
livestock housing or during handling of the manure collected in the
housing. Most of the manure losses are somewhere in the catchment
and have the potential to reach the sea. This is especially true for P
which does not have gaseous forms, but to a large extent also for N be-
cause a large proportion of manure losses in the form of ammonia vola-
tilization are deposited regionally (Boyer et al., 2002). This approach
also eliminates the uncertainties in quantifying the manure losses.

Our approach assumes that all nutrients, including manure N and P,
were spread evenly across all the agricultural land within the given
NUTS2 or oblast; in reality, this is unlikely. Instead, the manure spread-
ing areas are usually smaller, further increasing the local surpluses in
high-intensive livestock production areas.

The amount of N and P in feed within a NUTS2 or oblast is calculated
by Hong et al. (2017) based on number and type of livestock. The feed
import (or export) is then calculated as the difference between the
amount of nutrients needed by livestock and the amount and type of
feed crops grown within each NUTS2 or oblast.

We used analysis of covariance (ANCOVA) to test the significance of
the relationship between livestock density and N, P surplus at the coun-
try level. Tukey's post-hoc test was used for pair-wise comparisons of
countries.

Soil P status in agricultural soils was mapped using data from the
LUCAS soil survey (Téth et al., 2013). We used CORINE land cover
2012 (categories 211, 212, 221, 222, 231 and 241) (EEA, 2007; http://
land.copernicus.eu/pan-european/corine-land-cover/clc-2012)  to
choose LUCAS data points on agricultural land in the NUTS2 regions

within catchment (i.e. same NUTS2 regions as in Hong et al. (2017)),
resulting in about 2400 data points. The median soil P value was calcu-
lated for each NUTS2 and mapped in Fig. 2d.

3. Results and discussion
3.1. Nutrient surpluses varied across the catchment

Regional agricultural N and P surpluses varied greatly across the Bal-
tic Sea catchment (Fig. 2a and b). Denmark, and regions in Poland,
Russia, and Belarus had especially high surpluses. The components of
the N and P surpluses are shown in Fig. 3. Manure and mineral fertilizer
constituted various proportions of the inputs of N and P to agricultural
land across the catchment, with Denmark and Russia having a large pro-
portion of inputs as manure. The amount of P in manure compared to
the amount of P in harvested crops (at a national level or part of country
within catchment) varied from about 30% in Estonia, Latvia and
Lithuania, to over 100% in Belarus, Russia and Denmark. Even though
this is a coarse country-scale estimate, it shows that these countries
(or part of country within the Baltic Sea catchment) would have had a
P surplus even if mineral P fertilizers were completely omitted.

It is worth noting that crop yields are relatively low on average in the
Russian parts of the catchment (Fig. 3), and in addition to the large
amounts of manure and mineral fertilizer used, this is a contributing fac-
tor to the large N and P surpluses. Poor maintenance of agricultural
drainage systems may be one important reason for low yields
(Surovtsev et al., 2009). The data for EU countries comes from one
data source (Eurostat), while national statistics were used for Russia
and Belarus (Hong et al., 2017) and this may add some uncertainty to
the comparison between the EU countries and Russia and Belarus.

3.2. Livestock density and feed imports contribute to nutrient surpluses

There were often large agricultural N and P surpluses in areas with
high livestock densities, for example in Denmark and parts of Poland,
Russia and Belarus (Fig. 2). In regions with high livestock density, a
large proportion of feed is imported to the region (because agricultural
land is needed to produce feed), and the resulting manure is often ap-
plied on nearby fields, leading to nutrient application in excess of crop
demand. In this way, feed imports (together with fertilizer imports)
lead to N and P surpluses and the accumulation of nutrients in regions
that focused on livestock production. Indeed, we found that regions
with high livestock density often imported a large proportion of the
feed (out of total feed needed for livestock) (Figs. 2c and S2), which is
consistent with previous literature related to the separation of crop
and livestock production (Le Noe et al., 2017; Nesme et al., 2015;
Schipanski and Bennett, 2012; Swaney et al., 2018). At the same time,
surpluses were often low (or negative) in regions focused on crop pro-
duction, but the production in these regions relies to a greater extent on
imported mineral fertilizer and high levels of soil P arising from previ-
ous management practices. For example, in NUTS2 region DE41
Brandenburg-Nordost, average livestock density was less than
0.5 LSU ha™', average N in crop harvest greater than 85 kg ha™!, and
P surplus was negative.

The N and P surplus has been shown to increase with increasing live-
stock density in studies at continental, national and regional scale, espe-
cially at livestock densities above 2 LSU ha™! (Liu et al., 2017; Nesme
et al,, 2015; Wang et al., 2018). For the Baltic Sea catchment, we also
see that the N and P surpluses are related to the livestock density
(Fig. 4; Table S5), but with livestock densities typically lower than
what is often found in e.g. the Netherlands and China (Liu et al., 2017;
Wang et al., 2018). There are some interesting differences between
countries in the catchment (Fig. 4; Table S6) that may be due to differ-
ences in management and policy. For example, the Danish NUTS2 re-
gions had lower nutrient surpluses than several other countries at the
same level of livestock density (Fig. 4). Denmark has high livestock
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Fig. 2. (a) Nitrogen and (b) phosphorus surplus on agricultural lands in the Baltic Sea catchment. The location and extent of agricultural land is shown in Fig. 1a. The N surplus is calculated
as the sum of manure N excretion, fertilizer N, oxidized forms of atmospheric N deposition, and biological N fixation in legumes minus N in harvested crops, expressed as kg N per ha
utilized agricultural area. Same calculation for P except without atmospheric deposition and biological fixation. (c) Livestock density in the Baltic Sea catchment, i.e. livestock units
(LSU) per ha utilized agricultural area (UAA). (d) Median topsoil P concentration on agricultural area. Soil P data from Téth et al. (2013) and other data are averages for the period

2008-2012 from Hong et al. (2017).

densities relative to other countries in the Baltic Sea catchment
(Table 1), especially regions on Jutland, i.e. DKO3 Syddanmark, DK04
Midtjylland and DKO5 Nordjylland. For the past several decades, policies
in Denmark focused on using manure nutrients more efficiently and re-
ducing primarily N-application (Dalgaard et al., 2014) (also see
Section 3.5.1).Despite focusing on N, and only recently having more

incentives directly related to P surpluses, policies and changes in nutri-
ent management seem to have reduced P surpluses as well.

Poland and Belarus (oblasts within the catchment) often had higher
P surplus than other countries with the same livestock density (Fig. 4;
Table S6), indicating that there is potential for improvements.
McCrackin et al. (2018) also found relatively low nutrient use efficiency
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minus losses). The points show the output of N and P in harvested crops. Data is expressed as kg N or P per utilized agricultural area and presented per country or part of country (only

NUTS2 regions or Oblasts within the Baltic Sea catchment are included).

in regions in Russia, Belarus and Poland, and that improved nutrient use
efficiency in these areas is important for reducing nutrient inputs to the
Gulf of Finland and Baltic Proper. Substantial nutrient reductions in
these sub-basins are needed to meet goals in the BSAP, especially for P
(HELCOM, 2015) (map of sub-basins in Fig. S1). The N and P surpluses
at the national level (or the part of country within the catchment)
have decreased in most of the EU countries when averages for five-
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Fig. 4. Livestock density (livestock units per hectare utilized agricultural area) plotted
against agricultural N and P surplus. Names of countries abbreviated as: CZ = Czech
Republic; DE = Germany; DK = Denmark; EE = Estonia; LT = Lithuania; LV = Latvia;
FI = Finland; PL = Poland; SE = Sweden; SK = Slovakia; BY = Belarus; RU = Russia.

year periods centered on year 2000 and 2010 are compared, except
that there was little change in surpluses in Poland and Estonia and
some increases in Latvia (Table S7). The N and P surpluses in Russia
and Belarus increased between the two periods (Table S7), which is
due to both increasing inputs of fertilizer and/or manure and a decrease
in agricultural area.

3.3. Opportunity to use soil P reserves to a greater extent

When manure or P fertilizer is applied to agricultural land in excess
of crop demand, much of the P accumulates in soils. If repeated over
many years, the soil P level can rise well above the agronomic optimum,
where there is a greater risk of P losses to the aquatic environment and
further application does not increase yields (Bai et al., 2013; Valkama
et al., 2009). In other words, soil P levels in agricultural soils reflect
the P fertilization history to a large extent and not necessarily current
P surplus. Correspondingly, we found that the median soil P concentra-
tion in agricultural land (per NUTS 2 region) from Téth et al. (2013 ) was
not explained by the agricultural P surplus for 2008-2012 from Hong
et al. (2017) (R? = 0.13, not shown). This finding suggests that there
are some areas where existing soil P content is considered in fertiliza-
tion, or that there are areas where current build-up of soil P is not as
large as earlier. On soils with high P levels, it is desirable to use existing
soil P as much as possible, i.e. to have negative P surpluses (Rowe et al.,
2016; Sattari et al., 2012). For example, in Finland about half of agricul-
tural soils have such high soil P levels that P fertilization is unlikely to in-
crease yields (Ylivainio et al., 2014). Also, current manure P content in
Finland would be enough to meet plant P requirements, with no need
for mineral P fertilizer, if manure could be spread to areas with actual
need for P (Ylivainio et al.,, 2014).

From the standpoint of resource efficiency, P management resulting
in high P surpluses on soils with high P levels is wasteful. Also, once soil
P reaches excessive levels it can take decades to lower soil P levels to the
agronomic optimum, and to lower P losses (Fiorellino et al., 2017;
Svanbdck et al., 2015). We identified NUTS2 regions where both soil P
levels and P surpluses were particularly high (Fig. 2b and d), and
where the P surplus therefore need to be reduced substantially. These
were the Danish NUTS2 regions DKO03 Syddanmark and DKO05
Nordjylland and the Polish NUTS2 regions PL41 Wielkopolskie and
PL61 Kujawsko-Pomorskie. These four NUTS2 regions were also
among the top-ten within the catchment with the highest livestock
density.
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Fig. 5. Magnitude of (a) nitrogen and (b) phosphorus net flows in the food production and consumption system in the Baltic Sea catchment. (Unit: 1000 tons N or P.)

3.4. Nutrient flows connected to production of food and sewage

Nitrogen and P are imported primarily as mineral fertilizer and feed,
while the region is a net exporter of food products (Fig. 5). Imported
mineral fertilizers are used in crop production and over 65% of crops
grown in the catchment are used to feed livestock, together with the
imported feed (Fig. 5). Livestock in the Baltic Sea catchment excrete
1.8 million tons of N and 0.37 million tons of P in manure annually,
which is more than three times as much as in excreta from humans
(Hong et al.,, 2017). Decades of imports have led to the accumulation
of nutrients, for example as buildup of soil P levels and losses to lakes
and rivers. On agricultural land over the entire catchment, only about
60% of P and 50% of N in mineral fertilizer, manure, atmospheric N depo-
sition, and biological N fixation are converted to harvested crops (Fig. 5).

Agricultural systems will never be perfectly efficient because of un-
avoidable nutrient losses, but in the Baltic Sea region, there is room
for improvement. Scenario analysis suggests that redistributing manure
nutrients within NUTS2-regions/oblasts and reducing over-fertilization
could reduce annual fertilizer imports by 165-252 thousand tons N and
70-120 thousand tons P (McCrackin et al., 2018).

Only a small proportion of nutrients reaches the Baltic Sea (Fig. 5),
about 14% and 4% of net N and P inputs to the catchment, respectively
(Hong et al., 2017), but the inputs to the sea have a large environmental
impact (HELCOM, 2017). The inputs of “new” N and P to the agricultural
system, i.e. import of mineral fertilizers and feed (in contrast to
“recycled” manure sources), need to be reduced to reduce the amount
of nutrients that cycle, accumulate, and potentially leak to the
environment.
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3.5. Reducing nutrient surpluses

Nutrient surpluses in agriculture can be reduced in several ways. In
crop production, it comes down to fertilizing according to crop demand,
accounting for existing soil P levels, minimizing losses, and recycling nu-
trients more efficiently. Knowledge about expected crop yields and soil
P levels is needed to do this, as well as good fertilizer application prac-
tices and manure handling. Increased yields through measures other
than N and P application can also reduce nutrient surpluses and increase
nutrient use efficiency at the farm level (Nordin and Hoéjgard, 2017).
Over-application of N and P, especially with mineral fertilizer, is an un-
necessary cost for the farmer and can be reduced by better-informed
nutrient management. However, it is clearly more challenging to reduce
nutrient surpluses in regions focused on livestock production, where
feed import is large. In areas (or on farms) where the amount of N
and P in manure exceeds crop demands there are options to reduce nu-
trient surpluses, including:

Eliminate over-application of mineral fertilizers.

Match livestock feed rations to their nutritional requirements (Arriaga
et al., 2009; Dourmad and Jondreville, 2007; Pomar et al., 2009), i.e.
avoiding overfeeding, thereby reducing feed import and N and P in
manure. Improve livestock nutrient utilization, for example by using
phytase in feed for monogastrics (Adeola and Cowieson, 2011).
Reduce the number of livestock, to reduce feed imports and manure
production.

Use manure more efficiently to reduce the need to import mineral fer-
tilizer. Adequate manure storage, timing of application, application
technique and amount are essential for good nutrient management
on livestock farms.

Increase yields through measures such as improving soil structure,
drainage, and changes in crop types or varieties, etc.

Transport manure or manure products to other regions that need crop
nutrients. Many techniques exist for processing the manure and mak-
ing a product which is more easily transported, and in some cases
more similar to commercial mineral fertilizer (Flotats et al., 2011;
Hanifzadeh et al., 2017; Hjorth et al., 2010). The choice of technique
depends on factors such as local conditions at the livestock farm,
how far the manure product needs to be transported, and handling re-
quirements for the transported manure product.

3.5.1. Examples of incentives for reduced nutrient surpluses

EU policy plays an important role in water management and agricul-
ture in the Baltic Sea catchment, as eight of the nine coastal countries
are EU-members. The main objective of EU water policy is to ensure ac-
cess to good quality water in sufficient quantity for all Europeans and to
ensure the good status of all water bodies across Europe. The Water
Framework Directive (WFD) (EC, 2000) and the Marine Strategy Frame-
work Directive (MSFD) (EC, 2008) have targets and programs of mea-
sures that affect agriculture, but do not in themselves finance these
measures.

The Nitrates Directive has the objective of reducing water pollution
caused or induced by nitrates from agricultural sources and preventing
further such pollution (EC, 1991). Measures include limiting application
rates of manure N, limiting periods when N can be applied, conditions
for application (not on frozen soil, water saturated soils, steep slopes,
close to water bodies etc.) and techniques for application. The maxi-
mum manure application rate of 170 kg N ha™' year™' applies to all
countries while the other measures may vary. However, Denmark has
farms with exemptions from the maximum 170 kg N ha™! year—!, so
called derogation farms, where up to 230 kg N ha~! year™! is allowed
(EC,2017). At these farms, measures (such as catch crops, crop rotations
with high N uptake and long growing season) should be taken so that
the objectives of the directive are still attained.

The Common Agricultural Policy (CAP) within EU contains both
funding and legislation. Objectives of CAP include viable food produc-
tion, sustainable management of natural resources and climate action
(EC, 2013). A majority of the total EU CAP budget is spent on direct pay-
ments (Tropea, 2017), which can be seen as income support based on
the area that a farmer manages. The CAP supports voluntary agri-
environmental measures through the rural development programs
(RDP's) and these measures vary between countries.

The integration of EU's water policy objectives into the CAP have
only been partially successful, due to a mismatch between the ambition
of the policy objectives and the ability of the instruments used to effect
change (ECA, 2014). It is argued that the direct payments generally in-
crease environmental pressure; by subsidizing land use and the associ-
ated production, the direct payments are not capable of controlling
environmentally damaging emissions, which is also in conflict with
broad CAP objectives (Brady et al., 2017). To receive direct payments
and/or certain rural development funds, farmers must meet certain en-
vironmental obligations, so called cross-compliance and greening. For
example, greening includes measures for crop diversification and main-
tenance of environmentally sensitive grasslands. The effects of greening
seem to be very limited as it has not led to any large changes in manage-
ment and practices (ECA, 2017; Hart, 2015); a redesign of this payment
could result in greater environmental benefits from the CAP (Buckwell
et al., 2017).

The current EU fertilizer regulation does not include fertilizer prod-
ucts made from recycled nutrients, such as manure (EC, 2003) and a
new fertilizer regulation has been proposed within the EU's circular
economy package that would include fertilizer products made from
recycled nutrients (EC, 2016a). This would help to create a market for
secondary raw materials by establishing common quality standards,
but other policy incentives are also needed to make manure, or fertilizer
products made from manure, more cost-competitive with synthetic and
mineral fertilizers. Farmer acceptance of recycled nutrients is a key
issue, and an understanding of the end-user requirements and the fertil-
izer market is needed to increase the adoption of organic waste process-
ing technologies and the production of new types of bio-based
fertilizers on a large scale (eip-agri, 2017).

Limiting N and/or P application rates, requiring specific nutrient use
efficiency for manure, or regulating N and P application based on nutri-
ent balances, would likely spur the development and application of ma-
nure processing and transportation in areas with excess manure.

The countries in the Baltic Sea catchment have different approaches
to incentivizing nutrient management. For example, some countries
(e.g. Denmark) use more mandatory regulations (“command and con-
trol”) regarding e.g. fertilization rates, while others (e.g. Finland and
Sweden) have fewer mandatory regulations, but focus more on volun-
tary measures and subsidies (Table 2). In the most recent RDP's (years
2014-2020), there are examples of support for improved nutrient man-
agement (EC, 2014b). Several countries support measures that reduce
the transport of nutrients from the field or in the landscape, such as win-
ter cover crops, buffer zones and wetland areas. The Finnish subsidy
specifies maximum allowed application rates of N and P to different
types of crops (FMAF, 2014). The Finnish RDP also includes specific sup-
port for more efficient use of manure, with subsidies for the extra cost of
spreading manure purchased from other farms (to increase interaction
between crop and livestock farms). Polish farmers in nitrate-vulnerable
zones, as well as Latvian and Swedish farmers, can apply for support for
handling techniques/equipment for collection and storage of manure
(LMA, 2014; PMARD, 2014; SBA, 2014).

Sweden regulates livestock density based on P application rate, re-
quiring that there is enough agricultural area for spreading manure so
that the maximum manure application rate is 22 kg P ha~! year !, av-
eraged over five years for the entire spreading area (SBA, 2012). This re-
quirement limits the amount of manure produced on a farm in relation
to spreading area and enforces the connection between livestock pro-
duction and crop production. Together with legislation on manure
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Table 2

Examples of incentives for improved nutrient management and reduced nutrient balances in EU countries in the Baltic Sea catchment.

Objective Command and control

Limiting fertilizer input < Regulate N fertilizer rate (DK) (EPA, 2017)
« Regulate maximum surplus (DE) (BMJV, 2017)

Calculating nutrient « DK, DE (BMJV, 2017; EPA, 2017)
balance at farm and/or
field level

Improved feeding

Nutrient management « Closed periods for manure application
practices and « Manure application techniques
techniques « Manure storage capacity and construction
(Applicable in EU countries through implementation of
the Nitrates Directive)
Livestock density « Requiring enough manure spreading area so that a
certain manure P application rate is not exceeded (SE)
(SBA, 2012)
Crop livestock
reconnection

Subsidies Tax

« Limited fertilizer rate as requirement to get RDP subsidy « Fertilizer tax (earlier in FI

(FI) (FMAF, 2014) and SE) (Anon, 1992; SFS,
1984)

« SE through farm advisory service (Greppa, 2011; SBA,
2014)

* Tax on mineral P in feed
(DK) (DMT, 2016)

» Manure storage construction (PL, LT, SE) (LMA, 2014;

PMARD, 2014; SBA, 2014)

» Equipment for good manure application (FI,

Schleswig-Holstein, Mecklenburg-Vorpommern) (Anon,

2014a, 2014b; FMAF, 2014)

« Connecting crop farms and livestock farms for manure
exchange (FI) (FMAF, 2014)

storage, it functions as a basis for good manure nutrient management
(Aronsson and Johnson, 2017).

In Denmark, there is intensive and export-oriented livestock pro-
duction which has led to relatively large N and P surpluses. Nitrate pol-
lution of groundwater and negative impacts from agriculture on
vulnerable freshwater and marine environments have been addressed
through several different action plans since 1985 (Dalgaard et al.,
2014). Much focus has been on N and detailed regulation (EPA, 2017)
that obliges farmers to have proper manure storage and to consider ma-
nure and fertilizer as valuable resources. This focus has significantly re-
duced N surplus, increased N use efficiency, and reduced N losses from
agriculture (Dalgaard et al., 2014; Pilgaard Vinther and Olsen, 2017).
The measures have generally been mandatory, applicable to all farmers
and without compensation. However, Danish N and P surpluses are still
relatively high (Fig. 2a and b) and further action is needed, especially to
comply with the WED. More recently, Danish policy has focused more
on targeted measures, and increasing attention on P (Christel and
Olsen, 2017; EPA, 2017).

Polish agriculture is quite heterogeneous in terms of farm size and
level of specialization and intensity. While there are many small farms
currently, farm structure is changing towards fewer and larger farms
(EuroStat, 2016a). The Polish RDP supports land consolidation, with
the aim to merge agricultural land and to reduce the number of small,
scattered plots that make up the farm, and thereby increase the average
farm size (PMARD, 2014). Kopinski and Jurga (2016) found that Polish
agriculture is experiencing deepening regional differentiation of agri-
culture intensity, expressed as mineral P fertilizer consumption. They
also found large differences in P surplus between NUTS2 regions in
Poland, with PL41 Wielkopolskie as an example of a region with high
P surplus, high soil P status, and an increasing trend in animal produc-
tion. Farm-level P surpluses varied widely in a study of 25 farms each
in the Polish NUTS2 regions PL 12 Mazowieckie and PL 63 Pomorskie,
with a negative P surplus on 31% of all farms (Ulén et al., 2016). Mean
P surplus was highest for pig farms and lowest for mixed farms and
this was also the case for mean soil P concentration. Farm-gate balances
indicated increasing P level for many farms with the highest soil P con-
centrations and depletion for farms with low livestock density. Based on
these farm-gate nutrient balances, manure should be exported from pig
farms to arable and small mixed farms in order to reduce overall surplus
in the area (Ulén et al., 2016).

In Russia, farmers can get government support to purchase mineral
fertilizer (Lindgren, 2013), which is a negative incentive for efficient nu-
trient use. During the Soviet era, investments were made to increase
livestock production in these Russian regions, but equivalent invest-
ments were not made in manure storage and equipment for efficient
utilization of manure (Lindgren, 2013; Surovtsev et al., 2009).

Implementing environmental policy and addressing environmental is-
sues currently seem to be low priorities in Russia (Lindgren, 2013;
OECD, 2006).

4. Conclusions

In this study, we quantified N and P surpluses on agricultural lands in
the Baltic Sea catchment and showed that nutrient surpluses are con-
nected to livestock density. Regions with high livestock density often
imported a large proportion of the feed (out of total feed needed for
livestock). However, management practices appear to affect how large
surpluses are at a certain livestock density, with varying surpluses
across the catchment also for regions with similar livestock density.
The surpluses have been reduced between years 2000 and 2010 in
Denmark, Finland, Germany, and Sweden, which suggests that im-
proved agricultural nutrient management has had an effect in these
areas. There is room for further improvements in the catchment, espe-
cially in Russia, Belarus and Poland. Although substantial reductions in
surpluses have been made in Denmark through regulation and technical
improvements, surpluses are still relatively high due to high livestock
density.

To lower the overall N and P surplus in the Baltic Sea catchment, im-
ports of mineral fertilizer and feed need to be reduced. To accomplish
this, over-application of N and P to crops and over-feeding of livestock
animals needs to cease, and nutrient recycling needs to increase. The
spatial separation between crop and livestock production is an impor-
tant driver for nutrient surpluses. Manure is often used inefficiently in
livestock-dense regions that import large quantities of feed, while re-
gions focused on crop production are more dependent on mineral fertil-
izers. The recirculation of N and P needs to increase, either by moving
manure in different forms to partially substitute for mineral fertilizers
in regions focused on crop production, or by moving livestock or reduc-
ing livestock numbers to accomplish a better balance between crop and
livestock production.

There are many policies that can improve agricultural nutrient man-
agement further within the current agricultural structures. For example,
farm advisory services can increase farmer knowledge about nutrient
management. Adequate manure storage and application techniques
are critical prerequisites of efficient use of manure and investments
may be needed. Regulations can limit the amount of P that can be ap-
plied and consider existing soil P reserves. Lastly, support for processing
and trade of manure-based fertilizers can reduce nutrient imbalances
between crop and livestock farms.

However, given that the separation of crop and livestock production
is an underlying cause of nutrient surpluses, further analysis is needed
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to identify how policy can best address these structural issues to reduce
nutrient surpluses and increase sustainability in food production.

Acknowledgements

The LUCAS topsoil dataset used in this work was made available by
the European Commission through the European Soil Data Centre man-
aged by the Joint Research Centre (JRC). This work was funded by the
foundation BalticSea2020 and the Baltic Sea Centre at Stockholm Uni-
versity, Sweden.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.08.194.

References

Adeola, 0., Cowieson, AJ., 2011. BOARD-INVITED REVIEW: opportunities and challenges
in using exogenous enzymes to improve nonruminant animal production. J. Anim.
Sci. 89, 3189-3218.

Anon, 1992. Lag om dndring av lagen om accis pa godselmedel 1003/1992. http://www.
finlex.fi/sv/laki/alkup/1992/19921003.

Anon, 2014a. Germany - Rural Development Programme (Regional) - Mecklenburg-
Vorpommern. Ministerium fiir Energiewende, Landwirtschaft, Umwelt und landliche
Raume des Landes Mecklenburg-Vorpommern https://www.bmel.de/DE/Laendliche-
Raeume/03_Foerderung/Europa/_texte/Foerderung2014-2020.html;jsessionid=
EF172FFBA6863BA1EC96BAAC77368BFD.2_cid296?docld=5781860.

Anon, 2014b. Germany - Rural Development Programme (Regional) - Schleswig-Holstein.
Ministerium fiir Energiewende, Landwirtschaft, Umwelt und ldndliche Riume des
Landes Schleswig-Holstein http://www.schleswig-holstein.de/DE/Fachinhalte/F/
foerderprogramme/MELUR/LPLR/Downloads/Entwicklungsprogramm_2014_7_14.
pdf.

Aronsson, H., Johnson, H., 2017. Reglers betydelse for atgdrder mot jordbrukets kvave-
och fosforforluster - Beskrivning av och kvantitativ utvardering av effekter fran
atgarder som foljer av befintliga regelverk. vol. 145. Department of Soil and Environ-
ment, Swedish University of Agricultural Sciences, Ekohydrologi, Uppsala (ISSN
0347-9307).

Arriaga, H., Pinto, M., Calsamiglia, S., Merino, P., 2009. Nutritional and management strat-
egies on nitrogen and phosphorus use efficiency of lactating dairy cattle on commer-
cial farms: an environmental perspective. ]. Dairy Sci. 92, 204-215.

Bai, Z., Li, H., Yang, X., Zhou, B., Shi, X., Wang, B., Li, D., Shen, J., Chen, Q., Qin, W., Oenema,
0., Zhang, F., 2013. The critical soil P levels for crop yield, soil fertility and environ-
mental safety in different soil types. Plant Soil 372, 27-37.

Blicher-Mathiesen, G., Andersen, H.E., Larsen, S.E., 2014. Nitrogen field balances and suc-
tion cup-measured N leaching in Danish catchments. Agric. Ecosyst. Environ. 196,
69-75.

BMJV, 2017. Verordnung {iber die Anwendung von Diingemitteln, Bodenhilfsstoffen,
Kultursubstraten und Pflanzenhilfsmitteln nach den Grundsdtzen der guten
fachlichen Praxis beim Diingen (Diingeverordnung - DiiV). vol. 26. Federal Ministry
of Justice and Consumer Protection Diingeverordnung vom. http://www.gesetze-im-
internet.de/d_v_2017/ Mai 2017 (BGBL I S. 1305).

Boyer, E.W., Goodale, C.L., Jaworski, N.A., Howarth, R.W., 2002. Anthropogenic nitrogen
sources and relationships to riverine nitrogen export in the northeastern U.S.A. Bio-
geochemistry 57, 137-169.

Brady, M., Hristov, ]., Hojgard, S., Jansson, T., Johansson, H., Larsson, C., Nordin, I,
Rabinowicz, E., 2017. Impacts of Direct Payments — Lessons for CAP Post-2020 From
a Quantitative Analysis, Report 2017:2. AgriFood Economics Centre, Lund.

Buckley, C., Wall, D.P., Moran, B., Murphy, P.N.C,, 2015. Developing the EU Farm Accoun-
tancy Data Network to derive indicators around the sustainable use of nitrogen and
phosphorus at farm level. Nutr. Cycl. Agroecosyst. 102, 319-333.

Buckwell, A., Nadeu, E., 2016. Nutrient Recovery and Reuse (NRR) in European Agricul-
ture. A Review of the Issues, Opportunities, and Actions. RISE Foundation, Brussels.

Buckwell, A., Matthews, A., Baldock, D., Mathijs, E., 2017. CAP - Thinking Out of the Box:
Further Modernisation of the CAP - Why, What and How? RISE Foundation, Brussels

Cameron, K.C., Di, HJ., Moir, J.L., 2013. Nitrogen losses from the soil/plant system: a re-
view. Ann. Appl. Biol. 162, 145-173.

Christel, W., Olsen, H.P., 2017. Standardization of complexity: the challenge of transfer-
ring conditions given in individually issued environmental permits to general rules,
while securing the level of environmental protection. In: Fraters, D., Wattel, E.,
Kovar, K. (Eds.), LuWQ2017, Land Use and Water Quality: Effect of Agriculture on
the Environment, Volume of abstracts (Hague, Netherlands).

Dalgaard, T., Hansen, B., Hasler, B., Hertel, O., Hutchings, N.J., Jacobsen, B.H., Jensen, L.S.,
Kronvang, B., Olesen, J.E., Schjorring, J.K., Kristensen, LS., Graversgaard, M.,
Termansen, M., Vejre, H., 2014. Policies for agricultural nitrogen management-
trends, challenges and prospects for improved efficiency in Denmark. Environ. Res.
Lett. 9, 16.

Diacono, M., Montemurro, F., 2010. Long-term effects of organic amendments on soil fer-
tility. A review. Agron. Sustain. Dev. 30, 401-422.

DMT, 2016. Bekendtggrelse af lov om afgift af mineralsk fosfor i foderfosfat. The Danish
Ministry of Taxation, LBK nr 1290 af 05/11/2016 Skattemin., j.nr. 16-1458146
https://www.retsinformation.dk/Forms/R0710.aspx?id=184134.

Dourmad, J.-Y., Jondreville, C., 2007. Impact of nutrition on nitrogen, phosphorus, Cu and
Zn in pig manure, and on emissions of ammonia and odours. Livest. Sci. 112,
192-198.

EC, 1991. Council Directive 91/676/EEC of 12 December 1991 concerning the protection
of waters against pollution caused by nitrates from agricultural sources. http://eur-
lex.europa.eu/legal-content/EN/TXT/?qid=1508836868141&uri=CELEX:
31991L0676.

EC, 2000. DIRECTIVE 2000/60/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of
23 October 2000 establishing a framework for Community action in the field of water pol-
icy. http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0060.

EC, 2003. Regulation (EC) No 2003/2003 of the European Parliament and of the Council of
13 October 2003 relating to fertilisers. http://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=celex:32003R2003.

EC, 2008. Directive 2008/56/EC of the European Parliament and of the Council of 17 June
2008 establishing a framework for community action in the field of marine environ-
mental policy (Marine Strategy Framework Directive) (text with EEA relevance).
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid =1508836675962&uri=CELEX:
32008L0056.

EC, 2013. Overview of CAP reform 2014-2020. https://ec.europa.eu/agriculture/sites/agri-
culture/files/policy-perspectives/policy-briefs/05_en.pdf.

EC, 2014a. Communication from the Commission to the European Parliament, the Coun-
cil, the European Economic and Social Committee and the Committee of the Regions -
on the review of the list of critical raw materials for the EU and the implementation of
the Raw Materials Initiative. Brussels. http://eur-lex.europa.eu/legal-content/EN/TXT/
PDF/?uri=CELEX:52014DC0297&from=EN.

EC, 2014b. Rural Development 2014-2020: Country Files. vol. 2017. https://ec.europa.eu/
agriculture/rural-development-2014-2020/country-files_en.

EC, 2016a. Circular Economy Package Proposal for a regulation of the European Parlia-
ment and of the Council laying down rules on the making available on the market
of CE marked fertilising products and amending regulations (EC) No 1069/2009
and (EC) No 1107/2009. Brussels. https://ec.europa.eu/transparency/regdoc/rep/1/
2016/EN/1-2016-157-EN-F1-1.PDF.

EC, 2016b. EU Farm Economics Overview Based on 2013 FADN Data. DG Agriculture and
Rural Development, European Commission, EU FADN, Brussels.

EC, 2017. KOMMISSIONENS GENNEMFORELSESAFGORELSE (EU) 2017/847 af 16. maj
2017 om indremmelse af en undtagelse pa anmodning af Danmark i henhold til
Radets direktiv 91/676/EQF om beskyttelse af vand mod forurening forarsaget af
nitrater, der stammer fra landbruget. http://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:32017D0847.

ECA, 2014. Special Report: Integration of EU Water Policy Objectives With the CAP: A Par-
tial Success. European Court of Auditors, Luxembourg.

ECA, 2016. Combating eutrophication in the Baltic Sea: further and more effective action
needed. European Court of Auditors Special Report No 03/2016, Luxembourg.

ECA, 2017. Greening: a more complex income support scheme, not yet environmentally
effective. European Court of Auditors Special Report No 21 https://www.eca.eu-
ropa.eu/Lists/ECADocuments/SR17_21/SR_GREENING_EN.pdf.

EEA, 2007. CLC2006 Technical Guidelines (Copenhagen).

EEA, 2012. European Waters — Assessment of Status and Pressures (Copenhagen).

eip-agri, 2017. EIP-AGRI Focus Group Nutrient Recycling Final Report. (Brussels, Belgium).
https://ec.europa.eu/eip/agriculture/en/publications/eip-agri-focus-group-nutrient-
recycling-final.

Elser, ]., Bennett, E., 2011. A broken biogeochemical cycle. Nature 478, 29-31.

EPA, 2017. Overview of the Danish Regulation of Nutrients in Agriculture & the Danish Ni-
trates Action Programme. Ministry of Environment and Food of Denmark Environ-
mental Protection Agency, Copenhagen http://eng.mst.dk/media/186211/overview-
of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-pro-
gramme.pdf.

Eurostat, 2013. Definition of livestock units by Eurostat. http://ec.europa.eu/eurostat/sta-
tistics-explained/index.php/Glossary:Livestock_unit_(LSU.

EuroStat, 2016a. Table ef_kvaareg. accessed from. http://ec.europa.eu/eurostat/.

EuroStat, 2016b. Table ef_olsaareg. accessed from. http://ec.europa.eu/eurostat/.

Eurostat, 2017. Eurostat statistics explained, glossary. http://ec.europa.eu/eurostat/statis-
tics-explained/index.php?title=Glossary:Agricultural_area_(AA), Accessed date: 21
May 2018.

Fiorellino, N., Kratochvil, R., Coale, F., 2017. Long-term agronomic drawdown of soil phos-
phorus in Mid-Atlantic coastal plain soils. Agron. J. 109, 455-461.

Flotats, X., Lyngso Foged, H., Bonmati Blasi, A., Palatasi, J., Magri, A., KM, S., 2011. Manure
Processing Technologies. Technical Report No. Il Concerning “Manure Processing Ac-
tivities in Europe” to the European Commission, Directorate-General Environment.

FMAF, 2014. Rural Development Programme for Mainland Finland 2014-2020. Finnish
Ministry of Agriculture and Forestry. https://www.maaseutu.fi/globalassets/rural_fi/
rural-program/rural_development_programme_2014-2020.pdf.

Greppa, 2011. Focus on nutrients 10 years — a decade of advice benefiting agriculture and
the environment. http://greppa.nu/download/18.37e9ac46144f41921cd1d91e/
1402565315382 /A%20decade%200f%20advice%20-%20Focus%20on%20nutrients.pdf.

Hanifzadeh, M., Nabati, Z., Longka, P., Malakul, P., Apul, D., Kim, D.S., 2017. Life cycle as-
sessment of superheated steam drying technology as a novel cow manure manage-
ment method. J. Environ. Manag. 199, 83-90.

Hart, K., 2015. Green Direct Payments: Implementation Choices of Nine Member States
and Their Environmental Implications. IEEP, London.

Haynes, RJ., Naidu, R., 1998. Influence of lime, fertilizer and manure applications on soil
organic matter content and soil physical conditions: a review. Nutr. Cycl. Agroecosyst.
51, 123-137.


https://doi.org/10.1016/j.scitotenv.2018.08.194
https://doi.org/10.1016/j.scitotenv.2018.08.194
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0005
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0005
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0005
http://www.finlex.fi/sv/laki/alkup/1992/19921003
http://www.finlex.fi/sv/laki/alkup/1992/19921003
https://www.bmel.de/DE/Laendliche-Raeume/03_Foerderung/Europa/_texte/Foerderung2014-2020.html;jsessionid=EF172FFBA6863BA1EC96BAAC77368BFD.2_cid296?docId=5781860
https://www.bmel.de/DE/Laendliche-Raeume/03_Foerderung/Europa/_texte/Foerderung2014-2020.html;jsessionid=EF172FFBA6863BA1EC96BAAC77368BFD.2_cid296?docId=5781860
https://www.bmel.de/DE/Laendliche-Raeume/03_Foerderung/Europa/_texte/Foerderung2014-2020.html;jsessionid=EF172FFBA6863BA1EC96BAAC77368BFD.2_cid296?docId=5781860
http://www.schleswig-holstein.de/DE/Fachinhalte/F/foerderprogramme/MELUR/LPLR/Downloads/Entwicklungsprogramm_2014_7_14.pdf
http://www.schleswig-holstein.de/DE/Fachinhalte/F/foerderprogramme/MELUR/LPLR/Downloads/Entwicklungsprogramm_2014_7_14.pdf
http://www.schleswig-holstein.de/DE/Fachinhalte/F/foerderprogramme/MELUR/LPLR/Downloads/Entwicklungsprogramm_2014_7_14.pdf
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0030
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0030
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0030
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0035
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0035
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0040
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0040
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0040
http://www.gesetze-im-internet.de/d_v_2017/
http://www.gesetze-im-internet.de/d_v_2017/
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf2010
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf2010
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf2010
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0050
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0050
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0055
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0055
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0055
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0060
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0060
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0065
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0065
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0070
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0070
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0080
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0080
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0080
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0085
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0085
https://www.retsinformation.dk/Forms/R0710.aspx?id=184134
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0095
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0095
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0095
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1508836868141&amp;uri=CELEX:31991L0676
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1508836868141&amp;uri=CELEX:31991L0676
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1508836868141&amp;uri=CELEX:31991L0676
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0060
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32003R2003
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32003R2003
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1508836675962&amp;uri=CELEX:32008L0056
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1508836675962&amp;uri=CELEX:32008L0056
https://ec.europa.eu/agriculture/sites/agriculture/files/policy-perspectives/policy-briefs/05_en.pdf
https://ec.europa.eu/agriculture/sites/agriculture/files/policy-perspectives/policy-briefs/05_en.pdf
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52014DC0297&amp;from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52014DC0297&amp;from=EN
https://ec.europa.eu/agriculture/rural-development-2014-2020/country-files_en
https://ec.europa.eu/agriculture/rural-development-2014-2020/country-files_en
https://ec.europa.eu/transparency/regdoc/rep/1/2016/EN/1-2016-157-EN-F1-1.PDF
https://ec.europa.eu/transparency/regdoc/rep/1/2016/EN/1-2016-157-EN-F1-1.PDF
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0140
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0140
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017D0847
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017D0847
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0150
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0150
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0155
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0155
https://www.eca.europa.eu/Lists/ECADocuments/SR17_21/SR_GREENING_EN.pdf
https://www.eca.europa.eu/Lists/ECADocuments/SR17_21/SR_GREENING_EN.pdf
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0165
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0170
https://ec.europa.eu/eip/agriculture/en/publications/eip-agri-focus-group-nutrient-recycling-final
https://ec.europa.eu/eip/agriculture/en/publications/eip-agri-focus-group-nutrient-recycling-final
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0180
http://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
http://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
http://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
http://ec.europa.eu/eurostat/statistics-explained/index.php/Glossary:Livestock_unit_(LSU
http://ec.europa.eu/eurostat/statistics-explained/index.php/Glossary:Livestock_unit_(LSU
http://ec.europa.eu/eurostat
http://ec.europa.eu/eurostat/
http://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Agricultural_area_(AA)
http://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Agricultural_area_(AA)
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0210
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0210
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0215
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0215
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0215
https://www.maaseutu.fi/globalassets/rural_fi/rural-program/rural_development_programme_2014-2020.pdf
https://www.maaseutu.fi/globalassets/rural_fi/rural-program/rural_development_programme_2014-2020.pdf
http://greppa.nu/download/18.37e9ac46144f41921cd1d91e/1402565315382/A%20decade%20of%20advice%20-%20Focus%20on%20nutrients.pdf
http://greppa.nu/download/18.37e9ac46144f41921cd1d91e/1402565315382/A%20decade%20of%20advice%20-%20Focus%20on%20nutrients.pdf
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0230
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0230
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0230
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0235
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0235
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0240
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0240
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0240

A. Svanbdick et al. / Science of the Total Environment 648 (2019) 1549-1559 1559

HELCOM, 2014. Eutrophication status of the Baltic Sea 2007-2011 - a concise thematic as-
sessment. Baltic Sea Environment Proceedings No. 143.

HELCOM, 2015. Updated Fifth Baltic Sea Pollution Load Compilation (PLC-5.5).

HELCOM, 2017. First version of the ‘State of the Baltic Sea’ report — June 2017 - to be up-
dated in 2018. http://stateofthebalticsea.helcom.fi.

HELCOM, 2018. Sources and pathways of nutrients to the Baltic Sea HELCOM PLC-6. Baltic
Sea Environment Proceedings No. 153, Helsinki Commission.

Hill, B, Bradley, B.D., 2015. Comparison of farmers income in the EU Member States. Re-
port for DG for Internal policies, Policy Department B: Structural and Cohesion Poli-
cies, Agriculture and Rural Development.

Hjorth, M., Christensen, K.V., Christensen, M.L., Sommer, S.G., 2010. Solid—liquid separa-
tion of animal slurry in theory and practice. A review. Agron. Sustain. Dev. 30,
153-180.

Hong, B., Swaney, D.P., Morth, CM., Smedberg, E., Higg, H.E., Humborg, C., Howarth, RW.,
Bouraoui, F., 2012. Evaluating regional variation of net anthropogenic nitrogen and
phosphorus inputs (NANI/NAPI), major drivers, nutrient retention pattern and man-
agement implications in the multinational areas of Baltic Sea basin. Ecol. Model. 227,
117-135.

Hong, B., Swaney, D.P., McCrackin, M., Svanbdck, A., Humborg, C., Gustafsson, B., Yershova,
A., Pakhomau, A., 2017. Advances in NANI and NAPI accounting for the Baltic drainage
basin: spatial and temporal trends and relationships to watershed TN and TP fluxes.
Biogeochemistry 1-17.

Hou, Y., Velthof, G.L., Case, S.D.C., Oelofse, M., Grignani, C., Balsari, P., Zavattaro, L., Gioelli,
F., Bernal, M.P., Fangueiro, D., Trindade, H., Jensen, L.S., Oenema, O., 2018. Stakeholder
perceptions of manure treatment technologies in Denmark, Italy, the Netherlands
and Spain. J. Clean. Prod. 172, 1620-1630.

Howarth, RW., Billen, G., Swaney, D., Townsend, A., Jaworski, N., Lajtha, K., Downing, ].A.,
Elmgren, R., Caraco, N., Jordan, T., Berendse, F., Freney, ]., Kudeyarov, V., Murdoch, P.,
Zhao-Liang, Z., 1996. Regional nitrogen budgets and riverine N & P fluxes for the
drainages to the North Atlantic Ocean: natural and human influences. Biogeochemis-
try 35, 75-139.

Howarth, R., Swaney, D, Billen, G., Garnier, ]., Hong, B., Humborg, C., Johnes, P., Morth, C.-
M., Marino, R., 2012. Nitrogen fluxes from the landscape are controlled by net anthro-
pogenic nitrogen inputs and by climate. Front. Ecol. Environ. 10, 37-43.

Kleinman, P., Blunk, K.S., Bryant, R., Saporito, L., Beegle, D., Czymmek, K., Ketterings, Q.,
Sims, T., Shortle, J., McGrath, J., Coale, F., Dubin, M., Dostie, D., Maguire, R., Meinen,
R, Allen, A., O'Neill, K, Garber, L., Davis, M., Clark, B., Sellner, K., Smith, M., 2012. Man-
aging manure for sustainable livestock production in the Chesapeake Bay Watershed.
J. Soil Water Conserv. 67, 54A-61A.

Kopinski, J., Jurga, B., 2016. Managing phosphorus in polish agriculture - production and
environmental aspects. Pol. J. Environ. Stud. 25, 2461-2468.

Le Noe, ., Billen, G., Gamier, J., 2017. How the structure of agro-food systems shapes nitro-
gen, phosphorus, and carbon fluxes: the generalized representation of agro-food sys-
tem applied at the regional scale in France. Sci. Total Environ. 586, 42-55.

Lindgren, ]J., 2013. Challenges and incentives for sustainable manure management in
Russia. Examensarbeten, Institutionen fér mark och miljo, SLU 2013:03.

Liu, Q,, Wang, ], Bai, Z., Ma, L., Oenema, O., 2017. Global animal production and nitrogen
and phosphorus flows. Soil Res. 55, 451-462.

LMA, 2014. Latvia - Rural Development Programme (National). Latvian Ministry of Agri-
culture. https://www.zm.gov.lv/public/files/CMS_Static_Page_Doc/00/00/01/08/04/
Programme_2014LVO6RDNP001_4_1_lv002.pdf.

McCrackin, M.L., Gustafsson, B.G., Hong, B., Howarth, RW., Humborg, C., Savchuk, O.P.,
Svanback, A., Swaney, D.P., 2018. Opportunities to reduce nutrient inputs to the Baltic
Sea by improving manure use efficiency in agriculture. Reg. Environ. Chang. 18,
1843-1854.

Mirlean, N., Roisenberg, A., 2006. The effect of emissions of fertilizer production on the en-
vironment contamination by cadmium and arsenic in southern Brazil. Environ. Pollut.
143, 335-340.

Naturvardsverket, 2014. Wastewater treatment in Sweden. http://www.
naturvardsverket.se/Documents/publikationer6400/978-91-620-8730-2.pdf?pid=
14651.

Nesme, T., Senthilkumar, K., Mollier, A., Pellerin, S., 2015. Effects of crop and livestock seg-
regation on phosphorus resource use: a systematic, regional analysis. Eur. ]. Agron.
71, 88-95.

Nordin, M., Hojgdrd, S., 2017. An evaluation of extension services in Sweden. Agric. Econ.
48, 51-60.

OECD, 2006. Environmental Policy and Regulation in Russia - The Implementation
Challenge.

Oenema, 0., Oudendag, D., Velthof, G.L., 2007. Nutrient losses from manure management
in the European Union. Livest. Sci. 112, 261-272.

Pilgaard Vinther, F, Olsen, P, 2017. NARINGSSTOFBALANCER OG
NARINGSSTOFOVERSKUD I LANDBRUGET 1995/96-2015/16. Tjele. www.dca.au.dk
978-87-93398-84-9 (ISSN: 2245-1684).

PMARD, 2014. Poland - Rural Development Programme 2014-2020. Polish Ministry of
Agriculture and Rural Development http://www.minrol.gov.pl/Wsparcie-rolnictwa/
Program-Rozwoju-Obszarow-Wiejskich-2014-2020.

Pomar, C., Hauschild, L., Zhang, G.H., Pomar, J., Lovatto, P.A., 2009. Applying precision
feeding techniques in growing-finishing pig operations. Rev. Bras. De Zootecn.-Braz.
J. Anim. Sci. 38, 226-237.

Powers, S.M., Bruulsema, T.W., Burt, T.P., Chan, N.I, Elser, ].J., Haygarth, P.M., Howden,
NJ.K, Jarvie, H.P., Lyu, Y., Peterson, H.M., Sharpley, A.N., Shen, J.B., Worrall, F.,
Zhang, F.S., 2016. Long-term accumulation and transport of anthropogenic phospho-
rus in three river basins. Nat. Geosci. 9 (353-+).

Rowe, H., Withers, P.J.A., Baas, P., Chan, N.I, Doody, D., Holiman, ., Jacobs, B., Li, H.,
MacDonald, G.K., McDowell, R., Sharpley, A.N.,, Shen, ]., Taheri, W., Wallenstein, M.,
Weintraub, M.N,, 2016. Integrating legacy soil phosphorus into sustainable nutrient
management strategies for future food, bioenergy and water security. Nutr. Cycl.
Agroecosyst. 104, 393-412.

Sattari, S.Z., Bouwman, A.F.,, Giller, K.E., van Ittersum, M.K,, 2012. Residual soil phosphorus
as the missing piece in the global phosphorus crisis puzzle. Proc. Natl. Acad. Sci. 109,
6348-6353.

SBA, 2012. Foreskrifter om dndring i Statens jordbruksverks foreskrifter och allmdnna rad
(SJVES 2004:62) om miljohdnsyn i jordbruket vad avser vaxtnaring. SJVFS 2012:41.
Swedish Board of Agriculture.

SBA, 2014. Sweden - Rural Development Programme (National). Swedish Board of Agri-
culture http://www.jordbruksverket.se/amnesomraden/landsbygdsutveckling/
programochvisioner/landsbygdsprogrammet20142020/
vadarlandsbygdsprogrammet.4.1b8a384c144437186ea10a.html.

Schipanski, M.E., Bennett, E.M., 2012. The influence of agricultural trade and livestock pro-
duction on the global phosphorus cycle. Ecosystems 15, 256-268.

SFS, 1984. Lag (1984:409) om skatt pa godselmedel. Svensk Forfattningssamling. 1984 ,
p. 4009. https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-
forfattningssamling/lag-1984409-om-skatt-pa-godselmedel_sfs-1984-409.

Sommer, S.G., Christensen, M.L,, Schmidt, T., Stoumann Jensen, L., 2013. Animal Manure
Recycling: Treatment and Management. Wiley, West, Sussex, UK 978-1-118-48853-
9.

Spalding, R.F., Exner, M.E., 1993. Occurrence of nitrate in groundwater - a review.
J. Environ. Qual. 22, 392-402.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, ., Bennett, E.M., Biggs, R.,
Carpenter, S.R,, de Vries, W., de Wit, CA,, Folke, C,, Gerten, D., Heinke, J., Mace, G.M.,
Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S., 2015. Planetary boundaries: guid-
ing human development on a changing planet. Science 347, 1259855.

Surovtsev, V., Nikulina, Y., Ponomarev, M., Chastikova, E., Lukichev, P., Belyakov, A., 2009.
Agricultural Development in Leningrad Oblast Under Conditions of Economy in Tran-
sition. SLU, Uppsala 978-91-86197-29-2.

Svanback, A., Ulén, B., Bergstrom, L., Kleinman, P,J.A., 2015. Long-term trends in phospho-
rus leaching and changes in soil phosphorus with phytomining. J. Soil Water Conserv.
70, 121-132.

Swaney, D.P., Hong, B., Ti, C,, Howarth, RW., Humborg, C, 2012. Net anthropogenic nitro-
gen inputs to watersheds and riverine N export to coastal waters: a brief overview.
Curr. Opin. Environ. Sustain. 4, 203-211.

Swaney, D.P., Howarth, R.W., Hong, B., 2018. Nitrogen use efficiency and crop production:
patterns of regional variation in the United States, 1987-2012. Sci. Total Environ. 635,
498-511.

Swinarski, 1999. The development of waste water treatment systems in Gdansk in
1871-1998. Eur. Water Manag. 2, 69-76.

Toth, J.D., Dou, ZX., Ferguson, ].D., Galligan, D.T., Ramberg, C.F., 2006. Nitrogen- vs.
phosphorus-based dairy manure applications to field crops: nitrate and phosphorus
leaching and soil phosphorus accumulation. J. Environ. Qual. 35, 2302-2312.

Toth, G., Jones, A., Montanarella, L. e, 2013. LUCAS Topsoil Survey. Methodology, Data and
Results. Publications Office of the European Union, EUR26102 - Scientific and Techni-
cal Research Series, Luxembourg 978-92-79-32542-7 https://doi.org/10.2788/97922
(ISSN 1831-9424).

Tropea, F., 2017. In: E. P. R. Service (Ed.), Common Agricultural Policy 2014-2020: Direct
Payments. European Parliamentary Research Service https://doi.org/10.2861/289046
978-92-823-9357-4.

Tybirk, K., Luostarinen, S., Hamelin, L, Rodhe, L., Haneklaus, S., Poulsen, H.D., Jensen, A.LS.,
2013. Sustainable Manure Management in the Baltic Sea Region.

Ulén, B., Pietrzak, S., Ramnerd, B., Strand, L., 2016. Agricultural soil acidity and phosphorus
leaching risk at farm level in two focus areas. Acta Agric. Scand. Sect. B Soil Plant Sci.
66, 359-368.

Uwizeye, A., Gerber, P.J., Schulte, R.P.0., de Boer, 1.].M., 2016. A comprehensive framework
to assess the sustainability of nutrient use in global livestock supply chains. J. Clean.
Prod. 129, 647-658.

Valkama, E., Uusitalo, R., Ylivainio, K., Virkajarvi, P., Turtola, E., 2009. Phosphorus fertiliza-
tion: a meta-analysis of 80 years of research in Finland. Agric. Ecosyst. Environ. 130,
75-85.

Wang, ].M,, Liy, Q., Hou, Y., Qin, W., Lesschen, J.P., Zhang, F.S., Oenema, O., 2018. Interna-
tional trade of animal feed: its relationships with livestock density and N and P bal-
ances at country level. Nutr. Cycl. Agroecosyst. 110, 197-211.

Withers, P.J.A., Hodgkinson, R.A., Rollett, A., Dyer, C., Dils, R,, Collins, A.L, Bilsborrow, P.E.,
Bailey, G., Sylvester-Bradley, R., 2017. Reducing soil phosphorus fertility brings poten-
tial long-term environmental gains: a UK analysis. Environ. Res. Lett. 12, 20.

Ylivainio, K., Sarvi, M., Lemola, R, Uusitalo, R., Turtola, E., 2014. Regional P Stocks in Soil
and in Animal Manure as Compared to P Requirement of Plants in Finland. http://
www.mtt.fi/mttraportti/pdf/mttraportti124.pdf 978-952-487-505-9 (ISSN 1798-
6419).

Zavattaro, L., Bechini, L., Grignani, C., van Evert, F.K.,, Mallast, ]., Spiegel, H., Sanden, T.,
Pecio, A, Cervera, J.V.G., Guzman, G., Vanderlinden, K., D'Hose, T., Ruysschaert, G.,
ten Berge, HFE.M., 2017. Agronomic effects of bovine manure: a review of long-term
European field experiments. Eur. J. Agron. 90, 127-138.

Zhang, F.F., Wang, Q.S., Hong, ].L,, Chen, W., Qi, C.C, Ye, LP., 2017. Life cycle assessment of
diammonium- and monoammonium-phosphate fertilizer production in China.
J. Clean. Prod. 141, 1087-1094.


http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0245
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0245
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0250
http://stateofthebalticsea.helcom.fi
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0260
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0260
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0265
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0265
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0265
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0270
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0270
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0270
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0275
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0275
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0275
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0275
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0280
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0280
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0280
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0285
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0285
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0285
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0290
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0290
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0290
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0295
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0295
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0300
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0300
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0300
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0305
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0305
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0310
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0310
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0310
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0315
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0315
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0320
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0320
https://www.zm.gov.lv/public/files/CMS_Static_Page_Doc/00/00/01/08/04/Programme_2014LV06RDNP001_4_1_lv002.pdf
https://www.zm.gov.lv/public/files/CMS_Static_Page_Doc/00/00/01/08/04/Programme_2014LV06RDNP001_4_1_lv002.pdf
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0330
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0330
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0330
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0335
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0335
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0335
http://www.naturvardsverket.se/Documents/publikationer6400/978-91-620-8730-2.pdf?pid=14651
http://www.naturvardsverket.se/Documents/publikationer6400/978-91-620-8730-2.pdf?pid=14651
http://www.naturvardsverket.se/Documents/publikationer6400/978-91-620-8730-2.pdf?pid=14651
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0345
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0345
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0345
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0350
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0350
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0355
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0355
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0360
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0360
http://www.dca.au.dk
http://www.minrol.gov.pl/Wsparcie-rolnictwa/Program-Rozwoju-Obszarow-Wiejskich-2014-2020
http://www.minrol.gov.pl/Wsparcie-rolnictwa/Program-Rozwoju-Obszarow-Wiejskich-2014-2020
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0375
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0375
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0375
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0380
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0380
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0385
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0385
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0385
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0390
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0390
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0390
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0395
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0395
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0395
http://www.jordbruksverket.se/amnesomraden/landsbygdsutveckling/programochvisioner/landsbygdsprogrammet20142020/vadarlandsbygdsprogrammet.4.1b8a384c144437186ea10a.html
http://www.jordbruksverket.se/amnesomraden/landsbygdsutveckling/programochvisioner/landsbygdsprogrammet20142020/vadarlandsbygdsprogrammet.4.1b8a384c144437186ea10a.html
http://www.jordbruksverket.se/amnesomraden/landsbygdsutveckling/programochvisioner/landsbygdsprogrammet20142020/vadarlandsbygdsprogrammet.4.1b8a384c144437186ea10a.html
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0405
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0405
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/lag-1984409-om-skatt-pa-godselmedel_sfs-1984-409
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/lag-1984409-om-skatt-pa-godselmedel_sfs-1984-409
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0415
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0415
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0415
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0420
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0420
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0425
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0425
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0430
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0430
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0435
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0435
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0435
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0440
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0440
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0440
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0445
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0445
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0445
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0450
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0450
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf2000
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf2000
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf2000
https://doi.org/10.2788/97922
https://doi.org/10.2861/289046
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0470
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0475
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0475
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0475
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0480
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0480
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0480
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0485
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0485
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0485
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0490
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0490
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0490
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0495
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0495
http://www.mtt.fi/mttraportti/pdf/mttraportti124.pdf
http://www.mtt.fi/mttraportti/pdf/mttraportti124.pdf
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0505
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0505
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0510
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0510
http://refhub.elsevier.com/S0048-9697(18)33150-4/rf0510

	Reducing agricultural nutrient surpluses in a large catchment – Links to livestock density
	1. Introduction
	2. Study area
	2.1. Agriculture in the Baltic Sea catchment
	2.2. Data sources and calculations

	3. Results and discussion
	3.1. Nutrient surpluses varied across the catchment
	3.2. Livestock density and feed imports contribute to nutrient surpluses
	3.3. Opportunity to use soil P reserves to a greater extent
	3.4. Nutrient flows connected to production of food and sewage
	3.5. Reducing nutrient surpluses
	3.5.1. Examples of incentives for reduced nutrient surpluses


	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


