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“Vatten!

Vatten kan vara en flod. 

Det finns snäckor och sniglar 
nere på botten.
Man kan dyka och man kan 
simma och bada lite!”

Poem by Nora Hägg 3½ year 
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Abstract 
This thesis address meso- and large-scale nitrogen (N) fluxes to coastal 

seas by modeling arrays of river catchments on a regional or even global 
river scale. The aim is to show where human drivers have their largest 
impact on the N flux and where remedial measures are most promising 
for reducing coastal loadings. 

The results in this thesis show that riverine export of dissolved inor-
ganic nitrogen (DIN) can be reasonably estimated by knowing human 
population size and runoff (r2= 0.76). In addition, there are subordinate 
anthropogenic activities contributing to N inputs that should be consid-
ered when it comes to more detailed management strategies. Hence, at-
mospheric deposition and primary emissions (PE) from animals were 
taken into account in the regression models. A scenario analysis for 2070 
suggested increased total riverine N export following a growing animal 
stock. While, climate change until 2070 is expected to lead to a decreased 
runoff in the southern parts of the Baltic Sea catchment, thereby damp-
ening the eventual effects caused by increased animal stocks. In contrast, 
climate change scenarios are expected to increase runoff in the northern 
parts, i.e. amplify the increased riverine N export in this part of the catch-
ment even more. However, development of livestock sizes is of impor-
tance for the future N loadings to the Baltic Sea and an increase in animal 
protein consumption is a major threat for the Baltic Sea.

The relationship between the Net Anthropogenic Nitrogen Inputs 
(NANI) in Swedish catchments and the riverine export of N to the Baltic 
Sea indicates that about 75% of the anthropogenic inputs are retained 
within the catchment. NANI gives a detailed picture of the anthropogen-
ic N inputs and suggests that the N export has increased by an order of 
magnitude in agricultural catchments of southern Sweden compared to 
a natural background of some 130 kg N km-2 yr-1. In the boreal forested 
catchments atmospheric N deposition is a major anthropogenic input, 
but might not contribute to the N export due to N uptake in the N-limited 
boreal forest. 

The largest potential for reductions of N from point sources is by im-
proving waste water treatment (WWT) in the southern and eastern parts 
of the Baltic Sea catchment. In Poland decreasing N export in the rivers 
could not be ascribed to a decreased agricultural N surplus but follows 
an increasing connectivity to municipal WWT plants. For the diffuse N 
sources the largest potential for reduction has been found for the catch-
ments with high animal density and high specific discharge i.e. the catch-
ments draining to the Kattegat and Danish Straits. Riverine N exports are 
in many cases high and increasing in catchments where specific discharge 
is high, making these areas important for remedial measures. 
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Sammanfattning 
Denna avhandling fokuserar på medel- och storskaliga kväve (N) ut-

släpp till kustnära hav genom modellering av N-transporten på regional 
och global skala. Syftet var att visa var den mänskliga påverkan är störst, 
samt vilka områden som har störst potential för kvävereduktion. 

Resultaten i denna avhandling visar att utsläpp av löst oorganiskt 
kväve via vattendrag kan uppskattas med hjälp av befolkningsstorlek och 
vattenflöde (r2= 0.76). Trots att man med endast dessa två variabler kan 
beskriva en stor del av variationen i vattenburna DIN utsläpp så finns det 
specifika mänskliga aktiviteter som bidrar till N utsläpp och som därmed 
är viktiga vid detaljerade åtgärdsstrategier. Därför har även atmosfärisk 
N deposition och primära emissioner från djur inkluderats i multipelre-
gressionerna. Ett scenario för 2070 visar att de totala utsläppen av kväve 
kan öka till följd av en växande boskapsstam. Å andra sidan kan en kli-
matförändring leda till minskad avrinning i de södra delarna, vilket däm-
par eventuella effekter orsakad av en växande boskapsstam. I de norra 
delarna tros klimatförändringen leda till ökad avrinning, vilket kan leda 
till en förstärkt ökning av N belastningen. Därför är den framtida utveck-
lingen av boskap viktig med tanke på N utsläpp och en ökning av djurpro-
teinkonsumtionen utgör därmed ett hot för Östersjön. 

Förhållandet mellan mänskliga nettotillskott av kväve (NANI) och vat-
tenburna kväveutsläpp till Östersjön tyder på att ca 75% av de mänskli-
ga tillskotten hålls kvar i avrinningsområdet. Våra resultat indikerar att 
kväveutsläppen har ökat med runt en tiopotens i jordbruksdominerade 
avrinningsområden i södra Sverige, jämfört med en naturlig bakgrunds-
belastning på ca 130 kg N per km-2. I avrinningsområden där boreal skog 
dominerar så är den atmosfäriska depositionen av N en stor antropogen 
källa. En stor del av det luftburna kvävet tas dock effektivt upp av skogen, 
vars tillväxt är kvävebegränsad i norra Sverige. Detta leder till att N hal-
terna är låga i avrinnande vatten. 

Den största möjliga reduktionen av kväve från punktkällor finns i de 
södra och östra delarna av östersjöns avrinningsområde. I många om-
råden finns möjlighet att förbättra anslutningen till kommunal avlopps-
vattenrening. I Polen kan man inte se något direkt samband mellan mins-
kat kväveöverskott i jordbruket och minskad N-export via floderna, utan 
minskningen av N i flodvattnet beror i stället på den ökande anslutningen 
till kommunal avloppsrening. När det gäller diffusa N källor så finns den 
största potentialen att göra minskningar i avrinningsområden med hög 
djurtäthet och hög specifik avrinning d v s avrinningsområden som myn-
nar ut i Kattegat och de danska sunden. De vattenburna N utsläppen är i 
många fall höga och ökar i områden där den specifika avrinningen är hög. 
Detta gör dessa områden viktiga för kvävebegränsande åtgärder. 
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Overview of the thesis 

The overall aim of my thesis was to investigate major critical environ-
mental variables that govern the land to sea fluxes of nitrogen, primarily 
within the Baltic Sea region. The major questions addressed are:

• What critical knowledge is needed to model the relationship be-
tween human activities, land use and the riverine export of nitrogen 
to the coastal seas?

• Where in the Baltic Sea catchment can the largest potential reduc-
tions of nutrients be done? 

• Which sectors are most promising for reducing the anthropogenic 
riverine N loadings to the Baltic Sea?

More specifically, these questions were addressed by:

• Further developing the nutrient flux regressions presented by Smith 
et al (2003) by using a larger dataset including a larger number of 
small river systems. We hypothesized that small catchments differ 
significantly from larger catchments with regard to prediction of nu-
trient yield and resulting coastal loads (Paper I). Furthermore we 
tested whether a multiple regression approach could be improved 
by including also primary emissions (PE) from animal stocks and at-
mospheric N deposition. The multiple regression approach was then 
used for a scenario analysis of future N loadings to the Baltic Sea tak-
ing climate change and increasing animal stocks in account. We tested 
the hypothesis whether riverine N export are likely to decline in the 
future or whether the impact of increased animal protein consump-
tion and climate change may increase the riverine N export (Paper 
II).

• Studying the usage of nitrogen in Polish agriculture by calculating ag-
ricultural nitrogen budgets for the two major Polish catchments Oder 
and Vistula, since diffuse leakage from Polish agriculture has been 
found to be very important for the cultural eutrophication of the Bal-
tic Sea. We hypothesized that past changes in agricultural practices 
in Poland changed the riverine N export to the Baltic Sea during the 
years 1960, 1970, 1980 and 2000 (Paper III). 
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• Studying the relationship between riverine N export or riverine N 
concentrations and net anthropogenic nitrogen inputs (NANI) for 36 
major Swedish catchments in the year 2000. This study focused espe-
cially on the importance of the atmospheric input estimations (Paper 
IV).

• Developing a consistent catchment model that for the first time si-
multaneously simulates the nutrient land-sea fluxes from all 105 ma-
jor catchments within the Baltic Sea drainage basin. The model simu-
lates different management scenarios, i.e. scenarios on the possible 
effects on the N flux of various nutrient reduction measures taken in 
the catchments (Paper V).
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The nitrogen cycle 
Nitrogen (N) is one of the most abundant elements in our environ-

ment. The earth´s atmosphere consists of approximately 78% nitrogen 
gas (N2), but this atmospheric nitrogen is unavailable to most organisms. 
N is transformed to bioavailable forms through lightning and nitrogen fix-
ating organisms, primarily Bacteria and Archaea. N is essential to most 
growth processes and the productivity of many ecosystems is dependent 
on the availability of N. The bulk of N (about 98%) exists in the geosphere, 
and most of the remainder is found in the atmosphere. Compared with the 
other spheres, the hydrosphere and biosphere contain relatively little N, 
but the N pool in the biosphere is highly reactive and is rapidly cycled. The 
inorganic N species ammonium (NH4

+), nitrite (NO2
-), and nitrate (NO3

-) 
are highly water soluble, and are distributed in dilute aqueous solutions 
throughout the hydrosphere. Living and dead organic matter also provide 
actively-cycled reservoirs of N. Soil organic matter, as for example humus, 
is a substantial and relatively stable N reservoir in temperate climates. 
The nitrogen cycle includes processes both in the atmosphere, biosphere, 
lithosphere and hydrosphere (Figure 1). There are also tight couplings 
with the biological cycles of carbon and phosphorus both in water and on 
land (Gruber and Galloway 2008). 

Figure 1: Major processes that transform molecular nitrogen into reactive nitrogen, 
and back, are shown. Also shown is the tight coupling between the nitrogen cycles on 
land and in the ocean with those of carbon and phosphorus. Dark grey fluxes denote 
‘natural’ (unperturbed) fluxes; medium grey fluxes denote anthropogenic perturba-
tion. Redrawn from Gruber and Galloway (2008)
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Nitrogen can be transformed, sequestered and removed on land or in 
the rivers through processes like uptake by plants, uptake by microbes 
and burial of organic material in sediments. In rivers this is usually called 
riverine retention and means that the nitrogen either has a prolonged 
residence time before reaching the “endpoint” or that N is removed from 
the river through for example denitrification. Denitrification is a micro-
bial process during which reactive nitrogen (Nr) is reduced to the, for 
most organisms, biologically unavailable gases N2 and N2O (Seitzinger et 
al. 2006). An additional removal process is the more recently discovered 
anaerobic ammonium oxidation (anammox), where NH4

+ is oxidized an-
aerobically by bacteria to N2 gas using NO2

- as an electron acceptor (Jetten 
et al. 1998; Kuypers et al. 2003; Van De Graaf et al. 1995). 

During the last century humans have heavily accelerated and altered 
the N cycle and the increasing rate of the formation of Nr is even exceed-
ing the rate of accumulation of CO2 in the atmosphere (Bouwman and 
Booij 1998; Bouwman et al. 2005; Jordan and Weller 1996; Vitousek et 
al. 1997). The term Nr includes inorganic reduced forms of N (e.g., NH3, 
NH4

+), inorganic oxidized forms (e.g., NOx, HNO3, N2O), and organic com-
pounds (e.g., urea, amines, proteins, nucleic acids, humic and fulvic acids 
as main compounds for dissolved organic nitrogen = DON). The increase 
of the supply of available Nr in our environment is a potent threat to 
our natural ecosystems including forests, streams, lakes and particular-
ly coastal marine ecosystems. The N pollution is also a threat to human 
health through contamination of ground water and drinking water and 
reduction of air quality (Townsend et al. 2003). 

Humans have altered the N cycle by two main activities; 

1, the production of food for a rapidly growing population and 
2, the usage of fossil fuels. 

1, The human diet contains more nitrogen today as more and more pro-
tein is consumed per capita, especially in western countries (Nixon 1995). 
To sustain our growing population, the food supply system requires sub-
stantial amounts of mineral N fertilizers to support food production. 
The discovery of ammonia synthesis by Fritz Haber and Carl Bosch in 
Germany in 1899, i.e. the Haber-Bosch process, led to the development of 
the first synthetic nitrogen fertilizes based on ammonia in the 1920s. This 
led to a considerable increase in the input of N to agriculture. Globally, the 
Haber- Bosch process acts as the single largest driver for the acceleration 
of the N cycle. Half of the synthetic fertilizer ever used has been applied 
during the last two decades (Galloway 1998; Galloway et al. 2004; Green 
et al. 2004; Howarth et al. 2002). The world’s population could not have 



Hanna E. Hägg

14

grown from 1.6 billion in 1900 to today’s six billion without the Haber-
Bosch process (Smil 1999).

Today, nitrogen is also biologically fixed to a much greater extent than 
in historic times through intensive legume cultivation of for example peas 
and soybeans but also clover in ley pastures. This leads to an increase 
of the human induced Nr. The biological N fixation (BNF) in legumes is 
possible through symbiosis with special N2-fixing bacteria, Rhizobia or 
Bradyrhizobia, which live in the root nodules. Rice cultivation is also a ma-
jor N-fixing activity since the rice fields create anaerobic environments 
suitable for biological nitrogen fixation through cyanobacteria.

2, The second human alteration of the nitrogen cycle is established 
through combustion of fossil fuels where nitrogen is emitted to the at-
mosphere as NOy formed from either atmospheric N2 or organic N and 
thereby creating new or mobilizing sequestered Nr. 

Eutrophication issues in the Baltic Sea
The Baltic Sea is the second largest brackish water body in the world 

with a surface area of 377 400 km2. It is a generally shallow and almost 
stagnant inland sea with limited exchange of water with adjacent full ma-
rine waters. The Baltic Sea has developed over time from an oligotrophic 
clear-water sea to a more productive sea with algal blooms and yearly 
hypoxia in many coastal areas (Elmgren 2001).

The Baltic Sea has a substantial input of fresh water from the 84 ma-
jor rivers (>1km3 yr-1 water discharge) draining the 1 700 000 km2 large 
drainage basin. Today about 85 million people live within the catchment 
across nine riparian countries and five upstream states. The population 
is unevenly distributed exerting a gradient from high population density 
in the south to low population density in the northern part of the catch-
ment. The land cover is dominated by boreal forests in the north while 
the southern part of the catchment is heavily cultivated (Figure 2). This 
results in higher riverine exports of N from the southern part of the catch-
ment than from the northern part (HELCOM 2004; HELCOM 2009; Hum-
borg et al. 2007). The Baltic Sea can be divided into sub–seas with coher-
ent subbasins. In this work we have used the division Bothnian Bay (BB), 
Bothnian Sea (BS), Baltic Proper (BP), Gulf of Finland (GF), Gulf of Riga 
(GR), Danish Straits (DS) and Kategatt (KT) (Figure 2).

The anthropogenic inputs of nutrients to the Baltic Sea can be distin-
guished between direct atmospheric inputs to the sea surface or inputs 
from land through rivers and coastal point sources. The inputs from land 
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Figure 2: The map shows the land cover in the Baltic Sea catchment area with the 
105 major catchments (catchment boundaries = black lines) and the sub basins to 
which they drain (BB=Bothnian Bay, BS=Bothnian Sea, BP=Baltic Proper, GF=Gulf 
of Finland, GR=Gulf of Riga, DS=Danish Straits, KT=Kattegat). Land use has a strong 
gradient from boreal forests in the north to agricultural land in the southern part 
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can further be divided into point sources and non-point sources, i.e. dif-
fuse sources. 

Point sources are sources with direct emissions to the receiving water 
bodies while non-point or diffuse sources are spatially distributed leak-
ages without an obvious single point of origin, i.e. sources not introduced 
into a receiving stream from a specific outlet. Common non-point sources 
are agriculture, forestry, mining, construction, dams, channels, land dis-
posal, saltwater intrusion and city streets. Generally the leakage of nu-
trients from a catchment is dependent on specific water discharge, soil 
type, land use, catchment slope, population density etc. (Meybeck 1993). 
The diffuse inputs are the major anthropogenic source of waterborne ni-
trogen to the Baltic Sea. They constitute 71% of the total load into the 
surface waters within the catchment area. Agriculture has been estimated 
to be the largest single source of river derived N, contributing with about 
80% of the reported total diffuse load (HELCOM 2004; HELCOM 2009). 
The major contributors of riverine N to the Baltic Sea are the rivers Vis-
tula (112 041 tonnes), Oder (70 289 tonnes), Nemunas (44 616 tonnes), 
Daugava (44 323 tonnes) and Neva (40 351 tonnes), Figure 3 (HELCOM 
2004; Wulff et al. 2009). Together, these rivers contribute 66% of the riv-
erine TN load to the Baltic Sea. 

In 1974 all the sources of pollution around the entire Baltic Sea were 
made subject to a convention, signed by seven Baltic coastal states. The 
convention is governed by an intergovernmental co-operation between 
the countries surrounding the Baltic Sea called the Helsinki Commis-
sion - Baltic Marine Environment Protection Commission, also known as 
HELCOM. On 14-15 November 2007 the Helsinki Commission convened 
a special Meeting of the Environmental Ministers of the Member States 
to adopt the Baltic Sea Action Plan (BSAP) in Krakow, Poland (HELCOM 
2007). This can be regarded as a milestone for environmental gover-
nance in the Baltic Sea region, since environmental targets requiring 
clear reduction goals have been allocated to the riparian countries. The 
NEST models systems (http://nest.su.se/) including a coupled nutrient 
hydrological-biochemical catchment model (Mörth et al. 2007; Savchuk 
and Wulff 2007) and a marine biogeochemical model have been used for 
calculating allowable nutrient inputs and necessary reductions required 
by each country to reach these targets. At the Krakow meeting it was de-
cided that allowable annual waterborne inputs should be 600 000 and 21 
000 tonnes of N and P, respectively. This corresponded to a reduction of 
135 000 tonnes of N and 15 250 tonnes of P, compared to the loads at the 
turn of the century. This very ambitious goal for the Baltic Sea should be 
reached in year 2021 (HELCOM 2007). 
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In a similar approach, Rockström et al. (2009) have recently made an 
attempt to define the “safe operating space” for humanity with respect to 
the entire Earth system, determined by setting planetary boundaries for 
several global biophysical systems and processes. For the flow of new re-
active nitrogen, a preliminary planetary boundary (limit) has been set at 
25% of the current flow, i.e. about 35 million tonnes of nitrogen per year 
for the globe (Rockström et al. 2009). 

The major questions that appeared were “how will we achieve these 
reduction goals?” and “where can we make these reductions?” The BSAP 
suggests use Best Environmental Practice (BEP) and Best Available Tech-
nology (BAT) to reduce point sources and that agricultural reduction 
should be achieved by control on animal stocks size, manure, fertilizers; 
and by issuing environmental permits for farms with livestock produc-
tion.
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Figure 3: Total nitrogen load (tonnes) from 105 major catchments draining to 
the Baltic Sea. The nitrogen load is dominated by the Vistula, Oder, Nemunas, 
Daugava and Neva rivers (HELCOM 2004; Wulff et al. 2009).
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Empirical relationships, budgets and models 
addressing nitrogen fluxes on a river 
catchment scale

In order to estimate and quantify the most important human activities 
and emissions contributing to increased N fluxes it is vital to compile and 
test our knowledge of nutrient fluxes by using empirical relationships, re-
gression models, biogeochemical budgets and coupled hydrological-bio-
geochemical models. With these budgets and models we can conduct sce-
nario analyses on nutrient loads resulting from certain human activities 
within a river catchment and test different amendment strategies. The 
overall aim is to determine the most important sources and to explore op-
tions for managing these emissions in order to reduce the nutrient load. 

There are several approaches to estimate N fluxes on a river catchment 
scale and the applicability depends on the size of the catchment and the 
resolution of the available environmental data. Generally, budgets are 
steady state approaches and give a picture of the current nutrient fluxes 
in a catchment or part of a catchment. Models are either steady state or 
dynamic. Dynamic models address processes such as root zone leakage 
or nutrient retention in lakes and rivers, i.e. both nutrient loading from 
the landscape and nutrient retention along the aquatic continuum is 
simulated. Moreover, these hydrology-driven models may include a time 
dimension that allows the modeler to address the legacy of the various 
nutrient pools, i.e. how fast these pools and fluxes will respond within a 
river catchment after certain amendment strategies. 

Empirical relationships (Paper I & II)
In Papers I & II we used multiple regression models, i.e. empirical re-

lationships to analyze riverine N export from a catchment. Across major 
river catchments of the Baltic Basin, environmental data, such as popula-
tion size and river discharge, were used to estimate riverine loads. The 
regression models are able to evaluate the explanatory power of major 
environmental variables for describing riverine nutrient export. In Pa-
per I the leading environmental variables were water discharge and 
population density and in Paper II the regressions were based on water 
discharge, primary emissions (PE) from humans and livestock and atmo-
spheric N deposition. These empirical relationships can also be used in 
combination with spatial data as elaborated by the Sparrow model (Smith 
et al. 1997), in which a set of equations and empirical relationships are 
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combined with spatial GIS data to estimate spatial distribution of emis-
sions and retention of N in sub-catchments of a given river. 

Source Equations R2

log DIN (mol yr
-1

)
Smith et al (2003) -0.20 + 0.69 × log(run) + 0.32 × log(pers) 0.81
Smith et al (2005) – Paper I 0.57 + 0.61 × log(run) + 0.33 × log(pers) 0.76

log DIN (mol km
-2

yr
-1

)
Smith et al (2003) 3.99+0.75 × log(run km -2 ) + 0.35 × log(pers km-2) 0.59
Smith et al (2005) – Paper I 4.03+0.69 × log(run km -2 ) + 0.36 × log(pers km-2) 0.44

TN (kg km-2 yr-1)
Hägg et al – Paper II

All Catchments 576 + 360 (Q*) + 78.2 (Atm. dep.) + 392 (PE) 0.62
BB & BS 318 + 91.6 (Q*) + 100 (Atm. dep.) + 145 (PE) 0.69
BP 754 + 545 (Q*) - 10.7 (Atm. dep.) + 325 (PE) 0.86
DS & KT 1095 + 832 (Q*) + 69 (Atm. dep.) + 1113 (PE) 0.77
GF & GR 759 + 442 (Q*) + 142 (Atm. dep.) + 59 (PE) 0.59

In cases of the results of Smith et al (2003) and Smith et al (2005 – Paper I) regressions are 
for dissolved inorganic N (DIN) (run = runoff (m3 yr-1); pers = number of persons). In Paper II 
the regressions are for total nitrogen (TN) (Q*= specific runoff (m3 km-2 yr-1); Atm. dep = total 
atmospheric nitrogen deposition (kg N km-2 yr-1); PE = total primary emissions (kg N km-2 yr-1); 
all input values in Paper II regressions are standardized and log normalized. 

Table 2: Regression analyses of N loading (Paper I & II)

In Paper I we applied a previously developed regression model using 
population density and water discharge (runoff) (Smith et al. 2003) on a 
larger number of catchments from all over the globe (n = 496), including 
catchments of a smaller size than in the previous study. Stepwise regres-
sion was used to find the best fit (Table 2) and even with the expand-
ed dataset used in this study population density and runoff explained a 
similar amount of the variability in riverine N export (r2-value of 0.76). 
The equations described the variability in observed river loads as good 
as much more sophisticated and data intensive approaches, such as the 
SPARROW model (Smith et al. 1997; USGS). The measured values on DIN 
fluxes were plotted against the “modeled” or expected values for each 
river (“log observed vs. log modeled”, see Figure 4a) to illustrate the vari-
ability of the data set and especially to test whether small catchments 
deviate in N export patterns from larger catchments as has been suggest-
ed by Caraco et. al. (2003). The results showed that smaller catchments 
appeared to behave differently from larger catchments in terms of the 
variability in nutrient flux. The major reason for this difference seemed to 
be a difference in catchment heterogeneity. While large catchments have 
large heterogeneity within the catchments, smaller ones will have a large 
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heterogeneity between the catchments. However, although smaller river 
catchments show larger scatter in the nutrient fluxes, we could not detect 
fundamental differences in underlying factors determining these nutrient 
fluxes.

a,

b, c,

Figure 4 a) Scatter plot and regression equations for DIN loading (mol N 
yr-1), for the 496 calibration catchments (Paper I). b) TN flux of the general 
model for all 105 major Baltic Sea catchments (Paper II) versus the mea-
sured TN flux. The black line shows the linear regression (r2=0.62) and the 
dotted line shows the 1:1 relationship. c) modeled TN flux for the four sub-
basin models compared to the measured TN flux (BB&BSr

2=0.69; BPr
2=0.86; 

DS&KTr
2=0.77; GF&GRr2=0.59) (Paper II). 

In Paper II we included two additional major N inputs in the multiple 
regression equations; atmospheric N deposition and total primary emis-
sions i.e. both humans and animal emissions (Table 2). We chose these 
two variables because the primary emissions from animals might be as 
important as those from humans in agricultural areas and atmospheric 
N deposition is a major input of nitrogen in sparsely populated areas like 
northern Sweden. We normalized all variables by area (km2). Further, we 
evaluated two types of scenarios for year 2070: 

1) PE Scenario: Increased animal stocks satisfying an increased 
animal protein demand. The assumption was made that in 2070 all 
countries will have the same protein consumption as the mean of 
the EU-15 countries and that the increase until 2070 will follow the 
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same slope as during the past rise between the years 1970―2003 
(Figure 5). In 2070 animal protein consumption is estimated to 
be 109 g animal protein capita-1 day-1, which is assumed to be 
produced from an evenly distributed increase in domestic animal 
production. 

2) Climate change scenarios: In the second scenario group we applied 
the predicted changes in river discharge from four regional SWE-
CLIM climate change scenarios, RCAO-H/A2, RCAO-H/B2, RCAO-
E/A2 and RCAO-E/B2, described in (Graham 2004; Graham et al. 
2007). Since no estimation of runoff change was available for the 
sub basins DS & KT, this group has been excluded in the climate 
scenario analysis. 

For the 105 catchments we fit five separate multiple regression models, 
one for all 105 catchments (“All”) and four additional ones correspond-
ing to each subbasin (“Basin”), i.e. for BB&BS, BP, GF&GR and DS&KT re-
spectively, Table 2. The general equation for all 105 catchments had an 
r2-value of 0.62 and the equations for the sub basins had r2-values ranging 
from 0.69 to 0.86 (Table 2. & Figure 4 b & c). Specific runoff (Q*) and total 
PE had the highest explanatory power for explaining the variability of the 
riverine TN export in most equations, except for the BB&BS basin equa-
tion where atmospheric N deposition was equally important and for the 
GF&GR where only streamflow was a significant predictor (p<0.05).

We then applied the five regression equations to the 105 individual 
catchments giving us for each catchment: 

•	 two model results (“All” & “Basin”) for the PE scenario (PE 2070), 
•	 eight results for the four climate scenarios, 
•	 eight results for the net scenarios (PE 2070 + Climate). 

The model results varied depending on whether we used the general 
or the basin specific regression equations. 

The PE scenario led to increased riverine TN export due to increased 
animal stocks. The increased TN flux (kg km-2) varied depending on 
catchment and model used. Minimum, maximum and mean change com-
pared to measured were: BB&BS (+21 to +58%, mean +22%), BP (+27 to 
+35%, mean +31%), GF&GR (+7 to +24%, mean +16%) and DS&KT (+28 
to +51%, mean +39%). 

The climate scenarios showed a large variance in the estimated in-
crease/decrease in runoff in turn leading to large variance in the esti-
mated future riverine TN export (Table 3; Figure 6). Riverine TN export 
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increased in BB&BS: (+8 to +82%, mean 34%) and GF&GR: (-10 to +38%, 
mean +14%) due to increased runoff. In the BP, the TN generally de-
creased with the climate scenarios BP (-61% to -12%, mean -27%), due 
to decreased runoff. 

When the two scenarios were combined, the combined effects amplified 
increases i.e. higher N loads in the BB&BS and GF&GR while the increase 
in N load from the PE 2070 scenario was dampened by the decreased 
runoff in the BP (Table 3; Figure 6).

Table 3: Summary of all 
riverine TN export scenarios 
(PE 2070; all climate scenarios 
= RCAO-H/A2+RCAO-H/
B2 + RCAO-E/A2+RCAO-E/
B2; PE 2070 + climate = 
net scenario) compared to 
measured riverine TN flux (kg 
km-2); numbers given indicate 
percent change. (n.d. = no 
data)

Budgets (Paper III & IV)
In a biogeochemical budget approach, the total inputs and total out-

puts of a biogenic compound (for example total N); into a reservoir (here 
a river catchment) are estimated. The surplus or deficiency can then be 
calculated as the net sum of fluxes. The budget can be calculated on many 
different scales and in several ways. Small-scale budget approaches may 
address N fluxes of single fields on a farm, for example to maximize crop 
harvest with a minimum of N addition. Other budgets created at a much 
larger scale address N emissions from all agricultural land in a given river 
catchment or even the total amounts of N emission from all human activi-
ties and human sources within a catchment (Boyer et al. 2002; Iital et al. 
2003; Löfgren et al. 1999). Recently, N budgets have been calculated for 
whole countries or EU water districts (Campling et al. 2005).

In Paper III we calculated long term agricultural budgets (1960-
2000) for the two Polish river catchments Oder and Vistula. We estimated 
total input and outputs of nitrogen to agricultural land according to the 
scheme in Figure 7. 

This approach gave us an accounting for the agricultural nitrogen 
surplus under a period with substantial agricultural changes in Poland. 
Severe changes in economic conditions in the early 1990s led to a drastic 
decrease in fertilizer consumption. N surplus for the entire country 

PE 2070

All
climate

scenarios

PE 2070
+

Climate

Mean % change compared to measured

BB&BS +22 +34 +72

BP +31 -27 +3

GF&GR +16 +14 +26

DS&KT +39 n.d. n.d.
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Figure 5: Animal protein consumption by humans (g/capita/day) for the coun-
tries surrounding the Baltic Sea as well as the EU-15 countries mean. The red 
line shows the scenario for increase of the animal protein consumption in the 
EU-15 countries until 2070 assuming a similar increase in animal protein con-
sumption as between 1970-2003 and taking population change into account 
(Paper II).

Figure 6: Box plot (summary from Paper II) showing the measured, modeled and 
scenario riverine TN export for the four sub-basins, Bothnian Bay & Bothnian Sea 
(BB&BS), Baltic Proper (BP), Gulf of Finland & Gulf of Riga (GF&GR) and Danish 
Straits & Kattegat (DS&KT). “PE 2070” is the primary emissions scenario and 
“RCAO-X/XX” represents the four climate scenarios. (A) stand for the All catch-
ment model and (B) stands for the Basin specific models.
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showed a maximum in 1980 (58 kg ha-1 sown area-1) and it dropped 
to 39 kg ha-1 planted area-1 in 2000 (Eriksson et al. 2007). The surplus 
was, however, up to two times lower than in other transitional countries, 
and much lower than in Western Europe with intensive agriculture. An 
observed decrease in nitrogen concentrations in both Polish rivers is not 
ascribed to a drop in fertilizer use, but results from nutrient removal in 
municipal wastewater treatment plants with tertiary treatment facilities 
(Figure 8). Hence, the potential to reduce diffuse nitrogen emissions from 
agriculture by reducing mineral fertilizer application might be limited 
in areas with low nitrogen surplus. In transitional countries like Poland 
a large potential for nutrient reductions seems to be in improving the 
connectivity to waste water treatment plants with tertiary treatment 
(Figure 8).

Figure 7: Schematic pres-
entation of the agricultural 
budget approach used in 
Paper III. The nitrogen 
surplus of the catchments 
are calculated as the dif-
ference between N added 
(= deposition + mineral 
fertilizers + biological fixa-
tion + agricultural import) 
and N removed (= nitrogen 
runoff + ammonia emis-
sions + human consumption 
+ agricultural export).

In Paper IV we made estimates of Net Anthropogenic Nitrogen Inputs 
(NANI) for 36 major Swedish river catchments for the first time using the 
year 2000 as a base for the calculations. The NANI budget approach has 
previously mainly been used for US catchments where strong relation-
ships between NANI and riverine N export have been observed (Alexan-
der et al. 2002; Han and Allan 2008; Han et al. 2009; Howarth et al. 1996a; 
Jordan and Weller 1996). 

NANI is calculated as the sum of the anthropogenic inputs to a catch-
ment i.e. atmospheric N deposition, mineral fertilizer application, agricul-
tural N fixation and the net import/export of N in feed and food (Figure 
9). The Swedish catchments range from sparsely populated catchments 
dominated by boreal forest in the north to agricultural catchments in the 
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Figure 8: Monthly riverine TN concentration (mg L-1) in a, Oder and b, Vis-
tula 1986-1994 (Paper III). There is no notable drop in N concentrations 
following the drop in N-surplus but as municipal waste water treatment 
plants (MWWTP) with tertiary treatment are introduced the nitrogen con-
centration starts to decrease.
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Figure 9: Simplified scheme of the NANI calculations which is the sum of 
the anthropogenic inputs from atmospheric deposition (as NOy + NHx, NOy 

or NOy + net NHx); mineral N fertilizers, agricultural N fixation and Net feed 
& food export or import which in turn is calculated by subtracting the hu-
man and animal consumption from the animal and crop production. 
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south (Figure 2). In northern Sweden, atmospheric deposition is one of 
the major anthropogenic nitrogen inputs (Paper IV). 

Hence we studied the importance of the atmospheric nitrogen 
deposition component of NANI by comparing three different atmospheric 
N calculations; total nitrogen deposition (NOy + NHx), oxidized nitrogen 
deposition, (NOy) or the sum of oxidized nitrogen and net reduced 
nitrogen (NOy + net NHx), where net NHx = deposition of NHx - emissions 
NHx, (Figure 9). 

The relationship between riverine N export and NANI was strongest 
for the NANI calculation using NOy (r2

 linear =0.704, r2 exponential =0.723) (Fig-
ure 10a) compared to NOy + net NHx (r2

 linear =0.623, r2 exponential =0.670) and 
total NOy + NHx deposition (r2

 linear =0.615, r2 exponential =0.658) (Paper IV). 
The y-intercept (NANI= 0) of the linear and exponential regression mod-
els were between 40-160 kg N km-2 yr-1 indicating a natural background 
flux from the catchment without anthropogenic inputs of some 100 kg N 
km-2 yr-1, which agreed with similar results from North American boreal 
catchments (Boyer et al. 2002; Han and Allan 2008). 

The slope of the three linear regressions varied from 0.24 (NOy + Net 
NHx) to 0.25 (NOy and NOy+ NHx), suggesting that in average 25% of the 
human inputs of nitrogen were exported by the rivers to the Baltic Sea. If 
NANI was related to TN concentration (mg/l) instead of TN loads (kg N 
km-2 year-1), i.e. by dividing the TN load by riverine discharge, both the lin-
ear and exponential regressions showed improved r2-values (Figure 10b).

Figure 10: a) The relationship between NANI based on NOy atmospheric 
input and riverine N export; (r2

 linear =0.704, r2 exponential =0.723), 
b) the relationship between NANI based on NOy atmospheric input and 
riverine N concentration (r2

 linear =0.716, r2 exponential =0.741) Dotted lines 
are the 95% confidence interval for the linear regression. The different 
shades on the markers represent the different sub basins of the Baltic 
Sea BB = Bothnian Bay (black dot), BS = Bothnian Sea (white dot), BP = 
Baltic Proper (black square), KT = Kattegat (grey square)

a, b,
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Coupled hydrological-biogeochemical models (Paper V)

Hydrological-biogeochemical models simulate the riverine export 
of nitrogen from a catchment based on the hydrology of the catchment, 
which can be described as a function of evapotranspiration, catchment 
slope and soil types (Haith and Shoemaker 1987). 

Generally, there are only a few simulation models, which cover larger 
river catchments like the Seine (Riverstrahler model; (Billen et al. 1994)), 
the Rhine and the Elbe (POLFLOW model; (De Wit 2001; De Wit and 
Pebesma 2001)), MONERIS model (Behrendt et al. 1999) or major sub 
catchments of the Elbe (SWIM; (Krysanova et al. 1999)). Similar mod-
els developed for US river catchments are presented in Alexander et al. 
(2002). Most of these models describe nutrient sources on catchment 
scales based on empirical or quasi-empirical relationships of riverine ex-
ports (Howarth et al. 1996b) or retention in the soils (Boyer et al. 2002) 
and rivers (Billen et al. 2001; Seitzinger et al. 2002). Various retention 
coefficients are generated along the aquatic continuum including soils, 
main streams, higher order tributaries as well as lakes and reservoirs. A 
good overview over these empirical models is given in the above men-
tioned report by Alexander et al. (2002). The Global Nutrient Export from 
WaterSheds (NEWS) models estimates nutrient fluxes from catchments 
both regionally and globally for multiple elements (N, P and C) and forms  
(dissolved organic, dissolved inorganic and particulate) (Dumont et al. 
2005; Seitzinger et al. 2005). National attempts on modeling N fluxes are 
also found; see e.g. the HBV-N model (Arheimer and Brandt 1998) that 
has been applied mainly to southern Sweden.
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Figure 11: Schematic description of the CSIM model (Paper V)



Hanna E. Hägg

28

In Paper V we developed the CSIM model for simultaneously simulat-
ing riverine N exports of the 105 major Baltic river catchments (Mörth et 
al. 2007). The CSIM model (Rahm et al. 2005) is a version of the BasinSim 
model (Dai et al. 2000) which in turn is based on the Generalized Water-
shed Loading Functions (GWLF) model (Haith and Shoemaker 1987). 

The model is a lumped hydrologic model that uses daily precipitation 
data to simulate daily and monthly discharge, sediment load, and nutrient 
transport. It divides the watershed into land-use and soil-type categories 
and considers the loads from each category separately. Both groundwater 
and runoff are considered including the transport of both dissolved and 
particulate nutrients. Sediment is generated by a variation of the Univer-
sal Soil Loss Equation, and then transported from the watershed using 
a nonlinear relationship with streamflow (Figure 11). However, within-
stream processes are not considered although river retention was set to 
fit modeled and observed data, i.e. if there was a difference in modeled 
and observed N and P concentrations modeled data was adjusted by a 
factor (riverine retention factor). Otherwise, no biogeochemical dynam-
ics of nutrients are included in the model. Instead they are assumed to be 
transported passively in the stream and sediments. Neither is atmospher-
ic deposition considered explicitly. Still the model captured seasonal and 
annual streamflow and sediment dynamics and was sensitive to changes 
in both land use and management. The loading functions in the model are 
specific for the actual watershed and used with the hydrologic cycle to 
do scenario analysis on nutrient loads especially from point sources. The 
loads of nitrogen and phosphorus in streamflow were calculated as the 
product of water discharge times the nutrient concentrations with addi-
tion of point sources and septic systems. In the CSIM-model, stream flow 
consists of total watershed runoff from all source areas plus groundwater 
discharge from the saturated zone.

The simulations in Paper V showed that the diffuse sources contribut-
ed most to the overall simulated TN river loads. In the boreal watersheds 
of the BB, BS and KT the contributions of diffuse sources represented 
more than 95% of the TN load. The diffuse contribution was somewhat 
lower (75—85%) in the heavily populated agricultural areas in the south-
ern part of the Baltic Sea catchment. The CSIM model estimated that the 
distribution of sources of TN as similar to those in Pollution Load Com-
pilation 4 (PLC 4) (HELCOM 2004), whereas the CSIM estimations of the 
contribution of TP from point sources were much higher than in PLC 4. 
PLC 4 estimated the contribution of diffuse and point sources to the river-
ine Tot-N load as 743 601 tonnes yr-1 and 66 261 tonnes yr-1, respectively, 
whereas the CSIM simulations indicated these sources as 769 000 tonnes 
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yr-1 and 79 600 tonnes yr-1, respectively. PLC 4 estimated the contribu-
tion of diffuse and point sources to the riverine total phosphorus (TP) 
load as 33 004 tonnes yr-1 and 6 977 tonnes yr-1, respectively, whereas 
CSIM simulations indicated these sources as 29 900 tonnes yr-1 and 19 
700 tonnes yr-1, respectively. Overall, the annual mode of CSIM described 
the annual streamflow and riverine Tot-N export fairly well (Figure 12), 
i.e. these fluxes were overestimated with 4% and 5%, respectively; Tot-P 
export were overestimated by 25%.

Figure 12: A 
multiannual fit of 
simulated (CSIM 
model - Paper V) and 
measured data for 
the validation period 
(1990–1994) using all 
105 major Baltic Sea 
catchments: 
(a) streamflow, 
(b) TN load
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Concluding remarks
In the Water Framework Directive (WFD), the Marine Strategy Frame-

work Directive (MSFD) and the Baltic Sea Action Plan (BSAP) clear goals 
were set for achieving a “good ecological status” for the entire Baltic Sea.
This means controlling N emissions on an area covering 2.13 Million km2, 
when the catchment area is included. To tackle this enormous challenge 
we have to use various empirical relationships and modeling tools, oper-
ating on different spatial scales and thereby giving different answers, for 
describing the N fluxes.

Large scale models and data issues
This thesis mainly addresses meso- and large-scale N fluxes by model-

ing groups of river catchments, with heterogeneous input data, on a re-
gional or even global river scale. The quality and homogeneity of data are 
vital for the quality of the model results. There are more sophisticated 
and more dynamic modeling approaches available describing in a mecha-
nistic way detailed processes of riverine nitrogen export, transformation 
and retention. However, often these models are only appropriate to use on 
smaller scales where detailed data are available. Though, recently some 
detailed global models like the NEWS-DIN have successfully been able to 
predict DIN fluxes both on regional and global scale (Dumont et al. 2005). 

In general it is difficult to find sufficient environmental data for river 
catchments especially when we are dealing with historical data. Statisti-
cal data are usually collected for administrative regions and not for catch-
ments, which means that the data has to be redistributed to catchment 
scale for many large scale studies. On a small scale and for studies of the 
current environmental situation it is possible to collect new data adjusted 
for the requirements of the modeling approach used, but when studying 
large areas like the Baltic (or the entire earth) one is often limited by the 
best available data. For example, in the case of studying the agricultural 
surplus in Polish agriculture from 1960 – 2000 (Paper III) we used na-
tional statistical data for large sub regions (voivodships) which were dis-
tributed per ha-1 planted area in each voivodship. Thereafter data were 
fitted using GIS for the river catchments with all error progression im-
plied (Figure 13). Similar approaches has been used in many large scale 
studies (Boyer et al. 2002; Galloway et al. 2004; Green et al. 2004; Han 
and Allan 2008). 
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Figure 13: GIS fitting 
scheme between admin-
istrative boundaries, i.e. 
voivodships, in Poland 
from which major statis-
tical data have been tak-
en and the catchments 
of the Oder and Vistula. 
The voivodships have 
been changed two times 
during the study period 
(Paper III).

What do we gain by large scale modeling?
In spite of these difficulties there is an increasing need for large- and 

meso-scale understanding and modeling of nitrogen fluxes, within and 
from catchments, if we shall meet the goals set by the BSAP. Combinations 
of models on different scales are needed to address complex issues like 
the reduction of nutrients from our society. The large scale approaches 
help us to determine where human drivers have their largest impact and 
areas with large potential for reductions of N, i.e. to find out where re-
medial measures have a large impact on the coastal loadings. Small scale 
studies, on the other hand, give us knowledge about the actual processes 
and reduction potentials on the scale where the actual measures have to 
be taken, i.e. for example how reductions in N export can be achieved on 
farm or field scale as a function of detailed agricultural practices. How-
ever, there are always problems when changing spatial scale in a model. 
A detailed model requires detailed and uniform data and is usually cali-
brated for the specific area for which it was developed. This might not 
be appropriate on a larger scale. Sometimes over-parameterization can 
lead to large uncertainties in the outcome of the model due to uncertain-
ties adding up for each variable parameterization. In those cases it might 
be unnecessary to use a detailed model if you achieve approximately the 
same outcome with a simple model using few input parameters. 
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In summary, the large scale approach presented in this thesis may help 
to answer the following questions related to environmental management 
strategies of the Baltic Sea:

What critical knowledge is needed to model the relationship between hu-
man activities, land use and the riverine export of nitrogen to the coastal 
seas?

Scaling is important when modeling the relationship between human 
activities and riverine N export. On a large scale Paper I showed that by 
only having knowledge about human population size and runoff one can 
estimate the riverine export of DIN (r2= 0.76). Although these two pa-
rameters are able to give us a reasonable estimation of the N flux from a 
catchment there are subordinated anthropogenic activities contributing 
to N inputs that must be considered when it comes to more detailed man-
agement strategies. Hence, in Paper II we included atmospheric deposi-
tion and PE from animals in the regression models. To some extent this 
complicates the modeling but gives important information about where 
the loading is high from these two major N inputs. In most of the catch-
ments the PE from animals are larger than the PE from humans and in 
Denmark, Germany and Poland the PE emissions for animals are high 
compared to other inputs (Paper II). This means that development of 
livestock is essential for the future eutrophication status of the Baltic Sea 
and a probable increase in animal protein consumption is a major threat 
for the Baltic Sea.

The relationship between NANI in Swedish river catchments and the 
riverine export of N to the Baltic (Paper IV) show the sensitive river 
catchments, i.e. the river catchments that export high amounts of their 
loadings to the Baltic and where remedial measures have a large impact 
on coastal loadings. The NANI give us a detailed picture of the anthropo-
genic N inputs, though it is important to remember that the accuracy of 
the input data is crucial. The parameterization in the NANI is difficult and 
the outcome is very dependent on which fixation rates and data on hu-
man and animal consumption are used. There are difficulties in defining 
the actual export or import of agricultural goods over catchment bound-
aries since these kinds of data usually are unavailable. 

Where in the Baltic Sea catchment can the largest potential reductions of 
nutrients be done? 

The largest potential for reductions of diffuse N sources is in the catch-
ments with high animal density and high specific discharge, i.e. the catch-
ments draining to Kattegat and Danish Straits (Paper II & IV). The TN 
loads are in many cases high and increasing in the areas where the specif-
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ic discharge is high, making these areas important for remedial measures. 
When it comes to N from point sources the large potential for reductions 
is primarily in the southern and eastern parts of the Baltic Sea catchment. 
In Poland connectivity to MWWTP led to decreasing N loading in the riv-
ers (Paper III).

Which sectors are most promising for reducing the anthropogenic riverine 
N loadings to the Baltic Sea?

As shown in Papers III and V point sources still might have a large 
potential for reductions of N especially in the southern and eastern part 
of the Baltic Sea. Although the overall simulated contribution of diffuse 
source to the overall nutrient loads, were about 90% for Tot-N (Paper 
V), the point sources can easily be reduced. The diffuse sources are more 
difficult to decrease, especially since the human N demand may increase 
(Paper II & III). A reduction of mineral fertilizer does not always lead to 
reduced N loadings because the agricultural systems can buffer even a 
slight surplus. There is inertia in the catchments due to sometimes long 
water residence times, soil storage and buffering capacity in, for example, 
riparian zones and wetlands. This can also be seen in the northern parts 
of the catchment where the atmospheric nitrogen deposition is almost as 
high as in the southern part but the nitrogen flux in the rivers is not ele-
vated . These northern river catchments have N exports of the same mag-
nitude as the natural background, which indicates that the atmospheric N 
deposition is retained in the system and probably taken up by the N lim-
ited boreal forest. However, important reductions can be achieved in the 
agricultural sector by detailed management of the land, i.e. optimizing the 
timing and amount of mineral fertilizer applications, crop rotation and 
wintergreen land. Large reductions might also be possible to achieve by 
policy decisions controlling the animal protein consumption (Paper II).



Hanna E. Hägg

34

Acknowledgements 

THANKS to:
• my supervisor: Christoph Humborg for being a committed and 

efficient supervisor and for all help and guidance in the world of 
nutrient fluxes, modeling and enormous datasets. 

• my co-supervisors: Magnus Mörth for all discussions about, 
modeling, statistics, datasets, macros and all help during these years 
and Hans Borg for employing me in 1998 and giving me a platform 
to grow on.

•	 all co-authors on Papers I – IV for important contribution, good 
discussions and helpful suggestions.

• the department of systems ecology and all people I had contact 
with there during the first years of my PhD

•	 everyone at BNI for all help, discussions and lending me office 
space.

•	 everyone at Mm for help in the laboratory, nice and sometimes 
adventurous sampling trips to Tyresta, interesting coffee breaks and 
in general being part of my life during the past decade :-)

•	 everyone at ITM both past and present colleges for creating a 
stimulating work environment, both socially and scientifically

•  “the Americans” especially Beth, Christy, Dennis, Karin, Madeline 
for your hospitality during my visits in the US and scientific advice.

•	 Mistra - the MARE project and BNI for financing.

• my family and friends for being part of the unscientific part of my 
life, especially husband Mattias and our wonderful daughters Nora 
and Ella. 



Nitrogen Land-Sea Fluxes in the Baltic Sea catchment - Empirical relationships & Budgets

35

References

Alexander, R. B., P. J. Johnes, E. W. Boyer, and R. A. Smith. 2002. A com-
parison of models for estimating the riverine export of nitrogen 
from large watersheds. Biogeochemistry 57: 295-339.

Arheimer, B., and M. Brandt. 1998. Modelling nitrogen transport and 
retention in the catchments of southern Sweden. Ambio 27: 471-
480.

Behrendt, H., M. Kornmilch, R. Korol, M. Stronska, and W. G. Pagen-
kopf. 1999. Point and diffuse nutrient emissions and transports 
in the Odra basin and its main tributaries. Acta Hydrochimica Et 
Hydrobiologica 27: 274-281.

Billen, G., J. Garnier, A. Ficht, and C. Cun. 2001. Modeling the response 
of water quality in the Seine river estuary to human activity in its 
watershed over the last 50 years. Estuaries 24: 977-993.

Billen, G., J. Garnier, and P. Hanset. 1994. Modeling Phytoplankton De-
velopment in Whole Drainage Networks - the Riverstrahler Model 
Applied to the Seine River System. Hydrobiologia 289: 119-137.

Bouwman, A. F., and H. Booij. 1998. Global use and trade of feedstuffs and 
consequences for the nitrogen cycle. Nutrient Cycling in Agroeco-
systems 52: 261-267.

Bouwman, A. F., G. Van Drecht, J. M. Knoop, A. H. W. Beusen, and C. R. 
Meinardi. 2005. Exploring changes in river nitrogen export to the 
world’s oceans.  19.

Boyer, E. W., C. L. Goodale, N. A. Jaworsk, and R. W. Howarth. 2002. 
Anthropogenic nitrogen sources and relationships to riverine ni-
trogen export in the northeastern USA. Biogeochemistry 57: 137-
169.

Campling, P., J. M. Terres, S. V. Walle, J. Van Orshoven, and P. Crouzet. 
2005. Estimation of nitrogen balances from agriculture for EU-15: 
spatialisation of estimates to river basins using the CORINE Land 
Cover.  30: 25-34.

Caraco, N. F., J. J. Cole, G. E. Likens, G. M. Lovett, and K. C. Weathers. 
2003. Variation in NO3 export from flowing waters of vastly dif-
ferent sizes: Does one model fit all? Ecosystems 6: 344-352.



Hanna E. Hägg

36

Dai, T., R. L. Wetzel, T. R. L. Christensen, and E. A. Lewis. 2000. BasinSim 
1.0 - A Windows-Based Watershed Modeling Package; User´s guide, 
Special Report in Applied Marine Science and Ocean Engeneering 
No.362.

de Wit, M. J. M. 2001. Nutrient fluxes at the river basin scale. I: the Pol-
Flow model. Hydrological Processes 15: 743-759.

de Wit, M. J. M., and E. J. Pebesma. 2001. Nutrient fluxes at the river basin 
scale. II: the balance between data availability and model com-
plexity. Hydrological Processes 15: 761-775.

Dumont, E., J. A. Harrison, C. Kroeze, E. J. Bakker, and S. P. Seitzinger. 
2005. Global distribution and sources of dissolved inorganic ni-
trogen export to the coastal zone: Results from a spatially explicit, 
global model. Global Biogeochemical Cycles 19.

Döscher, R. and others 2002. The development of the regional coupled 
ocean-atmosphere model RCAO. Boreal Environment Research 7: 
183-192.

Elmgren, R. 2001. Understanding human impact on the Baltic ecosystem: 
Changing views in recent decades. Ambio 30: 222-231.

Eriksson, H., M. Pastuszak, S. Löfgren, C. M. Mörth, and C. Humborg. 
2007. Nitrogen budgets of the Polish agriculture 1960-2000: im-
plications for riverine nitrogen loads to the Baltic Sea from transi-
tional countries. Biogeochemistry 85: 153-168.

Galloway, J. N. 1998. The global nitrogen cycle: changes and consequenc-
es. Environmental Pollution 102: 15-24.

Galloway, J. N. and others 2004. Nitrogen cycles: past, present, and fu-
ture. Biogeochemistry 70: 153-226.

Gordon, C. and others 2000. The simulation of SST, sea ice extents and 
ocean heat transports in a version of the Hadley Centre coupled 
model without flux adjustments. Climate Dynamics 16: 147-168.

Graham, L. P. 2004. Climate change effects on river flow to the Baltic Sea. 
Ambio 33: 235-241.

Graham, L. P., S. Hagemann, S. Jaun, and M. Beniston. 2007. On interpret-
ing hydrological change from regional climate models. Climate 
Change 81: 97-122.



Nitrogen Land-Sea Fluxes in the Baltic Sea catchment - Empirical relationships & Budgets

37

Green, P. A., C. J. Vorosmarty, M. Meybeck, J. N. Galloway, B. J. Peterson, 
and E. W. Boyer. 2004. Pre-industrial and contemporary fluxes of 
nitrogen through rivers: a global assessment based on typology. 
Biogeochemistry 68: 71-105.

Gruber, N., and J. N. Galloway. 2008. An Earth-system perspective of the 
global nitrogen cycle. Nature 451: 293-296.

Haith, D. A., and L. L. Shoemaker. 1987. Generalized Watershed Loading 
Functions for Stream-Flow Nutrients. Water Resources Bulletin 
23: 471-478.

Han, H. J., and J. D. Allan. 2008. Estimation of nitrogen inputs to catch-
ments: comparison of methods and consequences for riverine ex-
port prediction. Biogeochemistry 91: 177-199.

Han, H. J., J. D. Allan, and D. Scavia. 2009. Influence of Climate and Hu-
man Activities on the Relationship between Watershed Nitrogen 
Input and River Export. Environmental Scienca & Technology 43: 
1916-1922.

HELCOM. 2004. The Fourth Baltic Sea Pollution Load Compilation (PLC-
4), Balt. Sea Environ. Proc. No. 93.

---. 2007. Baltic Sea Action Plan (BSAP), p. 101. HELCOM Ministral Meet-
ing.

---. 2009. Eutrophication in the Baltic Sea – An integrated thematic as-
sessment of the effects of nutrient enrichment and eutrophication 
in the Baltic Sea region: Executive Summary. Baltic Sea Envrion-
ment Proceedings No. 115A.

Howarth, R. W. and others 1996a. Regional nitrogen budgets and riv-
erine N&P fluxes for the drainages to the North Atlantic Ocean: 
Natural and human influences. Biogeochemistry 35: 75-139.

Howarth, R. W., E. W. Boyer, W. J. Pabich, and J. N. Galloway. 2002. Ni-
trogen use in the United States from 1961-2000 and potential fu-
ture trends. Ambio 31: 88-96.

Howarth, R. W., R. Schneider, and D. Swaney. 1996b. Metabolism and 
organic carbon fluxes in the tidal freshwater Hudson River. Estu-
aries 19: 848-865.



Hanna E. Hägg

38

Humborg, C., C. M. Morth, M. Sundbom, and F. Wulff. 2007. Riverine 
transport of biogenic elements to the Baltic Sea - past and pos-
sible future perspectives. Hydrology and Earth System Sciences 
11: 1593-1607.

Iital, A., E. Loigu, and N. Vagstad. 2003. Nutrient losses and N & P bal-
ances in small agricultural watersheds in Estonia. Nordic Hydrol-
ogy 34: 531-542.

Jetten, M. S. M. and others 1998. The anaerobic oxidation of ammonium. 
FEMS MICROBIOLOGY REVIEWS 22: 421-437.

Jordan, T. E., and D. E. Weller. 1996. Human contributions to terrestrial 
nitrogen flux. Bioscience 46: 655-664.

Krysanova, V., A. Bronstert, and D. I. Muller-Wohlfeil. 1999. Model-
ling river discharge for large drainage basins: from lumped to 
distributed approach. Hydrological Sciences Journal-Journal Des 
Sciences Hydrologiques 44: 313-331.

Kuypers, M. M. M. and others 2003. Anaerobic ammonium oxidation by 
anammox bacteria in the Black Sea. Nature 422: 608-611.

Löfgren, S., A. Gustafson, S. Steineck, and P. Ståhlnacke. 1999. Agri-
cultural development and nutrient flows in the Baltic states and 
Sweden after 1988. Ambio 28: 320-327.

Meybeck, M. 1993. C, N, P and S in rivers: from sources to global inputs, p. 
163-193. In R. Wollast, F. T. Mackenzei and L. Chou [eds.], Interac-
tions of C, N, P and S Biogeochemical Cycles and Global Change, 
NATO ASI Series I: Global Envrionmental Change. . Springer Ver-
lag.

Mörth, C.-M. and others 2007. Modeling Riverine Nutrient Transport to 
the Baltic Sea: A Large-scale Approach. Ambio 36: 124-133.

Nakićenović, N. and others 2000. Special Report on Emissions Scenarios 
(SRES), p. 599 pp. Intergovernmental Panel on Climate Change 
(IPCC).

Nixon, S. W. 1995. Coastal Marine Eutrophication - a Definition, Social 
Causes, and Future Concerns. Ophelia 41: 199-219.

Rahm, L., C. Humborg, S. Löfgren, C.-M. Mörth, and E. Smedberg. 2005. 
MCSIM Documentation, Technichal Report, p. 1-19.



Nitrogen Land-Sea Fluxes in the Baltic Sea catchment - Empirical relationships & Budgets

39

Rockström, J. and others 2009. A safe operating space for humanity. Na-
ture 461: 472-475.

Roeckner, E., L. Bengtsson, J. Feichter, J. Lelieveld, and H. Rodhe. 
1999. Transient climate change simulations with a coupled atmo-
sphere-ocean GCM including the tropospheric sulfur cycle. Jour-
nal of Climate 12: 3004-3032.

Savchuk, O. P., and F. Wulff. 2007. Modeling the Baltic Sea Eutrophication 
in a Decision Support System. Ambio 36: 141-148.

Seitzinger, S. and others 2006. Denitrification across landscapes and wa-
terscapes: A synthesis. Ecological Applications 16: 2064-2090.

Seitzinger, S. P., J. A. Harrison, E. Dumont, A. H. W. Beusen, and A. F. 
Bouwman. 2005. Sources and delivery of carbon, nitrogen, and 
phosphorus to the coastal zone: An overview of Global Nutrient 
Export from Watersheds (NEWS) models and their application. 
Global Biogeochemical Cycles 19.

Seitzinger, S. P. and others 2002. Nitrogen retention in rivers: model 
development and application to watersheds in the northeastern 
USA. Biogeochemistry 57: 199-237.

Smil, V. 1999. Nitrogen in crop production: An account of global flows. 
Global Biogeochemical Cycles 13: 647-662.

Smith, R. A., G. E. Schwarz, and R. B. Alexander. 1997. Regional inter-
pretation of water-quality monitoring data. Water Resources Re-
search 33: 2781-2798.

Smith, S. V. and others 2003. Humans, hydrology, and the distribution of 
inorganic nutrient loading to the ocean. Bioscience 53: 235-245.

Townsend, A. R. and others 2003. Human health effects of a changing 
global nitrogen cycle. Frontiers in Ecology and the Environment 
1: 240-246.

USGS. SPARROW Surface Water-Quality Modeling. USGS.

Van de Graaf, A. A., A. Mulder, P. Debruijn, M. S. M. Jetten, L. A. Robert-
son, and J. G. Kuenen. 1995. Anaerobic Oxidation of Ammonium 
Is a Biologically Mediated Process. Applied and Environmental 
Microbiology 61: 1246-1251.



Hanna E. Hägg

40

Vitousek, P. M. and others 1997. Human alteration of the global nitrogen 
cycle: Sources and consequences. Ecological Applications 7: 737-
750.

Wulff, F., C. Humborg, M. Rodriguez Medina, C.-M. Mörth, O. P. Sav-
chuk, and S. A. 2009. Revision of the country allocation of nutri-
ent reductions in the Baltic Sea Action Plan: Section A: Hydrologi-
cal adjusted riverine loads and atmospheric loads from different 
countries averaged for 2000-2006, p. 1-48. Baltic Nest Institute, 
Stockholm University.


