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Rapid technological development in agriculture and fast urbanization have increased nutrient losses in Europe.
High nutrient export to seas causes coastal eutrophication and harmful algal blooms. This study aims to assess the
river exports of nitrogen (N) and phosphorus (P), and identify required reductions to avoid coastal eutrophi-
cation in Europe under global change. We modelled nutrient export by 594 rivers in 2050 for a baseline scenario
using the new MARINA-Nutrients model for Europe. Nutrient export to European seas is expected to increase by

13-28% under global change. Manure and fertilizers together contribute to river export of N by 35% in 2050.
Sewage systems are responsible for 70% of future P export by rivers. By 2050, the top ten polluted rivers for N
and P host 42% of the European population. Avoiding future coastal eutrophication requires over 47% less N and
up to 77% less P exports by these polluted rivers.

1. Introduction

Coastal eutrophication is a serious problem in Europe (Boesch,
2019). Eutrophication occurs by nutrient enrichment in aquatic envi-
ronments from land-based diffuse (e.g., agricultural runoff) and point
sources (e.g., sewage systems), and atmospheric deposition (Andersen
et al., 2019). Eutrophication directly affects the aquatic environment by
e.g., the increased frequency of algal blooms (Glibert et al., 2018a),
increased sedimentation, depletion of light, changes in aquatic vegeta-
tion (Njock et al., 2023) and indirectly by oxygen depletion (Glibert
et al., 2018b) and fish kills (Kudela et al., 2018). Despite the environ-
mental policies, rivers transport large amount of nutrients to coastal
waters (Nikolaidis et al., 2022; Vigiak et al., 2023) and thus, eutrophi-
cation is still an issue in European seas (Jansson et al., 2019).

Human activities are main drivers of nutrient losses in surface waters
(Grizzetti et al., 2021; Poikane et al., 2020), and thus coastal eutrophi-
cation. Intensive agriculture (e.g., use of synthetic fertilizers, animal
manure) and domestic sewage systems have been major diffuse and
point sources of nutrients in Europe, respectively (European Environ-
ment et al., 2018; Ural-Janssen et al., 2023). Other pressures (e.g.,
morphological, hydrological) also play a role in the coastal eutrophi-
cation (Garnier et al., 2021). It is important to estimate the nutrient
losses to rivers and seas to reduce or prevent the risk of coastal

eutrophication in future.

Water quality models can help to estimate nutrient losses to surface
waters (Shan et al., 2023). Several models have been developed for
Europe at different spatial scales. For example, GREEN is a statistical
model estimating the annual loads of nitrogen (N) and phosphorus (P) to
seas at a catchment scale around 200 km? (Grizzetti et al., 2012). Riv-
erstrahler is a biogeochemical drainage network model calculating the
nutrient export at the river outlet considering processes through the
drainage network (e.g., retention, transfer and transformations) and in
the riparian zone (e.g., denitrification) (Billen and Garnier, 2022; Billen
etal., 2018). The MARINA-Nutrients model for Europe is a process based
model quantifying the inputs of N and P to rivers, and their river export
to seas at the river basin scale (Ural-Janssen et al., 2023), and developed
based on the MARINA (Model to Assess River Inputs of pollutaNts to
seAs) model approach. MARINA model has been implemented to predict
future nutrient pollution in surface waters based on scenario analyses
globally (Strokal et al., 2021) and for China (Wang et al., 2020). These
provide useful insights on the future trends of water pollution. However,
such future analyses using the MARINA-Nutrients model are limited for
European river basins.

Scenario analyses can help to analyse future trends in coastal
eutrophication. Shared Socio-economic Pathways (SSPs) are environ-
mental narratives that are widely used in modelling studies (Beusen
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et al., 2022; van Vuuren et al., 2021). The SSPs consist of five future
trajectories based on various drivers (e.g., socio-economic, tecnological)
(Riahi et al., 2017). Changes in land use and climate are significant
pressures driven by population growth, socio-economic development
and diatery choices (van Vuuren et al., 2017). Changes in agricultural
practices associated with land use alter nutrient runoff. SSPs are used
alongside Representative Concentration Pathways (RCPs) to analyse the
impacts of global change (Beusen et al., 2022; A. A. Li et al., 2022). RCPs
identify several alternatives for radiative forcing reaching 2.6-8.5 W
m 2 by 2100 for future climate change (van Vuuren et al., 2011). These
scenarios have been well applied to predict future N and P delivery to
surface waters (Beusen et al., 2022; Wang et al., 2020).

Most future studies on nutrients apply forecasting techniques to
explore the future consequences of expected trends (de Vries et al., 2023;
Hader et al.,, 2022; van Puijenbroek et al., 2019). Studies applying
backcasting, by exploring ways to reach a desirable future, are scarce (Li
et al., 2019). To our knowledge, no studies have been published on
backcasting the future export of N and P by European rivers. Such
backcasting exercises could be based on maximum allowable nutrient
losses to seas, and support the formulation of effective nutrient man-
agement strategies that help to avoid the risk of coastal eutrophication
in future.

Models quantifying nutrient delivery to surface waters can provide
important inputs to assess the risk of coastal eutrophication (Billen and
Garnier, 2022; Garnier et al., 2021). Indicator for Coastal Eutrophication
Potential (ICEP) is an approach to estimate the risk based on the Redfield
ratio (Billen and Garnier, 2007). The Redfield ratio represents the C:N:P:
Si ratio (106:16:1:20) for the growth of diatoms (Redfield et al., 1963).
When there is excess N and/or P over silica (Si) in coastal waters, the
non-siliceous algae might grow instead of diatoms (Billen and Garnier,
2007; Garnier et al., 2010). ICEP uses this imbalance to indicate the
potential for coastal eutrophication, and the risk for harmful algal
blooms (Billen and Garnier, 2007). Based on the limiting nutrient,
N-ICEP or P-ICEP is calculated by an empirical formula based on the
fluxes of N, P and dissolved silica (DSi) in coastal waters (Billen and
Garnier, 2007). The ICEP value indicates coastal eutrophication poten-
tial (i.e. high or low) (Billen and Garnier, 2007), and hence can support
the future scenario analyses to estimate the risk of coastal eutrophica-
tion in European seas.

This study aims to assess the future river exports of N and P, and
identify required reductions to avoid coastal eutrophication in Europe
under global change. We used the MARINA-Nutrients model for Europe
(Ural-Janssen et al., 2023) to estimate the nutrient exports by 594 Eu-
ropean rivers and ICEP by 2050 with a baseline scenario combining
SSP5 and RCP8.5 (SSP5-RCP8.5) with the largest socio-economic and
climate change to observe the effect on the nutrient losses to waters. The
year 2050 was chosen arbitrary as a medium-term between short-term
(2030) and long-term (2100) future. In addition, many versions of the
MARINA model have been applied to 2050 and already provided data
for our model application (Li et al., 2019; Strokal et al., 2021; Strokal
et al., 2017; Strokal et al., 2023; Wang et al., 2020). We combine fore-
casting and backcasting. First, we quantified the nutrient inputs to rivers
and their export by rivers to the coastal waters of Europe for 2050 under
the SSP5-RCP8.5 scenario. Second, we calculated the maximum allow-
able river export of nutrients to avoid coastal eutrophication based on
the ICEP approach (Billen and Garnier, 2007; Garnier et al., 2010).
Finally, we identified required reductions to avoid the risks of coastal
eutrophication for the top ten polluted rivers of Europe regarding N and
P.

2. Materials and methods
2.1. MARINA-nutrients model for Europe

The MARINA-Nutrients model for Europe is developed to quantify N
emissions to the atmosphere from agriculture, inputs of the N and P to
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rivers and river exports of N and P to seas from diffuse (i.e. agricultural
and non-agricultural areas) and point (i.e. sewage systems) sources at
the basin scale (Ural-Janssen et al., 2023). Diffuse sources include
various land-based sources of nutrients per basin (and sub-basins of the
Danube River, see Supplementary Text 1) while accounting for nutrient
retention on land, and parameterized export processes of nutrients as a
function of runoff (Ural-Janssen et al., 2023). The model has been
validated for the river exports of N and P based on long term observa-
tions, and applied for current pollution in Europe in our pervious study
(e.g., Pearson’s coefficient of determination (R%) = 0.72-0.95 depending
on nutrient form, R? = 0.85 and Nash-Sutcliffe efficiency (NSE) = 0.85
for all nutrient forms of nutrient exports by 58 European rivers, indi-
cating good performance (Ural-Janssen et al., 2023)). In addition, un-
certainty assessments (e.g., sensitivity analyses) associated to the
simulated river exports of nutrients by the MARINA models were applied
for various model inputs as well as parameters in other studies (Chen
et al., 2019; Strokal et al., 2016; Wang et al., 2020). Based on those
results, the outputs of the MARINA models are sensitive mostly to
changes in the following model inputs: water discharges, manure pro-
duction and synthetic fertilizer application (Strokal et al., 2016; Wang
et al., 2020). We believe that this also holds for the MARINA-Nutrients
model for Europe because we build on the modeling approach of the
existing MARINA models. Here, we applied the model for future ana-
lyses of nutrient pollution in rivers and coastal waters of Europe.

The MARINA-Nutrients model for Europe calculates the river exports
of N and P in dissolved inorganic (i.e. DIN, DIP) and organic (i.e. DON,
DOP) forms as a function of nutrient inputs to agricultural and non-
agricultural areas, nutrient inputs to rivers from sewage systems, and
export fractions of those inputs reaching the coastal waters (Ural-Jans-
sen et al., 2023). Sources of nutrient inputs to agricultural areas are the
application of synthetic fertilizers, application of animal manure and
manure deposited on land during grazing, biological Ny fixation by
crops, atmospheric deposition and human waste from population not
connected to sewage treatment systems. Sources of nutrient inputs to
non-agricultural areas are biological Ny fixation by natural vegetation
and atmospheric deposition. Parameterized export processes are organic
matter leaching from agricultural and non-agricultural soils, and P
weathering from agricultural and non-agricultural soils following
(Strokal et al., 2016). Point sources of nutrient inputs to rivers include
urban and rural wastewater treatment systems, except industrial
wastewaters.

The model accounts for hydrology (e.g., natural and actual water
discharges), basin characteristics (e.g., land use), retention and losses of
nutrients on land and rivers, and the distance between the source and
river mouth (i.e. coastal waters) (Ural-Janssen et al., 2023). The model
quantifies the river exports of N and P for all mentioned forms by the
equations in Box 1 and Box S1 (Ural-Janssen et al., 2023).

Box 1 Main equations for quantifying the river exports of N and P to
seas by the MARINA-Nutrients model for Europe (further equations in
Box S1 and descriptions in Box S2).

In Box 1: Mg is the total river export of nutrient form F (generic for
DIN, DON, DIP, DOP) by source y and basin j (kg yr ™). River export of
nutrients is quantified as a function of nutrient inputs to rivers that are
corrected for removal (e.g., water consumption) and retention (e.g.,
sedimentation, damming) in rivers, and the travelling distance of nu-
trients to the river mouth (Eq. 1). RSdif; is the total input of nutrient
form F (DIN, DON, DIP, DOP) to rivers by diffuse source y and basin j (kg
yr~1). Nutrient inputs to rivers from diffuse sources are calculated as a
function of nutrient inputs to agricultural and non-agricultural land that
are corrected for removal (via crop harvesting and animal grazing) and
retention (e.g., accumulation) in soils and runoff from land to streams
(Eq. 2). RSpnt; ; is the total input of nutrient form F (DIN, DON, DIP,
DOP) to rivers by point source y and basin j (kg yr ™). Nutrient inputs to
rivers from point source are quantified as a function of population that is
connected to sewage systems, human N and P excretion rates, removal
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Mgy ; : River export of nutrients by source y and basin j
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Mgy; = (RSdifgy; + RSpntgy;) X FEriyrouttetj X FEriv.Emouthj (1)

RSdifey; = WSdifgyj X Grj X FEws ) (2)

RSpntF.y.j = RSpntE.hum.con.j X FEpntF.hum.con.j 3)

Gpj = 1 — (WSdifg exj/ WSdif gross ) C))
FEyspj = CRp X Rnat; 5)
RSpntg hum.conj = RSPNLE hum.conurbj + RSPNtE hum.con.rur (6)
RSpntg hum.conurbj = E€XChum.conurbjX (1 — hWerem E5) ©)
RSpntg hum.conrurj = E€XChum.conrurj X (1 — hWerem gj) (3
FEpntpiN hum.conj = 0485 + 0.225 X (hWgrep nj / 0.86), constant parameters for DON, DIP and DOP ©)
FErivroutletj = (1 — Dgj) X (1 — Lg;) X (1 — FQrem;) for DIN and DIP (10)

FE iv Foutletj = (1 - FQremj) for DON and DOP (11)

FEriv EmouthjuT = “TFErivFoutletjmc X " FEriy Foutletjdc (12)
FEriv EmouthjmT = ™ FEriy Foutletjdc (13)
FEriv FmouthjmC = "FEriv.F.outletjdc (14)

FE iy Fmouthjdc = 1 as the outlets of down-stream sub-basins discharge directly to seas

efficiencies of nutrients during wastewater treatment and the fraction of
nutrients entering rivers by the effluent from sewage treatment systems
(Eq. 3). FEivroutlet; is the fraction of nutrient form F (DIN, DON, DIP,
DOP) exported to the outlet of basin j (0-1). This export fraction ac-
counts for aquatic retention (e.g., sedimentation) and losses in water
systems (e.g., denitrification and water removals) (Strokal et al., 2016).
FEry Fmouthj is the fraction of nutrient form F (DIN, DON, DIP, DOP)
exported from the basin j outlet to the river mouth (0-1). WSdif , ; is the
total input of nutrient element E (generic for N, P) to agricultural or
non-agricultural land in basin j from source y (kg yr’l). Gg; is the
fraction of nutrient form F (DIN, DON, DIP, DOP) that is remained in
soils of basin j after nutrient export from agricultural land by animal
grazing and crop harvesting (0-1). The fraction is calculated as the ratio
of nutrient inputs remained on agricultural land after animal grazing
and crop harvesting (WSdiff grossj — WSdifg.ex;j) to the total inputs of
nutrients to agricultural land (WSdiff gross). FEws £ is the export fraction
of nutrient form F (DIN, DON, DIP, DOP) entering rivers of basin j (0-1).
The export fraction is calculated as a function of annual runoff from land
to streams (Rnat;) and implicitly accounts for nutrient retention in soils
(e.g., denitrification, temporary accumulation in soils/aquifers) into
account prior to nutrient transport to rivers (Strokal et al., 2016).
WSdifg exj is the export (ex) of nutrient element E (N, P) from agricul-
tural land via crop harvesting and animal grazing in basins j (kg yr™1).
WSdif gross is the sum of all the inputs of nutrient form F (DIN, DON,
DIP, DOP) to agricultural land in basin j (kg yr’l). CRr is the uncali-
brated export coefficient of nutrient form F (DIN, DON, DIP, DOP) for
runoff exporting nutrients from land to rivers (unitless). Rnat; is the
annual surface runoff from land to streams in basin j (m yr’l).
RSPty j,ym con; iS the input of nutrient element E (N, P) to rivers from
population connected to sewage systems in basin j (kg yr l).
FEDNtg hym conj 18 the fraction of nutrient form F (DIN, DON, DIP, DOP)
entering rivers from population connected to sewage systems in basin j
(0-1) (Table S2 for details). EeXChym con.urb,j i the nutrient element E (N,
P) in human excretion from urban population connected to sewage
systems in basin j (kg yr’l). EeXChum conrurj is the nutrient element E (N,
P) in human excretion from rural population connected to sewage sys-
tems in basin j (kg yr’l). hWeemg; is the removal fraction of nutrient

element E (N, P) during wastewater treatment in basin j (same for urban
and rural treatment systems) (0-1). Dg; is the fraction of nutrient form F
(DIN, DIP) retained in reservoirs and lakes in basin j (0-1). Lg; is the
fraction of nutrient form F (DIN, DIP) retained in and/or lost from water
systems (e.g., denitrification, sedimentation) in basin j (0-1). FQrem, is
the fraction of nutrient form F (DIN, DON, DIP, DOP) removed from
water systems in basin j by water consumption (0-1). Egs. 12-14 are
only used for the sub-basins of the Danube River (see Supplementary
Text 1). FEriy fmouth jut iS the fraction of nutrient form F (DIN, DON, DIP,
DOP) exported from the outlet of upstream tributary (juT) to the river
mouth (0-1). TFEyy r outtetjmc and juTFEsy r outter jac are the fractions of
nutrient form F (DIN, DON, DIP, DOP) exported from the outlet of up-
stream tributary (upper case: juT) to the outlets of the main channel in
middlestream (lower case: jmC) and in downstream (lower case: jdC)
sub-basins (0-1). FEy F.mouthjmr is the fraction of nutrient form F (DIN,
DON, DIP, DOP) exported from the outlet of middlestream tributary
(jmT) to the river mouth (0-1). ™ FEyy Fouerjac is the fraction of
nutrient form F (DIN, DON, DIP, DOP) exported from the outlet of
middlestream tributary (upper case: jmT) to the outlet of the main
channel in downstream (lower case: jdC) sub-basins (0-1).
FEriv.F.mouthjmc i the fraction of nutrient form F (DIN, DON, DIP, DOP)
exported from the outlet of middlestream main channel (jmC) to the
river mouth (0-1). IFEyy r outletjac is the fraction of nutrient form F
(DIN, DON, DIP, DOP) exported from the outlet of the main channel in
middlestream (upper case: jmC) to the outlet of the main channel in
downstream (lower case: jdC) sub-basin (the outlet of this downstream
subbasin is the river mouth) (0-1).

2.2. Description of baseline scenario for 2050 and model inputs

We selected the SSP5-RCP8.5 as a baseline scenario for the year 2050
to identify required reductions in the river export of nutrients. SSP5
includes relatively rapid economic development, high fossil fuel de-
pendency, high-tech increased agricultural production and local envi-
ronmental management strategies (O’Neill et al., 2017). Our SSP5
scenario assumes a high economic development with high urbanization
and low population growth (Strokal et al., 2021). We coupled the SSP5
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with the RCP8.5 scenario considering high-end climate change (van
Vuuren et al., 2011). Scenario considerations are indicated in Table S1
(Table S2 for model inputs). We estimated the inputs of N and P to rivers,
and their export by rivers to seas for 2050 based on the SSP5-RCP8.5
scenario in a pessimistic future by using the MARINA-Nutrients model
for Europe.

Model inputs for agricultural activities (e.g., nutrient inputs to land
from fertilizers) were derived from the MITERRA-Europe model at
regional scale and processed to a basin scale (see Ural-Janssen et al.
(2023) for further details). MITERRA-Europe is an integrated model to
assess the implementation of agricultural measures on emissions to air
and waters in Europe (Velthof et al., 2009). The model estimates N
emissions to air (e.g., N2O, NH3) from cropland, grassland, and animal
housing and storage systems, and N and P balances in agriculture at
NUTS2 scale based on emission factors and mass balance approach
(Velthof et al., 2009). We used nutrient inputs to agricultural land by e.
g., synthetic fertilizers and manure application from the
MITERRA-Europe model (see Ural-Janssen et al. (2023) for further de-
tails). Current model inputs for agriculture for the year 2017 (Duan
etal., 2021) were projected for 2050 as a function of the percent changes
between 2015 and 2050 in the IMAGE model based on the SSP5-RCP8.5
scenario (Beusen et al., 2022). We chose the year 2015 to represent our
current model results (2017-2020) and 2050 for future. Main assump-
tions in the SSP5-RCP8.5 scenario of Beusen et al. (2022) for 2050 are
(1) calculation of overall N use efficiency (NUE = N yield/total N input)
based on the NUE in 2015 and the change between 1980 and 2015,
which is corrected for the future N yield change relative to the historical
yield change; (2) for a given NUE, calculation of fertilizer use on crop-
lands by the difference between total N inputs and manure, atmospheric
deposition and biological N> fixation; (3) substitution of synthetic fer-
tilizers by recycled N and P from human urine obtained from new
sewage systems installed after 2015 and (4) excluding the pastoral
grasslands from the calculation of fertilizer input considering the use of
synthetic fertilizer in pastoral areas is negligible. We did not consider the
human urine as a source of fertilizer in agriculture in our scenario
application. Model inputs for non-agricultural sources (i.e. atmospheric
deposition over non-agricultural areas and biological Ny fixation by
natural vegetation) were derived from the IMAGE model at 0.5° reso-
lution and processed to basin scale for current (2015) and 2050 based on

Actual river export of
nutrients to seas

Processing model inputs
for the baseline scenario

(SSP5-RCP8.5)

Maximum allowable river
export of nutrients to seas
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the SSP5-RCP8.5 scenario (Beusen et al., 2022).

Model inputs for sewage systems were derived from Ural-Janssen
et al. (2023) for current (2020) and from Strokal et al. (2021) for 2050 at
basin scale based on the SSP5 scenario. Model inputs for hydrology were
derived from the Variable Infiltration Capacity (VIC) model (i.e. natural
water discharges) (van Vliet et al., 2016) and calculated as a function of
sectoral water consumptions from Khan et al. (2022) (i.e. actual water
discharges) at 0.5° resolution and processed to basin scale for current
(the most recent data on natural water discharges was for 2010) and
future (2050) based on the RCP8.5 scenario.

2.3. Required reductions in river export of nutrients to avoid coastal
eutrophication

2.3.1. Indicator for coastal eutrophication potential

We used the Indicator for Coastal Eutrophication Potential (ICEP)
approach of Billen and Garnier (2007) to estimate the risk of eutrophi-
cation in the coastal waters of Europe by 2050 (Fig. 1). ICEP is calculated
by fluxes of N, P and Silica (Si) based on the Redfield ratio (C:N:P:Si =
106:16:1:20 (Redfield et al., 1963; Billen and Garnier, 2007). The
Redfield ratio is the requirement for the growth of diatoms. When there
is excess N and P fluxes over Si, the harmful non-siliceous algae (e.g.,
cyanobacteria) might develop instead of diatoms (Billen and Garnier,
2007). The ICEP value is quantified based on the following Egs. (15) and
(16) (Billen and Garnier, 2007):

TDNpy  DSigu )
ICEPy = | —— 2|y 106 x 12 when N : P rat
N {(14 x16)  (28x 20)} * Ao X A when 1 - Fratio
< 16 (N limiting) 15)
ICEP, = [TD;HUX - %} x 106 x 12 when N : P ratio
> 16 (P limiting) (16)

where ICEPy is the Indicator for Coastal Eutrophication Potential for N
(kg C-eq. km 2 day_l), TDNpyy is the total dissolved N flux (the sum of
DIN and DON) to seas by rivers (kg km~? day_l) and DSigyy is the total
dissolved Si flux to seas by rivers (kg km 2 day!). ICEPp is the Indicator
for Coastal Eutrophication Potential for P (kg C-eq. km~2 day!) and

Difference between actual
and maximum allowable
nutrient exports by rivers

Environmental target:
Avoiding coastal
eutrophication

(ICEP < 0)

Applying the SSP5-
RCPS8.5 scenario by the
MARINA-Nutrients
model for Europe to
calculate future river
export of nutrients

Backcasting river export
of nutrients by targeting [ 3
ICEP=0

—

Identifying the
required reduction in
nutrient export by
river

Fig. 1. Stepwise methodology as applied in this study. SSP5 is short for Shared Socio-economic Pathway 5 (fossil fueled development) and RCP8.5 is short for
Representative Concentration Pathways (high-end climate change) (Section 2.1 for a description of the MARINA-Nutrients model for Europe).



A. Ural-Janssen et al.

TDPyx is the total dissolved P flux (the sum of DIP and DOP) to seas by
rivers (kg km~2 day™1). The potential risk of coastal eutrophication is
low when the ICEP value is below zero and vice versa (Billen and Gar-
nier, 2007).

2.3.2. Backcasting calculations

We applied backcasting in a stepwise approach (Fig. 1). First, we
quantified the maximum allowable river exports of N and P to seas by
targeting the ICEP as “0” to ensure low risks of coastal eutrophication
following the approach of Li et al. (2019). We used an uncertainty range
of “-1” and “+1” (kg C-eq. km—2 day’l) as in Li et al. (2019). For
backcasting the maximum allowable river export of total dissolved ni-
trogen (TDN) and total dissolved phosphorus (TDP), Egs. (17) and (18)
are as follows (Li et al., 2019):

ICEPy  DSigu
TDNyp = 14x 1 1
{(106)( 12) (ZSXZO)}X x 16 a7
ICEP,  DSinu
TDPyay = 31 18
L106x12) (28x20JX (18)

where ICEPy = 0 (-1 and + 1), ICEPp = 0 (-1 and + 1), TDNy,x and
TDPpax are the maximum allowable river export of TDN and TDP (kg
km 2 day_l), and DSigyy is total dissolved Si flux to seas by rivers (kg
km—? day’l) for 2050 (Table S2 for model inputs).

Second, we calculated the required reductions in nutrient exports
based on the SSP5-RCP8.5 scenario for 2050 relative to the maximum
allowable nutrient exports by rivers. We did backcasting calculations for
the top ten polluted rivers per nutrient. Top ten rivers were chosen based
on their pollution levels for N (i.e. Danube, Rhine, Elbe, Wisla, Weser,
Douro, Seine, Odra, Ebro, Tejo) and P (i.e. Danube, Wisla, Rhine, Seine,
Odra, Tejo, Nemanus, Dnestr, Daugava).

3. Results and discussion
3.1. Current and future river export of nutrients: totals by form

In this section, we describe the model results for future river exports
of N and P to the coastal waters of Europe based on the SSP5-RCP8.5
scenario. We estimated nutrient inputs in European seas by sources

3044
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and basins for the year 2050. We compared the future (2050) river
export of nutrients with the current (2017-2020) nutrient export from
Ural-Janssen et al. (2023).

River exports of total dissolved N (TDN) and total dissolved P (TDP)
to European seas are projected to increase by 13% and 28%, respec-
tively, between today and 2050 under global change (Fig. 2). Today
(2017-2020), rivers export 2690 Gg of TDN and 128 Gg of TDP to the
coastal waters. By 2050, these amounts are projected to be 3044 Gg for
TDN and 163 Gg for TDP (Fig. 2). Less than half of TDN in the coastal
waters (39%) is from synthetic fertilizers and animal manure (applied on
agricultural land from housing systems and deposited on land during
grazing) today (Fig. 2). Sewage systems are responsible for over half of
TDP in the coastal waters (60%) (Fig. 2). In the future, synthetic fertil-
izers and manure (applied on agricultural land from housing systems
and deposited on land during grazing) will contribute to river export of
TDN by 35% (with an increase of 15% from manure) (Fig. 2). This is due
to the fact that our assumptions do not include the implementation of
the EU policies (e.g., Green Deal Farm to Fork Strategy) (Section 2.2 for
scenario description). Sewage systems are expected to be responsible for
70% of future TDP export by rivers with an increase of 49% relative to
today (Fig. 2).

We found that socio-economic change (related to the SSP5) has a
large impact on nutrient losses to rivers, and hence on the river exports
of TDN and TDP. Climate change (related to the RCP8.5) will alter runoff
and river discharges,. Lower natural water discharges are projected for
most of the basins (70%) for 2050 compared to the current level
(2017-2020). This can affect the nutrient retention on land and in rivers,
and nutrient losses to rivers and to seas. Global change will lead to the
increased river export of TDN and TDP by 2050 is mainly by sewage
systems, followed by animal manure (applied on agricultural land from
housing systems and deposited on land during grazing) among the
considered sources in this study. This is due to the increased urbaniza-
tion (moving towards cities and increasing population connected to
sewage systems) but moderate improvement of the urban wastewater
treatment plants (Strokal et al., 2021), and the increased livestock
production and thus, manure production and application (Beusen et al.,
2022).

Future river exports of nutrients show large variability among the
basins relative to 2017-2020 (Fig. 3). Nearly two-thirds of the European

animal manure

atmospheric deposition (agricultural)
atmospheric deposition (non-agricultural)
biological N, fixation (agricultural crops)
biological N, fixation (natural vegetation)
human wastewater (unconnected)
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Fig. 2. Current (2017-2020) and future (2050) river export of nutrients by source to the coastal waters of Europe based on the SSP5-RCP8.5 scenario. (a) River
export of total dissolved nitrogen (TDN, Gg N yr~1). (b) River export of total dissolved phosphorus (TDP, Gg P yr ). SSP5 is short for Shared Socio-economic Pathway
5 (fossil fueled development) and RCP8.5 is short for Representative Concentration Pathways (high-end climate change). Source: MARINA-Nutrients model for

Europe (Section 2.1).
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Fig. 3. Future (2050) river export of nutrients to the coastal waters of Europe based on the SSP5-RCP8.5 scenario. (a) River export of total dissolved nitrogen (TDN,
kg N km 2 yr_l) and percent changes relative to 2017-2020 (%). (b) River export of total dissolved phosphorus (TDP, kg P km 2 yr’l) and percent changes relative
to 2017-2020 (%). Groups I-V are defined based on the current river export of TDN and TDP to seas (each group has 20% of basins, from highest to lowest river
exports). SSP5 is short for Shared Socio-economic Pathway 5 (fossil fueled development) and RCP8.5 is short for Representative Concentration Pathways (high-end
climate change). Source: MARINA-Nutrients model for Europe (Section 2.1).
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rivers are projected to export more nutrients in 2050 than today (59%
for TDN and 67% for TDP). For TDN export (kg N km 2 yr_1 per basin) a
few rivers (~2%) are projected to have large increases by more than
67%, 6% of the rivers will have moderate increases and half of the rivers
will have small increases by up to 33% (Fig. 3). The pollution is pro-
jected to be worse for the river export of TDP (kg P km 2 yr ! per basin)
(Fig. 3). 5% of the rivers will have large increases by more than 67%,
18% of the rivers will have moderate increases and 43% of the rivers will
have increases by up to 33% compared to the current (2017-2020) TDP
export by rivers (Fig. 3). About one-third of the rivers are projected to
export less TDP and TDN in 2050 than today (Fig. 3). These reductions
are generally calculated for relatively small rivers, covering a relatively
small part of the total study area.

The relative changes between current and future river export of
nutrients vary among the basins and nutrient forms (i.e. DIN, DON, DIP,
DOP) (Figs. 4 and 5). We calculated increases in the total river export of
nutrient forms to seas for 2050 with the SSP5-RCP8.5 scenario compared
to the current situation, except for DOP. The largest exports of all
nutrient forms are often by the rivers located in western, central and
southern Europe (Figs. 4 and 5). The dominant source of nutrient
pollution in rivers varies based on the nutrient form. Below, we describe
the changes in future river export of each nutrient form compared to
today, and their largest contributor among the sources considered in this
study.

In Europe, river export of DIN and DON is projected to increase by
13% and 12% by 2050 relative to today, respectively (Fig. 4). The future
DIN export by rivers to seas is projected to be by up to 4949 kg N km ™2
yr~! while the maximum current DIN export is 2510 kg N km~2 yr~?
(Fig. 4). Spatial variability for the magnitude of the DIN export by rivers
is similar for both current (2017-2020) and future (2050) years (Fig. 4),
while source attribution differs among the basins and seas (Fig. 6).
Animal manure (application on agricultural land from housing systems
and deposited on land during grazing) is expected to be an important
source and contribute to the river export of DIN by 23% (e.g., up to 71%
per basin) in 2050, followed by synthetic fertilizer application (22%)
and sewage systems (20%) (Fig. 6). The future DON export by rivers to
seas is projected to vary between 4 and 744 kg N km™2 yr™! (Fig. 4).
More basins are expected to shift to the largest river export range (Group
V) (Fig. 4). Organic matter leaching over non-agricultural areas is pro-
jected to dominate the river export of DON by 41% (e.g., up to 77% per
basin) in 2050 (Fig. 6).

River export of DIP is projected to increase by 37%, while the DOP
export by European rivers will slightly decrease (1%) in 2050 (Fig. 5).
The changes in the magnitude of the DIP export by rivers to seas vary
among both temporal and spatial scales (Fig. 5). The future DIP export
by rivers to seas is projected to be up to 316 kg P km ™2 yr~!, more than
duplicate of the maximum current DIP export (146 kg P km 2 yr !)
(Fig. 5). Sewage systems are expected to remain as a significant
contributor to the DIP export by 86% (e.g., up to 97% per basin) in 2050
(Fig. S1). The ranges for future DOP export by rivers to seas are expected
not to change relative to today (Fig. 5). Similar to DON, organic matter
leaching over non-agricultural areas is projected to dominate the river
export of DOP by 53% in 2050 (Fig. S1).

3.2. River export of nutrients by 2050: source attribution

In this section, we describe the river export of nutrients to seas/
oceans for 2050 by nutrient form and source. The Atlantic Ocean is
projected to receive the largest river export of nutrients for all forms in
2050 (e.g., 28% of DIN, 27% of DIP) (Fig. 6 and S1). The Mediterranean
and North Seas are expected to receive similar river export of nutrients
(e.g., 23% of DIN, 24-23% of DIP respectively) (Fig. 6 and S1). The Baltic
and Black Seas are projected to receive similar river export of DIN and
DIP, but different DON (21% and 14% of the total, respectively) and
DOP (24% and 14% of the total, respectively) exports (Fig. 6 and S1).
The least nutrients for all forms will be exported by rivers to the Arctic
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Ocean due to less human activities in those river basins (Fig. 6 and S1).
The relative share of sources of nutrient exports differs among the
seas. For example, animal manure (applied on agricultural land from
housing systems and deposited on land during grazing) is expected to be
a major source for the river export of DIN to seas by 2050 (e.g., Atlantic
Ocean, Mediterranean and North Seas), followed by the application of
synthetic fertilizers and sewage systems except for the Arctic Ocean
(Fig. 6). Sewage systems are expected to remain as the main source of
the DIP export by rivers in 2050 except for the Arctic Ocean (Fig. S1).
Most of the DIN and DIP exports to the Arctic Ocean will be from non-
agricultural sources (e.g., atmospheric deposition over non-
agricultural areas, P weathering over non-agricultural soils) (Fig. 6
and S1). River export of DON and DOP will be mainly from non-
agricultural sources (e.g., 41% of DON and 53% of DOP exports by the
organic matter leaching over non-agricultural areas) (Fig. 6 and S1).

3.3. Required reductions to avoid coastal eutrophication

In this section, we present the maximum allowable nutrient exports
by rivers and required reductions to avoid the risks of coastal eutro-
phication in Europe. First, we describe the maximum allowable river
export of nutrients that is calculated by the ICEP approach for the top ten
most polluted rivers (Section 2.3.2 for the approach). Second, we pre-
sent the required reductions to meet the allowable nutrient exports to
seas and reduce coastal eutrophication risk in European seas by 2050.

3.3.1. Maximum allowable river export of nutrients to seas

We used Egs. (17) and (18) to calculate maximum allowable river
exports of nutrients. More than half of the rivers (53%) are expected to
exceed the maximum allowable levels for TDN export, while 18% exceed
the allowable levels for TDP export by 2050 based on the SSP5-RCP8.5
scenario. We selected the top ten most polluted rivers from the analyses
of Figs. 2-6 (Fig. 7). The number of people living in these river basins
and affected by coastal eutrophication from 2050 onwards is projected
to be 42% of the European population in the study area.

The maximum allowable levels reflect the river export of TDN and
TDP to ensure ICEP = 0 (with an uncertainty range of —1 to +1), indi-
cating low risk for harmful algal blooms. The calculated maximum
allowable river exports of TDN are 112 (60-163) Gg yr_ for Danube, 14
(3-25) Gg yr! for Rhine, 34 (21-46) Gg yr_* for Wisla, 43 (33-52) Gg
yr~! for Elbe, 21 (13-28) Gg yr~! for Odra, 18 (13-23) Gg yr! for Seine,
6 (1-12) Gg yr * for Tejo, 10 (4-16) Gg yr ! for Nemanus, 5 (-2-11) Gg
yr~! for Daugava and 3 (-3-8) Gg yr~! for Ebro (Fig. 7). The maximum
allowable river exports of TDP are 15 (8-22) Gg yr ! for Danube, 2
(0.4-3) Gg yr’1 for Rhine, 5 (3-6) Gg yr’1 for Wisla, 2 (2-3) Gg yr’1 for
Seine, 3 (2-4) Gg yr* for Odra, 1 (0.1-2) Gg yr ! for Tejo, 0.3 (—0.3-1)
Gg yr~! for Dnestr, 0.4 (—0.4-1) Gg yr~! for Ebro, 0.6 (—0.3-1) Gg yr !
for Daugava and 0.4 (0.2-0.6) Gg yr~! for Pregolya (Fig. 7). These levels
are considerably lower than the actual nutrient exports projected for
2050 by the MARINA-Nutrients model based on the SSP5-RCP8.5 sce-
nario (Fig. 7 and Section 3.3.2).

3.3.2. Required reductions to meet the allowable nutrient exports to seas

To meet the maximum allowable nutrient export levels by 2050,
river export of nutrients needs to be reduced considerably. Avoiding
future coastal eutrophication requires over 47% less N and up to 77%
less P export by the top ten polluted rivers to seas relative to the SSP5-
RCP8.5 scenario levels (Fig. 7). River exports of TDN and TDP need to be
reduced by 69-26%, 91-74% and 64-29% for Danube, Rhine and Wisla,
respectively (Fig. 7). More than 47% of TDN and more than 12% of TDP
exports need to be reduced for the rest of the top ten rivers to limit ICEP
to 0 (Fig. 7).

3.4. Comparisons of model outputs with literature

Our study focuses on future analyses of river exports of nutrients to
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Fig. 4. Current (2017-2020) and future (2050) river export of nitrogen to the coastal waters of Europe based on the SSP5-RCP8.5 scenario. (a) River export of
dissolved inorganic nitrogen (DIN, kg N km~2 yr™?). (b) River export of dissolved organic nitrogen (DON, kg N km~2 yr~'). Groups I-V are defined based on the
current river export of DIN and DON to seas (each group has 20% of basins, from highest to lowest river exports). SSP5 is short for Shared Socio-economic Pathway 5
(fossil fueled development) and RCP8.5 is short for Representative Concentration Pathways (high-end climate change). Source: MARINA-Nutrients model for Europe
(Section 2.1).
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Fig. 5. Current (2017-2020) and future (2050) river export of phosphorus to the coastal waters of Europe based on the SSP5-RCP8.5 scenario. (a) River export of
dissolved inorganic phosphorus (DIP, kg P km~2 yr~1). (b) River export of dissolved organic phosphorus (DOP, kg P km 2 yr~!). Groups I-V are defined based on the
current river export of DIP and DOP to seas (each group has 20% of basins, from highest to lowest river exports). SSP5 is short for Shared Socio-economic Pathway 5
(fossil fueled development) and RCP8.5 is short for Representative Concentration Pathways (high-end climate change). Source: MARINA-Nutrients model for Europe

(Section 2.1).
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Fig. 6. Future (2050) river export of nitrogen by source to the European seas based on the SSP5-RCP8.5 scenario. (a) River export of dissolved inorganic nitrogen
(DIN, Gg N yr™1). (b) River export of dissolved organic nitrogen (DON, Gg N yr™!). Colours represent sources of the river export. SSP5 is short for Shared Socio-
economic Pathway 5 (fossil fueled development) and RCP8.5 is short for Representative Concentration Pathways (high-end climate change). Source: MARINA-

Nutrients model for Europe (Section 2.1).
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Source: MARINA-Nutrients model for Europe (Section 2.1).

the European coastal waters. Model validation for the current period
was done in our earlier study (Ural-Janssen et al., 2023). To build trust
in our future analyses, we compared our model results with available
future modelling studies for Europe. In general, our model projections
for the river export of nutrients to seas by 2050 are in line with other
studies. Many coastal waters are expected to be affected by an increase
riverine nutrient delivery in Europe (e.g., up to 40% increase in TDN
export to the Black Sea, up to 61% increase in TDP export to the North
Sea) relative to today. This is in line with the expected increase in global
river exports of N and P by 2050 based on the SSP5-RCP8.5 (Beusen
et al., 2022).

The increased nutrient transport to coastal waters by 2050 will be
mainly caused by urbanization (e.g., 71% increase for river export of
TDN from sewage systems) based on our baseline (SSP5-RCP8.5) sce-
nario. This is mainly due to the river export of nutrients from higher
amount of wastewater produced with moderately improved treatment
efficiencies (Strokal et al., 2021) (Table S1 and Section 2.2 for details).
There will be a shift from synthetic fertilizers to animal manure and that
is in line with the SSP5-RCP8.5 scenario assumptions (e.g., reducing
synthetic fertilizer application by recycling nutrients from human urine
Section 2.2). Diffuse sources of river exports of N (e.g., atmospheric
deposition over non-agricultural areas, biological N fixation by natural
vegetation) and P (e.g., P weathering from non-agricultural soils) from
non-agricultural areas are expected not to change significantly by 2050,
similar to global as indicated by Beusen et al. (2022).

3.5. Uncertainties and limitations

We discuss the uncertainties and limitations in (1) data, (2) the
model and (3) the scenarios. First, we reflect on the limitations related to
data availability. Our backcasting approach could only be applied to a
limited number of rivers due to data availability for DSi (e.g., regular DSi
measurements were not available for European rivers). The DSi data was
derived from the Global NEWS2 model for 2050 based on Global
Orchestration scenario (Seitzinger et al., 2010) as this was the closest
option to the SSP5-RCP8.5 scenario. The data was not available for all
the river basins considered in this study. Thus, we only considered the
DSi fluxes of the large and most polluted rivers with N and P in back-
casting of maximum allowable nutrient exports by rivers to assess the
risk of coastal eutrophication in Europe by 2050. The DSi fluxes to seas
might vary depending on socio-economic (e.g., dam constructions
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(Garnier et al., 2010)) and climate (e.g., precipitation (Garnier et al.,
2010) and temperature (Zhang et al., 2023)) changes. Thus, further
research on DSi observations and on how the controlling factors could
affect the DSi fluxes in future is required.

Second, our model has limitations. Our model inputs and coefficients
are from various sources (e.g., MITERRA-Europe model, literature) and
this can increase uncertainties. As we do large scale modelling, some
parameters are basin-scale spesific (e.g., nutrient removal efficiency in
sewage treatment systems), not site specific. The MARINA-Nutrients
model for Europe does not account for the inputs of N and P from the
industrial wastewater treatment systems (only domestic wastewaters)
and N input from atmospheric deposition onto coastal waters. Thus, we
underestimate the future river export of nutrients and in turn the
required reduction to reach the maximum allowable nutrient exports by
the top ten polluted rivers to seas. Nevertheless, our study shows that
even with the considered sources, nutrient exports by the top ten
polluted rivers will exceed the maximum allowable levels by 2050.
Another limitation is not considering particulate forms of nutrients. Our
model does not account for particulate N (PN) and P (PP), and nutrient
losses associated to erosion explicitly. River export of PN and PP were
estimated as around 20% and 50% of the total N and total P for Europe in
2000 by Mayorga et al. (2010). Therefore, the contribution of the river
export of PP to the total P (TP = DIP + DOP + PP) pollution in the
European seas is as much as the TDP export to seas. P loss from soil
erosion is a significant source of PP inputs to rivers and in turn, river
export of TP to seas (Alewell et al., 2020; Panagos et al., 2022). How-
ever, we need to realize that not all particulate N and P is biologically
available, so it could be argued that this omission affects our results and
conclusions to only a limited extent. Moreover, we consider the common
pathways (e.g., runoff, discharges of sewage effluents after treatment)
but our process-based model does not account for the dynamics in
retention and release processes of nutrients between soil and sediments,
and waters (Strokal et al., 2016). For example, the effect of animal
manure (applied on agricultural land and deposited during grazing) on
the river export of P might be delayed by dynamic processes (e.g., P
accumulation) (Strokal and de Vries, 2012). Similarly, biogeochemical
processes in soil and waters can alter the N export by rivers (Beusen
et al.,, 2022). For example, more denitrification results in more N
removal from the soil and waters, and thus less N available for export to
the river mouth. Denitrification is influenced by several factors such as
temperature; precipitation; soil microbial biomass, carbon, N and clay
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contents; soil texture and pH in soils (Z. Z. Li et al., 2022); temperature,
and availability of N and C in rivers (Deng et al., 2020). These all can
influence the process of denitrification, and therefore the availability of
N in the river. In the MARINA-Nutrients model for Europe, processes of
nutrient retention and losses are aggragated to basin scale (Ural-Janssen
et al., 2023) which might cause over/underestimation of future nutrient
exports to seas. Ideally, more in-depth analyses that should comprise all
the relevant sources of nutrient exports by rivers, account for losses in all
nutrient forms, and consider all the relevant processes (e.g., morpho-
logical and hydrological) are needed for a comprehensive assessment of
the future coastal eutrophication in Europe. We nevertheless consider
that the level of detail of the MARINA-Nutrients model for Europe fit for
purpose in this study: to explore large-scale future trends for relatively
long-term future.

Third, scenario related limitations might associate with our baseline
scenario assumptions. We chose a SSP-RCP combination with the largest
changes (i.e. SSP5: fossil fueled development and RCP8.5: high-end
climate change). We derived the actual model inputs to calculate
nutrient exports from point sources for 2050 based on the SSP5 scenario
from (Strokal et al., 2021), while calculating the model inputs for diffuse
sources as a function of the percent changes (per basin) between 2015
and 2050 in the IMAGE model based on the SSP5-RCP8.5 scenario
(Beusen et al., 2022). Different from the SSP5 assumptions by Beusen
et al. (2022), we do not consider the human urine as a source of fertilizer
in agriculture. Our choice to use SSP5-RCP8.5 as a basis determines the
required reductions to meet the allowable river export levels to avoid
coastal eutrophication. Other SSP-RCP combinations may result in other
required reductions. This should be realized when interpreting our
results.

4. Conclusions

We estimated the delivery of dissolved N and P by rivers to the seas of
Europe (e.g., Arctic Ocean, Atlantic Ocean, Baltic Sea, Black Sea, Med-
iterranean Sea, North Sea) for the year 2050 based on the SSP5-RCP8.5
scenario. We modelled future nutrient pollution in the coastal waters of
Europe by sources and basins. River exports of TDN and TDP are pro-
jected to increase by 13% and 28%, respectively, under global change
relative to today. Manure and fertilizers contribute to river export of
TDN by 35% in 2050. Sewage systems are responsible for 70% of future
TDP export by rivers. As a result, more eutrophication is expected in the
coastal waters of Europe by 2050. The top ten polluted rivers (N and P)
are expected to host 42% of the European population in 2050. This
implies that at least 42% of the population in the study area may be
affected by coastal eutrophication from 2050 onwards.

We quantified the required reductions in river pollution to avoid the
potential risks of coastal eutrophication under global change. For this,
we set maximum allowable nutrient exports by rivers to seas using the
ICEP approach. We quantified the maximum allowable TDN and TDP
fluxes from the top ten most polluted rivers based on the ICEP = 0 (with
an uncertainty range of —1 to +1). Then, we compared the maximum
allowable nutrient export levels to the results of SSP5-RCP8.5 scenario
to identify the required reductions to avoid future coastal eutrophication
in Europe. To avoid the risk of coastal eutrophication, we urgently need
to reduce nutrient delivery by rivers to seas. Avoiding future coastal
eutrophication requires over 47% less N and up to 77% less P exports by
the top ten polluted rivers (e.g., Danube, Rhine, Wisla).

Recycling or upcycling nutrients in agriculture from organic waste
could be a promising option to reduce river export of nutrients and avoid
future coastal eutrophication, but needs to be studied comprehensively
to better understand the synergies and to avoid trade-offs (e.g., pollution
swapping). For instance, large amount of nutrients from urban waste-
water treatment systems should be recycled more and effectively in
agriculture to prevent high nutrient exports by rivers from sewage sys-
tems to seas. Our study shows how backcasting approach can be used to
define desired futures for reduced pollution and low risks of coastal
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eutrophication. This could support the implementation of effective
environmental policies to avoid coastal eutrophication in future.

Our baseline scenario should be interpreted as a pessimistic future.
Considering the abovementioned limitations of this study, future studies
can build on the SSP5-RCP8.5 scenario by incorporating the EU policies
and targets (e.g., Green Deal, Farm to Fork) to illustrate the effect of
their implementation on the riverine nutrient transport and eutrophi-
cation in European seas by 2050.
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