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Abstract

Intensive agriculture and densely populated areas represent major sources of nutrient pollution for
European inland and coastal waters, altering the aquatic ecosystems and affecting their capacity to
provide ecosystem services and support economic activities. Ambitious water policies are in place in the
European Union (EU) for protecting and restoring aquatic ecosystems under the Water Framework
Directive and the Marine Strategy Framework Directive. This research quantified the current pressures of
point and diffuse nitrogen and phosphorus emissions to European fresh and coastal waters (2005-2012),
and analysed the effects of three policy scenarios of nutrient reduction: 1) the application of measures
currently planned in the Rural Development Programmes and under the Urban Waste Water Treatment
Directive (UWWTD); 2) the full implementation of the UWWTD and the absence of derogations in the
Nitrates Directive; 3) high reduction of nutrient, using best technologies in wastewaters treatment and
optimal fertilisation in agriculture. The results of the study show that for the period 2005-2012, the
nitrogen load to European seas was 3.3-4.1 TgN/y and the phosphorus load was 0.26-0.30 TgP/y. EU policy
measures could decrease the nutrient export to the seas up to 14% for nitrogen and 20% for phosphorus,
improving the ecological status of rivers and lakes, but widening the nutrient unbalance in coastal
ecosystems, affecting eutrophication. Further nutrient reductions could be possible by a combination of
measures especially in the agricultural sector. The respective contribution of nutrient sources and
expected changes differ per European regional seas. The study highlights the advantages of adopting a
nexus thinking when addressing the land-sea dynamics, checking the coherence of measures taken under
different policies.
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1. Introduction

In Europe, intensive agricultural practices together with high population density represent important
sources of nutrients for fresh and coastal waters (Sutton et al., 2011). Nutrient pollution is one of the
major pressures on European aquatic ecosystems altering their condition (Grizzetti et al., 2017). At
present in the EU more than half of water bodies are not in good ecological status, with nutrient being
one of the major causes of degradation (Poikane et al., 2019a). Many marine ecosystems suffer from
hypoxia and eutrophication (Diaz and Rosenberg, 2008; Romero et al., 2013). In estuaries and coastal
waters the increase of nutrient availability from riverine loads foster primary productivity causing the
phenomenon of eutrophication (Howarth et al., 2011). In particular, the imbalance of nitrogen and
phosphorus over silica can be responsible for the proliferation of harmful algal blooms (HABs) (Billen and
Garnier, 2007). Eutrophication impairs water quality and alters the condition and functioning of fresh and
marine ecosystems, affecting their capacity to supply key ecosystem services and sustain economic
activities, such as water purification, coastal protection, lifecycle maintenance, drinking water, fishing,
shellfish farming, recreation and tourism (Culhane et al., 2019; Grizzetti et al., 2016; Liquete et al., 2016;
Piroddi et al., 2017).

Ambitious water policies are in place in the European Union (EU) for protecting and restoring freshwater
and marine ecosystems under the Water Framework Directive (WFD, 2000/60/EC) and the Marine
Strategy Framework Directive (MFSD, 2008/56/EC). The goal of the WFD is to achieve a Good Ecological
Status for all water bodies in the EU, including river, lakes, transitional and coastal waters. Under the WFD,
Member States develop River Basin Management Plants (RBMP) for the protection and restoration of
aquatic ecosystems and the sustainable use of water resources. Measures adopted under the Nitrates
Directive (91/676/EEC) and the Common Agricultural Policy (CAP), to reduce nutrient water pollution from
agriculture, as well as actions taken under the Urban Waste Water Treatment Directive (UWWTD,
91/271/EEC) contribute to the objectives of the WFD. Similarly, the MSFD aims at achieving Good
Environmental Status (GES) of all EU marine waters, protecting biodiversity and resilience of marine
ecosystems, and promoting their sustainable use. The GES is described by 11 qualitative descriptors and
nutrient pollution directly or indirectly influences several of them concerning biodiversity, non-indigenous
species, fish population, reproduction, eutrophication and sea floor integrity (Descriptors 1-6). European
seas are also protected under four international Conventions: the Helsinki Convention on the Baltic Sea
(HELCOM, 2020), the OSPAR Convention on the North-East Atlantic (OSPAR, 2020), the Barcelona
Convention on the Mediterranean (UNEP, 2020) and the Bucharest Convention on the Black Sea (Black
Sea Commission, 2020).

The provision of ecosystems services depend on the condition of aquatic ecosystems (Grizzetti et al.,
2019). Current pressures and future changes, such as climate changes, can further degrade the status of
aquatic ecosystems (Jonkers et al., 2019; Lajaunie-Salla et al., 2018; Macias et al., 2018) and the resilience
of water resources (Zampieri et al., 2019). Modelling tools can be useful to study the impacts of future
scenarios, policy measures and climate changes at the regional and continental scale (Arheimer et al.,
2012; Bartosova et al., 2019; Bouraoui et al., 2014; Ludwig et al., 2010; Seitzinger et al., 2010), and to
check the coherence of different policy targets, for instance between water (WFD and MFSD) and
agricultural (Common Agricultural Policy, CAP) policies. The assessment of policy scenarios for Europe
requires a flexible and spatially detailed analysis to account for the wide climatic, hydrological and socio-
economic gradients, as well as the use of consistent data across many different countries.



The objective of this study was to quantify the current nitrogen and phosphorus pressures on European
fresh and coastal waters and to assess the effects of policy scenarios to reduce nutrient pollution with
progressive levels of ambition. In particular, the study aimed at developing a spatial analysis for inland
and coastal waters to fit different level of policy intervention from the water body to the river basin and
the regional sea, including the most recent data available across European countries by standard data
reporting flows.

Key questions of the analysis were: ‘Would the current measures in place ensure the achievement of the
WEFD goal of good ecological status for water bodies and MSFD target of good environmental status for
the marine ecosystems?’ and ‘How far different scenarios of nutrient pressures reduction could contribute
to the improvements of ecological status of freshwaters and the reduction of nutrient export to the sea?’
To address these questions we applied a new version of the model GREEN (Grizzetti et al., 2012). The
model GREEN has been used in previous studies for assessing the nutrient loads to the European seas, the
nitrogen retention in European freshwaters, and for scenario analysis (Bouraoui et al., 2014; Grizzetti et
al.,, 2012; La Notte et al., 2017; Leip et al., 2015; Malagé et al., 2019).

2. Materials and methods

2.1 Overview of the assessment

The model GREEN (Geospatial Regression Equation for European Nutrient losses) (Grizzetti et al., 2012,
2008) was applied to assess the nitrogen and phosphorus pressures on European fresh and coastal waters.
In specific, nutrients’ annual load and average concentration at different points of the river network and
at the river outlets to the sea were estimated, as well as the contribution of different diffuse and point
sources to the total load.

The spatial extent of the analysis covered all river basins draining into European seas and whose waters
fall completely or in part within EU28 countries (Figure 1). EU overseas territories were not included in
the study. The assessment was carried out for the period 2005-2012 (with a focus on 2012) for which best
available data for model input and calibration were available at the European scale.

Nitrogen and phosphorus inputs from different sources in river basins were estimated for all Europe to
describe the current nutrient pressures on waters (reference scenario). Then, three scenarios were
developed to simulate the effect of policies with progressive levels of ambition to reduce nutrient
pressures. The scenarios on nutrients were associated to concurrent measures to alleviate water scarcity
(De Roo et al., 2020).

Finally, the results of the scenarios were analysed in view of the EU water policy (Water Framework
Directive) target of good ecological status for all rivers, lakes and transitional waters in the EU and the
good environmental status for marine waters.
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Figure 1. Extent covered by the analysis: European river basins up to the red line. Colours indicate the river basins per European
Regional Seas. An example of the catchments and river network delineation is provided in the upper right corner.

2.2 The model GREEN

The model GREEN (Grizzetti et al., 2012) includes a geospatial data model for Europe (geo-database),
where data are linked to the hydrological structure of the river network (developed in ESRI environment),
and routines to model nitrogen and phosphorus flow in the river basin according to different pathways
(developed in SQL server environment).

The geospatial data model is based on the CCM2 model (Vogt et al., 2007) and includes the Ecrin data for
lakes (EEA, 2012). Europe is divided in ~1 million catchments of 7 km2 average size. Each catchment has
an elementary river stretch, except in coastal areas, where river stretch might be absent.

The model distinguishes two major pathways to represent the fate of nutrients: diffuse sources that
undergo a retention in the land phase (basin retention) before reaching the stream, and point sources
that are directly discharged into surface waters. Once in the river all sources are reduced by the in-stream
retention (river retention). Diffuse sources include nutrient from mineral fertilisers, manure application,
nitrogen crop and soil fixation, nitrogen atmospheric deposition, background losses (only for phosphorus)
and inputs from scattered dwellings, i.e. isolated houses that are not connected to sewerage systems.
Point sources consist of urban and industrial wastewater discharges. Nutrient input from the different
sources and the basin and river retention are simulated in each small catchment and routed through the
river network. Basin retention is modelled as a decay function proportional to the inverse of the total
annual precipitation in the catchment; river retention is estimated as a decay function proportional to the
river length, considered as a proxy for water residence time. In addition, lake retention is simulated as a
function of lakes residence time and average depth. Two parameters are calibrated at the European scale,
a basin retention coefficient (basinCoeff) and a river retention coefficient (riverCoeff). In the model, inputs
from agricultural sources are reduced by the basin and then the river retention, while point sources are
reduced only by the river retention. Input from scattered dwellings is considered to be halved before



reaching the stream. Nitrogen atmospheric deposition and phosphorus background losses are split into
two parts, i.e. inputs to agricultural land undergo the basin retention (which include also the crop uptake),
while in all other areas they are reduced by a fixed rate, derived from the literature, before entering into
the stream (Model equations are provided in SuppMat S1).

Model input and output data are organised in the geo-database at the spatial resolution of catchments.
The model results are aggregated per Functional Elementary Catchments (FECs) (EEA, 2012), containing
on average 2-3 catchments), per river basins and River Basin Districts (RBD), according to the WFD (EEA,
2019a), and per basins draining into marine regions, according to the MFSD (EEA, 2018a).

For the present study a new version of the model GREEN was developed. The major changes from the
previous version (Grizzetti et al., 2012) are the higher spatial resolution of the model application (sub-
catchments of 7 km? average size), the inclusion of all coastal areas (also in absence of streams), the
adoption of Corine Land Cover maps for land cover allocation, and a new setup of nutrient input data
corresponding to the most recent European data publicly available. In addition, the model was calibrated
using a different dataset and for a more recent period (2008-2012).

2.3 Input of nutrient sources and model parameterisation

The allocation of different land cover type in each catchment was based on the Corine Land Cover map
(CLC, 2012) (grid at 100 m resolution, available for year 2000, 2006 and 2012 for Europe). For areas falling
outside the CLC, land cover data was taken from the Climate Change Initiative Land Cover map (ESA, 2017)
(global grid at 300 m resolution, yearly maps from 1992 to 2015). Time series on total agricultural area
and fertiliser application per major crops and grassland were provided by the model CAPRI at the
administrative unit level NUTS2 (European Commission, 2018) (yearly values from 1984 to 2013,
estimated considering year 2012 as base year). The CAPRI model covers EU28, Norway, and non-EU
countries in the Balkans. Information on fertiliser applications were also retrieved from FAO (FAOSTAT,
2020), for European countries not covered by CAPRI.

Two annual time series of nitrogen and phosphorus mineral and manure fertiliser maps from 1995 to 2015
were developed for Europe based on two different methods. The first adopts the CLC for the spatial
location of crops and the CAPRI model for the information on fertilisers and utilised agricultural area by
crop type. The second considers the extent and location of agricultural area provided by ESA and the total
fertilisation rate reported by FAO per country. The first approach offers higher details on crop location
and fertilisation, and the utilised agricultural area is consistent with data reported by national statistics of
EU28 countries (as CAPRI is based on EUROSTAT). The second method provides average nutrient
fertilisation rates per country (without distinguishing crop types) in agricultural areas detected by satellite
images, and can be applied to all European countries (also those not covered by CAPRI) and at the global
scale. In order to develop nitrogen and phosphorus fertiliser maps for all river basins draining in European
seas the results of the two methods were combined, completing the areas (countries) not covered by the
first method by the second one. The model CAPRI provides also the nitrogen fixation by crops. In addition
biological nitrogen fixation in soils of 5 kgN/ha and phosphorus background sources of 0.15 kgP/ha were
considered as in the previous version of the model. Annual total nitrogen atmospheric deposition was
computed using the data from the model EMEP (EMEP, 2020).

Nitrogen and phosphorus inputs from domestic waste were retrieved from Vigiak et al. (Vigiak et al.,
2020), which used the most recent information reported by EU countries under the Urban Waste Water



Treatment Directive. Further, industrial discharges were retrieved from the European Pollutant Release
and Transfer Register (E-PRTR) (EEA, 2018b) and official statistics available in EUROSTAT and WHO for non
EU countries. The dataset is based on the spatial analysis of different sources and pathways of human and
industrial waste to surface waters, including the location and level of treatment of each treatment plants
(Vigiak et al. 2019).

While annual time series were available for nutrient inputs from agriculture and nitrogen atmospheric
deposition, inputs from scattered dwellings and point sources discharges were available only for the year
2012 and applied as constant for the period 2005-2012.

In each catchment the stream length was based on the CCM2 model and the time series of annual
precipitation was computed from EFAS-Meteo (Arnal et al., 2019; Ntegeka et al., 2013). The water flow
estimated by the model LISFLOOD (De Roo et al., 2020) was included in the analysis, by interpolating the
average annual water flow, provided by the model on a 1 km? grid resolution, at each catchment outlet
of the geospatial data model.

2.4 Model calibration and validation

The calibration of the two model parameters (basinCoeff and riverCoeff) was performed over the period
2008-2012 using the data publicly available in the WaterBase v14 (EEA, 2020) on mean annual nitrogen
and phosphorus concentrations. In total 9335 observations for total nitrogen and 13890 observations for
total phosphorus were used for the calibration, corresponding to 3685 and 4163 different locations in
Europe for nitrogen and phosphorus, respectively (additional information in SuppMat S2). The period
2008-2012 was selected for the calibration as the quality of the data and their spatial coverage (despite
not homogeneous across Europe) were better than in previous years. In addition, using the whole period
for calibration was necessary to cover different hydrological years (in the studied area the average rainfall
in the period 2008-2012 ranged between 739-881 mm). The annual nitrogen and phosphorus “observed”
loads used for calibration were computed multiplying the concentrations times the annual water flow
estimated by the model LISFLOOD for all the points in the river network where observed data were
available.

The calibration was carried out using a routine designed specifically for this purpose using R (R Core Team,
2014), including several optimization algorithms (Simulated annealing, Genetic Algorithm, etc.). It was
found that the application of a Markov Chain Monte Carlo method (Kuczera and Parent, 1998) was the
most efficient when the number of evaluations performed in the calibration process was less than 500
(which is desirable for practical purposes given the computation time requirements for each evaluation).
Several goodness of fit measures were considered for the optimal parameter selection, among others:
Nash-Sutcliffe Efficiency (NSE), Percent Bias (pbias), Relative Index of Agreement (rd), Relative Nash-
Sutcliffe efficiency (rNSE) (Krause et al., 2005). The calibration was run both with actual values and log10
values to compare the effects of large nutrient loads (generally in downstream catchments) with small
loads (generally in upstream catchments). The final parameters selection was based on the Nash-Sutcliffe
Efficiency (NSE) (Nash and Sutcliffe, 1970) statistic computed on the no-log simulation.

The model was run from 2005 to 2012. The verification of the model estimation was conducted comparing
the nutrients load estimated by the model GREEN at the outlet of the 50 largest rivers in Europe with data
available from various independent sources in the literature. Correlation was computed for the whole



data set as well as for the different data sources. The linear fit between reported and modelled freshwater
runoff and nutrient loads was computed, assuming the intersect at 0.

2.5 Scenarios development

The scenarios of reduction of nutrient pollution in inland and coastal waters were designed with the
specific intent of providing support to the EU water policy and with a progressive increasing level of
ambition. Three scenarios were developed, including both a reduction of urban point sources and diffuse
agricultural pollution (Table 1). The first scenario, called Business As Usual Scenario (BAU), was meant to
represent the current level of investment in water protection from nutrient pollution foreseen by actual
planning instruments in EU Member States, notably, investments in upgrading urban waste water
treatment plants under the UWWTD Art.17 (Benitez Sanz et al., 2018), and investments in measures to
protect water quality under the Rural Development Programme (RDP) 4b priority. In the latter, the
effectiveness of the mix of measures was assumed to be 10% reduction of the nitrogen and phosphorus
entering the water system (Sarteel et al., 2016). This reduction was applied in all catchments, but only
considering the fraction of Utilised Agricultural Area (UAA) that is covered by RDP 4b priority in the NUTS2,
as the location of UAA subject to RDP 4b priority is unknown. The second scenario, called Nutrient
Scenario (NUTR), intended to represent a full or enhanced implementation of two EU Directives, the
UWWTD for collecting and treating wastewater from urban agglomerations, and the Nitrates Directive to
protect freshwater from agricultural pollution. In the NUTR scenario all wastewater treatments in the EU
were set compliant with the requirement of the UWWTD (Pistocchi et al., 2019) and nitrogen application
in agricultural fields was limited to maximum 170 kgN/ha in all Nitrates Vulnerable Zones in the EU
irrespectively of the presence of Derogations (phosphorus in manure application was reduced
proportionally). Finally the third scenario, called High Technically Feasible Reduction scenario (MTFR),
considered that all wastewaters in the EU are treated with the maximum level of nutrient reduction
currently possible (correspondent to a tertiary treatment with an enhanced reduction of phosphorus),
while mineral fertiliser are reduced according to an optimal fertilisation. The latter was simulated keeping
the nitrogen surplus (difference between nitrogen input and output in the agricultural field) to a
minimum, which was set to 10% of the output. The amount of mineral nitrogen to be reduced per each
EU country was estimated using the data of nitrogen balance (surplus) reported by EUROSTAT for year
2012 and considering that only 70% of the current manure application could be used by plants. The
country specific reduction of mineral nitrogen was applied distributing the reduction rate according to a
weight that accounts for catchments with higher application of mineral+manure fertilisers. The
corresponding reduction of mineral phosphorus was estimated.

Each scenario of nutrient reduction was associated to a corresponding scenario of measures for
preventing water scarcity implemented in the LISFLOOD model (De Roo et al., 2020). The BAU and NUTR
scenarios were associated with the implementation of measures on water quantity (increase of water use
efficiency in irrigation and in domestic usage, changing cooling water requirements due to change in
energy demand and energy mix, and implementation of wastewater re-use for irrigation), corresponding
to the level of current investments foreseen in River Basin Management Plans of the WFD. Differently,
the MTFR scenario was associated to a higher level of implementation of the same measures.



Table 1. Description of the scenarios. The scenarios for water quantity are described in De Roo et al. (2020).

Scenario Water quantity Water quality — Point pollution Water quality — Diffuse pollution
acronym (model LISFLOOD) (model GREEN) (model GREEN)
REF Situation in 2005-2012 Situation in 2012 Situation in 2005-2012
BAU Change in irrigation Nutrient reductions related to the Nutrient reductions due to the measures
. efficiency, urban water current investments in EU under the | funded under the Rural Development
(Business usage efficiency, water Art.17 of the Urban Waste Water Programme 4b priority (spatial
As Usual) L . . .
re-use, and water use Treatment Directive (Council information on the measures for
changes due to energy Directive 91/271/EEC). implementing the Nitrates Directive
demand changes, under were not available).
the current investments
in River Basin
Management Plants of
the WFD
NUTR As BAU Full implementation of the Urban Maximum application of manure
(Nutrient Waste Water Treatment Directive nitrogen is limited to 170 kgN/ha in areas
Reduction) (Council Directive 91/271/EEC) in draining the Nitrates Vulnerable Zones
EU. (NVZ), irrespective of the presence of
Derogations. The corresponding
decrease of phosphorus in manure
application is considered.
MTFR Change in irrigation All urban waste water treatment Scenario of optimal fertilization. The
(High efficiency, urban water plants are upgraded to the highest nitrogen surplus on agricultural soils is
Technically | usage efficiency, water treatment level. set to 10% of the reported output. The
Feasible re-use, and water use corresponding reduction of mineral
Reduction) | changes due to energy phosphorus is considered.
demand changes under
the Maximum Technical
Feasibility scenario

2.6 Scenarios analysis and link to ecological targets
Annual nutrient load to the sea and concentration in freshwater estimated by the model GREEN for the
three scenarios (BAU, NUTR, MTFR) were compared with the values of the reference scenario (REF) for
year 2012. This year was chosen as the most representative of average hydrological conditions (average
rainfall of 823 mm, compared to the range of 739-881 mm for the period 2008-2012) and input data for
this year were the most accurate. The analysis was conducted at different levels of aggregation: 1) Europe
(extent covered by the modelling), 2) MSFD regional sea basins, and 3) river basins, which are of interest
for the WFD, as River Basin Districts are composed of one or several river basins (results not shown). The
share of different nutrient input sources to the river basin was evaluated as well as their contribution to
the total load in rivers. In addition, the predicted changes in nutrient concentration and N:P ratio were

analysed.




The potential impact of the three scenarios on achieving the target of good ecological status established
by the WFD was assessed by spatially linking the model predictions with the location and ecological
conditions of water bodies reported by the EU Member States under the WFD. For this purpose, the most
recent data on the ecological status of lakes, rivers and transitional waters, referring to second River Basin
Management Plans, 2010/2016 (EEA, 2019b), were overlaid with the geospatial data model of GREEN. The
WISE dataset includes information on water bodies’ delineation, and on the ecological status and main
impact types observed. Each WISE water body was assigned to one or multiple catchments in the GREEN
geospatial model according to its location and spatial geometry. A one to one correspondence between
WISE water bodies and the GREEN geospatial model was not possible as the delineation of water bodies
depends on decisions of River Basin District Authorities in the different EU countries, while the catchments
and river network delineation in the GREEN geospatial model are derived from consistent topographic
information at the European scale (CCM2 model). The water bodies area (for lakes) and length (for rivers
and transitional waters) falling in each catchment of the geospatial model were computed, as one water
body could lays in one or many catchments. The nutrient concentration estimated by the model GREEN
for each WISE water body was computed as area-weighted or length-weighted average across the CCM2
catchments involved.

The spatial association allowed to compute nutrient concentration estimated by the model GREEN in the
WISE water bodies and derive the distribution of nutrient concentration for each ecological status classes.
A value derived from the average nitrogen and phosphorus concentration in water bodies in Good
Ecological Status in the baseline simulation (REF) was used as threshold for scenarios comparison. These
thresholds were computed for rivers, lakes, and transitional waters bodies considering (i) the whole EU
and (ii) a subset of water bodies where ‘Nutrient Pollution’ impact was reported (25% of the total water
bodies). The potential impacts of the scenarios on the ecological status was evaluated considering the
percentage of lakes area and rivers length that was below the threshold in the different scenarios.

3. Results

3.1 Model calibration and validation
The results of model calibration indicated a good agreement between observed and estimated nutrient
loads, with NSE of 0.96 and 0.75 for nitrogen and phosphorus, respectively (SuppMat S3).

The freshwater runoff estimated by the LISFLOOD model and total nutrient loads estimated by the model
GREEN at the outlet of the 50 largest European rivers showed a good agreement with the values reported
by other data sources and the literature (Figure 2 and SuppMat S4). Correlation coefficients of model
estimates with loads reported by HELCOM and OSPAR Conventions are 0.85 for nitrogen and 0.90 for
phosphorus; the correlation with data found in the literature (listed in SuppMat S4) is 0.94 for nitrogen
and 0.84 for phosphorus. The gradients of the linear fitting are almost all around 1, indicating a good fit
between reported and modelled values. Overall, the model results with respect to the nitrogen loads are
better than for the phosphorus ones. Beside the good overall agreement, for some individual rivers severe
deviations occur, e.g. freshwater runoff of river Scheldt is two magnitudes below the reported values,
while nutrient loads fit well. On the other hand, for some rivers (e.g. Thames, Humber) GREEN provides
the nutrient loads directly at the outlet to the sea, while observations are collected upstream.
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Figure 2. Comparison between annual Total Nitrogen loads reported by different sources and estimated by the
GREEN model (tN/y) shown on a log-log scale. The sources of reported values are indicated by the dot colours and
are detailed in SuppMat S4).

3.2 Scenarios analysis

3.2.1 Changes in nutrient inputs

In Europe (region covered by the study) for the reference year 2012 the total input of nitrogen was
estimated at 27.6 TgN (23.3 TgN in EU28) of which 71% from mineral and manure fertilisers, 17% from
atmospheric deposition, 8% from biological natural fixation (in crops and soils), 3.5% from human and
industrial waste wasters and 0.5% from scattered dwellings. The total input of phosphorus was estimated
at 4.1 TgP (3.5 TgP in EU28), of which 93% from mineral and manure fertilisers, 5% from human and
industrial waste wasters, 2.3% from natural background and 0.5% from scattered dwellings. On average
point nutrient sources represented only 3-5% of the total input to the river basin system, but locally they
could reach much higher shares.

Overall, in the BAU, NUTR and MTFR scenario compared to the REF scenario, the total nitrogen input was
reduced by 1%, 5% and 18% respectively, and the total phosphorus input was reduced by 1%, 10% and
14%, respectively. In particular, for EU28 the MTFR scenario foresaw a reduction of 21% of nitrogen input
(-24% point sources and -25% agricultural sources) and 16% of phosphorus input (-49% point sources and
-16% agricultural sources). When looking at regional differences, the BAU scenario resulted in limited
reduction (1-2%) in all regions for both nitrogen and phosphorus, while the NUTR scenario involved large
changes in some regions, such as in the basins draining into the Greater North Sea characterised by
intensive agriculture and livestock production. The MTFR scenario foresaw reductions between 13-37%
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for total nitrogen and 9-32% for total phosphorus input, with substantial changes in the Bay of Biscay and
Iberian Coast and in the Mediterranean region, especially by abating point sources (SuppMat S5).

3.2.2 Changes in nutrient loads to the sea

For the period 2005-2012, the model estimated that the total nitrogen load to European seas was 3.3-4.1
TgN/y (3.9 TgN/y in 2012) and the total phosphorus load was 0.26-0.30 TgP/y (0.29 TgP/y in 2012) (Figure
3). Considering the most recent year 2012, which was an average year for precipitation, the scenarios
BAU, NUTR and MTFR bring about a reduction of nitrogen load of 2%, 6% and 14%, respectively, and a
reduction of phosphorus load of 3%, 8%, 20%, respectively. The changes are related mainly to a reduction
of agricultural sources for nitrogen and to an improvement of wastewater discharges for phosphorus.

Nitrogen load to European seas (ton) Phosphorus load to European seas (ton)
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Figure 3. Total nitrogen (left) and phosphorus (right) annual load to European seas estimated by the GREEN model
(ton/y) for the period 2005-2012. Colours indicate the relative contribution of major sources: point sources (red),
scattered dwellings (orange), agriculture (green) and background (P) or atmospheric deposition (N) (blue).

The scenarios produce different effects regionally (Figure 4 and 5, tables provided in SuppMat S6). The
BAU scenario involves quite limited reductions for both nitrogen and phosphorus load (1%-3%) in almost
all regional seas except in the Baltic Sea, where improvements are related to investments in upgrading
waste water treatments, and in the Adriatic Sea (mainly for phosphorus abatement). The NUTR scenario
benefits especially the Greater North Sea (-9% N load, -14% P load) for reduction of nutrients from
agricultural sources, and the Central and Western Mediterranean (up to -11% for N load and -13% for P
load) and the Black Sea (-6% N load, -12% P load) for improvements in wastewater treatments and
agricultural sources. The highest decline of nutrient loads to European seas are obtained by the MTFR
scenario, with reductions of nitrogen ranging from around 10% in the Baltic and Danube regions, to about
15% in the Greater North Sea, Celtic sea, Bay of Biscay and Iberian Coast, and 20% and more in the Central
and Western Mediterranean. These improvements are related to both upgrading of wastewater
treatment plants and reduction of mineral fertiliser application in the Mediterranean and Balkan regions,
and mainly due to a reduction of mineral fertilisers in the Great North and Baltic regions. Concerning
phosphorus, the MTFR foresaw a decrease of 9% in the Baltic Sea, around 20% in the Greater North Sea,
Celtic Sea and Black Sea, and a drop of 45-47% in the Central and Western Mediterranean. Also, in this
case changes are associated to reduction in the use of mineral fertiliser (in the Mediterranean and Baltic
region) and to the abatement of point sources (in the Mediterranean and Bay of Biscay and Iberian Coast).
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3.2.3 Changes in nutrient concentration and N:P ratio

The nutrient load and concentration in the scenarios depend on the combined effects of measures to
combat water scarcity and actions to curb nutrient pollution. The measures implemented for water saving
generally slightly increase the water flow in rivers (dilution effect for nutrients), especially in the
Mediterranean region and in some irrigated basins in Western Europe, while in Eastern Europe future
investments in water use are foreseen to produce a small decrease of the water flow (concentration effect
for nutrients).

Mean concentrations of both nitrogen and phosphorus decrease under the three scenarios. On average,
in inland waters the reduction is higher for phosphorus (up to -18% in MTFR) than for nitrogen (up to -
11% in MTFR). The measures affect mainly polluted areas, with decreases observed especially in streams
with concentrations above the 75 percentile. The decline in concentration is more prominent at the
outlets to the sea than in inland waters, with small variation under the BAU scenario and changes of about
-10% and -20% in the NUTR and the MTFR scenario respectively (SuppMat S7).

The ratio between nitrogen and phosphorus (N:P) in inland waters varies greatly across Europe, according
to local conditions and nutrient sources. The effect of the scenarios on the respective proportion of the
nutrient can be very different. At the sea outlets, the BAU does not substantially alter the N:P ratio, as by
construction the scenario involves the same reduction of nitrogen and phosphorus in agriculture field and
limited improvements in wastewater treatment plants. Conversely, overall the N:P ratio increases under
the NUTR scenario and decreases under the MTFR scenario. This is related to the fact that the N:P ratio in
the manure is different from that of the mineral fertilisation, with the NUTR scenario limiting manure and
the MTFR tackling mineral fertilisation (SuppMat S7).

3.3 Link to the ecological status of water bodies

The changes in nutrient concentration and N:P ratio have implications on the ecological condition and
biological components of the aquatic ecosystems. The average concentration of nitrogen and phosphorus
estimated by the model GREEN for the WISE water bodies for the different class of ecological status is
shown in Table 2. Considering only WISE water bodies that are currently reported in good ecological
status, for year 2012 (baseline) the model estimates an average concentration of 1.13 mgN/|l and 0.08
mgP/| for lakes, 2.52mgN/l and 0.16 mgP/I for rivers, and 3.88 mgN/| and 0.44 mgP/| for transitional
waters. Class average nutrient concentration increases for water bodies from high to more degraded
status. It also takes high values in water bodies for which the ecological status is not reported.

Based on the average concentration found by modelling for water bodies in good ecological status, the
threshold of 2.0 mgN/| for nitrogen and 0.1 mgP/I for phosphorus were set to compare the potential effect
of the three scenarios for reaching the policy target of good ecological status (Table 3). Overall, the
predicted improvement concerns only a limited fraction of inland waters, with only an additional 1% of
rivers length and 3-4% of lakes and transitional waters area being below the thresholds in the MTFR
scenario. These fractions slightly increase when restricting the analysis to water bodies for which the
“nutrient pollution” impact is reported in the WISE data (i.e. 2% of rivers length and 4-5% of lakes and
transitional waters area).
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Table 2. Concentration estimated by the model GREEN per water body type and class of ecological status. Values
refer to the baseline scenario (REF) in year 2012. Concentrations are weighted by the fraction of segment length or
polygon area of the WISE water bodies falling in each catchment of the GREEN spatial data model. The values
discussed in the text are reported in bold.

Mean nitrogen Mean phosphorus
concentration (mgN/I) concentration (mgP/I)
Class of
Ecological Total segment Total polygon  (weighted (weighted  (weighted (weighted
Status length (km) area (km2) by length) by area) by length) by area)
Lakes
High - 56948 - 0.80 - 0.09
Good - 160056 - 1.13 - 0.08
Moderate - 283399 - 1.75 - 0.12
Poor - 111154 - 2.76 - 0.15
Bad - 15004 - 24.31 - 1.28
Unknown - 5392 - 3.47 - 0.20
Rivers
High 764081 5159 0.81 3.17 0.07 0.31
Good 2551093 12467 2.52 3.97 0.16 0.38
Moderate 5012752 19176 4.63 4.67 0.25 0.42
Poor 2287402 3634 8.05 441 0.41 0.42
Bad 808669 632 10.72 19.92 0.60 0.74
Unknown 232524 648 4.52 6.33 0.26 0.42
Transitional waters
High 8 118 - 0.72 - 0.06
Good 74 3494 13.19 3.88 0.55 0.44
Moderate 56 12102 1.27 9.16 0.08 1.17
Poor 21 7628 2.75 14.26 0.18 1.17
Bad - 9830 - 12.46 - 1.23
Unknown - 424 - 42.03 - 2.77
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Table 3. Fraction of rivers length, lakes area and transitional waters area of WISE water bodies that is below a
threshold concentration of 2.0 mgN/l and 0.1 mgP/| under the reference and BAU, NUTR and MTFR scenarios
(Table 1). (*) Compute on a subset of water bodies reporting 'nutrient pollution' impact in WISE data.

Nitrogen concentration Phosphorus concentration
THRESHOLD < 2.0 (mgN/I) THRESHOLD < 0.1 (mgP/I)
Scenario (*) (*)
Lakes
REF 0.87 0.68 0.88 0.70
BAU 0.87 0.68 0.88 0.70
NUTR 0.88 0.69 0.88 0.71
MTFR 0.88 0.70 0.89 0.72
Rivers
REF 0.43 0.30 0.46 0.33
BAU 0.44 0.31 0.46 0.34
NUTR 0.44 0.31 0.49 0.37
MTFR 0.47 0.34 0.49 0.37
Transitional
waters
REF 0.08 0.10 0.07 0.10
BAU 0.09 0.10 0.07 0.10
NUTR 0.09 0.10 0.08 0.10

MTFR 0.11 0.12 0.11 0.14



4. Discussion

4.1 Modelling and scenarios limitations

Assessing nutrient pressures and the effect of policy scenarios on fresh and coastal waters at the European
scale is challenging. Europe is a wide continent with a large variability of soil, climatic, hydrological and
ecological features, and much diversified landscapes and agronomic production systems. Nutrient
pressures on water from agriculture or point sources and remediation measures in place vary greatly
according to the regional socio-economic conditions. To address the complexity of nutrient pollution in
European waters, special attention was dedicated to the spatial representation of the hydrological system
and coastal catchments, and to use the most updated and homogeneous data on nutrient pressures at
the European scale. Both aspects are crucial for assessing policy scenarios, indeed the consistency and
transparency of nutrient sources are necessary to ensure a sound representation of policy actions, and
the quantification of their impacts from the single water bodies, to the river basins and marine regions is
useful to support different levels of policy intervention. The high spatial resolution of model input and
output (catchments of ~7km?) afforded a detailed representation of nutrient sources and a good link to
water bodies delineated by Member States under the WDF (WISE data). A specific effort was dedicated
to the inclusion of coastal catchments, to improve the representation of nutrient sources in these areas,
which are generally highly populated with nutrient discharges directly into the sea. Nevertheless, the
model has some structural limitations, as it provides a simplified representation of nutrient processes and
pathways in the aquatic environment. It does not include feedback processes such as the effect of
irrigation on fertiliser input or the pollution legacy in groundwater. The model provides annual estimations
of nitrogen and phosphorus loads and their inter-annual variation but for ecological impacts seasonal
distribution is also relevant.

In the assessment, nutrient concentrations result from the ratio between nutrient loads estimated by the
model GREEN and water flow produced by the model LISFLOOD. In some catchments, concentrations can
take high values, for examples in upstream dry areas where modelled water flow is low, or in presence of
large point sources discharges, with high share of artificial water circulation, which is not well captured
by the model GREEN (water abstractions and return water is taken into consideration in the computation
of water flow in the model LISFLOOD).

Data availability also imposed some constraints. Observed data for model calibration were limited to the
information available by the European Environment Agency (EEA), which concerned only annual nutrient
concentration (without associated information on water flow) and were not homogeneously distributed
across Europe. In future model calibration, statistical techniques, such as bootstrap sampling, could be
used to balance the influence of heterogeneous distribution of gauging points, so that upstream and
downstream stations could be proportionally represented. With regard to nutrient input, urban
wastewater discharges were estimated only for year 2012 and kept constant in the simulation,
disregarding the changes that have occurred between 2005 and 2012. This limits loads simulations but
has no relevance for the scenarios analysis.

All the scenarios considered nutrient reductions in both point and diffuse agricultural sources. The BAU
scenario envisaged the application of measures limiting nutrient losses to water according to the current
investments under the Urban Waste Water Treatment Directive (Art.17) and Rural Development
Programmes (priority 4b). An average 10% effectiveness of measure for agricultural losses was considered
in the modelling based on the study of (Sarteel et al., 2016), but more regional variability is possible. It is
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important to note that in the BAU scenario the effect of additional measures in place under Action
Programmes of the Nitrates Directive or other schemes could not be taken into consideration for the lack
of consistent and quantitative information across Europe. More knowledge in this regard would benefit
future assessments. The NUTR scenario focused on the reduction of manure in Nitrates Vulnerable Zones,
independently from the presence of Derogations. Information on the manure was available at the NUT2
level from the model CAPRI and was then spatialized using the Corine Land Cover map (as explained in
the Section 2.3), but no information was available on the way manure is treated and stored, which can
influence the impact on water pollution. The MTFR scenario minimised the use of mineral fertilisers,
recycling almost all manure produced as fertiliser, but not reducing the current livestock production. The
optimisation was computed using nitrogen balance at the country scale, as regional values were not
available, but this might not be fully representative for countries such as Italy that have a strong gradient
in fertiliser inputs across the country.

4.2 Nutrients loads to the European seas

According to the estimations of the BAU scenario, the current investments by the EU Member States for
reducing point and diffuse nutrient pollution might result in little improvements of water quality (only 2-
3% reduction of the nutrient load to the seas). There is still a potential for nutrient recovery in
wastewaters that could be tapped into, especially in the Danube and the Adriatic regions. Also, in many
EU countries measures to reduce nutrient losses to water could be extended, as they currently cover only
a small fraction of the agricultural land (according to the budget allocation under priority 4b in Rural
Development Programmes).

The NUTR and MTFR scenarios represent the possible effects of more ambitious investments. Concerning
wastewater, significant nutrient reductions could be obtained in the Atlantic coasts and in the
Mediterranean and Danube regions, with improvements possible also beyond the implementation of the
UWWTD. However, a significant reduction of nutrient loads to the seas would only be possible with
important cuts to mineral fertiliser applications, if livestock production remains unchanged (MTFR
scenario), or through a lower production or a different management of manure (NUTR scenario). This
could be achieved applying optimal fertilisation techniques across all Europe, adopting a better synergy
between crop and livestock production and/or reducing the livestock intensity. Importantly, in the three
scenarios analysed in this study, the reduction of nutrient from point sources corresponds to progressive
upgrading of wastewater treatment plants, while the decrease from agricultural sources corresponds to
three different strategies that could be combined, yielding to a larger nutrient decline. In addition,
measures to reduce nitrogen input from atmospheric deposition where not considered, neither the model
includes a feedback mechanism to simulate the positive effect of agricultural measures on limiting
nitrogen emission/deposition from the atmosphere.

4.3 Eutrophication and policy targets

Many European seas and coastal areas suffer from problems of hypoxia and eutrophication related to
high nutrient loads from the draining basins (Diaz and Rosenberg, 2008; Ménesguen and Lacroix, 2018),
with large areas affected in the Baltic Sea (Meier etal., 2019, 2018; Skogen et al., 2014), Greater Northern
Sea (Garnier et al., 2019; Lancelot et al., 2011; Passy et al., 2016; Thieu et al., 2010), Mediterranean Sea
(Colella et al., 2016; Cozzi et al., 2018; Cozzi and Giani, 2011; Karydis and Kitsiou, 2012; Macias et al.,
2018), and Black Sea (Kudryavtseva et al., 2019; Lancelot et al., 2002). Eutrophication is caused by excess
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of nitrogen and phosphorus over silica (Billen and Garnier, 2007; Howarth et al., 2011). Generally, nitrogen
controls the eutrophication in coastal marine ecosystems (Howarth and Marino, 2006), while phosphorus
is considered the limiting nutrient in freshwaters (Elser et al., 2007). The impact of riverine nutrient inputs
on eutrophication depend on the receiving waters. In coastal marine ecosystems shelf orography,
morphology, water circulation, turbidity, light and salinity, all influence the eutrophication process
(Carstensen et al., 2019; Viaroli et al., 2015). For example, the marine region under the freshwater
influence is larger for the Po and the Danube than for the Ebro and Rhone rivers because of the shelf
orography. These rivers are characterized by an excess of dissolved inorganic nitrogen and silica over
phosphate, which is sometimes compensate by the bioavailability of organic phosphorus (Cozzi et al.,
2018). Anthropogenic activities have increased the amount of nutrients delivered to the aquatic
environment but at the same time have also altered their balance. Similarly, measures to reduce nutrient
pollution can create or exacerbate nutrient imbalance in the receiving coastal waters (Howarth and
Marino, 2006). For instance, in south-eastern Europe the potential risk for coastal ecosystems
eutrophication in relation to nitrogen and phosphorus has changed between the 1990s and the 2000s
(Romero et al., 2013). For all these reasons, an important aspect to be look at in the scenarios is the
expected changes of the N:P ratio in the nutrient load at the sea. All the scenarios indicate a higher
abatement of phosphorus loads than nitrogen loads for the whole area of study (for example -20% P and
-14% N in the MTFR scenario), but the impacts are very site specific and should be analysed case by case.

The analysis on the potential change in the ecological status of rivers, lakes and transitional waters
suggests that an ambitious scenario (such as the MTFR) would only slightly increase the fraction of river
length and water body area in good ecological status, with better effects in regions under high nutrient
pressures. However, it has to be noted that the thresholds chosen in the analysis were very conservative,
and an average concentration of the ‘good ecological status’ class rather than the boundary between good
and moderate class was adopted for the computation. Also, in the case of freshwaters, the vulnerability
of the ecosystem to nutrient enrichment strongly depends on the water body type. Across Europe, good-
moderate total nitrogen threshold concentrations of 0.25-4.00 mgN/I (median 1.0 mgN/I) and total
phosphorus threshold concentrations of 5-500 pugP/l (median 27.5 ugP/l) were reported per lakes, and
good-moderate total nitrogen threshold concentrations of 0.25-35 mgN/I (median 2.5 mgN/I) and total
phosphorus threshold concentrations of 8-660 pgP/I (median 100 pgP/I) were reported per rivers (Poikane
et al., 2019a), indicating that rivers and lakes with nutrient concentrations higher than the thresholds
adopted in the present analysis could also reach good ecological status. In addition, the scenarios results
clearly show that the reduction in nutrient concentration mainly concerns concentrations in the 75
percentile, which indicates that ecological condition might improve in many degraded water bodies even
without dropping their concentration below the chosen thresholds. Interestingly, the model GREEN
captured the distribution of nutrient concentration per water body type and per class of ecological status,
reporting increasing average concentrations from lakes, to river and transitional waters for both nitrogen
and phosphorus, which generally corresponds to the characteristics observed for these aquatic
ecosystems (Poikane et al., 2019a).

The scenarios analysed in this study were conceived to test possible effects of current and future policy
actions in the EU. To curb eutrophication in fresh and coastal waters specific targets for nitrogen and
phosphorus should be based on the local ecosystem condition, considering the inland sources of nutrient.
The results of this study could help in this sense, allowing to link basin specific riverine nutrients per source
to nutrient targets of fresh and coastal waters established under the WFD and MFSD (for nutrient targets
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see (Poikane et al., 2019b; Salas Herrero et al., 2019)), contemporary checking the coherence of the
freshwater and marine policy objectives.

5. Conclusions

The results of the study show that current investments in the EU countries for limiting point and diffuse
nutrient pollution might result in a mild reduction of the nutrient load to the European seas, while more
ambitious measures could decrease nutrient export to the sea up to 14% for nitrogen and 20% for
phosphorus. Further reductions could be possible by a combination of measures especially in the
agricultural sector. Importantly, future actions could widen the unbalance between nitrogen and
phosphorus in receiving waters, affecting the aquatic ecosystems. In Europe regional differences and
ecosystems specificity are present and need to be taken into consideration in the analysis of pressures
and impacts, as well as when setting nutrient restoration targets both for freshwater and coastal
ecosystems.

The study provides a picture of the major nitrogen and phosphorus sources in European river basins and
the consequent pressures on fresh and coastal waters, adopting homogeneous data reported by EU and
non-EU countries through standard and/or official data reporting flows. The analysis addressed the needs
of model simplicity, data transparency, high spatial resolution and hydrological consistency that allow
linking the riverine nutrient sources and possible measures to the ecological targets of the current EU
water policies, WFD and MFSD, also checking their coherence with other sectoral policies, such as the
agricultural policy.

The scenarios analysis highlighted the advantages of adopting a nexus thinking when addressing the land-
sea dynamics, with measures taken in several sectors under different policies evaluated together. The
scenarios implied measures for water quantity, such as irrigation efficiency and water for energy cooling,
and for water quality, including actions under the UWWTP Directive, the Nitrates Directive and the CAP.
The relevance of adopting a holistic approach will be key to meet the ambitious policy goals of the new
European Green Deal on Zero Pollution, Farm to Fork and Biodiversity Strategy, with the objective of
protecting aquatic ecosystems, ensuring their resilience and their sustainable use.

Acknowledgements

The authors declare no conflict of interest.

20



References

Arheimer, B., Dahné, J., Donnelly, C., 2012. Climate Change Impact on Riverine Nutrient Load and Land-
Based Remedial Measures of the Baltic Sea Action Plan. Ambio 41, 600—-612.
https://doi.org/10.1007/s13280-012-0323-0

Arnal, L., Asp, S.-S., Baugh, C., Roo, A. de, Disperati, J., Dottori, F., Garcia, R., GarciaPadilla, M., Gelati, E.,
Gomes, G., Kalas, M., Krzeminski, B., Latini, M., Lorini, V., Mazzetti, C., Mikulickova, M., Muraro, D.,
Prudhomme, C., Rauthe-Schéch, A., Rehfeldt, K., Sa, P., Ziese, M., 2019. EFAS upgrade for the
extended model domain — technical documentation, EUR 29323 EN, Publications Office of the
European Union, Luxembourg, ISBN 978-92- 79-92881-9, doi:10.2760/806324, JRC111610.

Bartosova, A., Capell, R., Olesen, J.E., Jabloun, M., Refsgaard, J.C., Donnelly, C., Hyytidinen, K., Pihlainen,
S., Zandersen, M., Arheimer, B., 2019. Future socioeconomic conditions may have a larger impact
than climate change on nutrient loads to the Baltic Sea. Ambio 48, 1325-1336.
https://doi.org/10.1007/s13280-019-01243-5

Benitez Sanz, C., Wolters, H., Marti, B., Mora, B., 2018. EU Water and Marine Measures Data base.
Deliverable to Task B2 of the BLUE2 project “Study on EU integrated policy assessment for the
freshwater and marine environment, on the economic benefits of EU water policy and on the costs
of its non- implementatio.

Billen, G., Garnier, J., 2007. River basin nutrient delivery to the coastal sea: Assessing its potential to
sustain new production of non-siliceous algae. Mar. Chem. 106, 148-160.
https://doi.org/https://doi.org/10.1016/j.marchem.2006.12.017

Black Sea Commission, 2020. Bucharest Convention.

Bouraoui, F., Thieu, V., Grizzetti, B., Britz, W., Bidoglio, G., 2014. Scenario analysis for nutrient emission
reduction in the European inland waters. Environ. Res. Lett. 9. https://doi.org/10.1088/1748-
9326/9/12/125007

Carstensen, J., Conley, D.J., Almroth-Rosell, E., Asmala, E., Bonsdorff, E., Fleming-Lehtinen, V.,
Gustafsson, B.G., Gustafsson, C., Heiskanen, A.S., Janas, U., Norkko, A., Slomp, C., Villnas, A., Voss,
M., Zilius, M., 2019. Factors regulating the coastal nutrient filter in the Baltic Sea. Ambio.
https://doi.org/10.1007/s13280-019-01282-y

CLC, 2012. CORINE Land Cover Map Analysis.

Colella, S., Falcini, F., Rinaldi, E., Sammartino, M., Santoleri, R., 2016. Mediterranean Ocean Colour
Chlorophyll Trends. PLoS One 11, e0155756.

Cozzi, S., Giani, M., 2011. River water and nutrient discharges in the Northern Adriatic Sea: Current
importance and long term changes. Cont. Shelf Res. 31, 1881-1893.
https://doi.org/https://doi.org/10.1016/j.csr.2011.08.010

Cozzi, S., Ibafiez, C., Lazar, L., Raimbault, P., Giani, M., 2018. Flow regime and nutrient-loading trends
from the largest South European watersheds: Implications for the productivity of mediterranean
and Black Sea’s Coastal Areas. Water (Switzerland) 11. https://doi.org/10.3390/w11010001

Culhane, F., Teixeira, H., Nogueira, A.J.A., Borgwardt, F., Trauner, D., Lillebg, A., Piet, G., Kuemmerlen,
M., McDonald, H., O’Higgins, T., Barbosa, A.L., van der Wal, J.T., Iglesias-Campos, A., Arevalo-
Torres, J., Barbieére, J., Robinson, L.A., 2019. Risk to the supply of ecosystem services across aquatic

21



ecosystems. Sci. Total Environ. 660, 611-621.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2018.12.346

De Roo, A, Bisselink, B., Guenther, S., Gelati, E., Adamovic, M., 2020. Assessing the effects of water
saving measures on Europe’s water resources; BLUE2 project — Freshwater quantity. JRC Technical
Report.

Diaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences for marine ecosystems. Science
(80-.). 321, 926-929. https://doi.org/10.1126/science.1156401

EEA, 2020. Waterbase - Water Quantity v14.

EEA, 2019a. WISE WFD Reference Spatial Datasets reported under Water Framework Directive 2016 -
PUBLIC VERSION - version 1.3, Apr. 2019.

EEA, 2019b. WISE Water Framework Directive Database.

EEA, 2018a. Marine regions and subregions under the Marine Strategy Framework Directive.
EEA, 2018b. E-PRTR.

EEA, 2012. European catchments and Rivers network system (Ecrins).

Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H., Ngai, J.T., Seabloom,
E.W., Shurin, J.B., Smith, J.E., 2007. Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 10, 1135-1142.
https://doi.org/10.1111/j.1461-0248.2007.01113.x

EMEP, 2020. Nitrogen deposition data.
ESA, 2017. Land Cover CCl Product User Guide Version 2. Tech. Rep.

European Commission, 2018. Strategic plans, financing, management and monitoring of CAP, common
organization of markets - Impact Assessment Part 3. Commission Staff Working Document
SWD(2018) 301.

FAOSTAT, 2020. Fertilizers data.

Garnier, J., Riou, P., Le Gendre, R., Ramarson, A., Billen, G., Cugier, P., Schapira, M., Théry, S., Thieu, V.,
Ménesguen, A., 2019. Managing the agri-food system of watersheds to combat coastal
eutrophication: A land-to-sea modelling approach to the french coastal English channel. Geosci. 9.
https://doi.org/10.3390/geosciences9100441

Grizzetti, B., Bouraoui, F., Aloe, A., 2012. Changes of nitrogen and phosphorus loads to European seas.
Glob. Chang. Biol. 18. https://doi.org/10.1111/j.1365-2486.2011.02576.x

Grizzetti, B., Bouraoui, F., De Marsily, G., 2008. Assessing nitrogen pressures on European surface water.
Global Biogeochem. Cycles 22. https://doi.org/10.1029/2007GB003085

Grizzetti, B., Lanzanova, D., Liquete, C., Reynaud, A., Cardoso, A.C., 2016. Assessing water ecosystem
services for water resource management. Environ. Sci. Policy 61.
https://doi.org/10.1016/j.envsci.2016.04.008

Grizzetti, B., Liquete, C., Pistocchi, A., Vigiak, O., Zulian, G., Bouraoui, F., De Roo, A., Cardoso, A.C., 2019.
Relationship between ecological condition and ecosystem services in European rivers, lakes and

22



coastal waters. Sci. Total Environ. 671, 452-465.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.03.155

Grizzetti, B., Pistocchi, A., Liquete, C., Udias, A., Bouraoui, F., Van De Bund, W., 2017. Human pressures
and ecological status of European rivers. Sci. Rep. 7. https://doi.org/10.1038/s41598-017-00324-3

HELCOM, 2020. Helsinki Convention.

Howarth, R., Chan, F., Conley, D.J., Garnier, J., Doney, S.C., Marino, R., Billen, G., 2011. Coupled
biogeochemical cycles: eutrophication and hypoxia in temperate estuaries and coastal marine
ecosystems. Front. Ecol. Environ. 9, 18-26. https://doi.org/10.1890/100008

Howarth, R.W., Marino, R., 2006. Nitrogen as the limiting nutrient for eutrophication in coastal marine
ecosystems: Evolving views over three decades. Limnol. Oceanogr. 51, 364—376.
https://doi.org/10.4319/10.2006.51.1_part_2.0364

Jonkers, L., Hillebrand, H., Kucera, M., 2019. Global change drives modern plankton communities away
from the pre-industrial state. Nature. https://doi.org/10.1038/s41586-019-1230-3

Karydis, M., Kitsiou, D., 2012. Eutrophication and environmental policy in the Mediterranean Sea: a
review. Environ. Monit. Assess. 184, 4931-4984. https://doi.org/10.1007/s10661-011-2313-2

Krause, P., Boyle, D.P., Base, F., 2005. Comparison of different efficiency criteria for hydrological model
assessment. Adv. Geosci. 5, 89-97. https://doi.org/10.5194/adgeo-5-89-2005

Kuczera, G., Parent, E., 1998. Monte Carlo assessment of parameter uncertainty in conceptual
catchment models: The Metropolis algorithm. J. Hydrol. 211, 69-85.

Kudryavtseva, E., Aleksandrov, S., Bukanova, T., Dmitrieva, O., Rusanov, I., 2019. Relationship between
seasonal variations of primary production, abiotic factors and phytoplankton composition in the
coastal zone of the south-eastern part of the Baltic Sea. Reg. Stud. Mar. Sci. 32.
https://doi.org/10.1016/j.rsma.2019.100862

La Notte, A., Maes, J., Dalmazzone, S., Crossman, N.D., Grizzetti, B., Bidoglio, G., 2017. Physical and
monetary ecosystem service accounts for Europe: A case study for in-stream nitrogen retention.
Ecosyst. Serv. 23. https://doi.org/10.1016/j.ecoser.2016.11.002

Lajaunie-Salla, K., Sottolichio, A., Schmidt, S., Litrico, X., Binet, G., Abril, G., 2018. Future intensification
of summer hypoxia in the tidal Garonne River (SW France) simulated by a coupled hydro
sedimentary-biogeochemical model. Environ. Sci. Pollut. Res. 25, 31957-31970.
https://doi.org/10.1007/s11356-018-3035-6

Lancelot, C., Staneva, J., van Eeckhout, D., Beckers, J.-M., Staney, E., 2002. Modelling the Danube-
influenced North-western Continental Shelf of the Black Sea. II: Ecosystem Response to Changes in
Nutrient Delivery by the Danube River after its Damming in 1972. Estuar. Coast. Shelf Sci. 54, 473—
499. https://doi.org/https://doi.org/10.1006/ecss.2000.0659

Lancelot, C., Thieu, V., Polard, A., Garnier, J., Billen, G., Hecq, W., Gypens, N., 2011. Cost assessment and
ecological effectiveness of nutrient reduction options for mitigating Phaeocystis colony blooms in
the Southern North Sea: An integrated modeling approach. Sci. Total Environ. 409, 2179-2191.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2011.02.023

Leip, A., Billen, G., Garnier, J., Grizzetti, B., Lassaletta, L., Reis, S., Simpson, D., Sutton, M.A., De Vries, W.,

23



Weiss, F., Westhoek, H., 2015. Impacts of European livestock production: Nitrogen, sulphur,
phosphorus and greenhouse gas emissions, land-use, water eutrophication and biodiversity.
Environ. Res. Lett. 10. https://doi.org/10.1088/1748-9326/10/11/115004

Liquete, C., Piroddi, C., Macias, D., Druon, J.N., Zulian, G., 2016. Ecosystem services sustainability in the
Mediterranean Sea: Assessment of status and trends using multiple modelling approaches. Sci.
Rep. 6. https://doi.org/10.1038/srep34162

Ludwig, W., Bouwman, A.F., Dumont, E., Lespinas, F., 2010. Water and nutrient fluxes from major
Mediterranean and Black Sea rivers: Past and future trends and their implications for the basin-
scale budgets. Global Biogeochem. Cycles 24. https://doi.org/10.1029/2009GB003594

Macias, D., Garcia-Gorriz, E., Stips, A., 2018. Major fertilization sources and mechanisms for
Mediterranean Sea coastal ecosystems. Limnol. Oceanogr. 63, 897-914.
https://doi.org/10.1002/In0.10677

Malagé, A., Bouraoui, F., Grizzetti, B., De Roo, A., 2019. Modelling nutrient fluxes into the
Mediterranean Sea. J. Hydrol. Reg. Stud. 22. https://doi.org/10.1016/j.ejrh.2019.01.004

Meier, H.E.M., Edman, M., Eilola, K., Placke, M., Neumann, T., Andersson, H.C., Brunnabend, S.-E.,
Dieterich, C., Frauen, C., Friedland, R., Groger, M., Gustafsson, B.G., Gustafsson, E., Isaev, A,
Kniebusch, M., Kuznetsov, |., Miiller-Karulis, B., Naumann, M., Omstedt, A., Ryabchenko, V.,
Saraiva, S., Savchuk, O.P., 2019. Assessment of Uncertainties in Scenario Simulations of
Biogeochemical Cycles in the Baltic Sea . Front. Mar. Sci. .

Meier, H.E.M., Edman, M.K., Eilola, K.J., Placke, M., Neumann, T., Andersson, H.C., Brunnabend, S.-E.,
Dieterich, C., Frauen, C., Friedland, R., Saraiva, S., Savchuk, O.P., 2018. Assessment of
eutrophication abatement scenarios for the baltic sea by multi-model ensemble simulations. Front.
Mar. Sci. 5. https://doi.org/10.3389/fmars.2018.00440

Ménesguen, A., Lacroix, G., 2018. Modelling the marine eutrophication: A review. Sci. Total Environ. 636,
339-354. https://doi.org/10.1016/).SCITOTENV.2018.04.183

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models. Part 1: a discussion of
principles. J. Hydrol. 10, 282—-290.

Ntegeka, V., Salamon, P., Gomes, G., Sint, H., Lorini, V., Zambrano-Bigiarini, M., Thielen, J., 2013. EFAS-
Meteo: A European daily high-resolution gridded meteorological data set for 1990 — 2011. EUR ---
Scientific and Technical Research series ---ISSN 1831-9424 (online) Luxembourg: Publications Office
of the European Union.

OSPAR, 2020. OSPAR Convention.

Passy, P., Le Gendre, R., Garnier, J., Cugier, P., Callens, J., Paris, F., Billen, G., Riou, P., Romero, E., 2016.
Eutrophication modelling chain for improved management strategies to prevent algal blooms in
the Bay of Seine. Mar. Ecol. Prog. Ser. 543, 107-125. https://doi.org/10.3354/meps11533

Piroddi, C., Coll, M., Liquete, C., Macias, D., Greer, K., Buszowski, J., Steenbeek, J., Danovaro, R.,
Christensen, V., 2017. Historical changes of the Mediterranean Sea ecosystem: Modelling the role
and impact of primary productivity and fisheries changes over time. Sci. Rep. 7.
https://doi.org/10.1038/srep44491

Pistocchi, A., Dorati, C., Grizzetti, B., Udias, A., Vigiak, O., Zanni, M., 2019. Water quality in Europe:

24



effects of the Urban Wastewater Treatment Directive. A retrospective and scenario analysis of Dir.
91/271/EEC, EUR 30003 EN, Publications Office of the European Union, Luxembourg, ISBN 978-92-
76-11263-1, doi:10.2760/303163, JRC115.

Poikane, S., Kelly, M.G., Salas Herrero, F., Pitt, J.-A., Jarvie, H.P., Claussen, U., Leujak, W., Lyche Solheim,
A., Teixeira, H., Phillips, G., 2019a. Nutrient criteria for surface waters under the European Water
Framework Directive: Current state-of-the-art, challenges and future outlook. Sci. Total Environ.
695, 133888. https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.133888

Poikane, S., Phillips, G., Birk, S., Free, G., Kelly, M.G., Willby, N.J., 2019b. Deriving nutrient criteria to
support ‘good’ ecological status in European lakes: An empirically based approach to linking
ecology and management. Sci. Total Environ. 650, 2074—-2084.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2018.09.350

R Core Team, 2014. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL http://www.R-project.org/.

Romero, E., Garnier, J., Lassaletta, L., Billen, G., Le Gendre, R., Riou, P., Cugier, P., 2013. Large-scale
patterns of river inputs in southwestern Europe: seasonal and interannual variations and potential
eutrophication effects at the coastal zone. Biogeochemistry 113, 481-505.
https://doi.org/10.1007/s10533-012-9778-0

Salas Herrero, F., Teixeira, H., Poikane, S., 2019. A Novel Approach for Deriving Nutrient Criteria to
Support Good Ecological Status: Application to Coastal and Transitional Waters and Indications for
Use . Front. Mar. Sci. .

Sarteel, M., Tostivint, C., Landowski, A., Basset, C., Muehmel, K., Lockwood, S., Ding, H., Oudet, N.,
Mudgal, S., Cherrier, V., Grebot, B., Naumann, S., Dooley, E., Lukat, E., Frelih-Larsen, A., Wunder, S.,
Carter, M.S., Ambus, P., Provolo, G., Koeijer, T.D., Linderhof, V., Michels, R., 2016. Resource
efficiency in practice: closing mineral cycles : final report. - Ebook. - Luxembourg : European
Commission, Directorate-General for the Environment, 2016. - ISBN 9789279582387.

Seitzinger, S.P., Mayorga, E., Bouwman, A.F., Kroeze, C., Beusen, A.H.W., Billen, G., Van Drecht, G.,
Dumont, E., Fekete, B.M., Garnier, J., Garnier, J., Harrison, J.A., 2010. Global river nutrient export: A
scenario analysis of past and future trends. Global Biogeochem. Cycles 24.
https://doi.org/10.1029/2009GB003587

Skogen, M.D,, Eilola, K., Hansen, J.L.S., Meier, H.E.M., Molchanov, M.S., Ryabchenko, V.A., 2014.
Eutrophication status of the North Sea, Skagerrak, Kattegat and the Baltic Sea in present and future
climates: A model study. J. Mar. Syst. 132, 174-184.
https://doi.org/https://doi.org/10.1016/j.jmarsys.2014.02.004

Sutton, M., Howard, C., Erisman, J.W., Billen, G., Bleeker, A., Greenfelt, P., van Grinsven, H., Grizzetti, B.,
2011. The European Nitrogen Assessment. Cambridge University Press, Cambridge.

Thieu, V., Garnier, J., Billen, G., 2010. Assessing the effect of nutrient mitigation measures in the
watersheds of the Southern Bight of the North Sea. Sci. Total Environ. 408, 1245-1255.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2009.12.031

UNEP, 2020. Barcelona Convention.

Viaroli, P., Nizzoli, D., Pinardi, M., Soana, E., Bartoli, M., 2015. Eutrophication of the Mediterranean Sea:
a watershed—cascading aquatic filter approach. Rend. Lincei 26, 13-23.

25



https://doi.org/10.1007/s12210-014-0364-3

Vigiak, O., Grizzetti, B., Zanni, M., Aloe, A., Dorati, C., Bouraoui, F., Pistocchi, A., 2020. Domestic waste
emissions to European waters in the 2010s. Sci. Data 7. https://doi.org/10.1038/s41597-020-0367-
0

Vogt, J., Soille, P., de Jager, A., et al, 2007. A pan-European River and Catchment Database. EC-JRC
Report EUR 22920 EN. Luxembourg.

Zampieri, M., Grizzetti, B., Meroni, M., Scoccimarro, E., Vrieling, A., Naumann, G., Toreti, A., 2019.
Annual green water resources and vegetation resilience indicators: Definitions, mutual
relationships, and future climate projections. Remote Sens. 11.
https://doi.org/10.3390/rs11222708

26



Supplementary Material

S1. Model GREEN equations

For each catchment i in the geo-data model of GREEN the nutrient load Liis estimated by the general
equation:

Li= (1-Lret;))*(DS; *(1-Bret; )+ PS;+U; ) *(1-Rret;) (Equation S1)

Where:

L= Nutrient load at the catchment outlet (ton/yr)

DS = Nutrient diffuse sources in the catchment (ton/yr)
PS = Nutrient point sources in the catchment (ton/yr)
U = Nutrient load from upstream catchemnts (ton/yr)
Lret = Lake retention (fraction)

Bret = Basin retention (fraction)

Rret = River retention (fraction)

Bret; = 1 - exp ( -basinCoeff * Inverse of precipitation;) (Equation S2)
Rret; = 1 - exp ( -riverCoeff * River length;) (Equation S3)

In the Equation S2 and S3 the inverse of precipitation and the river length are scaled by maximum
scaling (Frank and Todeschini, 1994).

The retention occurring in lakes (Lret) was computed according to Kronvang et al. (2004), as follows:

Lret=1—-1/[1+(7.3/z)*RT] (for nitrogen) (Equation S4)
Lret =1 —1/[14(26/2)*RT] (for phosphorus) (Equation S5)
Where:

z = average lake depth (m),
RT = hydraulic residence time (yr).

The average lake depth and hydraulic residence time were obtained from HydroLAKES databse
(https://www.hydrosheds.org/pages/hydrolakes, Messager et al. 2016).



https://www.hydrosheds.org/pages/hydrolakes

In GREEN nitrogen model, for each catchment i the total nitrogen load L; is estimated by the equation:
L = (1-Lret;) * [(MinN; + ManN; + FixN; + SoilN; + (1-FF;)*AtmN;)*(1-Bret;) +

0.38*FF*AtmN; + 0.5*SdN; + PsN; + U;] * (1-Rret;) (Equation S6)

Where:

MinN = Nitrogen mineral fertilisers (ton/yr)

ManN = Nitrogen in manure fertilisers (ton/yr)

FixN = Nitrogen fixation by leguminous crops and fodder (ton/yr)
SoilN = Nitrogen fixation by bacteria in soils (ton/yr)

AtmN = Nitrogen deposition from atmosphese (ton/yr)

SdN = Nitrogen input from scattered dwellings (ton/yr)

PsN = Nitrogen input from point sources (ton/yr)

U = Nitrogen load from upstream cacthments (ton/yr)

FF= Non-agricultural land cover in the catchment (fraction)
Input from scattered dwelling (SD) are estimated to be reduced by 50% before entering the river

Background losses for nitrogen are estimated as 0.38*FF*AtmN. For an atmospheric deposition of 10
kgN/ha this corresponds to a background of 3.8 kgN/ha (in line with the values reported by HELCOM,
2003).



In GREEN phosphorus model, for each catchment i the total phosphorus load L; is estimated by the
equation:

Li = (1-Lret) * [(MinP; + ManP; + (1-FF;)*BgP;)*(1-Bret;) +

FFi*BgP; + 0.5*SdP; + PsP; + U;] * (1-Rret;) (Equation S7)

MinP = Phosphorus mineral fertilisers (ton/yr)

ManP = Phosphorus in manure fertilisers (ton/yr)

BgP = Phosphorus background losses (ton/yr)

SdP = Phosphorus input from scattered dwellings (ton/yr)

PsP = Phosphorus input from point sources (ton/yr)

U = Phosphorus load from upstream catchments (ton/yr)

FF = Non-agricultural land cover in the catchment (fraction)

Input from scattered dwelling (SD) are estimated to be reduced by 50% before entering the river.

Background losses for phosphorus are estimated at 0.15 kgP/ha (in line with the values reported by
HELCOM, 2003).
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S2. Number of observations for model calibration

Table S2.1 Number and average area of catchments in the geo-spatial model of GREEN

Average
Number of | Total Area | catchment
catchments | (km2) area (km2)
950472 6327575 6.66

Table S2.2 Number of observed nitrogen and phosphorus concentration per year available for the

calibration of the model GREEN.

Number Number
observations | observations
Total Total
Year Nitrogen Phosphorus
2008 2492 2837
2009 2018 2186
2010 1564 2894
2011 1578 2941
2012 1683 3032

Table S2.3 Number of observed nitrogen and phosphorus concentration per country per year available
for the calibration of the model GREEN.

Number observations Total Nitrogen | Number observations Total Phosphorus
Country | N.catchments | Area (km2) | 2008 | 2009 | 2010 | 2011 | 2012 | 2008 | 2009 | 2010 | 2011 | 2012
AD 71 93 0 0 0 0 0 0 0 0 0 0
AL 2761 5676 0 0 0 0 0 17 4 4 3 3
AT 7354 16768 3 3 3 3 2 40 45 45 39 39
BA 3340 10222 2 11 9 11 14 10 11 9 11 14
BE 481 6149 39 40 39 66 66 39 40 39 66 66
BG 3308 22219 32 29 36 52 54 31 32 52 55
BY 1956 17624 0 0 0 0 0 0 0 0 0
CH 3979 8286 6 48 48 7 88 87
CY 179 1850 12 15 0 0 0 12 15 17 15 18
Ccz 2032 15784 56 0 0 0 0 57 1 1 1 1




DE 7394 71457 176 171 177 183 152 179 199 209 207 190
DK 493 8631 19 19 19 18 18 19 19 19 18 18
EE 707 9094 44 44 45 41 43 44 44 45 41 43
ES 17119 99576 166 178 184 0 80 197 169 246 87 92
FI 9388 67878 93 87 85 84 85 93 88 86 85 85
FR 17879 109755 | 1000 862 1 2 2 | 1001 854 | 1013 | 1015 | 1015
GB 5586 48865 147 157 216 206 176 154 161 233 227 199
GG 3 14 0 0 0 0 0 0 0 0 0 0
GR 8894 26311 0 0 0 0 0 43 0 0 0 0
HR 2453 11271 17 16 15 15 16 17 16 15 15 16
HU 1123 18519 5 5 5 8 6 5 5
IE 1697 13962 12 12 15 0 20 17 25
IM 14 114 0 0 0 0 0 0 0
IT 18650 59997 350 89 416 462 430 484 90 500 553 537
JE 2 24 0 0 0 0 0 0 0 0
KS 410 2172 19 19 18 18 18
LI 8 34 0 0 0 2 2 2 2 0
LT 1181 13132 30 30 32 35 32 30 30 32 35 32
LU 63 514 0 0 0 3 3 3 3 3 3 3
LV 1013 12848 26 23 2 2 2 26 23 2 2 2
MD 225 2930 0 0 0 0 0 0 0
ME 1315 2857 0 0 0 0 0 0 0
MK 1555 5052 0 0 0 0 0 0
MT 5 63 0 0 0 0 0 0 0
NL 216 6918 10 10 10 4 4 10 10 10 4 4
NO 11763 64782 29 29 29 28 48 29 29 29 28 49
PL 5107 62372 23 21 5 81 170 24 20 5 81 168
PT 2815 17709 14 12 14 3 10 17 29 30 9 34
RO 6092 47769 48 49 58 64 65 71 71 70 67 69
RS 1971 15539 34 43 44 43 32 43 43 44 43 32
RU 19148 142092 1 1 1 1 2 1 1 1 1 2
SE 9271 89903 46 44 76 74 74 75 74 76 74 74
S| 1331 4060 8 6 9 11 4 8 6 8 10 5
SK 2009 9735 53 22 15 20 29 54 23 16 18 30
SM 2 13 0 0 0 0 0
TR 6563 102218

UA 948 9492 1 1 2 1 1 2




S3. Model calibration

Figure S3.1 GREEN model calibration: Nitrogen loads
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Figure S3.2 GREEN model calibration: Phosphorus loads
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S4. Model validation

Figure S4.1 The maps of the 50 European rivers (with the largest nitrogen load) where freshwater runoff
and nutrient loads entering the European seas from the reference simulation of the model GREEN were
compared with a variety of observed data from independent sources.
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Table S4.1 Sources of data of water runoff and nutrient loads used to compared the results of the model

GREEN.

Reference

Web link

Global Runoff Data Centre (GRDC)

https://www.bafg.de/GRDC/EN/01 GRDC/grdc node.html

Global Nutrient Export from WaterSheds
2 (NEWS 2; (Mayorga et al., 2010))

https://doi.org/10.1016/j.envsoft.2010.01.007

European Environment Agency (EEA)

https://www.eea.europa.eu/data-and-
maps/data/waterbase-rivers-10

Helsinki Commission (HELCOM; HELCOM
(2015):

https://helcom.fi/wp-
content/uploads/2019/08/BSEP145 Lowres.pdf

HELCOM (2018)

https://helcom.fi/wp-

content/uploads/2019/12/BSEP163.pdf

HELCOM Map and Data Service

http://maps.helcom.fi/website/mapservice/

OSPAR Data and Information
Management System

https://odims.ospar.org/

UK National River Flow Archive

https://nrfa.ceh.ac.uk/data/search

Hydro-Data provided by the Irish Office
of Public Works

http://waterlevel.ie/hydro-data/list.html#

OSPAR Intersessional Correspondence
Group on Eutrophication Modelling
(ICG-EMO; provided by Sonja van
Leeuwen (NIOZ, pers. comm.), extension
of Lenhart et al. (2010)

https://doi.org/10.1016/j.jmarsys.2009.12.014

Table S4.2. Literature sources to compare freshwater runoff and nutrient loads of selected rivers with

the results of the model GREEN.

Reference River Web link
(Cozzi et al., 2018) Danube, Ebro, Po, doi:10.3390/w11010001
Rhone
(Friedland et al., Oder https://doi.org/10.3389/fmars.2018.00521
2019)
(Hartmann et al., Rhine https://doi.org/10.1007/s10201-010-0322-4
2011)
(Hesse and Elbe https://doi.org/10.3390/w8020040
Krysanova, 2016)
(Howden et al., Thames DOI: 10.1002/hyp.7835
2010)
(Karydis and Kitsiou, | Adige, Drin, Ebro, DOI 10.1007/s10661-011-2313-2
2012) Po, Rhone, Tiber
(Kauppila and Kemijoki https://doi.org/10.2166/nh.2003.0004
Koskiaho, 2003)
(Lajaunie-Salla et al., | Garonne https://doi.org/10.1007/s11356-018-3035-6

2018)



https://www.bafg.de/GRDC/EN/01_GRDC/grdc_node.html
https://doi.org/10.1016/j.envsoft.2010.01.007
https://www.eea.europa.eu/data-and-maps/data/waterbase-rivers-10
https://www.eea.europa.eu/data-and-maps/data/waterbase-rivers-10
https://helcom.fi/wp-content/uploads/2019/08/BSEP145_Lowres.pdf
https://helcom.fi/wp-content/uploads/2019/08/BSEP145_Lowres.pdf
https://helcom.fi/wp-content/uploads/2019/12/BSEP163.pdf
https://helcom.fi/wp-content/uploads/2019/12/BSEP163.pdf
http://maps.helcom.fi/website/mapservice/
https://odims.ospar.org/
https://nrfa.ceh.ac.uk/data/search
http://waterlevel.ie/hydro-data/list.html
https://doi.org/10.1016/j.jmarsys.2009.12.014
https://doi.org/10.3389/fmars.2018.00521
https://doi.org/10.1007/s10201-010-0322-4
https://doi.org/10.3390/w8020040
https://doi.org/10.2166/nh.2003.0004
https://doi.org/10.1007/s11356-018-3035-6

(Lassaletta et al., Ebro d0i:10.5194/bg-9-57-2012
2012)
(Ludwig et al., 2010) | Adige, Arno, doi:10.1029/2009GB003594

Danube, Ebro, Po,
Rhone

(Ménesguen et al.,

Dordogne, Garonne,

https://doi.org/10.1016/j.ocemod.2018.11.002

2019) Loire, Seine

(Minaudo et al., Loire doi:10.5194/bg-12-2549-2015

2015)

(Mockler et al., Shannon http://dx.doi.org/10.1016/j.scitotenv.2017.05.186

2017)

(Passy et al., 2013) Scheldt, Seine, http://dx.doi.org/10.1016/j.jmarsys.2013.05.005
Somme

(Passy et al., 2016) Seine doi: 10.3354/meps11533

(Petus et al., 2014) Adour http://dx.doi.org/10.1016/j.csr.2013.11.011

(Tockner et al.,
2009)

Danube, Daugava,
Duoro, Ebro, Elbe,
Loire, Nemunas,
Neva, Oder, Rhine,
Rhone, Vistula

Tockner, Klement, Urs Uehlinger, and Christopher T.
Robinson. Rivers of Europe. Academic Press, 2009.

(Radach and Patsch,
2007)

Elbe, Ems, Rhine,
Weser

DOI: 10.1007/BF02782968

(Romero et al.,
2013)

Adige, Adour, Arno,
Dordogne, Duoro,
Ebro, Garonne,
Loire, Po, Rhone,
Scheldt, Seine,
Somme, Tagus,
Tiber, Vilaine

DOI 10.1007/s10533-012-9778-0

(Skarbgvik et al.,
2014)

Black Drin

DOI:10.2298/ABS1402667S

(Thieu et al., 2010)

Scheldt, Seine,
Somme

doi:10.1016/j.scitotenv.2009.12.031

(Valsecchi et al.,

Adige, Arno, Po

http://dx.doi.org/10.1016/j.chemosphere.2014.07.044

2015)
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Figure S4.2 Comparison of reported freshwater runoff with GREEN model [m3 s-1] (derived from the
model LISFLOOD), shown on a log-log-scale, color-coded are the different sources for the reported

values.
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Figure S4.3 Comparison of reported annual Total Phosphorus load with GREEN model [t a-1], shown on a
log-log-scale, color-coded are the different sources for the reported values.
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Table S4.3 Correlation coefficients (R2) and gradients of a linear fit (a) for freshwater runoff and nutrient
loads between GREEN model and different data sources (listed in Table S4.1 and Table S4.2). The
correlation was computed for the whole data set as well as for the different data sources separately. The
linear fit between reported and modeled freshwater runoff and nutrient loads was computed, assuming
the intersect at 0. *Data sources from the literature per river basin are provided in Table S4.2.

Freshwater | Total Nitrogen Total Phosphorus

Runoff load load

R2 a R2 a R2 a
All data 0.96 | 1.079 | 0.90 0.961 | 0.49 | 0.565
All data without NEWS2 0.80 | 0.993
NEWS2 (global database) 0.95 | 1.079 | 0.91 1.084 | 0.72 | 0.371
GRDC (Global Runoff Database) 0.97 | 1.086
OSPAR ICG EMO 0.89 | 1.174 | 0.74 1.085 | 0.63 | 1.078
Reported by HELCOM or OSPAR | 0.90 | 1.210 | 0.85 1.020 | 0.90 | 1.146
EEA data 0.93 0.969 | 0.75 | 1.006
Data from the literature* 0.96 | 1.059 | 0.94 0.894 | 0.84 | 0.968
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S5. Nutrient inland input under different scenarios

Table S5.1 Nitrogen inland input per regional seas (per source and scenario).

Nitrogen inland input per regional seas (per source and scenario)

Atmospheric  Scattered Point Agriculture Total
deposition dwellings  sources (Min, Man, Input
BNF)
Scenario (ton/y) (ton/y) (ton/y) % of (ton/y) % of (ton/y) % of
change change change

Baltic

REF 989390 33773 90578 3365835 4479576

BAU 971834 33730 88588 -2 3312010 -2 4406162 -2

NUTR 989390 32746 86179 -5 3298474 -2 4406788 -2

MTFR 989390 32746 83618 -8 2618555 -22 3724308 -17
Greater North Sea

REF 1120137 15805 245245 6284123 7665310

BAU 1108643 15805 245200 0 6217190 -1 7586839 -1

NUTR 1120137 13161 235980 -4 5422629 -14 6791907 -11

MTFR 1120137 13161 214615 -12 4857025 -23 6204937 -19
Celtic Sea

REF 151298 1755 55090 1635782 1843925

BAU 148476 1755 52685 -4 1604992 -2 1807908 -2

NUTR 151298 1253 48805 -11 1592667 -3 1794024 -3

MTFR 151298 1253 37532 -32 1367870 -16 1557953 -16
Bay of Biscay and Iberian Coast

REF 444798 8008 79653 2970126 3502585

BAU 439683 7947 75373 -5 2934104 -1 3457107 -1

NUTR 444798 7908 65736 -17 2963165 0 3481606 -1

MTFR 444798 7908 55760 -30 2313345 -22 2821811 -19
Black Sea

REF 959768 38907 178796 3820915 4998386

BAU 947052 38405 151675 -15 3782809 -1 4919940 -2

NUTR 959768 36305 143400 -20 3724705 -3 4864178 -3

MTFR 959768 36305 141393 -21 3212028 -16 4349494 -13
Aegean-Levantine Sea

REF 213160 14123 54715 969524 1251522

BAU 211992 14123 52772 -4 963854 -1 1242740 -1

NUTR 213160 13011 52447 -4 967552 0 1246170 0

MTFR 213160 13011 52277 -4 813571 -16 1092019 -13
lonian Sea and Central Med Sea

REF 40239 4939 15504 238346 299028

BAU 39425 4933 14911 -4 233376 -2 292645 -2

NUTR 40239 3229 11218 -28 235555 -1 290241 -3

MTFR 40239 3229 10441 -33 135060 -43 188969 -37
Adriatic Sea

REF 346900 11802 50053 884785 1293540

BAU 343854 11665 46745 -7 876638 -1 1278902 -1

NUTR 346900 9682 40931 -18 848085 -4 1245597 -4

MTFR 346900 9682 39632 -21 534385 -40 930598 -28
Western Med Sea

REF 313139 6087 98436 1262171 1679833

BAU 310041 6053 96028 -2 1249788 -1 1661910 -1

NUTR 313139 5072 81316 -17 1224325 -3 1623852 -3

MTFR 313139 5072 65512 -33 837689 -34 1221412 -27
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Table S5.2 Phosphorus inland input per regional seas (per source and scenario).

Phosphorus inland input per regional seas (per source and scenario)

Background Scattered Point Agriculture Total
dwellings sources (Min, Man) Input
. % of % of % of

Scenario (ton/y) (ton/y) (ton/y) change (ton/y) change (ton/y) change
Baltic

REF 24788 7790 12768 530411 575758

BAU 24788 7777 12095 -5 521432 -2 566092 -2

NUTR 24788 7538 11268 -12 507270 -4 550864 -4

MTFR 24788 7538 10329 -19 442224 -17 484879 -16
Greater North Sea

REF 14315 2995 32323 1033242 1082874

BAU 14315 2995 32300 0 1022322 -1 1071932 -1

NUTR 14315 2478 31229 -3 738886 -28 786908 -27

MTFR 14315 2474 23205 -28 938456 -9 978450 -10
Celtic Sea

REF 2929 301 9281 290097 302608

BAU 2929 301 8867 -4 284694 -2 296792 -2

NUTR 2929 241 9153 -1 279416 -4 291739 -4

MTFR 2929 213 4441 -52 267602 -8 275185 -9
Bay of Biscay and Iberian Coast

REF 9909 1735 15884 566851 594379

BAU 9909 1720 14494 -9 559545 -1 585669 -1

NUTR 9909 1714 14125 -11 564704 0 590451 -1

MTFR 9909 1710 7482 -53 456045 -20 475146 -20
Black Sea

REF 16204 7965 28502 616570 669240

BAU 16204 7868 23064 -19 609207 -1 656342 -2

NUTR 16204 7409 23618 -17 576299 -7 623529 -7

MTFR 16204 7353 20102 -29 564287 -8 607946 -9
Aegean-Levantine Sea

REF 5517 2897 12236 178358 199008

BAU 5517 2897 11747 -4 177509 0 197670 -1

NUTR 5517 2655 11760 -4 177890 0 197821 -1

MTFR 5517 2646 9845 -20 159501 -11 177509 -11
lonian Sea and Central Med Sea

REF 1214 810 2441 37761 42226

BAU 1214 809 2346 -4 36989 -2 41357 -2

NUTR 1214 525 2296 -6 36806 -3 40841 -3

MTFR 1214 522 815 -67 26250 -30 28801 -32
Adriatic Sea

REF 3572 2321 7881 202626 216401

BAU 3572 2294 6741 -14 200848 -1 213455 -1

NUTR 3572 1956 6128 -22 186650 -8 198306 -8

MTFR 3572 1933 3906 -50 154648 -24 164059 -24
Western Med Sea

REF 6409 1150 17930 242760 268249

BAU 6409 1145 17354 -3 240245 -1 265152 -1

NUTR 6409 986 16624 -7 231508 -5 255526 -5

MTFR 6409 985 6863 -62 179053 -26 193310 -28
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Table S5.3 Nitrogen inland input in EU28 under REF and MTFR scenarios.

Nitrogen inland input in EU28 countries (per source and scenario MTFR)

Scenario REF (ton)

Changes in scenario MTFR compared to scenario REF (%)

Atmospheric  Scattered Point Total Atmospheric  Scattered  Point Total

Country  deposition dwellings  sources Agriculture input deposition dwellings  sources Agriculture input

AT 107290 0 15487 256670 379447 0 -40 0 -3 -2
BE 52005 2502 11528 382658 448693 0 0 -17 -31 -26
BG 74982 1159 10761 293765 380667 0 0 -46 -22 -19
cY 2959 673 1099 15262 19993 0 -2 -27 -26 -22
cz 95376 4822 7546 449503 557248 0 -14 -13 -51 -41
DE 582254 3259 83122 2658311 3326944 0 -64 -1 -24 -19
DK 49490 0 9113 440232 498835 0 0 -1 -25 -22
EE 27418 1 1052 84117 112588 0 -40 -2 -24 -18
ES 241078 228 73957 1697343 2012607 0 -47 -34 -43 -37
Fl 103108 2599 7931 222687 336325 0 0 -1 -29 -19
FR 603176 16655 71311 3583686 4274828 0 0 -14 -9 -8
GB 194772 744 109117 1761634 2066267 0 -52 -35 -33 -30
GR 78778 5172 8810 372337 465097 0 -25 -4 -48 -39
HR 57536 576 8780 166449 233341 0 -64 -67 -63 -47
HU 84353 3602 8389 442588 538932 0 -35 -19 -37 -31
IE 50028 1108 7810 727191 786137 0 -40 -50 0 -1
IT 373198 9510 91189 1187167 1661064 0 -47 -28 -43 -32
LT 58698 2548 2225 241232 304703 0 -10 -1 -19 -15
LU 4045 40 503 26626 31214 0 -18 -8 -45 -39
Lv 45071 1545 1345 97957 145917 0 -8 -24 -19 -13
MT 109 0 655 2724 3488 0 0 -3 -45 -36
NL 74042 263 18159 590486 682951 0 0 -1 -25 -22
PL 352123 18643 39566 1594469 2004801 0 -2 -16 -28 -23
PT 33459 664 20319 186077 240520 0 0 -41 -35 -31
RO 187531 1778 51876 784563 1025747 0 -5 -53 -11 -11
SE 158667 0 12611 298413 469692 0 0 0 -14 -9
SI 27698 2160 2362 42294 74515 0 -6 -49 -26 -16
SK 47480 4453 4133 161768 217834 0 -16 -21 -26 -20
Total

EU28 3766724 84702 680757 18768211 23300394 0 -15 -24 -25 -21
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Table S5.4 Phosphorus inland input in EU28 under REF and MTFR scenarios.

Phosphorus inland input in EU28 countries (per source and scenario MTFR)

Scenario REF (ton)

Changes in scenario MTFR compared to scenario REF (%)

Scattered  Point Total Scattered  Point Total

Country Background dwellings sources Agriculture  input Background dwellings sources Agriculture  input

AT 1258 0 1265 61169 63692 0 -42 -1 -2 -2
BE 461 380 1480 87678 89999 0 0 -25 -7 -7
BG 1667 209 1623 33197 36695 0 0 -67 -16 -17
cY 139 217 313 4132 4801 0 -2 -42 -21 -21
cz 1184 1043 1032 47709 50968 0 -16 -30 -26 -25
DE 5360 513 7198 445985 459056 0 -74 -7 -10 -10
DK 647 0 883 64753 66283 0 0 -1 -5 -5
EE 682 0 113 10571 11366 0 -42 -3 -20 -19
ES 7470 52 15338 370825 393686 0 -52 -59 -35 -35
Fl 5090 416 523 31831 37860 0 0 -3 -15 -12
FR 8234 3588 11947 591610 615379 0 0 -43 -5 -6
GB 3665 165 20048 276421 300299 0 -59 -56 -18 -20
GR 1974 1075 2936 57175 63161 0 -27 -67 -39 -39
HR 845 179 2631 23647 27303 0 -74 -83 -46 -49
HU 1389 761 1200 58865 62215 0 -38 -42 -23 -23
IE 1047 161 1035 141523 143767 0 -46 -70 0 -1
IT 4502 1425 12642 250632 269200 0 -52 -59 -26 -27
LT 985 435 208 33332 34960 0 -12 -2 -15 -14
LU 39 6 45 4910 4999 0 -21 -17 -18 -18
Lv 964 286 176 16800 18226 0 -9 -39 -17 -16
MT 5 0 274 646 924 0 0 -50 -21 -30
NL 519 37 1679 116145 118380 0 0 -6 -4 -4
PL 4678 5277 6790 319049 335795 0 -2 -34 -20 -20
PT 1329 150 4477 43652 49608 0 0 -55 -29 -30
RO 3583 290 8341 127108 139323 0 -5 -65 -7 -11
SE 6743 0 1043 42355 50141 0 0 0 -7 -6
SI 305 346 356 12801 13807 0 -7 -64 -15 -16
SK 730 888 540 15396 17555 0 -18 -46 -16 -16
Total

EU28 65494 17898 106137 3289917 3479447 0 -14 -49 -16 -16
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S6. Nutrient loads to European regional seas under different scenarios

Table S6.1 Nitrogen load at sea outlets (per source and scenario) estimated by the model GREEN.

Nitrogen load at sea outlets (per source and scenario)

Atmospheric  Scattered Point Agriculture Total
deposition  dwellings sources (Min, Man, BNF) load
. % of % of % of

Scenario (ton/y) (ton/y) (ton/y) change (ton/y) change (ton/y) change
Baltic

REF 203992 20171 83561 217699 525423

BAU 200051 20145 81745 -2 213669 -2 515608 -2

NUTR 203963 19530 79532 -5 213140 -2 516165 -2

MTFR 203962 19530 77214 -8 171710 -21 472416 -10
Greater North Sea

REF 226159 9815 236788 655866 1128627

BAU 223834 9815 236746 0 648476 -1 1118870 -1

NUTR 226156 8137 227692 -4 564141 -14 1026126 -9

MTFR 226156 8137 206589 -13 509292 -22 950173 -16
Celtic Sea

REF 36655 1149 54908 324813 417525

BAU 35968 1149 52503 -4 318664 -2 408284 -2

NUTR 36654 818 48631 -11 316696 -2 402798 -4

MTFR 36654 818 37382 -32 265481 -18 340335 -18
Bay of Biscay and Iberian Coast

REF 86320 5132 75714 209743 376908

BAU 85332 5092 71677 -5 207585 -1 369686 -2

NUTR 86318 5066 62208 -18 209225 0 362817 -4

MTFR 86317 5066 52697 -30 178043 -15 322123 -15
Black Sea

REF 163158 21202 149583 191089 525033

BAU 160717 20937 125850 -16 188359 -1 495863 -6

NUTR 163157 19873 118845 -21 183064 -4 484939 -8

MTFR 163156 19873 117262 -22 162536 -15 462828 -12
Aegean-Levantine Sea

REF 50016 9016 52978 81797 193807

BAU 49748 9016 51103 -4 81435 0 191303 -1

NUTR 50010 8285 50782 -4 81657 0 190735 -2

MTFR 50010 8285 50619 -4 73137 -11 182051 -6
lonian Sea and Central Med Sea

REF 9310 3258 15343 22389 50300

BAU 9124 3254 14754 -4 21928 -2 49061 -2

NUTR 9308 2125 11112 -28 22122 -1 44667 -11

MTFR 9305 2125 10340 -33 12504 -44 34274 -32
Adriatic Sea

REF 81602 7588 48586 95888 233665

BAU 80909 7497 45317 -7 95150 -1 228873 -2

NUTR 81598 6196 39670 -18 91711 -4 219174 -6

MTFR 81540 6196 38365 -21 60995 -36 187096 -20
Western Med Sea

REF 74916 3956 96524 75350 250746

BAU 74189 3933 94154 -2 74507 -1 246783 -2

NUTR 74913 3281 79612 -18 74324 -1 232131 -7

MTFR 74907 3281 64084 -34 58814 -22 201086 -20
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Table S6.2 Phosphorus load at sea outlets (per source and scenario) estimated by the model GREEN.

Phosphorus load at sea outlets (per source and scenario)

Background Scattered Point Agriculture Total
sources dwellings  sources (Min, Man) load
. % of % of % of

Scenario (ton/y) (ton/y) (ton/y) change (ton/y) change (ton/y) change
Baltic

REF 12342 4473 10733 6317 33865

BAU 12341 4465 10191 -5 6178 -2 33175 -2

NUTR 12341 4320 9525 -11 5987 -5 32174 -5

MTFR 12341 4320 8772 -18 5321 -16 30755 -9
Greater North Sea

REF 5685 1809 30196 28389 66079

BAU 5685 1809 30176 0 28062 -1 65731 -1

NUTR 5685 1485 29186 -3 20438 -28 56793 -14

MTFR 5685 1482 21449 -29 25879 -9 54495 -18
Celtic Sea

REF 1085 210 9215 21487 31997

BAU 1085 210 8802 -4 21078 -2 31175 -3

NUTR 1085 168 9089 -1 20764 -3 31105 -3

MTFR 1085 148 4405 -52 19461 -9 25099 -22
Bay of Biscay and Iberian Coast

REF 3774 1123 14598 9264 28759

BAU 3774 1113 13381 -8 9163 -1 27431 -5

NUTR 3774 1108 13020 -11 9225 0 27127 -6

MTFR 3774 1106 6775 -54 8067 -13 19722 -31
Black Sea

REF 4551 3487 19398 5892 33328

BAU 4551 3451 15593 -20 5775 -2 29370 -12

NUTR 4551 3287 15972 -18 5360 -9 29170 -12

MTFR 4551 3266 13704 -29 5475 -7 26995 -19
Aegean-Levantine Sea

REF 2959 1935 11653 4384 20931

BAU 2959 1935 11206 -4 4374 0 20474 -2

NUTR 2959 1766 11219 -4 4380 0 20323 -3

MTFR 2959 1759 9311 -20 4186 -5 18215 -13
lonian Sea and Central Med Sea

REF 582 569 2402 1021 4574

BAU 582 568 2308 -4 1001 -2 4459 -3

NUTR 582 368 2260 -6 998 -2 4208 -8

MTFR 582 366 802 -67 683 -33 2432 -47
Adriatic Sea

REF 1776 1563 7369 6650 17359

BAU 1776 1544 6282 -15 6604 -1 16207 -7

NUTR 1776 1312 5769 -22 6170 -7 15028 -13

MTFR 1776 1295 3599 -51 5274 -21 11945 -31
Western Med Sea

REF 3270 759 17126 3514 24669

BAU 3270 755 16576 -3 3473 -1 24075 -2

NUTR 3270 642 15880 -7 3455 -2 23248 -6

MTFR 3270 642 6515 -62 3043 -13 13471 -45
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S7. Nutrient concentration in European rivers under different scenarios

Table S7.1 Statistics on the distribution of nitrogen and phosphorus concentration and N:P ratio at all
catchments outlets, estimated by the model GREEN under different scenarios.

Nitrogen all catchments

Scenario | n mean | sd median | trimmed | Q0.05 | Q0.1 | Q0.25 | Q0.75 | Q0.9 | Q0.95
BAU 845314 | 2.49 | 18.11 1.05 1.40 0.08 | 0.15 0.47 2.32 | 4.69 7.19
NUTR 845314 | 2.45| 17.71 1.06 1.40 0.08 | 0.15 0.48 2.32 | 4.63 7.01
MTFR 845347 | 2.26 | 21.53 0.99 1.29 0.08 | 0.15 0.46 211 | 4.21 6.32
REF 845312 | 2.54 | 18.19 1.07 1.42 0.08 | 0.15 0.48 2.36 | 4.77 7.33
Phosphorus all catchments
Scenario | n mean | sd median | trimmed | Q0.05 | Q0.1 | Q0.25 | Q0.75 | Q0.9 | Q0.95
BAU 845314 | 0.16 | 2.16 0.06 0.07 0.02 | 0.02 0.03 0.12 | 0.25 0.42
NUTR 845314 | 0.15 | 2.05 0.06 0.07 0.02 | 0.02 0.03 0.11 | 0.24 0.40
MTFR 845347 | 0.14 | 2.51 0.05 0.07 0.02 | 0.02 0.03 0.11 | 0.22 0.37
REF 845312 | 0.17 | 2.19 0.06 0.08 0.02 | 0.02 0.03 0.12 | 0.25 0.43
N:P ratio
Scenario | n mean | sd median | trimmed | Q0.05 | Q0.1 | Q0.25 | Q0.75 | Q0.9 | Q0.95
BAU 845314 | 18.95 | 16.68 16.64 17.49 3.08 | 5.35| 11.43 | 23.82 | 33.35 | 40.99
NUTR 845314 | 19.39 | 16.99 16.90 17.85 3.11 | 5.35| 11.57 | 24.40 | 34.68 | 42.56
MTFR 845347 | 18.79 | 16.71 16.58 17.37 3.12 | 5.48 | 11.55 | 23.35 | 32.73 | 40.31
REF 845312 | 19.06 | 16.71 16.70 17.59 3.12 | 5.39 | 11.45 | 23.98 | 33.70 | 41.23
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Table S7.2 Statistics on the distribution of nitrogen and phosphorus concentration and N:P ratio at the
river basins outlets, estimated by the model GREEN under different scenarios.

Nitrogen Sea Outlets

Scenario | n mean | sd median | trimmed | Q0.05 | Q0.1 | Q0.25 | Q0.75 | Q0.9 | Q0.95
BAU 4148 4,50 | 18.06 1.16 1.63 0.04 | 0.06 0.25 2.98 | 6.24 | 15.26
NUTR 4148 4.09 | 15.55 1.15 1.56 0.04 | 0.06 0.25 2.82 | 5.88 | 14.25
MTFR 4148 3.77 | 14.94 0.99 1.38 0.04 | 0.06 0.24 2.43 | 5.30 | 12.98
REF 4148 4,57 | 18.25 1.19 1.66 0.04 | 0.06 0.25 3.07 | 6.42 | 15.61
Phosphorus Sea Outlets
Scenario | n mean sd median | trimmed | Q0.05 | Q0.1 | Q0.25 | Q0.75 | Q0.9 | Q0.95
BAU 4148 0.37 | 1.71 0.07 0.11 0.01 | 0.01 0.03 0.20 | 0.52 1.28
NUTR 4148 0.33 | 1.55 0.07 0.11 0.01 | 0.01 0.03 0.18 | 0.46 1.17
MTFR 4148 0.29 | 1.42 0.06 0.10 0.01 | 0.01 0.03 0.17 | 0.38 0.93
REF 4148 0.38 | 1.72 0.07 0.12 0.01 | 0.01 0.03 0.20 | 0.53 1.36
N:P Sea Outlets
Scenario | n mean | sd median | trimmed | Q0.05 | Q0.1 | Q0.25 | Q0.75 | Q0.9 | Q0.95
BAU 4148 | 14.00 | 10.03 12.97 13.08 1.75 | 3.61 8.11 | 18.11 | 23.97 | 28.75
NUTR 4148 | 14.75 | 11.65 13.11 13.26 1.75 | 3.51 7.99 | 18.59 | 25.56 | 34.31
MTFR 4148 | 13.79 9.40 13.25 13.12 1.75 | 3.64 8.62 | 17.62 | 22.26 | 26.58
REF 4148 | 14.04 | 10.07 12.98 13.12 1.75 | 3.61 8.14 | 18.25 | 24.05 | 28.93
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Figure S7.1 Distribution of nitrogen and phosphorus concentration and N:P ratio at the sea outlets
(right) and at all catchments outlets (left), estimated by the model GREEN under different scenarios.
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