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ARTICLE INFO ABSTRACT

Keywords: Study Region: Our study region is the Baltic Sea Drainage Basin (BSDB), which covers an area of
Baltic Sea 1.8 Mio km2 distributed over 14 countries in northern Europe.

E-HYPE

Study Focus: We use a large-scale hydrological and nutrient transport model (E-HYPE) to model
basin-wide impacts of measure scenarios on the Baltic Sea, where eutrophication is a critical issue
for the marine ecosystem. We constructed measure scenarios based on stakeholder acceptance,
established in workshops in different regions around the Baltic. These measures include local
stream reach to catchment scale measures aiming to reduce nutrient transport into the stream
network (buffer strips, stormwater ponds) and measures aiming to reduce regional nutrient
source releases (fertiliser leaching rates, rural household emissions).

New Hydrological Insights for the Region: Nutrient load reductions are often needed to reduce
eutrophication and improve overall surface water quality in fresh-water and enclosed bays and
seas, where dilution is limited and load emissions have long residence times. To reduce riverine
nutrient loads, remediation measures are necessaly, e.g. establishment of buffer strips or
improved wastewater treatment. Such measures are, however, typically not designed to target
nutrient load reductions at sea outlets, but rather focus on local improvements. Here, we show
that measures, notwithstanding other meliorating ecosystem benefits, must include reductions in
load emissions across large basin areas to impact integrated net loads into coastal sea basins,
because reduction measures that only target nutrient delivery to the stream network typically
cannot be implemented in a significant enough proportion of the total drainage area of large
coastal river basins. Our impact scenarios show BSDB-wide nutrient reductions of up to 9 % for
nitrogen and phosphorus compared to a reference scenario, if load emissions are reduced in the
scenario assumptions.

Hydrological modelling
Nutrient load reduction
Scenario impacts
Water quality

1. Introduction

Anthropogenically driven eutrophication is a global problem of surface water bodies in landscapes under human use. Excessive
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emissions of macronutrients such as nitrogen and phosphorus originate from various diffuse and point sources, and are subsequently
transported along surface and sub-surface water flow paths. These riverine nutrient loads impact water quality in downstream aquatic
ecosystems from local headwater streams through lake and river systems all the way down to marine ecosystems at river outlets where
they are discharged into the sea.

In the Baltic Sea drainage basin (BSDB), the impact of nutrient load pollution on the marine ecosystem is amplified because the
Baltic Sea is an enclosed sea with limited water exchange with the open ocean, which exacerbates eutrophication compared to more
open sea basins. This has been long acknowledged by the scientific and decision-making communities and led to the establishment of
the Baltic Sea Action Plan (BSAP) through the Helsinki Commission (HELCOM), which prescribes reduction goals for nitrogen and
phosphorus loads for all member states (HELCOM, 2013). It is, however, not clear how these goals can be achieved effectively by the
member states and how projected climate change and possible modifications of land uses or other anthropogenic drivers affect future
riverine nutrient load dynamics to the Baltic Sea basin in the 21st century.

Large-scale hydrological model applications can serve as effective tools to dynamically predict basin-wide nutrient transports
coherently over large areas, Thus, they allow to investigate impacts from environmental change and implementation of remediation
measures using projected forcing data across the model domain. In particular, such model frameworks can provide impact estimates of
basin-wide load reductions for different types of measures, e.g. source reduction, edge-of-field and in-stream retention/removal. For
the BSDB, several such studies have been undertaken previously, for instance Arheimer et al. (2012) used a HYPE model application to
estimate the impact of climate change and extensive reductions in diffuse and point nutrient emissions. They then related their results
to BSAP reduction targets for the end-century period with results indicating difficulties to achieve all BSAP targets and added un-
certainty due to climate change impacts on flow and nutrient loads. Moreover, Wulff et al. (2014) studied impacts and cost-efficiencies
of nutrient reduction measures and land use change in the BSDB using a multi-model environment and utilised their basin-scale model
to highlight the importance of downstream retention for identifying cost-effective reduction measures. Other studies used modelled
discharge projections in combination with other predictors to estimate future trends in nutrient loads to the Baltic Sea, e.g. Hagg et al.
(2014) combined Baltic Sea scale climate change discharge scenarios with consumption and population growth scenarios as proxy for
changes in anthropogenic sources and used simple regression models to estimate future nutrient transport change trajectories, showing
strong impacts of human source changes compared to climate impacts especially in the southern basin parts.

Decisions to support implementation of edge-of-field and in-stream remediation measures for reducing nutrient loads to surface
waters, e.g. constructed wetlands (e.g. Arheimer and Wittgren, 2002; Fisher and Acreman, 1999), riparian buffers (Hoffmann et al.,
2009), or re-meandering of small streams, are typically made by regional government bodies and target the ecological status of local
waters. Moreover, these measures often fulfil multiple purposes along with load reduction, e.g. enhanced fish spawning habitats,
increased biodiversity or (re-)establishment of recreation areas. Other policy-based measures, e.g. the Nitrate Directive (Council
Directive 91/676/EEC) and the Urban Waste Water Directive (Directive 98/15/EC and Directive 91/271/EEC), take effect more
uniformly on national to trans-national scales as changes in fertiliser application rules or stricter legislation on wastewater discharge
quality. The latter often target large scale remediation goals such as the overall load to the Baltic Sea. Studies of the cost-effectiveness
of measures targeting water quality have indicated that the outcome depends on both the specific location where a measure is
implemented and, on the scale, where the effect is considered, whether at the local waters or at the outlet of a larger river basin (c.f.
Arheimer et al., 2005; Carolus et al., 2020; Balana et al., 2015). In addition, the process of climate change adds uncertainty to the effect
estimates for different measures (e.g. Arheimer et al., 2012). To address this, scenario modelling of the effect of measures in a future
climate can provide useful information when planning for cost-effective nutrient reduction.

Here we use the hydrological and nutrient transport model E-HYPE (Hundecha et al., 2016) to investigate the BSDB-wide impacts of
four widely applicable remediation measures under present and future climate and socioeconomic conditions. In contrast to previous
studies (e.g. Arheimer et al., 2012; Hagg et al., 2014; Wulff et al., 2014), the remediation measures originate from real-life multi-sector
stakeholder consultations. Four focus areas in the region were selected: The selection was guided by local stakeholders’ acceptance of
remedial measures as tools for nutrient load reduction and thus their likeliness to be implemented, rather than their expected efficiency
on nutrient load reductions seat downstream sea outlets. The reasoning behind the pan-Baltic impact modelling approach presented
here is to provide insight into potential large-scale impacts — or lack thereof — of a selected ensemble of remediation measures on
nutrient loads to the Baltic Sea Basin. Understanding how the measures can potentially affect future nutrient loads at different spatial
scales is essential to policy makers and stakeholders at the Baltic Sea regional scale. Our results add to the understanding of local
remediation measure implementation at this scale.

The impact of stakeholder-selected measures is evaluated at three different spatial scales: catchment scale showing the spatial
distribution of impacts for individual E-HYPE catchments (most relevant to local decision-making stakeholders), sea outlet basin scale
providing impacts of measures in net loads to the Baltic Sea, and Baltic Sea-wide aggregates showing impacts to the overall load from
land areas. The latter are contextualised by load change estimates under mid-century climate and socio-economy projections.

2. Material and methods
2.1. HYPE model and E-HYPE set-up for the Baltic Sea drainage basin

For the scenario modelling conducted in this study, we use an integrated hydrological and nutrient transport model set-up for the
Baltic Sea Drainage Basin (BSDB). This model set-up is part of the pan-European model E-HYPE, and model calibration was performed

on the full Furanean damain (Hundecha et al., 2016). We will therefore refer to the model set-up as E-HYPE here, even though we
< BSDB sub-domain only.
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E-HYPE is a model set-up of the conceptual HYPE model (Hydrological Predictions for the Environment), which is an open source
integrated rainfall-runoff and nutrient transport model (for a detailed model process description, see Lindstrom et al., 2010 and
https://hypeweb.smhi.se/model-water/). HYPE uses sub-basins to divide the landscape as opposed to uniformly spaced grid cells. This
approach allows to use high-resolution catchment delineation and at the same time to aggregate sub-basins to hydrologically
meaningful sizes, making HYPE computationally efficient for large-scale applications. Each sub-basin acts as an independent reactor
with individual sub-basins being hydrologically connected through a routing scheme. Fluxes and states are computed at each time step
for hydrological response units (HRU) defined within these catchments. HRUs are derived from landscape properties, e.g. mapped soil
and land cover types. Conceptually, HRUs consist of up to three stacked subsurface storages (linear reservoirs with explicitly defined
depths) with a single groundwater table and a number of flow path conceptualisations for recharge and release (e.g. snow cover,
evapotranspiration, saturation and infiltration excess, matrix flow, macropore flow, and tile drainage). HYPE also includes a lake
module, which is embedded in the river routing scheme. In order to tie nutrient turn-over to modelled hydro-dynamics, HYPE
explicitly accounts for soil porosity and field capacity/wilting point storage volumes. Nutrient pools are coupled to these volumes.
HRUs in HYPE are parameterised for the whole domain, which allows for consistent parameterisation of ungauged areas (e.g.
Stromaqvist et al., 2012; Hundecha et al., 2016). Data required for setting up the model include spatial data for delineation and HRU
definition, climate forcing data (precipitation and air temperature), calibration data (some gauges of stream discharge and nutrient
concentrations), and land management data sources (e.g. point source releases, crop fractions, and land management practices).

E-HYPE has been developed as a large-scale modelling tool for Europe continuously over several years (for a detailed description of
the model set-up and complete lists of data sources see e.g. Donnelly et al., 2016; Hundecha et al., 2016). The BSDB in E-HYPE is
delineated into ~7200 sub-basins, for each of which model results can be computed. The most recent developments of E-HYPE
(v.3.1.4) include extensions and updates to input data, e.g. estimates for point sources, crop management, and in-soil nitrate turnover,
as well as a re-calibration of model processes using updated observation series of riverine nutrient concentrations. HRUs in E-HYPE are
based on aggregated CORINE Land Cover 2006 classes with Global Land Cover 2000 classes for areas not covered by CORINE, in
combination with aggregated FAO/UNESCO Soil Map of the World classes. Within the BSDB, 13 land use classes exist (Fig. Ala, in
appendix). Agricultural areas are classified into four land use classes, totaling 34 % of the BSDB area. Soils in the BSDB are classified
into seven classes, grouping mineral soils into three textural classes plus moraine material and shallow soils, and soils with dominant
organic material into another class (Fig. A1b). Soils under agricultural land use are dominated by “medium” and “fine” mineral soil
classes, with a total of 74 % of soils under agriculture falling into these classes in the BSDB. All HRUs with agricultural land use are
assumed to include tile drainage at a depth of 0.75 m in the model, with the exception of those on coarse soils. Input data assumptions
with particular relevance for the scenarios of measures presented here include estimates of rural household emissions and fertiliser
rates.

2.2. Modelling nutrients from rural households

Rural household emissions in E-HYPE are conceptualised as constant emissions based on catchment-wide release estimates. Emitted
loads are routed partly into subsurface nutrient pools, and partly into local streams. Subsurface releases then undergo a much stronger
retention and removal within the catchment, especially for phosphorus, which is efficiently trapped in soil pools. The subsurface
fraction is estimated to 75 %, with the remaining 25 % being emirtted to the stream network directly. This partition serves as a
simplistic conceptualisation of the various retention mechanisms at individual household installations, which range from intentional
or accidental seepage of septic tanks to actual removal and transport for off-site treatment. In E-HYPE, releases are estimated from a
combination of several data sources: Gross per capita releases amount to 13.5 g d ! for nitrogen and 2.1 g d* for phosphorus (Swedish
EPA, 1995). Nutrient removal efficiencies for treatment of rural household emissions and percentages of population connected to
facilities with different treatment levels were taken from national scale categorised percentages published by the European Envi-
ronmental Agency (EEA) for 2005 (EEA, 2013). Rural population number estimates in each E-HYPE catchment were calculated from
data of the History Database of the Global Environment (HYDE) for 2005 (Goldewijk et al., 2011).

These HYDE population estimates, however, do not include information on connectivity to sewer systems, so that EEA treatment
percentages and HYDE rural population fractions required an additional merging procedure: EEA treatment percentages were
distributed over HYDE population fractions in each E-HYPE catchment, with better treatment first distributed among any urban
population in the catchment. This procedure results in varying treatment efficiencies for urban and rural population in individual E-
HYPE catchments, but this variation is assumed to lie well within the uncertainty bounds of the overall estimation chain and are
therefore deemed acceptable.

2.3. Modelling nutrients from fertiliser inputs

Fertiliser inputs in E-HYPE is tied to regionalised crop classes with nitrogen and phosphorus rates for mineral fertiliser and manure
defined for each crop class individually. Application dates are pre-defined with up to two applications possible for each crop class per
year. Fertiliser amounts are added to the upper two soil layers at fixed ratios. Across the E-HYPE domain, crop classes are further
differentiated into regions, owing to climate gradients and different agricultural structures over the large model domain. E-HYPE crop
regions are based on Eurostat NUTS regions (Nomenclature of Territorial Units for Statistics, at level 2). For estimates of regional
fertiliser inputs rates, we then used results from the CAPRI model (Common Agricultural Policy Regionalised Impact analysis), a
anantirative aericultural eector modelling system (Britz et al., 2007), and the Eurostat Farm Structure Survey (FSS; Eurostat, 2016).

vowth season and harvesting dates were extracted from the MIRCA2000 data set (Portmann et al.,
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2010). All nutrient-related data sources represent a reference period of around 2001-2010, which was subsequently used in calibration
for in-stream nitrogen and phosphorus concentrations.

2.4. Parameter estimation and model evaluation

Like many large-scale hydrological model applications, E-HYPE is calibrated for an optimised performance across the full model
domain, as opposed to an optimisation of single observation points. Calibration of model parameters regulating discharge was con-
ducted using automatic calibration routines (Hundecha et al., 2016). Calibration of parameters for riverine nutrients (nitrogen and
phosphorus) was then performed with the calibrated discharge model, combining automatic parameter optimisation and manual
tuning. Both nutrient and discharge calibration used the representative gauged basin (RGB) approach to estimate parameterisations for
ungauged areas within the model domain (Donnelly et al., 2016; Stromgvist et al., 2012).

Discharge calibration was evaluated at a monthly time step during 1981-2000 using Median Nash-Sutcliffe Efficiency (NSE (-), Eq.
(1)) and percentage bias (PBIAS (%), Eqn (2)):
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Fig. 1. E-HYPE performance at discharge gauges with no to little regulation influence and nutrient sampling sites in BSDB. Monthly Nash-Suteliffe
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NSE and PBIAS were 0.55 and 0.5 %, respectively, across stations without strong regulation influence in Europe. Stations were
screened visually for evidence of regulation in time series and flow duration curves, and classified accordingly. For the BSDB domain,
corresponding medians were slightly better for NSE at 0.66 and similar for PBIAS at 0.6 %. Flow performances were rated satisfactory
for NSE and good for PBIAS in the context of large-scale hydrological modelling (Moriasi et al., 2007). There is a considerable spread in
performance across gauging stations in the BSDB with regional patterns of under- and over-estimations of long-term discharges
(Fig. 1a, b). Large volumetric biases in discharge often coincide with low NSE scores, and are considered to be a combined effect of
regional biases in forcing data, evapotranspiration estimates, and effects of water human water abstraction and transfer between river
systems unknown to the model. The Scandinavian mountain range is a notable exception to this pattern; discharge volumes are
underestimated in this region, while NSE values remain still high due to the strong seasonality of snow-melt dominated discharge
dynamics which is adequately captured by the model. Note that Polish gauging stations were only added after the calibration and are
shown here for a reference only.

Total nitrogen (TN) and total phosphorus (TP) concentrations produced by the model are more uncertain than discharges. Nutrient
turnover processes are more complex and more influenced by management decisions that are largely generalised in the model (e.g.
fertiliser amounts and timing). There were also less nutrient observation stations available for the calibration within the E-HYPE
domain than for discharges and no stations in the southern Baltic region. X% of nutrient monitoring sites were sampled with at least a
bi-weekly tine step. E-HYPE nutrient concentrations were calibrated for a 2001-2010 period. The median relative error was 8 % and
-10 9% for TP and TN, respectively, across the E-HYPE domain, and 6% and -9% for TP and TN, respectively, across the BSDB.

2.5. Remedial measures of Baltic Sea drainage basin

Within the scope of this study, we defined four remediation measures which could be implemented widely in the BSDB as part of
programmes of measures which address various local environmental issues while also reduce nutrient loads in surface waters. These
measures include (1) the establishment of buffer strips along streams in agricultural areas, (2) decreased fertiliser amounts due to
technological advances in farming technology (e.g., precision farming), (3) establishment of storm water retention ponds in (semi-)
urban areas, and (4) a theoretical scenario of nearly eliminating rural household sewage releases to explore the overall impact of a
significant source load reduction on loads at sea outlets. This set of measures was selected from a larger number of measures identified
during multi-sector stakeholder discussions in four case study areas in four countries that border the Baltic Sea (Walczykiewicz et al.,
2017). The measures were assumed to be applied uniformly following the same general rules based on land use or soil type across the
BSDB. The intent was to apply the measures at a rather extensive scope in order to be able to evaluate their mitigation potential for the
Baltic Sea.

Buffer strips were established at two different levels; a basic buffer strip (2 m wide) was simulated along all streams that flow
through agricultural land and a wider, 6-meter buffer strip was simulated along streams in agricultural areas for catchments where at
least 25 % of the land use was agriculture and at least 10 % of soils were classified as medium or medium-fine, signifying high levels of
exposure for erosion and high erodibility of the exposed surfaces. Technological advances in agriculture were assumed to result in a 5%
reduction in N and P fertiliser application due to implementation of precision farming and auto-steering on large farms (>100 ha)
mainly due to reduced overlap. The area-weighted proportion of large farms from Eurostat (ec.europa.eu, 2016) was used on a country
level to estimate the total reduction.

Retention ponds were assunied to be constructed downstream of urban catchments. The proportion of urban area runoff that was
treated via retention ponds varied with percent imperviousness. The proportion was determined using a cumulative distribution
function and assuming 5%, 15 %, 30 %, 45 %, and 60 % of the area being treated for imperviousness thresholds for 10th, 25th, 50th,
75th, and 90th percentiles. The design characteristics for each retention pond were approximated from directly connected impervious
area (Sutherland, 1995) and a surface area to drainage area ratio (USEPA, 1986).

Rural household sewage releases were assumed to decrease to 10 % of the estimated emitted nitrogen and phosphorus loads for
2005 reference conditions. The 90 % load reduction was applied to current net releases in each E-HYPE catchment after current
treatment, i.e. to estimates based on rural population and current removal efficiencies. Reductions relative to gross releases are
therefore higher in catchments with low treatment efficiency and lower vice versa. Emissions were still routed to streams and sub-
surface pools as in the reference model. This reduction assumption should be considered as a more theoretical domain-wide
assumption compared to the other scenario measures. This assumption can be unrealistic to achieve in practice in certain parts of
the domain due to already high treatment efficiencies and corresponding low releases. It allowed us, however, to provide an indication
of possible improvements in BSDB-wide net load releases into the sea under the assumption of a significant BSDB-wide source release
reduction.

2.6. Scenario modelling

To allow for long term planning and management on international level within the BSDB, the year 2050 was selected as a projection
fime frame for cimnlatine furire scenarios. This translates to a 30-year model period centred around 2050 (2036-2065). The changes
«lation using 30 years during a recent time period (1981-2010). Model simulations were started 10
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years prior each evaluation period to allow for the model state variables to set. The climate model data were used for both reference
(baseline) and the future (2050s) time periods to ensure consistency for the cross-comparison.

During each evaluation period, all other model inputs such as land use, point source discharges, or management practices were
considered constant. Precipitation and air temperature were the only time dependent model inputs in order to determine long-term
average characteristics for each time period solely as driven by the climate and socioeconomics. The same model inputs used in the
calibration reflecting 2010-2012, with the exception of the climate forcing data, were used in the model runs for the reference period.
The future period, 2050s, was represented by a combination of climate model projections and a plausible socioeconomic development
in the BSDB.

Remediation measures were applied over the BSDB through changes in E-HYPE parametrisation for both the current and future
periods. Daily outputs from E-HYPE were aggregated to mean annual loads at three different spatial scales to investigate spatial load
patterns and expected impacts of remediation measure scenarios in different regions in the BSDB.

Results were first evaluated at a local scale for individual catchments, which provides an insight into the local impact variation
(“local” here being E-HYPE catchments, i.e. the smallest modelled spatial unit). The catchment scale reflects the perspective which
local decision makers often take when designing programmes of measures with a focus on improving local to regional conditions of a
specific river basin under their responsibility. The second level of spatial aggregation is at the sea outlet basins that integrate the
upstream average net load emissions. This reflects a much larger basin perspective, where the focus is on net loads into the Baltic Sea
and changes thereof regardless of local impacts of measures throughourt the drainage basin upstream of the sea outlets while at the
same time considering regional variation from different river basins around the Baltic Sea. The highest level of aggregation is at the
BSDB with total loads summarized from all land areas draining to the Baltic Sea. This scale reflects the focus of international coop-
eration and agreements with the goal of reducing nutrient loads to the Baltic Sea and improving its overall environmental status.

2.7. Climate data

Two climate models were selected from a larger EURO-CORDEX (Coordinated Regional Downscaling Experiment) ensemble of
dynamically downscaled climate change projections from the CMIP5 global climate model ensemble (www.cordex.org, e.g. Jacob
etal., 2014) for RCP8.5 (Riahi et al., 2007). The two chosen climate model projections represent the high end of projected changes over
the study area in precipitation and air temperature, respectively, rather than the full ensemble spread. The selection was based on
mid-century changes in summer under the assumption that changes in summer most strongly influence changes in nutrient dynamics.
However, the higher end of projected changes on annual scale is also represented (Bartosova et al., 2019).

The chosen climate model projections were further downscaled statistically using distribution-based downscaling (DBS) bias
correction (Yang et al., 2010). This was done on the RCMs’ 0.44° grid and towards WATCH Forcing Data — ERA INTERIM (WFDEI)
reanalysis forcing data (reference period 1971-2000).

2.8. Socioeconomic assumptions

Land use, agriculture, population, life style, legislation, and economic development are important drivers that change over time
and can significantly affect generation and transport of nutrients to the Baltic Sea. We have selected Shared Socioeconomic Pathway 2
(SSP2), the “Middle of the Road” development pathway (van Vuuren et al., 2011) as interpreted by Zandersen et al. (2016) for the
BSDB and implemented in E-HYPE by Bartosova et al. (2019) to represent one plausible development by 2050s. SSP2 follows recent
development trends with some progress towards achieving the United Nation’s Sustainable Development Goals. All assumptions build
on spatially differentiated projections of ultimate change factors population size, urbanisation, sewage treatment efficiency, and food
production from the International Institute for Applied Systems Analys (IIASA) SSP database (Riahi et al., 2017), adapted into
proximate change factors mapped to E-HYPE (Bartosova et al., 2019): Significant changes in nutrient source releases include a 5 %
increase in nitrogen efficiency in agriculture, a 30 % decrease in atmospheric deposition of nitrogen, a 20 % and 25 % reduction of
nitrogen and phosphorus loads, respectively, associated with urban wastewater discharges, and a 17 % reduction of nitrogen and
phosphorus loads associated with rural wastewater discharges. No land use change was projected for this particular pathway. Note that
these changes are expected to affect only the simulated nutrient source loads, not the simulated flows.

3. Results and discussion
3.1. Spatial patterns of current nutrient loads

Average annual TN loads emitted from E-HYPE catchments during the reference period show a strong gradient in a general north-
south direction (Fig. 2a , upper map). On top of this general pattern, the mapped loads reveal a local catchment-to-catchment variation
as a combined result of differences in catchment properties and size. The north-south gradient reflects the climate gradient and
subsequent differences in population density and land cover characteristics with agriculture dominating in the south and production
forest in the north. This gradient becomes even more prominent when looking at integrated unit-area loads from Baltic Sea outlets
(Fig. 2a, lower map), where the effect of catchment size is cancelled out and the highest unit-area loads occur in areas dominated by
intensive agriculture in the south of the basin. Small coastal basins show a more irregular spatial pattern due to larger variation in land
nee ar a smaller lnecal ceale The modelled spatial pattern for TP loads looks similar to TN (Fig. 3a ). However, the highest unit area loads

‘ed to agriculture but also to population density and sewage treatment emissions. High unit-area
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Table 1

Modelled remediation measures in BSDB-wide measure scenarios.

Journal of Hydrology: Regional Studies 36 (2021) 100867

Measure Description E-HYPE model implementation
Buffers Establishment of 2 m buffer strips along all streams in Buffer strips conceptualised as an additional P filter for surface runoff
agricultural land 6 m buffer strips where higher contributions flowpath from near-stream agricultural land classes. Fraction of flow
expected. through filter set to 1 for all agricultural surfaces. 6 m buffer strips where
> 25 % of catchment area are agriculture and > 10 % of the area are
medium or medium-fine soils, parameterised as far-stream agriculture
without direct surface flowpath into streams.
Fertiliser 5 % decrease in effective nitrogen and phosphorus fertiliser Large farm fraction (> 100 ha) at national scale extracted from Eurostat
application application on large farms due to improved technology. database (Ec.europa.eu., 2016), and used to proportionally decrease
fertiliser releases (mineral and organic) at national scale in E-HYPE.
Stormwater Retention ponds added to catchments with urban area (percent  Retention pond area added to E-HYPE's catchment-internal lake concept.
ponds of the area treated varies with the imperviousness). Internal lakes are connected to the local stream network with a catchment

specific drainage area fraction. Internal lake and drainage area updated
where urban area is present with a fraction of the area treated varying
with imperviousness.

No further spatial diversification, rural nitrogen and phosphorus loads

Rural sources Reduction of rural sewage releases to 10 % of current load

elimination estimate (reference year 2005) as a result of improved on-site reduced in all catchments with rural releases.
infrastructure.
All All above combined. All above combined

phosphorus loads were modelled even for several south-eastern parts of the basin where unit-area nitrogen loads are comparatively
lower (Table 1).

3.2. Impact of measures on nutrient loads at local scale

Modelled impact from the combined measures at the catchment level (Figs. 2b and 3 b, upper maps) shows a large spatial variation
with little impact in the northern half dominated by sparsely populated forested areas. The overall pattern is comparable to that of TN
and TP loads. This agreement is not surprising since all measures considered here are coupled to either agricultural practice or human
population. This similarity in local change patterns is corroborated by change figures summarised as area proportions of the BSDB with
classified change magnitudes (Table 2). Local loads were reduced by at least 5 % in 53 % of the BSDB area for both TN and TP loads,
and by at least 10 % in 28 % and 30 % of the BSDB area for TN and TP loads, respectively, as a result of all measures combined.

There are, however, marked differences in the responses of the two nutrients when looking at the local impact of individual
measures (Figs. 2¢ and 3 ¢, upper maps). Buffers showed no noticeable impact on nitrogen loads because nitrogen is predominantly
transported in dissolved form along sub-surface pathways in E-HYPE. Phosphorus loads from agricultural areas are, however, reduced
when surface runoff with eroded particles flows over the buffers. Buffers had the biggest impact in the southern and south-western
parts of the basin with smaller impacts in more easterly agricultural areas. This difference could be explained by differences in soil
textures and precipitation patterns and resulting differences in the importance of surface water flow. Dominant crop types and other
factors such as fertilization rates and timing or sowing and harvesting dates can also influence the overall impact of buffer strips within
E-HYPE’s conceptual model framework. Reductions in phosphorus loads of at least 10 % were projected for 14 % of the BSDB area
(Table 2).

The fertiliser reduction measure as modelled here affects only large-scale farms where investing in technological advances is more
likely to be economically viable compared to small farms. As a result, the farm structure is visible at a local scale with higher impacts on
nitrogen loads occurring in countries where large farms dominate. Another factor reflected in the change pattern is regionally esti-
mated fertiliser application rates with change pattern being the most prominent where the fertiliser application rates are high. At the
same time other local characteristics such as soil types or nitrogen reduction processes in soils, groundwater, or surface water can affect
the measure performance. Impacts were negligible for phosphorus due to changes in phosphorus loads not being as directly coupled to
fertiliser application practices as nitrogen loads due to the effect of legacy phosphorus in modelled loads. The legacy phosphorus pools
in agricultural topsoils are large compared to annual fertiliser amounts and can dampen the immediate impact of fertiliser rates on
phosphorus loads, especially when the change is relatively small (5% reduction at large farms). Phosphorus load reductions from
agricultural soils have been shown to require more profound changes in fertiliser management which aim for effectively reducing the
amount of phosphorus stored in agricultural topsoils in relation to what is plant-available during growth periods (Withers et al., 2014).
Legacy pools can also delay impacts of reduction measures on nitrogen loads, as subsurface transport paths can significantly delay load
exports at catchment level (Howden et al., 2011). Within the conceptual model framework of HYPE, subsurface transport paths es-
timates are likely to be at the short end, given that the model parametrisation is primarily driven by discharge dynamics which is most
effective for fast transport paths whereas nitrogen export delay would be mainly affected by the slow end of the catchment-wide
transport path distribution. For the interpretation of modelled reduction scenario effects, this translates into that potential impact
delays on nitrogen loads because of legacy nitrogen are likely to be under-estimated as part of the epistemic uncertainty in the HYPE
model concept. Overall, the modelled impact of reduced fertiliser application under the chosen assumptions is low with 13 % of the
BSDB area showing a local nitrogen load reduction of at least 2.5 % (and only 3 % of the area exceeding 5 % reduction). Projected
nhnenharie Inad reduerinne ninder the chosen assumptions remain under 2.5 % in all areas (Table 2).

anceptualised as internal lakes in catchments with urban land use, showed a much more localised
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Table 2
Modelled nutrient load change from measure scenario analyses. Area fractions (%) of the BSDB impacted by classified change magnitudes, for E-HYPE
catchments and aggregated net loads at sea outlets.

Spatial aggregation level Change magnitude Buffers Fertiliser application Stormwater ponds Rural treatment All measures

Total nitrogen

less than -20 % - - 0.09 8.7 11
from -20 % to -15 % — — 0.14 5.9 6.6
from -15 % to -10 % - - 0.35 7.6 10
Catchment from -10 % to -7.5 % - 0.27 0.9 5.6 9.1
from -7.5 % to -5 % - 2.5 1.7 11 16
from -5 % to -2.5 % - 10 5 23 22
more than -2.5 % 100 87 92 39 25
less than -20 % — - < 0.01 0.49 0.6
from -20 % to -15 % - - - 0.78 19
from -15 % to -10 % - - 0.02 19 2.6
Baltic Sea outlets from -10 % to -7.5 % - 0.01 0.02 2.2 14
from -7.5 % to -5 % - 1 0.38 11 14
from -5 % to -2.5 % - 9.6 1.1 32 32
more than -2.5 % 100 89 98 35 18
Total phosphorus
less than -20 % - - 0.4 4.8 11
from -20 % to -15 % 0.18 - 0.68 4.9 7.7
from -15 % to -10 % 2.6 - 1.7 8.8 11
Catchment from -10 % to -7.5 % 4.3 - 2.1 6.9 9.3
from -7.5 % to -5 % 7.4 - 3.7 12 14
from -5 % to -2.5 % 11 — 8.8 21 21
more than -2.5 % 75 100 83 42 26
less than -20 % — - < 0.01 0.29 0.51
from -20 % to -15 % < 0.01 - - 0.17 7.2
from -15 % to -10 % 0.12 - 0.22 18 13
Baltic Sea outlets from -10 % to -7.5 % 0.49 - 0.27 0.67 1.9
from -7.5 % to -5 % 0.69 - 0.6 1.7 12
from -5 % to -2.5 % 20 — 8.9 17 16
more than -2.5 % 79 100 90 63 50

impact on nitrogen and phosphorus loads. Phosphorus loads were affected more than nitrogen loads because lakes are more efficient
traps for (mainly particulate) phosphorus than for (mainly dissolved) nitrogen. Stormwater retention ponds are often implemented
primarily due to their positive impact on flood reduction and flood water retention in vulnerable areas and thus represent measures
with potential benefits for stakeholders across different sectors. Modelled changes to riverine nutrient loads represent a desirable side
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Fig. 5. E-HYPE-modelled nutrient loads under reference conditions and remediation measure scenarios. 30-year average annual total loads to the
Baltic Sea (top) and the Baltic Proper (bottom) for TN (left) and TP (right). Red bars show cuirent conditions (1981 to 2010), turquoise bars
projected mid-century conditions under RCP8.5 climate and SSP2 socio-economic change. Bar heights show mean results for two climate models,
black error bars show the range for individual climate model results. Numbers on top of each bar give the per cent reduction compared to the
respective “No measure™ model result. For Baltic Proper, cf. drainage area delineation in Fig. 2b (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

effect in this study with the ponds acting similarly to constructed on-stream wetlands that specifically target nutrient load reduction
goals. Simulated load reductions exceeding 5 % of the local reference loads were simulated in 3 % of the BSDB area for nitrogen and 9
% for phosphorus. Stronger reductions exceeding 10 % were rare for nitrogen (0.5 % of the area) while such reductions were achieved
for phosphorus in 3 % of the area.

The rural treatment measure scenario with the chosen release and reduction assumptions, i.e. near-elimination of rural household
releases, showed the greatest impact of all modelled measures. Reductions are particularly pronounced in the southern and eastern half
of the basin where the current load contributions from rural sources (i.e., for the reference year 2005) are comparatively high and thus
represent a large share of the total loads. Nitrogen and phosphorus loads are reduced significantly at the local scale with reductions of
at least 5 % in 39 % and 37 % of the BSDB area for nitrogen and phosphorus loads, respectively, and reductions at least 20 % in 15 %
and 10 % of the BSDB area for nitrogen and phosphorus loads, respectively.

3.3. Impact of measures on nutrient loads at sea outlets

Spatial variation of upstream effects is smoothed out in the integrated net loads at sea outlets; only impacts which take effect over
large areas in a particular basin result in an effective change at this scale (Figs. 2b/c and 3 b/c, lower maps). Internal retention of local
loads in a basin can reduce net loads at the outlets, particularly in lake-rich regions or large basins with long in-stream travel times. In
terms of measure impacts at sea outlets, this translates into diminished measure efficiencies where the internal retention is high (cf.
phosphorus reductions at catchment and outlet scales for Swedish parts of Baltic Proper basin, Fig. 3b). Average modelled retention
amounts ranged from under 2.5 % to more than 60 % for both nitrogen and phosphorus at the BSDB sea outlet basins during the
reference period (Fig. 4). The areas of highest retention at sea outlets are basins upstream of the largest lake (systems) in the region:
Lake Ladoga and the Finnish lake systems in the eastern parts, and Lake Védnern and Véttern to the west. Lakes with large volumes and
long turnover times act as efficient sinks of upstream N and P loads. Retention in basins without large lake systems is lower, with subtle
differences between TN and TP. Modelled retention of TN is generally higher than TP in the northern parts of the BSDB, possibly owing
to instream denitrification of nitrogen loads originating from atmospheric deposition. This effect is masked in the southern parts of the
BSDB where loads are higher and stem from multiple sources for both nitrogen and phosphorus.

For the combined measures scenario, the strongest impact at this scale is projected for the southern basin parts mainly due to the
effectiveness of the rural source elimination scenario in these areas. [solated local effects in small upstream catchments, e.g. most
sfarmwater nond measnre imnacts, have little effect on loads at the corresponding sea outlets unless they are located in small coastal

7 moderate over large areas with 18 % and 50 % of the BSDB area showing less than 2.5 % load
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reduction (i.e., low impact) for the combined scenario for nitrogen and phosphorus, respectively (Table 2). TN loads are reduced more
than the TP loads in most categories with 50 % and 35 % of the area showing a reduction of at least 5 % for nitrogen and phosphorus,
respectively. The area fraction with reductions less than 2.5 % is in excess of 90 % for most individual measure scenarios except for the
rural treatment scenario, which showed stronger reductions of both phosphorus and nitrogen loads over larger areas, and buffers,
which showed a moderate reduction of phosphorus loads (larger than 2.5 %) over about 20 % of the area.

3.4. Cross-scale comparison of load reductions

Our integrated BSDB-wide model approach allows us to quantify scale dependencies of modelled load reductions in response to
measure scenarios. While local impacts of measure scenario can be significant, reduction in net loads to the Baltic Sea are much lower.
‘Local’ in this context means E-HYPE model catchments, at a median size of 215 km? in the BSDB. The highest reductions modelled at
this scale are in excess of 80 % for individual measures, in a small number of catchments (cf. Table 2, included in of the “less than -20 %
“.bracket). Impacts at higher resolution, e.g. down to individual stream reaches may become even higher, but landscape the het-
erogeneity at these scales is no longer represented adequately in regionally driven hydrological model like E-HYPE to provide
meaningful assistance with impact projections. Nonetheless, even the cross-scale comparison between E-HYPE catchment and sea
outlet scales highlight the differences in impacts. For nitrogen, e.g., about 2 % of the BSDB area (127 catchments) achieved at least 40
% reduction at a local catchment level but only 3 sea outlet basins with very small areas (about 8600 km? combined, less than 0.1 % of
BSDB) show at least 40 % reduction in net loads to the Baltic Sea.

Aggregated average modelled net loads to the Baltic Sea allow assessing the overall impact of the selected measure scenarios at this
scale (Fig. 5). E-HYPE results at this scale illustrate a lack of impact of the measure scenarios unless they involve considerable re-
ductions in nutrient source releases. Large scale impacts are almost negligible for measures that target an increased retention/removal
without changing the source releases, ranging from no to 2.6 % reduction of the total nutrient loads aggregated to the Baltic Sea
(Fig. 5). If the targeted measure significantly reduce nutrient source releases as in the rural source elimination scenario, nutrient loads
were reduced to about 7 %. The fertiliser reduction scenario, which also reduced anthropogenic source releases, had lower impact
compared to rural treatment because the scenario assumptions translated to a comparatively small area where the reduction was
applied. New regulation approaches for fertiliser management, might result in higher reduction impacts than under the assumptions
taken here, e.g. spatially differentiated regulation based on reduction potential for nitrogen (Refsgaard et al., 2019), or phosphorus
fertiliser application strategies that minimise wash-off and subsequent loss through either soil sorption or direct transfer to the stream
network (Kleinman et al., 2011). Miller et al. (2020) reported in a scenario-based analysis of nitrogen loads to the Chesapeake Bay
drainage basin, that ca. half of the TN load from fertiliser sources could be removed by eliminating fertiliser leakage from the
highest-contributing areas only, which amounted to ca. 10 % of the total agricultural area. This illustrates the potential for im-
provements under new regulation approaches.

Our integrated model approach also allowed us to compare nutrient loads to the Baltic Sea under combined and individual
measures scenarios, in order to examine for evidence of synergies or antergies in the combined load reductions. Combined reductions
are slightly lower than individual reductions combined for modelled TN and TP loads to the Baltic Sea (-9.3 % vs.—9.4 % for TN, -8.4 %
vs.—8.9 % for TP), but the differences are too small to indicate reduced efficiencies under combined conditions at the BSDB outlet scale.

Most of the impacts were achieved in the part of the BSDB that drains to Baltic Proper (see drainage basin outline in Figs. 2b and 3
b). The Baltic proper is defined as the central sea basin of the Baltic Sea, distinguished from the Gulf of Bothnia to the north, the Gulf of
Finland to the east, and the Belt Sea to the east. The Baltic proper drainage basin includes the largest fraction of agricultural land of the
overall BSDB as well the largest human population. The nutrient load reductions for the Baltic Proper drainage basins are slightly
higher than for the whole BSDB with the largest differences again seen for rural treatment measures. Combining all measures led to
about 12 % and 9 % reductions for the Baltic Proper drainage basin and BSDB, respectively (Fig. 5).

As we move from local through sea outlet to the BSDB scale, we see an overall decrease in the magnitude of nutrient load re-
ductions. Spatial aggregation reduces area fractions for the reduction categories at the extreme ends (minimum and maximum re-
ductions) because upstream variation vanishes from the distribution. There are two main reasons for the decrease in the reductions.
First, the measures are not applied to all catchments at the same scope but rather the scope varies with anthropogenic activities
(agriculture and urbanisation). As the loads move downstream, contributions from catchments with and without the measures are
accumulated. The smaller the scope of the implemented measures, the faster the overall load reductions decrease across scales. Second,
nutrients can be retained or reduced in surface water for example through sedimentation or denitrification. Hence, measures that are
implemented upstream of areas with significant retention or reduction will not have a significant effect on nutrient loads at the sea
outlets. In particular, constructed remediation measures typically lack sufficient spatial-allocation scoping to contribute significantly
to nutrient load reductions at the large basin scale. The implementation strategy considers local effects but does not necessarily target
effects across large areas. This is coherent with previous model-based evaluation of the effects of constructed wetlands in southern
Sweden, where negligible impacts were found on nutrient loads at sea outlets despite an extensive implementation effort (Arheimer
and Pers, 2017).

3.5. Nutrient load reductions at the Baltic Sea scale under environmental change
Nutrient load reductions can change depending on the environmental conditions (Fig. 5). This is especially true for aggregated
lnads die tn en-denendent effects of nutrients on algae production and transformation processes following higher order rate behaviour.

S0s nutrient loads to the Baltic Sea without any mitigation measures, nitrogen loads show an overall
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decrease under 2050s conditions, whereas phosphorus shows an overall increase. Climate change itself is projected to increase nutrient
loads significantly as a result of increased discharge volumes (Bartosova et al., 2019). However, large reduction in nitrogen sources
under SSP2 and especially the expected 30 % decrease of atmospheric deposition of nitrogen counteracts the increase projected from
the climate change alone. While the SSP2 assumptions also include decrease in phosphorus load released into the BSDB, it is not
sufficient to counteract the larger projected increase in phosphorus load (Ockenden et al., 2017). Changes in phosphorus loads are
more closely related to changes in precipitation due to their close association with surface runoff.

The spatial pattern of impacts associated with individual or combined measures projected for 2050s conditions did not change from
the overall pattern under current conditions. However, we see mostly similar or lower load reductions under 2050s conditions
compared to the reference conditions for both nutrients (Fig. 5). Modelled nitrogen reductions for the “Rural treatment” scenario, e.g.,
are 6.7 % under reference conditions, and 6 % during the 2050s period with RCP8.5 and SSP2. The only notable exceptions are
phosphorus load reductions for buffers and stormwater ponds. The projected increased phosphorus load reductions for buffers (from
1.8 % to 2.6 % reduction) can be likely related due to the higher proportion of surface flows projected for the 2050s.

3.6. Confidence and uncertainty in modelled scenario impacts

Modelling the impact of scenarios always carries considerable uncertainty with sources of uncertainty originating in all steps of the
modelling chain from climate forcing data through the impact model structure and calibration to scenario assumptions. Modelling the
effects of remediation measures on riverine nutrient loads at large basin scales is particularly challenging in this regard because of the
lack of detailed data on nutrient source releases and the unpredictability of local management choices, both of which require strong
assumptions and simplifications in conceptual model representation. Hydrological model approaches are, on the other hand, effective
tools (i) to estimate over large areas and with adequate spatial resolution variables such as nutrient loads for which measurements are
not readily available, and (ii) to dynamically assess impacts of change in climate and other environmental conditions using a scenario
approach.

For impact modelling in this study, we used a minimal climate model ensemble with 2 members which allows us in a limited way to
explore uncertainty in projected climate change impacts and relate it to overall modelled change magnitudes under measure scenarios.
Modelled TN loads at the Baltic Sea scale under 2050s RCP8.5 and SSP2 assumptions showed an impact range of less than 1% between
the two climate model members while TP loads showed a larger range around 6% between the two members, illustrating larger climate
projection uncertainty for TP mobilisation and transport processes (cf. Fig. 5) than for TN processes. Total water discharge to the Baltic
Sea was projected to increase between 14 % and 19 % with the two models, i.e. a strong change signal despite a wide range in projected
magnitude. Bartosova et al. (2019) used a four-member ensemble designed to represent a range of projected changes in temperature
and precipitation that included the two climate models chosen here for a similar impact analysis on BSDB-wide nutrient loads. One of
the four members projected lower impacts particularly on TP loads compared to the impact range of our ensemble but none projected
higher impacts. They found, however, a strong impact of socio-economic management scenario alternatives on nutrient loads, which
outweighed the climate ensemble impact spread. This highlights the relative importance of considering the management scenario
uncertainty in nutrient load projections for mid-century projections in this region.

Projection uncertainties in the measure scenarios themselves are arguably impossible to quantify but originate from a number of
distinguishable sources. Measure efficiency itself varies with local conditions and can be hard to quantify exactly a priori. Phosphorus
load reduction in buffer strips, e.g., depends on biogeochemical processes in a several flow paths within the buffer zone, with strong
local variations (Hoffmann et al., 2009). Our results aim to show what load reductions can be expected over larger areas, and
furthermore to highlight the importance of source reductions for large-scale effects using a theoretical elimination scenario for one of
the relevant load sources in the BSDB. Nutrient reductions are also a function of hydrological conditions and thus variable in time (e.g.
Johannesson et al., 2015). We aimed to alleviate the effects of this uncertainty by showing changes in long-term averages, which cover
a wide range of hydrological conditions. Nonetheless, while models as E-HYPE simulate time-dynamic flow processes, small-scale
dynamics at field scale are necessarily simplified in the model framework, reducing the real-world variation in the model results.
Management-related effects pose another uncertainty source in the scenarios. For example, agricultural production is governed by
changing climate and economic conditions and adaptation of farmers to these conditions, which translates into uncertainty in agri-
cultural practices relevant to nutrient loads, e.g. crop cover and fertiliser rates (Huttunen et al., 2015).

Our integrated BSDB-wide measure scenario impact modelling should thus be interpreted as benchmarks which provide an un-
derstanding of change directions and relative impact magnitudes although they have to be contextualised with the underlying model
assumptions. This holds particularly true for the rural source elimination scenario, which assumes load reductions that are unrealistic
real-world targets, but serves as a theoretical end-point benchmark to illustrate impact ranges at the BSDB scale as a whole. Large-scale
dynamic model approaches necessarily simplify local catchment variations, which have an influence on actual measure efficiency at
the individual sites. Stormwater ponds, e.g., were assumed here to be implemented whenever the urban area-criterion in an E-HYPE
catchment was fulfilled. The meaningfulness of an actual implementation in a specific place would of course depend on many more
factors in the local settings, as would its design properties such as e.g. the drainage area of the constructed ponds. Other important
factors for actual implementation are cost effectivity and acceptance. For instance, fertilizer reductions and reductions in point source
emissions have been shown to be important measures for reducing nitrogen loads across the BSDB in a cost-effective way (Elofsson,
2003). Carolus et al. (2020) reveal from a hydrological modelling study of 16 nutrient mitigation measures for three different European
catchment areas (the Latvian Berze, the Swedish Helge and the German Selke rivers) a substantial local variability of the effectivity of
meacnree due ta different eonditions such as land-use, soil or hydrological pathways, pointing towards the need for regionally tailored

sffectivity. The effectiveness of constructed wetlands to reduce nutrient loads has been shown to
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depend on source emission amounts upstream of implemented wetlands, with cost efficiencies out-competing buffer zones and catch
crops in cases where large sources were filtered efficiently (Gachango et al., 2015). Such studies illustrate that overall the cost
effectiveness always also depend on local conditions, in addition to the effects of large-scale scoping and within-basin retention as
highlighted by our large-scale impact-model results. Nontheless, our results provide a set of what if-benchmarks for large scale impacts
of locally implemented measures and as such can provide useful boundary conditions for scenario impact analyses of the Baltic Sea
ecosystem itself (e.g. Neumann and Schernewski, 2005) and guide effective policy development to support HELCOM load reduction
goals established in the BSAP.

In addition to the variation in efficiency of constructed measures, large-scale modelling approaches face the challenge of correctly
estimating the current state of measure implementation. Data on rural wastewater emissions, e.g., are not available in detail over large
areas, and thus have to be estimated using appropriate proxy data. Here, we used published data sources on population numbers and
treatment efficiencies as proxies to calculate rural wastewater emissions for the reference period (2001-2010) at the E-HYPE catch-
ment resolution. Updated data on treatment efficiencies (EEA, 2017) indicate an improved treatment in some of the HELCOM member
states during the period up to the most recent published data for 2015. For Poland, e.g., overall fraction of population with treated
wastewater increased from 60.2 % of the population in 2005 to 72.6 % in 2015, and the fraction for tertiary treatment increased from
37.3 %-58.9 % during the same period. This suggests that a part of the load reductions we projected for the rural wastewater measure
have already been achieved as of today.

4. Conclusions

This study focussed on the integrated large-scale effects of local nutrient load reduction measures, modelled for the Baltic Sea
region, where current nutrient loads at sea outlets have a negative impact on marine ecosystems. The key message from our scenario-
driven model analysis is that reduction of source releases and scoping of measures should be the first considerations for choosing
effective measures at this scale. Our results illustrate a diminishing effect of local measures on nutrient load reductions as the eval-
uation point moves from local to the BSDB scale if (i) measures do not include substantial reductions of nutrient source releases, or (ii)
do not have a wide scope, i.e. are not applied over large areas. Even though our scenario assumptions themselves were not driven by
nutrient reduction goals for the Baltic Sea, it is worth noting that the mean modelled reductions in nutrient loads the Baltic Sea under
reference climate conditions and our combined measures scenario amount to 54 kilotons for total nitrogen and 2.2 kilotons for total
phosphorus, respectively. This falls short of the estimated reduction needs of 118 kilotons for nitrogen and 15 kilotons for phosphorus
to achieve good environmental status in the Baltic Sea as targeted in the Baltic Sea Action Plan (HELCOM, 2013) and highlights the
need to specifically design programmes of measures which target large scale reduction goals alongside local, i.e. stream reach to
catchment scale, goals.

These findings are not per se conflicting with significant load reductions in local catchments and other potential remediation goals
such as increased biodiversity within the basin. They do, however, indicate a need to consider specifically basin-wide load reductions
because adequate reductions might not be achieved merely as a by-product of locally effective remediation measures. This in turn may
pose a challenge for policy makers and other decision makers involved in designing programs of measures which integrate local and
large-scale improvements. In order to achieve substantial nutrient load reduction at the BSDB scale, we need to reduce nutrient
emissions sufficiently at their sources.

We also found these conclusions to apply under 2050s conditions, combining climate change and socio-economic changes, which
showed similar effects of measure scenarios as under reference conditions. 2050s “Middle of the Road” conditions also indicate
decreasing loads for nitrogen mainly as a result of reduced armospheric deposition, which compensated the increased loads projected
from climate change alone. 2050s phosphorus loads, which did not include significant source changes, indicate a net increase as a
result of the projected climate and socioeconomic conditions, albeit with a wide uncertainty range depending on the climate model.
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