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A novel pan-European marine model ensemble was established, covering nearly all seas under the regulation of the Marine Strategy Framework Directive (MSFD), with the aim of providing a consistent assessment of the potential impacts of riverine nutrient reduction scenarios on marine eutrophication indicators. For each sea region, up to five coupled biogeochemical models from institutes all over Europe were brought together for the first time. All model systems followed a harmonised scenario approach and ran two simulations, which varied only in the riverine nutrient inputs. The load reductions were evaluated with the catchment model GREEN and represented the impacts due to improved management of agriculture and wastewater treatment in all European river systems. The model ensemble, comprising 15 members, was used to assess changes to the core eutrophication indicators as defined within MSFD Descriptor 5. In nearly all marine regions, riverine load reductions led to reduced nutrient concentrations in the marine environment. However, regionally the nutrient input reductions led to an increase in the non-limiting nutrient in the water, especially in the case of phosphate concentrations in the Black Sea. Further core eutrophication indicators, such as chlorophyll-a, bottom oxygen and the Trophic Index TRIX, improved nearly everywhere, but the changes were less pronounced than for the inorganic nutrients. The model ensemble displayed strong consistency and robustness, as most if not all models indicated improvements in the same areas. There were substantial differences between the individual seas in the speed of response to the reduced nutrient loads. In the North Sea ensemble, a stable plateau was reached after only three years, while the simulation period of eight years was too short to obtain steady model results in the Baltic Sea. The ensemble exercise confirmed the importance of improved management of agriculture and wastewater treatments in the river catchments to reduce marine eutrophication. Several shortcomings were identified, the outcome of different approaches to compute the mean change was estimated and potential improvements are discussed to enhance policy support. Applying a model ensemble enabled us to obtain highly robust and consistent model results, substantially decreasing uncertainties in the scenario outcome.
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INTRODUCTION

Marine ecosystems are fundamental components of the Earth system, providing valuable ecosystems services such as climate regulation, food, energy and mineral resources, as well as cultural and recreational services (Peterson and Lubchenco, 1997; Barbier, 2017). However, human activities have drastically changed the structure and functioning, as well as the health and productivity of deep oceans, coastal seas, lakes and rivers. Furthermore these are severely at risk due to climate change, overexploitation, ocean acidification, deoxygenation, excess nutrients, chemical pollutants and plastics (Duarte et al., 2020). The combination of all these anthropogenic-induced effects is substantially altering the marine ecosystems and the provision of ecosystem services (Halpern et al., 2015, 2019; Geneletti et al., 2020). Hence, the maintenance and preservation of marine ecosystems are core elements of major international policies (Borja et al., 2020).

In this context, the United Nations has launched the ‘Decade of Ocean Science for Sustainable Development (2021–2030)’ to tackle the challenges in ensuring a sustainable and rational use of natural resources. Objectives, key areas for action and problems to be tackled in this decade are closely aligned with the overarching challenges defined in the UN Sustainable Development Goals (SDGs; Guterres, 2018) in particular SDG#14 (Conserve and sustainably use the oceans, seas and marine resources).

Clean and healthy seas are also a central pillar of the European guiding principles permeating into multiple aspects of the current European Green Deal (European Commission, 2019). At the same time, they are also specifically addressed in several EU policy drivers, such as the Marine Strategy Framework Directive (MSFD; Commission of the European Communities (2008), the Common Fisheries Policy (CFP EC, 2013; Regulation (EU) No 1380/2013), the Blue Growth Strategy (EC, 2012) or the Blue Economy Strategy (EC, 2014). Many threats to marine ecosystems are well known, such as the accumulation of pollutants (e.g., plastics or hazardous chemical substances) or overfishing. Reducing human impacts and, at the same time, aiming to achieve, restore or obtain “Good Environmental Status” (GES) in all (European) marine waters is the major goal of the MSFD.

Among the other threats, eutrophication due to the enrichment of nutrients has been identified as a high-risk anthropogenic-induced process in many coastal and marine waters for decades. Although river-induced fertilisation of coastal waters is a natural process, it has accelerated worldwide due to human activities (Diaz, 2001). The excess of nutrients delivered to coastal areas is the main cause of eutrophication (Bouwman et al., 2012). One major consequence of eutrophication is the development of intense algal blooms (Heisler et al., 2008) in the river plume and adjacent shelf water (Lohrenz et al., 1997; Dagg and Breed, 2003; Fennel and Testa, 2019; Große et al., 2019). This may lead to harmful algal proliferations or even the regime shift from macrophytes-dominated ecosystems to phytoplankton-dominated ones in enclosed waterbodies (Friedland et al., 2019). Large amounts of organic matter sink to the seafloor, where they are decomposed by benthic bacteria using oxygen (Rabouille et al., 2008; Levin et al., 2009). If water exchange is limited, the oxidation of organic matter may lead to hypoxia (or even anoxia) in the bottom layer (Rabalais et al., 2002), stressing or even killing the benthic fauna (Diaz and Rosenberg, 1995).

Eutrophication has been well understood for decades (Nixon, 1995; Karydis and Kitsiou, 2019). It is the result of a supply of nutrients by rivers, the atmosphere or human activities (such as aquaculture) into coastal and marine regions beyond the ecological capabilities of the ecosystem. These nutrient inputs mainly consist of nitrogen (measured mostly as total nitrogen loads, TN) and phosphorus components (total phosphorus loads, TP). To limit the nutrient inputs into the seas, management plans have been implemented for decades, such as the Baltic Sea Action Plan (HELCOM, 2007), the Black Sea Strategic Action Plan (BSSAP, 2009) and for the North Sea (PARCOM, 1988; Lenhart et al., 2010; OSPAR, 2017). These plans are often accompanied by national nutrient load targets, e.g., within the Danish Water Action Plan (Maar et al., 2016), implemented under the EU Water Framework Directive (WFD; Commission of the European Communities, 2000). If these management plans and input targets are not harmonised, their implementation is hampered, as shown for Szczecin Lagoon (Baltic Sea) by Friedland et al. (2019).

The regional action plans have resulted in strong reductions of nutrient inputs to all European seas over the last decades. For example, nutrient loads into the Baltic Sea are nowadays 25% less for TN and even 50% less for TP, compared to the peak loads in the 1980s (Gustafsson et al., 2012). Likewise, TN loads from the river Danube (the main source of riverine inputs into the Black Sea) have been reduced by 15% (compared to the peak value at the end of the 1980s), and TP loads have fallen by nearly 40% compared to the peak around 1990 (Behrendt and Zessner, 2005). Nevertheless, the Black Sea ecosystem has still been in a strongly degraded state since the early 1990s, without showing any significant recovery (e.g., Oguz and Velikova, 2010; Capet et al., 2013), despite the load reductions (BSC, 2008, 2019).

The nutrient load thresholds were often set without verifying the feasibility of the maximal allowable loads, e.g., through implementing land-based measures in the river’s catchments. Grizzetti et al. (2021) addressed this aspect by developing a pan-European catchment model. It was applied to assess the potential effects of a maximal upgrade of all wastewater treatment plants and a lower fertilisers’ application, in order to reduce their surplus in the river basins. However, the impact on the marine environment of these nutrient load reductions due to improved management has not yet been assessed.

Due to the complexity of coastal marine systems and the multitude of nonlinear interactions among their different components and their external forcing, mathematical models are valuable toolkits to improve the understanding of these systems. Commonly used are fully coupled three-dimensional models of the lower trophic levels (LTL), which include the nutrient and phytoplankton dynamics as well as the marine physical properties. As a core feature, these numerical tools consider the multiple components of the LTL (especially phytoplankton), which depend not only on the supply (and internal cycling) of inorganic nutrients, but also on the hydrodynamic drivers. These models enable us to test the effects of reductions in nutrient inputs (Kerimoglu et al., 2018; Macias et al., 2018) and to evaluate how changes in the nitrogen to phosphorous ratio could impact the productivity of marine waters (Friedland et al., 2012; Macias et al., 2019).

However, even the best-validated model system is still a (mathematical) simplification of reality, predicting potential trajectories based on a variety of basic assumptions. Faced with the spread of model uncertainties, stakeholders demand robust model results, which are reliable and trustworthy (Beierle, 2010). One key for addressing this gap and to gain robust results is to use not only one model system, but a variety of models whose outputs are combined into an ensemble. While this approach is widely used for climate change predictions (Pachauri et al., 2014), there are only a few ensembles already implemented for marine systems (e.g., HELCOM (2013a), Meier et al. (2018) for the Baltic Sea; Lenhart et al. (2010) for the North Sea; or Almroth and Skogen (2010) for both seas). To the best of our knowledge, no ensemble covers all European seas yet.

This manuscript will therefore address the gaps by presenting a novel ensemble exercise covering (nearly) all European seas. It was used to assess the impacts on marine and coastal LTL ecosystems of the nutrient input reductions due to improved management as shown by Grizzetti et al. (2021). This novel pan-European model ensemble was utilized to (i) detect consistent and divergent reactions within the regional sea ensembles; (ii) identify the scales of spatial and temporal impacts from the load input reduction in the different European seas; (iii) compare the outcome of different evaluation procedures; and (iv) identify shortcomings and potential improvements to better support policy decisions.



METHOD

The European regional seas differ strongly with respect to their individual hydrodynamic and ecological features. This is reflected by the regional models included in the ensemble (see below, and Supplementary Table 1). All ensemble members were largely validated and are capable of reproducing the characteristics of the individual seas (see Supplementary Table 1 for recent references, including validation results). Each model system was used to run two simulations, differing only in respect to the riverine nutrient loads, while all other input variables (such as atmospheric forcing, boundary conditions or atmospheric deposition) were kept the same in both simulations. As far as possible, these inputs were harmonised between all ensemble members. The first simulation was based on the current nitrogen and phosphorus loads into the European seas and reflected the reference situation (called REF hereafter). The second simulation (called MTFR) was built up on the “High Technically Feasible Reduction” scenario of Grizzetti et al. (2021). This scenario assumed that the potential measures were implemented to reduce nutrient pollution in freshwater systems and nutrient loads to the seas. These measures comprised the upgrade of all wastewater treatments (at the highest level of nutrient removal, corresponding to a tertiary treatment with enhanced phosphorus reduction), and optimised mineral fertilisation in agricultural fields. In particular, the latter considered a maximum nitrogen surplus of 10% in agricultural areas (the corresponding reduction in mineral phosphorus was estimated), while the current livestock (and manure) production was kept the same as the reference case. In addition, the MTFR scenario included measures to prevent water scarcity, through increasing water use efficiency in irrigation and in domestic usage, changing requirements for cooling water and implementing wastewater re-use for irrigation (Grizzetti et al., 2021). All riverine nutrient loads to the European seas in the REF situation and the reductions under the MTFR scenario were estimated by using the catchment model GREEN (Grizzetti et al., 2012, 2019). GREEN incorporated the results of the water quantity model LISFLOOD (De Roo et al., 2020), which was used to integrate the implementation of the potential measures affecting water flow and water use efficiency. The model outputs of GREEN, covering the period 2005–2012, were provided to all members of the marine ensembles.


Regional Sea Ensembles


Black Sea Ensemble

Beyond the continental shelf, the Black Sea reaches depths of 2,000 m. The circulation follows a spatially complex pattern, dominated by the main cyclonic current and mesoscale energetic features. One of the unique features of the Black Sea is its cold intermediate layer, a remnant of the cold winter water masses, which in summer are covered by warmer surface water (Miladinova et al., 2018). While several big rivers flow into the Black Sea (including Europe’s biggest river, the Danube), the outflow is highly restricted and takes place only at the Bosporus. The high volume of freshwater inputs causes a very strong pycnocline, hampering any vertical exchange and resulting in extraordinarily long residence times and the formation of strongly anoxic deep waters (İzdar and Murray, 2012). Phytoplankton growth in the Black Sea is limited by nitrogen (Oguz and Merico, 2006). Nutrient input reductions were assumed under the MTFR scenario only for the western rivers flowing into the Black Sea (as only these rivers were covered by GREEN). All other rivers from Ukraine, Russia, Georgia and Turkey were unchanged under the MTFR scenario compared to REF.

The Black Sea ensemble consisted of two models (ULiège-BAMHBI and JRC-BSEM, Supplementary Table 1), which differ substantially. ULiège-BAMHBI is a combination of the Nucleus for European Modelling of the Ocean (NEMO) and the BiogeochemicAl Model for Hypoxic and Benthic Influenced areas (BAMHBI). The latter describes the food web from bacteria to gelatinous carnivores, including an explicit representation of organic matter degradation under anaerobic and sulfidic conditions, as well as benthic degradation (Grégoire et al., 2008; Grégoire and Soetaert, 2010; Capet et al., 2016). It is used within the Copernicus Marine Environment and Monitoring Services (CMEMS) to provide forecasts and reanalysis within the remit of the Black Sea Monitoring and Forecasting Centre (BS-MFC). The JRC Black Sea Ecosystem Model (JRC-BSEM) captured the mesoscale circulations and thermohaline structure of the Black Sea over a continuous multi-decadal period (Miladinova et al., 2017). JRC-BSEM uses the General Estuarine Transport Model (GETM) and a higher number of vertical sigma levels, which are additionally compressed towards the surface. The biogeochemical module was tailor-made for the Black Sea ecosystem and its dominating N-limitation (Miladinova et al., 2016). It represents the classical omnivorous food web, including several phytoplankton and zooplankton groups, as well as gelatinous zooplankton species Mnemiopsis and Beroe Ovata.



Baltic Sea Ensemble

The Baltic Sea is a semi-enclosed, brackish water system with very limited access to the adjacent North Sea. It is characterised by substantial freshwater inflows and features a permanent halocline that hampers the exchange between the surface and the bottom waters (Leppäranta and Myrberg, 2009). Together with the specific bathymetry, this results in high residence times of nutrients, especially for phosphorus which remains for decades (Radtke et al., 2012). After a century of excess nutrient loads, the Baltic Sea is highly eutrophic and characterized by long lasting, bottom water anoxia in most parts of the deep-sea basins. The anoxic conditions are only temporarily improved after high-saline water inflows from the North Sea (Mohrholz et al., 2015). The turnover from oxic back to anoxic conditions was thereby accelerated in recent times (Neumann et al., 2017). Nutrient limitations in the Baltic Sea vary spatially and temporally. Coastal waters suffer from an excess input of nitrogen, resulting in high N:P ratios. The central basins, as well as coastal areas under upwelling conditions, are characterised by low N:P ratios, resulting in strong summer blooms of N-fixing cyanobacteria (Vahtera et al., 2007), which benefit from high phosphate concentrations. A unique feature of the Baltic Sea is the ice formation for up to four months each year (Leppäranta and Myrberg, 2009), hampering vertical mixing and determining the start of the spring bloom (Hjerne et al., 2019). Due to its complex bathymetry, the Baltic Sea can be divided into several basins, which are mostly separated by shallow sills. Therefore – in contrast to all the spatially explicit 3D-models – one model system (BNI-BALTSEM) was included in the ensemble that merged the single basins into vertically resolved, but horizontally averaged boxes. Overall, the Baltic Sea ensemble consisted of five model systems (see Supplementary Table 1). Three models (by IOW, MSI, and JRC) were based on the Ecological Regional Ocean Model (ERGOM; Neumann, 2000; Neumann et al., 2002), although there were differences in the applied versions, as well as in their hydrodynamic engines. HZG-ECOSMO included not only the LTL dynamics but also some higher trophic production, and covered additionally the North Sea, so that no explicit boundary to the North Sea had to be described as in the other Baltic Sea models.



Mediterranean Sea Ensemble

The Mediterranean Sea is the southernmost EU basin, separating three continents and connecting highly disparate cultures and societies around its coasts. Following EEA (2018), the Mediterranean Sea was divided into four sub-regions (see Figure 1) for the scope of the present analysis. The entire Mediterranean Sea region supports intensive anthropogenic activities such as fishing, maritime traffic and tourism (Liquete et al., 2016). Although representing only 1% of the global ocean surface, it contains very high marine biodiversity: between 4 and 18% of all marine species are found in the Mediterranean Sea (Bianchi and Morri, 2000; Coll et al., 2010; Bianchi et al., 2012). Water circulation follows an anti-estuarine scheme with a surface inflow of fresher Atlantic waters and a deep outflow at the Strait of Gibraltar, which is the only connection to the open ocean. There are strong ecological gradients in the basins, with a typical west-east decrease in primary productivity and several production hotspots scattered throughout the region (Siokou-Frangou et al., 2010). Major nutrient inputs to the surface layer are vertical mixing (mainly during winter), mesoscale dynamics in the Strait of Gibraltar and Alboran Sea, atmospheric deposition (including desert dust) and freshwater inputs (Macias et al., 2014), especially into the Adriatic and Aegean-Levantine Seas.
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FIGURE 1. Total reduction of annual TN loads [kt] into the single MSFD regions (blueish colors), bars denote the reduction as percentage of TN (red) and TP loads (green) into the MSFD regions computed purely for the rivers provided by the catchment model GREEN (yellow areas; see Grizzetti et al. (2021) for details) and for all rivers flowing into the single MSFD areas (including the rivers not covered by GREEN).


Four different models were used within the Mediterranean Sea ensemble. Two of them used the hydrodynamic model NEMO, the others used GETM or the Princeton Ocean Model (POM). Each model system included a specific biogeochemical component with different levels of complexity and levels of detail, but all model systems have been shown to represent the dynamics and behavior of the lower trophic levels of the Mediterranean Sea (see Supplementary Table 1). As with the Black Sea, only nutrient input reductions from the European rivers flowing into the Mediterranean Sea were assumed under the MTFR scenario, while the riverine nutrient inputs from Northern Africa and Turkey were unchanged in both scenarios.



North and Celtic Seas Ensemble

The Greater North Sea and Celtic Seas are highly dynamical regions. Tides and the exchange with the North Atlantic result in short residence times, which have been estimated at around 50 days (Skogen et al., 1995) and between 40 and 85 days (Delhez et al., 2004). While the North Sea is a shallow shelf sea (except for the Norwegian Trench), the Celtic Seas consist of the continental shelf and deep sea areas. Several large rivers enter the Greater North Sea (such as the Rhine and Elbe), importing large amounts of dissolved inorganic nutrients. This has resulted in strong deviations from the pre-industrial state (Kerimoglu et al., 2018) and a classification of “problematic” especially for the coastal parts of the southern North Sea – in the latest integrated assessment by OSPAR (2017). On the other hand, near-bottom oxygen concentrations are only seasonally diminished (Kemp et al., 2009; Fennel and Testa, 2019).

The model ensemble for the North Sea consisted of four model systems (see Supplementary Table 1). While HZG-ECOSMO included the North Sea and Baltic Sea, UHH-HZG-ECOHAM and JRC-ERSEM have an open boundary to the Baltic Sea but incorporated the Celtic Seas. HZG-UO-GPM was the only curvilinear model within the ensemble (Kerimoglu et al., 2020) and covered only the southern North Sea (along the boundaries forced by UHH-HZG-ECOHAM). To produce the ensemble means, the outputs from HZG-UO-GPM were transformed into a rectangular grid. In contrast to HZG-ECOSMO and UHH-HZG-ECOHAM, HZG-UO-GPM and JRC-ERSEM consider variable nutrient uptake ratios and a sophisticated phytoplankton growth model.



Eutrophication Indicators

To analyse the model results, key MSFD eutrophication indicators were used (Ferreira et al., 2011). These were the near-surface concentrations of nitrate or dissolved inorganic nitrogen (DIN, if nitrate and ammonium could be used), phosphate (both representing MSFD descriptor D5C1), and chlorophyll-a (for MSFD descriptor D5C2). Further, the oxygen concentrations above the bottom were used representing MSFD descriptor D5C5. In contrast to the dissolved nutrients and phytoplankton densities, degradation in water quality is indicated by lower oxygen concentrations in bottom waters (mostly due to an increase in the microbial breakdown of organic material). Hence, increasing bottom oxygen concentrations link to improved water quality. An exception is the Black Sea, where hypoxia or even anoxia are natural features and not induced by eutrophication. The Black Sea was therefore not included in the bottom oxygen assessment.

In addition, the Trophic Index TRIX was evaluated; this is a composite of near-surface chlorophyll-a, DIN and phosphate concentrations, as well as the deviation of oxygen saturation from 100% (Vollenweider et al., 1998). Although not fully used as an eutrophication indicator in the MSFD, in some EU member states (such as Italy) TRIX is integrated into the monitoring programme for the marine environment status (Fiori et al., 2016), because TRIX allows a consistent water quality assessment reflecting the natural gradients from coastal to open sea water. TRIX is computed as:
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The lower (L) and upper (M) limits for the single components of TRIX were thus determined individually for the single regional seas (U denotes the concentrations of the single indicators and k was set to 10).



Methodology to Combine the Models Into an Ensemble

To assess the impact of the reduced nutrient inputs on the marine eutrophication indicators (see section “Eutrophication Indicators”), the relative differences between the nutrient reduction scenario (MTFR) and the reference simulations (REF) were calculated. Therefore, the temporal average over the simulation period was computed for each indicator and grid point for both simulations. Secondly, the relative differences were computed as (MTFR-REF)/REF∗100 for every grid point. From these resulting maps of relative changes for each model system, the ensemble means for each indicator was calculated, together with the spatial average for each model.

To assess the consistency of the model outcomes, only the signs of the relative changes were compared, indicating whether an increase (or decrease) in the selected eutrophication indicator occurred under the MTFR scenario. Therefore, the relative changes in the single models were transferred to a joint horizontal grid, and for every grid cell it was evaluated whether the selected indicator was decreasing or increasing in all or most models.

To compute the temporal development of the relative changes, the procedure to calculate the relative changes described above was adopted. Instead of computing the temporal average over the whole simulation period, for every indicator the temporal averages from the start until each time step were calculated. Then, again, the relative differences between the temporal means between the MTFR scenario and REF were calculated and finally spatially averaged for each MSFD region.

To assess the impact of calculation method on the mean relative change per indicator and region, two additional computational procedures were tested and compared to the method described above. These methods differed only in the order of averaging steps. For the second method, the relative difference was computed for every grid point and time step of the simulation period. Then, the relative differences were averaged over each MSFD region. Finally, the resulting time series was averaged over time. For the third calculation method, the spatial average of each indicator was computed for the individual MSFD region first. The relative difference in the spatially averaged indicators was then calculated for every time step, and finally the temporal averages were computed.



RESULTS


Nutrient Input Reductions

Due to the specific climatic and hydrological characteristics of the different river basins, their current level of anthropogenic pressures, nutrient inputs, waste water treatment and agricultural practices as well as the location and intensity of the applied measures, the load reductions under the MTFR compared with the REF scenario varied widely between the single MSFD areas (see Figure 1 and Table 1). The reduction intensities estimated by GREEN varied not only between the different seas, but also between total nitrogen (TN) and total phosphorus (TP) loads, with reductions in TP loads generally higher than those for TN in all marine areas except for the Black Sea. Overall, the MTFR scenario resulted in a reduction in annual pan-European loads of 14.7% for TN and 23.6% for TP. The greatest total reductions were estimated for the Greater North Sea: 165 kt TN (15.6% less than in the REF scenario) and 11.6 kt TP (18.5%). For some regional seas, the impact of the load reductions from the pan-European rivers was only marginal. For example, the input reductions for the rivers covered by GREEN to the Aegean-Levantine Sea were 5.3% for TN and 13.1% for TP, while the total load reductions (considering also the rivers not covered by GREEN, such as the Nile) were 2% for TN and 4% for TP (see Figure 1). However, other MSFD regions are impacted only little by riverine nutrient loads. For example, the nutrient inputs to the Ionian Sea were reduced strongly: 30.9% for TN 48.3% for TP. At once, the total annual loads were reduced only little (17 kt TN and 2.4 kt TP).


TABLE 1. Relative changes of the riverine TN and TP loads (including all rivers) into the different MSFD regions together with relative changes of the assessed eutrophication indicators from the single ensemble members and combined to the ensemble mean.
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Spatial Scale


Dissolved Nutrient Concentrations in the Upper 10 m (D5C1)

Over the simulation period (2005-2012), concentration of DIN in the Black Sea showed a decrease of 20.3% (JRC-BSEM; see Figure 2A, Table 1, and Supplementary Figure 5) and 41.2% (ULiège-BAMHBI). The decrease in DIN was substantially higher than the reduction of pure nitrogen loads (10.4% considering all riverine sources; Figure 1). On the other hand, phosphate concentrations increased in both models (6.5% in JRC-BSEM and 24.3% in ULiège-BAHMBI; see Figure 3A and Supplementary Figure 6). Phosphate was not only increasing in the inner basin (where it is typically in excess), but also along the north-western shelf, where it is usually deficient (Figure 3A). The model reactions for DIN had a very high spatial consistency: both Black Sea models showed decreasing DIN concentrations in 97.8% of the area (Figure 2C). In both models, this decrease in DIN was significant in most parts of the Black Sea (see Supplementary Figure 10), and even highly significant in the eastern part of the Black Sea. On the other hand, in both models the increase in phosphate concentrations occurred in 94.4% of the total area, but it was less pronounced if only assessed over the shelf area (74.3%). For most of the area, the increased phosphate concentration under the MTFR scenario was significant only in one model system (see Supplementary Figure 11).
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FIGURE 2. (A) Ensemble means and model-specific relative change at load reduction scenario (compared to reference scenario) for the MSFD regions of nitrate (MSFD indicator D5C1). (B) Consistency map showing, if all or at least most models have the same trend of the relative change at load reduction scenario (compared to reference scenario) with respect to nitrate (MSFD indicator D5C1). (C) Share of the total area (bold bars) and of the shelf region (dotted bar), where all or most models show consistent changes with respect to nitrate (MSFD indicator D5C1).
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FIGURE 3. (A) Ensemble means and model-specific relative change at load reduction scenario (compared to reference scenario) for the MSFD regions of phosphate (MSFD indicator D5C1). (B) Consistency map showing, if all or at least most models have the same trend of the relative change at load reduction scenario (compared to reference scenario) with respect to phosphate (MSFD indicator D5C1). (C) Share of the total area (bold bars) and of the shelf region (dotted bar), where all or most models show consistent changes with respect to phosphate (MSFD indicator D5C1).


Averaged over the whole Baltic Sea, DIN concentrations were reduced by 1.9% (see Figure 2A and Supplementary Figure 5). All models showed a decrease, but of differing intensity (between 0.6% and 3.2%). Spatial consistency was quite high, with a decrease in 97.9% of the total area in all models (see Figures 2B,C). The strongest reductions occurred nearby the river outlets of the Oder and Vistula along the southern shore of the Baltic Sea (see Figure 2A). The decrease in phosphate concentration was slightly lower at 0.9% (ranging between 0.1% and 2.7% in the single models; see Figure 3A and Supplementary Figure 6), again with the strongest reductions along the southern coastline. Spatial consistency for phosphate was less pronounced: only 50.3% of the total areas showed a decrease in all models showed (70.4% in most models; see Figures 3B,C). The consistency was high for the deep basins of the Baltic Sea, while the models disagreed in the Bothnian Bay and Sea, the Gulf of Finland and the Danish Straits. Overall, the decreases in the pelagic DIN and phosphate concentrations were much weaker than the reductions in river inputs (8.6% for TN loads and 9.9% for TP loads).

Both pelagic nutrient concentrations showed a strong and consistent decrease within the North Sea ensemble (see Figures 2A, 3A). DIN concentrations were reduced by 9.6% (5.5% - 17.4%; Figure 2A and Supplementary Figure 5) and phosphate by 5.8% (3.4% - 9.8%; Figure 3A and Supplementary Figure 6). There was very high spatial consistency, particularly for DIN where all models showed a decrease in 93.5% of the area (Figures 2B,C), while for phosphate this covered 78.6% of the area (Figure 3C). The strongest decrease in inorganic nutrients occurred along the east coast of the United Kingdom and in the southern North Sea (Figures 2A, 3A). HZG-UO-GPM exclusively covered the latter region, so the North Sea ensemble mean was substantially lower if HZG-UO-GPM was included. Furthermore, the decrease in DIN (and less pronounced the decrease in phosphate) under MTFR scenario was even significant in these areas (Supplementary Figures 10, 11). The only disagreement between the models was around the mouth of the Firth of Forth (Figure 3A), where the input reductions led to a change of the limiting nutrient in UHH-HZG-ECOHAM (see Supplementary Figure 4).

Only two models included the Celtic Seas and both showed a consistent decrease in DIN and phosphate in the Irish Sea (see Figures 2A, 3A), which was significant for approximately 26% of the shelf area (see Supplementary Figures 10, 11). On the other hand, the Celtic Seas models diverged in the open ocean, resulting in quite low mean changes for the MSFD region as a whole (1.8% for DIN and 1.1% for phosphate). There was a drastic increase in the spatial consistency, when only assessing the shelf region (78.2% compared to 48.8% for DIN, and 71.3% compared with 46.4% for phosphate).

The reactions of the four sub-regions of the Mediterranean Sea to the load reductions were quite consistent for all ensemble members (see Figures 2B, 3B). In all models, there was almost no change for the Western Mediterranean Sea, the Ionian Sea and the Aegean-Levantine Sea (Figures 2A, 3A). It was more pronounced in the Adriatic Sea with an average regional decrease of 1.7% in DIN (ranging between 0.5% and 2.6% in the single models; Figure 2A and Supplementary Figures 3, 5) and 3.6% in phosphate (2.3% - 5.1%; Figure 3A and Supplementary Figures 3, 6). Furthermore, there was a sharp gradient within the Adriatic Sea with strongest decreases in the north-western part (Figures 2A, 3A). There were high levels of consistency: 76.1% of the total area of the Adriatic Sea showed a decrease in all models (98.9% in most models; Figure 2C). Along the western coast of the Adriatic Sea, the reduction in DIN was slightly significant in some models (Supplementary Figures 10, 11). In JRC-MedERGOM, a slight increase of DIN even occurred in part of the north-western Adriatic Sea, although there was the same substantial decrease along the shoreline as in the other ensemble members (see Supplementary Figure 3b). Furthermore, for a small area in the south-western Ionian Sea, an increase in nitrate occurred in all models (Figure 2B). Meanwhile, there was very high consistency with respect to change in phosphate concentration for all four sub-regions of the Mediterranean Sea: for at least 99.8% of the total area, all models showed decreasing phosphate concentrations (Figure 3B). In the Adriatic Sea, the region with slightly significant decrease in phosphate at most models was larger than for the change in nitrate (Supplementary Figure 11).



Chlorophyll-a Concentration in the Upper 10 m (D5C2)

In the Black Sea, the reduction in nutrient inputs led to a consistent drop in phytoplankton biomass, as indicated by decreased chlorophyll-a concentration. The chlorophyll-a concentration was reduced by 4.1% in the ensemble, with remarkable differences between the two models (Figure 4A and Supplementary Figure 7). While only a weak (1.2%) decrease of chlorophyll-a occurred in the inner basin and shelf areas in JRC-BSEM, it was nearly six times higher (7.0%) in Uliège-BAHMBI. Spatial consistency was high for decreasing concentrations (nearly 80% of the total area; Figures 4B,C). In both models, there was an increase of chlorophyll-a in the easternmost area.
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FIGURE 4. (A) Ensemble means and model-specific relative change at load reduction scenario (compared to reference scenario) for the MSFD regions of chlorophyll-a (MSFD indicator D5C2). (B) Consistency map showing, if all or at least most models have the same trend of the relative change at load reduction scenario (compared to reference scenario) with respect to chlorophyll-a (MSFD indicator D5C2). (C) Share of the total area (bold bars) and of the shelf region (dotted bar), where all or most models show consistent changes with respect to chlorophyll-a (MSFD indicator D5C2).


In the Baltic Sea, the total decrease in chlorophyll-a was less pronounced, with a mean of 0.9% for the whole ensemble (ranging between 0.3% and 1.4% in the single models; Figure 4A and Supplementary Figure 7). All models predicted a decrease in chlorophyll-a in most parts of the Baltic Sea (65.3% of the total area), at least four of the five models showed a decrease everywhere (Figure 4B). The only exceptions to the decreasing tendency were the Swedish east coast, where phytoplankton increased in HZG-ECOSMO and the Danish Straits near the open boundary in JRC-ERGOM (Supplementary Figure 2). In line with the decrease patterns for the inorganic nutrients, chlorophyll-a was again strongest reduced along the southern shore of the Baltic Sea, next to the outlets of the Oder and Vistula rivers (Figure 4A).

The North Sea ensemble showed consistent decreases in chlorophyll-a concentration in the southern part of the North Sea (Figures 4A,B and Supplementary Figure 7). The ensemble mean was 2.0% with the single models ranging between 1.5% and 2.9%. For 88.7% of the total area, most models showed a decrease (Figure 4C). The least agreement was in the English Channel and the Norwegian Trench, while the models agreed on strong (up to 10%) reductions in the southern North Sea (Figure 4A). The decrease in chlorophyll-a was slightly significant in some models (Supplementary Figure 12), but the significance levels were lower than for the D5C1 indicators. In the Celtic Seas region, the load reduction effect for chlorophyll-a was only weak (spatially averaged decrease of 0.4%), with the highest consistency in the shelf area of Irish Sea (Figures 4B,C; 67.2% compared to 52.7% taking the whole region into account). While chlorophyll-a was decreasing or at least showing no change in UHH-HZG-ECOHAM, the relative change patterns in JRC-ERSEM were quite patchy (Supplementary Figure 4), although the absolute differences between the two scenario simulations were below 0.1 mg m–3.

The relative change in chlorophyll-a in the four sub-regions of the Mediterranean Sea showed the same spatial patterns as for the inorganic nutrients (see Figure 4A). While the average for all four models showed a decrease in all sub-regions, there was a remarkable reduction only in the Adriatic Sea (3.2% in the ensemble mean, with the single models ranging between 2.2% and 5.1%; Figure 4A and Supplementary Figure 7). Moreover, the reduction was again strongest in the north-western part of the Adriatic Sea. Spatial consistency was extremely high: all models showed a decrease in chlorophyll-a for 99.6% of the Adriatic Sea (Figures 4B,C). For a small patch of the north-western Adriatic Sea, the decrease in chlorophyll-a was even highly significant in all models (Supplementary Figure 12). In the other sub-regions, in at least three of the four models there was also a decrease in chlorophyll-a in 84.7% (Aegean-Levantine Sea), 97.7% (Ionian Sea), and 99.9% (Western Mediterranean Sea) of the area. An increase in chlorophyll-a occurred only in some isolated nearshore spots (see Figures 4A,B).

Overall, the nutrient input reductions led to a decrease of chlorophyll-a in all MSFD regions (Figure 5 and Table 1). The decrease intensity was determined by not only the input reductions, but also the regional characteristics (Figure 6). For example, the input reductions to the North Sea and the Celtic Seas were around 15% for TN and 20% for TP, but the chlorophyll-a decrease was four times stronger in the North Sea than in the Celtic Seas (Figure 5). Also, while the nutrient input reductions led to nearly the same decrease in inorganic nutrient concentrations in the Baltic Sea and the Celtic Seas, the reduction in chlorophyll-a was nearly doubled in the Baltic Sea (Figure 6).


[image: image]

FIGURE 5. Relative change of chlorophyll-a concentration per MSFD region (only ensemble means; symbol size refers to the change intensity of chlorophyll-a) as function of the reduction of the riverine TN and TP inputs.
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FIGURE 6. Relative change of chlorophyll-a concentration per MSFD region (bluish colors refer to the change intensity of chlorophyll-a) as function of the relative changes of the dissolved nutrients DIN and phosphate from all the single models (ensemble means per region are highlighted by the enlarged symbols).




Bottom Oxygen Concentrations (D5C5)

Although bottom oxygen concentration in the Baltic Sea depends largely on inflows of highly saline waters, it increased by 0.9% in the ensemble (Figure 7A), although the single models differed substantially with average relative changes between 0.1% and 1.9% (Figure 7A and Supplementary Figure 8). Spatial consistency was high, as for 78.4% of the area, an increase occurred in all models, and for 98.3% an increase occurred in most models (Figures 7B,C).
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FIGURE 7. (A) Ensemble means and model-specific relative change at load reduction scenario (compared to reference scenario) for the MSFD regions of bottom oxygen (MSFD indicator D5C5) [please be aware that increased values of bottom oxygen are indicating an improved ecosystem status]. (B) Consistency map showing, if all or at least most models have the same trend of the relative change at load reduction scenario (compared to reference scenario) with respect to bottom oxygen (MSFD indicator D5C5). (C) Share of the total area (bold bars) and of the shelf region (dotted bar), where all or most models show consistent changes with respect to bottom oxygen (MSFD indicator D5C5).


Due to its shallowness and the strong hydrodynamics, bottom oxygen conditions are not problematic in the North Sea and were impacted only marginally in the ensemble (Figure 7A). Spatial consistency (Figures 7B,C) here was quite high, with 87.6% increase in most models and 61.4% increase in all models. At once, most models showed a decrease in bottom oxygen near Dogger Bank and in the northern North Sea (Figures 7A,B).

As with the eutrophication indicators described above, no change was observed in most parts of the Mediterranean Sea. Only in JRC-MedERGOM, there was a notable increase in bottom oxygen in the Adriatic Sea, mostly in its north-western part (Figure 7A and Supplementary Figure 8). Meanwhile, HCMR-ERSEM showed a decrease in bottom oxygen in the same area. Nevertheless, there was high spatial consistency between the models, but opposite of the eutrophication indicators described above the spatial consistency was reduced for the shelf areas. For example, in the Ionian Sea, all models showed an increase in bottom oxygen at 88.6% of the total area, but only for 45.3 % of the shelf region.



Trophic Index (TRIX, Composite of D5C1-2-5)

All MSFD regions showed a decrease in TRIX due to the improved nutrient management (Figure 8A and Supplementary Figure 9). While the decrease in the Baltic Sea and most sub-regions of the Mediterranean Sea was quite marginal (below 0.2%), it was stronger in the North Sea (1.4%) and intermediate in the Black Sea (0.7%), Adriatic Sea (0.7%) and Celtic Seas (0.4%). The spatial consistency of decreasing values in most models was nearly 100% for the Baltic Sea and Adriatic Sea (Figures 8B,C), but also very high in the Western Mediterranean Sea (97.9%) and North Sea (93.0%). In the Celtic Seas, TRIX decreased in both models for 65.3% of the shelf, but only 44.8% of the total area. On the other hand, in the deep-sea parts of the Celtic Seas, along the southern shore of the Ionian Sea and near the Kerch Strait (Black Sea), TRIX increased for most of the ensemble members (Figure 8B).
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FIGURE 8. (A) Ensemble means and model-specific relative change at load reduction scenario (compared to reference scenario) for the MSFD regions of the Trophic Index TRIX. (B) Consistency map showing, if all or at least most models have the same trend of the relative change at load reduction scenario (compared to reference scenario) with respect to the Trophic Index TRIX. (C) Share of the total area (bold bars) and of the shelf region (dotted bar), where all or most models show consistent changes with respect to the Trophic Index TRIX.




Assessing the Methods to Calculate the Mean Relative Change

In Supplementary Figures 5–9, the relative changes are shown for all the individual models with respect to the assessed eutrophication indicators, computed using the three different methods (varying the sequencing of computing the temporal and spatial averages of the single indicators or the derived relative differences, see section “Methodology to Combine the Models Into an Ensemble”). There was strong agreement for the derived mean changes, e.g., for phosphate the signs of the relative changes were always the same independent of the method. For chlorophyll-a, there were four cases where computing first the relative differences and then the spatial and temporal averages (method 2) resulted in an opposite sign than when using the other two methods (JRC-ERSEM for Celtic Seas, ULiège-BAHMBI for Black Sea ensemble and HZG-ECOSMO for North Sea and Baltic Sea). In these cases, assessment methods 1 and 3 indicated an improvement under the load reduction scenario, while the second calculation method resulted in a worsening. The central problem here is that very small concentrations in the reference scenario (e.g., phytoplankton densities close to zero) resulted in extremely high relative changes, although the absolute changes were close to zero. On the other hand, in most cases the first calculation method resulted in the largest standard deviations, as the final computational step was the spatial merging of heterogeneous regions, so that the standard deviation got a measure for spatial variability. This resulted in strongly reduced signal-to-noise ratios (SNR), as for method 1 the mean change was greater than the standard deviation only for 17% of assessed indicators. For methods 2 and 3, SNR was much higher at 62% and 71%, respectively.



Assessing Response Rates on the Temporal Scale

There were substantial differences between the regional ensembles in the temporal development of the relative changes in DIN and phosphate (see Figures 9A,B). In the North Sea ensemble, the spatially averaged relative change was near zero at the beginning and then decreased rapidly between 2005 and 2008, when the maximal reduction was achieved. Due to the strong nutrient limitation, the spread of relative changes in the Black Sea widened further until the end of the simulation period (2012). In the Adriatic Sea, as well as in the Baltic Sea, the decrease in dissolved nutrients was fast in the first year and occurred mainly in coastal regions next to the river outlets. Thereafter, the decrease continued steadily, with the decay rate slowing down only in the North Sea.
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FIGURE 9. Relative changes of DIN (A), phosphate (B), chlorophyll-a (C), bottom oxygen (D) and TRIX (E) computed from the ensemble members (ensemble mean ± standard deviation) of the Black Sea (black), Adriatic Sea (yellow), Baltic Sea (blue) and North Sea including GPM (green) and without GPM (purple) following the method of Kearney (2020).


Chlorophyll-a concentrations decreased steadily from year to year in all seas (Figure 9C), although decay rates were slowing down at the end of the simulation period. Furthermore, a seasonal component of the phytoplankton response to the reduced nutrient concentrations became visible (Figure 9C), for example in the Black Sea where values were higher in the spring than in other seasons. In line with the changed nutrient concentrations, in most seas chlorophyll-a showed a rapid decrease at the beginning of the simulation period (again mainly in the coastal area), which continued more gradually thereafter.

Over the simulation period, the bottom oxygen concentration improved slightly but continuously in the Baltic and Adriatic Seas (Figure 9D), with almost constant annual decay rates. In the North Sea ensemble, the change in bottom oxygen was almost negligible and mainly occurred in HZG-UO-GPM. Despite the differences between single seas, TRIX decreased in all seas over time (Figure 9E). In the Adriatic and North Seas, TRIX constantly improved over the simulation period (indicated by almost constant change rates), so that the maximal improvement was reached at the end of the simulation period. In the Black Sea, TRIX was decreasing faster in the beginning, with the strongest TRIX improvement in the first two years, before the decrease rate slowed (due to the accumulation of phosphate).



DISCUSSION

Over the past few decades, eutrophication has remained a central threat to all marine and coastal waters, especially in Europe. The most important measure is to reduce nutrient inputs to the seas through improved nutrient management in the catchments. This is the central outcome of the model ensemble presented, which showed an improvement in nearly all the eutrophication indicators considered for all MSFD regions (see Table 1). In all seas, these improvements were strongest near the river outlets, e.g., of the Danube (Black Sea), Po (Adriatic Sea), Rhine and Elbe (North Sea), or Oder and Vistula (Baltic Sea). Nevertheless, this positive effect of the load reduction was not strong enough to restore the resilience of the Black Sea ecosystem (as in the 1960s) or to reach the GES targets defined by the regional sea conventions HELCOM for the Baltic Sea (HELCOM, 2013a) or OSPAR for the North Sea (OSPAR, 2017). For example, the mean decreases in DIN (1.8%) and phosphate concentrations (0.8%) in the Baltic Sea were much less than the reductions needed in the Central Baltic Sea to achieve the respective GES targets of 26.7% (HELCOM, 2018) and 48.8% (HELCOM, 2018). This was expected, as nutrient input reduction demands set, for example, within the Baltic Sea Action Plan (HELCOM, 2007, 2013b), were substantially more ambitious than the reduction achieved under the nutrient reduction scenario, implemented by our pan-European model ensemble.

Model outputs indicated that dissolved inorganic nutrients (D5C1) reacted more quickly to the changing nutrient loads (Figures 9A,B). In places, these led to significant results throughout the ensembles (Supplementary Figures 10, 11). On the regional scale, there was a strong clustering of the dissolved nutrient concentration responses in the single models (Figure 6), indicating strong coherence between the marine model responses. On the other hand, the other core eutrophication indicators (especially chlorophyll-a and bottom oxygen, but also the trophic index TRIX) showed less pronounced improvements (Figures 9C–E and Table 1). Changes in bottom oxygen were visible only in isolated spots, such as the north-western Adriatic Sea (Figure 7A). This was partly caused by the hydrodynamics of the single seas, for example in the North Sea, where vertical mixing is strong enough for sufficient ventilation, or in the Baltic Sea, where an increase in bottom oxygen occurred only at the edges of the deep basins. On the other hand, from the ecosystem functioning perspective, changes in spatial extent and duration of the zone below a critical oxygen concentration (or saturation level) seem more appropriate indicators of improved water quality than the pure average oxygen concentrations (Große et al., 2017).

Although improvements in nearly all eutrophication indicators occurred in all MSFD regions, both the intensities and the response times of the relative changes varied strongly between the MSFD regions (Figure 9). While in most parts of the Mediterranean Sea no changes were induced by the improved nutrient management, strong improvements were indicated in the North Sea ensemble (−10% for DIN, −6% for phosphate, −2% for chlorophyll-a and TRIX), as well as in the Black Sea ensemble (−30% for DIN and −7% for chlorophyll-a). In the North Sea, the maximal effect was reached very quickly, while in the other seas it took until the end of the simulation period to achieve maximal impacts. This was a strong indication that further improvements could be expected in all eutrophication indicators over longer simulation periods. This should consider the characteristic time scales for the different seas in their response behavior to nutrient management strategies. Overall, it seems necessary to use longer simulation periods than the eight years one we used, in order to assess the full open sea impacts of the load reductions away from coastal and marginal areas (e.g., Adriatic Sea). After decades of excess nutrient inputs into the seas, the internal nutrient pools (nutrients stored in deep waters or sediments) have high stocks, meaning that already nowadays pelagic nutrient pools are growing although riverine inputs are declining, e.g., in the Baltic Sea (Daewel and Schrum, 2017; Savchuk, 2018). Hence, the ensemble changes in nutrient concentrations were less pronounced if the full water column was assessed – not only the near-surface nutrient concentrations, which were presented in this study in line with the defined MSFD eutrophication indicators.

Any assessment of changes in eutrophication indicators over longer timescales in future ensemble approaches must also consider climate change (Wakelin et al., 2015), which will most probably result in reduced amounts of near-bottom dissolved oxygen in the marine environment (Friedland et al., 2012; Meier et al., 2018; Wakelin et al., 2020). Although being a natural feature of the Baltic Sea (Kabel et al., 2012; Kotilainen et al., 2014), the extent of anoxic areas will even increase with climate change (Neumann et al., 2012; Meier et al., 2018). The need for longer simulation times to study the effects of nutrient input reductions is further imposed by the time lag of several decades from the time of emissions in the catchment to the related effect on water quality. This is especially necessary in the Black Sea (Kroiss et al., 2006) and the Baltic Sea (Radtke et al., 2012), where an additional time lag within the catchment is hampering the effects of improved nutrient management (McCrackin et al., 2018). Consequently, a long-term strategy is required for sustainable development in water quality management, with a perspective of several decades for lasting success.

The intensity of water quality improvements, as well as consistency within the ensembles, was pronounced when evaluating only the shelf region (defined up to a depth of 200m). Merging large heterogeneous regions into single MSFD assessment regions becomes questionable if the regional peculiarities are not considered. In addition, the spatially explicit, fully coupled 3D models involved in the ensemble exercise have their limitations. All European waters include coastal and transitional waters, which are regulated under the EU Water Framework Directive (WFD; Liquete et al., 2013). Assessing the water quality status, as well as setting environmental targets, needs to be done in a consistent and harmonised way for all marine parts including coastal, transitional and open sea waters (Schernewski et al., 2015). Although the model ensemble had higher consistencies for the coastal waters and shelf region, only few model systems have spatial resolutions fine enough for a satisfactory evaluation of the waters regulated under WFD. HZG-UO-GPM was such an example, but with the downside that it did not cover the whole MSFD region. Since it only covered the southern part of the North Sea, it represented a distinct outlier in the calculation of the spatial and temporal changes.

The different regional responses to the reduced riverine nutrient inputs were caused by the regional peculiarities of the single seas (Figure 6) rather than the load reduction intensities (Figure 5). For example, nutrient load reductions to the Ionian Sea were strongest compared to the other seas, while chlorophyll-a changed only slightly. Nevertheless, the different load reduction intensities induced by improved nutrient management (Grizzetti et al., 2021) caused shifts in the marine nutrient conditions and N:P ratios. While most seas reacted to the reduced TP inputs with decreased pelagic phosphate concentrations, an accumulation of phosphate (and therefore a worsening of this eutrophication indicator) occurred in both models of the Black Sea ensemble (+6.5 and +24.3%; Figure 3A). On the other hand, the Black Sea is the only region where nitrogen loads were reduced more than phosphorus loads (Figure 5). For some models and regions within the Mediterranean Sea, the same effect was observed in conjunction with a worsening in the DIN indicator (Figure 2A). These shifts in pelagic N:P ratios were induced in the ensemble mainly by the improved wastewater treatment assumed under MTFR scenario, which resulted in a disproportionate reduction in TP loads (see Table 1). This shift in N:P ratio coincided with observed changes in nutrient inputs in recent years, e.g., as reported for Europe (Desmit et al., 2018) or in Chinese lake systems (Tong et al., 2020). On the other hand, the sea-specific reactions underlined the importance of considering the ecological conditions of the receiving sea, especially with respect to the predominantly limiting nutrient and the pelagic N:P ratio. While total load reduction into the Black Sea was approximately 10% for both TN and TP inputs, pelagic nitrate concentrations consistently decreased, while phosphate concentrations strongly increased. This was caused by the strong N-limitation of the phytoplankton in the deep basin, which was already occurring and got enhanced by the load reductions. Typically, the shelf surface waters of the Black Sea are phosphorus limited (Cociasu et al., 1997), while in the inner basin and continental slope the surface N:P is ∼6-8 (Tugrul et al., 1992; Tuğrul et al., 2014). Compared to the maximum loads of the Danube in the late 1980s, riverine nutrient loads had already been reduced by 15% and nearly 40% for TN and TP respectively in 2000 (Behrendt and Zessner, 2005; Popovici, 2015), without resulting in a significant recovery of the Black Sea ecosystem (Oguz and Velikova, 2010). It has been severely damaged by eutrophication since the 1970s (Mee, 1992; Kideys, 2002) and is in a strongly degraded state since the early 1990s (Oguz and Velikova, 2010). The opposite process explains the results in the Mediterranean Sea, where phosphate is the limiting inorganic nutrient (Tanaka et al., 2011; Lazzari et al., 2016). Phosphorus input reductions in the Adriatic Sea have caused a significant decline in phytoplankton (Mozetič et al., 2010; Cozzi and Giani, 2011) and may even lead to oligotrophication (Piroddi et al., in press). At the same time, there was an increase in unused DIN in Mediterranean waters in the ensemble (Figure 2A).

Although, in general, the amount of phytoplankton biomass was reduced in both the Black Sea and the Mediterranean Sea, the resulting increase in unused inorganic nutrients in the marine ecosystems could induce unwanted changes (Peñuelas et al., 2013). For example, excess phosphate in Black Sea waters could favour a bloom of nitrogen-fixing bacteria, some of them presenting harmful components, as already observed for the Baltic Sea (Olofsson et al., 2016). An excess of DIN in Mediterranean waters could also provoke changes in floristic composition of the plankton community, with unexpected consequences on the entire food webs (Piroddi et al., in press). To overcome this problem, load reduction targets must consider the ecological state and nutrient limitation of the receiving marine waters, as well as physical characteristics and climate change impacts on nutrient dynamics (Kanter and Brownlie, 2019). Here an improved policy approach is necessary, where nutrient input targets are defined based on the ecological state in the marine waters. Despite severe shortcomings, a positive example of successful consideration was the revised Baltic Sea Action Plan (HELCOM, 2007, 2013b), where firstly ecological targets (referring to the GES thresholds) were defined (HELCOM, 2013a) and secondly, allowable nutrient inputs were estimated, to meet then the marine targets. Therefore, it is strongly recommended that a comparable approach is applied to all other MSFD regions.

Applying a full pan-European model ensemble, instead of a single model for each regional sea, allowed us to find strong consistencies (see Figures 2B, 3B, 4B, 7B, 8B) in the simulated responses of marine ecosystems to reduced riverine nutrient loads. For most regions, the majority of models agreed that the load reductions led to decreased levels of the dissolved inorganic nutrients (except for regions where the non-limiting nutrient accumulated) and phytoplankton biomass, while bottom oxygen increased slightly (see Table 1). These consistent and coherent patterns indicated robust model results, as demanded by stakeholders or managing authorities. To enhance the robustness of the concluded results, the sensitivity of the computed mean changes was tested by applying three different mathematical methods to assess the average relative differences (see Supplementary Figures 5–9). Therefore, the sequence of computing the temporal and spatial averages, as well as the relative differences was varied. While the derived mean changes were almost the same for most models and indicators using all assessment methods, there were several cases where the different methods led to results with opposite signs (Supplementary Figures 5–9). As the relative difference computation, as well as the spatial and temporal averaging, are nonlinear functions in time and space, we expected to obtain differences with all the assessment methods, which each have their advantages. Computing first the temporal averages for the single eutrophication indicators, before computing the relative differences, gave more stable results and was therefore used for the spatial maps (Figures 2A, 3A, 4A, 7A, 8A). However, this method failed to evaluate seasonal or interannual differences and it resulted in high standard deviations due to the spatial heterogeneity. On the other hand, computing the spatial average first and then the relative difference for each time step allowed us to see seasonal and high frequency signals better, while areas with strong responses were overlaid by large open sea areas mostly unaffected by the nutrient input changes. Computing the relative differences first, before doing the spatial and temporal averaging, was quite a sensitive method, if there were very small concentrations in the reference scenario, which might result in extraordinarily high relative differences. None of the single methods is thus perfect, but they reflected different sources of natural variability. Hence, it is recommended that different calculation methods are applied to obtain the specific mean and standard deviation values for each MSFD region.

While the ensemble exercise allowed us to obtain consistent and robust results, some shortcomings and uncertainties could not be eliminated. For some regions, only two model systems have participated in the ensemble exercise, which might not be enough to gain a robust ensemble outcome. Thus, it seems important to add further models to the ensemble to gain results that are more robust. It is worth noting, however, all modelling groups joined the ensemble exercise voluntarily and received no financial support. A potential, although labor-intensive, step forward towards more robust ensemble results could be to proceed to weighted ensembles (instead of unweighted ones like the present study). This could use weights based on a comparison of the model results with observations (Almroth and Skogen, 2010; Meier et al., 2018), as long as there are suitable and usable data to obtain the weights. Reduction in total nutrient loads were determined based on the scenario output from the catchment model GREEN (Grizzetti et al., 2021). These reductions were applied exclusively to the inorganic nutrient loads to the seas, but there was no reduction in organic loads, although these contribute substantially to overall loads, especially in the Baltic Sea (Voss et al., 2010). The boundary effects between different MSFD regions of the nutrient input reductions could only be included directly for some MSFD regions and models, e.g., in the Mediterranean Sea, all four MSFD regions are directly covered and therefore coupled by the marine models. For several transition zones (especially between the North and Baltic Seas, but also between the Black Sea and the Mediterranean Sea), the boundary effects were not explicitly included. To address this shortcoming, it seems necessary to have more model systems like HZG-ECOSMO, which cover several MSFD regions. Although, the ensemble setup was homogenised as far as possible by following a coordinated protocol, as suggested by Orr et al. (2017), some differences remained (see Supplementary Table 1 for details) fostering variations in the results. For example, every model had a specific spin-up phase before the nutrient load reduction took place. Although all ensemble members were validated against up-to-date observations (see Supplementary Table 1), the state variables at the beginning of the load reduction scenario (01/01/2005) differed between the model systems after the individual spin-up. This resulted, inter alia, in slightly different N:P ratios in each model, and hence differences in response to the load reductions (e.g., strength of nutrient limitations) in the marine models.



CONCLUSION

Despite the above mentioned limitations, the novel pan-European marine model ensemble has demonstrated that a consistent assessment of land-based measures on the marine environment is possible. In almost all marine regions, riverine load reductions led to improvement in nearly all marine eutrophication indicators included in the Marine Strategy Framework Directive. These improvements were greatest for dissolved inorganic nutrients, while chlorophyll-a and bottom oxygen concentration showed only minor and slow changes. Consistency of changes within the ensemble was higher for shelf regions, which reacted more quickly to the change in nutrient inputs. Applying a composite indicator such as the Trophic Index TRIX allowed us to obtain consistent results for the different seas despite regional peculiarities, which must be considered to prevent an accumulation of the non-limiting nutrient when pollution-reduction measures are applied. Combining several marine biogeochemical models into an ensemble, following a harmonised scenario approach, substantially increases the robustness and certainty levels of the derived results, in spite of the difficulties associated and the increased workload compared to a single model study.

Some shortcomings of the presented scenario approach were also revealed. Particularly, the relative short time-span (eight years) of the simulations does not allow capturing the full impact of the improved nutrient management in the marine environment. Further, the consequences for river quality of the improved nutrient management was estimated only with one hydrological model, while a freshwater model ensemble would be a better approach to reduce uncertainty. In some seas, only two marine model systems contributed to the ensemble, what might be too few to reduce the uncertainty substantially. Also, only few model systems include several interconnected MSFD regions, although there are interactions between them (e.g. only one model system includes the North and Baltic Seas). The robustness and certainty of the derived results were further addressed by applying different methods to compute the mean spatial and temporal changes at MSFD region level, as each of these procedures allows for different sources of natural variability to be addressed. While the mean values in the three approaches were comparable, the signal-to-noise ratios varied more strongly. This might indicate that merging large and inhomogeneous seas into one unique MSFD region might be inappropriate. The combination of these statistical approaches for evaluating the scenario outcomes with a model ensemble is an important contribution towards providing more robust model outputs as required to support future management and to achieve targets set by policy drivers.
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