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Summary
This position paper aims to summarise our current understanding of the impact of climate change on freshwater ecosystems in Europe based principally on the outputs of the EU-funded Euro-limpacs project.  It also draws upon the results of related international and national projects.  We describe the key changes to the climate system that are expected to occur in Europe over the next 100 years and then consider: 
(i) the impact of climate change on the physical characteristics of freshwater ecosystems distinguishing between change that is already being observed and changes that are anticipated in future;
(ii) the ecological consequences of climate change with respect to lakes, rivers and wetlands across Europe, dividing the continent between cold ecoregions (high latitude and altitude), temperate and warm-humid ecoregions and warm-arid regions (principally the Mediterranean region); 
(iii) adaptation measures that could be adopted to mitigate the adverse consequences of climate change projected as a result of increasing water temperature, changes in hydrology and hydromorphology, including interactions with problems of eutrophication, acidification and toxic substance contamination; and
(iv) implications for policy, especially the implementation of the EU Water Framework and Habitat Directives and the development of cross-sectoral policies for water resources, agriculture, energy, economic development, and atmospheric emissions where water quality issues are affected.  We stress the importance of policies that incorporate precautionary principles in face of the probability that greenhouse gas emissions may not be rapidly stabilised. 
Throughout we emphasise the uncertainties involved in our projections including those that are not only due to limitations in our understanding of freshwater ecosystems but also due to the inherent difficulty in predicting how the key drivers affecting water quality and freshwater biodiversity, especially those related to agricultural policy, will change in the future. Finally we make recommendations for future research stressing the need for a fully integrated approach based on a network of data-rich, well-monitored research catchments across the continent.
1. Climate change and freshwater ecosystems

Understanding how aquatic ecosystems will respond to climate change in future is now a priority for freshwater scientists. It is also an issue of major practical relevance for the development of policies needed to protect ecosystem functioning especially with respect to the successful implementation of the EU Water Framework Directive, the EU Habitats Directive, the RAMSAR Convention, the Convention on Biological Diversity and other national and international conventions and protocols. 
Here we review our current understanding of the effects of climate change on the structure and functioning of European freshwater ecosystems, based on results both from the EU Euro-limpacs project (www.eurolimpacs.ac.uk) and from associated national projects.  The opinions expressed are those of the Euro-limpacs research consortium that comprises Europe’s leading freshwater ecologists representing 20 European countries.  The consortium considered the following questions:

· What are the likely future trends in climate that may cause change in freshwater ecosystems?

· What are the effects of climate change on the physical characteristics of freshwater ecosystems? 

· What are the ecological consequences of climate change for freshwater ecosystems? 

· What measures can be taken to mitigate the effects of climate change on freshwater ecosystems in future?
· What are the implications of climate change for policy and for the management of freshwater ecosystems?
2. What are the likely future trends in climate that may cause change in freshwater ecosystems?
According to the Intergovernmental Panel on Climate Change, eleven of the last 12 last years (1995 – 2006) are among the 12 warmest years since 1850. Global average air temperature has increased by more than 0.7°C between 1906 and 2005, and decadal warming has almost doubled over the past 50 years with an average value of 0.13°C/decade. The greatest warming has occurred at high, northern latitudes and at high altitude.  Mean arctic winter and spring surface air temperatures have increased by about twice the global average with strong decadal fluctuations during the past 100 years. Precipitation, though spatially and temporally highly variable, has revealed significant trends in many parts of the globe during the past 100 years. In Europe, increasing amounts of precipitation have occurred in northern latitudes, while precipitation has decreased in the Mediterranean region, and in mountain regions warming has been double the global average. 

A temperature increase of about 0.2°C per decade is projected for the next two decades for a range of emission scenarios. The best estimate of the global average surface warming, expressed as temperature change between 1980-1999 and 2090-2099 could range from 1.8°C for the low CO2  emission scenario B1 to 4.0°C for the high emission scenario A1F1. Results of recent emission inventories indicate that global emissions currently are following the high scenario pathway, indicating that climate change in the upper ranges are more likely to occur.
Whilst specific projections have considerable uncertainty, especially when applied at a regional scale, the general principles of global warming are well established. Specifically, it is projected that:
· more energy in the atmosphere leads on a global scale to higher temporal weather variability, higher mean temperatures and more pronounced extreme events;
· more water in the atmosphere leads on a global scale to more precipitation and more cloud cover; and
· global warming influences the interaction of the atmosphere at its oceanic, terrestrial and ice-covered lower boundary causing changes in general circulation patterns.
For Europe annual mean air temperature is projected to increase more than the global mean. In particular, the warming in northern Europe is likely to be greatest in winter, while in the Mediterranean region it is expected to be greatest in summer. Based on Regional Climate Model simulations run under the EU PRUDENCE project (http://prudence.dmi.dk), interannual and daily temperature variability are likely to increase in summer in most areas, while in winter temperature variability will tend to be reduced. The latter is the result of a feedback from projected reduced snow cover. 
Annual precipitation is very likely to increase in most of northern Europe and to decrease in the southern parts, while in central Europe the major change is projected to be in the seasonality of precipitation with a likely increase in winter precipitation and a decrease in summer.  Extremes of daily precipitation are likely to increase in the North. In southern and Central Europe several models indicate fewer precipitation days and longer dry spells.  But there is considerable uncertainty in the projection of both mean and extreme precipitation. 

3. What are the effects of climate change on the physical characteristics of freshwater ecosystems?
Climate change can modify the physical characteristics of freshwater ecosystems through changes in temperature, precipitation and wind patterns.  The impact of these variables differs spatially across Europe, and lakes, streams and wetlands are expected to respond in different ways. 

Evidence from long-term data-sets shows that many of the effects of changing climate are already occurring.  These include: 
· an increase in the surface water temperature of lakes and streams across Europe, especially those at high altitudes and latitudes, and strengthening and lengthening of lake stratification in summer;
· an increase in hypolimnetic temperature of large deep lakes, which tend to cause a reduction in oxygen concentration in bottom waters, especially in summer;
· a reduction in lake ice-cover, including both a later freezing date in autumn and an earlier spring thaw, that increases the length of the open-water growing season, the duration and intensity of the autumn overturn, and an increase in deep-water oxygen concentrations;
· melting of mountain glaciers and permafrost causing changes to discharge regimes in mountain streams and release of solutes and pollutants to surface waters;
In future it is likely that these trends will continue.  In addition it is probable that: 

· there will be changes in the flow regime of streams and rivers associated with projected changes in the amount, seasonality, intensity and distribution of precipitation.  For example, a higher likelihood of flash floods may cause a significant increase in bank erosion, habitat disturbance frequency, altered sediment budgets, and an increase in the transport of sediments and nutrients downstream to lakes and the coastal zone; 
· changes in effective moisture will occur that may cause changes in: (i) lake-level; (ii) lake shoreline community structure and; (iii) lake residence time, especially in summer, and thereby influence the composition and abundance of phytoplankton;
· disappearance of small intermittent streams and small lakes in warm dry areas will occur, while flow in permanent streams may become intermittent, and lakes may become more saline;
· northern water bodies will become more like water bodies in the south and upland waters may become more like those at lower altitude; 
· coastal freshwater lakes will become saline or will disappear as a result of the erosion of shingle and sand barriers by rising sea-level;
· systems already at a threshold between two different conditions may change abruptly, e.g. switches from permanent to intermittent streams, from freshwater to permanently saline lakes, from non-stratifying to stratifying lakes, or from dimictic to monomictic regimes;
· in some glacierized mountain catchments turbid lakes will become transparent when glaciers disappear, causing profound changes in organic matter chemistry and damage to sensitive biota as underwater UV radiation increases.
The most vulnerable systems are those close to thresholds including:

· those that contain biota that are trapped and geographically have no escape, e.g. those in high mountains and in polar regions threatened by temperature rise, those in springs and small streams that may cease to flow, those in small lakes that may dry out, and those in coastal areas threatened by sea-level rise; 
· those that physically are strongly dependent on e.g. ice cover (lakes), snow cover (catchments, rivers, lakes), temperatures below 4 °C (lakes and streams), the existence of glaciers in the catchment (lakes and streams), and minimum flow (streams);
· those that may suffer from a decrease in oxygen concentrations, typically eutrophic lakes in summer and eutrophic lakes with small hypolimnia and prolonged ice cover in winter.
Uncertainty

Although general trends can be projected with some confidence the response of individual systems is uncertain, the degree of uncertainty depending on:
· how climate change is expressed regionally, especially with respect to cloud cover, insolation, precipitation, and evapotranspiration and especially in areas with complex topography;
· how water interacts physically and chemically between different hydrological components and pathways, e.g. between surface waters and groundwater, between soil moisture and vegetation in stream and lake catchments, between rivers and their floodplains, and between freshwaters and brackish waters in coastal margins;
· how multiple stressors may interact and cause unpredictable results;
· how rare short-term events (e.g. in precipitation or wind strength) or small changes (e.g. in temperature) might cause largely unpredictable non-linear responses, pushing sensitive systems across thresholds, some of which might represent points of no return;
· how changes in physical drivers affect biogeochemical processes and element leaching;
· how unique or rare water bodies, including those containing endemic species, might respond;
· how decision makers and human society as a whole respond.
4. What are the ecological consequences of climate change for freshwater ecosystems?
Temperature and precipitation are key variables controlling physical, chemical and biological processes in all ecosystems.  Changes in climate therefore can be expected to have significant ecological consequences for freshwater ecosystems, through modification to the physical and biogeochemical character of aquatic environments (as described above) and through, for example, modification of species life-histories, changes to species abundance, composition and distribution, changes to food-web structure, and changes in the rates of species and community metabolism and in ecosystem processes.    

The response of aquatic ecosystems to climate change also needs to allow for interactions between climate change and the many stressors already affecting rivers, lakes and wetlands, including eutrophication, acidification, toxic substances, hydromorphological change, catchment land-use change and invasion of exotic species. 
The observed and expected impacts, however, differ strongly between ecosystem types and regions.  As a first approximation here we consider scenarios for three broadly defined ecosystem types (lakes, rivers and wetlands) in three main climate settings representative for the European continent (cold; temperate and warm-humid; warm-arid). 

4.1 Lakes
Cold regions of Europe occur both in northern latitudes and at high altitude across the continent most notably in Nordic countries, the Alps, the Pyrenees and the Carpathian mountains.  Expected changes to lakes in these regions include: 

· higher primary productivity in response to an increase in the length of the growing season (because of shorter ice-cover) and to an increase in nutrient release from catchment soils;
· population declines or loss of cold stenothermic species such as arctic charr in response to increasing water temperature;
· changes to food-web structure caused by warming and consequent decrease in hypolimnetic oxygen concentrations as well as an increase in nutrient release from sediments;
· a decrease in the protection of biota from UV-B radiation due to a decrease in concentrations of coloured dissolved organic matter as a result of reduced summer precipitation;
· adverse impacts on submerged aquatic plants caused by changes in underwater light regime resulting from an increase in water turbidity caused by more intense precipitation and suspended sediment loads in summer;
· increased bioaccumulation in food chains resulting from the release from soils of toxic substances  from soils, snow-packs and from melting rock- and ice-glaciers;
· a change in the net uptake of some persistent organic pollutants by fish and lake sediments as a result of increased water temperature.
The most important changes expected for lakes in temperate and warm humid ecoregions in Europe are:

· eutrophication resulting from an increase in nutrient loading due to increased rain and flash floods causing erosion of agricultural soils and more frequent overflows of sewage treatment systems;
· eutrophication resulting from increased release rates of phosphorus from sediments; 
· a change in food-web structure caused by water temperature rise and higher winter survival of fish due to reduced ice-cover, and characterised by a general switch from dominance of zooplankton and aquatic macrophytes to fish and phytoplankton, including a shift in aquatic plant community composition towards floating plants and a decrease in oxygen concentrations leading to fish kills;
· increased algal growth especially more frequent and intense blooms of cyanobacteria, some of them toxic, which are triggered by earlier and more stable stratification, causing reduced hypolimnetic oxygen concentration in deeper, stratifying lakes; 
· higher primary productivity and stronger oxygen depletion in the hypolimnion with potential loss of coregonid fish at the southern end of their ranges and in post-glacial refugia, caused by earlier spring stratification and a lengthening of the summer stagnation period; 
· phenological change, specifically differential earlier growth of some species leading to possible mismatches of life-history patterns and complex impacts on plankton communities and lake ecosystem functioning.
For warm-arid ecoregions change in moisture balance is likely to be more important than changes in temperature. In addition to the effects noted above for lakes in humid ecoregions, reduced precipitation coupled with increased temperature will lead to:

· eutrophication resulting from an increase in water residence time;

· loss of habitat and changes in community composition resulting from a decrease in lake-levels, including  intermittent desiccation or the complete disappearance of some lakes;

· changes in community composition and food-web structure caused by increased salinity; and
· loss of endemic taxa caused by reduced connectivity between habitats.

4.2 Rivers

Rivers in cold ecoregions are extreme ecosystems, often dominated by specialised taxa adapted to low temperature, and dependent on high oxygen concentrations. Climate change will cause changes similar to those for lakes in cold regions including:

· enhanced productivity including an increase in benthic algae due to higher temperatures and a shortening in ice-cover duration;
· loss of cold stenothermic taxa;
· invertebrate drift as a result of scour from increased meltwater discharge;
· increased threat to sensitive taxa, especially salmonid fish, resulting from an increase in acidic episodes caused by more intense storms especially those associated with sea-salts;
· decrease threat to sensitive taxa, especially salmonid fish, resulting from a reduction in acidic episodes during snow-melt in regions where snow-packs are reduced due to a decrease in precipitation in the form of snow;
· bioaccumulation in the food chain of toxic substances released from ancient snow-packs and melting glaciers.
For rivers in temperate and warm-humid ecoregions we expect:
· stress for fish and invertebrates with high oxygen requirements as a result of a water temperature rise and concomitant decrease in oxygen concentration, leading to changes in community composition and an upstream shift in both the abiotic and biotic characteristics of river systems along the river continuum; 
· changes in food-web structure with greater dominance of omnivorous small organisms and an increased risk of the proliferation of nuisance filamentous algae;

· the restriction of habitats for many organisms, and some taxa, especially salmonid fishes, are expected to be lost from many Central and southern European river systems; 
· incomplete recovery of salmonid populations from the effects of acidification, owing to an increase in acidic episodes caused by more intense storms especially those associated with sea-salts; 

· pronounced effects on river habitats and community structure caused by changes in flow regime that result from changes in the amount, frequency, intensity and seasonality of precipitation.  Especially at risk are systems that experience flow reductions significant enough to lead to reduced  concentrations of dissolved oxygen and that increase vulnerability to eutrophication.

For rivers in warm-arid ecoregions comparable effects are expected, but are anticipated to be even more pronounced, with a stronger impact of hydrological changes. At least in the dry season many streams will change from permanent to intermittent flow regimes, while streams that flow intermittently at present may become ephemeral or be lost completely. In particular, the biodiversity of small streams and springs, in which many endemic species occur, will be reduced.
4.3 Wetlands

Wetlands in cold ecoregions consist predominantly of oligotrophic peatlands. They are threatened by climate change through impacts from increasing decomposition rates due to higher temperatures, changing water tables. Disruption of intact mire surfaces alters internal hydrology and flood control and may increase the production and release of DOC to streams and lakes downstream, causing changes to light climate and surface water chemistry. 
In temperate and warm humid regions wetlands are often strongly modified by, and in some cases created by, human activity. They vary from highly acidic, low nutrient systems to alkaline, nutrient rich systems.  Where climate change leads to drier conditions desiccation of peatlands will increase oxidative losses resulting in land subsidence and the release of sulphur, nitrogen and DOC and drier wetland surfaces may lead to the loss of aquatic biota and the invasion of non-wetland species, including woodland species.  Changes in temperature and flooding regime may change the functioning of floodplain wetlands, especially with respect to nutrient dynamics, provision of habitat, mobility of toxic substances and release and uptake of greenhouse gases. Measures to protect residential and industrial areas against increased flood risks associated with climate change will lead to an even stronger separation of floodplains from rivers, thus threatening typical floodplain biota as well as many river-dwelling fish species.

Freshwater wetlands are comparatively rare in warm-arid ecoregions, but important wetlands are generally associated with lakes and reservoirs, river deltas and remaining floodplains and can be of utmost importance, for example as resting areas for migratory birds. Higher evaporation rates due to increased temperatures, coupled with reduced precipitation, are likely to lead to continued lowering of water tables. Much of the remaining wetlands of the Mediterranean region will be threatened, exacerbating losses already experienced from drainage works during the 19th and 20th centuries.  Some wetlands may be regenerated periodically by extreme flood events, but the loss of many wetland species and their replacement by invasive taxa is probable.
4.4 Uncertainties

The general trends in the response of freshwater ecosystems to changing climate are based on evidence from long-term studies, space-for-time substitution, palaeolimnology, experiments and modelling. Although these different approaches are powerful, especially when used together, much uncertainty in the response of individual systems and ecosystem components to climate change remains. This is particularly true with respect to the magnitude and timing of change.  Predicting the ecological impact of changes in food chains and the response of ecosystem functions to the crossing of critical thresholds is especially difficult, not least because of inadequate knowledge of the functional roles of species in ecosystems  and our current inability to quantify adequately the processes involved. 
5. What measures can be taken to mitigate the effects of climate change in future?
Climate modelling studies suggest that even if greenhouse gases were stabilised at present levels future climate change is inevitable as the climate system takes time to adjust to emissions that have already taken place. As emissions are expected to rise until at least the middle of the century stabilisation will occur, if at all, at significantly higher levels than present.  Given the rate and magnitude of change projected, therefore, it is important to ask what practical steps can be taken to minimise the adverse effects of climate change to aquatic ecosystems foreseen above.  Here we describe a range of adaptation strategies with respect to the issues investigated in Euro-limpacs, including effects on water temperature, hydrology and hydromorphology, eutrophication, acidification and toxic substances.  
5.1 Water temperature

As described above increasing water temperature will lead to changes in the distribution of plant and animal species within the aquatic environment including especially a tendency for species to migrate northwards and upslope. Adaptation strategies include:

· management of riparian areas. The effects of increasing air temperature on water temperature could be mitigated by the establishment of woody riparian vegetation along streams and rivers, particularly in the headwaters.  This will also positively influence water temperature of downstream regions and all biological processes associated with water temperature but would have a negative effect on in-stream productivity because of shading;
· management of water levels in lakes, rivers and wetlands and improved connectivity between aquatic habitats within catchments to enable natural dispersal processes to operate effectively. It is essential, however, that measures to re-connect water bodies in catchments take into consideration the prior need to restore surface waters to good ecological status;
· removal where possible of physical barriers in rivers to allow fish to migrate upstream to cooler waters;
· improved water quality within catchments to remove chemical barriers to dispersal; and to reduce the risks of the proliferation of nuisance species, such as cyanobacteria;
· improve the resilience of freshwater ecosystems by establishing (near)-natural conditions to enhance their resistance to more extreme environmental pressures and invasive species migration;
· direct intervention by conservation agencies to identify and potentially transplant or re-introduce rare species at risk from local extinction.

5.2 Hydrology and hydromorphology
Regional climate change projections indicate more extremes in hydrological behaviour with enhanced drought especially in southern Europe and increased flooding in northern Europe. There will be regional changes within countries affecting water supply patterns and increased competition for water in dry seasons between the needs of human populations and the needs of aquatic ecosystems.  In northern and alpine regions increased snow-melt will alter the seasonality of hydrological flows and in low-lying coastal areas rising sea-levels may cause saline intrusion into coastal aquifers to increase.  In all cases major effects on water quality and aquatic habitats can be expected.  Adaptation strategies include:

· improved management of lake-levels, river flows and wetland flooding to regulate water balances more effectively;
· improved catchment land-use planning to encourage crops and husbandry regimes more adapted to higher groundwater levels in winter and drier and warmer conditions in summer, including a reduction in demand for irrigation;
· improved water storage in catchments to prevent damaging surface flows during thunderstorms;

· improved management of streams by re-meandering, wood introduction, extensive maintenance and winterbed or floodplain widening;
· discouraging the introduction of biofuel crops that have a high water demand and require extra nutrients to avoid problems of reduced flow and eutrophication potentially caused by such crops;
· creation of riparian buffer zones and active floodplains to improve hydromorphological conditions for aquatic biodiversity, water retention and water quality; 
· restoration of natural river functioning by allowing canalised rivers to meander again and by re-connecting the river channel with floodplain areas;
· development of water-recycling schemes and improved irrigation to ensure improved water reuse in Central and Southern Europe; 

· reduction of construction on floodplains and reducing water demand by human populations to increase compensation flows and reduce competition between people and natural ecosystems for water.
5.3 Eutrophication

Eutrophication and organic matter pollution problems in Europe may be exacerbated by the effects of climate change. Increased flooding may cause storm-water problems for sewage treatment and low flows will reduce the dilution capacity of rivers for sewage effluents. Increased temperature will enhance mineralization of nitrogen in catchment soils, leading to high nitrate flushes into rivers and lakes following drought conditions and the effects of land-use change and more intensive agriculture may lead to an increase in the use of fertilisers and an increase in soil erosion with the subsequent release of nutrients into rivers and lakes. Algal blooms may be enhanced and there is concern that new harmful invasive algal taxa, such as Cylindrospermopsis and Gonyostomum semen will be encouraged.  In addition, changes in food-web structure and reductions in hypolimnetic oxygen concentrations in lakes will further increase symptoms of eutrophication and offset current attempts to mitigate eutrophication.  Adaptation strategies include:
· an increase beyond measures already planned to reduce eutrophication, such as introducing less intensive land-use in river and lake catchments, reducing diffuse pollution, lake restoration by chemical treatment of water and sediment and by biomanipulation;
· restoring the use of riparian/marginal wetlands to buffer nutrient transfers to watercourses;
· improved catchment land-use management to reduce sediment and nutrient export;
· improved water resource management to reduce nutrient rich drainage from agricultural soils; 
· improved design of sewage works to cope with flood events or low flows in receiving waters;
· more effective reduction in nutrient loading from point sources, including animal husbandry units;

· continued reduction of nitrogen emissions from vehicles, power stations and agriculture. 

5.4 Acidification
There may be direct effects of climate change on acidification with enhanced acid episodes driven by extreme weather events, especially those associated with sea-salts and with floods and droughts.  Although decreases in snow-pack thickness may reduce the severity of acid episodes in spring, increases in winter rainfall in northern regions may dilute base-flows and increase the acidity of runoff.  In other areas temperature increase may enhance weathering rates and alkalinity generation leading to an amelioration of acidic conditions.  Adaptations to minimise the impact of adverse conditions require increased controls on air pollution (e.g. reduced N and S pollution from vehicles, fossil fuels and agriculture) to counteract the climate change impacts.
Additional concerns for acidified waters associated with climate change mitigation strategies are the release of nitrosamines and other toxic substances from power stations fitted with carbon removal technologies, the consequences of planting and fertilising woodlands or woody crops as biofuels which leads to base cation depletion of catchment soils, and the continued planting of conifer forests that enhance scavenging of acidic anions.
5.5 Toxic substances
Despite reduction in the emissions of trace metals and the banning of many organic pollutants, toxic substances continue to persist in elevated concentrations in aquatic systems. Lakes in cold regions, both at high latitude and high altitude, are especially vulnerable as intermediate volatility compounds released from warm lowland environments are transported to high elevation and condense at lower temperatures, leading to a net uptake of toxic compounds in fish and lake sediments.   Enzymatic alterations in fish have been observed as a consequence of this exposure, showing that these toxic compounds have a metabolic impact at the observed concentrations.  An increase in temperature may lead to both an increase in the transport of toxic substances to colder environments and probably to an increase in food chain net uptake.  Some of the compounds found in these remote ecosystems are still in legal use and others have been banned. Higher temperatures will reduce the time needed for reaching steady-state distributions and these compounds will be added to the background of diffuse pollution. Since the presence of these compounds has an effect on organisms living in remote sites a re-evaluation of toxicity criteria consistent with ecosystem impact is required.

In lowland areas with increased temperatures and changes in rainfall pattern there is likely to be increased use of agricultural pesticides and herbicides. One adaptation that may be necessary is to stimulate the production of improved pesticides that have fewer side effects and are better targeted.
A further concern is the increased generation of methyl mercury as a result of changed hydrological regimes and forestry practices not least in the boreal regions of Scandinavia.  Adaptation through improved regulation of forestry and agriculture, as well as atmospheric pollution controls will be necessary.  
6. What are the implications of climate change for policy and management of freshwater ecosystems?
Almost all existing international conventions, protocols and directives that are designed to protect freshwater ecosystems do not as yet include allowances for the potential effects of future climate change.  Here we consider how the potential future impacts of climate change on freshwater ecosystems identified above will require modifications to the current policy framework for freshwaters. The final goal should be an integration of all relevant policies as a methodological framework for both policy and management.  
6.1 Key policy questions

· how important is climate change compared with other anthropogenic influences (e.g. nutrient loading, hydromorphological change) on freshwater ecosystems?
· can the independent role of climate change be separated from the effects of other environmental, social and economic changes that affect freshwater ecosystems?
· to what extent will climate change constrain the effectiveness of measures and activities associated with decisions based on existing policies?  
· are the impacts of climate change different at different scales across different regions?
· over what time-scale will the impacts be felt, and does this cause problems in relation to normal governmental time-scales and cycles?
· do policies to protect freshwater ecosystems have wider implications for other areas of policy, such as use of fertilisers and pesticides, biofuel planting, water resource planning etc (see below)? 
6.2 Modifications of the existing policy framework

The EU currently requires member states to manage their freshwater ecosystems according to two principal directives, the Water Framework Directive, that requires surface waters to be restored to “good ecological status” and the Habitats Directive designed to restore and protect biodiversity.  Neither is yet explicitly formulated to allow for the potential effects of climate change, although both embrace the principle of protecting ecosystems from deterioration. Carefully worded amendments to these Directives will be needed to adjust EU legislation to the likely effects of climate change on freshwater ecosystems.  
Key considerations for the WFD are:

· achieving compliance with the mandatory standards set by the WFD in situations where climate change exacerbates water quality problems, especially those of eutrophication and toxic substance pollution;
· the need to allow for the effects of climate change on the definition of reference conditions, especially with respect to the use of the reference state as a restoration target, as climate change will affect the status of sites used for reference as well as impacted water bodies; 
· the need to understand how climate change affects the ecological thresholds currently used to set the WFD target (good/moderate status class boundary). Even a small shift in these thresholds may cause large shifts in biological response, potentially requiring a revision of the WFD classification system and/or an intensification of measures required to meet the target of “good status”;
· the need to understand in general how the impacts of climate change anticipated above will affect the programme of measures and river basin management plans.
For the Habitats Directive the principal needs are:
· to recognise more explicitly the threats to freshwater biodiversity posed by climate change;
· to re-define where necessary the list of habitat types and typical/target species as climate change will affect the status of both habitats and species; 
· to include and allow for the potential for species migration as a result of climate change, by encouraging habitat protection and connectivity; 
· to understand and accommodate the difference between benign migration and invasions by undesirable alien species. 
6.3 Wider policy implications

Successful implementation of the WFD and Habitats Directive is dependent not only on policies aimed directly at water quality and biodiversity but also on decisions across a range of related policy areas.  To maintain, restore and enhance freshwater ecosystems in the face of global warming will require much greater ‘cross-compliance’ between different policy areas than hitherto.  Policy making in related policy areas needs to be aware of the potential impacts of sectorally-based decisions on freshwater ecosystems. Policies in these sectors, therefore, that seek positive outcomes or that cause no deterioration to the aquatic environment should be the goal, and those that potentially damage water quality and freshwater biodiversity avoided.   Examples of policy areas where such scrutiny is needed include:
· water resources where demand management is needed to protect hydrological flows required to sustain lake, river and wetland ecosystems, especially those in dry areas;
· agriculture where opportunities arise to manage land cover to protect and sustain both soil and water quality, e.g. by encouraging the establishment of sufficiently wide riparian buffer strips. The “Health Check” proposes additional and improved measures for the mitigation of climate change effects in the agricultural sector;

· energy  where there is an urgent need to recognise the potential conflict between policies to boost energy production from the growth of biofuels that require additional fertiliser application, land area and water supply and policies to restore freshwaters from the effects of eutrophication and drought. Similarly, policies to remove  forest biomass for bioenergy production may counter attempts to maintain surface water alkalinity, especially in boreal regions;
· economic development where decisions to reduce building on floodplains and withdraw intensive agriculture can lead to a reduction in flood water damage and the enhancement of river and flood-plain; 
· atmospheric  emissions where decisions on appropriate limits for emissions of sulphur and especially oxidised and reduced nitrogen species from sectors such as agriculture, energy and transport should take into account the effects of climate change on the responses of aquatic ecosystems to these species.   
6.4 Precautionary management

In face of the probability that greenhouse gas emissions will not be rapidly stabilised, precautionary measures need to be taken to mitigate against the potentially damaging effects of climate change that will inevitably occur.  The most appropriate are those that are ecologically based, already required to improve water quality and that improve system resilience.  Recommended adaptations are listed above (see section 5).  The choice of such measures at the local level needs careful decision-making informed by: (i) a knowledge of existing policy requirements; (ii) a knowledge of probable future changes in temperature and precipitation at the local scale, using projections from regional climate models; and (iii) a state-of-the-art understanding of the physical and ecological responses of freshwater ecosystems of different kinds to climate change.  These components can be brought together in decision support systems. 
7. Research priorities

The future of freshwater ecosystems in Europe is highly uncertain.  An intensified research effort is required that builds on current attempts to integrate research at the European scale, enabling changes in Europe’s freshwater ecosystems to be monitored and projected in time and space.  In general there is an urgent need to:

· maintain and extend high quality, long-term monitoring and experimental programmes that are needed to improve understanding of the key processes that control system responses to climate change and that are needed to test models; 
· further develop and improve statistical and dynamic models, especially those that incorporate ecological processes; 
· develop a centralised information system designed to archive key temporal and spatial data-sets that can be made freely available for data analysis.

· achieve a mechanistic quantitative understanding of climate change effects on the structure and functioning of freshwater ecosystems 

Research needs to be supported by a Europe-wide network of monitored catchments representative of all aquatic ecosystem types that not only enables integrated model development but that can also be used to monitor the effectiveness of mitigation strategies.  There are many potential, data-rich catchments in Europe that could form the core of such a network but most require modification to address questions of climate change and some ecosystem types, especially in the Mediterranean region, are as yet poorly represented. 

More specific research priorities include the need to:
· develop adaptive strategies to mitigate the impacts of climate change on the ecological status and biodiversity of European freshwater ecosystems at the catchment scale;

·  understand how climate change will affect the ecological functioning of freshwater ecosystems, especially with respect to changes in community structure, its impact on keystone taxa and the crossing of ecological thresholds;
· develop and use molecular biological techniques to understand the effects of climate change on genetic diversity and the ability of freshwater organisms to adapt to increasing temperature; 
· understand and model the migration of freshwater and wetland species and their propagules in response to climate change and with respect to enabling dispersal and improving landscape connectivity;
· understand the impact of future climate change on the supply and management of water needed to sustain aquatic ecosystems in dry areas, especially the Mediterranean region;

· understand and model the generation, fate and impact of nitrogen and dissolved organic carbon on the structure and function of European freshwater ecosystems as a result of changes in land-use/management, climate change and acid deposition;
· understand the migration, remobilisation, redeposition, eco-physiological and food-chain impact of toxic substances (especially Hg and POPs) in remote regions of Europe (and the wider world) in the face of climate change;
· assess the impact of future climate change on the ecosystem goods and services provided by European freshwater ecosystems, and develop tools for holistic catchment management. 

Throughout it is essential that knowledge acquired during these research programmes is transferred effectively to decision makers and that research results are accessible to the lay public to enable wide participation in decision-making processes. 
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