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H I G H L I G H T S

• We describe the aims and approaches of the EU-funded project MARS and its conceptual framework.

• MARS is operating at the water body, the catchment, and the European scales.

• It includes experiments, catchment modelling and large-scale data analysis.

• It addresses the link between multiple stressors, ecological responses and functions.

• The project will support the implementation of European water policies.
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Water resources globally are affected by a complex mixture of stressors resulting from a range of drivers, includ-

ing urban and agricultural land use, hydropower generation and climate change. Understanding how stressors

interfere and impact upon ecological status and ecosystem services is essential for developing effective River

Basin Management Plans and shaping future environmental policy. This paper details the nature of these prob-

lems for Europe's water resources and the need to find solutions at a range of spatial scales. In terms of the latter,

we describe the aims and approaches of the EU-funded project MARS (Managing Aquatic ecosystems and water

Resources under multiple Stress) and the conceptual and analytical framework that it is adopting to provide this

knowledge, understanding and tools needed to address multiple stressors. MARS is operating at three scales: At

the water body scale, the mechanistic understanding of stressor interactions and their impact upon water re-

sources, ecological status and ecosystem services will be examined through multi-factorial experiments and

the analysis of long time-series. At the river basin scale, modelling and empirical approaches will be adopted
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to characterise relationships between multiple stressors and ecological responses, functions, services and water

resources. The effects of future land use andmitigation scenarios in 16 European river basins will be assessed. At

the European scale, large-scale spatial analysis will be carried out to identify the relationships amongst stress in-

tensity, ecological status and service provision, with a special focus on large transboundary rivers, lakes and fish.

The project will support managers and policy makers in the practical implementation of the Water Framework

Directive (WFD), of related legislation and of the Blueprint to Safeguard Europe's Water Resources by advising

the 3rd River Basin Management Planning cycle, the revision of the WFD and by developing new tools for diag-

nosing and predicting multiple stressors.

© 2014 Published by Elsevier B.V.

1. Introduction

Europe's water resources and aquatic ecosystems are impacted by

multiple stressors, which affect ecological and chemical status, water

quantity and ecosystem functions and services. The relevance of multiple

stressors differs regionally (EEA, 2012a): in Alpine and upland northern

regions hydropower plants have fundamentally changed river and lake

hydrology, morphology, sediment transport and connectivity, in lowland

areas of Northern and Central Europe intensive agriculture and flood pro-

tection are important drivers of degradation, whilstMediterranean catch-

ments are impaired by riparian degradation and water scarcity and

transitional and coastal waters are affected by eutrophication, pollution,

morphological changes and different resource exploitation. In addition,

climate change increases the risk of floods, erosion and pollution in wet

regions and of droughts in water scarce regions (EEA, 2012b).

According to Europe's first River Basin Management Plans (RBMPs),

56% of European rivers, 44% of lakes, 25% of groundwater bodies and

70% of transitional waters failed to achieve the good status targets of the

Water Framework Directive (WFD) (EEA, 2012a; ETC-ICM, 2012a).

There are, however, strong regional differences: in Northern Europe and

in some Eastern European and Mediterranean countries more than 40%

of river water bodies are in high or good status, whilst in Central

European countries, such as Belgium, the Netherlands and Germany,

more than 80% failed to achieve the WFD quality targets. The reasons

are manifold. Recent reports (EEA, 2012a; ETC-ICM, 2012a) list the most

important pressures impacting individual water categories: only 19% of

water bodies was not significantly impacted, whilst two pressures pre-

vail: diffuse pollution (rivers: 45%, lakes: N30%) and hydromorphological

degradation (rivers: N40%, lakes: N30%). Viewed inmore detail, both dif-

fuse pollution and hydromorphological degradation are composed of

several individual components with complex interactions. Diffuse pollu-

tionmainly refers to increased nutrient loads and associated eutrophica-

tion effects, often in conjunctionwithfine sediment, pesticides and other

toxic substances. Hydromorphological degradation is an even more

vague term, including hydrological stress from low flows and water ab-

straction, flash floods, and morphological stress from barriers, straight-

ening, bank fixation, removal of riparian vegetation and subsequent

increase of water temperatures (ETC-ICM, 2012b).

From this evidence, it is apparent that the causes of degradation of

Europe's waters are manifold and complex. Whilst single stressors

such as strong organic pollution and acidification of freshwaters are de-

clining and nowadays affecting just 14% and 10% of river water bodies,

respectively (EEA, 2012a), Europe's water bodies and water resources

are now affected by a complex mixture of stressors resulting from

urban and agricultural land use, hydropower generation and climate

change (e.g. Stelzenmüller et al., 2010; Schinegger et al., 2012).

Although the Programmes of Measures included in the RBMPs

should reduce stressors and improve water body status, their potential

to address increasingly complex, multiple stress situations is limited

by current knowledge. A recent inventory of RBMPs for Germany re-

vealed a strong focus on measures targeting single pressures such as

point-source pollution and river continuity (Kail and Wolter, 2011).

Under conditions of multiple stress, however, restoration actions may

also initiate complex cause-effect chains of recovery, which are poorly

understood (Feld et al., 2011).

Overall, the first RBMPs have several problems:

• Programmes of Measures are often decoupled from ecological

assessment.

• Although the majority of Europeanwater bodies are affected bymore

than one stressor, little is known about their combined effects.

• Formultiple-stress situations, simple dose–response relationships be-

tween stress intensity and biological effects based on empirical data

are not sufficient for developing appropriate management measures.

There is a need for improved process understanding of how multiple

stressors affect degradation and restoration.

• Besides the existing tools to assesswater body status, tools are needed

to prioritise measures and to predict ecological status following

restoration.

• The implementation of measures requires convincing arguments be-

yond the concept of ecological status, whose value is difficult for the

public and policy makers to understand. Supplementary indicators

targeting ecosystem functions, ecosystem services and human bene-

fits are required.

These are obstacles for the successful implementation of the WFD

within the following set timeline: production of a 2nd version of the

RBMPs in 2015, a 3rd version in 2021, and achievement of the overall

WFD targets by 2027. A new stressor, climate change, is to be taken

into account in the 2nd version. The planned revision of the WFD in

2019 offers an opportunity to advance its conceptual basis which is

now almost 20 years old, and to consider the recent knowledge in ad-

dressing the WFD requirements (Hering et al., 2010). Major challenges

for water resource management have emerged since the ratification of

the WFD in 2000: New stressor combinations, including not least cli-

mate change, new pollutants, emerging pathogens and exploitation of

the sub-surface for alternative forms of energy; more intense land use

due to increased food prices and demand for biofuel; and increasingly

diverging targets for food production, energy generation, water

resource protection and biodiversity protection.

The WFD is the core of Europe's water policy, but there are several

other relevant directiveswithmanifold (and sometimes contrasting) ap-

proaches and targets. These include the Urban Waste Water Treatment

Directive (91/271/EEC), the Nitrates Directive (91/676/EEC), the Bathing

Water Directive (2006/7/EC), the Marine Strategy Framework Directive

(2008/56/EC), the Habitats Directive (92/43/EEC), the Flood Risk Man-

agement Directive (2007/60/EC), the Strategy on Water Scarcity and

Drought and theWhite Paper on Adaptation to Climate Change. The im-

plementation of these policies to protect Europe's water resources

strongly interacts with other policy domains, such as the Renewable En-

ergy Directive (2009/28/EC) and in particularwith the CommonAgricul-

tural Policy. The Fitness Check of EU Freshwater Policy (http://ec.europa.

eu/environment/water/blueprint/fitness_en.htm) outlines the strength

of the current legislative framework, and also exposes conflicts with

other EU policies and the weaknesses in its implementation. Problems

identified include the incorporation of water quantity issues into

RBMPs, including the definition of ecological flows (cf. environmental
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flows, Postel and Richter, 2003; Poff et al., 2010), land use impacts in par-

ticular from agriculture, climate change impacts, translation of the eco-

system services concept into practice, and insufficient dissemination

and sharing of data. Implicit in all these issues is the need to addressmul-

tiple stressors. The ecosystem services approach offers a powerful option

to harness the efforts of all relevant partners (Ormerod, 2014).

The Blueprint to Safeguard Europe's Water Resources (http://ec.

europa.eu/environment/water/blueprint/index_en.htm) describes 39

actions to strengthen the implementation of Europe's water policies.

Key amongst them are land use and ecological status, chemical status

and pollution of EU waters, water efficiency, vulnerability of EU waters,

and the need for cross-cutting problem solving and global aspects.

Overall, the Blueprint provides a realistic assessment of achievements

and problems of European water management, and embeds Europe's

water policy into a wider political context. As with the Fitness Check,

it identifies complex stressors resulting from intense land-use and

over-abstraction as key problems, and outlines solutions possible

through other policy fields such as the Common Agricultural Policy.

According to the Blueprint, the Common Implementation Strategy

(CIS) of theWFD ensures its prominent role for Europeanwater policies.

The EU-funded project MARS (Managing Aquatic ecosystems and

water Resources under multiple Stress, www.mars-project.eu) ad-

dresses these challenges and is closely linked to the policy framework

outlined above. This paper describes context, approaches and objectives

of MARS and aims in particular to outline the conceptual model on

which MARS is based and to describe the project's approaches acting

at three different scales.

2. Current state-of-the-art

Water resources management in Europe is based on four distinct activ-

ities: (1) River BasinManagement Planning is the over-arching framework

of the WFD, which is informed by (2) assessment schemes for indicating

status, (3) risk assessment for characterising pressures and stressors, and

(4) economic analysis for evaluating the costs and benefits ofmanagement

actions. The latter relates to an Ecosystem Services Approach and may be

considered under the Ecosystem Service Cascade Framework (Haines-

Young and Potschin, 2010). Whilst these four activities are implicitly con-

nected, their linkages have rarely been put into practise.

2.1. River Basin Management planning

The concept for risk assessment, status assessment, economic as-

sessment and stakeholder engagement in water resource management

is provided by RBMPs under the WFD. It incorporates risk assessment

and characterisation, monitoring of robust indicators for status assess-

ment and stakeholder engagement with the economic assessment of

management options. Integrated water resource management is often

best exemplified at a local water body scale, where competing demands

of different users and stakeholders can be communicated and managed

effectively (May and Spears, 2012). However, conflicts can still exist be-

tween users and services across a catchment; therefore, management of

floods, environmental flows and restoration is often best coordinated at

the river basin scale. The International Danube Commission (ICPDR)

provides an excellent example of integrated water resource manage-

ment within the most international and one of the largest European

river basins, requiring coordinated action across states on groundwater

and surface water abstractions, flood management, energy production,

navigation and water quality. However, despite such well coordinated

actions,multiple stressors continue to threaten ecosystemhealth, biodi-

versity conservation (e.g. sturgeon and Danube salmon) and associated

benefits of flood protection, water purification and tourism.

Despite the obvious strengths of the RBMP concept, and though

most RBMPs fulfil the requirements of the WFD from a formal point of

view, in reality many plans are vague in defining measures. Multiple-

stressors make it particularly difficult to diagnose causes of

deterioration and decide upon the bestmanagement options. For exam-

ple, climate change was not consistently considered in the first RBMPs,

andmanywater bodieswere not assessed fully or require further inves-

tigation to identify how causes of degradation interact.

2.2. Status assessment

TheWFDhas been very successful in indicator development for status

assessment of surface waters (e.g. Birk et al., 2012) and to a lesser extent

of groundwaters (e.g. Hinsby et al., 2008). Research has predominantly

examined the effects of individual stressors on various structural biologi-

cal indicators (Birk et al., 2012; Lyche-Solheim et al., 2013). WFD status

assessments integrate these indicators through the one-out-all-out prin-

ciple lacking a holistic vision of what individual indicators represent and

how they could potentially be used for more integrated assessments of

ecosystem health, functioning and resilience in response to multiple

stressor interactions (Hering et al., 2010). Nonetheless, robust indicators

of freshwater, transitional and coastal ecosystem processes, services and

vulnerability are lacking, as is the establishment of effective indicators

for groundwater. At the same time, the development of new indicator

types for monitoring stressors, status and ecosystem health is an active

area of innovation, including biomarkers of stress, genetic methods

(high throughput bar-coding and gene expression in relation to

stressors), ecosystem metabolism and remote sensing (e.g. Hunter

et al., 2010). Review and testing of these new approaches are needed

to determinewhether they could substitute or complement the classical

indicator types. To be widely applicable, they need to be reviewed and

tested in the context of ecological status and ecosystem services.

2.3. Risk assessment

Current approaches are well established for single toxic chemicals

(Crane et al., 2006), drought and flood management (Prudhomme

et al., 2003), and for predicting the spread of invasive species in relation

to climate change (Leung et al., 2002). Risk assessment tools have also

been developed for application in RBMPs, to assess risks of failure to

achieve good status (Duethmann et al., 2009), to decide on mitigation

strategies, and evaluate risks faced by water service providers or poten-

tial harm from water management actions (e.g. dam building or river

restoration). Compared to thewide variety of existing indicators for sta-

tus assessment, the capabilities to predict ecosystemresponses to stress,

to restoration or more generally to alternative management measures

are underdeveloped. In particular, greater knowledge is needed on ex-

posures tomultiple stressors, stressor interactions (synergistic, additive

or antagonistic effects), and the sensitivity to stress combinations. Such

interactions have only been described in detail for few stressor combi-

nations, e.g. the impact of climate warming and eutrophication in shal-

low lakes on selected organism groups (Jeppesen et al., 2007) and the

impact of water quality, hydrological disturbances and morphological

degradations in rivers (Marzin et al., 2013; Schinegger et al., 2012).

Understanding of the effects of multiple stressors on ecosystem func-

tioning and services is still rudimentary (Friberg, 2010; Ormerod et al.,

2010). This lack of mechanistic understanding is an obstacle for more

integrated risk assessment and for effective mitigation and restoration.

2.4. Valuation of ecosystem services

There is an implicit need to include ecosystem services into RBMPs,

particularly in the economic analysis of water use and in the design of

the Programmes of Measures (Vlachopoulou et al., 2014). Ecosystem

services were provided by surface water bodies (rivers, lakes and tran-

sitional waters) and to a lesser degree by groundwater bodies which in-

clude provisioning services (e.g. water supply, food from fish farms,

energy from hydropower generation), regulating and maintenance

services (e.g. flood and drought regulation, climate regulation through

carbon sequestration, water purification biodiversity, dispersal of
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matter, organisms and energy, nutrient cycling) and cultural services

(e.g. recreation such as angling and water sports, tourism, and inspira-

tion for arts and religion).

The development of indicators specifically targeting ecosystem ser-

vices could greatly benefit from the experience of usingWFD indicators

for ecological status (e.g. Carvalho et al., 2013), resulting in a more co-

herent, integrated and applicable suite of indicators in advance of the

WFD revision in 2019. At a European scale, the current research aims

to integrate the EcosystemServices paradigm into broader environmen-

tal planning and policy arenas (TEEB, 2010, 2011). Recently funded EU

FP7 projects (OpenNESS and OPERAS) will deliver practical testing of

Ecosystem Service assessment and valuation for different ecosystems,

although application to coastal and freshwaters is limited.

3. Objectives and architecture of the MARS project

MARS (2014–2018), supported by the 7th Framework Programme

of the EU, has 24 partners, five of which are application institutes such

as water boards and environment agencies. MARS will support water

managers and policy makers at the water body, river basin and

European scales in the implementation of the WFD. Our specific objec-

tives at the three different scales are:

• At the water body scale, to enhance themechanistic understanding of

how stressors interact and impact upon water resources, status and

ecosystem services, and identify threshold responses to optimise

stress reductions. We will address stressor combinations and re-

sponse variables characteristic for major European regions. A focus

will be on the effect of extreme climate events such as heavy rainfall,

heatwaves as well as water scarcity and the effects of environmental

flows.

• At the river basin scale (including in some cases rivers and transitional

waters), to characterise relationships between multiple stressors and

ecological responses, functions, services and water resources, and as-

sess the effects of future land use andmitigation scenarios.Work in 16

river basins in Europe, chosen to represent a wide range of catchment

characteristics and multiple stress conditions, will focus on water

scarcity and flow alterations (Southern Europe); hydrology, morphol-

ogy and nutrient alterations (Central Europe); and hydrology and

temperature alterations (Northern Europe).

• At the European scale, to identify the relationships amongst stress in-

tensity, status and service provision, with a special focus on large

transboundary rivers, lakes, estuaries and fish as sentinels of multiple

stressor impacts on biodiversity and direct providers of ecosystem

services.

Finally, we will combine the newly generated information at the dif-

ferent scales with existing knowledge in the form of information sys-

tems and diagnostic and predictive tools, applicable at the three

spatial scales.

The MARS consortium includes all major European regions:

Northern Europe (UK, NO, FI, DK) is represented by six partners, Central

and Western Europe (FR, NL, DE, AT) by six partners, Eastern Europe

(CZ, EE, RO, SI) by five partners and Southern Europe (GR, TK, ES, PT)

by five partners; in addition, two international organisations (EC-JRC,

ICPDR) are included. Nineteen of the 24 partners are scientific institu-

tions or universities, whilst five partners are large river basin authorities

or environmental agencies/ministries.

4. The MARS model

MARS will be based on a framework that explicitly links the assess-

ment of risk, status and ecosystem services within the framework of

RBMPs (Fig. 1).

• Risk assessment combines themagnitude of a stressor (or a combina-

tion of stressors) with the consequences of exposure to it. The conse-

quences are based on the sensitivity of the targeted indicators, e.g.

species, habitats and ecosystem processes and services.

• WFD status assessment fits centrally within the DPSIR-framework:

Drivers (D, e.g. intense land use) cause pressures (P, equivalent to

Fig. 1. The MARS conceptual model for an integrated assessment framework. DPSIR = Driver–Pressure–State–Impact–Response chain.
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stressors; e.g. increased nutrient concentrations) and consequently

affect water body state (S, e.g. chemical or ecological status or water

quantity). This has impacts (I) on ecosystem functioning and conse-

quently ecosystem services, whichmay require amanagement or pol-

icy response (R, e.g. restoration actions).

• Ecosystem services are generally considered through the “cascade

model”, which links the capacity of ecosystems (i.e. their structures,

processes and functions) to flow of a specific service, which can be

translated into benefits and values associated with human well-

being (Haines-Young and Potschin, 2010). For example, river systems

have the potential for denitrification and sedimentation, which deter-

mine nutrient and organic matter removal, or in other words water

purification. The resulting benefit for human well-being is the provi-

sion of clean drinking water and safe recreation, which can be valued

through different methods (Wallis et al., 2011).

There are obvious linkages between these three frameworks (Fig. 1),

through indicators of awater body's sensitivity or resilience to stressors,

its status and its capacity to provide services. Further, management de-

cisions (“response”) are not only based on the state-impact chain

through the DPSIR model, but also must consider ecosystem service

values, too. For the first time, we will use this linked model to support

management decisions and scenario-testing explicitly through the

ecosystem services paradigm by examining interactions between the

structure and functioning of ecosystems, and benefits for human well-

being (e.g. provision of drinking water, self purification, flood and

drought regulation, and recreation).

The MARS conceptual model can be exemplified for a lake, which is

important for water supply and recreation, but affected by intense agri-

culture in the catchment and climate change (drivers) (Fig. 2). Multiple

stressor interactions between eutrophication and hydrological ex-

tremes (pressures) are indicated by enhanced total phosphorus concen-

trations and reduced flushing rates (abiotic status). Impaired ecological

status (state) results, indicated by cyanobacterial blooms and poor fish

communities (WFD indicators of lake status) and impacts on lake func-

tioning (e.g. reduced grazing on toxic cyanobacteria). This relates to

decreased capacity to provide clean drinking water and reduced value

as a recreational site (ecosystem services), affecting societal benefits

(reduced health and well-being of citizens) and economic value. Policy

or management responses include changing land use along the rivers

that feed into the lake, or ensuring sufficient flow through the lake.

The impact magnitude depends on both, the ecosystem exposure

to these stressors (e.g. the timing of nutrient loads in relation to

algal growth) and the sensitivity of the ecosystem and its assemblage,

e.g. the lake's capability toflush out and store nutrients and the sensitiv-

ity of particular fish species to eutrophication. The vulnerability of the

services to these combined stressors can be mitigated by enhancing re-

silience, by buildingmore reservoirs for water supply and recreation, or

introducing water metering to reduce water use.

5. Approaches and work programme of MARS

MARS will be organised at three different scales to meet the

demands of specific user groups (Fig. 3).

At the water body scale, the users targeted are water managers re-

sponsible for the assessment, restoration andmanagement of individual

water bodies, e.g. for the implementation of measures defined in

RBMPs. MARSwill develop new indicators, and compile existing indica-

tors, to more fully represent the demands of the DPSIR scheme, of risk

assessment and of the Ecosystem Service Cascade Framework. We will

further produce a causal analysis scheme, enabling water managers

to diagnose causes of water body deterioration in multiple stressor

situations. We will enhance the mechanistic understanding of how

interacting stressors and stress reductions affect status and ecosystem

services. The focus will be on stressor combinations and response vari-

ables, which occur frequently in major European regions, but before

now have been poorly investigated. Flume/mesocosm experiments

will target the effects of stress combinations on selected indicators,

Fig. 2. The MARS conceptual model exemplified for a lake affected by intense agriculture and climate change. DPSIR = Driver–Pressure–State–Impact–Response chain; WFD = Water

Framework Directive.
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test new types of indicators (e.g. trait-based service indicators, and ge-

netic diversity) and test variability of multiple stress (i.e. identifying

critical time spans). For running waters, there will be four flume exper-

iments respectively on lowland streams, mountain streams (Northern

and Central Europe) and Mediterranean streams. For lakes, there will

be three mesocosm studies of climate–nutrient interactions, with a

focus on extreme climatic events, and functional trait responses that

can be related to ecosystem services. The individual river experiments

and the individual lake experimentswill address a common set of stress

combinations and indicators, whilst in some experiments new, more

complex indicator types will be addressed (Table 1). As a common de-

nominator, all lake experiments will target extreme events (extreme

rain, extreme thermal events, extrememixing) in combinationwith nu-

trient enrichment. All river experiments will address hydrological

stress, in particular water scarcity/environmental flows, which will be

combined with different water temperatures, habitat conditions and

nutrient levels. All experiments will include a multifactorial design,

combining different stress intensities either in different mesocosms

(lakes) or in consecutive experimental runs (rivers). The experiments

will be bolstered by the analysis of long time series at sites where mon-

itoring has spanned periods when stressor combinations have changed

substantially (both increased and reduced stress).

More specifically, there will be one lake mesocosm experiment

(located in the UK) on the effects of extreme rainfall and warming,

which are two key components of climate change that superimpose

consequences of nutrient loads to lakes. Two temperature regimes

(ambient, +4 °C) and two nutrient treatments (no addition, nitrate

and phosphate addition) will be applied to 32 mesocosms equipped

with computer-controlled heating devices. The two-factorial design

will involve eight replicates. Once each season, extreme rainfall will be

simulated in half of the mesocosms by physical mixing and irrigation

to mimic enhanced runoff into lakes. A second lake mesocosm experi-

ment (located in Denmark) will address extreme heatwaves using the

world's longest running flow-through, fully-mixed mesocosm system

(ambient, A2 scenario, A2 + 50% scenario — 4 replicates × 2 nutrient

levels). We will raise temperature during summer by 5 °C for

1 month, follow responses over two years, and compare them with

trends observed over 10 years of pre-treatment. Finally, there will be

one experiment (located in Germany) combining the effects of extreme

mixing andDOM loading. Deepmixing of lakes and pulsedDOM loading

in response to extreme summer storms and rainfall are two of themost

prominent impacts expected in the face of climate change. Twenty-four

largemesocosms (9mdiameter, 20mdeep; http://www.lake-lab.de) in

a stratified lake will be used to study these effects along a nutrient

gradient. Extreme mixing and DOM treatments will be crossed with 6

nutrient levels (TP of 10–45 μg/l).

For rivers, one experiment (located in Norway)will address extreme

flows inNordic rivers, as the hydrological regimes ofmanyNordic rivers

are controlled for hydropower. The negative impacts tend to be exacer-

bated by excess nutrients and climate change. We will use four stream-

side flumes (6 m length, 25 cm width, 5–25 cm water depth) to assess

these interactive effects by manipulating flow regimes for 4–6 weeks

in two flumes and using the two others as controls. A second experi-

ment (located in Austria) addresses peak flows in Alpine rivers. Effects

of peakflows resulting fromhydropower operation and extreme rainfall

are expected to vary with river channelization and climate warming.

Wewill use the recently established “Hydromorphological and Temper-

ature Experimental Channels” (HyTEC) to test for single and combined

effects of river flow, riverbedmorphology and temperature. HyTEC con-

sists of two large channels (40 m length, 6 m width) fed with nutrient-

poor lake water taken at different depths to vary water temperature.

Peak flows of up to 600 l/s several times a day will be produced to

mimic hydropeaking and extreme floods. Experiments will run for sev-

eral hours or days in paired treatment and control channels. Replication

(at least threefold) will be achieved by repeating experiments, with

treatment and control channels randomly selected each time. A third

experiment (located in Portugal) addresseswater scarcity inMediterra-

nean rivers. Mediterranean rivers combine low mean discharge and

prolonged summer droughts with flashiness during winter and spring.

This regime is compounded by climate change, prompting complex eco-

logical impacts (reduced connectivity, dry river beds that limit species

dispersal, followed by strong disturbance during subsequent high-flow

events). Chemical stressors interact with this variable environmental

setting. An outdoor flume to address these stressor combinations is cur-

rently constructed. Finally, one experiment (located in Denmark) will

address low flows in Nordic rivers. Extreme rainfall during winter and

summer storms as a result of climate change will be accompanied by in-

creased fine-sediment and nutrient loads to agricultural rivers, whereas

Fig. 3. Interconnection ofMARSwork packages andmain tasks.WP= Workpackage; RBM= River BasinManagement;WFD= Water FrameworkDirective; CIS= Common Implementation

Strategy.
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low flow in late summer will increase drought risk, sedimentation, ben-

thic occlusion, nutrient concentrations and oxygen declines at night. We

will use 12 outdoor flumes (12 m length, 30 cm width; 2–25 cm water

depth m) receiving water from a local river. Flow will be reduced in six

replicate flumes by 90% compared to the remaining six control flumes.

At the river basin scale, the users will be authorities responsible for

RBMPs, and environment agencies with regional or national responsi-

bility. We will address 16 river basins selected to cover the main

European regions and their representative stressor combinations.

Multiple stress effects on indicators will be modelled by linking the

outcome of “abiotic” models (including groundwater and surface

water hydrology) to the biota and to ecosystem processes and services,

either empirically or using process-based models. Applying scenarios,

we will differentiate the effects of the stress combinations and quantify

the effects of management and mitigation options using a variety of

models (Table 2). New model components linking multiple stressors

to quantitative, qualitative and service-related indicators will be devel-

oped and validated. The results and experience will feed into a wiki in-

formation system produced by MARS, in particular information on

indicators, models and decision support tools; we will further highlight

best practise examples of catchment analysis andmanagement, andwill

produce guidance onwhichmodels and tools are advisable underwhich

circumstances. The 16 selected catchments reflect regional and local

multistressor combinations affecting Europe's water resources and eco-

systems, as well as their ecological sensitivities and responses (Table 2,

Fig. 4). The three groups represent the following conditions:

• In Southern regions, the five river basins in Portugal, Spain, Greece,

Turkey and Romania are affected by water scarcity from abstraction,

groundwater over-exploitation and flow regulation. Agricultural in-

tensification and, increasingly, climate change, affect the catchments.

Severe flow alterations result in inadequate ecological flows coupled

with reduced dilution of organic pollution, nutrients and pesticides.

Effects are compounded by habitat loss and hydromorphological

modification to support water transfers, whilst erosion and increased

sediment delivery result from poor tillage, forest practices and soil

desertification.

• In Central regions, the six catchments (four in lowland regions, two in

mountain regions) are in theUK, theNetherlands, Denmark, Germany

(2) and Austria, and are affected by hydrological stressors (floods,

demand-related water scarcity and over-regulated flow), morpholog-

ical alterations and water quality problems, mainly resulting from

high population densities and intensive agriculture in the lowlands

and water power generation in the mountain regions. Additional

stress results from toxic pollution and pathogens, from invasive spe-

cies and non-natural sediment regimes that compound interstitial

de-oxygenation and habitat impairment.

• In Northern regions, five catchments are located in the UK, Norway

(2), Finland and Estonia and aremainly affected by hydrological alter-

ations and increasing temperature. Additional stress includes mor-

phological modification, diffuse agricultural pollution, sediments,

continued acidification, brownification and pollution by a range of

toxic and organic pollutants.

Selection criteria for the catchments included the existence of

calibrated nutrient and hydrological models, and a high density of

biological sampling sites with ecological status indicators. We thus

selected catchments where MARS can benefit from the existing

work and previous major investment to focus on the effects of

multiple stress.

All the basins have extensive physical, chemical and biological data,

in several cases spanning 2–3 decades (Table 2). The total number of

sampling sites includes 2500 for physical–chemical parameters, 1300

for fish, 4000 for macroinvertebrates, 2300 for macrophytes and 500

for microalgae. Research in each of the 16 major cases will follow a

standard workflow whilst some will address region-specific issues,

for example related to groundwater–surface water interactions andT
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b
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regionally important stress combinations. The following basins are

addressed:

• Sorraia: The Sorraia basin (7611 km2) drains into the Tagus estuary

from irrigated croplands and cork-oak forest, and is characterised by

widespread transfers, regulation and abstraction of surface and

groundwaters. This, coupled with extended periods over 45 °C and

annual precipitation of 642mm,means that many rivers are intermit-

tent, whilst climate change is expected to intensify floods and

droughts. Models of fluxes of water, nutrients, sediments and organic

pollutants will be used to assess the impact of thesemultiple stressors

onwater resources and quality and focus on identifying optimal man-

agement solutions to water conflicts, restoration, and the effects of

climate warning.

• Nervion-Ibaizabal: Located in the Basque region, this mountainous

catchment (1755 km2) drains into a commercial andmorphologically

modified Atlantic estuary affected by declining urban, organic and

metal discharges. The catchment has 140 sampling sites on rivers

and 30 in transitional/coastal waters. Physical–chemical and biologi-

cal data over the last 20 years will be used to investigate how various

discharge and morphological change scenarios may affect ecological

quality, recreation (bathing) and estuarine biodiversity and what are

the preferred management strategies to improve water resource and

ecological status.

• Pinios: The Pinios Basin (9500 km2) is in Thessaly, Greece's most pro-

ductive agricultural region, and is a WFD Pilot River Basin as well as a

priority region for pilot projects aimed at halting desertification in

Europe (DG-ENV Desertification 2010 and 2011). A hydrological

model will link multiple water quality stressors to benthic macroin-

vertebrate data, and the consequences for management options

related to the improvement of natural hydrological cycles, water

supply and water purification will be appraised.

• Beyşehir: Lake Beyşehir and its catchment (4080 km2) represent a

typical Mediterranean middle-Eastern basin, dominated by irrigated

cropland. Hydrological data span 50 years, augmented by physical–

chemical, fish, macrophyte and phytoplankton data from the last

two years. Lake levels oscillate already during wet-drought condi-

tions, and these effectswill be exacerbated by climate change, abstrac-

tion for irrigation, and excessive groundwater use. Eutrophication and

its effects on biological communities occur all year round. MARS will

examine the conflicting demands of water use for crops, people and

ecosystems in this setting and will investigate how these multiple

stressors can be effectively reconciled with good water resource and

ecological status outcomes. Particular attention will be given to sur-

face water–groundwater interaction and the optimal use of all water

resources within the catchment.

• Lower Danube: The 800,000 km2 Danube River Basin extends across

19 countries, of which 14 are contracting parties of the ICPDR.

The Lower Danube is occupied mostly by Romania, including the

Danube Delta which is important for tourism. Flood risk and water

quality are already major problems, exacerbated by increasing

urban land use, floodplain development, reduced river-bed capacity

and deforestation. Hydromorphological pressures include 255

reservoirs, 80% embankment on the lower reaches, regulation

(6600 km) and abstraction (138 significant abstractions). Flow and

quality alterations will be modelled, and land use change scenarios

tested in order to evaluate the implications for ecosystem services

within the Basin.

• Thames: As the catchment draining the UK's capital city, the Thames

(9948 km2) is highly monitored for physico-chemistry, fish, macroin-

vertebrates,macrophytes andmicroalgae. Groundwater in the basin is

extensivelymonitored for quality, and level. Stressors include agricul-

tural nutrients, organic pollutants, endocrine disrupting compounds,

nanoparticles andmetals, invasive species and pathogens exacerbated

by relatively low rainfall, extensive regulation, high and growing

water demand and regular droughts. Linked abiotic and biotic modelsT
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will be used to quantify response tomultiple drivers usingmechanistic

and Bayesian approaches and so to characterise i.) the effects of cli-

mate change, land use changes and population growth on response

surfaces describing nutrients stress, toxic compounds, temperature

and pathogens, and ii.) the impact of a range ofmanagement scenarios

on environmental services and outcomes under various multistressor

conditions.

• Regge and Dinkel: This lowland catchment (1350 km2) contains

N1000 sites with biotic data and 500 with physical–chemical

data, whilst groundwater monitoring is amongst Europe's most ex-

tensive. Agriculture has caused large hydromorphological alter-

ations, base flow reductions and water quality deterioration.

Droughts and groundwater abstraction lead to water scarcity af-

fecting biological quality. Work will focus on surface–groundwater

interactions, ecological flows, drainage and irrigation strategies,

Natural Water Retention Measures and habitat assessment for

selected biological groups.

• Odense: This lowland catchment (1100 km2) includes rivers, lakes

and transitional waters where the main stressors are eutrophica-

tion, pesticides from agriculture, droughts and groundwater

abstraction leading to water scarcity. Ecological effects are exacer-

bated by extensive channelization, dredging and macrophyte

removal. Mechanistic models will examine abiotic effects on

phytoplankton, zooplankton, submerged vegetation and fish to un-

derstand consequences for key ecosystem services (water supply,

nutrient retention, recreation and angling). Climate change and

land use scenarios will be applied, and nutrient and sediment re-

tention using new ten metre riparian buffers will be investigated

as these will become mandatory from 2012 onwards.

• Elbe, Havel and Saale (148,268 km2): The Havel and Saale catch-

ments are parts of the extensively monitored lowland Elbe basin.

Major stressors include eutrophication, hydromorphological alter-

ations by damming, land use regulation structures (e.g. groynes),

loss of bank vegetation and intensive shipping. Model applications

will focus on services for flood risk reduction, fisheries, recreation

and water purification (N and P-retention).

• Ruhr (4485 km2): The Ruhr catchment is dominated by forestry

and agriculture in the upper parts, and urbanisation in the

lower parts. Biological data are extensive, hydromorphological

data are available for each 100 m stretch and fine sediment inputs

have been modelled for all sections. Models for nutrients

and discharge will address ecosystem services including self-

purification and biodiversity protection using empirical dose–

response relationships to examine future scenarios of land use

and restoration.

• Drava: This Alpine basin (2600 km2) has good water quality, but

hydropower and associated morphological alteration are key

stressors affecting fisheries and recreation. Based on extensive

data, empirical models will link hydromorphology to fish, inverte-

brates and phytobenthos. Faced with new hydropower plants,

scenarios will address the conflicting ecosystem service effects on

fisheries, recreation and hydropower.

• Welsh basins: The extensive Welsh river basins (4000 km2) range

hierarchically from continuously monitored experimental catch-

ments to hundreds of other sub-catchments throughout Wales

with extensive biological and physico-chemical data from 1981

Fig. 4.MARS case study river basins.
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to present that in combination allow factorial investigations of

stressor combinations in time and space. Linking with large on-

going programmes (Duress project), scenarios and modelling will

explicitly address links between land-use, climate and ecosystem

service resilience (fish production, water quality regulation,

decomposition and cultural values).

• Vansjø-Hobøl: This small lowland, lake-dominated catchment

(690 km2) is mostly agricultural and affected by diffuse pollution.

Lakes are affected by regulation and eutrophication that cause

cyanobacteria and nuisance algae. Empirical studies will link mac-

rophytes, macroinvertebrates and fish to nutrients and tempera-

ture, whilst lake process models will address consequences for

chlorophyll a.

• Otra: This mountain to fjord catchment (3740 km2) provides

hydroelectric power, salmon habitat, recreation, and protected

habitat for important biota. Stressors include hydropower, acidifi-

cation, metals, invasive species and nuisance macrophytes. Exten-

sive and long-term data on hydrology, hydrochemistry and biology

from the 1960s to the present allow empirical and mechanistic

relationships between stressors and status of fish and benthic

invertebrates.

• Kokemäenjoki: The Kokemäenjoki basin (27,040 km2) includes

highland and lowland rivers and lakes that become transitional

waters. Data are available for all biological groups on rivers and

lakes, where stressors combine eutrophication and pathogens

from agriculture, hydromorphological change from hydropower

and flood defence, climate change and brownification. Dynamic

and hybrid modelling will assess stressor effects from forestry

and agriculture on macrophytes, phytoplankton, concentrating

particularly on ‘brownification’.

• Võrtsjärv: Data on Lake Võrtsjärv and its lowland catchment

(3104 km2), in particular on lake fish, invertebrates andmacrophytes,

reach back to the 1950s. Lake models are operational and include

surface–groundwater interfaces. Stressors on Lake Võrtsjärv include

level fluctuations affecting ecosystem structure and CO2 emissions,

whilst catchment agriculture results in eutrophication. Climate

change is further affecting hydrology, water level, temperature,

ice regime, brownification and carbon balance. Large commercial

fisheries are both ecosystem service and important pressures.

Modelling within MARS will focus on climate change effects on

water temperature and ice regime, brownification and carbon

balance alterations.

At the European scale, the users targeted are European and national

agencies and authorities responsible for international river basins. We

will address interactions amongst stressors, and between stressors and

indicators, which will be analysed and predicted across broadly defined

regions and for Europe as a whole. Work will be based on existing data-

bases such as WISER, BioFresh and EFI + and existing modelling tools

(e.g. MONERIS, GlobWB, GREEN, InVEST), but newexplanatory variables

(e.g. water abstraction, modelling of pesticide/nutrient entry) and

response variables (e.g. functions and services) will be added. We will

address broadly defined quality and quantity dimensions of freshwater

and transitional ecosystems with an overview analysis, emphasising

selected indicators (e.g. fish as main providers of ecosystem services)

and water types of general relevance to international water policy and

management (e.g. large rivers) in more specific tasks:

• We aim to provide a Europe-wide overview of stress intensity, status

and service provision at a coarser resolution than in the catchment

case studies, but at a more comprehensive coverage. We will

take advantage of new Europe-wide data sources such as those

compiled by the European Environment Agency and BioFresh

(www.freshwaterbiodiversity.eu).

• Large rivers are targeted in a specific task as they are challenging for

water resource management but have been poorly represented in

the previous EU-funded projects. Coherent data sources are now

available to enable the analysis of interactions between multiple

stressors, biota and processes/services, in particular the large river

intercalibration dataset and the results of the Joint Danube Survey.

• Lakes are targeted in a specific task as another ecosystem group of

large importance for which extensive, high quality data have recently

been compiled by the EU-funded project WISER and in the framework

of the intercalibration exercise. Lakes and reservoirs provide essential

ecosystem services such as recreation and water supply. The statistical

approaches being adopted for analysing lakes (e.g. quantile regression)

are particularly relevant to addressing landscape-scale management

and policy issues, for example the proportion of lakes in a region that

will achieve good status under particular European policy scenarios.

This is distinct from the questions related to individual water body

management considered at the water body and catchment scales.

• A specific task on fish in rivers, lakes and estuaries reflects the impor-

tance of European fish as indicators of ecosystems health and of

fisheries and recreational angling in aquatic ecosystem services.

Comprehensive and high quality data sets for rivers (resulting from

EFI+; www.efi-plus.boku.ac.at), lakes (WISER; www.wiser.eu),

estuaries (WISER), and freshwaters in general (BioFresh; www.

freshwaterbiodiversity.eu) offer new opportunities to compare the

response of fish and associated services to multiple stressors across

ecosystems and in particular to identify thresholds that impede

connectivity for economically important migratory species.

Tools produced will include a GIS-based web Atlas of Europe-wide

stressors, quality and services and a scenario development tool to

appraise the outcomes of different models acting at the European

scale. All maps will be developed within the WISE concept (Water

Information System for Europe, http://water.europa.eu).

Reponses on different scaleswill bemade comparable by using com-

mon “benchmark indicators” and scenarios. Based on the experiments

at the water body scale, the catchment models and the Europe-wide

analysis we will synthesise multiple stressor–response relationships

across scales, comparing the strength and trajectories of relationships

to identify indicators of water quantity, water quality, ecological status

and ecosystem services using meta-analysis, response surfaces and

Bayesian methods. We will examine whether the combined effects are

synergistic, additive or antagonistic. Using both the strength and the

shape of the responses we will identify sentinel indicators and thresh-

olds of rapid response. The synthesised responses of functional indica-

tors of biota, habitats or water-body types will also be used to identify

which attributes at the water-body or landscape scale either increase

or decrease exposure or sensitivity to multi-stressor conditions. The

synthesis will bring together information on exposure and sensitivity

to stressors with collated data on the importance and value of associat-

ed services to develop a risk classification of the European waters:

rivers, lakes, transitional waters and groundwaters. Through the results

of a structured questionnaire sent to river basin managers and through

end-user workshops, we will synthesise current practice in River Basin

Management and evaluate how effectively the elements of the MARS

conceptual model are operationalised and integrated in existing

RBMPs. This synthesis will help to identify where integration could be

improved and gaps in knowledge or tools.

Tools produced within EU-funded projects face substantial chal-

lenges: Particularly at the regional scale, users rely on tools in national

languages; a long and intense implementation phase is required to

train and to convince the users; there is a compromise between tools

being too specific (thus requiring complex adaptations for each

catchment) and being too general (reproducing information already

available). For these reasons, few tools produced by scientists have

been adopted extensively by users. Positive examples are large-scale

models such asMONERIS, catchmentmodels such as INCA, some biolog-

ical assessment systems such as EFI+ (fish) and invertebrate-based as-

sessment systems resulting from the projects AQEM and STAR. Decision

support systems, however, have rarely been put into practise, as stressor
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combinations, stress intensities and demands for water management

tools differ amongst and within the European states. As pointed out

in the Blueprint to Safeguard Europe's Water Resources, there is no

“one-size-fits-all” solution for integrated water management. Water

managers need a tool box, where current knowledge is synthesised,

best-practice is highlighted and practical tools are available for im-

proved water management at water body, river basin, and European

scales and towhich databases from various sources can easily be linked.

Against this background, and based on data and results from bothMARS

and related projects,MARSwill use a strategy for tool developmentwith

the following components:

• As much as possible, we will build on existing tools or prototypes,

which are already applied by a wide range of users. To these, we

will add new components developed in MARS. Besides advantages

for implementation, interoperability and re-use of software products

offer significant cost reductions.

• The envisaged products will be jointly refined in dialogue with users,

i.e. river-basin districts, environment agencies and European organi-

sations, several of which are included as “applied partners” amongst

the participants. This dialogue has already started in the proposal

preparation phase and shaped some of the focus of the project.

• Overall, MARS will generate two product lines across the three geo-

graphical scales: (1) an information systemand (2) diagnosis, analysis

and predictive tools. The information system will be based on a wiki,

transforming complex scientific results fromMARS and other projects

into simple facts, but at the same time allowing access to the original,

more detailed information. The analysis and predictive tools

will mainly link already existing systems and place them into the

multiple stressor framework, whereas the diagnostic tools will draw

extensively on the results of this project.

More specifically, MARS will produce the following tools:

• Web-based Information System: The starting point will be the wiki

system developed in the REFORM project (http://www.reformrivers.

eu). Awiki is awebsitewhich allows its users to add,modify, or delete

content via a web browser. This system will be reconstructed, im-

proved and extended by geographic elements (google earth or simi-

lar) to address multiple stressors and different water categories. A

set of benchmark indicators addressingwater quantity, water quality,

ecological status, ecosystem functioning and ecosystem services will

be presented. In addition, the tool will give aggregated information

on multistressor conditions and their consequences on the status of

water bodies in the European river basins. Cornerstone of the Infor-

mation System will be a database on dose–response relationships

resulting from the experiments, the catchment case studies and the

Europe-wide analysis. Finally, it will contain information on tools for

River Basin Management, exemplified at the river basin case studies;

this section will present catchment characteristics, assessment of the

multistressor conditions, predicted effectiveness of the measures

studied, socio-economic benefits and the tools suited for assessment

and prediction.

• Diagnostic tool for water bodies: We will develop a tool to diagnose

changes in water quantity, chemical and ecological status of water

bodies based on observed data. The starting point will be the

CADDIS tool developed and maintained by the US-EPA, and the Eco-

Evidence database and analysis tool developed by the eWater cooper-

ative Research Centre in Australia, as well as related activities of the

international Eco-evidence group (Norris et al., 2012). The tool will

statistically analyse recent observed data, to derive trends and possi-

ble future changes on stressors and their effects on indicators. The

tool will provide a guide for determining the causes of detrimental

changes and undesirable biological conditions observed in aquatic

systems. The CADDIS/Eco Evidence tool will be adapted to the

European conditions. The tool will visualise a stepwise approach to

detect detrimental changes using (benchmark) indicators and to

identify possible causes at the water body scale.

• Combining abiotic and biotic models for River Basin Management

planning: European water managers are currently using a wide

range of tools in River BasinManagement. In this taskwewill provide

guidance on the use of modelling tools, in particular the coupling of

“abiotic” and “biotic” models. Selected models will be improved, by

incorporating additional stressor types or by including dose–response

relationships between multiple stress and indicators. Several river

basin case studies will be used to validate the improved models

(Regge and Dinkel, Elbe, Otra/ Vansjø-Hobøl, Kokemäenjoki, Odense,

Sorraia; see Table 2). The individual models will be connected to the

MARS conceptual framework (Fig. 1) to structure the discussion be-

tween modellers and decision makers.

• Scenario analysis tool at the European scale: We will develop a quan-

titative approach to improve comparability of River Basin Manage-

ment plans between regions and countries. Central element will be a

Europe-wide data base that will include monthly input data on a

scale of 250 km2 (land use, nutrient emissions, water balances, etc.),

groundwater and surface water flow and quality, and information

on hydromorphology, habitat structure and biota. We will use

GlobWB (water quantity) and MONERIS (water quality) to model

multistressor conditions. Both modelling tools have been applied

and tested on a European level, but not yet in a combined way.

The tools will be linked according to the principles of open Model

Interface and combinedwith a Bayesian networkmodel incorporating

stressor–response functions at the European level. The resulting

tool will be applied to scenarios. This will result in a comprehensive

framework describing the linkages between the climate, the water

availability, the nutrient fluxes and themanagement options to quan-

tify and evaluate changing multi-stressors and the related aquatic

responses.

For policy support and dissemination, we will interact with user

groups to precisely define product needs, to disseminate results and to

advise implementation and revision of the WFD and the Blueprint to

Safeguard Europe's Water Resources. Regional end users (i.e. river

basin authorities) will be involved through the river basin case studies

and through the developed multiple stressor tools. On a European

scale we will interact with the relevant CIS groups (ECOSTAT, Floods,

Water scarcity and Droughts, Groundwater, Climate Change and

Water, Agriculture and Water, Science-Policy Group) and with MAES

(Mapping and assessment of Ecosystem Services) by contributing to

the guiding documents produced by them. Finally, it will channel the

scientific input for the revision of the Water Framework Directive,

which is due in 2019, e.g. how to integrate status, risk assessment and

ecosystem services.

6. Conclusions

With the adoption of the first RBMPs, the almost completed intercal-

ibration exercise and the publication of the Blueprint to Safeguard

Europe's Water Resources, water management in Europe are now en-

tering a new phase. Whilst a first assessment of Europe's water bodies

using intercalibrated methods has been performed and Programs

of Measures have been derived, the emerging challenges include

implementing the measures, regarding multiple pressures in River

Basin Management, taking account of ecosystem services and better

linking the WFD to other policies in the water, energy and agricultural

sectors. These challenges are similar for all European countries, but

solutions differ regionally, as different stressor combinations are of

relevance. Against this background, there are good reasons to address

these challenges in a large international project. Sixty percent of the

EU's territory lies in transboundary river basins. Many RBMPs therefore

have a strong international component. Evenwithin single RBMPs, tools

for quality assessment, for deriving measures and for predicting their

success need to be applicable in various countries. Though stressors
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differ, the principal challenges for water management are quite similar

in the European countries. There is a great potential to learn from each

other, and projects like MARS will provide a platform to facilitate this

learning process. MARS aims at covering the most relevant stress com-

binations affecting water resources in Europe. As these differ strongly

between regions, partners from many countries are required, address-

ing driver/stressor combinations such as hydropower generation

(Northern and Alpine regions), intense agriculture and urban land use

(Central Europe), and water abstraction and climate change (Southern

Europe). Learning from experience, new tools (e.g. models, assessment

methods) for River Basin Management should be developed in a way

that enables applicability across Europe. In case of indicators for ecolog-

ical status,more than 300methodswere developed throughout Europe,

requiring a complex, time consuming and very expensive intercalibra-

tion process (Birk et al., 2012). To some degree this was unavoidable,

as aquatic biota strongly differs between European ecoregions. There

is still a need to improve many of the existing methods or modify the

class boundaries to account for impacts of additional stressors. There

may also be a need to reduce the number of methods to improve com-

parability of status assessments across Europe. Moreover, methods for

assessing ecosystem services have to be included, which should be

based on common principles across Europe. In this way, MARS could

provide more harmonised or standardised methodologies. This is of

particular importance for preparing the revision of the WFD in 2019.

Acknowledgements

Thiswork is part of theMARSproject (ManagingAquatic ecosystems

and water Resources under multiple Stress) funded under the 7th EU

Framework Programme, Theme 6 (Environment including Climate

Change), Contract No.: 603378 (http://www.mars-project.eu).

References

Birk S, Bonne W, Borja A, Brucet S, Courrat A, Poikane S, et al. Three hundred ways to as-
sess Europe's surface waters: an almost complete overview of biological methods to
implement the Water Framework Directive. Ecol Indic 2012;18:31–41.

Carvalho L, McDonald C, De Hoyos C, Mischke U, Phillips G, Borics C, et al. Sustaining rec-
reational quality of European lakes: minimising the health risks from algal blooms
through phosphorus control. J Appl Ecol 2013;50:315–23.

Crane M, Watts C, Boucard T. Chronic aquatic environmental risks from exposure to
human pharmaceuticals. Sci Total Environ 2006;367:23–41.

Duethmann D, Anthony S, Carvalho L, Spears BM. A model-based assessment of non-
compliance of phosphorus standards for England andWales. Int J River BasinManage
2009;7:197–207.

EEA. European waters — assessment of status and pressures. EEA report 8/2012; 2012a.
EEA. Climate change, impacts and vulnerability in Europe 2012. EEA Report No 12/2012;

2012b.
ETC-ICM. Thematic assessment on ecological and chemical status and pressures. ETC-ICM

Technical Report 1/2012. Prague: European Topic Centre on Inland, Coastal and
Marine waters; 2012a.

ETC-ICM. Hydromorphological alterations and pressures in European rivers, lakes, transi-
tional and coastal waters. ETC-ICM Technical Report 2/2012. Prague: European Topic
Centre on Inland, Coastal and Marine waters; 2012b.

Feld CK, Birk S, Bradley DC, Hering D, Kail J, Marzin A, et al. From natural to degraded
rivers and back again: a test of restoration ecology theory and practice. Adv Ecol
Res 2011;44:119–209.

Friberg N. Pressure–response relationships in stream ecology: introduction and synthesis.
Freshw Biol 2010;55:1367–81.

Haines-Young R, Potschin M. The links between biodiversity, ecosystem services and
human well-being. In: Raffaelli DG, Frid CLJ, editors. Ecosystem Ecology: a new
synthesis. Cambridge: Cambridge University Press; 2010. p. 110–39.

Hering D, Borja A, Carstensen J, Carvalho L, Elliott M, Feld CK, et al. The European Water
Framework Directive at the age of 10: a critical review of the achievements with rec-
ommendations for the future. Sci. Total Environ. 2010;408:4007–19.

Hinsby K, Condesso deMelo ME, DahlM. European case studies supporting the derivation
of natural background levels and groundwater threshold values for the protection of
dependent ecosystems and human health. Sci. Total Environ. 2008;401:1–20.

Hunter PD, Gilvear DJ, Tyler AN, Willby NJ, Kelly A. Mapping macrophytic vegetation in
shallow lakes using the Compact Airborne Spectrographic Imager (CASI). Aquatic
Conservation: Marine and Freshwater Ecosystems 2010;20:717–27.

Jeppesen E, Søndergaard M, Meerhoff M, Lauridsen TL, Jensen JP. Shallow lake restoration
by nutrient loading reduction — some recent findings and challenges ahead.
Hydrobiologia 2007;584:239–52.

Kail J, Wolter C. Analysis and evaluation of large-scale river restoration planning in
Germany to better link river research and management. River Res Appl 2011;27:
985–99.

Leung B, Lodge DM, Finnoff D, Shogren JF, Lewis MA, Lamberti G. An ounce of prevention
or a pound of cure: bioeconomic risk analysis of invasive species. Proc R Soc Biol Sci
2002;269:2407–13.

Lyche-Solheim A, Feld CK, Birk S, Phillips G, Carvalho L, Morabito G, et al. Ecological status
assessment of European lakes: a comparison of metrics for phytoplankton, macro-
phytes, benthic invertebrates and fish. Hydrobiologia 2013;704:57–74.

Marzin A, Verdonschot PFM, Pont D. The relative influence of catchment, riparian corri-
dor, and reach-scale anthropogenic pressures on fish and macroinvertebrate assem-
blages in French rivers. Hydrobiologia 2013;704(1):375–88.

May L, Spears BM. Managing ecosystem services at Loch Leven, Scotland, UK: actions, im-
pacts and unintended consequences. Hydrobiologia 2012;681:117–30.

Norris RH,Webb JA, Nichols SJ, Stewardson MJ, Harrison ET. Analyzing cause and effect in
environmental assessments: using weighted evidence from the literature. Freshwater
Science 2012;31:5–21.

Ormerod SJ. Rebalancing the philosophy of river conservation. Aquat Conserv Mar Freshw
Ecosyst 2014;24:147–52.

Ormerod SJ, Dobson M, Hildrew AG, Townsend CR. Multiple stressors in freshwater
ecosystems. Freshw Biol 2010;55:1–4.

Poff NL, Richter BD, Arthington AH, Bunn SE, Naiman RJ, Kendy E, et al. The ecological
limits of hydrologic alteration (ELOHA): a new framework for developing regional
environmental flow standards. Freshw Biol 2010;55:147–70.

Postel S, Richter B. Rivers for life: managingwater for people and nature. Washington, DC:
Island Press; 2003.

Prudhomme C, Jakob D, Svensson C. Uncertainty and climate change impact on the flood
regime of small UK catchments. J Hydrol 2003;277:1–23.

Schinegger R, Trautwein C, Melcher A, Schmutz S. Multiple human pressures and their
spatial patterns in European running waters. Water Environ J 2012;26:261–73.

Stelzenmüller V, Lee J, South A, Rogers SI. Quantifying cumulative impacts of human
pressures on the marine environment: a geospatial modelling framework. Mar Ecol
Prog Ser 2010;398:19–32.

TEEB. The economics of ecosystems and biodiversity: Mainstreaming the economics of
nature: a synthesis of the approach, conclusions and recommendations of TEEB.
London and Washington: Earthscan; 2010.

TEEB. The economics of ecosystems and biodiversity in national and international policy
making. London and Washington: Earthscan; 2011.

Vlachopoulou M, Coughlin D, Forrow D, Kirk S, Logan P, Voulvoulis N. The potential of
using the ecosystem approach in the implementation of the EUWater Framework Di-
rective. Sci Total Environ 2014;470/471:684–94.

Wallis C, Séon-Massin N, Martini F, Schouppe M. Implementation of the Water Frame-
work Directive. When ecosystem services come into play. 2nd “Water Science
meets Policy” Event. Brussels, 29–30 September 2011. Brussels: ONEMA and DG
R&I; 2011.

21D. Hering et al. / Science of the Total Environment 503–504 (2015) 10–21

https://sina-pub.ir

