Frédéric Mineur 
email: f.mineur@qub.ac.uk
  
Francisco Arenas 
  
Jorge Assis 
  
Andrew J Davies 
  
Aschwin H Engelen 
  
Francisco Fernandes 
  
Erik-Jan Malta 
  
Thierry Thibaut 
  
Tu Van 
  
Tu Van Nguyen 
  
Fátima Vaz-Pinto 
  
Sofie Vranken 
  
Ester A Serrão 
  
Olivier De Clerck 
  
  
European seaweeds under pressure: Consequences for communities and ecosystem functioning

Keywords: 

niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Coastlines harbor some of the most ecologically and socioeconomically significant ecosystems on the planet [START_REF] Harley | The impacts of climate change in coastal marine systems[END_REF]. Marine habitats from the intertidal zone to the continental shelf are estimated to provide over €10 trillion worth of ecosystem goods and services per year, amounting to approximately 43% of the global total [START_REF] Costanza | The value of the world's ecosystem services and natural capital[END_REF]. In such coastal systems, particularly on rocky shores, seaweeds are the dominant autotrophic biomass, playing a central structural and functional role in several habitats ranging from turfs to kelp forests. Along the Atlantic European coastlines, seaweed biomass is dominated by brown perrenial algae (Phaeophyceae) belonging to the orders Tilopteridales, Laminariales (kelps), and Fucales (wracks). Kelps are usually found in the subtidal and lower intertidal, and have been described as the "trees" of the oceans [START_REF] Dayton | Ecology of kelp communities[END_REF]. Most Fucales, communally referred to as wracks, are found in the intertidal zone, and although they are usually smaller than kelps (e.g. Fucus spp., Ascophyllum nodosum, Pelvetia canaliculata), they can also form large subtidal forests (namely Cystoseira spp.) (Fig. 1). The understorey habitat is made up of turf-forming species that can include a wide range of red (Rhodophyta), green (Ulvophyceae) and other brown seaweeds. Mediterranean shorelines are often characterized by turf forming algal communities, but canopies formed by a range of Cystoseira species can dominate the littoral fringe to the lower sublittoral zone (e.g. [START_REF] Ballesteros | Structure and dynamics of the community of Cystoseira zosteroides (Turner) C. Agardh (Fucales, Phaeophyceae) in the Northwestern Mediterranean[END_REF][START_REF] Feldmann | Recherches sur la végétation marine de la Méditerranée. La Côte des Albères[END_REF][START_REF] Giaccone | La Vegetazione marina bentonica fotofila del Mediterraneo: 2.: Infralitorale e Circalitorale: proposte di aggiornamento[END_REF]. These different communities are important for coastal ecosystems as they can support high biodiversity through structuring complex habitats for associated species, that range from vertebrate predators [START_REF] Araujo | What is the impact of kelp forest density and/or area on fisheries?[END_REF][START_REF] Steneck | Kelp forest ecosystems: biodiversity, stability, resilience and future[END_REF] to infaunal communities [START_REF] Thrush | Habitat-diversity relationships in rocky shore algal turf infaunal communities[END_REF]. Seaweeds are widely recognized as autogenic "ecosystem engineers" [START_REF] Jones | Organisms as ecosystem engineers[END_REF] or "foundation species" [START_REF] Dayton | Experimental evaluation of ecological dominance in a rocky intertidal algal community[END_REF]. Changes in the composition of seaweed communities, either through habitat loss or climate change, will resonate through entire coastal ecosystems.

Anthropogenic activities on coastal areas, such as fishing, tourism, maritime traffic, or exploitation of natural resources, create increasing anthropogenic stress. One third of the world's population live in coastal areas that account for approximately 4% of Earth's total land area (UNEP, 2006). Europe in particular has a densely populated coastline, which is highly impacted by human activities [START_REF] Eea | The Changing Faces of Europe's Coastal Areas[END_REF]. Marine ecosystems surrounding Europe are among the most threatened by human impacts [START_REF] Halpern | A global map of human impact on marine ecosystems[END_REF]. The most important direct drivers of change in coastal ecosystems, and marine biodiversity loss in particular, are believed to be habitat destruction, overexploitation of resources (e.g. fisheries), pollution, increases in sedimentation, climate change, and invasive species [START_REF] Claudet | Human-driven impacts on marine habitats: a regional meta-analysis in the Mediterranean Sea[END_REF][START_REF] Munday | Predicting evolutionary responses to climate change in the sea[END_REF][START_REF] Walker | Threats to macroalgal diversity: marine habitat destruction and fragmentation, pollution and introduced species[END_REF]. Changes in the average and extreme values of air and sea surface temperatures, due to increasing greenhouse gases in the atmosphere, have a pronounced impact on marine organisms and ultimately on the composition of coastal communities (Wernberg et al., 2011a,b). Species that become invasive also impact ecosystems, and are second only to habitat loss as a cause of species endangerment and extinction [START_REF] Wilcove | Quantifying threats to imperiled species in the United States[END_REF]. European coasts, with nearly a thousand recorded marine alien species [START_REF] Daisie | Delivering Alien Invasive Species Inventories for Europe: European Summary[END_REF][START_REF] Galil | International arrivals: widespread bioinvasions in European Seas[END_REF], are highly exposed to that threat.

Seaweeds are affected by both global and local stressors (sensu [START_REF] Brown | Managing for interactions between local and global stressors of ecosystems[END_REF] (Fig. 2). Global stressors result from human activities or natural fluctuations, that occur on a worldwide level. Although they will have local impacts, they cannot be halted by local action. Earth's orbital eccentricity has an impact on global temperature over periods of thousands of years [START_REF] Hays | Variations in the Earth's orbit: pacemaker of the ice ages[END_REF]. On a shorter (and contemporary) scale (i.e. since the industrial revolution), global warming is mostly triggered by greenhouse gas emissions (mostly originating from human activities), which are also leading to ocean acidification. Disruption of weather patterns due to global warming will also have an impact on coastal areas with more frequent and stronger storm events. These stressors, that have complex interactions, are gathered here under the umbrella of "climate change", in which we also included ocean acidification. The other major global stressor is a process called "biotic homogenization" [START_REF] Mckinney | Biotic homogenization: a few winners replacing many losers in the next mass extinction[END_REF], that results from humanmediated transport and introduction of living organisms outside their native range, with biological invasions as local impacts. Some local stressors on seaweeds may be direct and evident, such as seaweed harvesting and trampling. Others, such as eutrophication, overgrazing or habitat modification can have either direct or indirect consequences and origins. For instance, eutrophication may have a remote (although local) origin and will trigger a cascade of consequences on coastal ecosystems. Overgrazing is a consequence of changes in the abundance of herbivores and their predators (top-down controls). Habitat modification can also lead to complex consequences, such as increased sedimentation that will ultimately disturb seaweed communities.

This manuscript reviews the effects of the abovementioned stressors on seaweed diversity, their communities and the functioning of the ecosystems that they sustain. This review is mostly focused on the marine biogeographical provinces surrounding Europe, considering both global and local stressors to give an overview of the current knowledge of seaweed diversity of European coastlines and how they are affected by human activities.

Seaweed diversity in Europe

Accurate estimates of the diversity and distribution of species are essential to understand how communities and ecosystems respond to environmental change and to be able to forecast those changes that will influence ecosystem services on which humans depend. Information on macroalgal diversity and taxonomy is primarily available through the online database AlgaeBase [START_REF] Guiry | Algaebase[END_REF], which integrates taxonomic, nomenclatural, bibliographic, and biogeographical information. These data are secondarily integrated in a number of regional or global databases, such as the World Register of Marine Species (WoRMS) (Appeltans et al., 2012;[START_REF] Costello | Global coordination and standardisation in marine biodiversity through the World Register of Marine Species (WoRMS) and related databases[END_REF] and the European Ocean Biogeographic Information System (EurOBIS) [START_REF] Vandepitte | Analysing the content of the European Ocean Biogeographic Information System (EurOBIS): available data, limitations, prospects and a look at the future[END_REF]. Based on the AlgaeBase data, [START_REF] Guiry | How many species of algae are there?[END_REF] and De Clerck et al. ( 2013) provided estimates of algal species diversity and discussed temporal trends in the description of new taxa. A major conclusion of both global level studies was that accurate estimates of global algal diversity are especially difficult to establish. Description rates of new algal species show no decline, which is indicative of a large amount of undiscovered species, and even at the genus level, a decline in description rate is not very apparent [START_REF] De Clerck | Algal taxonomy: a road to nowhere?[END_REF].

In Europe, the cumulative number of seaweed species described also shows no decline in the rate at which new species are described (Fig. 3). At present approximately 1549 seaweed species are recognized from Europe, classified within 456 genera. The absence of a decline in the rate of species descriptions is not unique to seaweeds. In an analysis of European marine biodiversity, [START_REF] Costello | Predicting the number of known and unknown species in European seas using rates of description[END_REF] noticed a decrease in the rate of description only for marine birds, mammals and krill. We concur with [START_REF] Costello | Predicting the number of known and unknown species in European seas using rates of description[END_REF] in that, although previous hyper-estimates of marine species diversity are unlikely to be accurate, significant numbers of species still remain to be described from one of the best-studied and relatively species-poor oceans in the world.

Given that a considerable fraction of seaweed species may still have yet to be described, it is tempting to speculate where these missing species live and what they look like (see [START_REF] Scheffers | What we know and don't know about Earth's missing biodiversity[END_REF]. From a morphological perspective, most new or reinstated species can be categorized as cryptic or pseudocryptic. Where convergent morphological evolution, morphological stasis, phenotypic plasticity and polymorphism, all common phenomena in seaweed, previously hampered species delimitation, the use of molecular markers has enabled phycologists to better interpret species diversity and more accurately delimit species [START_REF] Cianciola | Using molecular-assisted alpha taxonomy to better understand red algal biodiversity in Bermuda[END_REF][START_REF] Leliaert | DNA-based species delimitation in algae[END_REF]. Although morphological diagnostic characters may not always be obvious among these new species, we are not necessarily dealing with small and insignificant species. Perhaps the most iconic example is presented by Fucus, a genus of large brown algae that dominates the rocky intertidal of Atlantic shores from southern Portugal to northern Scandinavia. In the last decade alone, no less than two species (Fucus radicans and Fucus guiryi) out of a total of seven were described from European shores [START_REF] Bergstrom | Genetic and morphological identification of Fucus radicans sp. nov. (Fucales, Phaeophyceae) in the brackish Baltic Sea[END_REF][START_REF] Canovas | Driving south: a multi-gene phylogeny of the brown algal family Fucaceae reveals relationships and recent drivers of a marine radiation[END_REF][START_REF] Zardi | Adaptive traits are maintained on steep selective gradients despite gene flow and hybridization in the intertidal zone[END_REF]. However, only in a minority of cases have newly described species also been newly discovered species (i.e. they were known to exits but were included in wider specific entities). Difficulties in distinguishing morphological plasticity from fixed diagnostic traits that separate the various species in the absence of molecular sequence data have resulted in an underestimation of species diversity (e.g. [START_REF] Brodie | New insights into the cryptic diversity of the North Atlantic-Mediterranean 'Porphyra leucosticta' complex: P. olivii sp. nov. and P. rosengurttii (Bangiales, Rhodophyta)[END_REF][START_REF] Saunders | Molecular divergence and morphological diversity among four cryptic species of Plocamium (Plocamiales, Florideophyceae) in northern Europe[END_REF]. There is a clear tendency for these refined species boundaries to result in smaller geographic ranges and many newly described European species are therefore also located in peripheral regions such as Macaronesia (e.g. [START_REF] Afonso-Carrillo | Botryocladia chiajeana and Botryocladia macaronesica sp nov (Rhodymeniaceae, Rhodophyta) from the Mediterranean and the eastern Atlantic, with a discussion on the closely related genus Irvinea[END_REF][START_REF] Tronholm | Contrasting geographical distributions as a result of thermal tolerance and long-distance dispersal in two allegedly widespread tropical brown lgae[END_REF][START_REF] Tronholm | Taxonomy of the Dictyota ciliolata-crenulata complex (Dictyotales, Phaeophyceae)[END_REF]. A recurring example is presented by species that were traditionally recorded from Atlantic as well as Mediterranean coasts but for which gene sequence data provide evidence that the Atlantic and Mediterranean populations are distinct species (e.g. Grateloupia filicina-minima, De [START_REF] De Clerck | Systematics of Grateloupia filicina (Halymeniaceae, Rhodophyta), based on rbcL sequence analyses and morphological evidence, including the reinstatement of G. minima and the description of G. capensis sp[END_REF].

Obtaining detailed and accurate records for the distributions of seaweed species may be challenging. Indeed, the above-mentioned problems with traditional morphological identifications imply that older published distribution records may be inaccurate and such inaccuracies become multiplied in subsequent literature unless critical revisions are made. Even though regional checklists exist for most countries or regions, these lists generally provide an overview of past literature reports rather than a critical interpretation of species records. Furthermore, primary distribution data are generally not integrated in open access repositories with coordinates that allow distribution mapping, such as EurOBIS. The seaweed distribution data of the British Isles [START_REF] Hardy | A Check-list and Atlas of the Seaweeds of Britain and Ireland[END_REF] are a notable exception.

Functional consequences of seaweed diversity

Seaweed biodiversity in the context of the new ecosystem functioning paradigm

Over the past two decades, the functional consequences of the global loss of diversity have received considerable attention by researchers. As a result, the topic of biodiversity and ecosystem functioning has now emerged as a major field within ecological research and is considered a new ecological paradigm [START_REF] Gamfeldt | Biodiversity effects on aquatic ecosystem functioningmaturation of a new paradigm[END_REF][START_REF] Naeem | Ecosystem consequences of biodiversity loss: the evolution of a paradigm[END_REF]. This research area was initially led by terrestrial researchers with experiments focused on plant diversity-productivity relationships and the mechanisms behind them [START_REF] Tilman | The ecological consequences of changes in biodiversity: a search for general principles[END_REF]. Marine ecologists lagged slightly behind and focused more on the role of consumer diversity [START_REF] Gamfeldt | The role of diversity for the functioning of rocky reef communities[END_REF]. Nevertheless, seaweed assemblages (at least in intertidal zones) are easy to manipulate, thus they are a convenient model system for experiments examining causal links between diversity and functioning. Several authors have performed studies involving seaweeds within the context of biodiversity-ecosystem functioning research measuring processes such as primary production, nutrient uptake, resistance to invasion and stability. These experiments mostly found positive effects of seaweed diversity, irrespective of the response measured: photosynthetic rates [START_REF] Bruno | Effects of macroalgal species identity and richness on primary production in benthic marine communities[END_REF][START_REF] Griffin | Functional diversity predicts overyielding effect of species combination on primary productivity[END_REF][START_REF] Middelboe | Importance of canopy structure on photosynthesis in single-and multi-species assemblages of marine macroalgae[END_REF], biomass accumulation [START_REF] Bruno | Effects of macroalgal species identity and richness on primary production in benthic marine communities[END_REF], nutrient uptake [START_REF] Bracken | Diversity of intertidal macroalgae increases with nitrogen loading by invertebrates[END_REF][START_REF] Bracken | Seaweed diversity enhances nitrogen uptake via complementary use of nitrate and ammonium[END_REF], invasion resistance [START_REF] Arenas | The invasibility of marine algal assemblages: role of functional diversity and identity[END_REF] and stability [START_REF] Boyer | Biodiversity effects on productivity and stability of marine macroalgal communities: the role of environmental context[END_REF][START_REF] Stachowicz | Diversity enhances cover and stability of seaweed assemblages: the role of heterogeneity and time[END_REF]. Also, experiments suggested that diversity effects seem to be the strongest when multiple ecosystem functions were considered simultaneously; e.g. both productivity and stability [START_REF] Boyer | Biodiversity effects on productivity and stability of marine macroalgal communities: the role of environmental context[END_REF] or productivity and nutrient uptake [START_REF] Bracken | Realistic changes in seaweed biodiversity affect multiple ecosystem functions on a rocky shore[END_REF]. Niche differentiation leading to complementary resource use, facilitative interactions among species and species identity effects were identified as underlying mechanisms governing the diversity and productivity of seaweed communities. In short term experiments the species identity appeared to be the dominant effect [START_REF] Bruno | Partitioning the effects of algal species identity and richness on benthic marine primary production[END_REF][START_REF] Griffin | Functional diversity predicts overyielding effect of species combination on primary productivity[END_REF], while in longer experiments mechanisms like facilitation and differential use of resources increase in importance [START_REF] Stachowicz | Diversity enhances cover and stability of seaweed assemblages: the role of heterogeneity and time[END_REF].

In a recent meta-analysis of marine studies, [START_REF] Gamfeldt | Marine biodiversity and ecosystem functioning: what's known and what's next[END_REF] unambiguously illustrated that losing species will cause general reductions in ecosystem functions on average (see also [START_REF] Stachowicz | Diversity enhances cover and stability of seaweed assemblages: the role of heterogeneity and time[END_REF][START_REF] Worm | Impacts of biodiversity loss on ocean ecosystem services[END_REF]. However, extrapolating results from experiments to real-world is not always straightforward and in the case of seaweeds the extent of primary productivity reduction associated with the current changes on diversity is uncertain. From experiments on terrestrial systems, [START_REF] Hooper | A global synthesis reveals biodiversity loss as a major driver of ecosystem change[END_REF] estimated that species loss levels between 21 and 40% would reduce primary productivity by 5-10%. Scenarios of species loss so intense are improbable in seaweed assemblages. However local random species loss, like those simulated in most of these experiments usually underestimate the effects of declining diversity [START_REF] Bracken | Functional consequences of realistic biodiversity changes in a marine ecosystem[END_REF]. Thus, to estimate real-world impacts of losing diversity it is necessary to examine not only the differences in the functional performance among species, but also the differential species' susceptibility to become locally or regionally extinct. This susceptibility is likely linked to the tolerance of the species to global and local stressors which are reviewed later in this article.

Seaweeds as carbon sink and sources

Next to their widely recognized function in structuring coastal ecosystems, seaweeds have a relevant role as carbon sinks. Worldwide, marine macroalgae occupy about an area of 6.8 × 10 6 km 2 [START_REF] Duarte | The fate of marine autotrophic production[END_REF]. Productivity accounts for a carbon uptake of 0.46 to 2.55 Pg (1 Pg = 10 12 kg) of carbon per year (Okuda, 2008;[START_REF] Duarte | The fate of marine autotrophic production[END_REF]. This is low compared with phytoplankton (45-50 Pg C year -1 ) [START_REF] Falkowski | Ocean Science: the power of plankton[END_REF]. However, phytoplanktonic productivity covers a far greater area, with approximately 3.6 × 10 8 km 2 [START_REF] Gattuso | Carbon and carbonate metabolism in coastal aquatic ecosystems[END_REF]. Marine macroalgae dominate shallow coastal areas where most of the seafloor lies within the euphotic zone, supporting highly productive benthic communities [START_REF] Mann | Seaweedstheir productivity and strategy for growth[END_REF]. Some species of brown algae (mostly Fucales and Laminariales) are able to fix more than 1 kg C m -2 year -1 [START_REF] Chung | Using marine macroalgae for carbon sequestration: a critical appraisal[END_REF]. In particular, kelp forests may reach productivities well above 3 kg C m -2 year -1 [START_REF] Gao | Use of macroalgae for marine biomass production and CO 2 remediationa review[END_REF]. The overall standing crop of kelp forests is estimated to be between 0.015 and 0.039 Pg C, but it could be much higher [START_REF] Reed | Kelp forests. The Management of Natural Coastal Carbon Sinks. IUCN, Gland[END_REF]. Seaweed assemblages have higher biomass and larger turnover times (ca. 1 year) than phytoplankton (several days). These turnover rates are, however, much smaller than many terrestrial plants (i.e. several years for perennials). Indeed, relative short life cycles, high productivity, and the fact that seaweeds inhabit highly disturbed environments, increase the turnover rates of seaweed communities notably [START_REF] Steneck | Kelp forest ecosystems: biodiversity, stability, resilience and future[END_REF]. Thus, seaweed assemblages may act as valuable carbon sinks compared to phytoplankton due to its higher biomass and larger turnover time (ca. 1 year compared to days), but they are not as efficient as terrestrial plants, or as seagrasses (e.g. [START_REF] Pergent | Climate change and Mediterranean seagrass meadows: a synopsis for environmental managers[END_REF], with longer turnover times.

Seaweeds are also good sources of carbon and most of the carbon sequestered by seaweed outflows within one year. [START_REF] Duarte | The fate of marine autotrophic production[END_REF] estimated that seaweed assemblages export most of the produced biomass out of the system (~40% biomass), the rest is either quickly consumed by grazers (~30%) or decomposed in situ (~30%). Exported matter constitutes the macroalgal drift that is deposited onshore in beaches, where it provides a very important marine subsidy to herbivore and decomposer communities from intertidal and supratidal areas [START_REF] Orr | Wrack deposition on different beach types: spatial and temporal variation in the pattern of subsidy[END_REF], or is transported into deeper waters where it forms part of a detrital pathway [START_REF] Bustamante | The dependence of intertidal consumers on kelpderived organic matter on the west coast of South Africa[END_REF]. Exported matter occasionally has unexpected effects on terrestrial food webs [START_REF] Spiller | Marine subsidies have multiple effects on coastal food webs[END_REF]. Macroalgal export is likely to increase in the near future with more frequent storms as a result of global warming, as well as from increased nutrient run-off that fuels seaweed growth and via a reduction in seaweed-eating fish caused by overfishing.

Seaweed beds, particularly those with upright fronds and a large three-dimensional structure provide food and shelter for associated fauna [START_REF] Schiel | The structure of subtidal algal stands in temperate waters[END_REF]. Grazers like sea-urchin, isopod and amphipod species live on and potentially feed directly off seaweeds consuming nearly a third of seaweed carbon [START_REF] Duarte | The fate of marine autotrophic production[END_REF]. Also, seaweed communities are critical for the recruitment and protection of many commercially important fish and shellfish fisheries [START_REF] Graham | Effects of local deforestation on the diversity and structure of Southern California giant kelp forest food webs[END_REF]. Besides the direct consumption by grazers, other organisms like filter feeders benefit from seaweed-derived particulate matter. When seaweeds decay, they give off a large amount of organic matter that is physically or biologically degraded and becomes a very nutritious food for marine fauna [START_REF] Duggins | Magnification of secondary production by kelp detritus in coastal marine ecosystems[END_REF]. Isotopic analyses showed that indeed 60-85% of the food of filter-feeders came from particulate subtidal kelps [START_REF] Bustamante | The dependence of intertidal consumers on kelpderived organic matter on the west coast of South Africa[END_REF]. [START_REF] Kaehler | Trophic structure of the marine food web at the Prince Edward Islands (Southern Ocean) determined by δ 13 C and δ 15 N analysis[END_REF] found that kelp were important constituents of the diets of the entire coastal food web with the exception of zooplankton community which was dependent on allochthonous nano-and picoplankton.

4. Global stressors and long term change of seaweed communities

Biotic homogenization

Introductions of species to new continents and oceans result in systematic homogenization of biota of a region. The problem is very apparent in European seas, as a hot-spot for aquatic introductions with 879 multicellular alien species that have been reported [START_REF] Galil | International arrivals: widespread bioinvasions in European Seas[END_REF]. The exact role of exotic species in displacing native ones, however, has been largely debated (e.g. [START_REF] Didham | Are invasive species the drivers of ecological change?[END_REF][START_REF] Macdougall | Are invasive species the drivers or passengers of change in degraded ecosystems?[END_REF]. Seaweed introductions may have an effect on recipient communities (e.g. [START_REF] Schaffelke | Impacts of introduced seaweeds[END_REF]; see below) by changing the community structure and relative abundances of native species. However, there is no reported case of native species extinction or even regional extirpation due to seaweed introductions. On the other hand, the addition of new species to an indigenous community will logically increase the species diversity (if simplistically measured as the number of species). However, local increase of diversity due to alien introductions goes along with a decrease of the diversity of ecosystems in the global process of biotic homogenization [START_REF] Mckinney | Biotic homogenization: a few winners replacing many losers in the next mass extinction[END_REF][START_REF] Olden | Clarifying biotic homogenization[END_REF][START_REF] Smart | Biotic homogenization and changes in species diversity across human-modified ecosystems[END_REF].

Non-native seaweeds in Europe

The number of seaweed introduction events (i.e. primary introductions, meaning the first arrival of a given species) into Europe has been exponentially increasing over the last two centuries (Fig. 4). The description of European seaweed flora, formally initiated by Linnaeus in the 18th century, was mostly undertaken by phycologists during the 19th century [START_REF] Wynne | Portraits of Marine Algae: An Historical Perspective[END_REF]. However, it was not until the turn of the 20th century that introduction events were noticed. During this period, there was enthusiasm for the creation of marine laboratories [START_REF] Conklin | The origin of marine laboratories in Europe and America[END_REF] and naturalists were becoming more familiar with the biological communities present on European shores, introduction events were more noticeable. That was the case for the arrival of species such as Bonnemaisonia hamifera (first observed in 1893) and Colpomenia peregrina (first observed in 1905) that appeared and spread suddenly in the English Channel area [START_REF] Sauvageau | Sur la dissémination et la naturalisation de quelques algues marines[END_REF]. Throughout the 20th century, such primary introduction events were more frequently observed, displaying an exponential pattern due to an increase of transport vectors.

For the contemporary period (i.e. from the 20th century), vectors for seaweed introductions were characterized as being mostly maritime traffic and aquaculture activities, as well as various other vectors such as bait and aquarium trade, and scientific research [START_REF] Hewitt | Introductions of seaweeds: accidental transfer pathways and mechanisms[END_REF][START_REF] Williams | A global review of the distribution, taxonomy, and impacts of introduced seaweeds[END_REF]Mineur et al., 2012a[START_REF] Mineur | Positive feedback loop between introductions of non-native marine species and cultivation of oysters in Europe[END_REF]. During previous centuries, maritime traffic has certainly been the main active vector for the transport of seaweed species across different bioregions, through hull fouling [START_REF] Carlton | Biogeography and dispersal of coastal marine organismsexperimental studies on a replica of a 16th-century sailing vessel[END_REF] or ballast stones [START_REF] Brawley | Historical invasions of the intertidal zone of Atlantic North America associated with distinctive patterns of trade and emigration[END_REF]. However, in the periods preceding the first marine flora inventories, such introductions went unnoticed. It is only relatively recently that molecular studies, performed on a larger scale, have confirmed the alien status of several macroalgal species that were introduced into Europe, possibly as early as the 19th century, such as Polysiphonia harveyi [START_REF] Mcivor | rbcL sequences reveal multiple cryptic introductions of the Japanese red alga Polysiphonia harveyi[END_REF] and Codium fragile subsp. fragile (Provan et al., 2008), pinpointing the North West Pacific as the native area.

Many seaweed species, usually considered to be native in Europe, such as green algal species of the genus Ulva, commonly responsible for green tides (see below; Section 5.4), or the brown algal species affiliated to the genus Ectocarpus, are ubiquitous in many parts of the world [START_REF] Guiry | Algaebase[END_REF]. Such cosmopolitan species are usually very tolerant species and are found on many vectors, including contemporary maritime traffic vectors such as ballast water [START_REF] Flagella | Macroalgal survival in ballast water tanks[END_REF] or cargo hulls [START_REF] Mineur | Hull fouling on commercial ships as a vector of macroalgal introduction[END_REF]. For those species, the alien or native status may be difficult to demonstrate, due to the ancient character of such introductions, and the likely high connectivity, with bidirectional exchanges, between native and introduced populations. Such species, that are not considered native or introduced are called 'cryptogenic' species [START_REF] Carlton | Biological invasions and cryptogenic species[END_REF].

Alien species may also be difficult to distinguish from native ones when they belong to the same 'species complex', sharing identical features and generally referred to as 'cryptic' species. The arrival of such entities may be referred to as cryptic introductions. For instance, Fredericqia deveauniensis, a recently described red alga that was previously confused with Gymnogongrus crenulatus and Ahnfeltiopsis devoniensis, most likely represents an old trans-Atlantic introduction. Interestingly, uncertainty remains regarding the native area of the species, being either the western or eastern Atlantic Ocean [START_REF] Maggs | Fredericqia deveauniensis, gen et sp. nov. (Phyllophoraceae, Rhodophyta), a new cryptogenic species[END_REF]. Another example is Porphyra olivii which was originally described as a new cryptic species from the Mediterranean Sea [START_REF] Brodie | New insights into the cryptic diversity of the North Atlantic-Mediterranean 'Porphyra leucosticta' complex: P. olivii sp. nov. and P. rosengurttii (Bangiales, Rhodophyta)[END_REF], but which turned out to be conspecific with an Asian species currently known as Pyropia koreana [START_REF] Verges | A reassessment of the foliose Bangiales (Rhodophyta) in the Balearic Islands including the proposed synonymy of Pyropia olivii with Pyropia koreana[END_REF]. The development of molecular markers over the last 10 years has resulted in DNA barcoding approaches being used as a routine tool to complement morphological identifications during surveys and censuses (e.g. [START_REF] Bertuccio | Detection of alien species in two Italian coastal lagoons using the DNA barcoding tool[END_REF][START_REF] Manghisi | Is routine DNA barcoding an efficient tool to reveal introductions of alien macroalgae? A case study of Agardhiella subulata (Solieriaceae, Rhodophyta) in Cape Peloro lagoon (Sicily, Italy)[END_REF]. Other alien red algae (Mineur et al., 2012b;[START_REF] Wolf | The presence of exotic Hypnea flexicaulis (Rhodophyta) in the Mediterranean Sea as indicated by morphology, rbcL and cox1 analyses[END_REF], including many Halymeniales [START_REF] De Clerck | Systematics of Grateloupia filicina (Halymeniaceae, Rhodophyta), based on rbcL sequence analyses and morphological evidence, including the reinstatement of G. minima and the description of G. capensis sp[END_REF][START_REF] Gavio | Grateloupia turuturu (Halymeniaceae, Rhodophyta) is the correct name of the non-native species in the Atlantic known as Grateloupia doryphora[END_REF]Mineur et al., 2010b;[START_REF] Verlaque | The genus Grateloupia C. Agardh (Halymeniaceae, Rhodophyta) in the Thau Lagoon (France, Mediterranean): a case study of marine plurispecific introductions[END_REF], as well as brown seaweeds [START_REF] Verlaque | Rugulopteryx (Dictyotales, Phaeophyceae), a genus recently introduced to the Mediterranean[END_REF] from the Northwestern Pacific were detected in Europe through such approach. Those observations were always made in the direct vicinity of active shellfish farming facilities. Maritime traffic is mentioned, although not clearly demonstrated, for the arrival of Grateloupia imbricata, found on rocky shores and aquaculture net cages (another potential vector) in the Canary Islands [START_REF] Garcia-Jimenez | Red alga Grateloupia imbricata (Halymeniaceae), a species introduced into the Canary Islands[END_REF]. DNA barcoding approaches have also led to the detection of Polysiphonia schneideri, an alien species of western tropical Atlantic origin, on aquaculture and other floating structures in the South of Spain [START_REF] Diaz-Tapia | Taxonomic reassessment of Polysiphonia foetidissima (Rhodomelaceae, Rhodophyta) and similar species, including P. schneideri, a newly introduced species in Europe[END_REF]. Such cases, however, probably represent only a fraction of an extensive list, the true dimensions of which will only become known once we establish a global biogeographic framework of seaweed distributions linked to sequence information which facilitates identification and comparison.

In Europe and the Mediterranean Sea, more than 125 species of seaweeds are considered to have been introduced. The large majority of introductions occurred after the mid-20th century. Many species have been observed only a few times, with a very restricted distribution, while more than 54 species have been spreading more or less extensively (Mineur et al., 2010a). These 54 species therefore fall into the category of "invasive" species [START_REF] Colautti | A neutral terminology to define 'invasive' species[END_REF]. 

Origins and hotspots of introductions

Three pathways and sources can be roughly identified in terms of seaweed introductions. The first pathway triggers arrivals of Red Sea species to the Mediterranean Sea, through the Suez Canal, in a process called "Lessepsian migration" [START_REF] Por | One hundred years of Suez Canala century of Lessepsian migration: retrospect and viewpoints[END_REF] or "Erythrean invasion" [START_REF] Galil | The Marine Caravan -The Suez Canal and the Erythrean Invasion[END_REF]. Such arrivals include species only observed in the Levantine Basin (e.g. Caulerpa mexicana and Caulerpa scalpelliformis, Neomeris annulata, Rhodymenia erythraea) [START_REF] Aleem | The recent migration of certain Indo-Pacific algae from the Red Sea into the Mediterranean[END_REF][START_REF] Bitar | Neomeris annulata Dickie (Dasycladales, Chlorophyceae): a potential new invader from the Red Sea to the Mediterranean Sea[END_REF][START_REF] Rayss | Sur les Caulerpes de la côte Palestinienne[END_REF]. Some species have spread further to the entire Eastern Mediterranean where they have become invasive (e.g. Stypopodium schimperi) [START_REF] Verlaque | Stypopodium schimperi (Buchinger ex Kützing) Verlaque et Boudouresque comb. nov. (Dictyotales, Fucophyceaea), algue de Mer Rouge récemment apparue en Méditerranée[END_REF]. In the Mediterranean Sea, there is also a second pool of introduced species that have an Australasian origin, as demonstrated for most of these cases through the advances of molecular phylogeography. Despite a relatively low importance in terms of species number, this pool includes some highly invasive species such as Asparagopsis armata, Asparagopsis taxiformis ("sandfordiana" strain) [START_REF] Andreakis | Phylogeography of the invasive seaweed Asparagopsis (Bonnemaisoniales, Rhodophyta) reveals cryptic diversity[END_REF][START_REF] Dijoux | The more we search, the more we find: discovery of a new lineage and a new species complex in the genus Asparagopsis[END_REF], Caulerpa cylindracea [START_REF] Verbruggen | Improving transferability of introduced species' distribution models: new tools to forecast spreading of a highly invasive seaweed[END_REF][START_REF] Verlaque | On the identity and origin of the Mediterranean invasive Caulerpla racemosa (Caulerpales, Chlorophyta)[END_REF], and Caulerpa taxifolia [START_REF] Jousson | Invasive alga reaches California[END_REF]. Although not demonstrated through molecular studies, the red filamentous algae Acrothamnion preissii and Womersleyella setacea, two other invaders introduced in the Mediterranean Sea [START_REF] Boudouresque | Biological pollution in the Mediterranean Sea: invasive versus introduced macrophytes[END_REF]Piazzi and Cinelli, 2001), are native from the same biogeographical zone (Australasia and Central Pacific) [START_REF] Guiry | Algaebase[END_REF]. Except for C. taxifolia that has been shown to be introduced by the aquarium trade [START_REF] Jousson | Molecular evidence for the aquarium origin of the green alga Caulerpa taxifolia introduced to the Mediterranean Sea[END_REF], pathways and vectors for other species of this group have never been demonstrated.

Atlantic shores of Europe, as well as Mediterranean lagoons, are usually colonized by introduced seaweeds species with colder affinities than those in the Mediterranean Sea. These species are mostly originating from the North Western Pacific (Japanese archipelago and surrounding regions). The two best known representative of this third pool of species are the Japanese wireweed Sargassum muticum and the Japanese kelp Undaria pinnatifida that were introduced during the 1970s, along with Crassostrea gigas oyster imports. Both species are now widespread, with S. muticum present from Norway [START_REF] Rueness | Sargassum muticum and other introduced Japanese macroalgae. Biological pollution of European coasts[END_REF] to the Atlantic shores of Morocco [START_REF] Sabour | Sargassum muticum (Yendo) Fensholt (Fucales, Phaeophyta) in Morocco, an invasive marine species new to the Atlantic coast of Africa[END_REF], and U. pinnatifida from Northern Ireland [START_REF] Minchin | The invasive brown alga Undaria pinnatifida (Harvey) Suringar, 1873 (Laminariales: Alariaceae), spreads northwards in Europe[END_REF] to northern Portugal [START_REF] Santiago Caamaño | Aparición de Undaria pinnatifida en las costas de Galicia (España). Un nuevo caso en la problemática de introducción de especies foráneas[END_REF]. These two species are also found in different coastal lagoons of the Western Mediterranean Sea [START_REF] Cecere | Undaria pinnatifida (Fucophyceae, Laminariales) spread in the central Mediterranean: its occurrence in the Mar Piccolo of Taranto (Ionian Sea, southern Italy)[END_REF][START_REF] Curiel | Distribution of introduced Japanese macroalgae Undaria pinnatifida, Sargassum muticum (Phaeophyta) and Antithamnion pectinatum (Rhodophyta) in the Lagoon of Venice[END_REF][START_REF] Pérez | Observations sur la biologie de l'algue japonaise Undaria pinnatifida (Harvey) Suringar introduite accidentellement dans l'étang de Thau[END_REF]. One coastal lagoon on the French Mediterranean coasts, the Thau Lagoon, has received attention as a "hotspot" for introduced species of North Western Pacific origin [START_REF] Verlaque | Checklist of the macroalgae of Thau Lagoon (Herault, France), a hot spot of marine species introduction in Europe[END_REF].

The high proportion of alien macroalgal species (32% of the species) in the Thau lagoon [START_REF] Boudouresque | Biological invasion: the Thau Lagoon, a Japanese biological island in the Mediterranean Sea[END_REF] can be explained by a number of conditions that would promote the establishment of alien seaweed species: (1) low native diversity due to the low occurrence of natural hard substrata, and (2) relatively recent construction of hard substrata for oyster farming purposes, concomitant with oyster imports from the NW Pacific since the 1970s. This is the case for numerous other coastal lagoons that are more or less enclosed, that offer different physico-chemical conditions from the neighboring open sea, and that are used for numerous human activities, including shellfish farming. Although a particular and localized phenomenon, such "orientalization" of seaweed communities (with species originating from East Asia) is likely to take place on a more extended geographical range during the next few decades, especially on European Atlantic shores, with the spread of species that are already introduced.

The exponential trend of new alien seaweed introductions in Europe is likely to continue for several decades due to several reasons. In the ongoing process of worldwide biotic homogenization, European marine provinces seem to act more as recipient than as donor areas. Lessepsian migrations tend to be unidirectional, from the Red Sea to the Mediterranean Sea, due to a "shortage" of thermophilic species in the Levantine Basin [START_REF] Boudouresque | The Red Sea-Mediterranean link: unwanted effects of canal[END_REF][START_REF] Vermeij | The tropical history and future of the Mediterranean biota and the West African enigma[END_REF]. On the Atlantic shores and Mediterranean lagoons, a high proportion of seaweeds have been introduced (and likely are still being introduced) through imports of Pacific oysters from East Asia, and particularly Japan [START_REF] Mineur | Positive feedback loop between introductions of non-native marine species and cultivation of oysters in Europe[END_REF]. Although the Japanese marine flora is particularly well known (e.g. [START_REF] Yoshida | Marine Algae of Japan[END_REF], no introduced species of European origin has ever been noticed. Only very few native European seaweeds species are known to have been introduced in other biogeographical provinces, such as the red alga Polysiphonia brodiei, now found in New Zealand, Australia and the West Coast of the USA (ISSG, 2014). Although established since probably two centuries, Fucus serratus has only recently been recognized to have been introduced into the Atlantic coast of North America with maritime traffic (i.e. ballast stones) from the British Isles [START_REF] Brawley | Historical invasions of the intertidal zone of Atlantic North America associated with distinctive patterns of trade and emigration[END_REF] rather than as a natural range expansion.

The exponential trend of seaweed introductions is not likely to be attenuated in the near future. Indeed, a consequence of globalization is the increase in activity and movements of potential vectors from other biogeographical provinces, with primary introductions as a result. On a European scale, spread rates of invasive species have been shown to have been increasing over the course of the last century, accelerating the frequency of secondary introduction events (Mineur et al., 2010a). Also, increasing survey effort involving the use of molecular approaches is facilitating the detection of such species, either newly introduced, or already established. Such studies can be part of early warning systems targeting biological invasions. Although eradication procedures are usually unsuccessful in the marine environment [START_REF] Olenin | Recommendations on methods for the detection and control of biological pollution in marine coastal waters[END_REF], such warning systems may attract attention about active pathways and vectors, and help to prevent further introductions.

Impacts of seaweed invasions

Although the introduction of seaweeds outside their native range can be considered as a direct anthropogenic stress, their fate (colonization and spread) into the new environment will be mainly ruled by intrinsic characteristics of the introduced species and the recipient communities. Although most introduced species that become established may have an impact at some level (i.e. "butterfly effect"), most species will remain out of the scope of ecological studies. When a species becomes abundant, in terms of biomass or substrate occupied (i.e. it will have a visual impact and is noticeable), as well as starts to spread, it usually becomes the focus of studies. In Europe, one of the earliest impact of an invasive seaweed that has been observed was the economic damage of C. peregrina ("oyster thief") on the French oyster industry at the turn of the 20th century [START_REF] Sauvageau | Sur la dissémination et la naturalisation de quelques algues marines[END_REF]. During the following decades, most scientific accounts referred to the invasion chronology and the phenology of introduced species along European shores ("autecology" or "species ecology" sensu [START_REF] Odum | Coastal environment and seaweed-bed ecology in Japan[END_REF]. For instance, [START_REF] Elton | The Ecology of Invasions by Animals and Plants[END_REF] dedicated a section of his book on the ecology of invasions to the spread of A. armata tetrasporophyte (= Falkenbergia rufolanosa) in Europe. The arrival of S. muticum in the 1970s [START_REF] Farnham | Attached Sargassum found in Britain[END_REF] triggered numerous field studies [START_REF] Critchley | A bibliography of the invasive alga Sargassum muticum (Yendo) Fensholt (Fucales, Sargassaceae)[END_REF], due to the justified fears that it would replace native species. Most of these studies focused on the abundances, recruitment and growing performances (e.g. [START_REF] Norton | Ecological experiments with Sargassum muticum[END_REF][START_REF] Norton | Gamete expulsion and release in Sargassum muticum[END_REF], but also, included impact on the recipient communities, as new substratum for epibionts [START_REF] Withers | Epibionts of Sargassum muticum in British waters[END_REF].

In a review on the impacts of introduced species, Schaffelke and Hewitt (2007) underlined the low number of species that case studies have focused on. Generally, one of the most predominant impacts observed was high biomasses and abundances, resulting in space monopolization, which impact native species in a negative sense. On the Atlantic shores of Europe, this has been shown for S. muticum, competing with other perennial canopy algae such as Laminaria digitata [START_REF] Cosson | On the progressive disappearance of Laminaria digitata on the coasts of Calvados (France)[END_REF]. This species also has been shown to shade native seaweed assemblages underneath which prevents their growth and the success of native recruits, both in Europe and on the west coast of North America where it has also been introduced [START_REF] Ambrose | Inhibition of giant kelp recruitment by an introduced brown alga[END_REF][START_REF] De Wreede | Sargassum muticum (Fucales, Phaeophyta): regrowth and interaction with Rhodomela larix (Ceramiales, Rhodophyta)[END_REF][START_REF] Fernandez | Ecology of Sargassum muticum (Phaeophyta) on the north coast of Spain: IV. Sequence of colonization on a shore[END_REF][START_REF] Valentine | Mechanisms of invasion: establishment, spread and persistence of introduced seaweed populations[END_REF]. The seasonal gametophyte of U. pinnatifida forms a large thallus with a strong visual impact, present in kelp beds in subtidal areas and lower intertidal in the Atlantic [START_REF] Castric-Fey | The introduced alga Undaria pinnatifida (Laminariales, Alariaceae) in the rocky shore ecosystem of the St Malo area: growth rate and longevity of the sporophyte[END_REF]. It can also become dominant on substrata usually covered by smaller canopies, such as in the Mediterranean lagoons. In the Venice Lagoon, a complete (100%) cover by U. pinnatifida was shown to cause a decrease in the diversity of the understorey community structure. However, no difference was observed in the species composition [START_REF] Curiel | Distribution of introduced Japanese macroalgae Undaria pinnatifida, Sargassum muticum (Phaeophyta) and Antithamnion pectinatum (Rhodophyta) in the Lagoon of Venice[END_REF]. Similarly, the Pacific red alga Heterosiphonia japonica, although very abundant, has not been shown to be responsible of any shifts in species composition in Norwegian fjords. Although differences were found between the preand post-invasions seaweed communities, those dissimilarities were most likely caused by range shifting of native species [START_REF] Husa | Changes of macroalgal biodiversity in sublittoral sites in southwest Norway: impact of an introduced species or higher temperature?[END_REF].

In the Mediterranean Sea, the arrival of C. taxifolia and C. cylindracea has been the focus of numerous studies. Impacts of invasive Caulerpa species on native flora and fauna can be highly variable. C. taxifolia can locally sustain some of the highest seaweed biomass found on Mediterranean shores (Thibaut et al., 2004). Both Caulerpa species produce dense webs of stolons and fronds (Thibaut and Meinesz, 2004;[START_REF] Capiomont | Phenology of a deep water population of Caulerpa racemosa in the northwestern Mediterranean sea[END_REF] that can homogenize epibenthic communities on any type of substratum (moving sands excepted), and any level of eutrophication [START_REF] Meinesz | The introduced green alga Caulerpa taxifolia continues to spread in the Mediterranean[END_REF][START_REF] Piazzi | Invasion of Caulerpa racemosa var. cylindracea (Caulerpales, Chlorophyta) in the Mediterranean Sea: an assessment of the spread[END_REF]. Native macroalgal communities can be highly affected, with a local decrease of species in invaded areas (Piazzi et al., 2001;[START_REF] Balata | A comparison among assemblages in areas invaded by Caulerpa taxifolia and C. racemosa on a subtidal Mediterranean rocky bottom[END_REF]. However, despite some previous concerns, impacts on Posidonia oceanica beds have been shown to be limited [START_REF] Ceccherelli | Spread of introduced Caulerpa species in macroalgal habitats[END_REF][START_REF] Molenaar | Alterations of the structure of Posidonia oceanica beds due to the introduced alga Caulerpa taxifolia[END_REF]. Generally, the concern for introduced seaweeds is directly linked to the adverse impacts they can have on native species, communities and ecosystems. With increasing dominance they will have greater direct and indirect impacts on native seaweed species and communities as well as cascading effects that impact other trophic levels and ecosystem functioning. Although, on the Atlantic shores of Europe, presence of non-native species seems to be correlated with the diversity of native species [START_REF] Mineur | Non-indigenous marine macroalgae in native communities: a case study in the British Isles[END_REF]. Interactions between introduced and native seaweeds might not be fundamentally different from competition among natives as they are centered on resources as space, light and nutrients (bottom up processes). As invasive species in general are more opportunistic they can outcompete native species for any of these resources. Natural and or anthropogenic disturbances facilitate this process further. In addition, introduced species can have competitive advantage over native species because of restricted top down control by grazers due to for example higher growth rates, lower palatability, lower nutritional value, higher chemical defense, etc. As some seaweeds are habitat engineers, introduced seaweeds also can have the ability to change their physical environment, such as sedimentation rates and hydrodynamics and, as such, can indirectly impact ecosystems beyond their trophic level.

One of the main philosophical questions is what should be considered a negative/positive impact. Introduced seaweeds that start to dominate a site previously unoccupied by seaweeds will change local conditions and communities but might result in increased species richness and ecosystem services, which could be considered a positive impact. Displacement of a native species by more complex introduced seaweed might also be considered a positive impact. However, any change due to introduced species might simply be considered unnatural and as such undesired and hence negative. Negative impacts are usually highlighted and research is commonly focused on what is thought to be the worst invaders in the most impacted communities/ecosystems. A critical overview of the literature, however, underlines the gap in knowledge we have on the long terms effects of biotic homogenization on seaweed communities and coastal ecosystems.

Climate change impacts on seaweed diversity

Oceans are absorbing both heat and carbon from the atmosphere, alleviating the impacts of global warming in the environment, which modifies fundamental physical and chemical properties of the ocean. These changes are expected to impact marine ecosystem structure and functioning with likely feedbacks on the climate system [START_REF] Riebesell | Sensitivities of marine carbon fluxes to ocean change[END_REF]. Seaweeds are directly affected by ocean warming. Predicting the final effects of ocean warming, however, is challenging not only because of the large direct and indirect effects involved, but also because of the ecological interactions among different species [START_REF] Behrenfeld | Uncertain future for ocean algae[END_REF]. Temperature will affect physiological processes altering phenology, growth rate and ultimately the fitness of the different species in different ways with population and community level implications that may include catastrophic shifts [START_REF] Harley | Effects of climate change on global seaweed communities[END_REF]. Seaweeds will have to acclimate or adapt to the new environmental conditions [START_REF] Bellard | Impacts of climate change on the future of biodiversity[END_REF][START_REF] Viejo | Reproductive patterns in central and marginal populations of a large brown seaweed: drastic changes at the southern range limit[END_REF] or to suffer local extirpation, a situation documented with increasing frequency in the literature (e.g., [START_REF] Lima | Do distributional shifts of northern and southern species of algae match the warming pattern?[END_REF]Wernberg et al., 2011b;[START_REF] Nicastro | Shift happens: trailing edge contraction associated with recent warming trends threatens a distinct genetic lineage in the marine macroalga Fucus vesiculosus[END_REF].

The capacity of seaweeds to tolerate new thermal conditions is also affected by the past history of species, as organisms typically respond to new conditions based on both the physiological and behavioral adaptations acquired through the course of their evolution [START_REF] Somero | The physiology of global change: linking patterns to mechanisms[END_REF]. For instance, warm-acclimated individuals of the kelp Saccharina latissima seem to cope better with environmental change, with increased photosynthetically efficiency at higher temperatures and achieving maximum photosynthetic rates at lower levels of irradiance [START_REF] Davison | Environmental effects on algal photosynthesis: temperature[END_REF]. Similarly, warm-acclimated embryos of Fucus vesiculosus are more prone to survive during periods of thermal stress [START_REF] Li | Improved survival under heat stress in intertidal embryos (Fucus spp.) simultaneously exposed to hypersalinity and the effect of parental thermal history[END_REF]. The existence of local ecotypes further demonstrates that populations may adapt to new environmental conditions [START_REF] Breeman | Temperature ecotypes in seaweeds: adaptive significance and biogeographic implications[END_REF]. Under certain conditions and given sufficient selective pressures seaweeds may undergo ecological speciation at ecological rather than evolutionary time-scales (e.g., F. radicans; [START_REF] Pereyra | Rapid speciation in a newly opened postglacial marine environment, the Baltic Sea[END_REF]. The rate of environmental change, however, may be critical since rapid changes typically produce more detrimental effects as they outpace the ability of individuals to acclimate or populations to adapt [START_REF] O'connor | Toward a conceptual synthesis for climate change responses[END_REF]. This is supported by evidence showing that range shifts take place abruptly when physiological tipping-points are overreached during extreme warming events [START_REF] Harley | Contingencies and compounded rare perturbations dictate sudden distributional shifts during periods of gradual climate change[END_REF][START_REF] Stuart-Smith | Stability in temperate reef communities over a decadal time scale despite concurrent ocean warming[END_REF].

The glacial and interglacial periods of the Quaternary (~2.6 Ma to present-time) were particularly important in shaping the biogeography of terrestrial and marine species, including seaweeds along European shores, leading species to expand and contract ranges in response to the contrasting environmental conditions [START_REF] Provan | The effects of past, present and future climate change on range-wide genetic diversity in northern North Atlantic marine species[END_REF]. For instance, during the Last Glacial Maximum (LGM; ~26-20 ka) [START_REF] Clark | The last glacial maximum[END_REF], the colder and drier climate [START_REF] Bigg | Ice-age survival of Atlantic cod: agreement between palaeoecology models and genetics[END_REF][START_REF] Otto-Bliesner | Last Glacial Maximum and Holocene climate in CCSM3[END_REF] coupled with the advance of massive continental ice sheets [START_REF] Peltier | Ice-age paleotopography[END_REF] caused major habitat losses throughout northern shores [START_REF] Provan | Phylogeographic insights into cryptic glacial refugia[END_REF]. Ranges contracted significantly for most marine species and the northernmost boundaries were set to approximately 50°N, a latitude where a sharp oceanographic front divided polar from temperate waters [START_REF] Bigg | Ice-age survival of Atlantic cod: agreement between palaeoecology models and genetics[END_REF]. Even though dispersion may have occurred to novel suitable habitats (e.g., northern Africa or western Mediterranean basin; [START_REF] Assis | Climate-driven range shifts explain the distribution of extant gene pools and predict future loss of unique lineages in a marine brown alga[END_REF][START_REF] Neiva | Species distribution models and mitochondrial DNA phylogeography suggest an extensive biogeographical shift in the high-intertidal seaweed Pelvetia canaliculata[END_REF], many populations became restricted to small and isolated regions of persistence (i.e. glacial refugia; [START_REF] Provan | Phylogeographic insights into cryptic glacial refugia[END_REF]. Besides these newly expanded ranges, species such as Palmaria palmata, F. serratus, F. vesiculosus, F. ceranoides and P. canaliculata may have found refugia along southwest Ireland, the western English Channel shores and/or northwest Iberia (e.g. [START_REF] Provan | Phylogeographic analysis of the red seaweed Palmaria palmata reveals a Pleistocene marine glacial refugium in the English Channel[END_REF][START_REF] Hoarau | Glacial refugia and recolonization pathways in the brown seaweed Fucus serratus[END_REF][START_REF] Coyer | Evolution and diversification within the intertidal brown macroalgae Fucus spiralis/F. vesiculosus species complex in the North Atlantic[END_REF][START_REF] Neiva | Surfing the wave on a borrowed board: range expansion and spread of introgressed organellar genomes in the seaweed Fucus ceranoides L[END_REF][START_REF] Neiva | Drifting fronds and drifting alleles: range dynamics, local dispersal and habitat isolation shape the population structure of the estuarine seaweed Fucus ceranoides[END_REF][START_REF] Neiva | Species distribution models and mitochondrial DNA phylogeography suggest an extensive biogeographical shift in the high-intertidal seaweed Pelvetia canaliculata[END_REF][START_REF] Assis | Climate-driven range shifts explain the distribution of extant gene pools and predict future loss of unique lineages in a marine brown alga[END_REF]. In opposition, during interglacial periods, such as the Holocene (~12 ka to present-time) we are currently experiencing, the warming climate and retreat of ice sheets led populations to expand from periglacial or southern refugia and colonize the northern European shores [START_REF] Otto-Bliesner | Last Glacial Maximum and Holocene climate in CCSM3[END_REF][START_REF] Provan | Phylogeographic insights into cryptic glacial refugia[END_REF][START_REF] Assis | Climate-driven range shifts explain the distribution of extant gene pools and predict future loss of unique lineages in a marine brown alga[END_REF].

Currently, the Holocene has further potential to lead northern range shifts [START_REF] Schuur | The effect of permafrost thaw on old carbon release and net carbon exchange from tundra[END_REF] and the rapid pace of environmental change may leave little opportunity for adaptation, suggesting that range shifts associated with local extinction are the most likely outcome for most species. Southern range contractions of seaweed and seagrasses have already become evident, resulting in the extinction of southern populations often representing genetically distinct lineages (e.g., [START_REF] Diekmann | Range-edge genetic diversity: locally poor extant southern patches maintain a regionally diverse hotspot in the seagrass Zostera marina[END_REF][START_REF] Nicastro | Shift happens: trailing edge contraction associated with recent warming trends threatens a distinct genetic lineage in the marine macroalga Fucus vesiculosus[END_REF][START_REF] Assis | High and distinct range-edge genetic diversity despite local bottlenecks[END_REF]. Although genetic differentiation favors local adaptation and therefore persistence, the reduced genetic diversity of such range edge populations might limit evolvability [START_REF] Pearson | Frayed at the edges: selective pressure and adaptive response to abiotic stressors are mismatched in low diversity edge populations[END_REF]. The Iberian Peninsula contains the distribution limits of many species and is particularly vulnerable to range shifts due to the recent warming trend [START_REF] Lima | Three decades of high-resolution coastal sea surface temperatures reveal more than warming[END_REF]. This is the likely cause of range contractions of the intertidal F. vesiculosus [START_REF] Nicastro | Shift happens: trailing edge contraction associated with recent warming trends threatens a distinct genetic lineage in the marine macroalga Fucus vesiculosus[END_REF][START_REF] Assis | Climate-driven range shifts explain the distribution of extant gene pools and predict future loss of unique lineages in a marine brown alga[END_REF], Himanthalia elongata and F. serratus [START_REF] Duarte | Recent and historical range shifts of two canopy-forming seaweeds in North Spain and the link with trends in sea surface temperature[END_REF][START_REF] Martinez | Physical factors driving intertidal macroalgae distribution: physiological stress of a dominant fucoid at its southern limit[END_REF], P. canaliculata [START_REF] Neiva | Species distribution models and mitochondrial DNA phylogeography suggest an extensive biogeographical shift in the high-intertidal seaweed Pelvetia canaliculata[END_REF] and of the subtidal Saccorhiza polyschides [START_REF] Assis | High and distinct range-edge genetic diversity despite local bottlenecks[END_REF][START_REF] Fernandez | The retreat of large brown seaweeds on the north coast of Spain: the case of Saccorhiza polyschides[END_REF] and Laminaria species [START_REF] Díez | Seaweed assemblage changes in the eastern Cantabrian Sea and their potential relationship to climate change[END_REF][START_REF] Fernandez | The retreat of large brown seaweeds on the north coast of Spain: the case of Saccorhiza polyschides[END_REF]. In the Mediterranean Sea affected by some of the highest warming rates globally and subjected to various heat waves [START_REF] Belkin | Rapid warming of large marine ecosystems[END_REF], such regressions have been observed for the Fucales Cystoseira spp., Fucus virsoides and Sargassum spp. However, in those cases, such impacts are difficult to disentangle from overgrazing, eutrophication, pollution or habitat destruction that seem to be also important causes for the loss and local extinctions of those species (e.g. [START_REF] Airoldi | The gray zone: relationships between habitat loss and marine diversity and their applications in conservation[END_REF][START_REF] Bianchi | Thirty years after: dramatic changes in the coastal marine ecosystems of Kos Island (Greece), 1981-2013[END_REF][START_REF] Boudouresque | The Mediterranean Sea: An Overview of Its Present State and Plans for Future Protection[END_REF][START_REF] Devescovi | Short term impact of planktonic mucilage aggregates on macrobenthos along the Istrian rocky coast (Northern Adriatic, Croatia)[END_REF][START_REF] Falace | Changes in the benthic algae along the Adriatic Sea in the last three decades[END_REF][START_REF] Fraschetti | Effects of unplanned development on marine biodiversity: a lesson from Albania (central Mediterranean Sea)[END_REF][START_REF] Giakoumi | Relationships between fish, sea urchins and macroalgae: the structure of shallow rocky sublittoral communities in the Cyclades, Eastern Mediterranean[END_REF][START_REF] Mačić | Distribution of the most common Cystoseira C. Agardh species (Heterokontophyta, Fucales) on the coast of Montenegro (south-east Adriatic sea)[END_REF][START_REF] Munda | Changes and degradation of seaweed stands in the Northern Adriatic[END_REF][START_REF] Templado | Future trends of Mediterranean biodiversity[END_REF]Thibaut et al., 2005, in press) The recent range contraction of S. latissima along the Norwegian shores [START_REF] Moy | Large-scale shift from sugar kelp (Saccharina latissima) to ephemeral algae along the south and west coast of Norway[END_REF] or the decline in abundance of L. digitata in Brittany [START_REF] Davoult | Environmental factors and commercial harvesting: exploring possible links behind the decline of the kelp Laminaria digitata in Brittany, France[END_REF] and Normandy [START_REF] Gevaert | Biometrics in Laminaria digitata: a useful tool to assess biomass, carbon and nitrogen contents[END_REF] demonstrates that the negative effects of climate change may not be restricted to the lower latitude European shores.

The dispersal ecology of seaweeds may be determinant in the face of climate change [START_REF] Arribas | Evaluating drivers of vulnerability to climate change: a guide for insect conservation strategies[END_REF], particularly for those species with limited dispersal, which may experience local extinctions whenever extreme environmental conditions arise [START_REF] Parmesan | Ecological and evolutionary responses to recent climate change[END_REF]. Seaweeds in general have limited dispersal [START_REF] Kinlan | Propagule dispersal in marine and terrestrial environments: a community perspective[END_REF], but even if species could dynamically track environmental change, range contractions at lower latitudes would not be offset by expansions towards northern territories. This is because range shifts in such species have involved only the local expansion fronts [START_REF] Assis | Climate-driven range shifts explain the distribution of extant gene pools and predict future loss of unique lineages in a marine brown alga[END_REF][START_REF] Neiva | Surfing the wave on a borrowed board: range expansion and spread of introgressed organellar genomes in the seaweed Fucus ceranoides L[END_REF][START_REF] Neiva | Species distribution models and mitochondrial DNA phylogeography suggest an extensive biogeographical shift in the high-intertidal seaweed Pelvetia canaliculata[END_REF], leaving distinct threatened populations at lower latitudes that frequently possess exceptionally high and unique levels of genetic diversity [START_REF] Assis | High and distinct range-edge genetic diversity despite local bottlenecks[END_REF][START_REF] Diekmann | Range-edge genetic diversity: locally poor extant southern patches maintain a regionally diverse hotspot in the seagrass Zostera marina[END_REF][START_REF] Neiva | Drifting fronds and drifting alleles: range dynamics, local dispersal and habitat isolation shape the population structure of the estuarine seaweed Fucus ceranoides[END_REF]. Thus, despite northern range expansions, as predicted for L. digitata [START_REF] Raybaud | Decline in kelp in west Europe and climate[END_REF], F. serratus, F. vesiculosus, and A. nodosum [START_REF] Assis | Climate-driven range shifts explain the distribution of extant gene pools and predict future loss of unique lineages in a marine brown alga[END_REF][START_REF] Jueterbock | Climate change impact on seaweed meadow distribution in the North Atlantic rocky intertidal[END_REF], the extinction of rear edges may have disproportionately negative implications for the evolvability and conservation of species as a whole [START_REF] Hampe | Conserving biodiversity under climate change: the rear edge matters[END_REF]. Furthermore, new settlements predicted at higher latitudes may represent additional threatening outcomes from climate change with unexpected results for the survival, growth and reproduction of prior well established populations [START_REF] Bertness | Climate-driven interactions among rocky intertidal organisms caught between a rock and a hot place[END_REF].

Besides the new thermal gradients created by global warming, other changes will affect seaweed assemblages widely. For example, the increasing extent of anthropogenic CO 2 in the ocean will have both physical and biological consequences. Increasing aqueous CO 2 concentration reduces ocean pH and modifies the balance among the different carbon speciation in the water. Biological effects of increasing CO 2 will differ among organisms. Ocean acidification may affect seaweeds in different ways. It may have adverse effects on calcifying organisms such as encrusting or articulated corallines, as well as on various calcifying species belonging to various orders of red, green and brown seaweeds [START_REF] Doney | Ocean acidification: the other CO 2 problem[END_REF][START_REF] Nelson | Calcified macroalgaecritical to coastal ecosystems and vulnerable to change: a review[END_REF], by reducing their ability to biomineralize or even causing net dissolution. In contrast, ocean acidification may bring benefits to some groups of photosynthetic organisms, particularly those that operate a relatively inefficient CO 2 acquisition pathway. However, unlike terrestrial plants, many marine algae have biochemical tools to concentrate CO 2 inside their cells, thus higher carbon availability may not have large effects on productivity [START_REF] Kroeker | Meta-analysis reveals negative yet variable effects of ocean acidification on marine organisms[END_REF]. As in the case of temperature, interactions between CO 2 with other physical driving forces could hinder our abilities to predict impacts. For example, responses of macroalgae to elevated CO 2 seem to be highly modified by light intensity (Gao et al., 2012b;[START_REF] Hepburn | Diversity of carbon use strategies in a kelp forest community: implications for a high CO 2 ocean[END_REF].

Other physical changes related with climate change will include the increase of extreme events, the rise of sea level and changes in the UV radiation levels (Gao et al., 2012a). All these global changes seems to occur at velocities never predicted before [START_REF] Burrows | The pace of shifting climate in marine and terrestrial ecosystems[END_REF] and probably amplify the effects of other stressors like pollution, fishing, and invasions [START_REF] Halpern | A global map of human impact on marine ecosystems[END_REF]. Understanding how all these stressors affect natural communities and ecosystems and the prevalence of synergistic or non-synergistic interactions remains a challenge for researchers [START_REF] Crain | Interactive and cumulative effects of multiple human stressors in marine systems[END_REF][START_REF] Richardson | Climate change and marine life[END_REF]. Thus, many of our current predictions from studies of impacts of single climate stressors on seaweed dominated systems under future environmental conditions will probably need re-examination with increasing recognition of interactions and feedbacks among physical and biological factors [START_REF] Harvey | Meta-analysis reveals complex marine biological responses to the interactive effects of ocean acidification and warming[END_REF].

Recently, [START_REF] Brodie | The future of the northeast Atlantic benthic flora in a high CO 2 world[END_REF] predicted large changes in benthic flora of the North Atlantic in Europe resulting from climate change. Kelp forest will disappear in the south coasts of Europe, and maërl habitats will probably also be severely affected. Seagrasses and small turf seaweeds species will probably proliferate. Climate change will also create favorable conditions to invasive species.

Local threats to seaweed diversity

In addition to the global stressors discussed above, many local anthropogenic stressors are impacting seaweed assemblages on a restricted area. The local stressors reviewed here have a direct effect on seaweed communities, mainly affecting the populations of these organisms. Loss or reduction of canopy forming seaweeds, as a consequence of these stressors, can have direct and indirect effects on benthic communities both on the short and the long term, reflected in biodiversity and abundance reductions, shifts in composition and ecosystem functioning [START_REF] Estes | The ecology of extinctions in kelp forest communities[END_REF][START_REF] Steneck | Kelp forest ecosystems: biodiversity, stability, resilience and future[END_REF]. As canopy forming seaweeds are in general late successional species, when lost they are most often replaced by more opportunistic algae, such as turf or filamentous species, invasive or ephemeral seaweeds such as Ulva spp. or animals such as barnacles [START_REF] Davies | Limpet grazing and loss of Ascophyllum nodosum canopies on decadal time scales[END_REF]. Many of these have reduced morphological complexity, reducing habitat formation and the modification of physical and biological factors. In addition, these more opportunistic species have a higher turnover rate thereby reducing stability, which can have profound impacts on epiphytic algal communities and higher trophic levels of the food web [START_REF] Edgar | Effects of algal canopy clearance on plant, fish and macroinvertebrate communities on eastern Tasmanian reefs[END_REF].

Trampling

Anthropogenic activities on rocky intertidal shores in many cases involve disturbance of people moving around for recreational or harvesting purposes. Trampling affects seaweed composition, cover, diversity and biomass and is intensity dependent [START_REF] Keough | Effects of periodic disturbances from trampling on rocky intertidal algal beds[END_REF][START_REF] Milazzo | Short-term effect of human trampling on the upper infralittoral macroalgae of Ustica Island MPA (western Mediterranean, Italy)[END_REF][START_REF] Araujo | Effects of disturbance on marginal populations: human trampling on Ascophyllum nodosum assemblages at its southern distribution limit[END_REF][START_REF] Araujo | Recovery after trampling disturbance in a canopy-forming seaweed population[END_REF]. Experimental trampling on European intertidal rocky shore assemblages dominated by A. nodosum in Portugal reduced the cover of this founder species at the higher trampling intensity. In addition, this also caused reductions of F. vesiculosus and associated understorey species, facilitating replacement by ephemeral green algae [START_REF] Araujo | Effects of disturbance on marginal populations: human trampling on Ascophyllum nodosum assemblages at its southern distribution limit[END_REF]. The effects were still detectable after 54 months of recovery [START_REF] Araujo | Recovery after trampling disturbance in a canopy-forming seaweed population[END_REF], stressing the slow pace of late successional canopy forming seaweeds to overcome disturbance. Demographic model approaches based on field data have revealed that the brown foundation seaweeds, like A. nodosum, rely for the persistence of their populations mostly on survival of large (fertile) individuals which makes them vulnerable to disturbances that damages or removes exactly these individuals (Aberg, 1992a,b;[START_REF] Engelen | Which demographic traits determine population growth in the invasive brown seaweed Sargassum muticum?[END_REF][START_REF] Svensson | Robustness in life history of the brown seaweed Ascophyllum nodosum (Fucales, Phaeophyceae) across large scales: effects of spatially and temporally induced variability on population growth[END_REF].

Seaweed harvesting

Seaweed harvesting is probably as old as mankind lived on coastlines. In Europe, seaweed harvesting has been dated back to Neolithic times [START_REF] Mesnildrey | Seaweed industry in France[END_REF]. Originally widely used for domestic purposes such as fuel, soil fertilizer, cattle feed, medicine and food, it later served industrial purposes as a resource for "soda ash" to make glass and "potash" for bleaching and later as an iodine source [START_REF] Mesnildrey | Seaweed industry in France[END_REF]. Nowadays seaweeds are mostly harvested for alginates, fertilizers, cosmetics or processed for health food industries [START_REF] Bixler | A decade of change in the seaweed hydrocolloids industry[END_REF]. In Europe, green, red and brown seaweeds are harvested. Kelps are a considerable important source for alginates. Harvesting of these kelps is managed from the point of maximum yield [START_REF] Arzel | Les laminaires sur les côtes bretonnes[END_REF][START_REF] Frangoudes | Seaweeds fisheries management in France, Japan, Chile and Norway[END_REF], solely using distribution and abundance as the main source for management and frequently ignoring the ecosystem functional role of the stock [START_REF] Lorentsen | Multi-trophic consequences of kelp harvest[END_REF][START_REF] Wernberg | Decreasing resilience of kelp beds along a latitudinal temperature gradient: potential implications for a warmer future[END_REF]. If properly managed, kelp harvesting can be a sustainable industry as kelps have high growth rates and have shown a remarkable recovery ability after removal (either by humans or by natural disturbance). To a large extent this capacity is probably due to the microscopic stages in the life cycle of kelps that seem to provide a short-term 'seedbank' function [START_REF] Carney | Cryptic processes in the sea: a review of delayed development in the microscopic life stages of marine macroalgae[END_REF][START_REF] Barradas | Fast sporophyte replacement after removal suggests banks of latent microscopic stages of Laminaria ochroleuca (Phaeophyceae) in tide pools in northern Portugal[END_REF][START_REF] Engelen | Spatial and temporal patterns of recovery of low intertidal Laminaria digitata after experimental spring and autumn removal[END_REF][START_REF] Pereira | Temperature effects on gametophyte development of Laminaria ochroleuca and Sacchoriza polyschides, kelps with contrasting life histories[END_REF]Kinlan et al., 2003). Good management strategies ideally should take into account species-specific traits as kelp species, for example, differ considerably in their life history and industrial value. A sustainable exploitation program will be highly dependent on what can be acceptable in terms of removal amounts, in terms of biomass turnover, but also on the impacts on ecosystem services. Fish recruitment, for instance can be significantly affected by 33% thinning of Macrocystis pyrifera forests (O'Connor and Anderson, 2010). Genetic implications of seaweed harvesting are largely unknown. A recent review by [START_REF] Valero | Using genetic tools for sustainable management of kelps: a literature review and the example of Laminaria digitata[END_REF] showed that intertidal kelp in general were more genetically structured than subtidal populations, a pattern also recognized in nearshore marine invertebrates [START_REF] Kelly | Genetic structure among 50 species of the Northeastern Pacific rocky intertidal community[END_REF]. This would indicate that management strategies should be different for harvesting of intertidal and subtidal stocks.

With climate change it is projected that various harvestable seaweeds, such as L. digitata, will shift their distributions further north [START_REF] Raybaud | Decline in kelp in west Europe and climate[END_REF]. Apart from ecological consequences, it will likely affect seaweed industries relying on those species. Although kelp forest structure is changing in the NE Atlantic with important implications for ecosystem functions, kelp-dominated ecosystems have received too little research attention [START_REF] Smale | Threats and knowledge gaps for ecosystem services provided by kelp forests: a northeast Atlantic perspective[END_REF].

Habitat modification by human constructions

Coastlines of most European countries are heavily shaped by human made constructions that either facilitate the use of or defend us from the sea, like for example harbors, dikes, breakwaters and artificial beaches. In Europe, this adds up to about 22,000 km 2 and about half the coastline between Spain, France and Italy [START_REF] Airoldi | Loss, status and trends for coastal marine habitats of Europe[END_REF]. With the current perspective of rising sea levels and increased storm activities (IPCC, 2007) these constructions will be extended and fortified. Hard artificial structures in particular, strongly impact seaweed communities, as these require hard substrate to attach to. In principle this would provide novel opportunities for seaweeds communities. However, descriptive studies have shown differences in communities inhabiting man-made structures relative to nearby natural rocky shores, as these substrates seem to be abundantly colonized by opportunistic blooming and/or nonnative species rather than local foundation seaweeds [START_REF] Bulleri | Artificial marine structures facilitate the spread of a nonindigenous green alga, Codium fragile ssp tomentosoides, in the north Adriatic Sea[END_REF][START_REF] Glasby | Nonindigenous biota on artificial structures: could habitat creation facilitate biological invasions?[END_REF]Mineur et al., 2012a;[START_REF] Vaselli | Hard coastal-defence structures as habitats for native and exotic rocky-bottom species[END_REF]Thibaut et al., in press). Moreover, such artificial substrates could facilitate source populations and stepping stones for opportunistic or even invasive species to spread and enter seaweed communities on natural substrates. The current developments in marine renewable energy infrastructure like offshore wind turbine farms could add considerable opportunities for opportunistic and invasive species enhancing their spread and increasing pressure on nearby natural communities. The marine traffic involved in the construction and maintenance of these artificial substrates may even reinforce the effect of spreading nuisance species. The negative impact of artificial constructions could partly be overcome by integrating ecological knowledge in design and management as highlighted by [START_REF] Airoldi | Anthropogenic disturbance can determine the magnitude of opportunistic species responses on marine urban infrastructures[END_REF] and [START_REF] Firth | Between a rock and a hard place: environmental and engineering considerations when designing coastal defence structures[END_REF].

Overgrazing

Increasing abundances of grazers that are feeding on macroalgae can lead to the loss of dominant habitat forming species. These changes cause shifts in habitat structure, from abundant canopies to alternative states dominated by filamentous and encrusting species, leading to a drastic reduction of any macroalgal biomass ("barren grounds") (Fig. 5) [START_REF] Filbee-Dexter | Sea urchin barrens as alternative stable states of collapsed kelp ecosystems[END_REF][START_REF] Hereu | The effects of predator abundance and habitat structural complexity on survival of juvenile sea urchins[END_REF][START_REF] Komatsu | Possible change in distribution of seaweed, Sargassum horneri, in northeast Asia under A2 scenario of global warming and consequent effect on some fish[END_REF][START_REF] Sala | Alien marine fishes deplete algal biomass in the eastern Mediterranean[END_REF]Vergés et al., 2014a). The main category of grazers that are involved in these processes is sea urchins, with populations that can dramatically proliferate through the loss of their predators, such as sparid fishes in the Mediterranean Sea, due to overfishing [START_REF] Sala | Fishing, trophic cascades and the structure of algal assemblages: evaluation of an old but untested paradigm[END_REF]. Proliferation of native herbivorous fish can also be blamed for the loss of habitat-forming species [START_REF] Verlaque | Relations entre Sarpa salpa (Linnaeus, 1758) (Téléostéen, Sparidae), les autres poissons brouteurs et le phytobenthos algal méditerranéen[END_REF]. But some of the most striking examples are another consequence of biotic homogenization and involve the Lessepian invasive herbivorous fish species Siganus luridus and Siganus rivulatus (rabbitfishes), that are depleting Cystoseira forests in the Eastern Mediterranean Sea [START_REF] Sala | Alien marine fishes deplete algal biomass in the eastern Mediterranean[END_REF]Vergés et al, 2014b). In many case, overgrazing (by sea urchins or fishes) has been reported to be responsible for the massive loss and local extinctions of various Cystoseira and Sargassum species in the Mediterranean Sea [START_REF] Bianchi | Thirty years after: dramatic changes in the coastal marine ecosystems of Kos Island (Greece), 1981-2013[END_REF][START_REF] Thibaut | Long-term decline of the populations of Fucales (Cystoseira, Sargassum) in the Albères coast (northwestern Mediterranean)[END_REF][START_REF] Sala | Alien marine fishes deplete algal biomass in the eastern Mediterranean[END_REF].

Eutrophication and green tides

Eutrophication caused by excessive loads of (in)organic nutrients is one of the major anthropogenic threats to biodiversity and ecosystem functioning in the coastal marine environment worldwide [START_REF] Rabalais | Global change and eutrophication of coastal waters[END_REF][START_REF] Cbd | Global Biodiversity Outlook 2[END_REF]. Nutrients giving rise to the eutrophication processes are of anthropogenic origin [START_REF] Rosenberg | Eutrophicationthe future marine coastal nuisance?[END_REF]. Until a few decades ago urban wastewater discharge was the most important source of nutrients; however with the improvement of wastewater treatment technology (tertiary treatments) and the intensification of agriculture and fertilizer use, diffuse sources and land runoff have been gaining importance in some geographical areas, especially for nitrogen [START_REF] Artioli | Nutrient budgets for European seas: a measure of the effectiveness of nutrient reduction policies[END_REF][START_REF] Morand | Macroalgal population and sustainability[END_REF][START_REF] Valiela | Couplings of watersheds and coastal waters: sources and consequences of nutrient enrichment in Waquoit Bay[END_REF]. Most nutrients enter through streams or direct runoff although the role of nutrient enriched groundwater seems to increase as well [START_REF] Stigter | Nutrient sources for green macroalgae in the Ria Formosa lagoon: assessing the role of groundwater[END_REF][START_REF] Tournoud | Origins and quantification of nitrogen inputs into a coastal lagoon: application to the Thau lagoon (France)[END_REF]. The importance of aquaculture as a nutrient source in Europe is generally modest at the moment, but can be expected to increase considering the growth prospectives of the industry [START_REF] Aubin | Assessment of the environmental impact of carnivorous finfish production systems using life cycle assessment[END_REF][START_REF] Forrestal | Ecosystem effects of bluefin tuna Thunnus thynnus thynnus aquaculture in the NW Mediterranean Sea[END_REF].

Effects on seaweed diversity and community structure

Eutrophication often goes accompanied by other types of pollution, harmful (micro)algal blooms, introduction of new species (especially in relation to aquaculture) and habitat disturbance. It is therefore not always possible to attribute changes in the macrophyte community to eutrophication alone [START_REF] Fletcher | The occurrence of "green tides"a review[END_REF]. Several common trends, however, have been identified. Nutrient enrichment increases phytoplankton blooms both in intensity and duration and consequently reduces penetration of light in the water column [START_REF] Duarte | Submerged aquatic vegetation in relation to different nutrient regimes[END_REF]. The development of large floating masses of opportunistic macroalgae is one of the most conspicuous effects of eutrophication [START_REF] Fletcher | The occurrence of "green tides"a review[END_REF][START_REF] Morand | Excessive growth of macroalgae: a symptom of environmental disturbance[END_REF][START_REF] Valiela | Macroalgal blooms in shallow estuaries: controls and ecophysiological and ecosystem consequences[END_REF]. These bloom-forming algae are frequently arranged in thick canopies, whose structure may be shortlasting (i.e. one tidal cycle) [START_REF] Dion | The French Atlantic coasts[END_REF] or may persist for weeks or even an entire season, depending on tidal and wave exposure [START_REF] Malta | Vertical heterogeneity in physiological characteristics of Ulva spp. mats[END_REF][START_REF] Vergara | Photoacclimation of Ulva rigida and U. rotundata (Chlorophyta) arranged in canopies[END_REF]. The most dominant species among the proliferating algae in these mats or blooms, is by far the chlorophyte Ulva, hence the name "green tides" (Fig. 6), although blooms of red (e.g. Ceramium and Gracilaria spp.) [START_REF] Fletcher | The occurrence of "green tides"a review[END_REF] and brown seaweeds (e.g. Ectocarpus siliculosus, Pilayella littoralis) [START_REF] Lotze | Control of macroalgal blooms at early developmental stages: Pilayella littoralis versus Enteromorpha spp[END_REF][START_REF] Thybo-Christesen | Nutrient fluxes and growth of Cladophora sericea in a shallow Danish bay[END_REF] have also been observed. A special case might be the so-called "golden tides" caused by the brown alga Sargassum natans that is more likely caused by particular oceanographic processes than eutrophication [START_REF] Smetacek | Green and golden seaweed tides on the rise[END_REF].

The most spectacular examples of green tides are no doubt the Ulva prolifera blooms that became massive in the Yellow Sea in China since 2007 and seriously disturbed the preparation of the 2008 Olympic sailing competition [START_REF] Leliaert | Research note: identity of the Qingdao algal bloom[END_REF][START_REF] Shi | Green macroalgae blooms in the Yellow Sea during the spring and summer of 2008[END_REF]. Gaining a doubtful fame as the "world's largest macroalgal bloom", it reached a maximum coverage of 4993.9 km 2 with an estimated biomass of several million tonnes wet weight (D.Y. Liu et al., 2013). The bloom was facilitated by excess nutrients in the highly eutrophic Yellow Sea in combination with favorable wind and temperature conditions. There is some controversy about its origin however. D.Y. Liu et al. (2013) put the blame unequivocally on the expansion of seaweed (Porphyra) culture, where others (F. Liu et al., 2013;[START_REF] Zhang | Settlement of vegetative fragments of Ulva prolifera confirmed as an important seed source for succession of a large-scale green tide bloom[END_REF] stress the importance of fragments in mudflats and aquaculture ponds, which act as propagules seeding bloom events. In Europe, Ulva blooms are best known from Venice Lagoon [START_REF] Sfriso | Macroalgae, nutrient cycles, and pollutants in the Lagoon of Venice[END_REF], Langstone harbor in the UK [START_REF] Taylor | Preliminary studies on the growth of selected 'green tide' algae in laboratory culture: effects of irradiance, temperature, salinity and nutrients on growth rate[END_REF] or the coasts of Brittany [START_REF] Dion | The French Atlantic coasts[END_REF]. Such blooms, due to eutrophication, have regularly been observed along the European coasts, starting at least since the turn of the 20th century with a first record in the industrialized bay of Belfast Lough [START_REF] Letts | Report on green seaweeds (and especially Ulva latissima) in relation to the pollution of the waters in which they occur[END_REF]. In recent years, blooms observed in Brittany have been linked to the death of dogs, wild boars and a horse, while also suspected of having caused human fatalities, therefore receiving a lot of media attention (e.g. [START_REF] Viscusi | Green tides' drive away Brittany tourists[END_REF] and leading to considerable damage to the tourist sector.

The increase in biomass of opportunistic macroalgal blooms goes hand in hand with a decline or even complete disappearance of perennial species. In the saline lake the Veerse Meer in the Netherlands, macroalgal species numbers declined from 64 in the early 1950s [START_REF] Den Hartog | Epilithic algal communities occurring along the coasts of the Netherlands[END_REF] to 48 after its closure from the sea in 1961 [START_REF] Munda | Changes in the algal vegetation of a part of the Deltaic area in the Southern Netherlands (Veerse Meer) after its closure[END_REF] and to 30 in the early 1990s after decades of progressive eutrophication and artificial tide management [START_REF] Malta | Effects of environmental variables on between-year variation of Ulva growth and biomass in a eutrophic brackish lake[END_REF]. Most conspicuous was the decline in brown algal species that all disappeared except for the winter annual Petalonia fascia. Similar relationships between eutrophication and species richness have been reported worldwide [START_REF] Fletcher | The occurrence of "green tides"a review[END_REF][START_REF] Middelboe | Patterns of macroalgal species diversity in Danish estuaries[END_REF][START_REF] Raven | Macroalgal growth in nutrient-enriched estuaries: a biogeochemical and evolutionary perspective[END_REF][START_REF] Schories | Historical changes and inventory of macroalgae from Konigshafen Bay in the northern Wadden Sea[END_REF][START_REF] Sfriso | Macroalgae, nutrient cycles, and pollutants in the Lagoon of Venice[END_REF][START_REF] Titlyanov | Checklist of marine benthic green algae (Chlorophyta) on Hainan, a subtropical island off the coast of China: comparisons between the 1930s and 1990-2009 reveal environmental changes[END_REF]. As for soft bottom systems, green algal blooms have been held responsible for the decline of seagrass stands and associated macroalgae [START_REF] Hauxwell | Macroalgal canopies contribute to eelgrass (Zostera marina) decline in temperate estuarine ecosystems[END_REF][START_REF] Short | Mesocosm experiments quantify the effects of eutrophication on eelgrass, Zostera marina[END_REF][START_REF] Thomsen | A meta-analysis of seaweed impacts on seagrasses: generalities and knowledge gaps[END_REF].

Perhaps even more important than the actual reduction in species number is the reduction in "functional diversity" [START_REF] Middelboe | Long-term changes in macroalgal communities in a Danish estuary[END_REF][START_REF] Raven | Macroalgal growth in nutrient-enriched estuaries: a biogeochemical and evolutionary perspective[END_REF]: the qualitative and quantitative reduction in the diversity of functional groups caused by the increasing dominance of opportunistic thin foliose or finely branched species over perennial coarsely-branched, thick leathery or coralline species leading to a reduction in the three dimensional complexity of the landscape. Furthermore, the decrease of depth limits of macroalgae and disappearance of characteristic zonation patterns [START_REF] Breuer | Changes in macroalgal vegetation of Kiel Bight (Western Baltic Sea) during the past 20 years[END_REF][START_REF] Eriksson | Long-term changes in the macroalgal vegetation of the inner Gullmar Fjord, Swedish Skagerrak coast[END_REF][START_REF] Middelboe | Long-term changes in macroalgal communities in a Danish estuary[END_REF][START_REF] Middelboe | Patterns of macroalgal species diversity in Danish estuaries[END_REF] due to reduced light penetration is an important consequence of eutrophication that has particularly gained attention in the Baltic Sea area. Fig. 7 shows a generalized model of the effects of eutrophication on macroalgal communities mentioned above (partly adapted from [START_REF] Nienhuis | Ecology of coastal lagoons in The Netherlands (Veerse Meer and Grevelingen)[END_REF]. The form of the curves is indicative and depends on system specific parameters and conditions. Effects will be increasingly stronger once a certain threshold nutrient loading is crossed [START_REF] Nienhuis | Ecology of coastal lagoons in The Netherlands (Veerse Meer and Grevelingen)[END_REF][START_REF] Valiela | Macroalgal blooms in shallow estuaries: controls and ecophysiological and ecosystem consequences[END_REF]. The exact value of this threshold depends not only on loading but also on water retention time in the systems. Studies by [START_REF] Fox | The relative role of nutrients, grazing, and predation as controls on macroalgal growth in the Waquoit Bay estuarine system[END_REF] and [START_REF] Teichberg | Eutrophication and macroalgal blooms in temperate and tropical coastal waters: nutrient enrichment experiments with Ulva spp[END_REF], indicate that the threshold may be reached by loadings leading to annual mean dissolved inorganic nitrogen concentrations ≤10 μM.

The observed relations between macroalgal diversity and distribution and water quality resulted in the incorporation of macroalgae as a biological quality element (BQE) for the assessment of water quality in European Union member states under the Water Framework Directive [START_REF] Ec | Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a framework for Community action in the field of water policy[END_REF]. Monitoring system classifications have been developed based on distribution depth limits, species richness, indicator species and opportunistic algal coverage [START_REF] Ec | the values of the Member State monitoring system classifications as a result of the intercalibration exercise ([END_REF]. Practical implementation and generalization of these systems however is not without difficulties as can be seen from the multitude of proposed indicator methods and the ongoing scientific debate on the theme (e.g. [START_REF] Ballesteros | A new methodology based on littoral community cartography dominated by macroalgae for the implementation of the European Water Framework Directive[END_REF][START_REF] Bermejo | Application and reassessment of the reduced species list index for macroalgae to assess the ecological status under the Water Framework Directive in the Atlantic coast of Southern Spain[END_REF][START_REF] Birk | Three hundred ways to assess Europe's surface waters: an almost complete overview of biological methods to implement the Water Framework Directive[END_REF][START_REF] Malta | Assessing quality of coastal waters using opportunistic macroalgae, experiences from southwest Europe[END_REF][START_REF] Neto | Marine Macroalgae Assessment Tool (MarMAT) for intertidal rocky shores. Quality assessment under the scope of the European Water Framework Directive[END_REF][START_REF] Orfanidis | An insight to the ecological evaluation index (EEI)[END_REF][START_REF] Wilkinson | Using attached macroalgae to assess ecological status of British estuaries for the European Water Framework Directive[END_REF].

Effects on the ecosystem

A system dominated by opportunistic algae shows large temporal and spatial variability and is hence inherently instable [START_REF] Malta | Effects of environmental variables on between-year variation of Ulva growth and biomass in a eutrophic brackish lake[END_REF][START_REF] Malta | Regulation of spatial and seasonal variation of macroalgal biomass in a brackish, eutrophic lake[END_REF][START_REF] Nelson | Seasonal and spatial patterns of "green tides" (ulvoid algal blooms) and related water quality parameters in the coastal waters of Washington state[END_REF]. Blooms are typically free-floating and usually temporal, meaning that in heavily affected areas, during large parts of the year the bloom can create a complex three-dimensional structure that is replaced by bare sediment or naked rock [START_REF] Berezina | Effect of drifting macroalgae Cladophora glomerata on benthic community dynamics in the easternmost Baltic Sea[END_REF][START_REF] Wennhage | From flatfish to sticklebacks: assemblage structure of epibenthic fauna in relation to macroalgal blooms[END_REF]. These changes in structure and species composition of the vegetation have a strong impact on the entire community. Organic material from decomposing macroalgal mats affect benthic meiofauna [START_REF] Bohorquez | Effects of green macroalgal blooms on the meiofauna community structure in the Bay of Cadiz[END_REF] and often lead to anaerobic conditions and hydrogen sulfide formation resulting in mass die-off of benthic fauna [START_REF] Nicholls | The effect of green algal mats on intertidal macrobenthic communities and their predators[END_REF][START_REF] Pihl | Recent increase of filamentous algae in shallow Swedish bays: effects on the community structure of epibenthic fauna and fish[END_REF][START_REF] Reise | Sewage, green algal mats anchored by lugworms, and the effects on Turbellaria and small Polychaeta[END_REF] and seagrasses (e.g., the loss of a southern range Zostera marina meadow under a green mat) [START_REF] Cunha | Seagrasses in Portugal: a most endangered marine habitat[END_REF]. Evidently this also affects other trophic levels, notably juvenile stages of fish [START_REF] Isaksson | Eutrophication related changes in macrovegetation and foraging of young cod (Gadus morhua L.)a mesocosm experiment[END_REF][START_REF] Lenanton | Blue-green algal blooms and the commercial fishery of a large Australian estuary[END_REF][START_REF] Pihl | Recent increase of filamentous algae in shallow Swedish bays: effects on the community structure of epibenthic fauna and fish[END_REF] and their predators. The Veerse Meer lagoon in the Netherlands for example, before restoration attempts, had changed from a 'seagrass-fish-piscivorous birds' system into a 'green algaeherbivorous bird' (notably coots, Fulica atra and mute swans, Cygnus olor) dominated system [START_REF] Coosen | Trophic relationships in brackish Lake Veere: the role of macrophytes[END_REF][START_REF] Seys | Zeesla en bodemdieren in het Veerse Meer[END_REF]. Other trophic cascade effects of macroalgal blooms on birds have been reported for the Mondego estuary in Portugal [START_REF] Lopes | Influence of macroalgal mats on abundance and distribution of dunlin Calidris alpina in estuaries: a long-term approach[END_REF].

Ecosystem level effects of macroalgal blooms have been documented, but remain difficult to quantify. Comparative studies and metaanalyses are thus far very scarce if existing at all. In general, affected systems change from grazing controlled (top-down) stable systems to unstable detritus and mineralizations (bottom-up systems) that can be characterized by a high turnover of oxygen and nutrients and frequent alternations between aerobic and anaerobic states [START_REF] Flindt | Nutrient cycling and plant dynamics in estuaries: a brief review[END_REF] primarily impacting the functioning of the benthic ecosystems and potentially affecting neighboring systems, such as salt marsh communities [START_REF] Newton | Ecological impacts of macroalgal blooms on salt marsh communities[END_REF]. Impacts of macroalgal blooms have been reported on benthic denitrification [START_REF] Gonzalez | Mats of the nonnative macroalga, Gracilaria vermiculophylla, alter net denitrification rates and nutrient fluxes on intertidal mudflats[END_REF], nutrient fluxes between the sediment and the water column (benthic-pelagic coupling, viz. Garcia-Robledo and [START_REF] Garcia-Robledo | Effects of macroalgal blooms on carbon and nitrogen biogeochemical cycling in photoautotrophic sediments: an experimental mesocosm[END_REF][START_REF] Havens | Complex interactions between autotrophs in shallow marine and freshwater ecosystems: implications for community responses to nutrient stress[END_REF][START_REF] Sundbäck | Impact of accumulating drift macroalgae on a shallow-water sediment system: an experimental study[END_REF][START_REF] Tyler | Macroalgae mediation of dissolved organic nitrogen fluxes in a temperate coastal lagoon[END_REF], carbon storage capacity [START_REF] Schmidt | Regional-scale effects of eutrophication on ecosystem structure and services of seagrass beds[END_REF] and benthic carbon metabolism [START_REF] Corzo | Effects of green macroalgal blooms on intertidal sediments: net metabolism and carbon and nitrogen contents[END_REF][START_REF] Pregnall | Contribution of green macroalgal mats (Enteromorpha spp.) to seasonal production in an estuary[END_REF][START_REF] Valiela | Macroalgal blooms in shallow estuaries: controls and ecophysiological and ecosystem consequences[END_REF]. However, as [START_REF] Hubas | Does seasonal proliferation of Enteromorpha sp affect the annual benthic metabolism of a small macrotidal estuary? (Roscoff Aber Bay, France)[END_REF] highlight, effects may be large at an hourly scale but modest at annual scale and, more importantly, most studies reflect comparisons of sediment with or without macroalgal blooms and not of seaweed communities. To obtain a coherent image of the effect of green tides on ecosystem functions there is a strong need for specific investigations in this area, addressing research questions on multiple spatial and temporal scales, carrying out cross-system comparisons (see for example [START_REF] Schmidt | Regional-scale effects of eutrophication on ecosystem structure and services of seagrass beds[END_REF][START_REF] Teichberg | Eutrophication and macroalgal blooms in temperate and tropical coastal waters: nutrient enrichment experiments with Ulva spp[END_REF].

Prospects

The prospects for eutrophicated systems are quite bleak. In the latest assessment of the exposure of ecosystems to acidification, eutrophication and ozone of the European Environmental Agency (EEA, 2013), it is concluded that "the magnitude of the risk of ecosystem eutrophication and its geographical coverage has diminished only slightly over the years." Furthermore, predictions for 2010 to 2020 indicate that the risk is still widespread. Essential for recovery of ecosystems from eutrophication is the drastic reduction of nutrient loads [START_REF] Morand | Macroalgal population and sustainability[END_REF], although the effect of this will most likely not be immediate due to the "memory effect" of nutrient rich sediments [START_REF] Artioli | Nutrient budgets for European seas: a measure of the effectiveness of nutrient reduction policies[END_REF]. Control of green tides can partially be obtained by other measures, such as harvesting and dredging, but this is usually not sufficient to obtain complete restoration of the original flora [START_REF] Falace | Study of the macrophyte assemblages and application of phytobenthic indices to assess the ecological status of the Marano-Grado Lagoon (Italy)[END_REF][START_REF] Sfriso | Decline of Ulva growth in the lagoon of Venice[END_REF]. Absence of "dormant" material (spores, seedlings) or neighboring populations are important factors that impede recolonization of restored systems and most likely active restoration is required for recovery. Thus far, we found only one example of seaweed restoration [START_REF] Marzinelli | Restoring seaweeds: does the declining fucoid Phyllospora comosa support different biodiversity than other habitats?[END_REF], so we can conclude that there is a strong need for the development of theoretical and practical knowledge in this area.

To conclude, it has been shown that eutrophication of coastal waters leads to strong decreases in macroalgal species diversity and depth distribution and profound changes in the macroalgal community. Great impacts of these changes have been described on other ecosystem components. Recent research efforts have focused on linking these alterations to changes in ecosystem functioning, however much still has to be done. In particular, cross-system comparisons and meta-analyses Fig. 7. Schematic summary of effects of increased nutrient loading of coastal ecosystems on macroalgal species diversity and community, maximum depth limit of macroalgae and green algal and phytoplankton biomass. In part adapted from a tentative model of [START_REF] Nienhuis | Ecology of coastal lagoons in The Netherlands (Veerse Meer and Grevelingen)[END_REF].

would be useful to obtain a generalized picture. Prospects for restoration are murky due to the fact that eutrophication is still ongoing in many sites and studies on the restoration potential of macroalgal communities are virtually absent.

Conclusions

As reviewed in this paper seaweed diversity and community structure is highly impacted and threatened by various stressors acting at global as well as local scales. It is therefore of paramount importance to unravel the relationships between seaweed diversity, community functioning and ecosystem services. Even though our knowledge on the relation between diversity and ecosystem functioning might still be at its infancy, the importance of seaweed diversity on such divergent functions as ecosystem productivity, invader resistance or nutrient uptake stands out.

There are, however, several important knowledge gaps that prevent biologists and decision makers from anticipating, or even better mitigating, changes in the composition of seaweed communities and the accompanying ecosystem-level effects. First, baseline data on European algal species diversity and especially distribution data is still frustratingly incomplete and many records are inaccurate. Seaweed records, preferably linked to voucher specimens, are for example conspicuously absent from European or global repositories. The lack of baseline data may impede detection of range shifts, local extinctions as well as the introduction of non-native species urge the necessity to use unexplored historical records from herbarium vouchers and gray literature while studying the distribution over time and space of a given species. These problems could at least be partly resolved by making data publication (e.g. distribution records) mandatory as advocated by [START_REF] Costello | Global coordination and standardisation in marine biodiversity through the World Register of Marine Species (WoRMS) and related databases[END_REF]. Second, to facilitate the early detection of introduced and putatively invasive seaweeds we advocate for the training of field phycologists and for a DNA-based framework that includes reference barcodes of European as well as common introduction sources, namely NW Pacific species. Using routine DNA-barcoding methods for large scale future census, avoids problems linked to morphology-based identifications (e.g. cryptic introductions) and would allow an early warning systems for newly introduced species.

The composition of seaweed communities is considered a good indicator of ecological quality, and by large the ecosystem services provided in the coastal environment is depending on these communities. Understanding the impacts of different stressors on these communities is therefore an essential step in terms of mitigation. There is a strong need for studies addressing the combined impacts of stressors. Little is known for example on the combined effect of biological invasions and climate change in seaweed communities [START_REF] Olabarria | Response of macroalgal assemblages from rockpools to climate change: effects of persistent increase in temperature and CO 2[END_REF]. Loss of native diversity and changes in natural assemblages derived from the introduction of non-indigenous species might affect the ability of systems to deal with climate change stressors. Besides, changing climate might facilitate invasions by favoring introduced over native species. Models and experiments that simultaneously incorporate climate stressors and new diversity scenarios should help to understand future impacts of these changes in coastal ecosystems. In addition, the interaction of ecological and evolutionary processes at play at colonization fronts of range-shifting species is poorly understood, but important to predict future scenarios on macroevolutionary time-scales.

The present review shows the consequent effort that has been made, mostly during the past two decades, in understanding the role of seaweed communities in coastal habitats, and how any impact will affect the entire ecosystem and the services it provides. While impacts have already been apprehended in a number of cases, it also is clear that there is considerable uncertainty on long term effects. Furthermore, at least effects of local stressors may be reversible by improving water quality in cases of water pollution and eutrophication, or designing coastal defenses and artificial structures that will act as facilitators of stable seaweed communities [START_REF] Firth | Between a rock and a hard place: environmental and engineering considerations when designing coastal defence structures[END_REF]. Trials in implementing dedicated artificial reefs, especially designed for seaweed key species (e.g. [START_REF] Choi | Algal succession on different substrata covering the artificial iron reef at Ikata in Shikoku[END_REF][START_REF] Seaman | Artificial habitats and the restoration of degraded marine ecosystems and fisheries[END_REF], as well as transplantation efforts [START_REF] Susini | Development of a transplantation technique of Cystoseira amentacea var. stricta and Cystoseira compressa[END_REF][START_REF] Gianni | Conservation and restoration of marine forests in the Mediterranean Sea and the potential role of Marine Protected Areas[END_REF], are usually encouraging and should be part of restoration policies. Such efforts, however, may not have the same effect in mitigating impacts of global stressors such as global warming and biotic homogenization (with biological invasions as resilient biological pollution).

As the present review underlines, long term effect of global warming will cause the northward shift of present communities (impacting the genetic structure and variability of many key species), and the likely extinction of refuge populations or species that are highly valuable in terms of biodiversity, unless they can adapt to the new conditions. It is also likely to trigger irreversible change in the structure of seaweed communities by the replacement of key species that structure the habitat. Our ability to predict future scenarios will largely depend on our knowledge of coastal ecosystems. Importantly, our ability to mitigate or even reverse the effect of anthropogenic stressors on coastal environments is a common responsibility.

Fig. 1 .

 1 Fig. 1. Cystoseira spp. canopies. Left: Cystoseira tamariscifolia forming a low 'bushy' canopy (Almograve, Portugal; photo AHE), right: Cystoseira usneoides (Arrábida, Portugal; photo courtesy of Carlos Franco).

Fig. 2 .

 2 Fig. 2. Conceptual framework of the present review. Global stressors are not manageable locally, but have local impacts and may indirectly affect local stressors. All stressors are affecting seaweed diversity (populations and communities), impacting coastal ecosystems. Some may have direct and indirect impacts (e.g., habitat modification can lead to increased sedimentation and climate change to increased grazing pressure).

Fig. 3 .

 3 Fig.3. Temporal accumulation of species and genera on European shores based on the description of the earliest described element for each taxonomic level[START_REF] Guiry | Algaebase[END_REF]. Data extracted from Algaebase.

Fig. 4 .

 4 Fig. 4. Cumulative total number of introduced seaweed species observed on Atlantic shores of Europe, the Mediterranean Sea and the Macaronesian region (Azores and Canary Islands), over the last centuries (period 1800-2005). Data compiled from Mineur et al. (2010a).

Fig. 5 .

 5 Fig. 5. "Barren ground" induced by the increasing abundance of Arabacia lixula sea urchins, showing the complete disappearance of macroalgal canopies (Bay of Vlora, Albania) (photo TT).

Fig. 6 .

 6 Fig. 6. Ulva sp. ('sea lettuce' form) green tide on the beach of Armona (S. Portugal). Left: Cast material, right: aerial view showing the accumulation of floating thalli along the shallow coastal area (photos EM).

Acknowledgments ODC, SV, AHE, FF, EAS and FM are indebted to EU FP7 ERANET (Project SEAS-ERA/INVASIVES SD/ER/010). FA was supported by FCT project CLEF (PTDC/ACC-AMB/102866/2008). JA was supported by FCT -Portuguese Science Foundation (Postdoc fellowship CCMAR/ BPD/0045/2013 and project EXCL/AAG-GLO/0661/2012). AHE was supported by a scholarship of the Portuguese Science Foundation (FCT: SFRH/BPD/63703/2009). EAS acknowledges support from the Portuguese Science Foundation (FCT) via project EXTANT (EXCL/AAG-GLO/ 0661/2012, to EAS).