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Abstract 

The coasts of Corsica are host to a wide variety of marine habitats, which can be 
considered as representative of the diverse situations found in the Mediterranean sea. 
The most representative habitats are the marine magnoliophyte meadows ( Cymodocea 
nodosa and Posidonia oceanica), which cover more than 55 000 ha (60% of the 
infralittoral seabed) and the coastal detritic bottoms (85% of the circalittoral seabed), 
which represent 26 500 ha of the rhodolith beds habitats (or more than 8 % of the 
known areas of the western Mediterranean). These habitats, which are generally 
considered as 'in a good state of conservation', give rise locally to rare formations, such 
as the Lithophyllum byssoides platforms, reef formations constructed by Posidonia 
oceanica (tiger pattern meadows, barrier reefs, reefplatforms) and coralligenous atolls, 
which constitute real natural monuments. 

If it is difficult, given the wide range of species concerned, to assess the 
sensitivity of these habitats to climate change, enough data are already available to 
pro vide a basis for establishing the impact of temperature increase, the acidification of 
the water, the rise in sea level and the increase in the frequency of extreme events. 
Thermal stress is particularly worrying with regard to several engineer species of the 
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coralligenous habitat (large gorgonians, sponges and bryozoans), and phenomena of 
massive mortality following an extreme warming event are already known. Similarly, 
the rise in sea level is not without impact on the regression of the marine Magnoliophyta 
meadows at depth or on the decline in the bio-construction activity of the rhodoliths that 
are the basis of the construction of the coralligenous habits, because of the diminution 
of the light, or on the conservation of shallow water natural monuments (bio
concretions, reef formations) , given that their slow growth rate does not enable them to 
compensate for the rise in sea level. 

In the light of the available data, predicted future patterns of change give 
grounds for fears of an increase in epizootie events, more frequent massive mortality 
episodes, a general regression of bioconstructed formations, the simplification of the 
structure of ecosystems. All these events could have an impact on the ecosystem 
services that these habitats provide and result in a decline in the effectiveness of their 
role in attenuating the effects of climate change (carbon fixation and sequestration), 
which must be taken into account in planning management strategies). 

Introduction 

The Mediterranean Sea, enclosed between the Atlantic Ocean, Indian Ocean and 
Red Se a, is considered a marine hot spot of biodiversity, mainly because of its isolation 
and its long geological history, characterized by changes in salinity, sea level and 
climate. The Mediterranean sea can thus be considered as a miniature model of the 
world's oceans, particularly with regard to the impact of climate change. Recent 
mappings of the whole shallow coastlines ofCorsica island show that they shelter, from 
the surface down to 1001150 rn depth, a high diversity of habitats (Pergent-Martini et 
al., 20 15), which can, in sorne cases, construct natural monuments (PNUE et al., 1990). 
These habitats are similar to those that may be observed throughout the Western Basin 
in particular, and thus the aim of this study is to attempt to determine the sensitivity of 
these communities to climate change. 

State ofKnowledge of Marine Habitats along Corsican Coasts: A Key Study 

In Corsica, the mediolittoral habitats only concern to very small areas (76 ha) 
because of the low tidal range in this part of the Mediterranean and the topography of 
the shore. The mediolittoral sands mainly occur along the east coast, whereas the 
mediolittoral rocks occupy the northern and southern ends of the island and the west 
coast. The west coast is occupied by dense algal communities including calcified 
Rhodophyta which constitute real natural monuments ( e.g. Lithophyllum byssoides 
platforms; PNUE et al., 1990). These platforms occupy 28 km of coastline (Thibaut et 
al., 2010). 

The seagrass meadows of marine Magnoliophyta ( Cymodocea nod osa and 
Posidonia oceanica) are in the majority in the infralittoral zone, occupying more than 
55 400 ha. The Posidonia oceanica seagrass meadows locally give rise to rare 
formations such as reef p1atforms, atolls (Bay of St Florent; Bonacorsi et al., 2013), 
tiger pattern meadows and barrier reefs, scattered all along the coastline (Barralon et al., 
20 18). The infralittoral soft bottoms (29 % of the surface area) are mainly occupied by 
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the biocenosis of well-calibrated fine sands. The rock-based photophilous communities 
occupy relatively small areas (10% of the surface area), but host severa! species of 
fucoid algae (such as Cystoseira spp and Sargassum spp), important engineer species 
including severa! which are protected under the Berne Convention (Council of Europe, 
1979) and the Barcelona Convention (UNEP-MAP, 2009). In particular, the cespitose 
species Cystoseira crinita is widespread between 0 and lm depth (except on the East 
coast), whereas in many other Mediterranean areas it is now extinct (Blanfunè et al., 
2016). 

In the circalittoral zone, it is the coastal detritic biocenosis which is mainly 
dominant (85 %). Rhodolith beds are particularly well represented with nearly 26 500 
ha, in particular at Cap Corse where these areas alone represent more than 8 % of the 
known rhodolith bed areas in the Western Mediterranean (Martin et al., 2014). Finally, 
these rhodolith beds show a particularly extensive bathymetrie range in this sector of the 
Western Mediterranean, since they have been observed down to more than 120 rn depth 
(Pergent-Martini et al., 2014). The hard substrates are relatively limited (5 453 ha) and 
the coralligenous habitat only covers 38 % of these bottoms (with 2 112 ha). This is 
partly due to the fact that it develops preferentially on rock walls, beneath overhangs 
and in caves (Ballesteros, 2006), which prevents it from being detected by traditional 
cartographical tools and results in an underestimation of its surface area. Nevertheless, 
this habitat is apparent to the north-east of Cap Corse, as a formation that is unique in 
the Mediterranean: the coralligenous atolls. These structures, the origin and dynamics of 
which have not yet been fully elucidated (Pergent-Martini et al., 2014), again constitute 
exceptional formations with regard to the ir age (> 7 600 years) and their bathymetrie 
position (between -110 rn and -130 rn). 

Apart from their emblematic character, many of these habitats play a major role 
with regard to climate change. The bioconcretions, whether in shallow water ( e.g. 
Lithophyllum byssoides platform, vermetid platform, coralline belts) or deep water 
(rhodolith beds, maerl beds, coralligenous formations), like the marine Magnoliophyta 
meadows are important for climate regulation because of their role in carbon fixation 
( e.g. production of carbonate and benthic primary production), and also its 
sequestration. 

Current Impact of Climate Change on Marine Habitats 

The sensitivity of marine habitats to climate changes is mainly dependent on the 
species they host, but also on the nature of the pressures engendered by these changes. 
Classically, the main impacts are an increase in the water temperature, which is 
accompanied by an alteration in the depth and the persistence of the thermocline, the 
acidification of :,Pe waters, a rise in sea level and an increase in the frequency of 
extreme events (heatwaves, storms, etc.). 

Impact of temperature 

The Mediterranean is getting warmer two or three times more rapidly than the 
world ocean, with a very marked increase in the occurrence of high temperatures 
(Marbà et al., 2015). One direct consequence of this warming is a simu1taneous increase 
in the abundance of thermo-tolerant species and the disappearance or the rarification of 
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'cold' stenothermic species (Lejeusne et al., 201 0). This warming also affects the 
physical condition of marine organisms, as evidenced by changes in the abundance, the 
survival and the fertility of these species, their phenol ogy or the triggering of migrations 
(Marbà et al., 2015). Thermal stress is in addition recognised as causing diseases, the 
frequency ofwhich has increased over the past two decades (Lejeusne et al., 2010). 

The available data concem for the most part the species, with major differences 
in funètion of the taxonomie groups (Marbà et al., 2015), and more rarely the habitats as 
a whole. The first well-documented multi-species massive mortality events are those of 
the surnmers of 1999 and 2003, which affected at least 30-40 hard substrate invertebrate 
species over several hundred kilometers between the Tyrrhenian Sea, in Italy, and the 
Gulf of Lion in France, with a few sites also affected in Spain and Cors ica (Pérez, 2008; 
Lejeusne et al., 2010). 

w_hat is apparent from these studies is the high degree of sensitivity of several 
engineer species of the coralligenous habitat (large gorgonians, sponges and bryozoans ), 
made all the worse by the fact that these fixed species cannot escape when the 
environrnental conditions become unfavourable (Pérez, 2008). A positive correlation 
between the mortality rate and exposure to thermal stress is thus evidenced (Lejeusne et 
al., 201 0). The species affected are often considered as long-lived species with a 
relatively slow dynamic (low growth rate, limited reproductive effort), and in the 
absence, in most cases, of genetic data on the populations, their capacity for dispersal is 
assumed to be limited. The impact proved severe, especially on the gorgonians, and 
several years after these massive incidences of mortality, a signifiant decline in the 
density of several populations is still recorded (Pérez, 2008). If sorne recovery has been 
observed, with a progressive decline in the rate of necrosis in the colonies, or even a 
capacity for regeneration (Pérez, 2008), it is often accompanied by a very strong decline 
in the biomass within the populations (breaking of diseased branches under the weight 
of colonised by fouling populations). Thus, more than five years after the events, the 
populations have still not been restored to their initial state (Pérez, 2008). 

This thermal stress is likely to cause localised episodes of mortality in Posidonia 
ocean ica (Marbà et al., 20 15), or even the decline of the seagrass meadows when the 
threshold of thermal tolerance of the species is passed (Pergent et al., 2012). In contrast, 
massive blooms have been observed in the wake of high temperatures, although there 
are no grounds for asserting that this is a response to thermal stress (Pergent et al., 2012 
and Marbà et al., 2015). 

Impact of acidification 

Oceans naturally uptake the atmospheric COz emlSSlOns but the nsmg 
concentrations of COz released by the anthropic activities are causing over a long period 
a reduction of the pH of the water masses. Thus, if the drawing of COz from the 
atmosphere is a natural phenomenon that can moderate the severity of climate changes, 
at the same time this process is accomplished by a change in the water carbonate 
chemistry of surface ocean waters with unpredictable impacts on marine communities 
and ecosystems. Natural COz vents (mainly of volcanic origin) represent a proxy for 
future pH conditions where the possible effects of ocean acidification on a complex 
community and an important and widespread habitat can be investigated. As a natural 
laboratory, these sites my incorporate a range of environrnental factors that carmot be 
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replicated in mesocosms such as biotic interactions, but warning from sorne 
confounding factors. Moreover, in these sites it is possible to test the resilience, 
acclimation or adaptation of the species at different temporal scales and at different life 
stages. 

A decline of 0.1 units of pH has already been observed in the Mediterranean 
since the beginning of the industrial era and the organisms producing shells, hard shells 
(e.g. mollusks, shellfish) and skeletons based on calcium carbonate (e.g. bioconcretion
forming algae, cnidarians) have already suffered the negative impact of the acidification 
of the oceans (Gattuso et al., 2015) . One of the effects of ocean acidification is no doubt 
the diminution of the biodiversity, mainly of benthic species, and therefore of the 
variability of comrnunities, which is likely to result in the homogenisation of 
communities and a decline in functional diversity, with species assemblages dominated 
by fleshy algae and smaller-bodied and generalist invertebrates (Kroeker et al., 2011; 
Porzio et al., 2013; 2017; 20 18). 

For the marine Magnoliophyta meadows, significant differences have been 
observed between species. Thus for the Cymodocea nodosa meadows, a decline is 
apparent of the density and the biomass in the sites with low pH, with a ratio soil
dwelling biomass 1 epigeal biomass which may be ten times lower than that of control 
sites, despite the intensive metabolic activity of the meadow and higher net production 
(Apostolaki et al., 2014). In contrast, an increase in the density and the biomass, without 
altering the photosynthetic efficiency of the plant, has been reported for the Posidonia 
oceanica meadows (Invers et al., 2001; Hall-Spencer et al., 2008; Scartazza et al., 
20 17). On the other hand, whatever the species considered, a decline is al ways recorded 
in the epiphytie cover (in particular calcareous epiphyta; Martin et al 2008) and in the 
carbonate content of the leaves (Apostolaki et al., 2014). This reduction in the 
calcareous epiphyta, which enhances the palatability of the leaves, encourages grazing 
by herbivores (Apostolaki et al., 2014 ; Scartazza et al., 20 17), especially as it is 
accompanied by a reduction in the phenolic compounds (for Cymodocea nodosa; 
Amold et al., 2012) or a decline in the C/N ratio (for Posidonia oceanica; Scartazza et 
al., 2017). The transmission of chemical signais (ùC13 and ùN15) is also disturbed by 
the acidification, which is likely to alter the feeding behaviour of the species associated 
with the seagrass meadow (Zupo et al., 2015). 

There are no data on the impact of ocean acidification directly on the algal 
habitat-formers of the genus Cystoseira; the available data refer to another fucoid 
species, Sargassum vulgare, a species that seems to have disappeared at many 
Mediterranean sites. Differences between short- and long-term responses suggest that 
changes in the levels of primary and secondary metabolites observed in transplants may 
be due to acclimation that supports the ability of algae to cope with acidification, thus 
leading to an adaptation to lower pH over a long time-scale. In addition, the nutritional 
values of algae will decrease under acidification over a long tirne-scale (Kumar et al. , 
2017a,b; 2018). 

Impact of the rise in sea levet and extreme events 

The spatial distribution of the mediolittoral assemblages is strongly controlled by 
the spatial and temporal variability of the sea level under the combined action of 
atmospheric pressure, tides and hydrodynamic forces. Any rise, even slight, in the sea 
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level constitutes a threat for the mediolittoral rock assemblages and in particular for the 
Lithophyllum byssoides platforms. Because of their particularly slow growth rate 
(between 900 and 1 000 years; Laborel et al., 1994), these formations cannat adapt and 
the lower parts of the rims are th en in the infralittoral zone, which is incompatible with 
their survival (Blanfuné et al., 2016). 

The rise in sea lev el would also appear to be responsible for the decline of the 
Posidonia oceanica meadows at their lower border, because of the resulting diminution 
of the light (Pergent et al., 2015). This phenomenon constitutes a significant threat in 
that the decline recorded at depth is not compensated by a progression of the meadows 
in shallow water (rate of colonisation by the rhizomes, steep slope and limiting 
hydrodynamic conditions). 

This increase of the water column constitutes a threat for the coralligenous atolls 
in that the occurence of living rhodoliths at these depths is already exceptional for the 
Western Basin (Pérgent-Martini et al., 2014). Notwithstanding, given the poor level of 
knowledge re garding the dynamic of the se formations, there can be no certainty on this 
point (Pergent-Martini et al., 2014). 

Apart from the long-term trends, the scale and the frequency of these extreme 
events, in particular the excessive episodes of warming, such as El Nifio, should 
intensify with the emission of greenhouse gases (Cai et al., 2014). These extreme events 
induce strong alterations in the functioning of ecosystems since while the progressive 
acclimation of organisms to minor variations in environmental conditions might be 
envisaged (resilience, adaptation), the tolerance ofthese extreme events would appear to 
be far less certain (Palumbi et al., 2014). 

Sensitivity of marine habitats to climate change 

The integration of all the data offers a basis for attributing to each of the different 
impacts a value (from one to three) in function of the sensitivity (low, moderate or high) 
of the habitat. It is thus possible, by including the various sensitivity values, to establish, 
for the organisations that are responsible for managing the territory, a survey map of the 
sensitivity to climate change (Fig. 1). 

What does the Future Hold for Marine Habitats? 

It would seem to be already established that climate change induces the 
fragilisation of marine ecosystems, making them more sensitive to anthropic activities, 
to natural hazards and to invasions by exotic species. The future impact should therefore 
be considered with reference to the capacity for adaptation and the resilience of 
eco systems and of the species concerned. 

Disparities may be observed within the same ecosystem; thus, the capacity for 
adaptation to high temperatures is greater in the shallow water Posidonia oceanica 
seagrass beds than in the deeper meadows (Marin-Guirao et al. , 20 16), whereas the ir 
resilience is considered as relative1y high at least as concerns the temperature (Marin
Guirao et al., 2016), most chemical contaminants and invasive species (Pergent et al., 
2012). 
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Fig. 1: Sensitivity of marine habitats to 
climate change impacts (sea level, water 
temperature, Acidification and extreme 
events). 
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Similarly, several observations 
demonstrate that it is the combination of 
different impacts, induced by climate 
change, which ll}.Ï.ght prove problematic . 
Martin & Gattuso (2009) show that the 
combination of high temperature and the 
acidification of the waters has a strong 
impact on the calcification of the 
corallines, bioconstructing algal species, 
whereas this is not the case for each of 
these factors taken in isolation. 

In the light of the currently 
available data, several impacts might be 
envisaged: 

An increase in epizooties, enhanced 
by higher temperatures (Pérez, 2008 ; 
Coma et al., 2009), and thus a decline 
in vitality, in particular for 'cold' fixed 
thermophilous species. 

- The mortality of certain species, not 
only because of the increase in the 
seawater temperature, but especially 
because of the increase in the inter
annual variability of the seawater 
temperature, giving rise to more 
frequent, more intensive and longer
lasting summer heatwaves. These 
extreme thermal phenomena are likely 
to prolong the normal thermal 
stratification of the seawater, an 
element identified as one of the major 
causes ofthe massive mortality of key 
benthic species ofthe coralligenous). 

A general decline of bioconstructed formations. The evidenced increase in the 
dissolution of carbonates in the case of high temperature and partial co2 
pressure (Martin and Gattuso, 2009) is likely to compensate the net calcification 
mechanisms and intensify the decline of the bioconcretions (Lithophyllum 
byssoides rim, coralligenous formations, rhodolith beds ), whatever their 
bathymetrie distribution. 

The replacement of species or habitats resulting in the simplification of the 
structure of the ecosystems and of the associated trophic networks. The 
replacement of the Posidonia oceanica meadow by any other more 
thermophilous plant formation (e.g. Cymodocea nodosa meadow) would result 
in the simplification of the three-dimensional structure and lower resistance the 
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acclimation of alien species (Pergent et al., 2012). This simplification, in 
addition to the loss of taxonomie diversity, might result in a diminution of the 
diversity of the prey-predator trophic relationships, in particular in coastal fishes 
(Albouy et al., 2014), with a loss of diversity of prey for the higher trophic 
levels (for example, the groupers). 

- A diminution of the functional diversity and of the associated ecosystem 
services. The substitution of the Posidonia oceanica meadow or the rarification 
of engineer species is likely to strongly alter the associated ecosystem services, 
such as a reduction of the capacity for protection of the shore (Pergent et al., 
2012), a diminution of the spawning and nursery areas, of the production of 
plant matter at the base of the trophic network and of the oxygenation of the 
waters (Vassalo et al., 2013). 

Furthermore, the impact of climate change on the conservation of marine coastal 
habitats might give rise to the reduction of the natural carbon sequestration (carbon 
sinks). Despite the small surface areas (< 0.5 % of the oceans), the coastal vegetation 
(mangroves, salt-marshes, kelp forests and seagrass meadows) fix more than 18 % of 
the blue carbon and above all are responsible for the sequestration of more than half of 
it (Nellemann et al., 2009; Fourqurean et al., 2012). Among the sixty or so species 
constituting the seagrass meadows, Posidonia .oceanica is the most efficient in blue 
carbon storage (Kennedy and Bjork, 2009). The Posidonia oceanica meadow is the only 
ecosystem capable of rivalling the peat bogs and mangroves since it constructs a unique 
formation: the matte (Boudouresque et al., 2012). 

In Corsica, the stock of organic carbon trapped in the frrst metre of thickness of 
the matte are estimated at 302 ± 107 kg Corg m·z. This value is considerably higher than 
those recorded in the literature for depths of matte ranging from one to four metres ( 40 
to 237 kg Corg m·Z; Romero et al., 1994; Serrano et al., 2012). Taking into account the 
surface area covered by the Posidonia meadows for the whole of Corsica (53 735 ha) 
and the mean thickness ofthe matte (2.1 m), the organic carbon stock would be 6 483 t 
Corg ha"1

. At the scale of the Mediterranean basin, where the surface area covered by 
Posidonia oceanica is estimated at between one and one and half millions hectares 
(Valette et al., in press), the total stock of organic carbon sequestered in the Posidonia 
oceanica matte might be as rouch as 6 483 to 9 725 Gt. This stock would correspond to 
the COz emitted over a period of 5 to 16 years by ali the Mediterranean countries 
(Global Carbon Atlas, 2019). 

The conservation of the Posidonia meadows thus constitutes an issue of major 
importance since any degradation of the matte, which has been built up over the past 
millennia, would be likely to release considerable quantities of carbon (degradation by 
micro-organisrns and emission COz or CR! in the water column). Rather than playing a 
major role in the attenuation of the impact of climate change (blue carbon 
sequestration), the Posidonia oceanica meadow would then become a source of carbon 
that would be likely to amplify the greenhouse gas emissions. 
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