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Frequency and severity of heat waves is expected to increase as a consequence of climate change with important impacts on human and ecosystems health. However, while many studies explored the projected occurrence of hot extremes on terrestrial systems, few studies dealt with marine systems, so that both the expected change in marine heat waves occurrence and the effects on marine organisms and ecosystems remain less understood and surprisingly poorly quantified. Here we: (i) assess how much more frequent, severe, and depth-penetrating marine heat waves will be in the Mediterranean area in the next decades by post-processing the output of an ocean general circulation model; and (ii) show that heat waves increase will impact on many species that live in shallow waters and have reduced motility, and related economic activities. This information is made available also as a dataset of temperature threshold exceedance indexes that can be used in combination with biological information to produce risk assessment maps for target species or biomes across the whole Mediterranean Sea. As case studies we compared projected heat waves occurrence with thermotolerance thresholds of low motility organisms. Results suggest a deepening of the survival horizon for red coral (Corallium rubrum, a commercially exploited benthic species already subjected to heat-related mass mortality events) and coralligenous reefs as well as a reduction of suitable farming sites for the mussel Mythilus galloprovincialis. In recent years Mediterranean circalittoral ecosystems (coralligenous) have been severely and repeatedly impacted by marine heat waves. Our results support that equally deleterious events are expected in the near future also for other ecologically important habitats (e.g., seagrass meadows) and aquaculture activities (bivalvae), and point at the need for mitigation strategies.
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INTRODUCTION

Climate change is expected to alter not only the average values of environmental properties, but also the extreme ones, as well as the frequency of occurrence of conditions nowadays considered as extreme (Seneviratne et al., 2014). This has the potential to significantly impact the state and dynamics of biological organisms by exposing them to conditions that are different from those they are adapted to, and potentially outside their tolerance limits. Many organisms have the capabilities to acclimate and/or adapt to new conditions (Buckley et al., 2001; Middlebrook et al., 2008; Haguenauer et al., 2013; Thompson et al., 2013), and biological adaptation via natural selection and/or evolution may even accelerate under a fast-changing environment, to the point of allowing an impacted population to persist (evolutionary rescue, Thompson, 1998; Bell, 2012); However, in most cases this may not be fast enough to counterbalance the effects of climate change (Bell, 2012), especially in slow growing species with relatively low population growth rates. Furthermore, while phenotypic plasticity can provide means for individuals to acclimate to adverse conditions, this is possible only within certain limits and, in any case, it comes at an energetic cost and leaves an organism stressed and more vulnerable to other pressures (Haguenauer et al., 2013). Therefore, both acclimation and adaptation mechanisms are likely to counterbalance slow gradual changes, but may be less effective in buffering the impact of extreme or episodic events.

Model projections indicate, on land, an intensification of hot extremes throughout the Mediterranean area (Déqué et al., 2007; Diffenbaugh et al., 2007) whereas no such analysis is currently available for the Mediterranean marine environment, except for limited regions and/or depths (e.g., Jordà et al., 2012; Marbà et al., 2015).

Marine heat waves (MHWs) can be qualitatively defined as discrete anomalously warm events that last for a prolonged period of time. They might be severe because of the level of temperature, the duration of the event, or both. From a purely geophysical perspective, heat-waves might be defined with respect to the “typical” values of a site/time, i.e., as anomalies in respect to climatological values (Hobday et al., 2016). However, if one is interested in MHW impacts on biological organisms, species-specific thermal thresholds related to physiological performance of organisms are more relevant than those related to climatological values (e.g., an anomalously warm period during the cold season might not be as impacting on biological activity as one occurring during the hot season). Therefore, in the following we will define as MHW an event of d* contiguous days in which a temperature threshold T* is exceeded.

As MHWs are generally a consequence of elevated air temperature, impacts are generally limited to the upper portion of the water column. Effects can be especially relevant for those organisms that, being sessile or having reduced motility, cannot move to colder water. Ecosystem range shifts and extirpation of marginal populations as a consequence of MHWs are reported worldwide. Extreme MHWs in temperate Western Australia determined an ~100 km range contraction in kelp forests and their (apparently stable) replacement with subtropical and tropical species (Smale and Wernberg, 2013; Bennett et al., 2015; Wernberg et al., 2016). In 2016 record high temperatures triggered an unprecedented mass coral bleaching event that severely affected approximately one third of the Great Barrier Reef in NE Australia (Great Barrier Reef Marine Park Authority, 2016). The Mediterranean Sea is no exception; notable examples of significant impacts of heat waves on Northwestern Mediterranean marine ecosystems are provided by the 1999, 2003 summers, which were characterized by mass mortality outbreaks in a variety of hard substrate macroinvertebrates including anthozoans, sponges, bryozoans, ascidians, and bivalves (Garrabou et al., 2001, 2009; Crisci et al., 2011). The effects of the 1999 and 2003 events have been extensively studied from the points of view of thermal regimes characterization (e.g., Bensoussan et al., 2010; Crisci et al., 2011), organism (e.g., Bally and Garrabou, 2007; Torrents et al., 2008), and populations (e.g., Bramanti et al., 2005; Cupido et al., 2009; Garrabou et al., 2009) response at local scales. Less severe events were reported locally also in 2006 and 2008 (Bensoussan et al., 2010; Huete-Stauffer et al., 2011). Among the proposed cause and effect mechanisms, energetic constraints (Rossi and Tsounis, 2007; Coma et al., 2009) and pathogens outbreaks (Martin et al., 2002; Bally and Garrabou, 2007; Vezzulli et al., 2010) are supported by evidence. However, whatever the immediate cause of death or damage, it is generally accepted that such events are triggered by uncommonly high temperatures (Marbà and Duarte, 2010; Crisci et al., 2011).

All of the aforementioned studies focus primarily on octocoral species, mainly because a substantial amount of research was carried out, after mortality outbreaks, about the effects of thermal extremes on those species. However, evidence suggests that impacts could be substantial in the near future also for other important shallow water ecosystems, such as seagrass meadows: Marbà and Duarte (2010) uncovered a warming-induced trend of increasing shoot mortality and reduced recruitment rates for Posidonia oceanica meadows in the Balearic Islands. Model projections indicate that, even under a mild greenhouse gas emission scenario, P. oceanica meadows from western Mediterranean are at risk of extinction by the middle of this century (Jordà et al., 2012).

Similarly, heat waves will impact on organisms that are exploited by aquaculture activities, since they are kept in surface water by floating cages (e.g., fishes) or devices (e.g., bivalves). A questionnaire-based study of Mediterranean mollusc producers (Rodrigues et al., 2015) from 12 coastal regions and 6 countries highlighted how episodes of partial or total mortality related to high water temperature are currently widespread; other studies (Anestis et al., 2007, 2010; Gazeau et al., 2014) identified the threshold of 25°C as critical for mussels physiological activities, indicating that Mediterranean mussels may already live close to their physiological limits.

Risk analysis is derived by combining hazard, exposure and vulnerability. In accordance with the definition given by IPCS (2004), we refer to hazard as the inherent property of a situation having the potential to cause adverse effects, depending on the position (and therefore actual exposure) of the object considered, and on its response to the actual exposure (vulnerability). In our case, we refer to the situation of sea water warming and the occurrence of marine heat waves, which is a function of geomorphological, meteorological, and hydrodynamic properties (hazard). The objects considered are different kinds of marine organisms, each kind characterized by a given space distribution and a species specific response to temperature (vulnerability). As far as mortality events caused by MHWs are concerned, it is in principle possible to produce risk assessment maps for target organisms (or for a community), by combining three-dimensional daily temperature fields produced by numerical models (the hazard layer) with the physiological knowledge on thermotolerance thresholds and information on species geographical distribution (the vulnerability layer). The main focus of this paper is the hazard layer (so this is not intended to be a risk assessment); however, a purely physical evaluation may fail to reveal biologically significant signals (e.g., an analysis on temperature extremes may not identify prolonged exposure to sublethal temperatures). With this in mind, we chose to analyze three-dimensional temperature fields by means of metrics related to Mediterranean species thermotolerance.

To the best of our knowledge, Mediterranean Sea oceanic projections suitable to perform a MHWs assessment are currently lacking. In fact, previous multi-model exercise carried out in CIRCE project (Gualdi et al., 2013) and the current ensemble of Med-CORDEX initiative (Ruti et al., 2016) provide three-dimensional seawater temperatures only as monthly fields. In this work, daily seawater temperature projections were retrieved from the dataset produced during the EU project MedSeA (http://medsea-project.eu/) and cover the period 2000–2050 under RCP8.5 scenario conditions. We remark that several uncertainties may arise from using a single dataset and a multi-model ensemble would indeed allow to identify the envelope of potential changes in future seawater temperatures. To this regard, a comparison with regional ocean reanalysis from Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/) was carried out to better constrain the reliability of the MedSeA dataset under contemporary climate conditions.

We consider a selection of thermal thresholds relevant for the Mediterranean marine environment and quantify how frequently and intensively such thresholds are exceeded under current (2001–2010) and future (2041–2050) conditions over the whole Mediterranean and across depths.

As case studies we present maps of threshold exceedance for temperature and duration exposure values indicated as lethal for the mussel Mythilus galloprovincialis, the seagrass P. oceanica, and for the red coral Corallium rubrum, a key species of Mediterranean coralligenous habitats (Ballesteros, 2006). The response of the latter also provides indications on the response of coralligenous communities and, possibly, of other organisms that live at the edge of the summer thermocline and are adapted to similar temperature regimes.

Results described with those case studies represent a first approximation of potential risk that can be refined by incorporating more details on physiological responses of the target organisms, and/or applied to other species, provided the information on thermal limits and species distribution is available.

On this respect, we acknowledge that different response to heat waves can be detected also between conspecifics, depending on local adaptation/acclimation of individuals (e.g., Torrents et al., 2008; Haguenauer et al., 2013). However, while in principle different thresholds might be needed for different areas or depths, in practice the biological knowledge needed for such a fine implementation is rarely available for non-local scale, and the assessment obtained by applying a common threshold to large regions remains a useful approximation of potential impacts.

MATERIALS AND METHODS

Projection Data and Temperature Regimes Analysis

The daily three dimensional seawater temperature data were retrieved from a numerical simulation produced in the framework of the MedSeA project (EU Grant Agreement 265103, http://medsea-project.eu), herein referred as MedSea dataset. In particular, these data cover a 50 year long period, namely from 2000 to 2050, and represent the near-future changes of the Mediterranean Sea under the RCP8.5 IPCC scenario.

The ocean general circulation model used to generate this projection is NEMO (v3.4, Madec, 2008) and it was implemented with the parameterizations and numerical schemes thoroughly described in Oddo et al. (2009), therein referred as MFS_V2.2 configuration. Overall, the model grid has a horizontal resolution of 1/16 of degree (which corresponds to about 6.5 km) and a vertical z-coordinate discretization in 72 levels, with spacing ranging from 3 meters in surface layers to 350 meters in the bottom ones. Boundary conditions come from the atmosphere-ocean global circulation model CMCC-CM (Scoccimarro et al., 2011) and account for 6-hourly atmospheric fields, daily fresh water discharges (rivers and Black Sea exchange), and monthly fields of temperature, salinity, and velocities prescribed at the open lateral boundaries (see also Lovato et al., 2013).

As MHWs are usually confined to shallow or relatively shallow waters, in this work we considered only data in the upper 50 m, corresponding to 11 model vertical levels. Due to the limited span of the dataset, comparisons of present and future conditions were arbitrarily limited to 10 year long time windows, namely 2001–2010 and 2041–2050.

In order to evaluate the reliability of the MedSea data and better constrain uncertainties arising from the use of a single dataset, we performed a comparison of the data under contemporary climate conditions with the regional ocean reanalysis (herein Rean) from Copernicus Marine Environment Monitoring Service, cataloged as MEDSEA_REANALYSIS_PHYS_006_004 (http://marine.copernicus.eu). These data come from a state of the art system that integrates a modeling framework and data assimilation techniques to represent the state of the Mediterranean Sea.

The comparison with the reanalysis dataset addresses the occurrence of deviations in the mean state of the system by considering the difference in averaged temperatures, and the similarity of MHWs events in terms of maximum duration and number of occurrences (frequency) that exceeded three key temperature thresholds, namely 25, 28, and 30°C (see also Section Hazard Layers' Definition). For each parameter, we computed the mean, standard deviation, Mean Absolute Error (MAE) and Pearson correlation over two depth levels (5 and 29 m) and by aggregating the data over 10 sub-basins of the Mediterranean Sea, which were defined in continuity with previous works (see Cossarini et al., 2015; Lazzari et al., 2016). In particular, basins are identified as follow: Northern and Southern Adriatic Sea (Adn, Ads), Aegean Sea (Aeg), Alboran Sea (Alb), Ionian Sea (Ion), Levantine basin(Lev), North Western Mediterranean (Nwm), Eastern and Western South Western Mediterranean (Swe, Sww), and Tyrrenian Sea (Tyr).

Annual temperature anomalies were also computed from the MedSeA dataset over the whole Mediterranean basin and compared to the CIRCE ensemble (Gualdi et al., 2013) over the period 2000–2050 to further verify the consistence of the mean state trend in the near future.

Finally, we present the average and the 95th percentile of seawater temperature difference between the selected time windows to provide a general characterization of temperature regimes changes under future climate projection.

Hazard Layers' Definition

The Mediterranean Sea sub-basins are characterized by widely different thermal regimes to which autochthonous species are locally adapted. To account for this variability, we consider several temperature thresholds in the range 20–32°C. Such range is inclusive of most of the summer temperature values found in Mediterranean surface waters, including those associated with biological impacts.

Results on MHW frequency and severity are summarized as:

(i) Duration of the longest lasting MHW among those characterized by a temperature threshold T*, in a 10 year period for each x,y,z point [[image: image] (x,y,z)]. Duration maps are computed for a set of T*.

(ii) Average of the duration all MHWs characterized by a temperature threshold T*, regardless the duration, in a 10 year period for each x,y,z point [[image: image] (x,y,z)]. Average duration maps are computed for a set of T*

(iii) Frequencies of occurrence of all MHWs warmer than a given temperature T*, regardless their duration (that is lasting more than 1 day), in a 10 year period, for each x,y,z point [[image: image] (x,y,z)]. Frequencies maps are computed for a set of T*,d* pairs.

(iv) Frequencies of occurrence of MHWs warmer than a given temperature T* and lasting more than a contiguous period d*, in a 10 year period, for each x,y,z point [[image: image] (x,y,z)]. Frequencies maps are computed for a set of T*,d* pairs.

This information defines a set of hazard maps, which are given partly in the text, partly in the Supplementary Materials S1, S2. The data are also available from the authors upon request.

In the following, as examples of our approach, we focus on three specific hazard layers related to the reference temperatures of 25, 28, and 30°C. As detailed in the following paragraphs, these hazard layers are considered to be representative of the vulnerability for selected target species from markedly different biomes: the red coral C. rubrum, the seagrass P. oceanica, and the mussel M. galloprovincialis. Moreover, such temperatures encompass the range of extreme summer temperatures found in Mediterranean surface waters across latitudinal gradients.

In each of the three hazard layers we focus on the information about the maximal event duration, which is compared with critical threshold durations relevant for our target species. In addition, we compute, in each reference period and map point, the frequency of occurrence of MHWs whose duration exceeds the critical threshold values. Note that, frequencies of other specific MHWs can be computed if interested in other organisms.

Case Study 1. Hazard Layer for the Thermal Threshold of 25°C

Temperatures values around 25°C were associated with the 1999 and 2003 mortality outbreaks (Garrabou et al., 2009; Crisci et al., 2011) and were found to have lethal effects on several circalittoral benthic invertebrates upon moderate to prolonged duration exposure (Crisci et al., 2011). Also 25°C has been indicated as an upper limit to Mediterranean mussels normal physiological performance (Anestis et al., 2007, 2010; Gazeau et al., 2014). Here, in order to characterize our analysis, we focus on the biological information relative to the red coral C. rubrum.

C. rubrum is a slow growing, long lived, gorgonian coral endemic of the Mediterranean Sea. This coral is commonly found on hard substrates, on steep walls and overhangs, below 10 m depth (Rossi et al., 2008) and down to 800 m (Costantini et al., 2010), with the typical range being ~25–60 m (Rossi et al., 2008). It is associated with the coralligenous communities (Tsounis et al., 2010), a collective term referring to complex biogenic structures made by the outgrowth of encrusting calcareous algae on hard substrate in the mesophotic zone. C. rubrum is exploited by the jewelry industry since ancient times for its glossy red skeleton and is currently considered over-harvested (Tsounis et al., 2010, 2013). In fact, populations down to 50 m are usually characterized by dense patches of small individuals as a consequence of selective harvesting of the large specimen (Tsounis et al., 2007; Santangelo and Bramanti, 2010; Cau et al., 2016). Besides fishing, C. rubrum populations above 30 m depth were severely affected by the 1999 and 2003 mass mortality events with percentage of affected colonies as high as 80% in some sites (Garrabou et al., 2001, 2009).

Upper thermal limits for C. rubrum have been estimated by Torrents et al. (2008). These authors submitted corals to elevated temperature treatments (24, 25, 27, and 30°C) after acclimation at 18°C and quantified the days required for mortality signs to appear in the tested specimen as well as the severity of mortality effects. Furthermore, different mortalities have been observed for specimen collected from shallow (10 m) vs. deep populations (40 m). Deep corals were more sensitive to warming than the shallow ones, likely because the latter are adapted to warmer temperature than the former (Torrents et al., 2008; Haguenauer et al., 2013).

According to Torrents et al. (2008), upon an exposure to 25°C the first signs of mortality appear after 14 days in the shallow specimen and after 9 days in the deep specimen, whilst at temperatures ≥27°C 3–5 days are sufficient to kill both shallow and deep populations. Here, we use the average of the duration exposure values identified by Torrents et al. (2008), 12 days, to characterize C. rubrum thermotolerance.

We neglect the classification of virulence that is reported by Torrents and coauthors (partial or total mortality), because a fine identification of impacts is beyond the scope of this study. In fact, our aim is to quantify present and expected frequency, intensity and depth penetration of the kind of anomaly indicated by Torrents et al. (2008) as critical for C. rubrum survival.

A finer approach considering thermotolerance thresholds in the range 23–28°C, applied to the red gorgonian Paramuricea clavata, can be found in Bensoussan et al. (2013) and Pairaud et al. (2014). Since P. clavata thermotolerance limits are very similar to those of C. rubrum (see Crisci et al., 2011 for a comparison), we argue that Bensoussan et al. (2013) and Pairaud et al. (2014) results are equally relevant for C. rubrum and possibly for other mesophotic macrobenthic invertebrates that in fact displayed similar mortality patterns (Perez et al., 2000; Garrabou et al., 2009; Crisci et al., 2011).

Since C. rubrum is absent or at best extremely rare in the Eastern Mediterranean Basin, where also the occurrence of temperature values ≥25°C is far more common than in the Western Basin, we limit the present analysis to the North Western Mediterranean and Adriatic seas.

Case Study 2. Hazard Layer for the Thermal Threshold of 28°C

Temperature values around 28°C were found to be lethal for infralittoral species, such as mussels (Ramón et al., 2007) and seagrass (Marbà and Duarte, 2010) in the Western Mediterranean upon moderate to prolonged duration exposure. By comparison the same temperature values (27–28°C) causes mortality in just a few days in circalittoral species (e.g., Torrents et al., 2008; Crisci et al., 2011). Marbà et al. (2015) found that 50% of the reported impacts of warming in the Mediterranean Sea occur at surface temperatures ≥27.5°C. To characterize our analysis, we focus here on biological information (vulnerability layer) relative to the mussel M. galloprovincialis and briefly discuss the implications also for the seagrass P. oceanica.

The Mediterranean mussel, M. galloprovincialis, is a bivalve. In the Mediterranean it is cultured mainly in Italy and Greece, but some production also takes place along the Mediterranean coasts of Spain, France, Eastern Adriatic countries and Turkey (FAO, 2010). Mediterranean mussel culture dates back to no later than 1901 (Tarragona) and it currently amounts to about 100,000 tons/y. Rearing of M. galloproncialis is always extensive (i.e., no food is added from outside), and in all cases mussel seeds are cultured in surface waters with nylon nets, rafts, wooden frames, or longlines of floating buoys.

In summer 2003 total mortality of mussels from a semi-enclosed bay in north eastern Spain was observed when seawater temperature reached 28°C for a period of 2 weeks, this being the first time that total mortality was observed at this site since mussel cultivation started in 1930 (Ramón et al., 2007). Gazeau et al. (2014) performed a long term warming experiment (with temperature reflecting natural variation with a + 3°C offset) on M. galloprovincialis from the same area and also observed total mortality of the sample within few weeks when water temperature reached 28°C.

By contrast the same temperature of 28°C has been found to impair physiological activity, but not to result in complete mortality of the sample (after 1-month exposure) for M. galloprovincialis from the Thermakios gulf in Greece (Anestis et al., 2007, 2010), indicating that those mussels may be adapted to tolerate higher temperatures. However, Anestis et al. (2007) still report about 30% mortality upon a 15 days exposure at 28°C and about 45% after 30 days. In Anestis et al. (2007) experiments mussels were acclimated at 18°C and then submitted to constant temperature treatments with a 0.1°C/min warming rate.

We use the thresholds of 15 and 30 days (hereafter moderate duration exposure and long duration exposure) to characterize the vulnerability of Mediterranean M. galloprovincialis to MHWs. In fact, in the near future, such kind of thermal anomalies, tough extreme, are predicted to become commonplace in many areas where mussels are currently cultivated.

Case Study 3. Hazard Layer for the Thermal Threshold of 30°C

Temperature values ≥30°C are today uncommon in the Mediterranean and, unsurprisingly, evidence suggests this temperature to be extremely hazardous for Mediterranean species. Torrents et al. (2008) reported total mortality of C. rubrum upon an exposure of just 1 day to 30°C and, arguably, such temperature level might cause total collapse of circalittoral communities even for a very short-term exposure. It is however unlikely that such temperature levels will be reached in Mediterranean circalittoral environments, at least in the near future, but surface waters might still be impacted. Anestis et al. (2007) observed total mortality of a sample of M. galloprovincialis upon a 20 days exposure at 30°C. We use this threshold exposure time to characterize the 30°C hazard layer.

RESULTS

Change in Temperature Regimes in the Mediterranean Sea

The reliability of the MedSea dataset under current climate conditions is here addressed through the comparison with the Rean data over the period 2000–2010 by first considering the mean and standard deviation of temperature fields and MHWs maximum duration and frequency at 5 and 29 m depth for three selected temperature thresholds (Figure S3.1).

As one can see, both mean and standard deviation of temperature fields for the two datasets are in good agreement across all sub-basins. The MHW maximal duration of the two datasets compares well for all the considered temperature thresholds and depth levels, while the standard deviation agrees to a lesser extent in the near-surface layer (Figures S3.1A,D). Conversely, MHW frequency data are more scattered with rather high values of standard deviation that are close to the mean differences (Figures S3.1B,E). Such a mismatch is likely related to the rather low number of MHW events per decade detected in both datasets.

Table S3.1 reports the MAE and Pearson's correlation statistics computed using the same sub-basins aggregation, temperature threshold, and depths as in Figure S3.1. The statistical correlation is further qualified by means of discrete intervals to highlight the degree of reliability within each sub-basin, according to the following criteria: negligible (0–0.3), low (0.3–0.5), moderate (0.5–0.7), high (0.7–1). MedSea mean temperature fields are generally in a good agreement with those of Rean, with the exception of the Alboran Sea regions that has a negligible correlation at 29 m depths. This may be partly attributed to some bias introduced in Atlantic surface waters by the lateral open boundary conditions, which is a critical issue in regional oceanic models (e.g., Oddo et al., 2009).

As far as maximal MHW duration is concerned, a good correlation is mainly found in the near-surface layer at the 25°C threshold, apart from the Northern Adriatic sub-basin that displays the lowest agreement between the two datasets. In this region, the influence of the Po River on the seawater temperature spatiotemporal viability is well known (Cushman-Roisin et al., 2001) and the runoff forcing originated by a global climate model (see Section Projection Data and Temperature Regimes Analysis) clearly has some limitations. MAE and correlation values for the other temperature threshold indicate a rather good correspondence of MHW duration in the central and eastern Mediterranean basins. It is worth to note that the number of events is significantly lower for 28 and 30°C thresholds, especially in western Mediterranean areas, thus leading to poorer values. In fact, MHW frequency for these temperature thresholds is almost everywhere lower than 2. Conversely, the correlation values of MHW frequency are relatively better for the 25°C threshold. Overall, the statistical metrics of MHW indicate a good reliability of maximal duration and frequency of events under contemporary climate conditions for the majority of Mediterranean Sea sub-basins.

A comparison of the MedSea sea surface temperature anomaly at the Mediterranean basin scale with that provided by the five regional models ensemble of CIRCE project is shown in Figure 1. The MedSea projections fall within the variability range of the ensemble, thus indicating a good consensus in expecting a warming trend of the Mediterranean Sea in the next decades.


[image: image]

FIGURE 1. Comparison between the Mediterranean Sea surface annual mean temperature anomaly of MedSea dataset (red line) and the ensemble mean anomaly for the five models of CIRCE project (gray solid line). The shaded area represents the min-max spread of the multi-model ensemble. Sea surface temperature anomalies were computed with respect to the 2000–2009 mean value.



When the two reference periods (2001–2010 and 2041–2050) are compared, future projections lead to an increase in average temperature of about 1°C (Figures 2A,C), a change that is consistent throughout the Mediterranean and at different depths. The 95th percentile temperatures exhibit a trend similar to the mean values (Figures 2B,D), especially in the near-surface layer where the change is of nearly +1°C and it is rather homogenous over the entire basin. The variability of extreme temperatures at 29 m depth appears instead enhanced and cooling occurs at some locations.


[image: image]

FIGURE 2. Average (A,C) and 95° percentile (B,D) temperature (°C) difference between 2041 and 2050 and 2001–2010 time windows across the Mediterranean Sea at two depths, respectively 5 and 29 m depth.



The analysis of the MedSea dataset based on the fixed temperature thresholds in the range 20–32°C indicates an increase, under future conditions, in the number of threshold exceedance events, in their areal extent and depth penetration, and in their duration (one example for each computed MHW statistic is shown in Figure 3). This holds true for all temperature thresholds (see Figures 5–7 for temperature threshold 25, 28, and 30°C, and the supporting information S2 for a selection of the other thresholds). This signal is stronger in the shallowest portion (0–20 m) of the water column, but along the eastern coasts of the Levantine Basin this effect is still evident down to about 40 m depth. Figure 4 shows the change in number of sites at all considered depths, for either C. rubrum presence records (Harmelin, 2006) or mussel culture facilities (location points from Rodrigues et al., 2015), where at least one of the considered MHWs occurred.


[image: image]

FIGURE 3. Examples of the maps that constitute the hazard layer for reference temperature T* = 28°C at 5 m depth for the reference period 2001–2010. (A) maximal duration of all MHWs with T ≥ T*, (B) number of MHWs (frequency) with T ≥ T*, (C) average duration of all MHWs with T ≥ T*, (D) frequency of MHWs with T ≥ T* and duration ≥ 15days.
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FIGURE 4. Present (blue) and future (red) number of sites among the considered presence records where each MHW occurred at least once. (A): 25°C × 12 days threshold, presence records for C. rubrum. (B) 28°C × 15 days threshold, presence records for M. galloprovincialis. (C) 28°C × 30 days threshold, presence records for M. galloprovincialis. (D) 30°C × 20 days threshold, presence records for M. galloprovincialis. For the sake of completeness, we include all of the depth levels, so the very shallow data points in (A) are not actually relevant for C. rubrum and the deep data points in (B–D) are not actually relevant for M. galloprovincialis.



As our focus is on low motility (benthic) species, our maps are relevant just for a narrow strip along the coastline, however we choose to retain also the open sea for readers that might be interested in the epipelagic environment.

Events with Temperature Exceeding 25°C in NW Mediterranean

Under present conditions there is a good overlap between observed red coral mortality occurrences in NW Mediterranean and simulated hazard projected by the MedSea data (Figures 5A,C,E,G), even if the depth penetration of mortality risk appears underestimated. In fact, published reports (Garrabou et al., 2001, 2009; Bramanti et al., 2005) indicate noticeable C. rubrum mortality up to 30 m depth, while the simulated threshold exceedance events are detected in coastal areas below 20 m only in isolated spots, namely the gulf of Marseille and the western Italian coasts. On the other hand, the greatest depth penetration is seen in the central portion of Western Mediterranean, including the Spanish coasts, Balearic Islands, and Sardinia. This mismatch in observed vs. simulated depth penetration of MHWs was also present in the similar impact assessment (for the red gorgonian P. clavata) in Pairaud et al. (2014), which used temperature data from a finer scale (horizontal resolution 1.2 km) physical model.


[image: image]

FIGURE 5. Maximal number of consecutive days above 25°C in NW Mediterranean and Adriatic under present (A,C,E,G) and future (B,D,F,H) conditions at different depths. The colormap is modified to highlight the duration threshold of 12 days that is the average of the values (9 and 14 days) identified in Torrents et al. (2008) as critical for C. rubrum deep and shallow populations survival respectively. Magenta circles are C. rubrum presence records (Harmelin, 2006).



As far as the Eastern Basin is concerned (Figures S2.4–S2.6), most of coastal areas are interested by threshold exceedance events at all the considered depths (up to 46 m). The reported absence of C. rubrum in the Eastern Basin could thus be linked also to an unfavorable thermal regime.

Under future conditions (Figures 4A, 5B,D,F,H) the MedSea data indicate areas interested by exceedance of the 25°C threshold to spread relative to current conditions and also the occurrence of anomalies to substantially increase (Figure S1.1). Though this is evident along Spanish, French and Italian coasts only up to 20 m depth, which is about the current upper distribution limit of C. rubrum. Stress events penetrate deeper (up to 30 m) in the central part of NW Mediterranean, including the Spanish coast, Balearic Islands and coasts of Sardinia and Sicily.

Events with Temperature Exceeding 28°C in NW Mediterranean

The maps in Figures 6A,C,E,G show that, under present conditions, there are just few occurrences of moderate duration exposure anomalies in sites of Western Mediterranean and Adriatic Sea where mussel farming is common (Spanish and French Coasts, Northern Adriatic). Nevertheless, an area interested by such anomalies is present at very shallow depths in the Balearic Sea not far from the location where Ramón et al. (2007) observed mussels mortality. This same area includes the Balearic Islands where Marbà and Duarte (2010) observed P. oceanica mortality. Moderate duration exposure anomalies instead are projected along the coasts of Southern Italy and in the Aegean Sea also in sites where mussels are farmed and where in fact mortality episodes are known to have occurred (Rodrigues et al., 2015).
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FIGURE 6. Maximal number of consecutive days above 28°C under present (A,C,E,G) and future (B,D,F,H) conditions at different depths. The colormap is modified to highlight the thresholds of 15 (shades of green) and 30 days (yellow to red) that were reported respectively as lethal for mussels cultured in Spain (Ramón et al., 2007) and partially lethal for mussels cultured in the Aegean (Anestis et al., 2007). Magenta dots are locations of mussel farming facilities (Rodrigues et al., 2015).



Long duration exposure anomalies instead are not detected near mussel farming areas under present conditions (Figures 6A,C,E,G), except for the Thermakios gulf at very shallow depths (2 m).

Conversely, under future conditions (Figures 4C, 6B,D,F,H) the areas interested by long duration exposure expand to include a large portion of the Spanish coast, most of southern Italy (including the Gulf of Taranto), the Northern Adriatic and the Thermakios gulf, up to at least 12 m depths at most locations. The same happens with areas characterized by moderate duration exposure that expand along the Spanish coast, Central Italy, Eastern Adriatic and Western Aegean Sea. The projection of MedSea dataset also indicates a considerable increase in events frequency (Figures S1.2, S1.3), especially for moderate duration exposure events.

Events with Temperature Exceeding 30°C in the Mediterranean

Temperature levels ≥30°C are uncommon in the Mediterranean Sea under present conditions (Figures 7A,C,E,G), even at the surface, except for some coastal areas of Tunisia, Egypt and Israel and in the Ionian Basin south-east of Sicily. The threshold duration of 20 days, indicated as lethal for M. galloprovincialis, appears not to concern the regions where this species is cultivated (Figure 4D), namely the Western Basin, Adriatic and Greek seas, even under future conditions. However, this threshold is consistently exceeded under future conditions (Figures 7B,D,F,H) along the eastern coasts of Sicily and Tunisia up to a depth of about 12 m. In particular, the largest occurrence of such events is seen in coastal areas of the Levantine basin, from southeast Turkey to Egypt, and around Cyprus up to depths of around 40 m (not shown). Events frequency is also predicted to increase (Figure S1.4).
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FIGURE 7. Maximal number of consecutive days above 30°C under present (A,C,E,G) and future (B,D,F,H) conditions at different depths. The colormap is modified to highlight the threshold of 20 days identified by Anestis et al. (2007) as lethal for M. galloprovincialis from the Thermakios gulf (Greece). Magenta dots are locations of mussel farming facilities (Rodrigues et al., 2015).



DISCUSSION

In this paper we exploited the MedSea temperature dataset, originated from a high resolution physical model (see Section Projection Data and Temperature Regimes Analysis), to produce 3D maps of thermal thresholds exceedances under present (2001–2010) and future (2041–2050) climate conditions, with the aim of quantifying the change in duration, spatial extent and depth penetration of thermal anomalies that were found to be associated with low motility organism's mortality. Model output can be used in combination with information on species thermal limits, to produce forecasts related to the impacts of MHWs on marine organisms over the whole Mediterranean Sea. We presented hazard maps for the thermal thresholds of 25, 28, and 30°C that, according to published studies, upon sufficiently prolonged exposure (as detailed in Materials and Methods), affect the survival of (for example) the red coral C. rubrum, the mussel M. galloprovincialis and the seagrass P. oceanica. Our results indicate that thermal anomalies comparable to those that lead to mortality effects for our test species are expected to increase in duration, frequency and spatial extent in the near future, with likely adverse consequences on organisms with low motility living in shallow or relatively shallow waters.

Maps related to other thresholds in the range 20–32°C can be found in the Supplementary Material S2, and their analysis support similar conclusions. The dataset we provide can be used, in combination with information on species thermal limits, to assess expected impacts on marine organisms from all the Mediterranean.

Considerations on the Expected Impacts on C. rubrum and Coralligenous Communities

Our results suggest that summer heat waves of magnitude capable to cause mortality in C. rubrum as well as in many other coralligenous species may become commonplace in Western Mediterranean in the near future. Consequently, it might be expected that there will be repeated and extensive mass mortality episodes, possibly impacting at the community level up to severe reduction or local extinction (extirpation) of shallow coral banks.

Many studies suggest that coralligenous communities are not completely extirpated by single harmful events and exhibit recovery capabilities. Bramanti et al. (2005) observed a reduction in recruitment and survival rates, but not complete nullification, in juvenile C. rubrum colonies during the 1999 mass mortality event, and the effects were evident only at 25 m depth and no longer observable at 35 m. Cupido et al. (2009, 2008) reported a significant recovery in gorgonian populations following the 2003 mass mortality with a four-fold increase in recruitment. On the other hand, evidence suggests that the largest colonies, which are of paramount importance for recolonization phenomena because of their substantial contribution to populations reproductive output (Santangelo et al., 2003), also display the highest damage rate during mass mortality events (Garrabou et al., 2001; Cupido et al., 2008). Additionally, modeling results on C. rubrum population dynamics (Santangelo et al., 2007, 2012) pointed out that, despite of recolonization phenomena, if mortality events are frequent enough (the authors estimate one occurrence every 2–4 years, depending on the magnitude of the event) populations may no longer be able to recover and will go locally extinct.

Our results point at a general increase in frequency, intensity and depth penetration of marine heat waves in the forthcoming decades. Even though these effects are confined to the upper portion of the water column, they still would affect C. rubrum populations and coralligenous communities living above ~30 m depth. In the case of C. rubrum these populations are already severely depleted because of overharvesting (Tsounis et al., 2007; Santangelo and Bramanti, 2010; Cau et al., 2016) and are thus less resilient. The most likely outcome of the increase in heat waves therefore is a deepening of the survival horizon for C. rubrum and, possibly, other coralligenous macroinvertebrates. The same conclusion has been derived also for the closely related species P. clavata, in Bensoussan et al. (2013) with a similar methodology. In fact, even though the exposure thresholds used in this study were determined for C. rubrum, the same mortality events similarly affected several coralligenous species (Garrabou et al., 2009), pointing at comparable thermal limits. This instance is also supported by a comparison of thermotolerance thresholds estimated for similar gorgonian species (P. clavata, E. singolaris, Crisci et al., 2011 and references therein). Also in this case, mortality events might cause, besides ecological damages, a direct economic cost, due to the impacts on scuba diving tourism (Rodrigues et al., 2013).

Considerations on the Expected Impacts on M. galloprovincialis and Aquaculture Activities

M. galloprovincialis is regarded as a resistant species: it commonly grows in coastal waters with high nutrient load and in enclosed or semi-enclosed systems, which are characterized by high variability, and it can even tolerate, in the case of intertidal mussels, short (hours) exposure to air temperature higher than 30°C (Sarà et al., 2011).

Also the difference in mortality response observed under similar conditions in the Western (Ramón et al., 2007; Gazeau et al., 2014) vs. Eastern (Anestis et al., 2007, 2010) Mediterranean marine regions suggests that this species has the capability to adapt/acclimate to different thermal regimes.

Nonetheless, the thermal conditions of the Mediterranean appear to be close to the upper limit for this species: temperature levels of 25°C, which are commonly reached during summer over large areas of the Mediterranean, especially in shallow water coastal systems, have been identified, at best, as an upper limit for mussels normal physiological activities (Anestis et al., 2007, 2010; Gazeau et al., 2014), at worst to induce a drastic increase in mortality rates (Gazeau et al., 2014). This clearly indicates that the Mediterranean mussels already live close to their thermal limits. In fact, the most of the production of Spain takes place in the cooler Atlantic waters, where this species performs better and grows to a larger size. Also, according to Rodrigues et al. (2015), 13 out of a total of 16 surveyed mollusk production sites distributed across all the Mediterranean did experience difficulties in recent years (including mortality episodes) as a consequence of summery heat waves.

Moreover, in many cases shellfish production sites are located within bay or lagoon systems that are both likely to experience warmer summer temperatures than the open sea, and vulnerable to other stressors such as lack of oxygen. The latter conditions are not accounted by the MedSea dataset, whose projections are hence to be considered a conservative estimate; but still, our results show that an increase in frequency and intensity of MHWs will likely cause a sensible reduction of the number of suitable farming sites; mitigation measures might be needed, such as substituting local seeds with others with higher thermotolerance and/or, where possible, moving the cultivation to deeper waters. However, both options would reflect on operating costs.

Considerations on the Expected Impacts on P. oceanica Meadows and Tropicalization of the Mediterranean

In agreement with Jordà et al. (2012), our projections suggest an uncertain future P. oceanica meadows, which today represent the first hotspot of biodiversity in the Mediterranean (Boudouresque, 2004). This conclusion is especially relevant for the area around the Balearic Islands. In fact, all the data we considered for P. oceanica thermotolerance where assessed there, and this area appears as a hotspot for future occurrence of MHWs in Western Mediterranean.

Finally, our projections support that the severest thermal extremes (30°C threshold map, Figure 7) will affect large areas of the Ionian and Levantine Basins, especially the easternmost coasts from Southern Turkey to Egypt. This adds to the overwhelming evidence that a trend in tropicalization (Bianchi and Morri, 2003; Bianchi, 2007) is affecting large parts of the Mediterranean Sea even under current conditions.

Issues Concerning the Assessment of MHWs Impacts on Marine Organisms and Current Knowledge Gaps

The comparison of thermal regimes with species thermotolerance can provide a first order approximation of potential impacts of climate change on one or more species that is likely to be (at least) qualitatively robust. However, it is appropriate to remember that since results depend on the identification of physiological thresholds, they are bound to be affected by uncertainty and simplifications. Thermal tolerance thresholds of a given species might depend on its biological history, change across different areas, exhibit individual variability, and be biased by the experimental conditions in which they were determined. Thus, a straightforward extrapolation of threshold values might not always provide accurate results.

As an example, the thermo-tolerance thresholds for coralligenous species that are retrievable in the literature were all determined for specimen collected in the northern part of Western Mediterranean (Crisci et al., 2011 and references therein), which is characterized by cooler average temperatures. Populations from such region might thus be adapted to cooler temperatures and be more sensitive to warming (Torrents et al., 2008) than specimen in southern areas. Those spatial differences could be easily accommodated by using different thresholds for different areas, if the biological information were available, or by linking the threshold to the average temperature of the area (Solidoro et al., 2010). However, currently there is not enough information to do so. We underline that in order to produce accurate and reliable impact assessments it is of great importance to understand how thermotolerance limits change across thermal gradients. To thoroughly characterize the thermotolerance of even a small part of Mediterranean species is such a demanding effort as to appear unrealistic, but this may not be the case. In fact, whereas a single mass mortality threshold for species and populations does not exist (Garrabou et al., 2001, 2009; Torrents et al., 2008), the amount of different species that were concomitantly affected during the same events (Garrabou et al., 2009) and a comparison of laboratory determined thermal thresholds (compiled in Crisci et al., 2011) suggest that thermal limits for species (and/or populations) occupying similar ecological niches (i.e., adapted to similar environmental conditions) are reasonably similar. The estimated response for a sufficiently representative test species could thus serve as a proxy for similar species that are adapted to analogous environmental conditions.

Secondly, populations' response will also depend on acclimation, adaptation and recolonization phenomena. Haguenauer et al. (2013) and Torrents et al. (2008) found strong evidence for thermal adaptation in C. rubrum populations even on small spatial scales. Organisms, though, cannot always adapt to every condition. In fact, Haguenauer et al. (2013) also identified a trade-off between thermal adaptation and general metabolism in C. rubrum and concluded that acclimation beyond a certain threshold can be deleterious for fitness. In addition, Rodolfo-Metalpa et al. (2014) found little evidence of variation in overall thermal tolerance in specimen of the stony coral Oculina Patagonica from Mediterranean sites characterized by >3°C variation in mean maximum annual temperature.

Several studies highlight that ectothermic species, such as corals or mussels, have the capability to tolerate exposure to temperatures close to the their upper limits, and even to adapt their thermal limits (Buckley et al., 2001; Middlebrook et al., 2008). However, it must be considered that acclimation might not be very effective for episodic exposures to extreme conditions, and thermal acclimation limits anyway exist. In fact, other studies reported a decrease in tolerance to high temperature after repeated exposures (Jones et al., 2009), and raised concerns about the capability of marine organisms to cope with a trend of increasing frequency of heat wave events. Also in this case, however, the knowledge required for a proper parameterization of these processes, at least to the best of our knowledge, is not available yet.

One final aspect that complicates the assessment of future species distribution is that species potential and realized niches often differ, also due to sub-lethal effects on biotic processes like recruitment and competition (Fordham, 2015; Mellin et al., 2016). Poor recruitment from neighboring populations, loss of competitive ability, newcomer species and predatory pressure can impair the recovery of severely depleted populations even in the absence of further climate stressors (e.g., Tagliarolo and McQuaid, 2015; Wernberg et al., 2016). So, while MHW occurrence may serve to identify potential spatial distribution limits (potential niche), it may fail to capture other factors that concur in limiting a species distribution.
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