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Can we save a marine species affected by a highly infective, highly lethal, waterborne disease 1 

from extinction? 2 

 3 

Abstract 4 

Anthropogenic drivers and global warming are altering the occurrence of infectious marine 5 

diseases, some of which produce mass mortalities with considerable ecosystemic and economic 6 

costs. The Mediterranean Sea is considered a laboratory to examine global processes, and the 7 

fan mussel Pinna nobilis a sentinel species within it. Since September 2016, fan mussels suffer a 8 

die-off, very likely provoked by the protozoan Haplosporidium pinnae. Population dynamic 9 

surveys, rescue programmes, larvae collector installation and protection of infected adults from 10 

predators, have increased knowledge about the factors conditioning the spread of the die-off; 11 

previous model simulations indicate that water temperature and salinity seem to be related to 12 

the manifestation of the disease, which at the end are strongly influenced by climate change 13 

and anthropogenic actions. The absence of natural recruitment implies that fan mussel 14 

populations are not recovering, but the survival of populations living in paralic environments 15 

provides an opportunity to study the disease and its conditioning factors. The fan mussel disease 16 

outbreak provides a case example for how climate change may mediate host-protozoan 17 

dynamics and poses several questions: are we witnessing the potential extinction of a sentinel 18 

species? Can we avoid it by applying active measures? If so, which measures will be more 19 

effective? How many other more overlooked species might experience a massive and unnoticed 20 

die-off before it is too late to implement any preservation action? This is especially relevant 21 

because the loss of keystone species can drive to community effects that influence marine 22 

ecosystem processes. 23 

  24 

Key words: Pinna nobilis; Haplosporidium pinnae; Mediterranean endemism; mass mortality; 25 

protozoan; parasite  26 

 27 

1. Introduction 28 

 29 

Anthropogenic impacts and global warming are driving shifts in the dynamics of infectious 30 

marine disease outbreaks (Tracy et al., 2019). Ectothermic hosts with parasites with 31 

environmental transmission stages that can persist outside the host are among the most 32 

vulnerable species to global warming (Altizer et al, 2013). Reduction in biodiversity, 33 

translocation of species and alteration of natural habitat and community composition due to 34 

human action and climate change, facilitate the occurrence of pandemic infectious marine 35 



diseases, with considerable economic and ecosystemic costs (Lafferty, et al., 2015; Harvell et al., 36 

2019). However, both, evaluating whether disease is increasing or decreasing in the ocean, and 37 

quantifying anthropogenic drivers of infectious marine disease, is challenging owing to the lack 38 

of baseline data and of long-term records (Tracy et al., 2019). On this regard, sentinel species 39 

such as the Mediterranean endemic fan mussel Pinna nobilis (Basso et al, 2015) could provide 40 

information on what is to come to global ecology in the context of the present environment 41 

overexploitation. Globally, several authors have pointed out that the Mediterranean Sea could 42 

be used as a natural laboratory to study geodynamic and paleoclimatic processes on different 43 

scales and as a miniature model of the world’s oceans (Krijgsman, 2002; Lejeusne et al, 2010).  44 

Fan mussel populations have been recently devastated by a die-off that is very likely to be 45 

associated with the protozoan Haplosporidium pinnae (Catanese et al., 2018). The first reports 46 

of the die-off occurred in September 2016 in southeastern Spain (Vázquez-Luis et al., 2017), and 47 

it has since spread throughout all Spanish Mediterranean coasts, reaching France, Italy, Greece, 48 

Cyprus and other Mediterranean countries, in less than two years (IUCN 2018a). To date, data 49 

indicate that the protozoan species is specific to P. nobilis, leaving other invertebrates 50 

unaffected, including the congeneric species P. rudis (Catanese et al., 2018). Prevalence and 51 

subsequent mortality virtually reach 100% in infected populations. Previously reported deaths 52 

caused by protozoa that affect commercial bivalve species such as Crassostrea virginica or 53 

Ostrea edulis can be massive but do not usually reach 100% (Culloty and Mulcahy, 2007; Bower, 54 

2014). Although commercial exploitation of these species has collapsed in some areas, their 55 

extinction was never considered a possibility. After many decades, the selection of cohorts that 56 

are resistant to parasites (naturally and artificially) has improved the aquaculture of these 57 

bivalves (Dégremont et al., 2015). Growing them in low-salinity deltaic water has also been 58 

effective for attaining commercially profitable production, although this strategy is 59 

compromised during dry years (Soniat et al., 2008). Likewise, previous reported bivalve die-offs 60 

in the Mediterranean Sea affecting Spondylus gaederopus (Meinesz, 1983; Kersting et al., 2006) 61 

and Arca noae (Botari et al., 2017) showed reduced mortality percentages and/or extensions 62 

compared with observed die-offs of fan mussels. Although dramatic, these die-offs did not 63 

suppose a short-term risk of extinction for the affected species.  64 

When in early 2017 a Haplosporidian protozoan was found to be the most likely causal agent of 65 

the fan mussel die-off, a group of experts following up the event predicted a high risk that the 66 

disease would be spread by marine currents throughout the Spanish Mediterranean coasts and 67 

beyond its borders in the following months and years, potentially unimpeded due to the absence 68 

of marine barriers (Vázquez-Luis et al., 2017). This observation, together with the characteristic 69 

biology of fan mussels, could, eventually, cause the ecological, if not total, extinction of the 70 



species, which would represent an unprecedented process in the Mediterranean Sea. As a 71 

consequence, Spanish authorities changed the status of P. nobilis from "endangered" to 72 

"endangered with extinction" along the Spanish coasts (Orden TEC/596/2019, de 8 de abril). The 73 

International Union for Conservation of Nature (IUCN) also raised the attention of neighbouring 74 

countries regarding the imminent arrival of the parasite to their coasts, which could be 75 

considered for each country along the Mediterranean (IUCN, 2018b). Recently, a compilation of 76 

recommended actions has been released by IUCN (IUCN, 2019). A follow-up of as many as 77 

possible of the remaining Spanish populations was initiated, while a rescue programme to 78 

maintain individuals in captivity before die-off caused by parasite arrival, was proposed by the 79 

Spanish experts and started as early as 2017. The follow-up has helped to better understand the 80 

spread of the disease, with surface currents being the main factor influencing local dispersion, 81 

whereas disease expression seems to be closely related to temperatures above 13.5°C and to a 82 

salinity range between 36.5–39.7 psu (Cabanellas-Revoredo et al., 2019). Rescued individuals 83 

have provided valuable advances in the study of the Haplosporidian parasite (Catanese et al., 84 

2018), helping to prepare new tools for the quick identification of its presence in samples (qPCR) 85 

(López-Sanmartín et al. 2019), to conduct breeding studies, and in general, to try to better 86 

understand the aetiology of disease and its global implications. Additionally, a few individuals in 87 

affected populations have shown some resilience, remaining sick for weeks, or even months in 88 

indoor facilities before dying, some of which were found being eaten alive by opportunistic 89 

predators. It was hypothesized that these individuals could potentially resist the parasite, but 90 

the weakness caused by prolonged disease made them extremely vulnerable to predators, 91 

which killed them before they could recover from the infection. Consequently, an attempt to 92 

protect some sick fan mussels from predators was also undertaken.  93 

In the present study, compiled field and ecological data regarding the spread of the die-off in 94 

Spain and neighbouring countries between October 2016 and September 2018 are presented. 95 

Additional results on the rescue initiative and predator exclusion actions are shown and 96 

recommendations provided to improve results for future actions, based on all the acquired 97 

knowledge. This information will serve as a baseline for the implementation of protection 98 

programmes and to increase the success of active initiatives to save the species from extinction. 99 

It will also help to raise awareness and prepare scientists and managers for the future predicted 100 

increment of marine invertebrate die-offs provoked by emerging waterborne diseases (Harvell 101 

et al., 2002; Fey et al., 2015). 102 

The fan mussel already endured some depletions during the last decades of the twentieth 103 

century due to the overexploitation and destruction of its main habitat (Posidonia oceanica 104 

meadows), pollution and indiscriminate boat anchoring (Basso et al., 2015, Vázquez-Luis et al. 105 



2015). The species has long been collected for its decorative value (the shell can reach more 106 

than one-metre-long), food and bait (Butler et al., 1993). Considerable pressure still exists upon 107 

some populations of fan mussels in the Eastern Mediterranean, as its flesh is considered a 108 

delicacy (Katsanevakis et al., 2011, 2008). The byssus threads were considered sea-silk or sea-109 

gold by the antique Roman and Greek civilizations due to their soft consistency and iridescent 110 

colouration, which were highly appreciated and impossible to imitate in ancient times (Maeder, 111 

2017). The creation of marine protected areas and Natura 2000 sites, as well as the 112 

implementation of European laws and Directives (Annex II of the Barcelona Convention (SPA/BD 113 

Protocol 1995) and Annex IV of the EU Habitats Directive (EU Habitats Directive 2007)), 114 

contributed to a notable recovery of the population in the Mediterranean Sea until late 2016.  115 

 116 

2. MATERIALS AND METHODS 117 

 118 

2.1 Follow-up of the die-off 119 

 120 

After the first report released by Vázquez-Luis et al. (2017), new stations and areas were added 121 

to control the spread of mortality. In total, the evolution of mortality in 58 sites along the Spanish 122 

and French Mediterranean coasts is reported in the present manuscript (Fig. 1, Table A1). For all 123 

locations, the sampling effort was distributed using control areas of different extensions 124 

(minimum 1 unit of 100 m2) as the epicentre of the surveys, which usually corresponded to 125 

stations that had been periodically surveyed before the onset of the die-off. Adjacent areas were 126 

surveyed using extensive explorative sampling (García-March and Vicente, 2006) for comparison 127 

to control areas. Citizen scientific data (local diving clubs, professional and amateur divers) was 128 

added to increase the number of observations (besides the 58 stations) and the extension of the 129 

surveyed areas. These data, mainly focused on the presence of alive/dead fan mussels, were 130 

always controlled by experts, either directly, by visiting the area, or indirectly, by using digital 131 

imaging, before being scientifically validated (Cabanellas-Reboredo et al., 2019). Given the 132 

variability of data sources and sampling periods, data were provided as monthly percentages of 133 

living individuals, including all individuals who were alive on the date of the observation, despite 134 

some showing symptoms of sickness. Monitoring of the mortality spread included only 135 

populations that still had living individuals in October 2016 (i.e., many populations from 136 

Andalucía and most of Murcia, except Mar Menor Lagoon, were excluded). Monthly water 137 

temperatures for monitored locations were obtained from different sources, including data 138 

collected in situ monthly or bimonthly with a multiparametric probe, every hour with in situ data 139 



loggers, averages extracted from daily satellite readings provided by the NOAA 140 

(www.seatemperature.org) and local meteorological stations.  141 

 142 

2.2 Relationship between water temperature and survivorship 143 

 144 

To evaluate the relationship between water temperature and mortality in the presence of H. 145 

pinnae, data from Delta del Ebro (used as the control group) and Port Lligat (used as the 146 

experimental group), both from open waters and tanks, were analysed. These data were 147 

selected from the whole dataset (Table A1), because 1) the presence/absence of H. pinnae had 148 

been confirmed by PCR (numerous positives in Port Lligat individuals, and no positive in samples 149 

from Delta del Ebro individuals until July 2018) and, 2) both temperature and survivorship had 150 

been recorded monthly between November 2017 and September 2018.  151 

 152 

2.3 Recruitment and larvae collectors 153 

 154 

To monitor recruitment and spat survival of fan mussels after the die-off, juvenile collectors 155 

were installed between June 2017 and November 2017 in 11 stations along Spanish 156 

Mediterranean coasts (Fig. 1). Collectors were based on the designs of García-March and Vicente 157 

(2006), Cabanellas-Reboredo et al. (2009) and Kersting and García-March (2017), using plastic 158 

mesh-bags with either fishing rod or two plastic mesh-bags inside. The lines of collectors were 159 

placed at 1 or 1.5-m intervals between depths of 0.5 m and 20 m, depending on the area: in 160 

Delta del Ebro, collectors were installed only at a depth of 0.5 m, and in the remaining locations, 161 

the shallowest collector was deployed at a depth of 3 m.  162 

Between October and November 2017, the collectors were extracted and thoroughly examined, 163 

and all pinnids that were visible to the naked eye were collected and stored in acclimated and 164 

aerated water. All individuals were transported alive to the Institute of Environment and Marine 165 

Science Research (IMEDMAR-UCV) facilities within the day of collection. Once at the laboratory, 166 

the juveniles were placed in closed circuit water systems and fed the same phytoplankton gel as 167 

the adults (see section 2.3.4). Less than 1 ml/day of each species of phytoplankton gel was 168 

necessary to feed all juveniles. Water was filtered to 1 µ and exposed to >100 mWs-1cm-1 169 

ultraviolet radiation.  170 

Additional censuses of recruitment in situ were carried out each time an adult survival station 171 

was monitored in the present study.   172 

 173 

2.4 Rescue of individuals  174 



 175 

2.4.1 Extraction of individuals 176 

 177 

In February 2017, 16 adult fan mussels were collected from the “Marina Real de Valencia” in the 178 

Port of Valencia. Eight individuals were hosted at the IMEDMAR-UCV and the other 8 at the 179 

Oceanogràfic Aquarium of Valencia. Given the fast spread of the protozoan along Spanish coasts 180 

during spring-summer 2017, another 100 and 115 individuals were collected from the Alfacs Bay 181 

(Ebro Delta, Tarragona) and Port Lligat (Cap de Creus, Girona), respectively, in November 2017 182 

and transported to indoor facilities. The 100 individuals from Delta del Ebro were hosted at the 183 

Institute of Agrifood Research and Technology (IRTA), and the 115 individuals from Port Lligat 184 

were separated into 4 groups: 50 were hosted at the Institute for Agricultural and Fisheries 185 

Research and Training (IFAPA) Agua del Pino, 50 at the Spanish Oceanographic Institute (IEO) -186 

Murcia, 5 at the Oceanogràfic Aquarium of Valencia and 10 at the marine station of IMEDMAR-187 

UCV in Calpe. The institutions were selected by their experience in the maintenance of marine 188 

bivalves and/or P. nobilis in indoor facilities, and by their availability to host the fan mussels. The 189 

number of individuals per institution depended on the space available to host them under the 190 

appropriate conditions. To ensure that all collected fan mussels were adults with reproductive 191 

capacity, only specimens with a shell length larger than 40 cm were extracted. For the extraction 192 

of individuals from La Marina Real de Valencia and Port Lligat, a hole was dug in the sediment 193 

close to the ventral part of the shell to liberate the byssus. For the extraction of individuals from 194 

the Alfacs Bay, an electric water pump was used on selected pen shells dwelling on unvegetated 195 

patches at a low water depth (0.5-0.7 m). Pressurized water was pumped into the ventral part 196 

of the individuals to remove the mud and sand covering the byssus. Each individual was 197 

maintained with water until later transportation and only exposed to air for a few seconds for 198 

placement within transport tanks. 199 

 200 

2.4.2 Transport 201 

 202 

A truck was equipped with 3 tanks each filled with 300 l of seawater. Constant water aeration 203 

was achieved with a portable air compressor. The water temperature was maintained at 14°C, 204 

due to a similar ambient temperature during winter or late autumn, when the collection of 205 

individuals was performed. During transport, fan mussels were placed within individual mesh 206 

containers (5 to 10 individuals per tank) with the antero-posterior axis resting horizontally and 207 

either the dorsal or ventral part facing upwards. Although distances from the collection site to 208 



the hosting institution ranged from 4 km to 1270 km, all trips were conducted within a single 209 

day, switching drivers when necessary. 210 

 211 

2.4.4 Maintenance in indoor facilities 212 

 213 

The fan mussels were placed in 400 to 5.000-l tanks in groups of 4 to 12 individuals. Closed 214 

circuits were used for the small groups hosted at the Oceanogràfic Aquarium and IMEDMAR-215 

UCV (8 + 8 individuals from la Marina Real and 5 + 10 individuals from Port Lligat, respectively, 216 

for each institution). Semi-closed circuits were used for the 50 individuals hosted in the IEO-217 

Murcia (water was renewed twice a week) and IFAPA (water was renewed every two days). Open 218 

circuits were used for the 100 fan mussels hosted at the IRTA. In all systems, water was passed 219 

through 1-µm filters and exposed to UV radiation (>100 mWs-1cm-1) before passing through the 220 

system with the individuals, following the recommendations for Haplosporidium nelsoni and 221 

Perkinsus marinus by Ford et al. (2001). For the reception of individuals at hosting institutions, 222 

the water temperature within the tanks was targeted to be above the minimum comfort limit 223 

of 16°C (Trigos et al., 2015). However, due to the large volume of water used in the open circuits, 224 

water temperature could only be raised up to 13.9 and 15°C at IRTA and IFAPA, respectively. In 225 

smaller closed and semi-closed circuits at the IEO-Murcia, Oceanogràfic and IMEDMAR-UCV, 226 

water temperature during reception was maintained at 17°C. All individuals were laid vertically 227 

with the anterior end of the shell pointing downwards, but unburied and without sediment. 228 

Various supports, such as concrete blocks where the individuals were inserted in holes, or PVC 229 

tubes where the individuals leaned on one side, were used to maintain the individuals in the 230 

vertical position. Individuals were also arranged to avoid the proximity of inhalant and exhalant 231 

chambers between contiguous specimens.  232 

To feed fan mussels, an initial daily mixture of phytoplankton gel (easyreefs®), autoclaved 233 

muddy detritus with high organic matter (OM) content and supplements (lyophilized easy SPS®) 234 

was supplied in the following concentrations per average individual of 55 cm: 235 

 236 

2.4-7.2 ml of Isochrysis galbana (0.0120-0.036 g OM/ml)   237 

2.4-7.2 ml of Phaeodactylum tricornutum (0.0121-0.0363 g OM/ml) 238 

1.5-4.5 ml of Tetraselmis chuii (0.0172-0.0516 g OM/ml) 239 

0.3 g of muddy detritus (10% OM content) 240 

0.1 g of easy SPS (83.88% OM content) 241 

 242 



Modifications of the quantity of the various components of the diet were also implemented a 243 

posteriori, according to the specific settings of the tanks at each institution, food acceptance 244 

and pseudofaeces production of fan mussels. The food was provided diluted in water as follows: 245 

continuously (IFAPA), in a single dose (Oceanogràfic Aquarium), two doses (IRTA and IEO-246 

MURCIA), or four doses (IMEDMAR-UCV) daily.  247 

Epibionts living on the shells were cleaned one month after reception of the individuals to 248 

minimize the stress of captivity. Shells were bruised maintaining the fan mussels within trays 249 

filled with seawater and then returned to the tanks.   250 

 251 

2.5 Predator exclusion cages 252 

 253 

A total of 35 individuals from the Port lligat (Cap de Creus) population were caged in May (30 254 

cages) and June (5 more cages) 2018 -one and two months after detecting the local die-off. Four 255 

areas of circa 500 m2 were selected, with 8 or 9 individuals in each protected by cages (Figure 256 

A1). Monthly surveys were conducted until the last of the individuals in the cages died. Every 257 

month, the cages were opened and cleaned of epibionts and possible predators that could have 258 

entered as juveniles and grown inside the cage. 259 

The cages consisted of a cylinder of 5 mm mesh, 30 cm in diameter and 50 cm in length, with 260 

closure of the upper part with a 2-mm mesh. The lower part of the flexible mesh cylinder was 261 

fitted with a draw cord closure surrounding the shell of the fan mussel, at the point of protrusion 262 

from the sediment, to avoid the entry of predators. The cage was opened and closed at the top 263 

with another draw cord closure (Figure A2). Three steel pegs with a length of 1 m were used to 264 

attach the cage to the sea floor and provide better adjustment of the structure to the flat shape 265 

of the fan mussels.  266 

 267 

3. Results 268 

 269 

3.1 Follow-up of the die-off  270 

 271 

Table A1 shows the living individuals found in the monitored stations from October 2016 to 272 

September 2018. The die-off spread northwards and eastwards with time from southeastern 273 

Spain, showing mortality peaks in the hotter months. It is noteworthy that the sampling 274 

periodicity was variable among locations and that sometimes surveys were not performed 275 

during the hottest months. Several critical points were observed, such as the spread to 276 

northeastern Spain (Castellón and Cataluña) in late 2017, the start of mortality in France in mid-277 



2018 and the onset of mortality in Delta del Ebro in the summer of 2018, but constrained to the 278 

outermost stations closer to the open sea. In the Columbretes Islands and Balearic Islands, 279 

surveys were also performed of deep populations down to a depth of 45 m. In all stations 280 

surveyed, where adult specimens had previously been observed, only empty shells of dead 281 

individuals were found (equivalent to 0% survival). Unfortunately, no information was available 282 

on the status of deeper populations, the fate of which is unknown to date. By September 2018, 283 

only 6 fan mussels were found alive in open waters of Spanish coasts. Excluding the populations 284 

from the inner sites of the Delta del Ebro and Mar Menor lagoon, as well as 2 individuals from 285 

the Columbretes Islands and 4 individuals from the Balearic Islands, all surveys resulted in the 286 

identification of 0% live individuals.  287 

 288 

3.2 Relationship between water temperature and survivorship 289 

 290 

Fig. 2 shows survivorship and temperature data for the stations used in the experiment. In Port 291 

Lligat, mortality was first observed in April 2018, when the temperature rose to 14°C from the 292 

winter minimum of 12.3°C observed in March 2018 (see Table A1). From that moment, the 293 

survivorship curve displayed a highly negative slope, with a total mortality after 5 months from 294 

the last observation without mortality. Regarding the tanks in Oceanogràfic, where temperature 295 

in the tanks remained constant at 17°C, mortality followed a similar trend to Port Lligat (highly 296 

negative slope with total mortality after 5 months from the last observation without mortality). 297 

In contrast, at IFAPA, IEO and IMEDMAR, where the water temperature was reduced below 14°C, 298 

there was a change in slope of the survivorship curve after reducing the water temperature, 299 

maintaining live individuals in the three locations by September 2018. Furthermore, survivorship 300 

was lower in the stations where water temperature remained above 15°C for a longer time (i.e., 301 

IEO - IMEDMAR - IFAPA in increasing order of survivorship and decreasing order of temperature); 302 

at IFAPA, where water temperature was maintained at or below 15°C most of the time, 303 

survivorship was the highest. 304 

 305 

3.3 Recruitment and larvae collectors 306 

 307 

Only the collectors located in Castellón and Alicante hosted fan mussel juveniles in October 308 

2017. Additionally, 51 juveniles were found among hundreds of P. rudis juveniles recruited in 309 

the ropes of the Vilajoiosa fish farm (Alicante) -these juveniles were found thanks to citizen 310 

scientific collaborations. Considering P. nobilis growth rates (Kersting & García-March 2017) and 311 

that by February 2018, those juveniles had a size >20 mm, the spat were most likely recruited 312 



between July and December 2017. Fifty-two juveniles were also found in a shallow bank at a 313 

depth of <0.2 m in Alfacs Bay in Delta del Ebro in January 2018. In September 2018, another 30 314 

fan mussel juveniles were recently found settled in Calpe (Alicante) attached to an exclusion 315 

cage structure suspended at a depth of 15 m, designed to protect from predators P. rudis 316 

juveniles recruited the previous season. The juveniles from the Columbretes Islands and Calpe, 317 

collected in October 2017, and from Vilajoiosa fish farm, which were transported to aquaria, 318 

only grew a few millimetres in the tanks and died. In fact, the longest life span in the aquarium 319 

did not exceed 6 months. The 30 individuals from Calpe collected in September 2018 were 320 

placed in situ in the same cages where P. rudis juveniles were hosted (29 individuals), and one 321 

individual was maintained in the tanks. In November 2018, all P. nobilis placed in situ were dead 322 

(but no P. rudis in the same cage, which all remained alive), and the individuals maintained in 323 

the tanks was still alive but showed no growth.  324 

Thirty samples of recently deceased P. nobilis juveniles from the tanks were analysed for the 325 

presence of H. pinnae using specific PCR (Catanese et al., 2018). Twenty-five of them were 326 

positive, and the DNA quality of the remaining 5 individuals was poor and, thus, provided 327 

unreliable results. 328 

Juvenile fan mussels have not been found anywhere else apart from the collectors, the ropes of 329 

the fish farm and the predator exclusion cages, in any of the surveys carried out to search for 330 

live P. nobilis.  331 

 332 

3.4 Rescue of individuals 333 

 334 

3.4.1 Individuals from la Marina Real of Valencia 335 

 336 

The 16 individuals collected from la Marina real of Valencia survived during the transport. 337 

Temperature was maintained between 17 and 20°C. Of the 8 individuals maintained at the 338 

IMEDMAR-UCV, one individual died in May 2017, another two in July 2017 and the remaining 5 339 

in August 2017, seven months after collection. All individuals who died showed symptoms of 340 

being affected by the parasite: mantle retraction, lack of response to stimuli and no growth. 341 

Samples of the dead individuals were positive to the presence of H. pinnae (note that the species 342 

was yet unknown by then). Of the 8 individuals maintained at the Oceanogràfic Aquarium, one 343 

individual died in April 2017, another two in May 2017 and another one in August 2017. Samples 344 

of the dead individuals were positive for the presence of H. pinnae. The four remaining 345 

individuals, all living in the same tank, showed some symptoms (slight mantle retraction) in 346 

August 2017, but they subsequently recovered, extended their mantle again and survived for 18 347 



months until August 2018, at which time all four died. One of the individuals closed the gap in 348 

July 2018 and remained in that position until August 2018, at which time it opened the gap, 349 

retracted its mantle and died. The other three individuals also retracted their mantle, opened 350 

the gap and died in few days. Samples collected after death were positive for infection by the 351 

parasite.  352 

 353 

3.4.2 Individuals from Port Lligat and Alfacs Bay 354 

 355 

All individuals survived the transport. Only one specimen from Portlligat, transported to IFAPA 356 

–Agua del Pino (the longest trip of 1270 km), showed signs of stress upon arrival. In two days, 357 

this fan mussel had retracted its mantle and opened the ventral part of the gap. When no 358 

response to mechanical stress was observed, it was sacrificed. Analysis of the tissues confirmed 359 

that it was infected by the parasite. This was the first evidence that the donor population from 360 

Port Lligat was already infected when the rescue was undertaken in November 2017. In contrast, 361 

25 random individuals among the 100 collected in Alfacs Bay and stabled at IRTA facilities were 362 

subjected to mantle biopsies, all of which were negative for the parasite, demonstrating that 363 

the population was free of H. pinnae at the time of rescue. 364 

During the November 2017 - January 2018 period, water temperature was maintained at 11.8°C 365 

at IRTA, 15°C at IFAPA, 16°C at IEO-Murcia, 17°C at Oceanogràfic Aquarium and 18°C at 366 

IMEDMAR-UCV. In February-March, water temperature was raised to 18°C at IEO-Murcia, 367 

reduced to 12°C at IMEDMAR-UCV and maintained at 11.8°C at IRTA and 15.5°C at IFAPA. 368 

Beginning in April, temperatures were maintained below 14°C at all sites except IRTA and the 369 

Oceanogràfic Aquarium (16°C and 17°C respectively). Temperatures of the tanks in the IRTA 370 

installations increased the following months similarly to the Delta del Ebro water temperatures, 371 

reaching a maximum of 26.2°C in August 2018 (Table A1, Fig. 2).  372 

In January 2018, two months after collecting the individuals, another 11 individuals from Port 373 

Lligat died. In April 2018, 63 individuals from Port Lligat were dead. In July 2018, 81 individuals 374 

form Port Lligat and 6 from Delta del Ebro had died, and in September 2018, 12 individuals from 375 

Port Lligat and 62 from Delta del Ebro remained alive (Table A1). The tests of dead individuals 376 

from Port Lligat were positive for the presence of the parasite, but they were negative for the 377 

dead individuals from Delta del Ebro. In contrast, the dead individuals in Delta del Ebro were 378 

found to be positive for bacterial infection by Vibrio mediterranei (Prado et al., 2020).  379 

 380 

3.5 Predator exclusion cages 381 

 382 



In June 2018, 10 individuals protected by the cages were found dead. Five cages were reused 383 

and installed again with the only 5 individuals remaining alive close to the sites where the cages 384 

were installed the previous month. In July 2018, only 7 individuals remained alive in the cages, 385 

and no additional individuals were observed alive around the monitoring stations. In August 386 

2018, only dead individuals were found inside or outside the cages, leading to the conclusion 387 

that the disease affected all individuals irrespective of the effect of predators. Further surveys 388 

in subsequent months confirmed the absence of live individuals in Port Lligat. 389 

 390 

 391 

4. Discussion 392 

 393 

The data gathered during the two years following the start of the die-off showed that it is causing 394 

the ecological extinction of Pinna nobilis. The pathogen is most likely waterborne and spreads 395 

with currents (Vázquez-Luis et al., 2017; Cabanellas-Reboredo et al., 2019). Direct observations 396 

have shown the fast spread in only two years of the die-off from southeastern Spain to eastern 397 

and northeastern Spain and to other countries such as France, Italy, Malta, Greece and Cyprus 398 

(IUCN 2018a; Katsanevakis et al., 2019; Panarese et al., 2019). The presence of uni- and 399 

multinucleate cells capable of direct infection, together with the occurrence of resistant spores, 400 

confer H. pinnae a strong infective and spreading capacity and a strong resilience to changes in 401 

environmental conditions (Catanese et al., 2018). Thus, the parasite could remain alive in 402 

reservoirs such as unknown hosts or sediment and infect new settlers similarly to Bonamia 403 

ostreae (Culloty and Mulcahy, 2007), thus constraining the repopulation of habitats after local 404 

extinction. To date, juvenile settlement has been missing in the affected areas, despite recruits 405 

found in seed collectors in the 2017 and 2018 recruitment seasons. In the Spanish 406 

Mediterranean, the species has been cornered in the Mar Menor coastal lagoon and the Ebro 407 

Delta (Alfacs and Fangar Bays), although the disease had already arrived at Alfacs Bay. Moreover, 408 

these locations are heavily anthropogenic habitats, subjected to a number of impacts that make 409 

them highly vulnerable and prone to sudden environmental changes (Nasi et al., 2018; Vidovic 410 

et al., 2016). These impacts could contribute to compromising the survival of local communities 411 

(e.g., Mar Menor lagoon; García-Ayllon, 2018; Quintana et al., 2018) and lead to the near total 412 

population extinction of fan mussels throughout the Spanish Mediterranean Sea. It should be 413 

noted that, similarly, populations in French lagoons (along the Occitanie coast) have not been 414 

impacted to date, also suggesting that, in a few years, lagoons may well be the only areas 415 

throughout the Mediterranean Sea where fan mussels will remain. The factors explaining why 416 

fan mussels can survive the parasitosis longer in these areas are unknown, but a change in these 417 



hypothetical factors would terminate the only reservoir refuge known to date for fan mussels, 418 

with fatal and catastrophic consequences for the species. Natural recolonization of fan mussels 419 

in these environments, when conditions again become optimal, will be impracticable due to the 420 

barrier of open waters with the presence of the parasite. The few living individuals in open 421 

waters may be expected to be unable to reproduce due to their low numbers and isolation, 422 

making them dismissible as source of seeds to repopulate decimated populations. 423 

Consequently, it is reasonable to assume that P. nobilis could be facing total extinction over the 424 

medium term unless manipulative actions are undertaken, e.g., artificial repopulation of 425 

habitats free of parasite using individuals of surviving populations and repopulation with 426 

resistant individuals. This action would be favoured by the features of P. nobilis of low inter-427 

population differentiation due to high connectivity and low isolation of populations. Therefore, 428 

the hypothesis of small isolated populations is inconsistent for this species (Wesselman et al., 429 

2018). Records of marine invertebrate extinctions are extremely rare (Carlton, 1993; Carlton et 430 

al., 1999; CIESM, 2013) and have not been previously documented in a consistent manner. 431 

Furthermore, recent die-off events have been mostly related to positive thermal anomalies and 432 

prolonged exposure to warmer summer conditions, coupled with water column stability and 433 

reduced food resources (Coma et al., 2009; Rivetti et al., 2014). Die-offs due to disease are 434 

almost never included among the causes of extinction, with a few exceptions, such as Dulvy et 435 

al. (2003). In this regard, the eelgrass Limpet Lottia alveus went extinct in the 1930s due to the 436 

catastrophic decline of its main habitat, the eelgrass Zostera marina from Labrador to New York 437 

in the western Atlantic Ocean. In this case, the limpet was unable to adapt to the eelgrass 438 

brackish water refuge and became extinct (Carlton et al., 1991). The spread and virulence of the 439 

infection by H. pinnae and the geographical range of fan mussels, which are endemic to the 440 

Mediterranean Sea, provide similarly pessimistic predictions for fan mussels. The capacity to live 441 

in paralic environments currently seems to be the only ecological opportunity left to fan mussels 442 

to avoid the same fate as the eelgrass limpet. Two questions arise, however. Are we witnessing 443 

the potential extinction of a sentinel species? Can we avoid it by applying active measures? If 444 

so, which measures will be more effective? 445 

 446 

4.1 Relationship between water temperature and survivorship 447 

 448 

A null hypothesis was postulated according to the observations of mortality after the 449 

development of the rescue programme, which seemed to be related to the increased water 450 

temperature in the tanks with respect to the water temperature in situ. The (null) hypothesis 451 



was that water temperature would have little if any effect on the parasite, and the die-off would 452 

start in Port LLigart independently of the water temperature. Consequently, reducing the water 453 

temperature in the tanks would have little if any effect on reducing fan mussel mortality. 454 

Alternatively, water temperature and fan mussel mortality would be correlated, and if water 455 

temperature was the determinant of infection and the dispersion capacity of the parasite, the 456 

die-off would start in Port Lligat as soon as (and only when) the water temperature rose from 457 

the winter minimum, and the mortality in the tanks would be reduced if the water temperature 458 

was kept at temperatures similar to the winter minimum in the Mediterranean Sea (between 459 

12°C and 14°C). Most remarkable was the observation of the start of mortality in Port Lligat 460 

when temperatures rose from 12.3°C to 14°C (Fig. 2), indicating the existence of a threshold 461 

temperature for activation of the parasite situated in between these two temperatures. This 462 

observation coincides with the model calculations by Cabanellas et al. (2019) and suggests that 463 

refuge temperatures for P. nobilis are indeed below 14°C. The importance of temperature in the 464 

survivorship of fan mussels was reinforced by the higher survivorship in the tanks where a low 465 

water temperature was maintained for a longer time. In IFAPA, where the temperature was 466 

maintained between 14.1°C and 15.5°C in the December 2017 - March 2018 period, mortality 467 

exhibited a lower trend than in the other stations and spiked in April, immediately after the 468 

increase to 15.5°C in March. In Oceanogràfic, total mortality of the individuals occurred after 469 

maintaining a constant water temperature at 17°C. This result is interpreted as the existence of 470 

a range of temperatures between circa 13.5°C and 15°C, at which H. pinnae seems to be 471 

activated with moderated virulence, but maximum virulence capacity is observed at higher 472 

temperatures >15°C. It should be noted that in the tanks, once the temperature was reduced 473 

below 14°C, sick individuals could remain alive for several months (in contrast to what occurred 474 

when a high water temperature was maintained as in Oceanogràfic). Therefore, mortality of sick 475 

individuals who were infected during periods of warm temperatures could occur when the water 476 

temperature was cold (<14°C). The Haplosporidian needed a longer time to kill fan mussels at 477 

low temperatures, a trend that was clearly observed by the gentle change in slopes of 478 

survivorship of IEO, IMEDMAR and IFAPA after reducing the water temperatures. Mortality of 479 

sick individuals still occurred for several months at low temperatures before stopping because 480 

the reduction of water temperatures did not automatically halt mortality (Fig. 2). 481 

 Infections of Ostrea edulis with the protozoan Perkinsus marinus are also seasonal, peaking in 482 

summer and fall and decreasing in winter and spring. Parasite latency could occur during the 483 

colder winter months and reactivate with the rising temperatures in spring (McCollough et al., 484 

2009). Likewise, infections of Haplosporidium nelsoni acquired in late summer by Crassostrea 485 



virginica may persist over the winter and cause mortality in April/May of the following year (Ford 486 

and Haskin, 1982), as observed with H. pinnae in the Port Lligat population.  487 

Regarding the individuals rescued from Alfacs Bay, which were unaffected by H. pinnae, the 488 

13.5-14°C threshold affecting their survival was not observed. The mortality sustained by these 489 

individuals was, however, due to a bacterial (V. mediterranei) infection related to warm summer 490 

temperatures when water in the tanks rose above 22°C and led to a spike of mortality above 491 

25°C. Rodriguez et al. (2017, 2018) isolated V. mediterranei strains in two sick fan mussels 492 

collected in Almería (Spain) in October 2016 and observed 100% mortality in experimental 493 

infections of turbots (Scophthalmus maximus) and manila clam (Ruditapes philippinarum) at 494 

25°C and 24°C, respectively, using these strains. These temperature values are very similar to 495 

those observed during the peak mortalities at IRTA. Considering that V. mediterranei is a 496 

cosmopolitan species (Tarazona et al., 2014) and that its virulence is dependent on hot summer 497 

temperatures ≥24°C, the bacteria seem to be opportunistic, affecting some weak individuals, 498 

but not responsible for the die-offs in open waters. A Mycobacterium has recently been 499 

associated with the die-offs observed in the Tyrrhenian Sea (Carella et al., 2019), which suggests 500 

that the importance of bacterial infections and the synergistic effects among different 501 

pathogens increasing the virulence of the disease should be studied in future research. 502 

Conversely, despite the arrival of H. pinnae in Alfacs Bay in July 2018, it killed mostly individuals 503 

in the external part of the bay, closer to its mouth, suggesting the presence of some ecological 504 

barrier constraining its capacity for dispersion or survival in this environment.  505 

 506 

4.2 Recruitment and larvae collectors  507 

 508 

The presence of juveniles from the summer 2017 reproductive cycle in the larval collections 509 

from Castellón and Alicante, the fish farm in Villajoiosa and in Alfacs Bay, suggest that 2017 was 510 

a good year for fan mussel reproduction. The origin of these larvae is unknown. Apparently, four 511 

main sources were available in summer 2017: Columbretes Islands, Delta del Ebro, continental 512 

France and Corsica (Wesselmann et al., 2018). Juveniles and larvae of Ostrea edulis may be 513 

infected by Bonamia ostreae, but mortalities mainly affect oysters older than 2 years (Arzul et 514 

al., 2011). Crassostrea virginica juvenile oysters exposed to Perkinsus marinus, however, are 515 

rapidly infected and die (McCollough et al., 2009). The presence of fan mussel juveniles in 516 

collectors and the fish farm indicates that at least they can survive for a few months in open 517 

waters. However, if fan mussel juveniles could survive for up to two years, like those of O. edulis 518 

infected by B. ostreae, at least some of the spat that settled in summer 2016, the size of which 519 

should be approximately 20 cm by summer 2018 (García-March et al., 2007; García-March et al., 520 



2011; Kersting & García-March 2017), should have been spotted already. Data gathered to date, 521 

however, show that the affected areas are not being repopulated naturally by P. nobilis. The 522 

confirmed infection of the Pinna nobilis juveniles maintained in tanks in the present study, as 523 

well as the lack of observations of new juveniles in situ to date, indicate that the juveniles are 524 

also being infected by the protozoan and that the response is more similar to that of C. virginica 525 

infected by Perkinsus marinus. This observation differs from the dynamics of infectious diseases 526 

of other marine invertebrates, such as the sea urchin Diadema antillarum in the Caribbean. 527 

Shortly after the onset of the die-off suffered by this species in 1983-1984, natural recruitment 528 

was observed, probably from larvae that were already present in the plankton upon arrival of 529 

the disease. During the subsequent 30 years, episodic low-level recruitment events of 530 

individuals were observed. These new recruits, however, subsequently succumbed to mortality, 531 

which was interpreted as the consequence of an unknown factor of post-settlement mortality. 532 

The populations of D. antillarum have recovered to 12% of those before the die-off because 533 

recruitment in populations after the post-mortality period was persistently limited for decades, 534 

despite a potentially slowly increasing larval supply (Lessios, 2016). In comparison to the 535 

absence of natural recruitment observed in fan mussel populations after mortality, a similar 536 

outcome after 30 years seems to be optimistic scenario. Considering the extra constraints 537 

encountered by fan mussels to repopulate affected areas, we may be the witnesses of its 538 

potential extinction. The recovery of fan mussel populations, if possible, will, in any case, be a 539 

long-term process lapsing for many decades. Previously reported die-off events of 540 

Mediterranean invertebrates were usually caused by warming seawater temperatures and 541 

anomalous low circulation patterns during summer, both in deeper (Garrabou et al., 2009, 2001) 542 

and shallow habitats (Kersting et al. 2013), and have not affected P. nobilis. These events, 543 

however, were usually punctual and did not kill the entire populations, so densities could be 544 

recovered through recruitment after a few years (Cerrano et al., 2005). The present die-off 545 

experienced by fan mussels is more similar to those observed for O. edulis and C. gigas and the 546 

eelgrass Limpet Lottia alveus (Carlton et al., 1991). Ultimately, natural populations of Pinna 547 

nobilis in the Mediterranean Sea are likely to disappear in the next few years, with the exception, 548 

perhaps, of lagoonal population. Such a pandemic is very unusual in marine organisms and raises 549 

questions concerning actions that should be undertaken in the very near future, before all open 550 

sea population go extinct. These actions should be planned considering the emergency, because 551 

the disease has eliminated fan mussel populations from Spanish coasts and spread to most of 552 

the Mediterranean Sea in just a couple of years. 553 

 554 

4.3 Rescue of individuals 555 



 556 

The rescue programmes have shown that fan mussels are resilient to extraction and transport, 557 

even for long distances, as described in the present study.  558 

 559 

4.3.1 Individuals from la Marina Real of Valencia 560 

 561 

Maintenance temperatures (above 14°C), probably accelerated the rapid death of the fan 562 

mussels collected from la Marina Real of Valencia, especially at the IMEDMAR-UCV installations. 563 

These fan mussels were going to be used for in situ reproduction experimentation, and warm 564 

temperatures are necessary to facilitate gonad maturation. The first exploratory survey carried 565 

out on this population in December 2016 showed no mortality. Two months later, however, 566 

when the collection of individuals was undertaken, 40% mortality was already observed. It is 567 

worth noting that by then, the pathogen was still unidentified and that the relationship between 568 

water temperature and disease virulence was unsuspected. In contrast, it was hypothesized that 569 

maintaining individuals within their comfort temperature range (between 16°C and 24°C) (Trigos 570 

et al., 2015) could help improve their capacity to fight the disease under captivity conditions. 571 

The higher water temperature maintained at the IMEDMAR-UCV facilities probably accelerated 572 

the mortality of the fan mussels, which were all dead 7 months after collection.  573 

The four individuals who survived in good condition for 18 months in the Oceanogràfic Aquarium 574 

were maintained at a constant temperature of 17°C. These individuals should have died if 575 

infected because that temperature was sufficiently high to cause the rapid death of infected 576 

individuals. It is possible that these fan mussels had some kind of resistance and were 577 

maintaining the protozoan in a chronic condition and that an uncontrolled weakening of their 578 

immune system could have led to their final death. Alternatively, the individuals were “luckily” 579 

free of the protozoan when collected, and remained uninfected until July 2018, when the tank 580 

could have been unintentionally exposed to the protozoan, provoking rapid death of the fan 581 

mussels. Regardless of the causes, as the individuals came from an affected population and 582 

survived for 18 months, prolonging the life of fan mussels rescued from affected areas is 583 

possible.  584 

 585 

4.3.2 Individuals from Port Lligat and Alfacs Bay  586 

 587 

In September 2018, 12 individuals (11%) among those rescued from Port Lligat were still alive, 588 

when the donor population had already disappeared and no individuals could be found in situ 589 

since one month prior. The main factor constraining the mortality in tanks was the declining 590 



water temperature below 14°C. Again, rescuing individuals prolonged their life, confirming that 591 

it is possible to save fan mussels originating from infected populations. It is worth noting a priori 592 

that only those individuals who have not been infected are expected to survive, which means 593 

that survivorship will depend on the prevalence of the infection at the time of collection. The 594 

survival was much higher for individuals from Alfacs Bay, which was expected because the 595 

disease had not arrived in this region when the individuals were collected. However, the 596 

mortality observed throughout the stabling period was produced by the bacterium (V. 597 

mediterranei), which is also known to infect other species of bivalves (Tarazona et al., 2014). 598 

With the new knowledge of the occurrence of V. mediterranei in P. nobilis maintained in 599 

captivity, samples analysed for the presence of H. pinnae should be re-checked for bacteria to 600 

evaluate the possibility of cohabitation of other pathogens in fan mussels.  601 

 602 

4.4 Predator exclusion cages 603 

 604 

All fan mussels used in the experiment died in August 2018. Higher numbers of cages could 605 

favour the survival of some individuals –the strongest–, however, installing and maintaining one 606 

or two orders of magnitude more cages in situ would be highly demanding for the low level of 607 

expected success (only a few individuals would be expected to survive). Considering these 608 

results, it seems more reasonable and affordable to rescue individuals than encage them. 609 

Comparatively, however, the most positive impact of encaging vs. rescuing individuals is that, 610 

because of the cage, a survivor would have stronger resistance to H. pinnae, which would make 611 

it much more capable of fighting the die-off. 612 

 613 

4.5 Potential actions and recommendations  614 

 615 

Based on the information gathered over the previous two years, a series of actions and 616 

recommendations for improvement of the survival of fan mussels can be undertaken. These 617 

actions will allow extra time and hence a greater probability of survival to P. nobilis as a species, 618 

but whether their implementation will avoid fan mussel potential extinction or not is currently 619 

unpredictable, because extinction depends on many uncontrolled (and some yet unknown) 620 

variables. One imminent action should be the protection of the remaining lagoon populations 621 

by eliminating or minimizing activities that could create a threat to fan mussels living within. 622 

Protecting individuals in cages seems to be inefficient unless large numbers of specimens are 623 

protected, and even so, the success of using more cages would need to be re-evaluated. 624 

Alternatively, rescuing individuals seems to be a good option even if they originate from an 625 



affected population. Another important issue is to understand why individuals living in paralic 626 

environments and coastal lagoons are not affected by the die-off (e.g., Mar Menor Lagoon) or 627 

are less severely affected (Alfacs Bay). It is not clear if it is a question of temperature and/or 628 

salinity, or of some chemical condition occurring in these environments, preventing direct (by 629 

killing it) or indirect (by killing its potential vector) entry of the parasite. Although both Mar 630 

Menor lagoon and Ebro Delta do not show extreme salinity variations compared with those 631 

occurring in the Caloosahatchee estuary in Florida (La Peyre et al., 2003), salinities are 632 

hiperhaline and hipohaline, respectively, compared with the Mediterranean Sea. H. pinnae 633 

could be unadapted to these variations in water temperature and/or salinity (Cabanellas et al., 634 

2019). Alternatively, fan mussels surviving in these environments could possess some kind of 635 

resistance. Studying the environmental conditions of the lagoons and the genetic differences 636 

between individuals living inside and outside coastal lagoons and deltas could help to better 637 

understand this issue. Additionally, gathering more information about other fan mussel 638 

populations surviving in paralic environments in affected areas would improve understanding of 639 

the factor(s) conditioning their survival, by comparison of coincident environmental features 640 

among them. Studies of reproduction in vitro are fundamental to close the life cycle of P. nobilis. 641 

Once reproduction in vitro is mastered, it could be applied to resistant individuals to grow 642 

resistant spat to repopulate devastated fan mussel populations. Finally, extensive searches for 643 

resistant individuals in already affected populations is of paramount importance, since these 644 

individuals could provide the seeds for future open water repopulations with artificially 645 

produced juveniles.  646 

Regarding the specific recommended action of the rescue of individuals, it is advisable to extract 647 

fan mussels prior to the arrival of the parasite. Otherwise, small groups of no more than 5 to 10 648 

individuals should be collected to enable the selection of only those that seem healthy, i.e., total 649 

mantle extension and a quick closing response of the valves in response to external stimuli. After 650 

placing them in cold water, preferably 12.5°C, individuals should be checked daily for mantle 651 

extension during the following weeks to retain only those that show total mantle extension. It 652 

is recommended to place no more than 5-6 individuals per tank in independent systems with 653 

acclimatizers. If any individual is infected, it may infect others in the same tank, particularly if 654 

the water temperature rises above 14°C. Hence, it is very important to maintain low 655 

temperatures and quickly isolate any individual showing any symptom of the disease. It is 656 

advisable to obtain mantle samples of all individuals, conserve them in absolute ethanol, and 657 

analyse them for the presence of the parasite by PCR (Catanese et al., 2018; López-Sanmartín et 658 

al. 2019). Perkinsus marinus and H. nelsoni, infecting Crassostrea virginica, undergo reduced 659 

transmission and prevalence at winter temperatures from 10-15°C -although P. marinus can 660 



survive at temperatures as low as 4°C (Soniat et al., 2008). Repeated freshets can also reduce P. 661 

marinus infections in C. virginica to low levels, resulting in an overall low prevalence, low oyster 662 

mortality and good growth (La Peyre et al., 2003). Pinna nobilis can survive in paralic 663 

environments subjected to important seasonal salinity and temperature oscillations. Although 664 

there is a knowledge gap regarding its tolerance limits, the habitat distribution suggests it is a 665 

euryhaline, eurytherm species. Considering that the extreme salinity of Delta del Ebro and Mar 666 

Menor is one of the possible environmental variables preventing infection of fan mussels by the 667 

parasite, it would be worth determining whether fan mussels can survive low-temperature 668 

(<8°C) and extreme salinity (<15 psu or >45 psu) treatments. Based on the data published by 669 

Cabanellas-Reboredo et al. (2019), it is reasonable to suspect that H. pinnae transmission and 670 

replication may be constrained at least by low temperatures and probably also by extreme 671 

salinities, as observed for other similar protozoans. A combined treatment with low 672 

temperatures and extreme salinities could be a good option to maintain individuals during the 673 

initial weeks of quarantine. This strategy could reduce transmission among individuals, while 674 

healthy and sick individuals are separate. Furthermore, it would be worth examining whether 675 

the prevalence of the parasite in infected individuals could be reduced with these kinds of 676 

treatments.  677 

In conclusion, one additional global view is provided. The Mediterranean Sea has been 678 

considered a laboratory to examine global processes (Krijgsman, 2002; Lejeusne et al., 2010) 679 

using P. nobilis as a model species (Basso et al., 2015). When the fan mussel die-off started, 680 

many research teams were already studying the species because of its ecological and social 681 

interest. As previously suggested by Dulvy et al. (2003), marine extinctions may be 682 

underestimated because of low detection power and a long-term lapse (on average 53 years) 683 

between the last sighting of an organism and the reporting of the extinction. If a species of 684 

interest that is closely monitored, such as P. nobilis, has been shown to experience such a sudden 685 

and fatal die-off event, practically eliminating its populations in two years, how many other more 686 

overlooked species might experience a massive and unnoticed die-off before it is too late to 687 

implement any preservation action? In the present context of anthropogenic impacts and 688 

climate change, the case of fan mussels shows that the virulence and speed of mass mortality 689 

events may escalate. Rapid management responses to infectious mass mortality events driven 690 

by climate change are going to be necessary, and researchers and stakeholders will have to be 691 

ready to act collaboratively in order to respond to these threats. Furthermore, the present mass 692 

mortality event shows that the effects of infectious diseases have important implications in the 693 

future redistribution of species and biodiversity. This would justify their consideration in 694 

prediction models (e.g. Jones and Cheung, 2014), because their effects are global and occur in 695 



very short time periods, compared even to the speed of climate change, and may have 696 

considerable structural effects in the biological community (Harvell et al, 2019).  697 

 698 

5. Role of the funding source 699 

 700 

This research was partially funded by the Spanish Ministry for the Ecological Transition, project 701 

28-5310 "Rescate de 215 ejemplares de nacra (Pinna nobilis) y su mantenimiento en 5 centros 702 

especializados en el marco del Proyecto UFE IP-PAF INTEMARES (LIFE15 IPE ES 012)", "Gestión 703 

integrada, innovadora y participativa de la Red Natura 2000 en el medio marino español" as well 704 

as those agreements and contracts with the participating entities (IFAPA, IRTA, IEO) derived 705 

from this project, and by the Prince Albert II of Monaco Foundation to project BF/HEM 15-1662, 706 

“The study, protection and possible breeding of pen shell (Pinna nobilis) in the Boka Kotorska 707 

Bay”. Maite Vázquez-Luis was supported by the postdoctoral contract, Juan de la Cierva-708 

Incorporación (IJCI-2016-29329) of Ministerio de Ciencia, Innovación y Universidades. G. 709 

Catanese was supported by a research contract from the INIA-CCAA (DOC INIA 8/2013) MINECO 710 

programme. The M. López-Sanmartín contract is co-financed by the State Plan for Scientific and 711 

Technical Research and Innovation 2013-2016, MINECO, ref. PTA215-11709-I 712 

 713 

6. Acknowledgments 714 

 715 

We are grateful to Guillaume Iwankow for his contribution in the field monitoring French 716 

populations, Emilio Cortes for his contribution in the field and the laboratory work of the Mar 717 

Menor population, as well as to Julio de la Rosa, José Miguel Remón, Manuel Fernández-Casado 718 

and Mari Carmen Arroyo (Sustainable Management Program of the Andalusian Marine 719 

Environment, Government of Andalusia) for their contribution in the field in Granada, Málaga 720 

and Cádiz, as well as all voluntaries who have provided information about the status of fan 721 

mussel populations through "Observatories del Mar" or through other modes of 722 

communication. We thank the Secretaría General de Pesca and the Columbretes Islands Marine 723 

Reserve staff for their logistical support as well as the Medas Islands Marine Reserve, Cap the 724 

Creus and Delta del Ebro Natural Parks for their collaboration and permission to work within 725 

their protected areas. 726 

 727 

7. Compliance with Ethical Standards 728 

 729 

- The submitted work results from all original research conducted by the authors. 730 



- All authors agree with the contents of the manuscript and its submission to the journal. 731 

- No part of the research has been published in any form elsewhere, unless fully 732 

acknowledged in the manuscript.  733 

- The manuscript is not being considered for publication elsewhere while it is being 734 

considered for publication in Biological Conservation. 735 

- All research in the paper not carried out by the authors is fully acknowledged in the 736 

manuscript. 737 

- All sources of funding are acknowledged in the manuscript, and the authors declare no 738 

direct financial benefits that could result from publication. 739 

- All appropriate ethics, permissions to manipulate animals and other approvals were 740 

obtained for the submitted research.  741 

 742 

8. Competing interests statement 743 

 744 

There are no competing interests. 745 

 746 

9. References 747 

 748 

Altizer, S., Ostfeld, R.S., Johnson, P.T.J., Kutz, S., Harvell, C.D., 2013. Climate change and 749 

infectious diseases: from evidence to a predictive framework. Science 341, 514–519. 750 

doi:10.1126/science.1239401 751 

Arzul, I., Chollet, B., Robert, M., Ferrand, S., Omnes, E., Lerond, S., Couraleau, Y., Joly, J., Francois, 752 

C., García, C., 2011. Can the protozoan parasite Bonamia ostreae infect larvae of flat 753 

oysters Ostrea edulis? Vet. Parasitol. 179, 69–76. 754 

Basso, L., Vázquez-Luis, M., García-March, J.R., Deudero, S., Alvarez, E., Vicente, N., Duarte, C.M., 755 

Hendriks, I.E., 2015. The Pen Shell, Pinna nobilis: a review of population status and 756 

recommended research priorities in the Mediterranean Sea, in: Adv. Mar. Biol. 757 

doi:10.1016/bs.amb.2015.06.002 758 

Bower, S., 2014. Synopsis of infectious diseases and parasites of commercially exploited 759 

shellfish: Haplosporidium nelsoni (MSX) of Oysters [WWW Document]. Fish. Ocean. 760 

Canada. URL http://www.dfo-mpo.gc.ca/science/aah-saa/diseases-maladies/hapneloy-761 

eng.html 762 

Bottari, T., Scarfì, G., Giacobbe, S., 2017. Mass Mortality in Noah’S Ark Arca noae (Linnaeus, 763 

1758): A Case Study from the Strait of Messina (Mediterranean Sea). J. Shellfish Res. 36, 764 

749–753. 765 



Butler, A., Vicente, N., de Gaulejac, B., 1993. Ecology of the pterioid bivalves Pinna bicolor 766 

Gmelin and Pinna nobilis L. Mar. Life 3, 37–45. 767 

Cabanellas-Reboredo, M., Deudero, S., Alós, J., Valencia, J. M., March, D., Hendriks, I. E., Álvarez, 768 

E., 2009. Recruitment of Pinna nobilis (Mollusca: Bivalvia) on artificial structures. Mar. 769 

Biodivers. Records, 2. 770 

Cabanellas-Reboredo, M., Vázquez-Luis, M., Mourre, B., Álvarez, E., Deudero, S., Amores, A., 771 

Addis, P., Ballesteros, K., Barrajón, A., Coppa, S., García-March, J., Giacobbe, S., Fimenez, 772 

F., Hadjioannou, L., Jiménez-Gutiérrez, S., Katsanevakis, S., Kersting, D., Mačić, V., Mavrič, 773 

B., Patti, F., Planes, S., Prado, P., Sánchez, J., Tena-Medialdea, J., de Vaugelas, J., Vicente, 774 

N., Belkhamssa, F., Zupan, I., Hendriks, I., 2019. Tracking the dispersion of a pathogen 775 

causing mass mortality in the pen shell Pinna nobilis: a collaborative effort of scientists and 776 

citizens. Sci. Rep. 9, 13355. doi:10.1038/s41598-019-49808-4  777 

Carella, F., Aceto, S., Pollaro, F., Miccio, A., Laria, C., Carrasco, N., Prado, P., De Viko, G., 2019. A 778 

mycobacterial disease is associated with the silent mass mortality of the pen shell Pinna 779 

nobilis along the Tyrrhenian coastline of Italy. Sci. Rep. 9, article number: 2725 780 

Carlton, J., Vermeij, G., Lindberg, D., Carlton, D., Dubley, E., 1991. The first historical extinction 781 

of a marine invertebrate in an ocean basin: the demise of the eelgrass limpet Lottia alveus. 782 

Biol ogiocal Bull. 180, 72–80. doi:10.2307/1542430 783 

Carlton, J.T., 1993. Neoextinctions of marine invertebrates. Am. Zool. 33, 499–509. 784 

doi:10.1093/icb/33.6.499 785 

Carlton, J.T., Geller, J.B., Reaka-Kudla, M.L., Norse, E.A., 1999. Historical extinctions in the sea. 786 

Annu. Rev. Ecol. Syst. 30, 515–538. 787 

Catanese, G., Grau, A., Valencia, J.M., García-March, J.R., Vázquez-Luis, M., Alvarez, E., Deudero, 788 

S., Darriba, S., Carballal, M.J., Villalba, A., 2018. Haplosporidium pinnae sp. nov., a 789 

haplosporidan parasite associated with mass mortalities of the fan mussel, Pinna nobilis, 790 

in the Western Mediterranean Sea. J. Invertebr. Pathol. 157, 9–24. 791 

doi:10.1016/j.jip.2018.07.006 792 

Cerrano, C., Arillo, A., Azzini, F., Calcinai, B., Castellano, L., Muti, C., Valisano, L., Zega, G., 793 

Bavestrello, G., 2005. Gorgonian population recovery after a mass mortality event. Aquat. 794 

Conserv. Mar. Freshw. Ecosyst. 15, 1052–7613. doi:10.1002/aqc.661 795 

CIESM 2013. Marine extinctions – patterns and processes. CIESM Workshop Monograph n° 45 796 

[F. Briand, ed.], 188 p., CIESM Publisher, Monaco 797 

Culloty, S.C., Mulcahy, M.F., 2007. Bonamia ostreae in the native oyster Ostrea edulis - A Review. 798 

Mar. Environ. Heal. Ser. 29, 1–36. 799 

Dégremont, L., García, C., Standish K, A., 2015. Genetic improvement for disease resistance in 800 



oysters: a review. J. Invertebr. Pathol. 131, 226–241. doi:10.1016/j.jip.2015.05.010 801 

Dulvy, N.K., Sadovy, Y., Reynolds, J.D., 2003. Extinction vulnerability in marine populations. Fish 802 

Fish. 4, 25–64. doi:10.1046/j.1467-2979.2003.00105.x 803 

Fey, S.B., Siepielski, A.M., Nusslé, S., Cervantes-Yoshida, K., Hwan, J.L., Huber, E.R., Fey, M.J., 804 

Catenazzi, A., Carlson, S.M., 2015. Recent shifts in the occurrence, cause, and magnitude 805 

of animal mass mortality events. Proc. Natl. Acad. Sci. 112, 1083–1088. 806 

doi:10.1073/pnas.1414894112 807 

Ford, S.E., Haskin, H.H., 1982. History and epizootiology of Haplosporidium nelsoni (MSX), an 808 

oyster pathogen in Delaware Bay, 1957–1980. J. Invertebr. Pathol. 40, 118–141. 809 

doi:10.1016/0022-2011(82)90043-X 810 

Ford, S.E., Xu, Z., Debrosse, G., 2001. Use of particle filtration and UV irradiation to prevent 811 

infection by Haplosporidium nelsoni (MSX) and Perkinsus marinus (Dermo) in hatchery-812 

reared larval and juvenile oysters. Aquaculture 194, 37–49. doi:10.1016/S0044-813 

8486(00)00507-X 814 

García-Ayllon, S., 2018. The Integrated Territorial Investment (ITI) of the Mar Menor as a model 815 

for the future in the comprehensive management of enclosed coastal seas. Ocean Coast. 816 

Manag. 166, 82–97. doi:10.1016/j.ocecoaman.2018.05.004 817 

García-March, J.R., Vicente, N., 2006. Potocol to study and monitor Pinna nobilis populations 818 

within marine protected areas. MEPA, La Valette. 819 

García-March, J.R., Marquez-Aliaga, A., Wang, Y.G.Y.-G., Surge, D., Kersting, D.K., 2011. Study of 820 

Pinna nobilis growth from inner record: How biased are posterior adductor muscle scars 821 

estimates? J. Exp. Mar. Bio. Ecol. 407, 337–344. doi:10.1016/j.jembe.2011.07.016 822 

García-March, J.R., García-Carrascosa, A.M., Peña Cantero, A.L., Wang, Y.-G., 2007. Population 823 

structure, mortality and growth of Pinna nobilis Linnaeus, 1758 (Mollusca, Bivalvia) at 824 

different depths in Moraira bay (Alicante, Western Mediterranean). Mar. Biol. 150, 861–825 

871. doi:10.1007/s00227-006-0386-1 826 

Garrabou, J., Coma, R., Bensoussan, N., Bally, M., Chevaldonné, P., Cigliano, M., Diaz, D., 827 

Harmelin, J.G., Gambi, M.C., Kersting, D.K., Ledoux, J.B., Lejeusne, C., Linares, C., Marschal, 828 

C., Pérez, T., Ribes, M., Romano, J.C., Serrano, E., Teixido, N., Torrents, O., Zabala, M., 829 

Zuberer, F., Cerrano, C., Coma, R., Bensoussan, N., Bally, M., Chevaldonné, P., Cigliano, M., 830 

Diaz, D., Harmelin, J.G., Gambi, M.C., Kersting, D.K., Ledoux, J.B., Lejeusne, C., Linares, C., 831 

Marschal, C., Pérez, T., Ribes, M., Romano, J.C., Serrano, E., Teixido, N., Torrents, O., Zabala, 832 

M., Cerrano, C., 2009. Mass mortality in Northwestern Mediterranean rocky benthic 833 

communities: Effects of the 2003 heat wave. Glob. Chang. Biol. 15, 1090–1103. 834 

doi:10.1111/j.1365-2486.2008.01823.x 835 



Garrabou, J., Perez, T., Sartoretto, S., Harmelin, J.G., 2001. Mass mortality event in red coral 836 

Corallium rubrum populations in the Provence region (France, NW Mediterranean). Mar. 837 

Ecol. Prog. Ser. 217, 263–272. doi:10.3354/meps217263 838 

Harvell, C.D., Mitchell, C.E., Ward, J.R., Altizer, S., Dobson, A.P., Ostfeld, R.S., Samuel, M.D., 2002. 839 

Climate warming and disease risks for terrestrial and marine biota. Science. 296(5576), 840 

2158–2162. doi:10.1126/science.1063699 841 

Harvell, C.D., Montecino-Latorre, D., Caldwell, J.M., Burt, J.M., Bosley, K., Keller, A., Heron, S.F., 842 

Salomon, A.K., Lee, L., Pontier, O., Pattengill-Semmens, C., Gaydos, J.K., 2019. Disease 843 

epidemic and a marine heat wave are associated with the continental-scale collapse of a 844 

pivotal predator (Pycnopodia helianthoides). Sci. Adv. 5, eaau7042. 845 

doi:10.1126/sciadv.aau7042 846 

IUCNa, 2018. Emergency situation for pen shells in the Mediterranean [WWW Document]. URL 847 

https://www.iucn.org/news/mediterraneo/201807/emergency-situation-pen-shells-848 

mediterranean (accessed 11.09.19) 849 

IUCNb, 2018. Pinna nobilis mass mortality outbreak in the Mediterranean – call to action for 850 

central and western Mediterranean countries [WWW Document]. URL 851 

https://www.iucn.org/news/mediterranean/201805/pinna-nobilis-mass-mortality-852 

outbreak-mediterranean-–-call-action-central-and-western-mediterranean-countries 853 

(accessed 11.09.19). 854 

IUCN, 2019. Mediterranean Noble Pen Shell Crisis (Pinna nobilis)  - June 2019 Update [WWW 855 

Document]. URL  https://www.iucn.org/news/mediterranean/201907/mediterranean-856 

noble-pen-shell-crisis-pinna-nobilis-june-2019-update (accessed 11.09.19). 857 

Jones, M.C., Cheung, W.W.L., 2014. Multi-model ensemble projections of climate change effects 858 

on global marine biodiversity. ICES J. Mar. Sci. 72, 741–752. doi:10.1093/icesjms/fsu172 859 

Katsanevakis, S., Lefkaditou, E., Galinou-Mitsoudi, S., Koutsoubas, D., Zenetos,  a., 2008. 860 

Molluscan species of minor commercial interest in Hellenic seas: Distribution, exploitation 861 

and conservation status. Mediterr. Mar. Sci. 9, 77–118. 862 

Katsanevakis, S., Poursanidis, D., Issaris, Y., Panou, A., Petza, D., Vassilopoulou, V., Chaldaiou, I., 863 

Sini, M., 2011. “Protected” marine shelled molluscs: Thriving in Greek seafood restaurants. 864 

Mediterr. Mar. Sci. 12, 429–438. doi:10.12681/mms.42 865 

Katsanevakis, S., Tsirintanis, K., Tsaparis, D., Doukas, D., Sini, M., Athanassopoulou, F., Κolygas, 866 

M., Tontis, D., Koutsoubas, D., Bakopoulos, V., 2019. The cryptogenic parasite 867 

Haplosporidium pinnae invades the Aegean Sea and causes the collapse of Pinna nobilis 868 

populations. Aquat. Invasions 14. doi:10.3391/ai.2019.14.2.01 869 

Kersting DK, Bensoussan N, Linares C (2013) Long-term responses of the endemic reef-builder 870 



Cladocora caespitosa to Mediterranean warming. Plos ONE 8: e70820. 871 

Kersting, D.K., García-March, J.R., 2017. Long-term assessment of recruitment, early stages and 872 

population dynamics of the endangered Mediterranean fan mussel Pinna nobilis in the 873 

Columbretes Islands (NW Mediterranean). Mar. Environ. Res. 130. 874 

doi:10.1016/j.marenvres.2017.08.007 875 

Kersting, D.-K., Garcia-March, J., Templado, J., 2006. Evaluation of Spondylus gaederopus Linneo, 876 

1759 mass mortality in the Columbretes Islands Marine Reserve (Wetern Mediterranean, 877 

Spain). Int. Congr. Bivalvia. 878 

Krijgsman, W., 2002. The Mediterranean: Mare Nostrum of Earth sciences. Earth Planet. Sci. 879 

Lett. 205, 1–12. doi:10.1016/S0012-821X(02)01008-7 880 

La Peyre, M.K., Nickens, A.D., Volety, A.K., Tolley, G.S., La Peyre, J.F., 2003. Environmental 881 

significance of freshets in reducing Perkinsus marinus infection in eastern oysters 882 

Crassostrea virginica: potential management applications. Mar. Ecol. Prog. Ser. 248, 165–883 

176. doi:10.3354/meps248165 884 

Lafferty, K.D., Harvell, C.D., Conrad, J.M., Friedman, C.S., Kent, M.L., Kuris, A.M., Powell, E.N., 885 

Rondeau, D., Saksida, S.M., 2015. Infectious diseases affect marine fisheries and 886 

aquaculture economics. Ann. Rev. Mar. Sci. 7, 471–496. doi:10.1146/annurev-marine-887 

010814-015646 888 

Lejeusne, C., Chevaldonné, P., Pergent-Martini, C., Boudouresque, C.F., Pérez, T., 2010. Climate 889 

change effects on a miniature ocean: the highly diverse, highly impacted Mediterranean 890 

Sea. Trends Ecol. Evol. 25, 250–260. doi:10.1016/j.tree.2009.10.009 891 

Lessios, H.A., 2016. The great Diadema antillarum die-off: 30 Years Later. Ann. Rev. Mar. Sci. 8, 892 

267–283. doi:10.1146/annurev-marine-122414-033857 893 

López-Sanmartín, M., Catanese, G., Grau, A., Valencia, J., García-March, J., Navas, JI, 2019. Real-894 

Time PCR based test for the early diagnosis of Haplosporidium pinnae affecting fan mussel 895 

Pinna nobilis. PLoS ONE 14(2): e0212028. https://doi.org/10.1371/journal.pone.0212028 896 

Maeder, F., 2017. Byssus and sea silk: a linguistic problem with consequences, in: Landenius 897 

Enegren, H., Francesco, M. (Eds.), Treasures from the sea. Sea Silk and Shellfish Purple dye 898 

in antiquity. Oxford & Philadelphia, pp. 4–19. 899 

McCollough, C.B., Albright, B.W., Abbe, G.R., Barker, L.S., Dungan, C.F., 2009. Acquisition and 900 

progression of Perkinsus marinus infections by specific- pathogen-free juvenile oysters 901 

(Crassostrea virginica Gmelin) in a mesohaline Chesapeake Bay tributary. J. of Shellfish 902 

Research. 26(2), 465-477. doi:10.2983/0730-8000(2007)26 903 

Meinesz, A., Mercier, D., 1983. Sur les fortes mortalités de Spondyles (Spondylus gaederopus 904 

Linné) observées sur les cotes de Méditerranée. Trav. Sci. Parc nation. Port-Cros 9, 89–95. 905 



Ministerio para la Transición Ecológica, 2018. Order TEC/1078/2018, of 28 of September [WWW 906 

Document]. URL https://www.boe.es/boe/dias/2018/10/17/pdfs/BOE-A-2018-14181.pdf 907 

(accessed 1.31.19). 908 

Nasi, F., Nordström, M.C., Bonsdorff, E., Auriemma, R., Cibic, T., Del Negro, P., 2018. Functional 909 

biodiversity of marine soft-sediment polychaetes from two Mediterranean coastal areas in 910 

relation to environmental stress. Mar. Environ. Res. 137, 121–132. 911 

doi:doi.org/10.1016/j.marenvres.2018.03.002 912 

Panarese, R., Tedesco, P., Chimienti, G., Latrofa, M.S., Quaglio, F., Passantino, G., Buonavoglia, 913 

C., Gustinelli, A., Tursi, A., Otranto, D., 2019. Haplosporidium pinnae associated with mass 914 

mortality in endangered Pinna nobilis (Linnaeus 1758) fan mussels. J. Invertebr. Pathol. 915 

164, 32–37. doi:10.1016/J.JIP.2019.04.005 916 

Prado, P., Carrasco, N., Catanese, G., Grau, A., Cabanes, P., Carella, F., García-March, J. R., Tena, 917 

J., Roque, A., Bertomeu, E., Gras, N., Caiola, N., Furones, M. D., & Andree, K. B. (2020). 918 

Presence of Vibrio mediterranei associated to major mortality in stabled individuals of 919 

Pinna nobilis L. Aquaculture, 519, 734899. 920 

https://doi.org/10.1016/J.AQUACULTURE.2019.734899 921 

Prado, P., Caiola, N., Ibáñez, C., 2014. Habitat use by a large population of Pinna nobilis in shallow 922 

waters. Scientia Marina, 78(4), 555–565. 923 

Quintana, X.D., Boix, D., Gascón, S., Sala, J., 2018. Management and restoration of 924 

Mediterranean coastal lagoons in Europe. Càtedra d’Ecosistemes litorals Mediterrànis i 925 

LIFE Pletera 220. 926 

Rivetti, I., Fraschetti, S., Lionello, P., Zambianchi, E., Boero, F., 2014. Global warming and mass 927 

mortalities of benthic invertebrates in the Mediterranean Sea. PLoS One 9, 1–22. 928 

doi:10.1371/journal.pone.0115655 929 

Rodríguez, S., Balboa, S., JL, B., 2018. Search for an assay model for marine potential microbial 930 

pathogens: the case of Pinna nobilis, in: International Symposium on Marine Science. Vigo. 931 

Rodríguez, S., Balboa, S., Olveira, G., Montes, J., Moreno, D., Barrajón, A., Barja, J., 2017. First 932 

report of mass mortalities in natural population of Pinna nobilis. A microbial perspective, 933 

in: International Congress of the FEMS-SEM. Valencia. 934 

Soniat, T.M., Hofmann, E.E., Klinck, J.M., Powell, E.N., 2008. Differential modulation of eastern 935 

oyster (Crassostrea virginica) disease parasites by the El-Niño-Southern Oscillation and the 936 

North Atlantic Oscillation. Int. J. Earth Sci. 98, 99. doi:10.1007/s00531-008-0364-6 937 

Tarazona, E., Lucena, T., Arahal, D.R., Macián, M.C., Ruvira, M.A., Pujalte, M.J., 2014. Multilocus 938 

sequence analysis of putative Vibrio mediterranei strains and description of Vibrio 939 

thalassae sp. nov. Syst. Appl. Microbiol. 37, 320–328. doi:10.1016/J.SYAPM.2014.05.005 940 

https://doi.org/10.1016/J.AQUACULTURE.2019.734899


Tracy, A.M., Pielmeier, M.L., Yoshioka, R.M., Heron, S.F., Harvell, C.D., 2019. Increases and 941 

decreases in marine disease reports in an era of global change. Proc. R. Soc. B Biol. Sci. 286, 942 

20191718. doi:10.1098/rspb.2019.1718 943 

Trigos, S., García-March, J.R., Vicente, N., Tena, J., Torres, J., 2015. Respiration rates of the fan 944 

mussel Pinna nobilis at different temperatures. J. Molluscan Stud. 81, 217–222. 945 

doi:10.1093/mollus/eyu075 946 

Vázquez-Luis, M., Álvarez, E., Barrajón, A., García-March, J.R., Grau, A., Hendriks, I.E., Jiménez, 947 

S., Kersting, D., Moreno, D., Pérez, M., Ruiz, J.M., Sánchez, J., Villalba, A., Deudero, S., 2017. 948 

S.O.S. Pinna nobilis: a mass mortality event in western Mediterranean Sea. Front. Mar. Sci. 949 

4. doi:10.3389/fmars.2017.00220 950 

Vázquez-Luis, M., Borg, J. A., Morell, C., Banach-Esteve, G., and Deudero, S. (2015). Influence of 951 

boat anchoring on Pinna nobilis: a field experiment using mimic units. Mar. Freshw. Res. 66, 952 

786–794. doi: 10.1071/MF14285 953 

Vazquez-Luis, M., Álvarez, E., Deudero, S., Grau, A., Valencia, J., Catanese, G., Kersting, D.K., 954 

2017. Situación actual de Pinna nobilis en España. Nuevos datos de mortandad, individuos 955 

vivos y captación de juveniles. Not. SEM 68: 63-66. 956 

Vidovic, J., Nawrot, R., Gallmetzer, I., Haselmair, A., Tomašových, A., Stachowitsch, M., C´ osovic, 957 

V., Zuschin, M., 2016. Anthropogenically induced environmental changes in the 958 

northeastern Adriatic Sea in the last 500 years (Panzano Bay, Gulf of Trieste). 959 

Biogeosciences 13, 5965–5981. doi:doi:10.5194/bg-13-5965-2016 960 

Wesselmann, M., González-Wangüemert, M., Serrão, E.A., Engelen, A.H., Renault, L., García-961 

March, J.R., Duarte, C.M., Hendriks, I.E., 2018. Genetic and oceanographic tools reveal high 962 

population connectivity and diversity in the endangered pen shell Pinna nobilis. Sci. Rep. 8, 963 

1–11. doi:10.1038/s41598-018-23004-2  964 



aug-16 spt-16 oct-16

Andalusia Cádiz, Algeciras (isolated specimens) 20.5 18.3 17.4

Málaga, Caleta Maro (isolated specimens)

Granada, Marina del Este (isolated specimens)

Granada, Melicena (isolated specimens)

Almería, Agua Amarga 25.4 22.6 21.7

Almería, Isla San Andrés

Almería, Loza del Payo

Almería, El Calón

Almería, Isla Terreros

 Isla Mitjana-Serra Gelada

 Calpe 23.4

 Isla Portixol

 Cabo San Antonio

Cabrera, Santa Maria 10 m 25.9 25.6 23.6

Cabrera, Santa Maria 20 m

Cabrera, Rates 20 m

Cabrera, Morobuti 30 m

Mallorca, Pollensa

Mallorca, Cabo Pinar

Mallorca, Portals

Mallorca, Cala Gat

Mallorca, San Telmo

Ibiza, Cala Salada

Formentera, Illetes

Menorca, La Mola

Menorca, Fornells, Cala Salada

Menorca, Isla del Aire

Menorca, Cala Mica

Menorca, Binibecar

Menorca, Sa Farola

Marina Real 25.8 24.6 22.2

Marina Real (tanks IMEMEDMAR-UCV)

Marina Real (tanks Oceanográfic)

Table A1. A, Reference monthly water temperature measured at the closest site to the sampling stations. B, monthly living individuals of Pinna nobilis at each sampled station.

Note that the colored lines in part A of the table, group locations close to a temperature station 

Location

Temperature (oC)

Alicante

A

Andalusia

Balearic 

Islands

Valencia



Columbretes Islands 25.9 23.4

Serra d'Irta

Prat de Cabanes 

Tossa de Mar 23 19.7

Medas Islands

ALFACS BAY (Zona 1, circle 1) 25.2 21.5

ALFACS BAY (Zona 1, circle 2)

ALFACS BAY (Zona 2, circle 1)

ALFACS BAY (Zona 2, circle 2)

ALFACS BAY (Zona 3, circle 1)

ALFACS BAY (Zona 3, circle 2)

ALFACS BAY Delta del Ebro Galatxo

ALFACS BAY Delta del Ebro Marí

FANGAR BAY (circle 1) 24.6 20.8

FANGAR BAY (circle 2)

FANGAR BAY (circle 3)

Delta Ebro  (IRTA) temp 23 19.7

Cap de Creus (PortLli) temp

Cap de Creus I PortLli (tanks IEO) temp

Cap de Creus I (PortLli tanks IFAPA) temp

Cap de Creus I (PortLli tanks Oceanogràfic) temp

Cap de Creus I (PortLli tanks IMEDMAR-UCV) temp

Cap de Creus II (Joncols)

Cap de Creus III (Montjoi

Cap de Creus III (Canyelles)

Castellón

Cataluña



Banyuls-sur-mer (Peyrefite) 21.9 21.5 19.2

Etang de Leucate

Etang de Thau

Etang de Ayrolles

Les Aresquiers (Montpellier)

Frontignan

Agde

aug-16 spt-16 oct-16

Andalusia Cádiz, Algeciras (isolated specimens) 100

Málaga, Caleta Maro (isolated specimens) 0

Granada, Marina del Este (isolated specimens) 100****

Granada, Melicena (isolated specimens) 0

Almería, Agua Amarga 10 10

Almería, Isla San Andrés 0

Almería, Loza del Payo (Villaricos) 8

Almería, El Calón 10

Almería, Isla Terreros 21

Murcia Mar Menor

 Isla Mitjana-Serra Gelada 50

 Calpe 100 60

 Isla Portixol 50

 Cabo San Antonio 80

Cabrera, Santa Maria 10 m 100

Cabrera, Santa Maria 20 m 100

Cabrera, Rates 20 m 100

Cabrera, Morobuti 30 m 100

Mallorca, Pollensa 100

Mallorca, Cabo Pinar 100

Mallorca, Portals 100 100 100

Mallorca, Cala Gat 100

Mallorca, San Telmo 100

Ibiza, Cala Salada 0

Formentera, Illetes 0 0

Menorca, La Mola 100 33.3

Menorca, Fornells, Cala Salada 100

Menorca, Isla del Aire 100

Menorca, Cala Mica 100

Menorca, Binibecar 100

Menorca, Sa Farola 100

Marina Real

Marina Real (tanks IMEMEDMAR-UCV)

Marina Real (tanks Oceanográfic)

Columbretes Islands 100

Serra d'Irta

France 

Alive individuals (%)
Location

Alicante

B

Andalusia

Balearic 

Islands

Valencia

Castellón



Prat de Cabanes 

Tossa de Mar

Medas Islands 95

ALFACS BAY (Zona 1, circle 1)

ALFACS BAY (Zona 1, circle 2)

ALFACS BAY (Zona 2, circle 1)

ALFACS BAY (Zona 2, circle 2)

ALFACS BAY (Zona 3, circle 1)

ALFACS BAY (Zona 3, circle 2)

ALFACS BAY Delta del Ebro Galatxo

ALFACS BAY Delta del Ebro Marí

FANGAR BAY (circle 1)

FANGAR BAY (circle 2)

FANGAR BAY (circle 3)

Delta Ebro  (IRTA)

Cap de Creus (PortLli)

Cap de Creus I PortLli (tanks IEO)

Cap de Creus I (PortLli tanks IFAPA)

Cap de Creus I (PortLli tanks Oceanogràfic)

Cap de Creus I (PortLli tanks IMEDMAR-UCV)

Cap de Creus II (Joncols)

Cap de Creus III (Montjoi

Cap de Creus III (Canyelles)

Banyuls-sur-mer (Peyrefite)

Etang de Leucate

Etang de Thau

Etang de Ayrolles

Les Aresquiers (Montpellier)

Frontignan

Agde

****Observations made in May 2016

*****The last survey was undertalen in November 2018, but the shells were highly broken and epibionted, indicative of being dead for many months (i.e. they died most ptobably before September 2018)

COB. Spanish Institue of Oceanography (Balearic Islands) 

France 

Cataluña

*All alive individuals in the date of observation despite showing simptons of sickness were considered survivors  

**When there were only a few individuals alive, but density of survivors was <<1% it is indicated with a 1

***The population collapsed before the onset of the MM due to anoxia in the lagoon. Several hundreds of individuals survived  at shallow depths (<1% of the original population)

Castellón



nov-16 dec-16 jan-17 feb-17 mar-17 apr-17 may-17 jun-17 jul-17 aug-17 sep-17 oct-17

16.2 16.3 15.8 15.3 15.4 16.1 17.2 19 18.9 21.57 19.5 19.4

19.1 17.2 15.8 15.3 15.9 17 17.9 20.5 21.1 23.7 23.3 21.8

19.5 17.3 14.9 14.4 15.2 16.3 19 24.3 26 27.3 25 no data 

19.7 16.6 15.4 14.3 14.1 15.3 17.3 19.8 23.5 25.9 25.6 23.6

19.1 16.1 14.2 13.8 14.1 16.1 18.8 22.5 24.8 25.8 24.6 22.2

16 16 18 18 22 22 22

17 17 17 17 17 17 17 17 17

Table A1. A, Reference monthly water temperature measured at the closest site to the sampling stations. B, monthly living individuals of Pinna nobilis at each sampled station.

Note that the colored lines in part A of the table, group locations close to a temperature station 

Date of observation

Temperature (oC)



20.1 17.0 15.1 14.2 14.5 16.4 19.1 24.0 25.8 26.7 24.8 21.8

17.4 15.1 13.9 12.8 12.7 13.6 15.8 19.2 21.9 22.8 21.3 18.7

15.5 12.6 9.4 11.9 15.8 17.9 20.8 26.1 26.7 27.7 22.8 21.5

14.2 12.2 7.8 12.8 14.7 18.3 20.8 26.1 24.9 26.3 22.6 20.7

17.4 15.1



16.9 14.6 13.2 12.8 13.1 14.2 16.8 19.9 21.3 21.9 21.5 19.2

nov-16 dec-16 jan-17 feb-17 mar-17 apr-17 may-17 jun-17 jul-17 aug-17 sep-17 oct-17

57.1

0

0

0

0

0

1***

0

10 0

0

0

16 0

2.3 0

13 5.6 0

1**

75.61 0

46.99 0

0

16 0

1** 0

0

0

27.3 0

0

0

20 0

1** 1** 1**

100 60 0

100 100 100 88 88 50 0

100 100 88 63 63 63 50 50 50

23.7 6.6

Alive individuals (%)



49

82

100

100

*****The last survey was undertalen in November 2018, but the shells were highly broken and epibionted, indicative of being dead for many months (i.e. they died most ptobably before September 2018)

*All alive individuals in the date of observation despite showing simptons of sickness were considered survivors  

**When there were only a few individuals alive, but density of survivors was <<1% it is indicated with a 1

***The population collapsed before the onset of the MM due to anoxia in the lagoon. Several hundreds of individuals survived  at shallow depths (<1% of the original population)



nov-17 dic-17 Jan-18 feb-18 mar-18 apr-18 may-18 jun-18 jul-18 aug-18 spt-18

17.9 16.3 15.3 14.7 14.5 14.1 14.8 15.5 16.2 19.6 21

18.9 15.8 15 15.1 14.6 No data 19.1 19.9 22.4 23.4 24.3

19.1 17 14.8 14.3 13.8 15.9 19.4 21.4 25.8 27.1 26.6

19.7 16.6 15.4 14.3 14.1 15.3 17.3 19.8 23.5 25.9 25.6

19.1 16.1 14.2 13.8 14.1 16.1 18.8 22.5 24.8 25.8 24.6

17 17 17 17 17 17 17 17 13 13 13

Table A1. A, Reference monthly water temperature measured at the closest site to the sampling stations. B, monthly living individuals of Pinna nobilis at each sampled station.

Note that the colored lines in part A of the table, group locations close to a temperature station 

Date of observation

Temperature (oC)



18.2 14.6 14.2 12.1 11.4 15.4 17.5 23.5 25.8 27.1 26.6

16.5 13.6 13.4 13.3 12.5 12 16 21 23 24.5 21.8

14 9.6 12.43 9.6 12.2 16.9 20.4 23.95 27.5 29.15 26.8

12.4 8.6 9.73 8.9 12.3 16.4 18.8 23.8 27.5 27 26

13.9 11.8 12.8 11.5 11.8 16.1 19.2 22.8 25.3 26.2 18

16.5 13.6 13.4 13.1 12.3 14 16.8 20.8 23.2 24.2 22.3

18.5 16 16 16 18 13 13 13 13 13 13

15 14.7 14.1 15.5 13.7 12.4 12.6 12.6 13.6 12.8

17 17 17 17 17 17

17 18 18 12 12 12 12 12 12 12 12

16.5 13.6 13.4 13.3 12.5 12 16 21 23 24.5 21.8

16.5 13.6 13.4 13.3 12.5 12 16 21 23 24.5 21.8

16.5 13.6 13.4 13.3 12.5 12 16 21 23 24.5 21.8



16.9 14.6 13.2 12.8 13.1 14.2 16.8 19.9 21.3 21.9 21.5

nov-17 dic-17 Jan-18 feb-18 mar-18 apr-18 may-18 jun-18 jul-18 aug-18 spt-18

0*****

1***

0

0

50 50 50 50 50 50 50 50 25 0

1**

100 0

Alive individuals (%)



0

66 45 1** 0

50 28 0

100 100 100 100 100 100 100 100 29.41 0

100 100 100 100 100 100 100 100 41.67 4.17

100 100 100 100 100 100 100 100 91.67 75

100 100 100 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100 92.86 85.72

83

98

100 100 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100 100

100 100 100 100 99 98 94 89 73 62

100 100 100 100 100 75 50 15 1** 0

100 94.5 94.5 72.7 21.8 14.5 7.3 2 2 2 2

98 98 96 86 62 38 34 24 20 20

100 100 80 60 20 0

100 100 90 70 70 50 20 10 10 10 10

100 50 0

100 25 0

100 25 0

100 100 100 100 100 100 100 100 50 30

100

100

100

100

100

*****The last survey was undertalen in November 2018, but the shells were highly broken and epibionted, indicative of being dead for many months (i.e. they died most ptobably before September 2018)

***The population collapsed before the onset of the MM due to anoxia in the lagoon. Several hundreds of individuals survived  at shallow depths (<1% of the original population)



Data source Mode of collection

Boyas del Estado. 

Ministerio Fomento

Algeciras-Boya Punta 

Carnero. 

Boyas del Estado. 

Ministerio Fomento

Cabo Gata-Boya. 

Boyas del Estado

Multiparametric 

probe
Bi-monthy surveys

Temperature from 

COB (average from 

years 2011 to 2016)

Tibditt sensors Use this temperature only as a reference of annual variation

Averages from 

www.seatemperatur

e.org

Extracted from daily 

satellite readings 

provided by the NOAA

Use this temperature only as a reference of annual variation

Temperature from 

IMEDMAR-UCV
Sensor in the tank

Temperature from 

Oceanográic
Sensor in the tank



Temperature from 

Diego Kurt and 

IMEDMAR-UCV

Hobo UTBI sensor in 

Serra d'Irta and Hobo 

V2 Pro sensor in 

Columbretes

Temperature 

Submon and Startit 

Meteorological data

Datalloger in situ

Temperature from 

IRTA
Multiparametric probe

Temperature from 

IRTA
Multiparametric probe

Temperature from 

IRTA
Multiparametric probe

Temperature from 

Submon and Startit 

Meteorological data

Multiparametric probe

Temperature from 

IEO-Murcia
Sensor in the tank

Temperature from 

IFAPA Agua del Pino
Sensor in the tank

Temperature from 

Oceanogràfic 
Sensor in the tank

Temperature from 

IMEDMAR-UCV
Sensor in the tank

Temperature 

Submon and Startit 

Meteorological data

Multiparametric probe



Averages from 

www.seatemperatur

e.org

Extracted from daily 

satellite readings 

provided by the NOAA

Use this temperature only as a reference of annual variation





Use this temperature only as a reference of annual variation

Use this temperature only as a reference of annual variation





Use this temperature only as a reference of annual variation



Fig. 1. Distribution map of the stations monitored for population dynamics and installation of 965 

larvae collectors. Circles indicate population dynamic stations, triangles indicate stations of 966 

larvae collectors and squares indicate stations with both population dynamic and larvae 967 

collector stations. 1, Algeciras. 2, Caleta Maro. 3, Marina del Este. 4, Melicena. 5, Agua Amarga. 968 

6, Isla de San Andrés. 7, Loza del Payo. 8, El Calón. 9, Terreros. 10, Mar Menor. 11, Illa de Tabarca. 969 

12, Villajoyosa. 13, Serra Gelada. 14, Calpe. 15, Illa Portixol. 16, Cap de Sant Antoni. 17, Illetes. 970 

18, Cala Gelada. 19, Rates (20 m). 20, Santa María (10 m). 21, Santa María (20 m). 22, Morobuti 971 

(30 m). 23, Cap Pinar. 24, Magaluf. 25, Portals. 26, Sant Elm. 27, Cala Ratjada. 28, Cala Gat. 29, 972 

Pollença. 30, Illa de l'aire. 31, Benibecar. 32, La Mola. 33, Sa Farola. 34, Son Saura. 35, Fornells-973 

Cabra Salada. 36, Cala Mica. 37, Marina Reial. 38, Illes Columbretes. 39, Prat de Cabanes. 40, 974 

Serra d'Irta. 41, Bahía dels Alfacs. 42, El Fangar. 43, Canyelles. 44, Tossa de Mar. 45, Illes Medes. 975 

46, Montjoi. 47, Joncols. 48, Port Lligat. 49, Peyrefite. 50, Etang de Leucate. 51, Etang de Ayrolles. 976 

52, Agde. 53, Etang de Thau. 54, Frontignan. 55, Les Aresquiers. 977 

Fig. 2. Survivorship curves and water temperature in Ebro Delta and IRTA (DeltaIrta) (top panel), 978 

Port Lligat (medium panel) and the tanks in IEO, IFAPA, Oceanogràfic and IMEDMAR-UCV 979 

(bottom panel). When two lines of a similar type occur in a panel, thick lines represent the water 980 

temperature and thin lines the survivorship for the same tanks. In the top panel, AlfacsZ1C1 981 

(Alfacs circle 1, zone 1) and AlfacsC1C2 (Alfacs circle 1, zone 2) share the same water 982 

temperature (AlfacsT). Note that water temperature in Port-Lligat (medium panel) corresponds 983 

to the closest monitoring station located in open waters of Startit (one mile off the Medas 984 

Islands). Port-Lligat is an enclosed small bay with in situ recorded water temperature during the 985 

rescue programme conducted in November 2017 below 13°C. Therefore, the registered water 986 

temperature at Startit was higher than the directly observed water temperature in Port Lligat in 987 

November 2017. 988 



 
Fig. A1. Location of the stations where the fan mussels were protected with predator exclusion 
cages. Numbers in brackets indicate how many fan mussels were caged at each site. 
 



 
 
Fig. A2. Example of the interior of a predator exclusion cage used in Port Lligat (zenith view). 
White arrow shows the fan mussel, whereas the yellow arrow points the bottom cage closure 
that is wrapped around the shell to avoid the entry of predators through the base of the cage  
 


