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Abstract: The effects of the climate crisis are affecting ecosystems at different scales and magnitudes. This paper 

focuses on a massive Mediterranean mussel die-off observed along the middle Italian Adriatic coast in the 

summer of 2022. We considered the possible environmental causes of this phenomenon and carried out a 

climatic analysis of the last decade. We performed field surveys in different locations along a 16 Km coastal 

stretch from Martinsicuro (TE) in the south, to Grottammare (AP) in the north. The study area includes two 

marine Sites of Community Importance under the European Natura 2000 network. The die-off of the mussels 

was observed in practically all the natural mussel-beds colonizing the study area. As sessile filter-feeding 

organisms inhabiting the intertidal zone, mussels are highly exposed to variations in environmental conditions 

such as temperature and nutrient load. We discuss the possible causes of this die-off, proposing that high 

temperature and the scarce availability of food acted simultaneously as stress factors, generating local 

unsustainable living conditions for this species. 

Keywords: mussel die-off; food availability; marine heatwaves; Adriatic Sea; climatic crisis; 

synergistic effect 

 

1. Introduction 

The climate crisis is a global threat to species, biodiversity, and ecosystems; it affects individual 

organisms and their interactions with other species and habitats, thus altering ecosystem functions 

and structure [1]. In fact, the Intergovernmental Panel on Climate Change stated that the recent rapid 

global warming has affected weather, climate, the economy and human society [2]. The impacts of 

the climate crisis are widespread but not uniform over time and space, as the responses of species 

and habitats vary according to their relative vulnerability, degree of exposure, sensitivity, and 

capacity to adapt [3–6]. The climate crisis affects not only the average temperature but also the 

duration, magnitude, and frequency of extreme events such as droughts, forest fires, and heat waves 

[7]. This synergy places great pressure on ecosystems, reducing their resilience [8]. 

The marine heatwaves (MHWs; anomalously warm water events) that have been striking marine 

ecosystems throughout the world in recent decades have affected local environmental dynamics [9]. 

Significant events were observed in the northern Mediterranean Sea in 2003 [10,11], on the west coast 

of Australia in 2011 [12], in the northwestern Atlantic Ocean in 2012 [13], in the north-eastern Pacific 

Ocean between 2013 and 2015 [14,15], off Southeast Australia in 2015/16 [16] and across Northern 

Australia in 2016 [17]. The impacts of MHWs on ecological communities include the loss of kelp 
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forests [18], coral bleaching [19], reduction of surface chlorophyll levels [14], mass mortality of marine 

invertebrates [20,21] and changes both in species distribution and community structure [18,20,22]. 

The climate crisis is particularly intense in the semi-enclosed Mediterranean Sea basin where the 

average warming rate is more intense than the global one; indeed, significant increases in average 

temperatures, extreme temperatures, number of heat waves and more frequent and intense drought 

periods are being recorded here [2,23]. The combination of the climate crisis and local climate 

variations affects the Adriatic ecosystems included in the Mediterranean basin, [24]. The Adriatic Sea 

is a basin into which most of the rivers of northern and central Italy flow and which communicates 

with the Mediterranean Sea only through the Otranto channel, which is just 70 km wide. The effects 

of climatic anomalies are seen more quickly in this marine system because of its small extension and 

shallow depth, especially in the North and Central Adriatic Sea. For example, studies have detailed 

how discharge from rivers has influenced phytoplankton bloom dynamics, explored the relationship 

between atmospheric variability and marine ecosystems productivity, and examined the interplay 

between air circulation patterns and the occurrence of hypoxia conditions [25–30]. Several MHW 

events have been reported in the Adriatic Sea [31], but no reports have addressed the latest MHW 

events or their potential association with mass mortality events (MMEs) of marine organisms. 

Various climate-induced mass mortalities of marine organisms have been recorded in the 

Mediterranean Sea over the past 15 years and studies on mass mortality events have explored this 

phenomenon in the Mediterranean and on both sides of the Adriatic [32]. Mass mortality events of 

benthic organisms have been well described for the Italian Adriatic coast along the Conero 

Promontory (about 70 km north of our study area) [33], but the cause of these events was not 

established. The authors reported that the last episode (2011) occurred during a period with the 

highest average surface sea-water temperature recorded in Italy in the 30 years from 1961 to 1990 

[33]. On the other side of the Adriatic, [32] associated the mortality outbreak event that occurred on 

coral Balanophyllia europaea in the Mljet National Park (Croatian southern Adriatic Sea) with positive 

thermal anomalies of the sea temperature. 

M.galloprovincialis serves important ecological functions in the Mediterranean Sea, performing 

fundamental functions in the marine ecosystems, for example bioremediation, substrate structure 

engineering and feeding, and representing an important food resource for the human population 

thanks to farms [34–37]. 

The aim of our study was to propose potential causes and foresee ecological consequences of an 

MME of the Mediterranean mussel (Mytilus galloprovincialis) observed along the Piceno Adriatic coast 

(Marche Region, central Italy) at the end of the summer of 2022. Our main hypothesis is that this 

MME was caused by a MHW event preceded by a long period of drought, based on the integration 

of climatological analysis with collected biological data. To our knowledge, this report is the first 

observation of a mussel MME within this coastal area, which hosts two marine Sites of Community 

Importance (SCI) and one mussel farm. Two other farms are located one slightly south and one 

slightly north of the area. 

2. Materials and Methods 

2.1. Study Area 

The study area extends for about 16 km along the coast of the middle Adriatic Sea, locally known 

as the Piceno coast (Figure 1). The climate is marked by warm and moderately stormy summers, cool 

winters with rare snowfall, and mild and humid springs and autumns. The absolute maximum 

precipitation usually occurs in autumn and a slight secondary maximum generally is recorded in the 

month of May [38]. The rainfall regime is bimodal sublittoral Adriatic and from 1997 to 2022 the 

annual average rainfall was 593 mm and the temperature averaged 15.7°C [39]. Storms from the NNE 

to ESE characterize the wave regime of the area. The short tides have an average amplitude of 0.4-0.5 

m with a maximum of around 0.75 m. 
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Figure 1. Sites where the massive mussel die-off was observed during summer 2022. 1: Grottammare 

natural reef; 2: San Benedetto del Tronto harbor; 3: San Benedetto del Tronto beach artificial barriers; 

4: Martinsicuro beach artificial barriers. SCI: Marine Sites of Community Importance. Photos by 

Google Earth. 

The study area is characterized by shallow sandy bottoms that slowly deepen towards the open 

sea: at 300 mt from the coast the average depth is about -4.5 m. There are artificial reefs (linear barriers 

placed to defend the coast against marine erosion) and a natural reef of about 7 hectares, which is 

included in the boundaries of the SCI IT534022 "Costa del Piceno - San Nicola a Mare" [40]. Mytilus 

galloprovincialis strongly colonizes these hard substrates in a depth band ranging from the sea surface 

to around -2.5 m. In the upper band, from sea surface to -1.5 m, they form almost monospecific 

populations. These bivalves perform several ecosystem functions such as: a) the increase of the 

substrate three-dimensional complexity (ecosystem engineering function), b) the control of seston 

abundance in the water column by filtration (control particle abundance function), c) the transfer of 

organic matter and nutrients from the water column to the seabed through the production of 

biodeposits such as feces and pseudofeces (benthic-pelagic coupling and nutrient cycling function), d) 

the removal of waste from the water (bioremediation function) and, e) being a food resource for other 

marine organisms (feeding function) [36,41–43]. Observation and the biological data collection took 

place in the following reef environments: Site 1, Grottammare, in the Marine Site of Community 

Importance (4761502N, 408104E) (natural reef); Site 2, San Benedetto del Tronto harbor (4756933N, 

409848E) (artificial reef); Sites 3, San Benedetto del Tronto beach (4754238N, 409930E) (artificial reef); 

Site 4, Martinsicuro beach (4746627N, 412413E) (artificial reef) (Figure 1). All sites are characterized 

by a maximum depth of -4.5 meters, and thus temperatures are almost constant throughout the short 

water column. 

Data was also obtained for a mussel farm about three nautical miles from the coast, facing the 

town of San Benedetto del Tronto, and in two others located just south and north of the study area. 

2.2. Observations 

For Site 1 the pre- and post- summer 2022 status was assessed through underwater surveys 

carried out in May/June and September 2022, respectively. Percentage covers of mussels in site 1 were 

estimated by the visual methods detailed below, which are considered valid procedures for obtaining 

an accurate representation of relative coverage of sessile organisms [44]. Briefly, ten 50 x 50 cm 

quadrants with a 10 cm sub-grating were randomly placed in the rocky zones colonized by mussels, 

in the band depth from sea surface to about -2.5 m. Each square "filled" by mussels counted as 4 % 

cover, a square 3/4 filled was considered 3 % cover and so on. Data from each quadrant were then 
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used for estimating the percentage of the total area covered by mussels in Site 1. We did not use 

software programs for digital image analysis because we were interested in evaluating exclusively 

the layers of mussels on the rock that can be masked by a dense overlying canopy of algae (i.e. Ulva 

lactuca). This approach was applied only in Site 1 as a representative site of the entire study area and 

was supported by underwater images and video. Given the consistency of the observed phenomena 

within the study area, all other sites were monitored by using observational methods which include 

only underwater visual surveys for qualitative inspection. To evaluate the reduction in mussel farm 

productivity, data was drawn from the production register of the company that manages the three 

mussel farms, one in the study area and two close by. 

2.3. Climatic Data 

In order to analyze the possible causes of the massive death of M. galloprovincialis observed in 

the study area, we carried out an analysis of the available climatic data. Given the ecological 

characteristics of this species, we chose the parameters of air and sea temperature, precipitations and 

river flows into the Sea. 

[45] define a MHW as a period of at least five days with temperatures in excess of the threshold 

of the 90th percentile relative to long-term local climatology, with no more than five days below the 

threshold. In order to identify MHWs in the last ten summers in our study area, we used three sources 

for marine weather data, first, the San Benedetto del Tronto measuring station (4756389N, 409228E) 

and second, the Italian Institute for Environmental Protection and Research, a government agency. 

The latter provided marine weather data with a variable time step between 10 and 60 minutes, in line 

with recommendations from the 2008 World Meteorological Organization guide [46,47]. We 

concentrated on data from 1st January 2011 to 31st December 2022. This signal is homogeneous and 

almost continuous, except for very short recording gaps. The third source of information was the 

Copernicus Marine Environment Monitoring Service, whose dataset we used to define the 90th 

percentile for each day of the summer months (June, July, August) with excellent approximation, 

drawing upon the Sea Surface Temperature (SST) data for the 30-year from 1993 to 2022 (CMEMS - 

Reprocessed (REP) Mediterranean (MED) dataset - see 

SST_MED_SST_L4_REP_OBSERVATIONS_010_021 product). After carrying out a nesting operation, 

we cross-referenced these data with the hourly data noted above [48]. 

The biological impacts of MHWs can vary greatly and appear to be context and target species 

dependent [9]. Therefore, based on both the results of [49], who observed that mussel mortality was 

80% and 30% following an exposure for 15 days at 30°C and for 30 days at 28°C respectively, and of 

[50], who found that the distribution of M. galloprovincialis was defined by an extreme SST of around 

29-30°C, we paid particular attention to the MHWs in which the sea surface temperatures exceeded 

30°C. To understand how climatologically stressful a summer was, we evaluated the chronic heat 

stress of organisms (CHSO), quantified as the number of MHW days a site was exposed [51]. 

Moreover, based on the results of [52,53], who focused on how food availability affects mussel 

mortality, and considering that in the Italian Adriatic coastal area the abundance of organic matter 

consumed by these bivalves is mainly supplied by rivers [54], we analyzed the flows of the main rivers 

along the western coast of the upper Adriatic Sea and the available data about the sea organic load. 

3. Results 

3.1. Climatic Data Analysis 

Detailed analysis was conducted on the historical series relating to thermal parameters for water 

and air, for a total of more than 1.2 mln of numerical data (period 2011-2022). Of note is the rather 

significant thermal increase of the SST, quantifiable at about 0.37°C and therefore in line with the 

indications from the 17th Report on the climate in Italy, published by the Higher Institute for 

Environmental Protection and Research [55]. The air temperature recorded in San Benedetto del 

Tronto during the same period increased about 1.08°C. Figure 2 shows the number and amplitude of 

MHWs in the study area from 2011 to 2022, during the summer months of June, July, and August. 
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Figure 2. MHWs occurred in the study area in the period 2011 – 2022. The bars represent the MHWs 

recorded for each year in the months of June, July and August; in red the MHWs in which the 

temperature exceeded 30°C. No MHWs were detected in 2013, 2016, 2020 and 2021. 

The year 2022 had the greatest number of MHWs (4) and the highest CHSO (34 days of MHW) 

in the period 2011- 2022. Of the four MHWs detected, one exceeded the 30°C surface sea temperature 

threshold for 10 days out of 14, and during the remaining 4 days the temperature remained high, 

between 29.5 and 29.9°C. The maximum temperature detected in 2022 was 30.6°C on August 6th. 

The summer of 2015 had the second highest number of MHWs (3) and the greatest CHSO (25 

days). Another very long and intense MHW was observed in 2019, when the 90th percentile was 

exceeded for 14 consecutive days, and the temperature exceeded 30°C for 3 of these days. The highest 

absolute temperature value (31.2°C) for the 2011 - 2022 period was recorded on August 6th, 2017. 

Only one 10-day MHW occurred this summer, with temperatures greater than or equal to 30°C. 

Finally, also in the summer of 2019 there was a 14-day MHW in which the temperature exceeded 

30°C for 3 days and ranged between 27.8 and 29.7°C for the remaining 11 days. 

3.2. Mussel MME 

In the present study, we observed a dramatic disappearance of Mediterranean mussel beds that 

previous to the summer 2022 had covered the rocky substrates in a depth band between the sea 

surface and about -2.5 m. In Site 1, the mean percentage of substrate covered by mussels dropped 

from 81.6% ± 16.3 SD to 0% in little more than two months (Figure 3 and video). 
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Figure 3. Pre (A) and post (B) summer 2022 rocky substrate covered by mussel beds in Site 1. 

This phenomenon, which affected both intertidal and subtidal zones, was observed after June-

August 2022, when four MHWs hit the western central Adriatic coast. Water temperatures reached 

30.6°C, and during the last MHW (July 25-August 7), remained above 29.5°C for 14 days and above 

30°C for 10 days. Only sporadic live individuals were detected in September in areas previously 

occupied by mussel beds. Some of these were in the intertidal zone on the north side of a partially 

submerged rock; a few others ones in the subtidal zone were incorporated into the structure of the 

bryozoan Schizoporella sp. (Figure 4 and video). Although not quantified, the same scenario was 

observed at sites 2, 3 and 4, where the mussel populations disappeared at the same time. 

 

Figure 4. Surviving specimens of M. galloprovincialis detected in September 2022 in the subtidal (A) 

and intertidal (B) zone of Site 1. 

There was a 30% drop in mussel production recorded after the summer of 2022 in the mussel 

farms located in and near the study area. 

4. Discussion 

4.1. Climatic Data 

The air temperature increase of about 1.08°C recorded in San Benedetto del Tronto harbor station 

from 2011 to 2022 is confirmed by the data recorded in the nearby harbors of Ancona and Ortona, 

respectively 1.27°C and 1.22 °C. At the meso-scale level we can observe a strong acceleration of 

climate forcing. The increase of 0.37°C of the SST in the same period is comparable to the data 

acquired from satellite observations within the Copernicus Marine Environment Monitoring Service 

(CMEMS) project - Mediterranean SST [56] and with those acquired directly in the Croatian surface 

waters of the Central Adriatic Sea [23]. From this study two fundamental points emerged. First, in 

contrast to trends in the previous 20 years, the period after 2005 would be characterized by constant 

increases in temperature (about 0.04ºC/year) without cooling phases or breaks. Second, there has been 

a change in the width of the seasonal cycle, characterized by a sharp increase in the uptrend of SST 

in summer (about 0.056°C/year), and a slowdown in winter (~0.029°C/ year). The increase in SSTs on 

the eastern coast of the Adriatic Sea, with a total increase exceeding 1°C between 1979 to 2015, was 

also shown by [57,58]. 

The 2022 MHWs were caused by the high air temperatures recorded at the end of June along the 

middle and upper Adriatic Italian coast. Indeed, July 2022 was the hottest July in the last 50 years 

[59]. These sea heat waves confirm a trend of increasing temperatures in the Mediterranean basin in 

the last twenty years [31]. 

The status of the study area sea waters depends not only on the conditions at the mesoscale (the 

basin of the Tronto and Aso Rivers) but especially on phenomena in the upper Adriatic basin, with 

freshwater from the main Italian rivers, the most important of which in terms of water flow are the 
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Po, Adige, and Brenta Rivers. In fact, a dominant sea current runs from north to south along the 

Italian Adriatic coast, transporting the runoff southward. 

The reduced river runoff was a crucial aspect of the Central Adriatic waters during 2022. The 

largest Italian river, the Po, is the main contributor to the nutrient load in the central-northern 

Adriatic waters [26], and its typical summer flow falls below the range of 550 and 700 mc/sec. 

Interestingly, the slowest flow of 104 mc/sec was recorded exactly in July 2022 [60]. In 2022 the Po 

River (Figure 5) and, simultaneously, the Adige, Piave and Brenta Rivers, which are normally of the 

nivo-glacial type, showed a typical Mediterranean fluvial regime, with a slight maximum in winter 

and a slight recovery in the flow rate in May. 

Analyzing the data of the above-cited ISPRA Report [55], it is possible to observe that the flow 

rates of these rivers and especially the rainfall that occurred in the catchment areas of the Po and the 

Adige were extremely low even in the first half of the year, due to a long phase of climatic drought 

from December 2021 to July 2022. Moreover, this phase was also characterized by significant 

nivometric deficit on the Alpine and Apennine mountains. The negative anomalies related to the first 

6 months of the 2021-22 meteorological years were about 55% in the regions of Piemonte and Valle 

d'Aosta and about 50% in Lombardy and Tridentine Venice (in northern Italy). 

During 2022, the Po River reached the absolute minimum of the last 200 years, with a flow of 

104 mc/sec on July 24th at the Ferrara-Pontelagoscuro hydrometric station (Figure 5). Other 

exceptionally dry periods for the Po River were in June 2022 with a range of 303 mc/sec, in June 2006 

with 320 mc/sec, in June 2005 with 444 mc/sec and in June 2003 with 521 mc/sec [60]. 

As a consequence of all this, the chlorophyll-a was always much lower than the average of the 

period from January to August 2022 in the mid-Adriatic Sea (south of outlet of the Po River) [61]. 

 

Figure 5. Comparison of river flow between the year 2022 and the two previous periods, at the 

Pontelagoscuro (FE) station (data source [60]). 

In addition, examining the hottest summers, 2017 was marked by a slightly lower negative 

anomaly in winter and spring precipitation than 2022, but the hydrological data for the Po River flows 

in spring and summer showed values much higher than those of 2022. Regarding the summer 2015, 

we observed that the first half of the year was characterized by the average rainfall typical of the last 

thirty years, with moderate snowfall in the central and eastern Alps and alpine river flows 

significantly higher than in 2022. In 2019, because of winter snowfalls in line with seasonal averages 

and abundant rainfall in the months of May and April, the Po River flows had no significant 

minimums, always remaining above 900 m3/sec until the end of the spring and reaching an absolute 

minimum of 620 m3/sec during the last ten days of July [60]. 
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4.2. Mussels MME 

The death of mussel beds observed in the study area during the summer 2022 is not attributable 

to phenomena of illegal fishing. First, entire populations died off in little more than two months, 

which would not be typical results of illegal fishing. Second, illegal mussel harvesting is rare in this 

area, and in any case, would be easily identified by recognizable holes in the dense mussel beds 

(Figure 6), which were observed in this study. 

 

Figure 6. Effects of illegal mussel removal resulting in localized holes in the dense cover of mussels 

(photo of Grottammare Site1, June 2020); note the difference compared to Figure 3, photo B, in which 

the absence of mussels is total. 

Here the main marine predators of the mussels are Sparus aurata, Rapana venosa and Murix sp. 

Although ecosystem alterations are attributed to the alien Asian gastropod R. venosa [62], predation 

by this species must be excluded as a possible cause, considering the rapidity with which the mussels 

totally disappeared (little more than two months), the normal rate at which R. venosa consumes 

bivalves in the Adriatic Sea [57] and the fact that there was no observed increase of the R. venosa 

population in the study area before the summer 2022. 

Neither polluting events nor harmful algal blooms (HABs) were recorded before and during the 

summer of 2022 [63]. Similarly, in this period no pathologies were detected in mussels by farmers 

and authorities during government mandated analyses. 

Our findings align with previous studies demonstrating that HMWs correlate with MMEs in the 

Mediterranean Sea [21,64,65]. However, there is still limited knowledge about this association in the 

Adriatic Sea area. In the northwestern Mediterranean Sea, mortality incidence between 20% and 100% 

was registered after MHWs that lasted from 25 to 50 days [65]. This finding suggests that the level of 

mortality associated with MHWs is highly variable, and demonstrates the need to consider further 

factors in analyzing the relationship between heat stress and MMEs, for example, the ecological 

memory of the previous exposures to MHWs over the same geographic areas [66], and potential 

species or population-related differences [67,68]. For instance, benthic organisms colonizing 

intertidal zones, such as M. galloprovincialis, are exposed to a variety of harsh marine and terrestrial 

conditions that could affect their survival [69,70]. In fact, [48] demonstrated that the Mediterranean 

mussel exposed to high temperatures and a low food load had a 33% survival rate, while those 

exposed to the same thermal conditions but with a high food load had the significantly better survival 

rate of 57%. 

Previous experimental studies [45] to measure the death levels of M. galloprovincialis in response 

to increasing temperature showed that individuals exposed to 30ºC reached an 80% mortality rate 
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after 10 days of exposure, peaking at 100% on the 12th day. Indeed, [71] suggests that natural 

populations of Mediterranean mussels already live in conditions close to their thermal acclimation 

limits, considering 24–25°C as the upper limit for optimal physiological processes. 

Physiological alterations that may result from increased stress include changes in heart rate; [72] 

observed that rising temperatures increase the heartbeat frequency until a certain critical 

temperature, after which the heart rate drops. Therefore, the extreme thermal variations of the climate 

crisis are challenging the physiological limits of these bivalves [72]. 

Another aspect to consider for both natural and farmed mussel populations is the status of the 

byssus. Byssal threads are composed of extracellular proteinaceous (collagenous) fibers and are 

synthesized along the mussel's foot starting from a mussel foot protein [73]. The byssus serves to 

prevent dislodgement of the bivalve in harsh hydrodynamic conditions, resist mobile competitors, 

and compete for space [74]. Environmental conditions like the warming of waters and ocean 

acidification may alter byssal production processes, causing a reduction in strength, stiffness, and 

extension [75,76]. [77] further demonstrated that in Mytilus coruscus, the expression of mussel foot 

protein genes is affected by elevated temperature, making the byssus susceptible to ocean warming 

and leading to a risk of dislodgement at high sea temperature (up to 27°C). Similarly, [78] found that 

the attachment strength of M. galloprovincialis was negatively correlated with sea surface temperature. 

The fact that the few live specimens found in the subtidal zone were partially incorporated into the 

bryozoan Schizoporella sp. (Figure 4), and therefore not anchored to the substrate by byssus, can be 

seen as a confirmation that the other mussels had been dislodged due to the weakening of the byssus 

during the heat waves of the summer of 2022. In the same way, the few living specimens in the 

intertidal zone were observed on the north-facing side of a semi-submerged rock (Figure 4), where 

the limited daytime solar radiation and the nocturnal exposure to air cooler than sea water probably 

favored their survival. 

One further consequence of increased ocean warming is decreased marine productivity [79]. [52] 

have suggested that depending on the timing of phytoplankton blooms, marine bivalves may face 

periods of limited food availability and elevated temperatures, at the same time. These authors 

reported that with a controlled increase of water temperature, there was a decrease in enzyme 

kinetics in the Mediterranean mussels in anoxia or normoxia conditions. Interestingly, the authors 

found that the effects of severe environmental conditions can be limited or countered by sufficient 

food availability. 

River flows and their transportation of nutrients to the sea may have been an important factor 

in the mussel die off. Our observations show that during the summer of 2022, the study area 

experienced a hot and dry period which resulted in a low concentration of nutrients released into the 

sea by rivers. In fact, that year was marked by strong nivometric deficit in winter, low rainfall in 

spring, and an absolute minimum of river flow in spring and summer. Also 2019, 2017 and especially 

2015 were hot years, but only in the first half of 2022 was a much lower organic load (chl-a) observed 

[61]. Local mussel farmers recorded a reduction of 30% after the summer of 2022, unlike previous 

years when no decrease in productivity was observed, in line with [80]. Although the environmental 

factors of temperature, depth and currents differ between the coastal zone study area and the three-

mile zone where the farms are located, the decrease in productivity in the same period as the observed 

mussel disappearance is nevertheless a significant fact, especially considering that farmers have 

recently implemented procedures to reduce damage from heat waves. 

However, the consequences of the stressor combination of MHW, CHSO and low nutrient load 

on mussel farms are extremely different from those observed in natural settlements because of the 

good farming practices adopted by farmers. They have reduced damage in certain periods and 

allowed production to resume by choosing to harvest the mussels before the hottest periods and 

using biodegradable braided knit or cotton nets called socks to counter dislodgement. On the 

contrary, alterations of natural habitats driven by the climate crisis can be dramatic and require a 

longer time to restore. There is the negative possibility that natural habitat reassembly may occur 

with components and structures same from the those of the initial condition. 
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Ultimately, we hypothesize that the MME of mussels observed in our study area could be due 

to a vicious cycle of MHW and CHSO thermal stressors, combined with low nutrient availability, 

which resulted in the increased metabolic demand not being met. 

5. Conclusions 

Based on our field survey, climatic data analysis, and also considering previous findings on M. 

galloprovincialis tolerance under certain stress conditions, we suggest that the MME observed in the 

summer of 2022 in the study area was likely due to prolonged anomalously warm water combined 

with reduced nutrient supply. 

It is hoped that these results should offer a useful contribution to the monitoring of ecosystems 

and the management of M. galloprovincialis mussel farms. 

Considering that these extreme climatological events will probably intensify [81], our 

preliminary analysis stresses the need for adopting specific mitigation and restoration measures in 

order to improve the management of marine natural ecosystems and fisheries. 
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