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Summary

Global warming affects the aquatic ecosystems, accel-
erating pathogenic microorganisms’ and toxic
microalgae’s growth and spread in marine habitats,
and in bivalve molluscs. New parasite invasions are
directly linked to oceanic warming. Consumption of
pathogen-infected molluscs impacts human health at
different rates, depending, inter alia, on the bacteria
taxa. It is therefore necessary to monitor microbiologi-
cal and chemical contamination of food. Many global
cases of poisoning from bivalve consumption can be
traced back to Mediterranean regions. This article aims
to examine the marine bivalve’s infestation rate within
the scope of climate change, as well as to evaluate the
risk posed by climate change to bivalve welfare and
public health. Biological and climatic data literature
review was performed from international scientific
sources, Greek authorities and State organizations.
Focusing on Greek aquaculture and bivalve fisheries,
high-risk index pathogenic parasites and microalgae
were observed during summer months, particularly in
Thermaikos Gulf. Considering the climate models that
predict further temperature increases, it seems that
marine organisms will be subjected in the long term to
higher temperatures. Due to the positive linkage
between temperature and microbial load, the marine
areas most affected by this phenomenon are charac-
terized as ‘high risk’ for consumer health.

Introduction

Marine bivalves, including oysters, clams, cockles and
mussels are recognized as a protein rich source for
human consumption and offer an economically high-
value product for the local communities. As a result,
shellfish aquaculture accelerated greatly during the sec-
ond half of the 20th century, and the demand for increas-
ing bivalve production has remained strong (FAO, 2018;
Smaal et al., 2018). Occasionally, however, populations of
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bivalves suffer from severe mortalities, because of several
diseases caused by the presence of a wide variety of path-
ogens. Such pathogens belong to various taxonomic cla-
des, including viruses (Iridolike, Herpes-like virus,
Papovaviridae, Togaviridae, Retroviridae, Reoviridae,
Birnaviridae and Picornaviridae), bacteria (Vibrio tapetis,
Vibrio spp. and Nocardia spp.), protozoans (species of the
genera Marteilia, Bonamia, Perkinsus and Mycrocytos),
metazoan parasites (the species belonging to the copepod
Mytilicola, among others) and toxic microalgae
(Shumway, 1990; Bower et al., 1994; Gestal et al., 2008;
Carella et al., 2015; Zannella et al., 2017). Additionally, in
the context of climate change, outbreaks of infectious dis-
eases are expected to become more frequent (e.g. Burge
et al., n.d.). Recent studies reported that marine patho-
gens, boosted by global warming, will impact the immune
system of bivalves and weaken their tolerance to extreme
temperatures (Ellis, 2015; Turner et al., 2016). As a result
of physiological malfunction, mass mortalities, and high
losses in hatcheries, as well as in natural beds, and spat
are expected on a national and global scale (Groner
et al., 2016; Karagiannis et al., 2018; Cao et al., 2018a;
Avdelas et al., 2021). Moreover, the majority of bivalve
species grow mainly in estuaries and coastal waters, areas
often heavily polluted by urban or agricultural wastes. Con-
sequently, urbanization and pollution in coordination with
the rise in surface sea temperature (SST) may accelerate
the increase of pathogen contamination, causing infections
in the majority of bivalve species (Moullec et al., 2019).

The presence of pathogens in aquatic ecosystems is not
only a serious biological risk for the aquaculture industry
but for public health as well, as bivalve consumption has
reportedly increased in the last decades (Elbashir
et al., 2018). Seafood-borne illnesses include typhoid fever,
cholera, infectious hepatitis and many other gastrointestinal
infections (Gerba and Goyal, 1978; Rippey, 1994). Several
cases of such illness outbreaks have been reported over
the last years, posing an especially significant threat to
human populations that consume seafood regularly
(Elbashir et al., 2018; Young et al., 2019). The bivalve spe-
cies which seem to be most vulnerable to pathogen infec-
tion are mainly mussels of the genus Mytilus, flat oysters
(Ostrea edulis), clams (Venus verrucosa) and to a lesser
extent scallops (Family Pectinidae). In the context of cli-
mate change, we should prepare for and manage these
emergencies through improved surveillance, thereby miti-
gating the spread of disease and its impacts. Improving
surveillance requires fast, accurate diagnosis, forecasting
disease risk assessment and real-time monitoring of
disease-promoting environmental conditions.

Several commercially important bivalve species are
harvested and their geographic distribution has been
extensively studied along Greek coasts (Delamotte and
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Vardala-Theodorou, 2007; Koutsoubas et al., 2007).
Also, shellfish farming has a major impact on Greece’s
national economy; it is the second most important aqua-
culture sector after fish farming (Theodorou et al.,
2015). However, the almost exclusively farmed shellfish
species is the Mediterranean mussel Mytilus
galloprovincialis and it is farmed mainly in the coastal
regions of Northern Greece. In 2017, more bivalve spe-
cies have been licensed to be farmed in Greece and
particularly in the Region of Eastern Macedonia and
Thrace, including Ruditapes decussatus, V. verrucosa,
Aequipecten opercularis, and O. edulis, but the respec-
tive farming units’ construction has not been completed
yet. Apart from these species, a few other edible
bivalves were once exploited, but their harvesting is
now banned due to either significant declines in their
populations (e.g. Pinna nobilis) (Theodorou et al., 2015,
2017a) or destructive fishing practices and the subse-
quent enforcement of regulations (e.g. the fisheries of
the mussel Lithophaga lithophaga) (Katsanevakis et al.,
2008). Overall, Aegean Sea circulation supports the
purification of seawater, positively impacting bivalve
farming (Giantsis et al., 2014). Despite the great eco-
nomic importance of bivalve harvesting, the pathogen
distribution and contamination of bivalves by Regional
Unit of production and harvesting is not clear. On the
other hand, more and more investigations are carried
out in other to underhand the impacts of pathogens on
the bivalve physiological performance in synergy with
other drivers of climate change (Turner et al., 2016;
Zannella et al., 2017; Eymann et al., 2020; Griffith and
Gobler, 2020).

A monitoring program has been established by the
Ministry of Rural Development and Food in Greece
regarding the health of living bivalve species and the inci-
dences of infection by several pathogen species. The
diagnostic methods followed in the National Reference
Laboratory for parasite detection strictly follow Standard
Operating Procedures issued by the European Union
Reference Laboratory for Molluscs Diseases. The pre-
sent review aims (i) to record, based on the annual
reports of the Greek Ministry of Rural Development and
Food, the distribution of pathogen species, including par-
asites, bacteria and toxic microalgae species along the
Greek coastlines, where economically important bivalve
species are harvested from cultured or natural
populations; (ii) to record, based on scientific literature,
the physiological impacts (synergistically with other envi-
ronmental factors) of the detected pathogen on the edible
bivalve species; (iii) to analyse and report the past and
present climatic data, including SST, Chl-a (chlorophyll-a)
and salinity; (iv) to record the human poisoning cases
attributed to bivalve consumption in Greece; and (v) to
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integrate the above in an effort to understand the present
microbial status and its potential changes to and impacts
on bivalve and human health as a result of the holistic
effects of various climate change components.

Distribution of edible bivalve species and pathogens
along the Greek coastlines

The main commercially important edible bivalve species
are reported in Table 1 (Koutsoubas et al., 2007). Also,
based on the National List of Classified Production Areas
(http://www.minagric.gr/images/stories/docs/agrotis/

Alievmata/ethnikos_kat_per_dithira160718.htm), Fig. 1
depicts the main Regional Units, including the
corresponding marine areas where edible economically
important bivalve species are either cultured or harvested
from wild populations. As shown, two Regional Units
exhibit the highest activity: one located in Thermaikos
Gulf and Pieria-Imathia, and the second in the prefecture

of Attica (Saronikos Gulf and the nearby islands). More-
over, as shown in Table 1, despite the recent licence pro-
vided for culture of more bivalves, only the
Mediterranean mussel M. galloprovincialis is cultivated in
the aforementioned Regional Units. Overall, mussel farm-
ing in Greece covers 375.5 hectares (ha) and it is primar-
ily located in the northern part of the country, especially
in the Thermaikos Gulf. Specifically, 90% of farms lie in
the wider area of the Thermaikos Gulf, representing
about 80%-90% of the annual national harvest
(Theodorou et al., 2011). It should be pointed out that the
diversity of bivalve species distributed throughout Greek
marine areas has been extensively studied by several
investigators  (Manousis et al., 2010; Zenetos
et al., 2015). With the exception of the species listed in
Table 1, other bivalve species with lower commercial
interest, exploited legally, have been reported as well
(Koutsoubas et al., 2007; Katsanevakis et al., 2008).
Additionally, Table 1 indicates the preferred temperature

Table 1. List of the main edible and economically important bivalve species distributed in the Marine Regional Units of Greece.

Cultivated Natural Preferred
Scientific name Regional Unit® population  population  Sources® temperature range Sources®
Arca noae A B,DEF — + 1,3, 5, 11.9-17.5°C, 11,16
(Linnaeus, 1758) 10 mean 15°C
Callista chione B,C,D,E - + 1,2,3, 10.8-21.5°C 11,13, 17
(Linnaeus, 1758) 5,10
Cerastoderma glaucum A C E 2,38, 0-25°C 4,17, 18
(Poiret, 1879) 7,9
Chamellea gallina A, B,C E - + 1,2 9-21°C, 11,13
mean 10.3°C
Chlamys varia A B, E — + 8,9,10 Subtropical, preferred 11,13
(Linnaeus, 1758) optimum 12°C
Donax trunculus A B — + 1,10 12.4-21.6°C, 1
mean 19°C
Flexopecten glaber C,F — + 57,9, 13.3-19.7°C, 11,13
(Linnaeus 1758) 10 mean 15.6°C
(previous name Chlamys glabra,
Linnaeus, 1758)
Modiolus barbatus B,C, F — + 1,2, 3, 10-20°C, 11, 3,17
(Linnaeus, 1758) 10 mean 16°C
Mytilus galloprovincialis A/ B,C,D,E + + 1,2, 3, 7.1-11.9°C, 11,12, 14
(Lamarck, 1819) 10 mean 9.7°C
Ostrea edulis B, D — + 1,2, 3,
(Linnaeus, 1758) 10
Pecten jacobaeus B, The marine Lake — + 9,10 24.4-29.1°C, 1
(Linnaeus, 1758) Vouliagmeni mean 28.2°C
Pinctada maxima E 1 13.1-16.5°C, 11,13, 15
mean 14.2°C
Ruditapes decussates A B,C,D — + 1,2, 8, 9.4-21.1°C, 11,12
(Linnaeus, 1758) 10 mean 18.1°C
Venus verrucosa A B,DEF - + 1,2,3, 8.4-20.1°C, 11,14,13
(Linnaeus, 1758) 10 mean 17°C

aSee Fig. 1.

Sources: 1—Hellenic Ministry of Rural Development and Food; 2—Zenetos et al. (2005); 3—Koutsoubas et al. (2007); 4—Tsotsios et al. (2016);
5—Theodorou et al. (2011); 6—Leontarakis et al. (2008); 7—Tsolakos et al. (2020); 8—Lykakis and Kalathakis (1991); 9—Katsanevakis (2005);
10—Mannousis et al. (2010); 11—Sealifebase; 12—FAOQO; 13—EOL (Encyclopaedia of Life); 14—Ocean Biogeographic Information System; 15—
Katsanevakis et al. (2008); 16—Hrs-Brenko and Legac (1996); 17—Koutsoubas et al. (2007); 18—Leontarakis et al. (2008).

°Refers to the references provided in the table.
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Fig. 1. The Regional Units and the corresponding marine areas (indicated by the red closed circles) where edible bivalve species are either culti-
vated or harvested from wild population along the Greek coastline. Coloured marine areas indicate differences in the bivalve farming and
harvesting and they are characterized as high, medium and low indicated by dark blue, light blue and green colour respectively. The numbers in
parentheses indicate the mussels’ farming units per marine area. Subfigure depicts mussels’ farms in the marine areas Thermaikos Gulf and
Pieria-lmathia where Gallikos, Axios, Loudias and Aliakmonas rivers flow. Moreover, this figure depicts the geographic distribution of pathogen
species detected in the several Regional Units.

range of the listed bivalve species. However, the temper-
ature range may differ geographically according to the

distribution range of the species.

Pathogens

The parasites, bacteria and microalgae species detected
in the coastlines of Greece are given in Tables 2, 3 and 4
1 depicts their geographical

respectively, while Fig.

distribution per Regional Unit. As shown, several pathogen
species are identified in Geek Regional Units of bivalve

production and harvesting. Moreover, it becomes clear
that there is a great difference regarding the diversity of
pathogen species per Regional Unit. Based on the annual
reports of the Hellenic Ministry of Rural Development and
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and microalgae species incidence, reported for the period
2013-2020, in the different Greek marine areas.
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Table 2. Parasites species detected in the edible bivalve species distributed in the Greek coastlines.

Species Host Regional unit® Sources
Martelia spp. O. edulis 5,3,13,9, 11 Virvilis et al. (2003); Balseiro et al. (2007)
Martelia spp. M. galloprovincialis 56 Karagiannis and Angelidis (2007);
Anestis et al. (2010); Karagiannis et al. (2013, 2018)
Urastoma cyprinae M. galloprovincialis 56 Rayyan and Chintiroglou (2003); Rayyan et al. (2004)

Proctoces maculatus
Mytilicola intestinalis
Steinhausia mytilovum

Ancistrum mytili M. galloprovincialis 56 Rayyan et al. (2006)

Cryptosporidium spp. M. galloprovincialis 5 Ligda et al. (2020)

Haplosporidium pinnae Mycobacteria P. nobilis 5,14, 15 Katsanevakis et al. (2019); Lattos et al. (2020a,
2020b)

aSee Fig. 1.

Table 3. Bacteria species detected in the edible bivalve species distributed in the Greek coastlines.

Species Sea water Host Regional unit® Sources
Escherichia coli + M. galloprovincialis, A. 1,2,3,4,5,6,8,9,11, 13, Formiga-Cruz et al. (2003);
noae, 14,16 Vantarakis et al. (2005);
V. verrucosa, M. barbatus, Pancucci-Papadopoulou
O. edulis, C. chione, C. et al. (2005); Alexopoulos
gallina et al. (2011)
Salmonella spp. —+ M. galloprovincialis 5,9,13 Efstratiou et al. (1998, 2009);
Economou et al. (2013)
Vibrio cholerae + O. edulis Crete Economopoulou et al. (2017)
Vibrio
parahaemolyticus
Listeria spp. + M. galloprovincialis 8,3,5 Pancucci-Papadopoulou

et al. (2005); Economou
et al. (2013); Soultos et al. (2014)
Proteus vulgaris M. galloprovincialis Crete Pancucci-Papadopoulou
Proteus mirabilis et al. (2005)
Yersinia enterocolitica
Staphylococcus aureus
Pseudomonas
fluorescens

3See Fig. 1.

Table 4. Microalgae species detected in the marine areas along the Greek coastlines®.

Detection marine area

Thermaikos Amvrakikos Pagastitikos Maliakos Saronikos
Microalgae spp. Gulf Alexandroupoli  Kavala Gulf Gulf Gulf Gulf Muytilini
Alexandrium spp. + + + + + — + +
Dinophysis spp. + - + + + + + —+
Pseudo-nitzschia spp. + + + + - + + +
Azadinium spp. + + + + — + + +
Gonyaulax spinifera + — + - + + +
Prorocentrum spp. + + + + + + + +
Protoceratium + + + + _ + + +
reticulatum
Karenia brevis + + + _ _ + + _

&Source: Hellenic Ministry of Rural Development and Food.
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Fig. 2. A. Total percentage of bacteria and microalgae incidence reported for the period 2013-2020 in the different Greek marine areas.
B. Percentage of pathogen species detection in different Greek marine areas.
C. Positive DSP (okadaic acid above regulatory limit — 160 pg g~ ") incidence in total (%) in the marine areas Thermaikos and Maliakos Gulf,

Pieria-Imathia and Kavala-Rodopi-Alexandroupoli.

Parasites

Several parasite species have been detected across the
Greek coastlines (Table 2). Of all these species, how-
ever, Marteilia spp. seems to have a wider distribution
and it is the most examined parasite. In Greece, the first
detection of Marteilia spp. was reported in samples of M.
galloprovincialis from the Thermaikos Gulf in October
2004 and July 2005. Further studies showed that it is
likely able to complete its life cycle within this area
(Virvilis et al., 2003; Virvilis and Angelidis, 2006; Kara-
giannis and Angelidis, 2007). Also, histopathological
studies of the infected mussels revealed that plasmodia

of Marteilia spp. were present in the epithelial cells of the
stomach, while sporangia were found in the epithelial
cells of the digestive tubules, where sporulation occurred.
The increase in infection intensity seems to be synchro-
nized with the gradual increase of ambient seawater tem-
perature (Karagiannis et al., 2018). At higher water
temperatures, Marteilia spp. becomes more active and it
is multiplied rapidly (Karagiannis and Angelidis, 2007;
Zannella et al., 2017).

From a physiological perspective, it has been reported
that marteiliosis impacts not only M. galloprovincialis’
reproduction capacity but also the growth of mussels
under field culture conditions (Karagiannis et al., 2018).

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 24, 1012—-1034
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Specifically, infestation by Marteilia can lead to glycogen
depletion in mussels as indicated by the emaciation and
discolouration of the digestive gland, which in turn leads
to a cessation of growth, poor condition index and disrup-
tion of the gametogenic cycle, indicative of energy defi-
ciency (Robert et al., 1991; Villalba et al., 1993a). At the
tissue level, marteiliosis leads to formation of
granulocytomas, necrosis in the digestive gland (Villalba
et al., 1993b) and increases in the haemocytes of the
haemolymph (Carballal et al., 1998). While sublethal
effects of marteiliosis are predominantly linked to the acti-
vation of immune response, cellular damage and energy
deficit, bivalve mortalities appear to be associated with
disruption of the digestive tubule epithelia due to sporula-
tion of the parasite (Villalba et al., 1993a; Karagiannis
and Angelidis, 2007). Moreover, the presence of Marteilia
spp. impacts the energetics of M. galloprovincialis, as
indicated by the reduction in the efficiency of infected
mussels to gain energy from the ingested food, resulting
in a significant reduction in scope for growth (Anestis
etal., 2010).

The impact of marteiliosis on bivalves, however, is not
limited only to M. galloprovincialis. This parasite contrib-
uted significantly to the dramatic decline in the natural
populations of O. edulis, observed in Thermaikos Gulf
since 1999 (Virvilis et al., 2003; Virvilis and Angelidis,
2006). Interestingly, in the same region, V. verrucosa and
Modiolus barbatus have not been found to be infected
by this pathogen species (Virvilis et al., 2003). This find-
ing can probably be attributed to the fact that M. barbatus
inhabits deep waters with lower temperatures, or to the
fluctuation of salinity (Pourmozaffar et al., 2020). How-
ever, the actual loss of bivalve production in the The-
rmaikos Gulf is difficult to attribute solely to marteiliosis,
and only speculations are possible. Overall, environmen-
tal conditions and low water quality can weaken the ther-
mal tolerance of bivalves, leading to disease or death of
the most vulnerable species (Audemard et al., 2001; Car-
ella et al., 2018).

Compared to Marteilia spp., Bonamia spp. have not
been detected so far in any bivalve species along the
coastlines of Greece. Specifically, the species B. ostreae,
a Haplosporidian protozoan parasite (Carnegie and
Cochennec-Laureau, 2004), infects haemocytes of flat
oysters O. edulis, inducing physiological malfunction.
Infection is often fatal, depending on host and environ-
mental conditions. In Europe, B. ostreae was first
described in France (Pichot et al., 1980) as the causative
agent of serious mortalities in this native species. Since
then, it has been responsible for a drastic decrease in O.
edulis production in different farming areas along the
European Atlantic coast (Carnegie and Cochennec-
Laureau, 2004). Although natural populations of O. edulis
species occur in several marine areas of Greece, this

parasite has not been detected. However, a recent inves-
tigation based on both histopathology and molecular
markers revealed the presence of the species Hap-
losporidium pinnae, which belongs in the same family
with Bonamia spp. (Haplosporidiidae), in Pinna nobilis
(Lattos et al., 2020a). The rest of the parasite species
reported in Table 2 have only sporadically been reported,
and their impacts on bivalves’ physiological performance
are unknown.

In addition to Martelia spp., several other parasites
have been detected in the cultured mussels. However, lit-
tle is known regarding their distribution and the physiolog-
ical impacts on bivalves. The ciliate Ancistrum mytili is
common in the gills of M. galloprovincialis from the The-
rmaikos Gulf and is considered to be more symbiotic than
parasitic (Bower et al., 1994; Villalba et al., 1997).
Rayyan et al. (2006) reported that the condition index
(Cl) was not affected, and the tissues of the mussels’
hosts were not damaged either. However, the infection
could be harmful under unfavourable conditions. The
high prevalence of A. mytili in the Thermaikos Gulf is sim-
ilar to that found in mussel cultures in north-western
Spain (Villalba et al., 1997). The Steinhausia mytilovum
(Field, 1924), a microsporidian parasite, has also been
detected in the cultured mussels in the Thermaikos Gulf
(Rayyan and Chintiroglou, 2003). In contrast to A. mytili,
however, it infects the cytoplasm of mature mussel
ovocytes and the CI of infected mussels, inducing a
strong hemocyte infiltration inside affected gonadal folli-
cles. The rate of parasite infection appears to be highly
correlated to the pollution in the Thermaikos Gulf. The
turbellarian Urastoma cyprinae (Graff, 1882) was found
to inhabit the mantle cavity between the lamellae of the
demibranchs of mussels M. galloprovincialis. The pres-
ence of U. cyprinae causes pathological reactions in its
host, the combined effects of which result in disorganiza-
tion of the gill filaments. The turbellarian induced a heavy
infiltration by blood cells and subsequent necrosis of the
gill tissues (Robledo et al., 1994; Céaceres-Martinez
et al., 1998). Proctoces maculatus was first reported by
Rayyan et al. (2004). The prevalence and intensity of
these parasites were related to temperature and pollu-
tion. Mussels infested with these parasites had signifi-
cantly lower condition indices than non-infested mussels.
Mytilicola intestinalis appears to be confined to European
waters, including coastal areas of the Adriatic Sea, Medi-
terranean Sea and North Sea. M. edulis and M.
galloprovincialis are believed to be the primary hosts for
M. intestinalis. However, other bivalves are known to be
infested, including oysters, clams and cockles. Histologi-
cal evidence indicates that M. intestinalis causes local
metaplastic changes in the gut epithelium, involving the
replacement of normal ciliated columnar cells with non-
ciliated cuboidal cells. The effects of M. intestinalis on
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the Cl and biochemical constituents of mussels seem to
be strongly related to environmental seasonal variations
with exception of the very highest infestations during
periods of extreme environmental conditions (Davey and
Gee, 1988).

Bacteria and microalgae

Bacteria® Escherichia coli. Among the reported bacteria
species, E. coli is abundant and identified in several marine
areas (Table 3). It is a faecal indicator microbe with a life
history that cycles between two principal habitats: intestines
of endotherms (primary habitat) and environmental water,
sediment and soils (secondary habitats), and differs mark-
edly with respect to physical conditions (e.g. temperature)
and nutrient availability (Savageau, 1983; Petersen and
Hubbart, 2020). Escherichia coli is usually found in the
lower intestine of endotherms and most strains are harm-
less, but some can cause severe food poisoning.

The hydrological characteristics of the Thermaikos Gulf,
including the water discharges from three local rivers and
the effects of urbanization from nearby Thessaloniki, seem
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to explain the high annual reports of E. coli compared to
other marine areas (Fig. 3). Mallin et al. (2009) reported
that faecal coliform bacteria (FCB) concentration was sig-
nificantly higher during rainfall events compared with
drought periods, since increased rainfall causes greater
wash-off of FCB colonies from soil surfaces. On the other
hand, bacteria populations in surface water have been
shown to decrease or be susceptible to inactivation in the
presence of increasing temperatures (Schijven and de
Roda Husman, 2005; Blaustein et al., 2013). Solié
et al. (2010) reported that E. coli concentration in M.
galloprovincialis and oysters depended on the concentra-
tion of E. coli in the surrounding seawater and the rate of
filtration of seawater by bivalves, a process that is highly
controlled by temperature and salinity. Also, recent investi-
gations suggest that climate change, due mainly to a pro-
jected increase in precipitation, may increase E. coli
concentration in Western European surface waters
(Vermeulen and Hofstra, 2014). Morphometrical parame-
ters, lipid peroxidation and oxidative stress have been cor-
related to chronic exposure of the freshwater mussel
Diplodon chilensis to E. coli (Sabatini et al., 2011).
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Fig. 3. Most probable number (MPN) of E. coli detection incidence in main Regional Units for the period 2013-2020: (A) Thermaikos Gulf,
(B) Kavala-Rodopi-Alexandroupoli, (C) Pieria-Imathia and (D) Saronikos Gulf-Islands.
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Salmonella spp.. Salmonella spp., a genus of Gram-
negative bacteria, belongs to the family
Enterobacteriaceae and is an important foodborne patho-
gen worldwide, known for causing a disease called sal-
monellosis. Low frequency of Salmonella spp. has been
reported for several Regional Units of Greece. Overall,
there is a general burden of the Greek seas with almost
constant presence of E. coli and rarely of Salmonella
spp. However, according to the infectivity limits of the
Ministry of Rural Development and Food, the permissible
reference limits of Salmonella spp. must be zero due to
the infection it causes. Also, it should be noted that the
rapid reactions of bivalves to the bacterial load of water
indicate that bacteria do not penetrate their tissues but
remain in the digestive gland, gills, or on the mantle sur-
face. Their removal from these tissues is based on the
process of purification in order to make them suitable for
human consumption (Hastings and Heinle, 1995).

Shigella spp.. Shigella is a genus of Gram-negative bac-
teria, facultative anaerobic, genetically closely related to
E. coli. Vantarakis et al. (2000) detected Shigella species
in M. galloprovincialis by applying a multiplex PCR
assay. Several investigations report that the incidence of
shigellosis is positively associated with temperature and
precipitation, and it is predicted that climate change will
increase the incidence of shigellosis in the future. How-
ever, further investigations on the association of shigello-
sis with climate and identification of populations
vulnerable to climate change by region are necessary
(Song et al., 2018).

Vibrio spp.. Members of the genus Vibrio (e.g. V.
cholerae and V. parahaemolyticus) have been detected
recently in some areas of Crete (Economopoulou
et al., 2017) (Table 3). Furthermore, a recent Next Gener-
ation Sequencing analysis of partial 16S rRNA bacterial
sequence revealed the presence of various Vibrio spe-
cies in P. nobilis specimens (Lattos et al., 2020b). Vibrio-
related infections are increasing worldwide, both in
humans and aquatic animals. The ecology of Vibrio in
coastal waters is intimately related to biotic and abiotic
factors. These interactions are also important for Vibrio
transmission from the aquatic environment to humans.
Vibrio spp. are associated with protozoa, plankton,
plants, bivalves, fishes, birds and a variety of abiotic sub-
strates, such as detrital chitin and inorganic particles
(Vezzulli et al., 2010). Among other variables affecting
such interactions, temperature seems to play an impor-
tant role in the appearance of Vibrio spp. The synergistic
effects of pathogen V. splendidus and seawater acidifica-
tion impact the bioenergetic status of oysters, which lose
their capability to maintain their viability under oxidative
stress (Cao et al., 2018b).

Listeria spp. and other bacteria species. The species
Listeria monocytogenes is a food-borne pathogen
detected in mussels and in various types of seafood,
including shrimps, lobsters, crabs and fish (Elliot and
Kvenberg, 2000; Rodas-Sudrez et al., 2006). Soultos
et al. (2014) demonstrated that L. monocytogenes is not
commonly found in mussels harvested in the North
Aegean Sea. However, there the potential for mussels to
be contaminated by other Listeria species is high. For
example, the species L. innocua has been identified in
samples of mussels (Papadopoulou et al., 2007).

Apart from the aforementioned bacteria species, mus-
sels may be hosts for other harbouring pathogens bacte-
ria species, such as Proteus vulgaris and Proteus
mirabilis, Yersinia enterocolitica, Staphylococcus aureus
and Pseudomonas fluorescens (Table 3). Analyses using
16S rRNA gene sequencing showed that cultured oysters
are potentially hosts of P. mirabilis (Fernandez-Delgado
et al., 2007). Yersinia enterocolitica is an enteric bacteria
responsible for the zoonotic disease yersiniosis. Several
species have been reported as potential asymptomatic
carriers of Y. enterocolitica, including rodents, rabbits,
cattle, sheep, horses, goats, poultry, seagulls, dogs and
cats. Also, the species P. fluorescens has been studied
mainly in dreissenid mussels and there is evidence that
the mode of action of the strain Pf-CL145A is intoxication,
not infection, and that mussel deaths occur following lysis
and necrosis of the digestive gland and sloughing of
stomach epithelium (Molloy et al., 2013). In Greece, the
first report for the presence of the previously mentioned
species in bivalves was recorded for M. galloprovincialis
from the island Crete (Papadopoulou et al., 2007). How-
ever, little is known concerning their distribution along the
Greek coastlines, and even less regarding their impacts
on bivalve physiological performance.

Microalgae

As reported elsewhere, 61 identified HAB species (toxic,
potentially toxic and high biomass producing algae)
have spread across the Greek coastline during the last
30 years. Among these, certain algae (16) were associ-
ated with the occurrence of important HAB incidents
causing damage in the marine biota and the water qual-
ity (Koukaras and Nikolaidis, 2004; Nikolaidis
et al., 2005; Aligizaki and Nikolaidis, 2006; Aligizaki
et al., 2008; Theodorou et al., 2017a, 2017b). Similarly,
the analysis of the data obtained in the present work
indicates a widespread of Dinophysis spp. microalgae
along the Greek coastlines (Fig. 1). However, its abun-
dance differs by Regional Unit. Specifically, Dinophysis
spp. are abundant in the Thermaikos Gulf, Pieria-
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Imathia, while the Pseuonizchia spp. are abundant in
Kavala-Alexandroupoli and Rodopi (Fig. 2).

Dinophysis spp. produces one or two groups of lipo-
philic toxins: (i) okadaic acid (OA) and its derivatives, the
dinophysistoxins (DTXs), and (ii) pectenotoxins (PTXs)
(Yasumoto et al., 1980; Reguera et al., 2014). The OA
and DTXs, known as DSP toxins, are acid polyethers that
inhibit protein phosphatase and have diarrheagenic
effects in mammals. Filter feeding bivalves retain toxic
planktonic microalgae and other suspended matter, act-
ing as vectors of the toxins through the food web, and
bivalves contaminated with DTXs are a threat to public
health. Previous works reported that the Thermaikos
Gulf, the Maliakos Gulf in Central Greece and the Sar-
onikos Gulf in South Greece have all been subjected to
DSP events caused mainly by D. ovum and D. acuminata
(Prassopoulou et al., 2009; Louppis et al., 2010).

In contrast to the Thermaikos Gulf, however, Pseudo-
nitzschia spp. are abundant in the Regional Unit A
(Fig. 1). Consequently, local suspension-feeding bivalves
are important vectors of domoic acid (DA), a neurotoxic
amino acid produced by diatoms mainly of the genus
Pseudo-nitzschia spp. and the causative agent of ASP
(Trainer et al., 2008). Numerous studies have pointed out
the physicochemical variables that affect DA production
by Pseudo-nitzschia species. Most targeted macro- and
micronutrients (e.g. Si, N, P, Fe and Cu) involve tempera-
ture, irradiance and pH (Bates and Trainer, 2006; Lelong
et al., 2012; Trainer et al., 2012). Additionally, other stud-
ies identified salinity as an important factor affecting
growth, seasonality, distribution and DA production of
Pseudo-nitzschia spp. (Lelong et al., 2012; Lim
et al., 2014; Bargu et al., 2016). Furthermore, light inten-
sity, photoperiod, river flow, rainfall, or upwelling and fac-
tors controlling nutrient availability affect Pseudo-
nitzschia spp. distribution and bloom dynamics Torres
Palenzuela et al., 2019). The seasonal variations in
Pseudo-nitzschia spp. and DA concentration were inves-
tigated at three shellfish farms in SW coastal Mediterra-
nean, and the results suggest that temperature, salinity,
and inorganic and organic nutrients were significant for
the seasonal dynamics of P. seriata and P. delicatissima
groups (Garali et al., 2020).

In addition to the microalgae species mentioned above,
other harmful microalgae species have been identified in
Greek seas (Table 4), including the dinoflagellates gen-
era Alexandrium, Pyrodinium, and Gymnodinium, and
their geographical distribution is shown in Fig. 1. Algae of
these species (named ‘red tides’) produce saxitoxins in
shellfish, and consumption of contaminated tissues may
lead to PSP and death in humans because of muscle
paralysis and cardiorespiratory failure (McGillicuddy
Jr. et al., 2014). In addition to STXs, tetrodotoxins (TTXs)
are compounds that are chemically different from STXs,
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synthesized by cyanobacteria, and present in freshwater
ecosystems that produce a similar paralytic syndrome in
cattle, birds and fishes. First detection of TTXs in Greek
shellfish was reported by Viamis et al. (2015).

Overall, the relationship between temperature, growth
and toxin production by harmful microalgae is poorly
understood. As reported elsewhere, temperature
increases (up to 25°C) generally promote the growth of
Dinophysis spp. and an increase in the production of
diarrhetic shellfish toxins (Kamiyama et al., 2010). How-
ever, for other toxin-producing species, including
Alexandrium spp., inverse relationships between toxin
production and growth rate have been described. Less
clear is the impact of warming on toxin production by cya-
nobacteria including Microcystis aeruginosa, Planktothrix
agardhii, and Dolichospermum spp. (formerly Anabaena
spp.) (Griffith and Gobler, 2020 and references cited
herein). Several studies demonstrated that warming
might stimulate the production of microcystins, a group of
cyclic heptapeptides causing acute and chronic effects
derived from their endocellular activity and protein phos-
phatase inhibition. In a recent study, microcystin-RR and
microcystin-LR were detected for the first time in mussel
M. galloprovincialis, harvested from farms in the The-
rmaikos Gulf (Kalaitzidou et al., 2021).

While HABs have been studied mostly in relation to
public health, another fundamental issue is their direct
effect on filter-feeding bivalves (Shumway, 1990; Oda
et al., 2001; Landsberg, 2002). Experimental studies indi-
cate that HABs can modulate bivalve—pathogen interac-
tions in various ways, including alteration of immune
defence and physiological malfunctions (for an extended
review see Lassudrie et al., 2020). Previous studies indi-
cated that Dinophysis spp. producing PTXs induce
hypersecretion of mucus and pseudofaeces, paralysis,
alteration of the tissues within the digestive gland, and
reduced escape response in adult scallops (Basti
et al., 2015). McCarthy et al. (2014) demonstrated that
exposure of adult Pacific oysters and blue mussels to OA
resulted in increased DNA fragmentation. Further studies
also underlined modified hemocyte functions in Mediter-

ranean mussels (Malagoli et al., 2008; Prado-Alvarez
et al.,, 2012) and carpet shell clams (Prado-Alvarez
et al., 2013) when exposed to Dinophysis spp. and their
toxins. In mesocosm experiments, Perna viridis sub-
jected to simulated climate change (warming and/or
hyposalinity) and simultaneously exposed to harmful bac-
teria and/or toxin-producing dinoflagellates indicated sig-
nificant interactions between the above applied
experimental conditions with the metabolic and immu-
nobiological malfunctions. Moreover, stimulated stress
responses and detoxification processes were not enough
to protect digestive gland cells from the toxicity caused
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by accumulated STX, as indicated by the increased oxi-
dative stress and immunotoxicity in two oyster species
(Cao et al., 2018b). Given that the depuration of STX
within bivalves can be slowed by warming and acidifica-
tion, this toxin may be retained for longer periods of time,
increasing the risk to bivalve health (Braga et al., 2018).
Several studies revealed changes in metabolic pathways
related to protein folding and stabilization, cytoskeleton
structure, gene transcription/translation, feeding, behav-
iour, and energy balance in mussels after exposure and
feeding toxic cyanobacteria (Juhel et al., 2006; Oliveira
et al., 2020).

Although biotoxins in shellfish occur only sporadically
in Greece, economic losses and influence on exporta-
tions are occasionally detrimental. However, the most
affected area is that of the Thermaikos Gulf, with an
annual production capacity of approximately 20 000 t of
M. galloprovincialis (Theodorou et al., 2011). The first
documented outbreak associated with a bloom of D.
ovum in the Thermaikos Gulf during 2000 caused losses
worth €5 000 000 to the shellfish industry (Koukaras and
Nikolaidis, 2004). In 2017, harvesting and selling of
bivalves from the marine area of Mazoma in the
Amvrakikos Gulf were forbidden by Official Authorities for
more than a month due to a high concentration of bio-
toxins. More specifically, the total cell number of various
microalgae species producing amnesic biotoxins over-
lapped the limit of 200 000 per litre of seawater.

Fig. 4A depicts the seasonal changes in the values for
Dinophysis spp. and Pseudo-nitzschia spp. at the main
Regional Units where they are detected more frequently.
As shown, the outbreak of Dinophysis spp. is more fre-
quent in the Thermaikos Gulf and during spring and sum-
mer. On the contrary, less frequent outbreaks are
reported for the Pseudo-nitzschia spp. which seems to
be detected throughout the year. Conversely, spring and
summer represent the two seasons with the higher per-
centage of reports for Dinophysis spp. in Pieria-Imathia.
Spring seems to be the main season with the higher inci-
dence of Pseudo-nitzschia spp. in the Regional Unit A
(Fig. 1). Further analysis of the obtained data revealed
that, overall, the highest percentage of outbreaks take
place during spring and summer (Fig. 4B).

Bivalve food poisoning incidence

The ability of pathogen species to survive in seawater or
to reproduce in the bivalve hosts under particular
physiochemical conditions may prove dangerous for
human health. On the other hand, the driving forces of
evolutionary processes may cause the appearance of
strains most detrimental to humans. For example, a strain
of E. coli producing Shiga toxin (STEC) can cause severe
symptoms such as stomach cramps, diarrhoea (often

bloody) and vomiting. Recent investigations reported that
increased temperatures can result in alterations in E. coli
gene expression, favouring the occurrence of E. coli
0157 strain (Philipsborn et al., 2016). Also, studies on
temperature adaptation, using E. coli strains and culture
conditions, have shown that mutations in genes affecting
a wide array of cellular processes can improve fitness of
E. coli at elevated temperatures (Deatherage et al., 2017;
Lenski, 2017).

A recent study estimated that approximately 93.8 mil-
lion human cases of gastroenteritis and 155 000 deaths
occur due to Salmonella infection worldwide each year
(Hoelzer et al., 2011). It is usually characterized by acute
onset of fever, abdominal pain, diarrhoea, nausea and
sometimes vomiting. Usually, symptoms of salmonellosis
are relatively mild, and patients usually recover without
specific treatment. However, in some cases, especially in
children and elderly patients, dehydration can become
serious and life-threatening. Although large Salmonella
outbreaks usually attract media attention, 60%—80% of
all Salmonella cases are not recognized as part of a
known outbreak and are classified as sporadic cases or
not diagnosed at all.

There is consistent evidence that gastrointestinal infec-
tion with this bacterial pathogen species is positively cor-
related with ambient temperature, as warmer
temperatures enable more rapid replication and therefore
increase rates of Salmonella infections (Mills
et al., 2010). Climate, weather, topology, hydrology and
other geographical characteristics of the growing site
may influence the magnitude and frequency of transfer of
pathogenic microorganisms from environmental sources
to humans (World Health Organization Food Safety
Report-WHO, 2011). Overall, the transmission of Salmo-
nella to humans is a complex ecological process, and ill-
nesses caused by this species are more common when
temperatures are higher. Warming, in combination with
differences in eating behaviour, may contribute to intesti-
nal infections including Salmonella infection (Luber
et al., 2014; Liu et al., 2018). Regression and neural net-
work models were used to determine the correlation
between increase in temperature and increase in Salmo-
nella outbreaks. Both models showed a strong positive
correlation between increase in temperature and Salmo-
nella infections.

Waterborne outbreaks of Shigella spp. have been
reported sporadically for different areas in Greece and it
seems to be related to drinking water (Maraki
et al., 2003; Koutsotoli et al., 2006). Shigellosis is usually
transmitted from person to person in households,
although outbreaks due to contaminated food or water
are not uncommon. In most cases, however, the occur-
rence of poisoning in patients is not studied in such a
way as to identify the cause and the infectious agent,
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(c) Thermaikos Gulf and (d) Regional Unit A during the period 2013-2020. Values give the averaged concentrations Dinophysis spp. per month.
B. Seasonal (Winter, Spring, Summer and Autumn) abundance (%) of Dinophysis spp. and Pseudo-nitzschia spp. in several marine areas.

while data concerning poisoning cases are kept in hospi-
tal files where the patients have been treated but are not
published for scientific purposes. Moreover, there is an
ambiguity as to the cause of the poisoning cases. For
example, although the presence of Shigella spp. and the
existence of cases of infection after consumption of con-
taminated food in Greece are positively correlated
(Mellou et al., 2013), it is not specified whether the food
belonged to the category of vegetables or edible bivalve
molluscs.

Human poisoning because of V. parahaemolyticus out-
break occurred in Spain in 1999 and was associated with

the consumption of raw oysters (Lozano-Leon
et al., 2003). More recently, two new cases of acute gas-
troenteritis caused by V. parahaemolyticus occurred in
Central ltaly in 2008 (Ottaviani et al., 2010), with both
patients consuming local mussels.

Listeriosis causes serious symptoms, including septi-
cemia, abortion, liver failure and meningitis, especially
among susceptible people like immuno-compromised
individuals and pregnant women (Dhanashree
et al., 2003). Most of the aforementioned bacteria are
heat labile and adequate cooking will inactivate them.
However, improper handling and cross-contamination or
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raw seafood eating habits might pose a health hazard,
and especially to susceptible populations such as the
immune-suppressed, children and the elderly
(Papadopoulou et al., 2007).

Overall, bivalve molluscs poisoning is minimal in
Greece. This could be explained by the low incidence
reporting. The region of the Thermaikos Gulf continues to
exhibit the highest levels of OA as is indicated by data
obtained from the monitoring program for marine bio-
toxins 2018-2020 (Fig. 2C) (Kalaitzidou et al., 2017). His-
torically, in January 2000, 120 persons of both sexes,
aged 8-70 years, visited emergency departments of hos-
pitals in Thessaloniki area with acute non-febrile gastro-
enteritis after consuming mussels (M. galloprovincialis).
The predominant symptoms reported by patients were
diarrhoea, nausea, vomiting, abdominal cramps and
chills, which persisted for more than 24 h. The symptoms
were directly connected to the consumption of mussels
collected from the Thermaikos Gulf in 2003. The detec-
tion of DSP marine biotoxins was conducted by mouse
bioassays. The bioassays revealed toxicity to mice from
mussel specimens, while large numbers of toxic algae D.
acuminata were detected in water samples from The-
rmaikos Gulf. The harvesting of mussels was immedi-
ately suspended, and a blooming microalgae monitoring
program was established. During the monitoring of mus-
sel toxicity from January 2000 to January 2005, two
specimens of mussels positive for DSP were found, one
of which was harvested in March 2001 from the event
area (Thermaikos Gulf)-western Greece (Amvrakikos
Gulf). However, sporadic cases or outbreaks were not
reported during this period (Papadopoulou et al., 2007).
In February 2010, there was a simultaneous increase in
gastroenteritis cases in Lemnos, Lesvos and Agios
Efstratios (North Aegean islands). A retrospective cohort
study on the most isolated island of Agios Efstratios, con-
sidering the population under study, showed that the con-
sumption of shellfish introduced into the island from
Kavala (Regional Unit A) was significantly correlated with
the onset of gastrointestinal symptoms. The fact that clini-
cal and environmental samples were not collected meant
that there was no opportunity to link Agios Efstratios inci-
dence with the increased incidence of gastroenteritis in
two other islands, Lemnos and Lesvos.

Evidence for future synergistic effects of climate
change components and physiological constraints of
bivalves

Climate change not only directly impacts marine environ-
ments by shifting water temperatures, salinity, pH and
dissolved oxygen concentrations but may also indirectly
contribute to the emergence of additional ecosystem
stressors, such as infectious diseases that affect the

health of both aquatic organisms and humans
(Sunagawa et al., 2015; Borbor-Cordova et al., 2019;
Bramwell et al., 2021). Perkinsus spp. outbreaks present
a clear example of spatial distribution influenced by
global warming, resulting in significant mortality events
and depressed production of marine molluscs on the
Mediterranean coasts (Villalba et al., 2004, 2005). The
Mediterranean Sea is now recognized as a hotspot of
global change, ranking among the fastest warming ocean
regions (Moullec et al., 2019). Climate change will con-
tinue to intensify within coastal zones throughout this
century (Doney et al., 2012; IPCC, 2014), while climate
projections indicate a potential increase in SST of 1-—
1.5°C in the eastern Mediterranean, Aegean and Adriatic
Seas by 2050, with summer SST regularly surpassing
29°C in the south-eastern Mediterranean (Lovato
et al., 2013). Analysis of climatic data during the last
25 years indicates a continuous increase in the mean
annual temperatures and especially those of summer
months (see Fig. 6, plots A and B respectively). Despite
the differential distribution of bacteria and microalgae
species pathogens along the Greek coastlines, a faster
emergence of pathogens outbreaks, especially the ther-
mopile species, is expected. Furthermore, recent investi-
gations showed a general increase in frequency, intensity
and depth penetration of marine heat waves in the com-
ing decades along the Greek coasts, up to at least 12 m
depths (Galli et al., 2017). According to these investiga-
tions, toxic microalgae grow not only on the surface but
also at deeper levels. Available data indicate that the dis-
tribution of most bivalve species ranges between 2 and
15 m depth in the Thermaikos Gulf, strongly indicating
future impacts on these species because of climate
change (Fig. 6, box D).

Comparatively, the Thermaikos Gulf exhibits higher
diversity and more intense outbreaks of pathogens
seasonally than the other examined marine areas. It
has been suggested that the hydrological regimes and
the resulting environmental conditions favour the
appearance of the most examined microalgae species
in the Thermaikos Gulf (Nikolaidis and Moustaka-
Gouni, 1990). Most of the freshwater inputs to the The-
rmaikos Gulf originate from Axios, Aliakmon, Pinios
and Gallikos rivers, occurring between November and
early in June (Poulos et al., 2000), which coincides
thoroughly with Dinophysis spp. outbreaks. However, it
is worth investigating the role of particular environmen-
tal factors by region favouring the abundance of spe-
cific microalgae species. The latter is mainly obvious
for Dinophysis spp. and Pseudo-nitzschia spp. in the
Thermaikos Gulf and Kavala Bay respectively. Varkitzi
et al. (2018) reported a close relationship between the
frequency of Pseudo-nitzschia spp. with silicates and
nitrates in the Maliakos Gulf.
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Temperature levels of 25—-26°C are commonly reached
during summer over large areas of the Mediterranean
Sea, especially in shallow water coastal ecosystems.
These temperatures have been identified, at best, as an
upper limit for mussels’ normal physiological activities
(see Fig. 6, plot E — Anestis et al., 2007, 2010; Rodrigues
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et al., 2021). According to preferred temperatures for the
bivalve species listed in Table 1, it becomes clear that
temperatures beyond 22°C will likely trigger physiological
constraints in the bivalve species inhabiting the
corresponding Regional Units. The present analysis indi-
cated that the Regional Units in Greek coasts, where

et al, 2015; Feidantsis et al., 2020, 2021; Lupo bivalves are either cultured or harvested from wild
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Fig. 5. Monthly temperature (SST), chlorophyll-a (Chl-a) and salinity variations in the most important marine areas in Greece. The seasonal cycle
of SST was calculated based on the available 10 years of observations (January 2009 to December 2020). The seasonal cycle of Chl-a was
assessed based on 22 years of data (January 1998 to December 2020). The monthly changes in salinity were computed over the time period
1960-2011 to represent the overall long-term seasonal cycle in the areas of interest. In most of the examined areas SST values increases signifi-
cantly during the summer period, with the highest levels observed mainly in August. In several of these areas, such as Thermaikos Gulf, Kavala
and Alexandroupoli, salinity and Chl-a levels decreased concomitantly to the SST increase. However, in the Saronikos Gulf, Maliakos Gulf and
Mytilini, the decrease of Chl-a levels during the summer period was not as intense as in the aforementioned areas. This decrease was also
accompanied with milder variations in the salinity levels of these areas. It should be noted though that in Amvrakikos Gulf the decrease in Chl-a
levels during summer was not accompanied by a decrease in salinity levels which in general remained stable, while in Pagasitikos the decrease
in salinity levels was accompanied with fairly stable levels in Chl-a levels during the same period.
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populations, exhibit SSTs higher than the upper thermal
limits of mussels during summer (Fig. 5). Mussels from
several Mediterranean Sea production areas, including
Regional Unit A (Kavala), B (Thermaikos Gulf) and C
(Maliakos Gulf), experienced mortality episodes in recent
years as a consequence of summer heat waves
(Rodrigues et al., 2015). Moreover, mass mortalities of
benthic organisms reported in the Mediterranean Sea
were attributed to climate-related constraints, as global

warming caused hypoxic—anoxic conditions and higher
vulnerability to disease (Bally and Garrabou, 2007). Sum-
mer 2021 was especially catastrophic for mussel produc-
tion in the Regional Units of production in Greece as a
result of marked mortality of mussels from wild and
farmed populations because of the elevation of sea tem-
perature up to 32°C, a temperature that was sustained
for 30 days in many marine areas (B. Michaelidis, Per-
sonal observations and records).

Global warming
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Fig. 6. Proposed model integrating the potential impacts of global warming, pollution, ocean acidification, urbanization, pathogens and food avail-
ability on bivalve physiological performance. The plot (A) indicates the seasonal SST values in 1990s, 2000s and 2010s, while the plot
(B) indicates the increasing trend in SST values during summers months and for the period 1985 to 2020. Both plots show a shift of annual tem-
peratures towards higher values and a gradual increase in the mean temperatures of summer months respectively. The plot (C) simulates the
patterns of seasonal changes in temperature and food availability during the last 20 years. As shown, summer months are characterized by high
temperatures and low food availability. The box (D) underlies the presence of pathogens in the sea water and the body of mussels. Urbanization,
global warming and agricultural pollution are expected to accelerate the development of pathogens and to favour the appearance of new patho-
gen strains. Also, conditions favouring the synergistic effects of the above factors will trigger significant immunological and physiological con-
strains in several bivalve species. The plot (E) simulates the thermal limits and the physiological performance curve for the mussel M.
galloprovincialis (for further details see Anestis et al., 2007, 2010; Feidantsis et al., 2020). Tpl and Tpll characterize the lower (Tpl) and higher
pejus (Tpll) temperatures respectively. T, (critical temperatures) indicates the onset of anaerobic metabolism, while T4 (denaturation tempera-
tures) indicates the onset of heat induced loss of structural integrity at the molecular level (for further explanation see Pértner, 2010).
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However, global warming is only one component of cli-
mate change and elevation of temperature is likely to act
in tandem with other increasing anthropogenic distur-
bances such as pollution, eutrophication, overexploitation
of resources, habitat modification and destruction, all of
which played a major role in altering the structure and
functioning of ecosystems such as mussel farms
(Portner, 2010; Rosa et al., 2012). Among these pro-
cesses, those contributing to the supply or regeneration
of biologically important nutrients are particularly influen-
tial in determining productivity rates. Longer summers
resulting in lower runoffs are expected to influence food
availability for bivalves. The pattern of changes in food
availability, as estimated by the content of Chl-a, show
lower energy intake via food during the summer (Fig. 6,
plot C). Less food, and therefore energy, intake will
further weaken bivalves’ defences against stressful
conditions (Sokolova, 2013). Moreover, the continuous
increase in the magnitude and duration of urbanization,
pollution and eutrophication might favour the appearance
of new strains harmful for bivalves and human health
(Spatharis et al., 2007). A recent study revealed the exis-
tence of several species that may be potentially toxic in
the future for the Thermaikos Gulf (Genitsaris et al.,
2019). In this context, studying bivalves’ mortalities
through a metagenomics perspective may largely contrib-
ute to understanding the appearance and involvement of
new pathogen species in mortality outbreaks by compar-
ing the microbial profiles of animals and seawater in sites
where mortality occurs versus sites with a non-mortality
context, or before versus during the course of mortality
events. Taking into consideration the thermal limits and
physiological performance of mussels (Fig. 6, plot E) it
becomes clear that climate change will favour the syner-
gistic effect of relative components resulting in significant
immunological and physiological constraints on bivalve
species, as is presented in Fig. 6.

Overall, a complex pattern of interactions is expected
between the organism and several habitat conditions
(e.g. temperature, salinity, food availability), which will
shape the actual range of temperatures to which the
organism is exposed and can tolerate. Investigating
these relationships and modelling the environmental con-
trol of marine species growth is essential in sustainable
management of coastal ecosystems. Recent investiga-
tions reported a decline of mussel aquaculture in the
European Union and highlighted the economic impacts
on mussel farming during the next years because of the
synergistic effects of several environmental factors
(Avdelas et al., 2021). Also Theodorou et al. (2020) esti-
mated that continuous closures of harvesting sites due to
HABs, lasting more than 4-6 weeks during spring and
summer, could be catastrophic for the local economy.
Therefore, in the context of both human health and
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economic loss reduction, as bivalve diseases become
emergencies, massive efforts need to be employed for
the improvement of the microbiological quality of the
product. Accordingly, the development of new practices
for sustainable aquaculture becomes urgent as a mea-
sure to anticipate the dramatic reduction in the natural
harvesting populations (Pernet and Browman, 2021).
Decision-making stakeholders and increases in the
awareness of the threats posed by marine diseases may
lead to policy frameworks facilitating the responses and
management that marine disease emergencies require
(Groner et al., 2016).
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