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ABSTRACT

Global warming remains a neglected environmental challenge for the sustainability of primary production, particularly aqua-
culture, which is highly susceptible to the spread of established pathogens and the induction of emerging infectious diseases
under warming conditions. Over the past decade, Europe has experienced dramatically high temperatures that may impact both

farmed fish and their pathogens in a largely unpredictable manner. While, in general, warming may boost the rate of disease

transmission and its virulence by increasing pathogens’ fitness in weakened hosts, some diseases characteristic of cooler environ-
ments may become rare. Field data is still largely fragmented, but in vitro experiments reveal that almost 28 microbial diseases
in European finfish farming could be facilitated by climate warming. Innovative mitigation tools, such as fish selective breeding,

epigenetic programming, the development of new vaccines, and alternative treatments, may prove essential in coping with the

effects of rising water temperatures on fish diseases in Europe.

1 | Introduction

1.1 | The Increase in Temperature in European
Water Bodies

Climate change (CC) is undoubtedly the most significant envi-
ronmental challenge facing the world today, resulting in long-
lasting environmental changes from the tropics to the poles
[1]. Global warming (GW) is perhaps the best-known and
most severe effect of climate change (CC), representing one of
the main long-term drivers of economic, social, and environ-
mental changes that affect all types of primary production,

including aquaculture [2]. Global warming raises air [3] and
sea surface temperatures [4], with water temperature in-
creases projected to reach between 1°C and 4°C by the year
2100 [5]. The European temperature is already ~2.3°C above
the pre-industrial average and 0.8°C above its 1991-2020 av-
erage [6], affecting seas, lakes, and rivers [7] at a faster rate
than in other continents. For example, temperatures in the
Mediterranean Sea were significantly over average during the
last decade, with anomalies reaching 5°C [8]. This region, a
semi-enclosed basin with low water exchange, appears excep-
tionally susceptible [9], with a warming rate of 0.6°C per de-
cade, compared to the average ocean warming of 0.1°C [10].
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Moreover, European lakes are facing a significantly faster
temperature shift of 0.5°C per decade [8], leading also to high
evaporation.

1.2 | The Effect of Global Warming on
Aquaculture

While the effects of global warming seem detrimental in all
production sectors, they can be more complex in aquaculture
than in livestock due to the greater variety of species produced,
as well as the diminished ability to control farming conditions
[11]. The general effects of GW on aquaculture have been re-
viewed in recent years at both regional and global levels and
therefore will not be discussed here [11-17]. Direct and indi-
rect GW drivers are now regarded as responsible for changes
in aquaculture at both short- and long-term levels [18]. Short-
term changes include the loss of production and infrastruc-
ture due to extreme events, increased disease outbreaks, and
the emergence of alien pathogens, as well as increased inci-
dences of toxic algal tides, as short-term consequences. In con-
trast, water chemistry changes, scarcity of wild marine seed,
and limited access to materials from marine and terrestrial
sources, decreased productivity and eutrophication are some
of the long-term consequences [18].

Although GW has emerged as a serious threat to most develop-
mental and production activities [15], it is essential to consider
that the predicted impacts will not necessarily be negative in all
cases. Due to an uneven distribution of GW across the globe,
some regions will experience potentially detrimental changes,
while others may suffer less impactful changes or even potential
improvements. Similarly, aquaculture is not practiced uniformly
throughout the world, and this heterogeneity must be consid-
ered to assess the possible impacts of GW objectively. The var-
ied climatic regimes, environments, and broad range of farmed
taxa, with different vulnerabilities to climate effects, present a
serious challenge in devising mitigation policies. For example,
most aquaculture production is concentrated in inland freshwa-
ters, mainly in the tropical and subtropical regions of Asia [19],
where the GW effects are considered relatively low [20], as the
rise in water temperatures tends not to exceed the optimal range
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for cultured species [18]. In contrast, open water systems, such
as cage fish farming, the predominant practice in European and
global marine aquaculture, are expected to suffer more from the
GW effects, and adaptive measures will necessitate the intro-
duction of improved technologies to withstand extreme weather
events [11, 21].

Considering that temperature plays a critical role in the per-
formance of aquatic farmed species, including growth and re-
production, increasing water temperatures may significantly
impact aquaculture practices in temperate zones by exceeding
the optimal temperature range of the species currently cultured
[18]. The cost of aquaculture is already being affected, as GW is
impacting the supply of fishmeal and fish oil [22], increasing the
feed price and thus the overall cost of the final products.

Diseases of cultured fish induced by various types of pathogens
are inevitably affected by changing thermal regimes, but in a
largely unpredictable manner. The impact of rising tempera-
tures on fish diseases remains to be seen. Higher temperatures
are known to increase the virulence of specific pathogens [23].
In addition, reduced resistance due to stress and immunosup-
pression in farmed animals, as well as consequent increased
disease transmission, further aggravate the situation. Therefore,
it has been suggested that the challenges related to diseases
in cultured fish induced by various types of pathogens will
be inevitably exacerbated by a changing thermal regime, and
warmer conditions may facilitate the establishment of exotic
diseases [24].

The higher-than-global-average warming of European air and
surface water may disproportionately affect its primary produc-
tion. European farmed fish production in open surface waters
remains a growing industry (2,865,072 tons in 2022) [25], with
marine cold-water species representing approximately 70% of
total production, freshwater species making up 14%, and ma-
rine Mediterranean species (warm-water) accounting for 16%.
Norway remains the dominant producer in Europe, particu-
larly in the marine environment, with more than 50% of the
total supply (Figure 1), mainly consisting of Atlantic salmon
(Salmo salar) and large rainbow trout (Oncorhynchus mykiss).
Other major European farmed fish species cultured in saltwater
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FIGURE1 | A.Leadingaquaculture production countries in Europe; B. European farmed fish production percentage per species (modified from

FEAP 2023; https://feap.info/index.php/data/).
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include gilthead seabream (Sparus aurata), European seabass
(Dicentrarchus labrax), meagre (Argyrosomus regius), and turbot
(Scophthalmus maximus) (Figure 1). Common carp (Cyprinus
carpio), and rainbow trout farmed in land facilities represent
the most commercialized farmed finfish European species in
freshwater. In addition, the Senegalese sole (Solea senegalensis),
Atlantic bluefin tuna (Thunnus thynnus), and greater amberjack
(Seriola dumerili) represent emerging marine farmed finfish
species that may potentially be affected by GW.

Global effects of CC and GW have been previously reviewed
for many aquaculture aspects [11, 13, 14, 26-27], therefore, this
study primarily focuses on two currently neglected aspects of
disease in aquaculture: the impact of increased temperature
on (a) pathogen incidence and (b) the pathogenesis of import-
ant diseases infecting both the most commercialized, as well as
emerging farmed fish species in European aquaculture. This
information will help farmers, veterinarians, and policymak-
ers develop a joint health management strategy against GW-
influenced diseases in European finfish farming.

2 | Literature Search and Data Collection

Given the broad scope of the topic on climate effects on diseases
in aquaculture, where specific, exact filters may not be fully ef-
fective, and considering the goal of capturing as much relevant
literature as possible, we employed the following strategy. As nei-
ther Scopus nor Web of Science databases utilize well-curated con-
trolled vocabularies, we used the MeSH thesaurus, maintained by
the National Library of Medicine, and searched PubMed. From the
Basic Veterinary List of 123 journals, we found that PubMed cur-
rently indexes 78% of journals, with only 14 journals being relevant
to the topic and not indexed (the journals on veterinary law, eco-
nomics, or terrestrial animals were not considered). In our search,
performed in April 2023 we combined MeSH terms and subhead-
ings with specific-field criteria (to enhance sensitivity). The search
strategy is described in detail in a Supporting Information entitled
‘complete search strategies’. Overall, the search strategy was struc-
tured around three main lines of inquiry, with an additional AND
term introduced to increase specificity, followed by the application
of exclusion criteria.

1. Fish relevant to aquaculture: The initial list of species was
compiled by experts in the field (GR, FPB, IM). The search
criteria included both scientific and commercial names
of identified species, and allowed for singular and plural
forms.

2. Relevant climate effects: We conducted a comprehensive
search of the MeSH thesaurus to identify terms related
to climate effects. The terms mapped in the MeSH were
then used to construct field-specific criteria, for example,
“Temperature [MeSH] OR Temperature [Title/Abstract]
OR Temperature [OT]”

3. Diseases: To identify studies addressing outbreaks, or
emerging pathogens and diseases we used terms such as
outbreak, or combined keywords emerging or new with eti-
ological keywords (e.g., pathogen, virus, parasite, bacteria,
and disease) using Boolean operators (AND, OR) across
title, abstract, and authors' keyword fields.

4. After combining the first three queries as (#1 AND (#2 OR
#3)), we further increased the specificity of the retrieved
records by requiring that all hits include general pathogen-
related terms such as parasite, virus, or bacteria, or general
keyword such as disease; and their derivates.

5. Exclusion: Finally, to further increase specificity of find-
ings we excluded papers exclusively referring to unrelated
topics such as pollution or fish consumption.

We replicated the search on the OVID platform, which enabled
searches across multiple databases, including AGRICOLA,
a database maintained by the National Agricultural Library,
and Evidence-Based Reviews that may also cover veterinary
topics. The platform can map MeSH terms to correspond-
ing subject headings or keywords within other databases,
ensuring more comprehensive results. The last search was
performed in October 2025, with no limit of language, year
of publication, or study type limitations. Overall, the search
strategy was structured around three main lines of inquiry,
with an additional AND term introduced to increase speci-
ficity, followed by the application of exclusion criteria. The
complete search strategy, including all search queries and the
way they were combined, is presented in Table S1. We then
conducted a hand search of reference lists of included studies,
relevant journals and conference proceedings to identify ad-
ditional studies that may not have been indexed in databases.
In total 560 relevant records were retrieved, including mainly
journal articles, but also books and book sections, technical
reports, and conference papers.

The use of non-EU examples in Section 5 suggests that there are
no equivalent studies within the EU.

3 | Global Warming Is Affecting the Fish and the
Environment in Aquaculture

Most fish species are considered ectotherms, or more commonly
described as “cold-blooded animals,” as their internal metabolic
activity is unable to produce enough heat to control their inter-
nal body temperature [28]. There are a few notable exceptions,
such as partially homeothermic fish (like moonfish) or meso-
thermic fish (like tunas and swordfish), which have a partial
ability to regulate their internal body temperature. The inability
to produce enough heat through their metabolism has signifi-
cant repercussions, as in most fish species, the body's internal
temperature is the same as the surrounding water temperature.
This specific characteristic has significant effects on their me-
tabolism and may also impact various physiological functions,
including growth, feeding, respiration, reproduction, and be-
havior. As fish inhabit aquatic habitats with a wide range of
temperatures, they have developed adaptive allostatic responses
to maintain their homeostatic ranges. However, the capacity to
build and maintain these responses is limited and specific to
each fish species. When environmental conditions, especially
temperature, exceed their allostatic capacities, the physiologi-
cal functions and resilience of the fish are compromised. This is
typically observed under thermal stress, with adverse effects of
specific temperature profiles on the immune system, leading to
lower resilience and a higher risk of disease.
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However, environmental temperature also has a substantial
impact on the physico-chemical properties of water, as well as
several water parameters that have a direct interaction with fish
physiology. Among the most relevant ones, temperature strongly
affects the solubility of dissolved gases, primarily oxygen, as well
as carbon dioxide and nitrogen. In general, lower temperatures
increase gas solubility; therefore, increases in water tempera-
ture associated with GW reduce oxygen availability for living or-
ganisms. Temperature increase can also increase the toxicity of
several chemicals in fish, mainly freshwater [29]. Additionally,
GW increases the rates of water evaporation, resulting in higher
salinities and mineral concentrations in the marine environ-
ment. This consequently alters the hardness in freshwater, with
relevant collateral effects on the solubility of gases and pH of the
water. In some cases, GW may also cause unpredictable heavy
rains in certain areas, resulting in the opposite effects.

Additionally, the impact of increased water temperature on both
microscopic and macroscopic aquatic organisms should not be
overlooked. Temperature is one of the main drivers for the de-
velopment of most microscopic (bacteria, microalgae, aquatic
microfauna) and macroscopic plant, algal and animal commu-
nities, including primary or opportunistic pathogenic species,
harmful species (toxic microalgae, jellyfish), as well as predators
and other species whose presence in the vicinity of the farm may
cause stress to cultured species [30-32].

Lastly, an essential aspect to consider is the direct impact of tem-
perature on the fish's immune system. Much scientific work has
clearly demonstrated the effect of temperature modulation of the
immune response of fish [33]. A transient increase in tempera-
ture can have a positive impact on the clearance of infections
by inducing what is called environmental fever where fish vol-
untarily migrate to water with a higher temperature [34]. But
in contrast, acute and chronic thermal stress has been recog-
nized as relevant factors associated with diseases, poor health,
and compromised welfare in fish [35]. GW may induce a shift in
the magnitude of temperature and exposure length to high tem-
peratures, which clearly increases the risk of diminished health
and welfare conditions and, consequently, the risk of disease in
aquaculture and wild fish populations.

4 | Effects of Global Warming on Pathogens and
Disease Epidemiology in Aquaculture

The introduction of new aquaculture species, the intensification
of production systems, and GW are the main concerns for the
sustainable development of modern aquaculture, particularly
in terms of the emergence and frequency of disease outbreaks.
The transmission of established infectious diseases and the
emergence of new pathogens are both affected by GW. However,
although most host-pathogen systems are expected to experi-
ence more frequent disease impacts with warming, pathogens
that favor lower water temperatures may decline with warming
[36, 37]. Nonetheless, GW can directly affect the biology of the
etiological agent, but also importantly, the host susceptibility
[38] by directly inducing stress-driven immunosuppression,
or indirectly by deteriorating the quality of the farming envi-
ronment (e.g., higher accumulation of particulate matter, hy-
poxia, etc.). Notably, aquatic animals infected with microbial

pathogens mostly show higher mortality at higher temperatures
[37, 39-40], therefore, the increase in global average tempera-
ture over this century is an alarming risk factor affecting the
frequency of disease outbreaks in farmed aquatic animals. All
pathogen groups, including viruses, bacteria, fungi, and para-
sites, may be affected by GW, although in varying ways.

4.1 | Viral Pathogens

Viruses, being ultimately “parasitic” particles hijacking the
host cells for replication, are highly dependent on temperature
in poikilothermic organisms such as fish. The incidence and
frequency of viral infections in farmed aquatic animals tend to
increase with GW in some cases, resulting in economic conse-
quences (e.g., fish mortalities and accumulation of uneaten fish
feed) on a global scale [39]. Based on the ranges of the optimum
water temperatures associated with outbreaks of the most im-
portant viral infections in European aquaculture (Table 1), it is
assumed that increasing water temperatures may not directly
affect the onset of viral diseases, as many viral pathogens prefer
relatively low temperatures. However, GW can shift the season
of viral outbreaks, as seen in the case of several viral diseases af-
fecting farmed European salmonids. Additionally, the increased
thermal stress leading to a deficiency in the effectiveness of im-
mune responses of cold-water fish hosts, combined with higher
host susceptibility to co-infections with other microbial groups
(e.g., bacteria or parasites), facilitated by the viral primary in-
fection, cannot be disregarded in the overall impact. Viruses are
often underestimated effectors in complex diseases in fish [62];
changing water temperatures can shift or exacerbate the occur-
rence of these diseases by affecting the viral component, making
diagnosis and treatment more challenging.

4.1.1 | Viruses Affecting Marine Farmed Fish Species

Infectious Salmon Anaemia Virus (ISAV) (Orthomyxoviridae)
is a virus that affects farmed Atlantic salmon. It is transmitted
horizontally, as well as through water and farm equipment [63].
Infection with ISAV is a World Organisation for Animal Health
(WOAH) listed infection and is notifiable within the EU, and
the European Economic Area (EEA), which includes Norway,
the largest Atlantic salmon producer facing challenges from the
ISAV. The virus is adapted to cold-water salmonids and shows
optimum growth at <15°C. Excluding the fact that increasing
coastal temperatures may physiologically alter the optimal envi-
ronment and the physiology of farmed Atlantic salmon, it is un-
likely that pathogen virulence will be enhanced by GW. Indeed,
during a challenge trial with Atlantic salmon, viral load and
fish mortality due to ISAV exposure were significantly higher at
10°C compared to 20°C [46].

Viral hemorrhagic septicemia virus (VHSV) (Rhabdoviridae) is
one of the most severe finfish pathogens worldwide in terms of
the width of the host range, pathogenicity, disease course, and
mortality rates [64]. The disease was first documented in the
1930s in Europe in rainbow trout and has also been listed in
WOAH, being notifiable within the EU zone. VHSV is the big-
gest threat to rainbow trout aquaculture, but it is also one of the
most threatening pathogens affecting farmed turbot in Europe
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TABLE1 | Optimum temperatures for the emergence of viral fish pathogens affecting important European fish species.

Replication Optimum water
temperature- Production temperature

Viruses Host lab (°C) system °C) References

Marine water
Infectious Rainbow trout 8-15 Enzmann et al. [41]
haematopoietic and Dixon et al. [42]
necrosis virus
Infectious pancreatic Atlantic salmon 15-22 10-15 Dopazo [43]
NECTOSIS VIFus Rainbow trout (fresh) Orpetveit et al. [44]
Infectious salmon Atlantic salmon 15 Challenge facilities 10 Falk et al. [45] and
anemia virus Groves et al. [46]
Lymphocystis virus Gilthead seabream 25 Floating cages, pre- 22 Kvitt et al. [47] and

fattening facilities Labella et al. [48]
Nervous necrosis European seabass, 25 Floating cages, 20-25 Vendramin et al. [49],
virus gilthead seabream hatcheries, and pre- Pereiro et al. [50],
fattening facilities and Toffan et al. [51]
Piscine myocarditis Atlantic salmon Floating cages 8-10 Rennemo et al. [52]
virus and Rodger et al. [53]
Piscine Atlantic salmon Floating cages 10-12 Serensen et al. [54]
orthoreovirus Rainbow trout Challenge facilities 5
Salmon pancreas Atlantic salmon 15 Floating cages 10-15 Jansen et al. [55]
disease virus Rainbow trout Jarungsriapisit
et al. [56]

Viral hemorrhagic Senegalese sole 12 Challenge facilities 22 Souto et al. [57]
septicemia virus

Fresh water
Carp edema virus Common carp Ponds 15-25 Pikula et al. [58]
Koi herpesvirus Common carp 15-25 16-25 Michel et al. [59]
Sleeping disease Rainbow trout 10 10 Villoing et al. [60]
virus
Spring viremia of Common carp 20 Ponds 10-17 Ahne et al. [61]

carp virus

[65] and elsewhere, as neither prevention nor therapy is com-
mercially available [66]. The susceptibility of turbot to VHSV
has been demonstrated since the 80s [67]. Mortalities usually
appear when water temperature is lower than 15°C [68], there-
fore, the ideal temperature for experimental challenges of turbot
has been set at 10°C [65]. At higher water temperatures, it takes
a short course with moderate cumulative mortality in rainbow
trout, and the virus survives for more extended periods in the
environment at 4°C compared to 20°C [69], therefore, it is un-
likely that GW will enhance the incidence of VHSV.

Infectious pancreatic necrosis virus (IPNV) (Birnaviridae) has
a significant impact on cultured salmonids (including Atlantic
salmon and rainbow trout) worldwide, mainly affecting juvenile
fish. It has been considered the most widespread virus, infecting
more than 60 different species of fish, mollusks, and crustaceans
[70]. Tt can survive in aquatic environments for a considerable

time; therefore, it is among the most resilient viruses recognized
[71]. Predisposing factors for IPNV outbreaks, apart from age
and stress, also include water temperature. The maximum mor-
talities may occur at various temperatures, whose effects may
be obscured by the strain of the virus and the host species [72].
However, IPNV is a ubiquitous virus that has been isolated from
both cold- and warm-water environments, despite the virus's op-
timum temperature being reported as between 10°C and 15°C in
salmonids [43]. This indicates a high adaptability of the virus to
a wide range of water temperatures and salinities (0%o—40%o),
suggesting that IPNV incidence may be affected by GW in spe-
cific hosts and environments.

Salmon pancreas disease virus (SPDV) (Togaviridae), often re-
ferred to as salmonid alphavirus (SAV), causes pancreas dis-
ease (PD) in European salmonids. It is highly contagious and
affects both Atlantic salmon and rainbow trout reared in sea.
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Clinical signs of PD include anorexia, lethargy, and increased
fecal casts [73]. The optimal temperature for the virus coincides
with the winter and spring periods (6°C-10°C), along with high
salinity and minimal organic load [74]. The viability of SAV is
inversely correlated with temperature, such that the lowest in-
fectivity of the virus is observed at 16°C [56]. However, although
warmer water temperatures seem less favorable for virus viabil-
ity, stress-related immunosuppression in susceptible hosts may
lead to increased virus replication and SPDV outbreaks [75].
Consequently, rising water temperatures due to GW may indi-
rectly favor the virulence of SAV in farmed salmonids.

Piscine orthoreovirus (PRV) (Reoviridae) is an emerging virus
that infects Atlantic salmon, causing heart and skeletal muscle
inflammation (HSMI). Disease occurrence has been reported
during all seasons, with spring and early summer being the most
common seasons for PRV outbreaks. Challenge trials with PRV
in Atlantic salmon are typically conducted at 12°C [76]. Another
genotype of PRV, which primarily infects rainbow trout and
was first discovered in Norway in 2013 [77] has been isolated
lately in Denmark [78]. The decrease in water temperature (5°C)
appears to enhance the replication of this genotype and the ex-
tent of heart pathology in experimentally infected rainbow trout
[54], suggesting that its virulence is inversely related to water
temperature rise. Therefore, GW could potentially affect the
incidence and virulence of different PRV genotypes infecting
farmed salmonids in different ways.

The piscine myocarditis virus (PMCV) (Totiviridae) is the causal
agent of cardiomyopathy syndrome (CMS), a severe cardiac dis-
ease of farmed Atlantic salmon. The PMCYV outbreaks typically
occur in the second farming year [53] following stressful events
such as handling, net cleaning, lice treatment, weather changes,
or other diseases [52]. The virus is transmitted horizontally
among marine cages and farms, while vertical transmission
has also been suspected [79]. So far, there is no clear indication
of temperature-related effects on virulence in the pertinent lit-
erature, although experimental trials have been conducted at
10°C [80].

Infectious hematopoietic necrosis virus (IHNV) (Rhabdoviridae)
is a causative agent of a widespread disease of farmed salmonids
in continental Europe and elsewhere. Horizontal transmission
of IHNV is typically achieved through direct exposure; how-
ever, invertebrate vectors may play a role in some cases. Water
temperature is a crucial environmental factor affecting IHNV
outbreaks. While clinical disease occurs between 8°C and 15°C
under natural conditions, experimental infection typically oc-
curs at water temperatures below 12°C [81]. In addition, IHNV
persists for a shorter time at warmer temperatures (15°C) and
results in an overall lower fish mortality compared to lower tem-
peratures (< 10°C) [82]. Consequently, it seems unlikely that GW
will directly affect IHNV outbreaks in susceptible farmed fish
in Europe.

Nervous necrosis virus (NNV) (Nodaviridae) is the causative
agent of the most important viral nervous necrosis disease
(VNN) affecting farmed marine fish in the Mediterranean re-
gion. VNN infects fish in all production phases, but it is espe-
cially severe in larval and juvenile stages, causing up to 100%
mortality [83]. Farmed European seabass (mainly on-growing)

is the most susceptible species since the first report of the dis-
ease decades ago [49]. More recently, the disease has become an
emerging problem in farmed gilthead seabream, primarily af-
fecting the early stages [84]. Typical signs in the infected fish
include irregular swimming, anorexia, lethargy, with internal
manifestations of brain congestion and swim bladder hyperin-
flation. The outbreaks in European seabass occur at high water
temperatures (> 25°C), typically in late summer or early autumn
[85]. Although losses in gilthead seabream are also observed
at lower temperatures, these are not as prevalent [84]. NNV
is also affecting farmed Senegalese sole [57, 86] with optimum
water temperature during experimental infections reported to
be 22°C. NNV replication is a composite process regulated by
both the genetics of the viral strain and water temperatures, sug-
gesting that clinical disease and fish losses are more apparent at
higher temperatures (25°C-30°C) [51]. Given the versatility of
NNV species and genotypes in infecting different hosts over a
wide temperature range (18°C-28°C), it is plausible that the GW
might increase the virulence of this pathogen and support its
spread over new geographic areas and host species.

Lymphocystis disease virus (LCDV) (Iridoviridae) is a cosmo-
politan virus that affects more than 140 species of marine and
freshwater fish [87]. The disease caused by LCDV is a chronic
and self-limiting pathology described in cultured gilthead
seabream. Healing from the disease occurs in a temperature-
dependent manner. The infection is contracted horizontally
through contaminated water [88], although vertical transmis-
sion has also been demonstrated [89]. The progression of the
disease depends on the host and the water temperature; out-
breaks usually appear at water temperatures >22°C [90]. This,
coupled with the fact that the course of the disease is more rapid
at warmer water temperatures, suggests that rising water tem-
peratures due to GW might increase the virulence and incidence
of outbreaks of LCDV in farmed gilthead seabream.

4.1.2 | Viruses Affecting Freshwater Farmed
Fish Species

Sleeping disease virus (SDV), a variant of SAV (Togaviridae),
causes a syndrome in farmed freshwater rainbow trout that has
been observed in Europe over the last few decades [60]. SDV
replicates at low temperatures (Metz et al. 2011), so that the
natural outbreaks appear almost exclusively at water tempera-
tures around 10°C, possibly also affected by the temperature-
compromised efficiency of the immune system. In contrast to
SPDV, the assumption that water temperatures higher than
those characterized as optimal for fish may induce stress-related
immunosuppression and consequently increase susceptibility to
this SAV variant has not been investigated. Thus, it is unclear
whether higher water temperatures may directly favor the viru-
lence of SDV in rainbow trout.

Koi herpesvirus (KHV) (Alloherpesviridae) is a highly con-
tagious viral pathogen of the common carp [91] and other cy-
prinids, with mortality rates sometimes reaching 80%-100%
[92]. The disease caused by KHV, which was first reported in
1999, has spread throughout the world, becoming a WOAH-
listed infection and notifiable within the EU region. The opti-
mal water temperatures for KHV outbreaks range from 16°C to
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25°C. However, higher water temperatures may be effective in
reducing fish mortality [93] and the risk of viral dissemination,
which is higher at relatively low temperatures (16°C) [94]. Based
on the available data, it is unlikely that the GW and consequent
increase in water temperatures will increase the virulence of the
virus and trigger more severe outbreaks in common carp.

Spring viremia of carp virus (SVCV) (Rhabdoviridae) causes the
homonymous disease affecting cyprinids, with farmed common
carp being the most susceptible. The disease is notifiable by the
WOAH. The virus can be spread by fomites and parasitic inver-
tebrates, as well as fish-eating birds inhabiting carp ponds. High
mortality occurs at water temperatures between 10°C and 17°C,
but the mortality rate decreases at higher temperatures (www.
cfsph.iastate.edu), during which infected carp can develop an
efficient immunity response and neutralize the virus. Therefore,
it is unlikely that SVCV outbreaks in European farmed carp will
increase with rising water temperatures.

Carp edema virus (CEV) (Poxviridae), is one of the significant
threats to common carp in European aquaculture [95] and else-
where. CEV can cause massive mortalities between 15°C and
25°C during infections with CEV genogroup II [96], while out-
breaks of CEV genogroup I may also occur at lower water tem-
peratures [58]. The disease exhibits a seasonal biphasic pattern,
being frequently detected in spring and early summer, with a
second peak in the fall. Mortality events correlate with changes
in water temperature [97]. However, the disease is not exacer-
bated during the high summer temperatures, suggesting that it
is unlikely that increasing water temperatures caused by GW
will increase CEV virulence and incidences of the disease. The
existence of two genogroups of the virus with clearly different
temperature optima may indicate that the virus has the ability to
adapt to changing temperature conditions and may continue to
threaten carp as inland water temperatures rise [97-99].

The above information suggests that the relationship between
temperature and the onset of viral pathogens in European fin-
fish farming remains complex, often case-specific, and further
research is required to understand the mechanisms better. In
most cases, especially for viruses affecting cold-water farmed
fish species, viral incidence and virulence are likely to decrease
as water temperature increases. However, the evidence from
warm-water environments suggests that increases in tempera-
ture outside the normal range may directly promote warm-
water viral outbreaks and/or compromise the immune system
of farmed fish [33], making them more vulnerable to viral
infection.

4.2 | Bacterial Pathogens

Like all living organisms, bacterial pathogens are constantly
exposed to various environmental challenges, including GW.
One of the relevant factors influencing the biology of bacteria
is the water temperature [100]. All bacterial species have an op-
timal temperature range for growth and replication, outside of
which their survival is dramatically reduced. Temperature ad-
aptation may also be an essential evolutionary event in bacterial
ecology, affecting membrane-associated functions and conse-
quent changes in bacterial gene expression, which can lead to

altered virulence [101]. In farmed fish, a key environmental
stress factor in outbreaks of most bacterial fish diseases is water
temperature. However, increasing water temperatures do not al-
ways favor bacterial disease incidences. In some cases (mainly
cold-water bacterial diseases), outbreaks occur when the water
temperature drops to a certain value, while in others, it is the
opposite [100]. An increase in the temperature of bacterial cul-
ture can directly enhance bacterial virulence (e.g., damselysin
cytotoxin) [102]; however, the optimal temperature used for the
laboratory culture of a pathogen can vary considerably com-
pared to the temperature at which the disease occurs in the field
(Table 2). In fact, the environmental temperature that causes the
disease in a susceptible host tends to be lower than the optimal
growth temperature of the pathogen in the laboratory [103]. The
optimum temperatures for the emergence of crucial bacterial
fish pathogens in European finfish farming ([126-129]; https://
www.eurl-fish-crustacean.eu/) are given in Table 2. The most
relevant bacterial pathogens are further discussed.

4.2.1 | Bacteria Affecting Marine Water Farmed
Fish Species

Aeromonas salmonicida (Aeromonadaceae) is a gram-negative
bacterial fish pathogen and the etiological agent of furunculo-
sis in several farmed fish species, including salmonids. Even
though the disease was initially diagnosed in farmed Atlantic
salmon in Norway as early as the 1980s, it remains a significant
threat to the development of intensive Atlantic salmon farming
[130]. Similarly, furunculosis still causes considerable problems
in rainbow trout farmed in sea cages in Denmark, although it
was initially described in freshwater rainbow trout in Denmark
several decades ago [131]. Growth of A. salmonicida above 20°C
may lead to plasmid rearrangements and other alterations, such
as the loss of the A-layer protein or secreted proteolytic activ-
ity [132], however, the outbreaks in farmed rainbow trout appear
during stress-associated periods with elevated temperatures
during the summer period (20°C) [105]. Similar epizootics were
observed during warm periods in farmed salmon in Finland
[133]. Thus, it is likely that GW may increase the incidence of
furunculosis outbreaks in farmed salmonids in Europe.

Renibacterium salmoninarum (Micrococcaceae) is a gram-
positive facultative intracellular and cosmopolitan bacterium
causing bacterial kidney disease at low temperatures in sal-
monids, including rainbow trout and Atlantic salmon [125].
Salmonids in temperate and cold-water areas are susceptible
to the disease at temperatures ranging from 7°C to 15°C [134].
Although the disease develops slowly, its progress depends on
environmental factors such as water temperature. Indeed, cooler
water temperatures (12°C) contribute to the progression of in-
fection and increased transmission of the disease in challenged
salmon [135]. Therefore, rising water temperatures caused by
GW may not directly affect the onset of bacterial kidney disease
in farmed salmonids in Europe.

Lactococcus spp. (Streptococcaceae) are gram-positive bacte-
rial pathogens causing piscine lactococcosis, which affects
many fish species and causes important economic losses in
both marine and freshwater aquaculture [136]. L. garvieae has
traditionally been considered the primary species responsible
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for causing disease; however, L. petauri, a newly identified
species, has also been implicated in field outbreaks in rainbow
trout [137]. Both species cannot be distinguished by routine
diagnostic methods, resulting in their misidentification [138].
Recently, L. garvieae was identified as the etiological agent of
mortalities in gilthead seabream at temperatures above 18°C
[108]. Losses due to the same bacterium have also been re-
corded in European seabass at temperatures above 23°C [107].
Since increasing water temperature appears to be a key vari-
able for L. garvieae outbreaks, GW may further trigger inci-
dences of marine lactococcosis in finfish species farmed in the
Mediterranean.

Vibrio anguillarum (Vibrionaceae) is perhaps the most cosmo-
politan gram-negative bacterial pathogen, being pathogenic
to a variety of farmed fish, crustaceans, and bivalves, and
affecting more than 90 susceptible aquatic organisms [139].
V. anguillarum causes hemorrhagic septicemia in a wide tem-
perature range, affecting cold- and warm-water farmed fish
species. Atlantic salmon, rainbow trout, European seabass,
gilthead seabream, and meagre are the relevant European
farmed fish susceptible to this bacterium [140, 141]. Infections
are contracted through the skin and the oral intake of the
pathogen through contaminated water or food [117]. Chemical
stress and the density of fish population are essential factors
that induce the disease, but sudden temperature alterations
are the most crucial parameter for its onset, occurring at
temperatures above 15°C [142]. The degree of virulence of
V. anguillarum peaks around 15°C [116], although the sever-
ity of disease caused by V. anguillarum is multifactorial in a
temperature-dependent manner and in response to iron lev-
els. Thus, an increase in water temperatures due to GW in the
different environments where V. anguillarum causes vibriosis
may affect differently susceptible finfish species.

V. harveyi (Vibrionaceae) is a gram-negative bacterial pathogen
of several marine fish and invertebrates. It is a major concern
for farmed fish, especially in the Mediterranean region, as it
is currently becoming the principal cause of vibriosis [143],
mainly in the more susceptible European seabass and gilthead
seabream [118]. Other European farmed fish, such as rainbow
trout and Atlantic salmon, are also susceptible to vibriosis
caused by V. harveyi [144]. The bacterium is also causing epi-
zootics at inland pre-ongrowing tanks and cages hosting the
Mediterranean greater amberjack (unpublished observations)
and its Japanese counterpart [119]. The most severe incidences
in the western Mediterranean occur during the warmest
months [143], suggesting that rising water temperatures
due to GW may affect the onset of the disease at least in the
Mediterranean region. Indeed, elevated temperatures (30°C)
promote the expression of many virulence genes of V. harveyi
(lytic enzymes, components of the T3SS secretion system, and
iron-chelating compounds), potentially increasing its pathoge-
nicity, although negatively influencing its survival, indicated
by a loss of in vitro cultivability [145].

Aeromonas veroni (Aeromonadaceae) is a Gram-negative bac-
terium that has emerged as a serious concern, causing severe
pathology and mortality in European seabass farmed in the
eastern Mediterranean [106]. Outbreaks occur during the warm
months of the year, when water temperature is over 21°C, and

peak during the summer period when temperatures range be-
tween 24°C and 26°C [106]. Since A. veroni outbreaks seem to be
favored by rising water temperatures, GW may directly affect A.
veroni-related epidemics in European seabass.

Photobacterium damselae subsp. piscicida (Vibrionaceae) is a
gram-negative bacterial pathogen responsible for pseudotu-
berculosis (pasteurellosis) in a variety of farmed fish species
(Austin [142]). Gilthead seabream, the most susceptible species
in European aquaculture, especially at juvenile stages, is pri-
marily affected over summer temperatures (25°C-26°C) [146].
However, the disease later diagnosed in European seabass
also occurs at lower water temperatures (18°C-19°C) [147]. In
contrast to the gilthead seabream, European seabass is more
susceptible after the nursery stage and during the on-growing
phase. Meagre has also shown susceptibility to P. damselae
subsp. piscicida under experimental in vivo challenge infection
[148]. Pasteurellosis is clearly a temperature-dependent disease,
with outbreaks in cages occurring at warmer water tempera-
tures. Therefore, GW and increasing water temperatures may
lead to increased incidence of pasteurellosis in Mediterranean
farmed fish.

Tenacibaculum maritimum (Flavobacteriaceae), formerly
known as Flexibacter maritimus, is a gram-negative opportu-
nistic bacterium responsible for tenacibaculosis, an ulcerative
disease causing high mortalities in various marine fish spe-
cies worldwide [115]. Water temperatures exceeding 15°C have
been linked to mortality due to T. maritimum in the eastern
Mediterranean [149]. The same serotype has been isolated from
gilthead seabream [112, 150]. The severity of the disease has
also been evident during natural infections of farmed flatfish
[113,114], and T. maritimum virulence in turbot and Senegalese
sole was demonstrated in experimental infections [151, 152].
However, the causative isolate was antigenically and genetically
different from the common T. maritimum serotype. In addi-
tion to poor management conditions, water temperature plays
a key role in T. maritimum outbreaks. A significant rise in the
severity and incidence of tenacibaculosis has been reported at
increasing water temperatures (>15°C) and salinities (>30%o)
[153], although winter outbreaks of tenacibaculosis have also
been documented [154]. Therefore, it is unclear what effect GW
might have on the incidence of tenacibaculosis in European
farmed fish.

Mpycobacterium marinum (Mycobacteriaceae) is a Gram-positive,
opportunistic pathogen that causes mycobacteriosis (piscine tu-
berculosis) in freshwater and marine species. Notably, M. mari-
num is one of the most common atypical mycobacteria that can
cause human opportunistic infection [155]. Although there have
been some sporadic incidences of the disease in meagre [156],
European seabass is the most susceptible euryhaline species, for
which the first outbreak was reported during the 1990s in the
eastern Mediterranean at 24°C [157]. Later events of mycobac-
teriosis were reported in both European seabass and gilthead
seabream, in the eastern Mediterranean at high water tempera-
tures (25°C) [109]. M. pseudoshottsii has also been identified as
the etiological agent for losses in European seabass, gilthead
seabream, and red drum (Sciaenops ocellatus) during warm pe-
riods [158, 159]. Since high water temperatures appear to trig-
ger the onset of mycobacteriosis in Mediterranean farmed fish,
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increasing temperatures due to GW may enhance the incidence
in Mediterranean aquaculture.

4.2.2 | Bacteria Affecting Freshwater Farmed
Fish Species

R. salmoninarum (Micrococcaceae) is a gram-positive faculta-
tive intracellular and cosmopolitan bacterium causing bacterial
kidney disease at low temperatures in salmonids, including
rainbow trout and Atlantic salmon [125]. Salmonids in tem-
perate and cold-water areas are susceptible to the disease at
temperatures ranging from 7°C to 15°C [134]. Although the
disease develops slowly, its progress depends on environmen-
tal factors such as water temperature. Indeed, cooler water
temperatures (12°C) contribute to the progression of infection
and increased transmission of the disease in challenged salmon
[135]. Therefore, rising water temperatures caused by GW may
not directly affect the onset of bacterial kidney disease in farmed
salmonids in Europe.

Flavobacterium columnare (Flavobacteriaceae) is a Gram-
negative bacterium that causes columnaris disease in fish.
The disease exhibits an acute to chronic form, has a worldwide
freshwater distribution, and infects many different fish species,
including salmonids and common carp [160]. Outbreaks due
to F. columnare are commonly observed in infected salmonids
during warm temperatures [161], characterized by skin lesions,
fin erosion, and gill necrosis. In addition to the virulence of the
strain, which appears to be a key factor in the development of
columnaris in susceptible cold-water and temperate fish, age
also plays a significant role [162]. Moreover, the virulence of
F. columnare and associated fish mortalities in experimentally
infected salmonids increase progressively with increasing tem-
perature, with losses peaking at 20°C [163]. Even higher tem-
peratures (23°C) have been associated with losses in salmonids
[160, 164]. Consequently, GW-induced rising water tempera-
tures may cause increased incidences and losses due to colum-
naris in European farmed salmonids.

F. psychrophilum (Flavobacteriaceae) is a ubiquitous Gram-
negative bacterium (mainly found in freshwater) and the etiolog-
ical agent of cold water disease and rainbow trout fry syndrome
[165]. F. psychrophilum can also cause disease in non-salmonid
fish, such as eel (Anguilla anguilla) and three species of cypri-
nids, that is, common carp, crucian carp (Carassius carassius),
and tench (Tinca tinca) in Europe [166]. Infection may occur
both horizontally and vertically [167]. The disease typically oc-
curs at water temperatures below 16°C, and is most severe at
<10°C [168]. Therefore, rising water temperatures due to GW
are unlikely to affect epizootics of the disease in European
farmed rainbow trout; in contrast, it can act against the devel-
opment of the disease.

Pseudomonas fluorescens (Pseudomonadaceae) is a Gram-
negative bacterial pathogen common in aquatic and other
environments [169], reported from a wide range of fish spe-
cies [170], including common carp and rainbow trout. The
bacterium belongs to the group of psychrophiles, which typ-
ically develop diseases at low water temperatures (<10°C).
However, P. fluorescens was also isolated in a co-infection

with Yersinia ruckeri during an outbreak in farmed rainbow
trout during the summer period [171], and in a concurrent ep-
isode in farmed common carp in early spring [172]. Thus, al-
though P. fluorescens is commonly considered a psychrophilic
pathogen, it can cause outbreaks even during warm periods;
hence, it is unclear to what degree GW will affect the future
incidence of P. fluorescens infection in farmed rainbow trout
and common carp.

A. hydrophila (Aeromonadaceae) is a freshwater Gram-negative,
mostly opportunistic bacterium that causes disease in fish, am-
phibians, reptiles, birds, and mammals (Austin & [142]), indi-
cating the ability to infect a wide variety of homeothermic and
poikilothermic hosts. In farmed common carp, it causes hem-
orrhagic septicemia, resulting in significant losses [173]. Water
temperature plays an essential role in the development of this
disease: infections below 12°C remain asymptomatic, while
clinical signs become evident above 22°C [174]. Thus, it is pos-
sible that the rising water temperature may favor epidemics of
the disease.

Lactococcus garvieae is responsible for multiple outbreaks in
European farmed rainbow trout [122]. Typically, the disease
produces hyperacute and hemorrhagic septicemia, and early
symptoms of infection include anorexia, melanosis, and erratic
swimming [175]. Water temperature is a predominant factor in
the development of the disease, which emerges at temperatures
above 15°C during the warm months [136]. The most acute out-
breaks in rainbow trout occur at water temperatures above 18°C
[176]. Therefore, increasing water temperatures due to GW may
directly influence the incidence and severity of piscine lactococ-
cosis in farmed rainbow trout.

The collected data indicate that the relationship between in-
creasing water temperatures due to GW and outbreaks of bac-
terial diseases in European finfish farming is, similar to the
majority of disease scenarios, a multi-complex event, being both
host- and environment-specific. Additional evidence, supported
by the experimental challenges, is needed to gain a deeper un-
derstanding of this interaction. In several cases, bacterial out-
breaks are favored by increasing water temperatures (examples
of bacterial pathogens are listed in Table 3); however, the pos-
sibility of a lack of effect or even a negative impact cannot be
dismissed. As in the majority of disease outbreaks, the effects
of temperature increase beyond the normal range of the poiki-
lothermic fish, along with the consequent immunosuppression,
should be considered in the complex interaction of the changing
environment-host-pathogen triangle.

4.3 | Parasitic Pathogens

Parasites, like other pathogenic microorganisms, are natural
components of the aquatic ecosystems that may occasionally
behave as etiological agents for farmed organisms. In con-
trast to bacterial and viral pathogens, parasites tend to be in
balance with their hosts in the natural environment, rarely
causing significant diseases or mortality. However, under
aquaculture conditions, this balance may be shifted, resulting
in substantial damage to the host by a parasite. Importantly,
the host-parasite interactions leading to disease in fish are
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TABLE 3 | Microbial pathogens of European farmed fish likely to be

affected by global warming.

Pathogens

Hosts

Marine water
Viruses

Infectious pancreatic
necrosis virus

Lymphocystis virus
Nervous necrosis virus
Piscine orthoreovirus

Salmonid alphavirus

Bacteria

Aeromonas salmonicida

Aeromonas veroni

Lactococcus garviaeae

Mycobacterium marinum

Photobacterium damselae
subsp. piscicida

Vibrio anguillarum

Vibrio harveyi

Parasites

Amyloodinium occelatum

Ceratothoa ostreoides

Cryprocaryon irritans
Diplectanum aequans
Gyrodactylus salaris

Lepeophtheirus salmonis &
Caligus elongates

Lernanthropus kroyeri
Neobenedenia girellae
Neoparamoeba perurans
Philasterides dicentrarchi
Fresh water
Bacteria
Aeromonas hydrophilla

Flavobacterium columnare

Lactococcus garviaeae

Atlantic salmon,
rainbow trout

Gilthead seabream
European seabass
Atlantic salmon

Atlantic salmon,
rainbow trout (sea)

Atlantic salmon,
rainbow trout (sea)

European seabass

European seabass,
gilthead seabream

European seabass,
gilthead seabream

European seabass,
gilthead seabream

European seabass,
gilthead seabream

European seabass,
gilthead seabream

European seabass, gilthead
seabream, meagre

European seabass, gilthead
seabream, meagre

Gilthead seabream
European seabass
Atlantic salmon

Atlantic salmon

European seabass
Greater amberjack
Atlantic salmon

Turbot

Common carp

Atlantic salmon,
rainbow trout

Rainbow trout

TABLE 3 | (Continued)

Pathogens Hosts

Parasites

Dactylogyrus extensus Common carp

Ichthyophthirius multifiliis Rainbow trout

Sphaerospora molnari Common carp

Tetracapsuloides Rainbow trout

bryosalmonae

influenced by several environmental factors [177]. Water tem-
perature is the most crucial among them, and changes due to
GW may have a profound impact on parasite load in aquacul-
ture. However, while the effect of temperature on specific and
nonspecific immune defense in fish has been discussed [178],
the extent to which water temperature affects fish simultane-
ously burdened by parasitic exposure is poorly understood.
As already noted, increasing the water temperature can cause
fish to experience additional environmental stress and con-
sequent suppression of their immunological response against
pathogens [33]. Parasites have an optimal temperature range
in which they thrive, but the conditions outside of this range
may be lethal [179]. In contrast, for those parasites for which
increases in temperature do not surpass their lethal limits, a
higher infection rate might be expected, suggesting that the
temperature rise can directly affect parasite fitness, as well as
exert an indirect influence on their hosts [23, 180]. Therefore,
when considering the effect of GW on parasitic infections it is
necessary to evaluate multiple host-parasite variables, such as
the potential overlapping of parasite and host thermal prefer-
ences, intensity and mode of parasite transmission (including
thermal range of the intermediate/paratenic hosts, if any), and
geographic distribution of the parasite [181].

Parasites are more adept at adapting to environmental chal-
lenges than their hosts due to their evolutionary history and
plasticity, which enable them to persist and adapt to unpredict-
able and extreme conditions [182]. However, the complexity of
the parasite life cycle will play a significant role in the outcome
of parasite adaptation to GW. Parasites exhibiting a direct life
cycle might be more obviously affected as their parasitism suc-
cess depends on a single fish host. Those with an indirect life
cycle, which involves multiple hosts often connected through
trophic interactions [183], may be impacted at several develop-
mental stages, consistent with the impact on their respective
host at each specific trophic level. In fact, Wood et al. [184], after
extracting data on metazoan parasite abundance from marine
fish specimens held in natural history collections, found a de-
cline in the abundance of some parasites with complex life cy-
cles and a correlation between this decline and increases in sea
surface temperature. However, we hypothesize that the phyloge-
netic “strength” of the coevolution between the parasite and its
host will play a crucial role in the parasite's ability to overcome
GW for its benefit. Namely, in cases where host and parasite
lineages are phylogenetically less congruent, the parasite may
respond more easily to climate challenges by host switching,
duplication, or sorting [185]. This plasticity enables microevo-

(Continues)  lutionary dynamics at the individual level, allowing the switch
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of the host, establishing a new association, and ultimately lead-
ing to a macroevolutionary process, such as speciation, which
may result in new parasite species adapted to climate change-
resistant hosts. Parasite species that fail to speciate may likely
develop some other coping mechanisms. Moreover, it is possible
that GW will alter the prerequisites for parasite transfer, for ex-
ample, through changes in phenological relationships and the
pressure of selection in the host [186].

In aquaculture, temperature has been identified as a crucial fac-
tor in regulating the seasonality and outbreaks of fish parasites,
particularly monogeneans. However, it is essential to note that
some taxonomic groups of parasites are artificial groupings of
several independent clades that evolved from the last eukary-
otic common ancestor (e.g., protists and helminths); therefore,
their reaction to temperature may vary considerably [187]. The
effects of environmental parameters (mainly water tempera-
ture) on biological characteristics of important parasites infect-
ing European farmed fish species are presented in Table 4 and
discussed below, while examples of affected parasites are listed
in Table 3.

4.3.1 | Parasites Affecting Seawater Farmed
Fish Species

4.3.1.1 | Ciliates. Cryptocaryon irritansis the marine coun-
terpart of I. multifiliis, causing marine ich or marine white spot
disease in a variety of cultured fish species at sea tempera-
tures between 15°C and 30°C [226]. The detrimental effects
of C. irritans infection on gilthead seabream broodstock in
tanks and other less commercialized Mediterranean fish species
were reported to occur at 21°C-24°C [188]. As in the case of I.
multifiliis, the biological cycle of C. irritans and host infectivity
are temperature-dependent, with the optimal water tempera-
ture being around 27°C [227]. Therefore, increasing water tem-
perature due to GW may favor the onset of either fresh or marine
white spot disease, particularly in land-based facilities such as
ponds, lagoons, and raceways for freshwater fish or pre-growing
facilities housing marine fish species.

Philasterides dicentrarchi (Philasteridae) is a histophagous
ciliate and the causative agent of scuticociliatosis in several
wild and farmed fish species [228], the latter including turbot
[189, 229] and olive flounder (Paralichthys olivaceus) [230]. This
histophagous and opportunistic parasite has also been consid-
ered a pathogen of the lagoon-reared European seabass [190].
Mortalities due to scuticociliatosis seem to occur in periods of
high-water temperatures (20°C) in farmed turbot [189], and the
temperature range of 18°C-23°C has been proposed as optimal
for the proliferation of P. dicentrarchi [231]. Higher water tem-
peratures due to GW may therefore enhance the propagation of
scuticociliates, or in contrast, increase host susceptibility to this
ciliate.

4.3.1.2 | Flagellates. Amyloodinium ocellatum (Thoraco-
sphaeraceae) is a dinoflagellate with a very low species spec-
ificity that parasitizes marine fish [232]. The disease has a
significant economic impact on temperate and warm-water
aquaculture, particularly in Mediterranean countries [233].
Amyloodiniosis [233] occurs in earthen ponds and other

semi-intensive land systems, with outbreaks also reported in
improperly installed sea cages, as in the case of the European
seabass farmed in shallow waters exposed to 24°C-26°C [191].
Although less susceptible compared to gilthead seabream,
earth-raised meagre is also infected by the flagellate at high
water temperatures (>27°C) [192]. Although this flagellate
tolerates a wide range of salinities and temperatures, water
temperature has a strong modulating effect on the pathogen
and its lifecycle duration. In general, the lifecycle is completed
in 5-7days when the temperature rises between 23°C and 27°C.
Consequently, A. ocellatum outbreaks may become more fre-
quent in land-based aquaculture facilities in the Mediterranean
due to increasing water temperatures associated with the GW.

Ichthyobodo spp. (Bodonidae) are flagellates that were first de-
scribed affecting reared brown trout fry in France, but nowa-
days they are known to have a wide range of freshwater and
marine fish hosts [234-236], including salmonids, flatfish, gil-
thead seabream, and European seabass, among others. Age is
considered a risk factor, as it is more common in hatcheries.
Additionally, malnutrition, stress (resulting from excessive
handling or fish transfer), and temperature fluctuations are
also risk factors. I. necator typically shows the highest preva-
lence in early summer with a lower water temperature [194], in
agreement with other studies that observed a negative effect of
temperature on I. necator infections in salmon [37]. However, a
recent study in European seabass in Egypt correlates the speed
of I. necator outbreaks with the respiratory distress of fish, due
to higher temperatures and lower oxygen levels [237]. Therefore,
it is possible to suggest that the effect of GW on this parasite
appears to be host-specific, particularly in relation to the effect
of GW on its host.

4.3.1.3 | Amoebozoae. Neoparamoeba perurans (Vexil-
liferidae) is an amphizoic amoeba causing amoebic gill disease
(AGD) in farmed Atlantic salmon [238]. The disease was ini-
tially identified in Australia but is currently observed in various
parts of the world where Atlantic salmon is farmed, including
Norway, where the first documented case was reported in 2006
[239]. Later, N. perurans was identified as the causative agent
of salmon losses in France, Ireland, and Scotland [240]. Tempera-
ture and salinity thresholds for the amoeba growth lie between
4°C and 8°C, and 20%o and 25%o., respectively [241]. A relation-
ship between increasing water temperature and the severity
of AGD has been widely noted in outbreaks on Atlantic salmon
farms worldwide [195]. Particularly, while the host response
remained unaffected by increased water temperature (15°C), a
stronger infection of N. perurans was evident, although previ-
ous studies have claimed that elevated sea temperatures may be
an insignificant risk factor for AGD [240]. Since elevated water
temperature appears to be a key risk factor in N. perurans out-
breaks at least in the most recent literature, GW is likely to trig-
ger more outbreaks and higher severity of this disease in farmed
Atlantic salmon.

4.3.1.4 | Myzozoa. Cryptosporidium spp. are apicomplexan
parasites that infect epithelial cells of the gastrointestinal
tract of different vertebrates, including fish. C. molnari and C.
scophthalmi have been reported from farmed fish in gilthead
seabream, European seabass and turbot [242-244]. C. scoph-
thalmi infections in turbot were also related to the age of the fish,
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