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EXECUTIVE SUMMARY

e Agquaculture is a significant industry in UK coastal waters, with annual
turnover valued at more than £1.8bn. It particularly important in
western and northern Scotland.

e Aquaculture is sensitive to the marine environment and changes therein.

e The dominant contribution of a single species (Atlantic salmon) to
production tonnage and value potentially increases vulnerability to
climate change.

e Temperature increase is expected to increase growth rates for most
species farmed.

e Increased problems associated with some diseases and parasites,
notably sea lice and gill disease (which has emerged as a serious
problem), are likely to increase in the short term and to get worse in the
longer term. Impacts may be synergistic.

e Harmful Algal Blooms (HABs) and jellyfish swarms/invasions may
also get worse, however complex ecosystem interactions make
responses uncertain.

e The situation for shellfish is similar to finfish, although they are
additionally at risk of accumulation of toxins from HABs, and
recruitment failure, and, in the longer term, to sea-level rises and ocean
acidification.

e Technical and management changes in the rapidly evolving aquaculture
industry make long-term impacts of climate change difficult to forecast.

1. UK AQUACULTURE
1.1 Introduction
Aquaculture is a key UK food production sector, and it is particularly

economically important to rural coastal communities, and in the deprived
urban areas where processing takes place (Alexander et al., 2014; UK
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MNMP, 2015). UK production value exceeds £590 million (Black and
Hughes 2017), with £1.8bn turnover and 8800 jobs supported (Alexander et
al., 2014), of this £1.4bn turnover and 8000 jobs are in Scotland, making
aquaculture particularly relevant there. There is significant potential for
aquaculture to develop further throughout the UK (Black and Hughes, 2017).

UK marine finfish aquaculture is dominated by the production off the west
coast and islands of Scotland of Atlantic salmon, Salmo salar (156,025 tonnes
in 2018; Munro, 2019), and a very small production from Northern Ireland.
Freshwater salmon smolt production, for marine on-growing, is more widely
distributed.  Scottish marine production also includes rainbow trout
(Onchorhyncus mykiss), sea (brown) trout (Salmo trutta) and halibut
(Hippoglossus hippoglossus). In the past, cod (Gadus morhua) in Scotland,
and sea bass (Dicentrarchus labrax) in Wales, were farmed. Recently, a
major growth in production of lumpfish (Cyclopterus lumpus) and wrasse
(various Labridae species) has occurred in Scotland (Munro, 2019), Wales
(Anon, 2018) and England, for use as ‘cleaner fish’ to control sea lice on
farmed salmon. The majority of marine salmonid aquaculture takes place in
open-sea cages; 86% of freshwater salmonid smolts for marine on-growing
are also produced in cages and so can be vulnerable to environmental
conditions (Munro, 2019). Other smolts are produced in Recirculating
Aguaculture Systems (RAS) that are protected against the environment, RAS
are also used for production of other species such as lumpfish.

Bivalve-shellfish farming produces mussels (Mytilus edulis), oysters
(Crassostrea gigas (Pacific) and Ostrea edulis (native), scallops (Pecten
maximus, Chlamys opercularis) and clams (Ruditapes sp.). Mussels are the
main farmed seafood product of Wales, Northern Ireland and England, and,
for shellfish, Scotland. Pacific oyster is the second most-farmed shellfish,
with minor production of the other bivalves. On-growing or ranching of
prawn, lobster and crab and macroalgal farming remain small-scale (Capuzzo
and McKie, 2016).

1.2 The future of UK aquaculture

There are aspirations to expand aquaculture, for example doubling the value
of Scottish production by 2030 (https://aquaculture.scot/), increasing Welsh
shellfish tonnage by 91% (The Welsh Government, Report R.2384, 2015) and
mussel production in England (UK MNMP, 2015). Present inshore
aquaculture sites will remain important in the medium-term future, at least,
and there are continuous developments that may also help mitigate against
climate change impacts on growth, disease, pollution and physical damage.
However, suitable space for aquaculture expansion in inshore waters is
limited. Therefore, offshore production is being developed for bivalves in
Lyme Bay and the Irish Sea, and is projected for finfish by 2030 (UK MNMP,
2015; Black and Hughes, 2017); offshore can be defined as >3 km from shore
(Holmer, 2010), but definitions vary in practice. Lack of information on
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potential impacts of climate change on exposed/offshore aquaculture is a
major knowledge gap. Onshore, Recirculating Aquaculture Systems (RAS)
are increasingly used for freshwater stages of salmonid production (Munro,
2019) and are being trialled for the marine phase (niri.com). RAS are used
throughout the UK for production of other marine fish species, notably
cleaner fish, such as lumpfish and wrasse. RAS and Closed Containment
System (CCS) production can be made independent of local climate.

Increased production of seaweed is supported in Scotland (Seaweed-
cultivation-policy-statement-2017) and Wales. Seaweed aquaculture may
mitigate climate change, e.g. producing biofuel or damping wave energy
(Duarte et al., 2017). Similarly, Integrated Multi-Trophic Aquaculture
(IMTA) may increase the resilience of aquaculture to climate change (Chopin
et al.,, 2012) although research into the practicability of such systems is
required before scaling up.

2. SUMMARY OF CURRENT AND PREDICTED CHANGES TO
CLIMATE AND OCEAN ACIDIFICATION

2.1 Introduction

Since the early 20™ century UK sea levels have risen on average by 16 cm
when corrected for isostatic land movement. Future projections for sea-level
rises by 2100, compared to 19812000, indicate rises of between 0.4 m and
0.7 m for the UK as a whole, depending on emission scenarios, but with
considerable variation within these scenarios and regions of the UK and rises
over 1 m are possible in southern areas (UKCP18). Sea-Surface
Temperatures (SSTs) have shown average regional increases of 0.17°C to
0.45°C/decade since 1984, with an average rise of 2.9°C in UK coastal waters
expected by the end of the century (Hughes et al., 2017; Tinker et al., 2016).
Storms are predicted to increase, but there is a lot of uncertainty in this (Tinker
etal., 2016). Rainfall varies regionally across the UK with predicted declines
in summer rainfall of up to 47%, particularly in the south, and increases in
winter rainfall of up to 35%, particularly in Scotland, however changes are
very variable, dependent on area and emissions scenario (UKCP18). Ocean
Acidification (OA) has increased in UK coastal waters faster than the North
Atlantic average as detailed in the MCCIP report on OA (Williamson et al.,
2017).

2.2 Current and predicted impacts of climate change and ocean
acidification on UK aquaculture

There is limited evidence of climate change impacts already happening in UK
aquaculture, though effects are difficult to disentangle from other factors
influencing production (see Section 3). There have been no major changes
nor geographical shift in terms of farmed species associated with climate.
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There have, however, been a number of recent changes, which (while
multifactorial) may be linked to climate change, for example emerging gill
disease problems and increasing establishment of feral Pacific oysters.
Therefore, the MCCIP review of the impact of climate change on aquaculture
IS updated here.

This section is divided into subsections based on physical carrying capacity
(2.2.1), production carrying capacity (2.2.2), ecological carrying capacity
(2.2.3), disease (2.2.4), invasive species (2.2.5) harmful algal blooms (2.2.6)
and food safety (2.2.7) and related issues.

2.2.1 Physical carrying capacity (physical suitability of sites) (Low
confidence)

Sea-level rise can reduce suitable sites for aquaculture, e.g. intertidal mudflats
for shellfish; it is also possible newly flooded land might become available
for use. Sediment deposition from runoff, and resuspension during storms,
can affect fish and shellfish mortality, health and growth. Suspended particles
can cause gill damage in fish (Au et al., 2004). Storms and waves can damage
exposed fish cages, leading to escapes or predator access (Jackson et al.,
2015). Storms can also damage or detach shellfish from seabed or aquaculture
structures (Dankers, 1995), and most present-day shellfish aquaculture is
confined to sheltered areas. Furthermore, daily operations and site access can
be affected by increased bad weather resulting in health and safety concerns
for farm stock and the farm workers (Thorvaldsen et al., 2015).

2.2.1.1. What is happening (Low confidence)

There have been no reports on the loss of aquaculture sites due to climate-
change impacts on their physical suitability. Fish escapes are recorded in
Scotland together with some data as to causes, including storm damage
(Aquaculture Scotland). Taylor and Kelly (2010) indicated that failure of
cages and moorings accounted for 16% of fish escapes between 2002 and
2009, some of which were exacerbated by storms. A technical standard for
marine and freshwater fish cages was introduced by the Scottish Government
in 2015 (Marine Scotland 2015).

2.2.1.2. What could happen in the future (Low confidence)

Projected UK coastal sea-level rise of approximately 40-70 cm by 2100
(UKCP18) is unlikely to have major impacts on coastal space available for
finfish production. Shore-based facilities and access points may be affected
by increased flood risk. Sea-level rise can result in coastal erosion, affecting
coastal geomorphology and hydrodynamics, which may change the
availability of suitable areas for shellfish culture, both positively and
negatively (Filgueira et al., 2016).

Increased precipitation and storm events may result in higher sediment
loading in coastal areas, which may cause stress or physical damage to fish
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and shellfish, and storms may also increase fish escapes, infrastructure costs
and insurance. Mitigation methods include improved cage technology
(Thorvaldsen et al., 2015), use of sterile triploid fish (Benfey, 2016), and
genetic methods to trace source populations (Gilbey et al., 2018). Co-location
of sites with other offshore activities, such as windfarms, can be used to
effectively increase capacity (https://maribe.eu/; Gimpel et al., 2018).
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) DNA
sequences have recently been used to generate sterile salmon (Wargelius et
al., 2016) and, depending on future policies for use of this technology, may
also help mitigate against escape impacts.

2.2.2 Production carrying capacity (Low confidence)

Production carrying capacity is the maximum level of production an area can
support. Most production (and ecological) carrying capacity issues are
determined by ‘local’ factors at farm- or waterbody-scale, and it is difficult
to generalise climate change impacts.

Temperature is a controlling factor for growth of shellfish and fish (Elliott
and Elliott, 2010), affecting metabolism, food conversion, energy expenditure
and oxygen requirements (Brett, 1979). Temperature increases within the
species’ physiological tolerance may increase growth, but growth and feeding
reduce and mortality increases if tolerance is exceeded; flesh quality may also
be adversely affected by high temperatures (@rnholt Johnsen et al., 2017).

UK mussel culture is currently dependent on natural settlement of larvae from
the environment. Oceanographic features such as stratification and fronts can
act as barriers to the movement of larvae, forming in response to warming or
freshwater inputs, but they may be disrupted by storms (Woodson and Litvin,
2015), thus climate change may affect bivalve larvae availability. A lack of
natural spat could be mitigated by developing hatchery production. Ocean
acidification poses a greater risk to bivalve shellfish compared to fish, as shell
formation is inhibited by reduced carbonate availability in acidic waters.
Bivalves are also poor acid-base regulators (Booth et al., 1984).

2.2.2.1. Finfish: what is happening (Low confidence)

In Scotland, average production times have decreased (Munro, 2019),
perhaps reflecting a benefit of warming SSTs. However, changes in
husbandry, production (e.g. salmon post-smolts put to sea at larger sizes),
feed and breeding have also occurred.

2.2.2.2. Finfish: what could happen in the future (Moderate confidence)

In poikilotherms feeding/growth rates gradually increase towards an optimum
temperature and rapidly fall off if temperature exceeds this optimum (Figure
1). Good salmon growth occurs between 10°C and 18°C, decreasing
significantly below 6°C and >18°C (Handeland et al., 2008; Elliott and
Elliott, 2010). SST predictions (Hughes et al., 2017) indicate, with a high
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degree of confidence, that temperatures will remain mostly below 18°C and
so suitable for salmon farming to 2100 and may be expected to increase
growth rates. However, summer and autumn productivity in the south of
Scotland and Northern Ireland might decline particularly in sheltered coastal
waters with local temperatures substantially different from coastal means
(Falconer et al., 2020). Events associated with heat waves could cause
episodes of mortality that would need to be managed for (Spillman and
Hobday, 2014), such events are likely to remain rare, but risk can be expected
to increase. Sustainable densities may also reduce due to coping with lower
dissolved oxygen levels, since warmer water holds less oxygen and increases
fish metabolism (Vikesa et al., 2016). Modelling studies have predicted a
similar outcome for salmon aquaculture along the Norwegian coast, though
seasonal and geographical differences in SST are larger (Lorentzen, 2008).
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Figure 1: Relative growth rate response of Atlantic salmon to temperature. (From data in
Elliott and Elliot, 2010.)

Marine salmon farming does not currently occur in England and Wales and it
is likely that prolonged summer seawater temperatures >18°C, particularly on
the south coast, would be sub-optimal for production. In general, OA
research has not seen significant effects on growth and mortality of adult fish,
though studies are limited and there are some exceptions (Gobler et al., 2018).
RAS and CCS allow mitigation against climate-change driven changes to
freshwater temperature, oxygen and pH levels; however, it may use more
energy and so contribute to climate change. Development of
exposed/offshore aquaculture may avoid extremes in temperature, salinity,
pH and oxygenation experienced closer to the coast.

Increasing SST makes farming of cod and halibut more difficult because
optimal growth occurs at lower temperatures (Bjornsson and Tryggvadottir,
1996) but improves the potential for sea bass, sea bream or other species in
southern UK waters, though temperatures are still sub-optimal (Besson et al.,
2016) even by 2100 predictions. Wrasse production might increase relative

487 482-520



‘ MCCIP Marine Climate Change
Impacts Partnership Aquaculture

MCCIP Science Review 2020

to lumpfish, as the former perform better as cleaner fish relative to lumpfish
in warmer water (Costello et al., 1995).

2.2.2.3. Shellfish settlement and growth: what is happening (Low confidence)
Shellfish production has declined overall in the UK, though regional increases
have occurred. There have been anecdotal reports of poor shellfish spat fall
or changes in its timing in recent years (Adamson et al., 2018). However, no
studies have been undertaken on links to climate change.

2.2.2.4. Shellfish settlement and growth: what could happen in the future
(Low confidence)

Optimal survival of Mytilus edulis larvae is at 17-21°C, (Galley et al., 2010)
and growth increases up to 21°C (Almada-Villela et al., 1982). UK spat falls,
predominately occurring in spring and autumn, may benefit in most parts of
the UK, though highest autumn temperatures in the south of England may be
suboptimal. Similarly, in the south of England adult M. edulis growth may
be affected by high summer temperatures, with an associated delay in autumn
spawning. Increases of 1°C and 4°C were predicted to reduce production by
10 and 50% for M. edulis and 2 and 5% for Crassostrea gigas respectively in
Strangford Lough, Northern Ireland (Ferreira et al., 2008). In the south of
England, M. galloprovincialis, with an optimum larvae survival at 20-24°C
(Sanchez-Lazo and Martinez-Pita, 2012), may increase its distribution, so
even if temperatures become too high for M. edulis, production of mussels
may continue.

Crassostrea gigas spat is raised in hatcheries where the environment can be
controlled. Growth of C. gigas occurs between 2-27°C, with the optimum
around 20°C (Bougrier et al., 1995). Survival of juvenile oysters was 90%
versus 25% during mild and harsh winters respectively (Diederich, 2006).
Therefore, predicted increases in UK SST may benefit C. gigas growth, but
may also result early maturation (Chavez-Vilalba, 2002), resulting in lost
production (Deslous-Paoli and Héral, 1988).

Increasing SST may also promote development of the native oyster Ostrea
edulis in UK waters. Settlement and growth of larvae requires temperatures
greater than 15-20°C with optimal temperatures of 25-30°C (Robert et al.,
2017). Currently, O. edulis populations in UK waters are found in sheltered
inlets, where temperatures can reach over 20°C in summer.

Salinity between 10 and 30 psu is reported to have little effect on survival of
M. edulis larvae, while growth increases to optimum at 25-30ppt (Landes et
al., 2015). Temperatures >25°C can impact on survival and growth at
salinities <20 ppt (Brenko and Calabrese 1969). C. gigas spat can survive and
grow at salinities of >15 ppt (Wiltshire 2007), with optimal growth at 25-35
ppt (Fuhrmann et al., 2016). Therefore, increased incidences of high
precipitation and freshwater runoff during winter and drought and higher UK
SSTs in summer may have greater impact more on oyster and mussel growth
respectively.
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Salinity and temperature thresholds for bivalves can depend on acclimation
(Almada-Villela, 1982) or genotypes (Kinnby, 2015). Higher growth at
higher temperature is dependent on food availability (Flores-Vergara et al.,
2004), otherwise increased metabolism reduces growth. These interactions
make it difficult to predict the net effect of climate change on shellfish
production.

OA is detrimental to shellfish, in particular larval stages (Lemason et al.,
2017). Effects on post larval and adult shellfish metabolism, growth and shell
integrity have also been reported (Callaway et al., 2012; Fitzer et al., 2018),
with a predicted reduction of 25% and 10% in shell by 2100 for mussels and
oysters respectively (Gazeau et al., 2007). OA effects Mytilus byssal threads
(Dickey et al., 2018) making some shellfish more susceptible to storm
damage and predators. Even if shellfish reach production size, OA may
impact on final quality and value, and increase costs of production (Mangi et
al., 2018).

Coastal acidification can often exceed the long-term predicted changes in OA
but varies greatly on a geographical and temporal scale (Williamson et al.,
2017). The frequency, duration and magnitude of coastal acidification events
driven by climate change, such as coastal upwellings, phytoplankton blooms
and freshwater runoff (Fitzer et al., 2018) and sea-level rises (MEMA, 2017),
may increase in future (Gruber et al., 2012). Fluctuating pH may have less
impact on bivalves than constant low pH in terms of mortalities or shell
damage, though more energy expenditure may be required by the shellfish to
maintain homeostasis with changing pH (Mangan et al., 2017).

There is little culture of crustacea in the UK; some hatchery-rearing of
lobsters takes place for restocking in the wild. Decapods can regulate their
ionic balance with greater control over processes like calcification, though
growth may be slowed to maintain homeostasis (Callaway et al., 2012).

Overall, increasing OA and climate change impacts will most likely
exacerbate natural fluctuations in coastal pH, with detrimental effects on
shellfish in the mid-term.  The magnitude of impacts will depend on
interactions with other stressors and food-web effects. Impacts at offshore
shellfish developments may be dictated by OA alone and only appear by the
end of the century.

2.2.3 Ecological carrying capacity (Low confidence)

Ecological carrying capacity is the production level that can be supported
without unacceptable ecological impacts (Murray and Munro, 2018). The
UK’s Westminster and devolved governments’ aquaculture policies stress the
need to conduct and develop aquaculture in an environmentally sustainable
way. Ecological impacts arising, such as reduced benthic oxygen, from
aquaculture could be enhanced due to climate-change effects (Kernan, 2015).
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2.2.3.1 What is happening

Expansion, including northwards, of invasive species, including feral non-
native Pacific oyster and manilla clam, is discussed elsewhere (see Section
2.2.5). Impact of fish waste on benthic ecosystems can increase as
temperatures rise (Tett et al., 2018) and this benthic load already limits
consented biomass in many coastal locations. Storm damage can increase
escape of farmed fish (see Section 2.12) impacting wild salmon fitness and
genetic diversity (Thorstad et al., 2008). Salmonid farming can increase the
abundance of infective sea-lice stages in the environment (Shephard et al.,
2016) and sea lice can impact on health and behaviour of wild salmonids
(Taranger et al., 2016, see Section 2.2.4).

2.2.3.2 What could happen in the future

By the 2050s, warming water temperatures may allow C. gigas and Ruditapes
philippinarum to increase the spread of feral populations and to expand
northwards (Cook et al., 2013) with possible impacts on benthic habitats.
Warming temperatures increasing their metabolism and food intake could
result in limits to allowable shellfish biomass in terms of ecosystem
sustainability, due to impacts on food availability for other filter feeders if
prey items do not increase in tandem (Guyondet et al., 2015).

Potential increases in escapes of farmed fish associated with storms (see
Section 2.2.1) and sea lice associated with warming waters (see Section 2.2.4)
are a risk to wild salmonids (Taranger et al., 2014) and associated ecosystems,
e.g. the endangered freshwater mussel Margaritifera margaritifera. A move
to exposed/offshore or RAS/CCS farming could mitigate against impacts due
to increased sea lice infestations, assuming lice from offshore sites are
dispersed sufficiently to reduce infection pressure.

Climate change may increase pressure on benthic communities in sediments,
potentially reducing maximum sustainable production. Higher temperatures
could lead to reduced oxygen and increase hypoxia, reducing ability of
benthic fauna to cope with farm organic wastes (Tett et al., 2018). These
organic wastes could also change as loading from farms changes, given that
feed intake, food conversion efficiency and evacuation rate are all affected by
temperature (Handeland et al., 2008). Nutrient loading from adjacent
terrestrial systems could increase under higher rainfall (Arnell et al., 2015),
this can be ameliorated by better terrestrial management. Accumulation of
waste under cages may increase in winter/spring due to predicted high rainfall
and runoff events, as lower salinities increase settling rate (Chen et al., 1999),
as may an increase in winter storms that disperse and dilute wastes. Rising
temperature and OA have been shown to increase solubility of heavy metals
and other pollutants and their uptake by organisms in sediments (Shi et al.,
2016). There may also be changes in coastal hydrodynamics, the ecosystem
and the benthic community that will affect dispersion and assimilation
(Beveridge, 2004). In Scotland, fjordic systems and basin sills prevent strong
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water exchanges (Gillibrand et al., 2006) increasing carrying capacities
vulnerability to climate changes.

2.2.3.3 Fish feed

Sourcing of farmed fish feed is another import factor in aquaculture
sustainability. Historically a large proportion of this fish feed comes from
small pelagic fisheries. Climate has impacted key species previously when El
Nifio prevented upwelling of nutrients collapsing their phytoplankton food
source (Callaway et al., 2012). However, globally salmon feed has gone from
45% fish meal and 25% fish oil in 1995 to 22% fish meal and 12% fish oil in
2010, and proportions continue to drop (Tacon et al., 2011). Plant sources are
already, and increasingly, major ingredients for Atlantic salmon feed (Salin
et al., 2018), these crops may also be subjected to climate change. Other
initiatives include genetic modification of plants to produce fish oil, breeding
or programming of fish to adapt to new feed, production of algae or insects
for use in fish feed (Roy and Pal 2015; Tran et al., 2015; Sprague et al., 2017),
but these would require development in both techniques and public
acceptance and must ensure feed retains qualities, such as omega-3 long-
chain fatty acids and docosahexaenoic acids.

2.2.3.4 Social carrying capacity (Low confidence)

Social carrying capacity is the level of aquaculture that can occur without
unacceptable social impact. These impacts are often subjective and how
climate change may affect them is difficult to predict. At a local level, climate
change may impact other activities, affecting the perception of aquaculture.
For example, climate changes may decrease UK fishing activities leading to
loss of employment and income (Fernandes et al., 2017), and therefore
prioritisation of aquaculture in national policies. However, changing
conditions placing greater pressure on already limited space and resources
may increase conflict and animosity towards aquaculture, affecting the ability
to establish and operate sites. Marine spatial planning is key to ensure optimal
use of an area when adapting to changing conditions (Gimpel et al., 2018)
and social planning to ensure societal adaption, for example, creating
aquaculture jobs to replace fishing jobs.

2.2.4. Disease (Moderate confidence)

Disease is a major cause of losses in UK aquaculture, accounting for about
30% of losses in salmon aquaculture (Soares et al., 2011) with larger losses
during outbreaks (Rodgers et al., 2018). Climate change and OA impacts on
disease (Harvell et al., 1999; Marcogliese, 2008) could affect aquaculture,
although such impacts can be overstated (Lafferty and Mordecai, 2016) as
disease management and technology adapt to climate changes.

2.2.4.1 What is happening (Moderate confidence)
There has been an apparent increase in salmon gill issues due to new
pathogens, e.g. the emergence of Amoebic Gill Disease (AGD), caused by
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the amoeba Paramoeba perurans, is associated with high salinities and
temperatures in regions where it is established (Oldham et al., 2016, Hall et
al., 2017). AGD likely emerged in Scotland and Norway following a
particularly warm summer in 2006 and thereafter outbreaks following mild
winters. Industry is increasingly concerned over fish-gill damage due to
microalgal and jellyfish blooms, which may reflect increased occurrence, or
a decrease in fish ability to deal with these additional stressors (see Harmful
Algal Blooms, Section 2.2.6). However, other changing factors can contribute
to gill pathology, including breeding, feed composition and production
practices. Other pathogens also respond to changing environments, notably
sea lice populations grow faster and are more difficult to control in warmer
waters (Brooker et al., 2018), although currently industry is controlling
numbers (Murray and Hall, 2018) at increasing costs.

Shellfish diseases have also expanded their ranges into and within the UK
(Murray et al., 2012). Recent spread of OsHV-1 pvar since 2010 in England
and Ireland has been attributed to distribution of infected hatchery spat rather
than climate. Nevertheless, the warming of UK waters may have contributed
to the spread of the virus and increased disease in infected populations with
mass mortality occurring at >16 °C.

2.2.4.2 What could happen in the future

It may be possible to predict the impact of individual climate changes and OA
on specific aspects of disease development in relation to specific
pathogens/pathogen types. However, it is difficult, as for other life history
aspects, to predict impacts in relation to real-life scenarios with multiple
temporal, spatial, physical and biological interactions influencing infection
rates and disease outcome. To assess sensitivities of diseases to climate
change we describe the impacts of climate drivers on pathogen transmission
(Section 2.2.4.2.1) and development of disease (Section 2.2.4.2.2) before
considering specific case studies of disease likely to be sensitive to climate
change (Section 2.2.4.2.3).

2.2.4.2.1 Transmission and persistence in the environment. Pathogens
transmit between hosts through the environment. This exposes them directly
to that environment and so makes pathogen spread sensitive to climate change
and OA. Environmental effects on transmission may be considered as two
processes: the physical transport and the decay of pathogens (Salama and
Rabe, 2013). The processes of transmission through the environment are
similar for pathogens of fish and shellfish.

Currents that transport pathogens are driven by factors such as large-scale
circulation patterns, winds, and at a local scale, freshwater inputs in estuaries
and sea lochs (Dyer, 1973). Climate change can impact these elements
affecting pathogen dispersal and patterns of disease outbreaks, necessitating
changes in area management strategies (Gimpel et al., 2018). Conversely,
winds also drive turbulent diffusion which disperses pathogens reducing
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concentrations potentially below thresholds at which they represent a risk of
infection, sea lice are an exception as, because of their ability to swim
vertically, they can increase concentrations under appropriate hydrodynamic
conditions (Salama and Rabe, 2013; Murray and Salama, 2017).

Once released into the environment obligate pathogens can only decay but
opportunistic pathogens can grow while outwith their host. Changing
concentration changes the risk to potential new hosts. Environmental drivers
therefore affect the environmental dynamics of different pathogens in
different way.

Temperature affects the dynamics of all pathogens. Decay rates for viruses
tend to increase with temperature (Oidtmann et al., 2017), decay of larval
Bonamia also increases with temperature (Arzul et al., 2009), whereas,
increased SST and OA promote the growth and survival of opportunistic
bacterial pathogens such as Vibrio (Hernroth and Baden, 2018; Baker-Austin
et al., 2017). Paramoeba perurans growth increases with temperature to
15°C in culture (Collins et al., 2019). Sea lice maturation-rate increases with
temperature (Brooker et al., 2018), so sea lice become infectious sooner, but
last for less time as temperature rises; this means they may infect salmonids
more rapidly by affect smaller areas under rising temperatures (Samsing et
al., 2017). Increased temperatures may increase antimicrobial grazing by
shellfish (Burge et al., 2016) and plankton (Gonzalez and Suttle, 1993).

Salinity also affects pathogen survival. Viruses have optimal salinity ranges
which differ between viruses (Oidtmann et al., 2017) but many can tolerate
substantial ranges. Growth and survival of Paramoeba perurans increases at
higher salinity (Oldham et al., 2016; Collins et al., 2019), and survival of sea
lice (Brooker et al., 2018) and the oyster parasite Bonamia (Arzul et al., 2009)
also increases at higher salinity so drier hotter summers will potentially
increase the abundance and infectivity of these parasites in the environment.
Lowered salinity in winter and spring may help counteract increased survival
of parasites due to milder temperatures. Fungi and oomycetes tend to be
prominent in freshwater (van West, 2006).

Viruses such as ISAV may be particularly sensitive to UV radiation,
associated with drier weather (Oidtmann et al., 2017), though other viruses
are robust to UV (Kitamura et al., 2004) which attenuates rapidly in water,
particularly if it is turbid. Bacteria can also be sensitive to UV.

Although viruses do have optimal pH ranges the response to OA of microbial
communities, including pathogens, is largely unknown (Liu et al., 2010).

The environment also provides refuges and reservoirs for pathogens that may
change in response to climate changes. Binding to particles provides
protection for viruses and bacteria (Pham et al., 2011; Campos et al., 2013);
sinking particles may remove pathogens from the water column but create
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reservoirs in sediments. Particles also increase turbulence, attenuating UV.
Particle availability may depend on wind-driven resuspension and biological
creation (Alldredge and Silver, 1988), processes which may themselves
increase with temperature. Climate change can affect behaviour and range of
wild fish and shellfish (e.g. feral Pacific oyster expansion) which can act as
reservoirs for pathogens of farmed animals (Wallace et al., 2017; Jones et al.,
2013). Invasive fouling organisms may affect pathogen retention on farms
by reducing circulation in cages and making disinfection more difficult
(Fitridge et al., 2012).

2.2.4.2.2 Development of infection and disease in hosts. Climate changes and
OA can affect pathogen virulence factors or host metabolic and/or
immunological activity, impacting on disease development within or on the
host itself.

2.2.4.2.2.1 Direct effects of climate change and OA on pathogens in their host
environment: Temperature is the most likely factor to have a direct effect on
pathogens in a poikilothermic host environment. Optimal growth of many
endemic bacterial and parasitic species occurs at temperatures higher than
currently found seasonally in UK waters (Uddin et al., 2008; Guijarro et al.,
2015; Collins et al., 2019). Viruses depend on host machinery for replication
and a temperature induced increase in host metabolism may result in higher
viral replication (Gubbins et al., 2013). However, even while promoting
growth rate, warmer temperatures may reduce the expression or activity of
virulence factors in some species e.g. Flavobactrium psychrophilium
(Guijarro et al., 2015), Salmonid Pancreatic Disease virus (Hikke et al.,
2014). Environmental changes can also select for new, or for the evolution
of existing pathogen strains, differing in virulence or growth rate (Murray and
Peeler, 2005; Chen and Shakhnovich 2010; Panzarin et al., 2014; Asrafi et
al., 2018). Evolutionary trade-offs between growth ex-host and virulence in-
host can occur but may be less pronounced in high host density environments
(Pulkkinen et al., 2010). As a generality, in the absence of other factors,
increases in average sea water temperatures predicted for the UK will permit
faster growth of many aquatic pathogens in their hosts, resulting in an overall
increase in their inherent capacity to cause pathological effects.

2.2.4.2.2.2 Indirect effects of climate change and OA on pathogen virulence
in the host environment: Skin and mucous barriers are the first lines of
defence against infection in fish and shellfish. These barriers may be
damaged by climate change effects, giving pathogens a foothold, e.g.
increased UV damage during sunny weather (Fabacher et al., 1994), though
this may be counteracted by blocking of UV due to turbidity linked to
increased storms and runoff (Hader et al., 2015; Williamson et al., 2019).
Changes in environmental salinity and pH may affect the immune reactivity
of mucosal immune molecules, or may change the viscosity of mucus
(Roberts and Powell, 2005), with lowered salinity decreasing viscosity and
allowing pathogen entry, or may change the adhesion ability of bacteria to
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host surfaces (Balebona et al., 1995). There has been limited study on the
effect of predicted climate and OA changes on these aspects of infection.
Organisms that cause mechanical damage to fish, such as sea lice,
phytoplankton or jellyfish, may increase with sea-water temperature increase,
further compromising gills or skin (Ugelvik et al., 2017).

It has been suggested that a potential increase in pathogen replication in fish
at warmer temperatures may be counteracted by an increase in innate
(nonspecific), but even more so in adaptive (specific) host immune responses
(Uribe et al., 2011; Abram et al., 2017). Generation of T_helper cell
populations and antibody responses are improved at higher temperatures (Le
Morvan et al., 1998; Soto et al., 2014). Higher temperatures resulting in faster
and higher expression of antiviral genes in flounder was attributed to control
of hirame rhabdovirus infection at 20°C compared to 10°C (Zhang et al.,
2017). Higher antiviral and innate immune gene expression or activity were
also shown to correlate with higher temperature in shellfish (Green et al.,
2014; Rahman et al., 2019), though such effects are not consistently reported
(Matozzo and Marin, 2011).

Upregulated immune genes at higher temperatures in Pacific oysters had no
apparent impact on OSHV-1 pvar infection (Green et al., 2014), and both
Green et al. and Rahman et al. suggest that the higher immune gene induction
may compromise immunosurveillance or cause pathology in shellfish hosts.

The immune response can be negatively impacted when climate-change- and
OA- effects create conflicting demands on energy due to increased host
metabolic activity at higher temperatures or maintaining homeostasis in the
presence of increased fluctuations in salinity or pH. This effect may be
compensated by feeding regime in farmed finfish, but shellfish immune
response may be compromised if climate and OA impact negatively on their
environmental food sources. Additional stressors including temperature out-
with the species tolerated physiological range, as well as extended periods of
high temperature, hypoxia and increased UV radiation will result in the
production of a stress response in finfish with a direct immune suppressive
effect (Markkula et al., 2007; Tort, 2011; Abdel-Tawwab et al., 2019), and
these stressors may have even lower thresholds when hosts are infected
(Gehman et al., 2018). The effect of these additional environmental factors
on shellfish immune response is less clear, with contradictory results
observed within and between species (Matozzo and Marin, 2011), though
shellfish generally have wider tolerances than finfish (Guo et al., 2015).
Additionally, studies using multiple stressors have generated effects on fish
and shellfish immune responses different to those using single stressors
(MacKenzie et al., 2014, Araujo et al., 2018). Acute and chronic exposures
to climate change and OA effects, can also result in different outcomes in
relation to immune responses (Bowden et al., 2008). Host stress has also been
associated with pathogen virulence emergence (Gadan et al., 2013).
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Therefore, beneficial effects of higher temperatures on immune response,
especially on that of finfish, may improve the health status of farmed UK
species over periods of the year, but it is likely that without intervention then
predicted extremes in temperature, hypoxia, salinity or pH fluctuations will
result in increased frequency or severity of disease outbreaks at other times.
In addition, climate change extends the temporal presence and abundance of
pathogens in the environment (or in/on host), then this may increase potential
for co-infections to occur, reported to increase mortality risk, e.g. as for co-
infection with OSHV-1 pvar and bacteria (de Lorgeril et al., 2018), or to
reduce vaccine efficacy (Figueroa et al., 2017). Heterologous, parasite and
bacterial pathogen co-infections tend to be synergistic whereas viral co-
infections tend to be antagonistic with respect to impact on host (Kotob et al.,
2016). Lastly, recent research has highlighted the influence of mucosal
microbiome composition on the immune response (Egan and Gardiner 2016).
Aguatic animal microbiomes will be influenced by climate and OA changes
to environment and host physiology, but an understanding of ‘good” and ‘bad’
microbiomes, and environmental effects on these, is limited.

2.2.4.2.3 Potential changes in specific pathogens: Viruses have optimum
temperature windows within which they are most likely to spread or cause
disease (Bricknell et al., 2006). Under a warming climate, the times of year
of outbreaks may change. For example, Salmon Pancreatic Disease Virus
(SPDV), a causative agent of Pancreatic Disease in marine salmon, grows
best at 10°C to 15°C, so outbreaks may occur earlier in the year and over
extended periods. OSHV-1 pvar causes mortality in oysters when SSTs rise
above 16°C with latent infections occurring below 16°C (Pernet et al., 2014).
Increasing SST may facilitate its distribution northwards, or increase in
outbreaks.

Bacterial responses to climate change are likely to be complex. Some, such
as Vibrio salmonicida or Moritella viscosa, may decline under warming
temperatures, but other vibrios may increase, especially those affecting
shellfish (Thomson et al., 2006), some of which are zoonotic (see Section
2.2.7). Such vibrios are more prevalent at warmer temperatures (>15°C) and
lower salinities (<25 ppt) (Baker-Austin et al., 2013), so warmer, wetter
winters and springs may increase certain vibriosis during these periods.
Vibriosis epizootics may also increase with warmer summers when mollusc
hosts are under higher metabolic demands, and bacterial growth rates (and
virulence) could also increase (Hernroth and Baden, 2018). Vibrio tubiashii,
coupled with an unusual warming event, was associated with 59% mortality
in shellfish hatcheries on the US Pacific Coast in 2007 (Elston et al., 2008).
Rare bacterial infections such as Mycobacterium marinum and
Mycobacterium chelonae, may increase as warming temperatures allow them
to expand their range northwards (Gubbins et al., 2013; Baker-Austin et al.,
2017). Many salmonid bacterial diseases are controlled by vaccines, whose
introduction was associated with a large drop in mortality (Murray and
Munro, 2018), however increased temperature could affect duration of
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vaccine efficacy (Eggset et al., 1997), and increases vaccine associated
lesions (Grini et al., 2011). Cleaner fish may be susceptible to increased
bacterial diseases under warmer climates as available vaccines are limited.
Aeromonas salmonicida, which tends to occur with increasing temperatures,
is controlled in vaccinated salmon but has been reported from wrasse, as has
Vibrio splendidus.

Fungi and oomycetes may increase under warmer wetter conditions due to
runoff as pathogenic fungi are largely freshwater (Van West, 2006).
Freshwater fungal diseases could restrict availability of salmonid smolts, but
these are relatively rare causes of marine diseases in the UK.

Bonamiasis, caused by the parasite Bonamia ostreae, resulted in a 93%
decrease in French production of Ostrea edulis between 1970 and 1982
(Laing et al., 2014). Parasite prevalence is most likely in areas of moderate
temperatures (12-20°C) and high salinity, so increasing SSTs and increased
salinities due to drier summers may cause the parasite to spread northwards
in UK waters (Murray et al., 2012) but to decrease in the south, as the parasite
had a lower survival rate at 25°C (Arzul et al., 2009). However, mortality
rates for infected oysters may be greater in warmer waters and offset any
decrease in parasite levels; B. ostreae although present in Scotland it is not
currently associated with disease. Although the UK is free of the parasite
Bonamia exitiosa, it has been reported previously from Cornwall (Longshaw
etal., 2013). This parasite causes mortality in O. edulis at >26°C and salinities
40 psu, and future predicted warmer drier summers may facilitate
establishment and/or outbreaks in the south of the UK. The parasite Maretelia
refringens has caused mass mortalities in O. edulis across Europe, and also
infects Mytilus edulis and M. galloprovincialis. It is again believed to be
temperature dependent, with highest prevalence occurring in the summer
(Arzul et al., 2014). Invasive hosts that act as reservoirs may also spread
northwards due to increasing SST (Jones et al., 2013).

Sea lice, already the most serious parasite of marine salmonids, are likely to
increase with warmer and lower rainfall climates as they mature more rapidly
and survive better (Groner et al., 2014; Brooker et al., 2018). Sea lice exhibit
seasonal patterns with higher numbers in warmer seasons (Hall and Murray,
2018). They are also found in higher numbers on wild sea trout near farms in
warm dry years (Shephard et al., 2016). Warmer conditions may increase
stress of mechanical and bath treatments and so make these more likely to
induce mortality (Overton et al., 2017). However, cleanerfish wrasse may
become more effective delousers as they are active above 10°C (Costello et
al., 1995).

Increase in Paramoeba perurans population growth occurs between 4°C and
8°C and populations can survive and grow for some time in salinities of >20
ppt and 25 ppt respectively (Collins et al., 2019). Therefore, increasing winter
temperatures, despite episodes of lower salinity, may support overwintering
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and earlier, faster, disease occurrences in spring and summer. Under warming
scenarios AGD (and other gill diseases) may be expected to increase in
impact. Freshwater reduces AGD, so drought could reduce treatment options
and affect AGD management, particularly if resistance to H2O treatment
emerges (Oldham et al., 2016). Hypoxia due to increased temperature, or
algae decay following increased blooms, could reduce ability to perform
stressful treatments, and affect fish recovery.

Sea lice and gill diseases may act synergistically to increase problems in
response to warming temperatures making problems worse.

Timescales of changes may vary between pathogens. Sea lice and gill disease
are already serious problems in the management of fish health and so may be
expected to get worse in the short- and moderate-terms (2020s to 2050s). In
the longer term, conditions are likely to become inherently become even more
suitable for these pathogens, however technological and management
changes mean impacts are difficult to predict. Shellfish diseases can also be
expected to become more widespread and severe, dependent on the spread of
the pathogens, notably Scottish water temperatures are currently generally too
low for key pathogens to cause severe shellfish diseases (Murray et al., 2012),
but this is more likely to change in the moderate- to long-terms (2050s to
2080s).

2.2.5. Invasive non-native species (INNS) and nuisance species (Low
confidence)

2.2.5.1 What is happening (Low confidence)

There is little evidence that invasive non-native species (INNS) are causing
significant impact on aquaculture in the UK despite marine INNS including
the tunicates Didemnum vexillum and Styela clava being present and
spreading. These INNS have the potential to smother and outcompete
cultured shellfish species as well as incurring additional husbandry and
product-processing costs. D. vexillum has been found on mussel beds and in
an oyster hatchery in England, and more recently on oyster farms in Scotland
(Cottier-Cook et al., 2019). However, anthropogenic introduction rather than
climate change is thought to be the primary cause of these occurrences,
though increasing water temperatures above 16°C may support their
establishment. In the case of Styela clava, northerly locations reaching
summer water temperatures above 16°C may be a contributory factor in the
spread of this species northwards in Scotland (Cook et al., 2013). Native
fouling species already do cause significant impacts for aquaculture
infrastructures (Fitridge et al., 2012) but again there is little reported evidence
of climate change effects on their level of impact. Populations of feral Pacific
oyster, C. gigas, (originally considered unable to reproduce at UK seawater
temperatures) have successfully bred in Northern Ireland (Kochmann et al.,
2012). Feral C. gigas have recently been observed as far north as Shetland
(Shelmerdine et al., 2017). Spread of C. gigas out with aquaculture sites can

498 482-520



‘ MCCIP Marine Climate Change
Impacts Partnership Aquaculture

MCCIP Science Review 2020

have consequences for local biodiversity (Nehls and Buttger, 2007), although
these may be positive (e.g. Christianen et al., 2018). Feral oysters can also
act as disease reservoirs (for example OsHV has been found in feral oysters
in a disease management buffer zone in the Thames estuary), or competition
for farmed oysters (Miossec et al., 2009). Increased water temperatures may
have contributed to the establishment of feral populations of Manilla clams
(Ruditapes philippinarum)  following introduction for cultivation
(Humphreys et al., 2015).

2.2.5.2 What could happen (Low confidence)

Climate change may increase introduction, establishment and secondary
dispersal of marine invasive species (Maggs et al., 2010), particularly as
species ranges extend further north (Reid et al., 2009). Biofouling of fish and
shellfish aquacultures structures is conservatively estimated to contribute 5-
10% of aquaculture production costs (Fitridge et al., 2012). Detrimental
effects of biofouling organisms include net occlusion, reduced water flow and
oxygen levels, competition for food and space, lesions and disease
transmission (Martell et al., 2018) and the added weight to systems increasing
structural stress or harvesting effort. The shellfish farming sector is most
likely to be impacted by non-native fouling species including the tunicates D.
vexillum and S. clava, which are present in the UK and spreading, but
hydrozoan biofoulers’ stinging cells can damage fish skin and gills (Bloecher
et al., 2018). Rising seawater temperatures are likely to provide more optimal
conditions for both sexual and asexual reproduction of D. vexillum (Nimmo
etal., 2012) contributing to its spread. The slipper limpet Crepidula fornicata
is present in coastal water of Wales and southern England. Rising water
temperatures could enhance its benthic recruitment (Bohn et al., 2012), with
its potential to compete for benthic habitat and foul shellfish species.
Similarly, C. gigas recruitment to feral populations is predicted to be high
risk by 2040 (Syvret, 2008).

Mytilus trossulus is a native UK ‘nuisance species’ for aquaculture of M.
edulis as its flesh quality is inferior and its weaker shell prone to harvesting
and storm damage (Gubbins, 2012). Competition for settlement space in Loch
Etive, Scotland, has resulted in significant losses in M. edulis production
(Dias et al., 2009). M. trossulus is more tolerant of lower salinities than M.
edulis at early life stages (Qiu et al., 2002). Therefore, increased rainfall and
freshwater runoff might be expected to promote its expansion. Conversely,
M. edulis is more tolerant of higher temperatures, and OA effects on byssus
compared with M. trossulus (Dickey et al., 2018), potentially improving
ability to withstand storm damage. Therefore, rising SST and OA may limit
competition of M. trossulus over M. edulis.

The introduction and establishment of NNS is a complex process influenced

by both climatic factors as well as human mediated. There is also insufficient
information on the biology of NNS and many native biofoulers. It is therefore
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difficult to predict how a changing climate may exacerbate their impacts on
aquaculture.

2.2.6. Plankton, HABs and jellyfish (Low confidence)

2.2.6.1 What is happening now

2.2.6.1.1 Harmful Algal Blooms: Plankton are reviewed in an accompaning
MMCIP report (Edwards et al., 2020). Harmful Algal Blooms (HABs) have
impacted the UK aquaculture industry by causing mortalities and impacting
the health of farmed fish, resulting in the enforced closure of shellfish
harvesting areas due to concentrations of algal toxins in shellfish flesh above
regulatory limits. Mortalities of farmed fish have been caused by high cells
densities of a number of different phytoplankton groups. The unidentified
‘flagellate x’ caused mortalities of farmed fish in Scotland the early 1980s
(Ayres et al., 1982). The morphological features of some phytoplankton
species such as the diatom Chaetoceros convolutus with spiney setae, can
irritate gills of farmed fish, impacting condition (Treasurer et al., 2003).
Blooms of the dinoflagellates Karenia mikimotoi have caused mortalies of
farmed fish in Scottish waters in the 1980s with impacts on the benthos
reported in the late 1990s (Davidson et al., 2009). In 2003, high cell densities
of Karenia mikimotoi resulted in mortalities of farmed fish in Shetland
although the mechanism during this incident (via toxin production, gill
damage or increased O> demand once the algae die) is still not clear. A
subsequent K. mikimotoi bloom in 2006 which was transported around the
Scottish coast resulted in mortalities of the benthos and some wild fish.
Farmed fish were not impacted by this event although fish farmers in Shetland
reported impacts on fish gills (Davidson et al., 2009). Algal toxins which
impact shellfish harvesting areas are discussed under human health impacts
(Section 2.2.7).

2.2.6.1.2 Jellyfish blooms: Jellyfish blooms are reviewed in an accompanying
MCCIP report (Edwards et al., 2020). In terms of aquaculture, blooms impact
the suitability of intermediate and supporting ecosystem services such as
suitable seascapes for the rearing of penned finfish (Luisetti et al., 2018).
Blooms also impact the suitability of built human capital designed for the
purposes of fish farming (Bosch-Belmar et al., 2017). Specifically, jellyfish
blooms cause extensive mortalities in finfish due to net obstruction, O
reduction and nematocyst liberation that causes gill disorders, which leads to
intoxication (Lynam et al., 2011; Lucas et al., 2014). Some evidence also
suggests that medusae are a significant carrier of pathogens (Delannoy et al.,
2001) and that blooms are a health hazard to aquaculturists (Bosch-Belmar et
al., 2017). Extensive blooms of Pelagia noctiluca in 2007 across the Celtic
Sea were associated with the death of over 100,000 farmed salmon though
intoxication, resulting in revenue losses of £1 million (Doyle et al., 2008). In
the early 2000s blooms of Cyanea lamarkii in waters surrounding the Isle of
Lewis in Scotland were associated with mortality of around 2.5 million
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penned salmon, with estimations of total economic loss of £5 million
(Johnson 2002).

2.2.6.2 What could happen in the future

2.2.6.2.1 HABs: A review of the last 10 years reveals a strong regional
variability in the incidence of HABs in the UK (Bresnan et al., 2017). Over
this relatively short time scale, signals from climate change are difficult to
disentangle from short-term weather events, e.g. wind-mediated transport
influencing sudden or prolonged toxicity in shellfish at some sites in Scotland
(Whyte et al., 2014; Morris et al., 2010). Broad-scale modelling studies
(Gobler et al., 2017) predict an increase in the occurrence of toxin producing
species in the North Sea, however these models need to account for the
complexity and differences of life cycles at a species level (Dees et al., 2017).
Prediction of the potential for the northern expansion of HAB species in the
north-east Atlantic (Townhill et al., 2018) is made difficult by the
complexities of application of modelling techniques to plankton (Brun et al.,
2016). Changes in toxin producing algae are discussed in Section 2.2.7 under
their impact on human health.

2.2.6.2.2 Jellyfish blooms: Jellyfish blooms could occur more regularly under
warming scenarios as perceptions exist that link the phenomenon to climate
change (Attrill et al., 2007). Evidence of increasing populations includes
counts of gelatinous material in data collected by Continuous Plankton
Recorder (CPR) tows, that suggest jellyfish biomass has been on the rise since
the turn of the century (Licandro et al., 2010). An array of studies in the
literature and reports in the media also generally reference patterns of
increasing bloom frequencies worldwide (Richardson et al., 2009). However,
caution is required when considering this perception, as these relatively short-
term increases could simply have occurred within natural cyclical population
patterns (generally over a 20-30 year time period) that jellyfish are known to
undergo (Licandro et al., 2010, Condon et al., 2013). Also, biases towards the
perception of increasing blooms have recently been identified (Condon, 2012,
Sanz-Martin et al., 2016), contributing to a high level of uncertainty in
relation to future blooming patterns in response to climate change and the
associated impact on aquaculture operations. There is also a lack of long-term
population trends data to back up the perception as sampling of jellyfish has
been relatively sporadic, but efforts have been underway to expand this since
2012 (e.g. the citizen science reporting tool: jellywatch.org).

Although complex environmental factors affect jellyfish blooms (Edwards et
al., 2020), increasing temperatures appear to be a key factor for many species
(Philippart et al., 2011, Mar-Lopez et al., 2014), increasing temperatures may
result in greater frequencies of blooming events within the natural long-term
cycles of jellyfish populations. However, there are significant knowledge
gaps in species specific physiological information in response to each of the
environmental factors of relevance.
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2.2.7 Food safety (Moderate confidence)

Food safety is critical for an economically sustainable aquaculture and this
can be affected by a range of processes that are themselves sensitive to climate
and climate change (Bresnan et al., 2017). These include algal toxins in
shellfish, zoonotic or human pathogens, and heavy metals, among others.

2.2.7.1 What is happening (Moderate confidence)

2.2.7.1.1 HAB toxins: Some algal species produce toxins which accumulate
in the flesh of shellfish that feed on them and pose a serious risk to human
health if consumed. Closures of shellfish harvesting areas are enforced if
algal toxin concentrations exceed the permitted concentration defined in the
EU Shellfish Hygiene Directive (EU 853/2004). The algal toxins responsible
for Paralytic Shellfish Poisoning (PSTs), Diarrhetic Shellfish Poisoning
(DSTs), amnesic shellfish poisoning (ASTs) are routinely detected in UK
shellfish with the majority of incidences recorded in Scotland and along the
south coast of England.

The impacts of climate on the plankton community in the North-east Atlantic
has been detailed in Edwards et al. (2006, 2020) with the spatial distribution
of some toxin producing genera such as Dinophysis changing over a multi-
decadal timescale. Hinder et al., 2012 revealed an increase in the abundance
of the Domoic Acid toxin producing diatom Pseudo-nitzschia associated with
changes in wind speed intensity and direction. The complexities of the
relationship between HABs and climate change have been highlighted in
reviews (Hallegraeff, 2010; Wells et al., 2015). Within the UK, effort has
been directed into examining the impact of weather on shellfish toxicity with
wind being a driving factor in events associated with DSTs in Shetland
(Whyte et al., 2014) and Loch Fyne in Scotland (Morris et al., 2010).
Increased effort has been placed in prediction of shellfish toxin events with
number of regional alert systems in place or underway to provide an early
warning to the aquaculture industry (Davidson et al., 2006; Schmidt et al.,
2018, http://www.shellfish-safety.eu/), and historical fish Kkill events
modelled to improve understanding of drivers (Gillibrand et al., 2016).

More recently Tetrodotoxin (TTX) has been detected in shellfish from the
south coast of England (Turner et al., 2015; Turner et al., 2017). While no
relationship with phytoplankton could be established, the identification of
TTX in ribbon worms and associated bacteria has been confirmed (Turner et
al., 2018).

2.2.7.1.2 Bacterial and viral pathogens: High levels of human or zoonotic
pathogens can result in economic losses for shellfish aquaculture sites.
Climate can influence contamination levels. Rainfall is a major driver of
pathogen transport into estuarine waters. Intense rainfall can lead to release
of untreated sewage from Combined Sewer Overflows (CSO), and to the
transfer of animal waste from fields or farm holdings into rivers through
overland flow (runoff). Suspended sediment (runoff and storms) can provide
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protection from UV radiation, and substrate on which to multiply (Malham et
al., 2014; Campos et al., 2013). These processes are similar to those affecting
fish and shellfish pathogens, some of which (especially Vibrios) can be
zoonotic.

Escherichia coli shellfish contamination in the UK has been correlated with
rainfall and suspended sediment (Campos et al., 2017; Malham et al., 2017).
Vezzuli et al., (2013; 2016) found a correlation between Vibrio bacteria load
(including human vibrio pathogens) in UK and northern European seawater
samples and long-term changes in SSTs. This was in parallel with increases
in environmentally acquired Vibrio infections in human populations. Vibrio
numbers increased in oysters and mussels in Holland with increasing
temperatures above 13.5°C (Schets et al., 2010). A clear correlation between
shellfish ingestion and human vibriosis is more difficult to establish, possibly
due to poor reporting (Bresnan et al., 2017). Norovirus (NoV) levels were
positively associated with the frequency and volume of sewage discharges,
river flow and storm overflow events and were negatively associated with
waters >10°C (Campos et al., 2016; Bresnan et al., 2017). Information on
AntiMicrobial Resistance (AMR) in the marine environment in the UK is
limited, though antibiotic resistant genes have been detected (Elbashir et al.,
2018). Changes in temperature and pH may affect antibiotic persistence in
seawater and so impact on antibiotic resistance in bacterial populations.

2.2.7.1.3 Heavy metals and pollutants: Ocean acidification and changes to
seawater chemistry could affect the solubility and speciation of metals or
contaminants, resulting in greater bioavailability and bioaccumulation in
organisms (lvanina and Sokolova, 2015). pH changes simulating OA have
resulted in increased cadmium accumulation in M. edulis to levels considered
unsafe for human consumption (Shi et al., 2016). Heavy metal and pesticide
levels in farmed salmon have however decreased since the 1990s, but this
may reflect changes to sources of commercial feed (Ngstbakken et al., 2015).

2.2.7.2 What could happen in the future (Low confidence)

Projected increase in high intensity rainfall has the potential to increase the
number and magnitude of Combined Sewer Overflow (CSO) releases and
runoff in agricultural areas, leading to increased supply of human pathogens
to estuarine areas in winter. Milder winters and springs with increased
precipitation may favour increases in Vibrio that grow best at lower salinities
and require >15°C (Esteves et al., 2015). NoV outbreaks may decrease
overall with increased temperatures, though lower salinities (Lee et al., 2008),
and increased loading due to runoff in winter, may counteract any decrease.
As NoV can remain viable in sediments for extended periods, the virus may
be released by increasing winter storms (Lee et al., 2008). Meanwhile,
increased water temperatures, and changing salinities associated with higher
river flows could either increase or decrease E.coli concentrations, with
reports that increased temperature promotes both degradation (Campos et al.,
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2013) and replication of E.coli, and with higher and lower survival at
salinities of 25% and 100% respectively (Carlucci and Pramer, 1960).

Increased AMR associated with increased temperatures and density in human
populations (MacFadden et al., 2018) which may indirectly impact AMR
levels in the marine environment through increased precipitation and CSO
overflow. Increases in, or newly emerging, diseases due to climate change
may result in increased use of antibiotics in aquaculture and contribute to
AMR (Buschmann et al., 2012). However, antibiotic use is low in UK marine
aquaculture due to use of effective vaccines. It is difficult to predict if climate
change and OA will result in significant changes to metal/pollutant
contaminant levels in aquaculture organisms, due to interactions between
climate change effects and OA on modulating uptake, metabolism, and
elimination processes.

3. QUALITATIVE LEVELS OF CONFIDENCE FOR ‘WHAT IS
ALREADY HAPPENING’ AND ‘WHAT COULD HAPPEN IN THE
FUTURE’

Globally, climate change and OA has been associated with impacts on
aquaculture in situ, e.g. seawater influx and storm damage in tropical regions
(Barange et al., 2018), summer heatwaves affecting shellfish spat settlement
and mortalities in the Mediterranean (Rodrigues et al., 2015), and OA in the
Pacific North-west affecting hatchery and wild seed recruitment (Ekstrom et
al., 2015).

However, predictions for potential effects of climate change and OA on
aquaculture are based for the most part on from experimental or observational
data (Callaway et al., 2012; Gubbins et al., 2013). Increasingly multifactorial
exposure studies show that climate change and OA effects can be synergistic,
dependent on species and on lifecycle stage (Gimenez et al., 2018; Gobler et
al., 2018; Ong et al., 2017). Complexity in predicting outcomes not only
relates to combined effects on the biology of the host, but on the ecosystem
in which it lives, e.g. food supply, pathogens and predators, and the influences
climate change and OA may have on these and on their ecosystem
interactions. Local geographical or inter-annual variability in conditions
make it difficult to predict potential impacts of climate change or OA. In the
UK, the North-east Atlantic displays greater variability in SST than the global
trend, and this in part may be due to the Atlantic Multi-decadal Oscillation
(Hughes et al., 2017), potentially resulting in intermittent periods of lower
temperature increase, and associated effects, between now and 2100. The
capacity of adaptation by the species tested is also not fully understood
(Crozier and Hutchings, 2014).

Climate change impacts will be influenced by other anthropogenic activities,
e.g. sources of pollutants, introduction of disease or invasive species and

504 482-520



‘ MCCIP Marine Climate Change
Impacts Partnership Aquaculture

MCCIP Science Review 2020

mitigated through technology and spatial planning. In the UK aquaculture
sector, in particular for salmon, the rapid advancement of technology and
changes in husbandry and production practices potentially mitigate against,
and mask impacts. Examples include development of RAS and close
containment, vaccines, treatments, functional feeds, selective breeding,
shorter marine production cycles and early warning systems e.g. for HABs.

Overall there is a lot of uncertainty on how current impacts and projected
impacts of climate change and OA will affect UK aquaculture.

4. CONFIDENCE ASSESSMENT

What is already happening

H High
Medium

L X Low

Level of
agreement/consensus
<

Amount of evidence

The evidence for an impact associated with changing climate has increased,
particularly for gill disease and Vibrio contamination, but there remains a lot
of uncertainty and contradictory impacts and the association with climate
change cannot be confirmed. Although the evidence that there is an impact
has increased since the last MCCIP report (Gubbins et al., 2013) it is not
enough to confidently change the status of the evidence to medium, but the
evidence is increasing and we do expect medium evidence will be the future
situation. Agreement on likely climate-driven changes is also increasing,
particularly increased growth rates and disease risks. However large
uncertainties remain in changes to risks from HABs and invasive species, so
although there are increasing reasons for moving the status to ‘Medium’, we
retain the ‘Low’ status.

505 482-520



‘ MCCIP Marine Climate Change
Impacts Partnership

MCCIP Science Review 2020

Aquaculture

What could happen in the future?

Level of
agreement/consensus

H High
M Medium
L X Low
L M H
—

Amount of evidence

5. KNOWLEDGE GAPS AND EMERGING ISSUES

The following knowledge gaps focus on better understanding potential
climate change (CC) and ocean acidification (OA) effects on aquaculture,
rather than knowledge gaps relating directly to development of mitigation
strategies, though of course one can lead to the other.

(@)

(b)
(©

(d)
(e)
)
(9)
0

1)

The extent to which sea-level rise and associated coastal habitat loss
(including areas suitable for intertidal mollusc culture) will be offset
by coastline morphology reformation.

Understanding causes and ranges of spatio- and temporal
fluctuations in coastal acidification and salinity.

The synergistic effects of CC and OA and the effect of fluctuating
compared to continuous exposure to these impacts on settlement
(shellfish), growth and survival of aquaculture species.

The capacity of aquaculture species at individual and population
level to adapt to CC and OA.

Effects of CC and OA on pathogens and disease development and
on complex disease outcome.

Interacting effects controlling transport of pathogens and sediment
from terrestrial catchments into estuarine areas, and the persistence
of pathogenic organisms in the marine environment.

Increased information on effects of CC and OA on factors directing
phyto- and zooplankton blooms.

Information on the importance of zooplankton in shellfish diets
Impacts of climate change on the environmental impacts of
aquaculture — e.g. assimilative capacity of receiving water bodies,
including impacts at potential offshore sites.

Understanding of the changing environmental factors under altered
climate scenarios on the processes involved in invasion,
establishment and spread of a range of relevant Non-Native Species.
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(k) Information on offshore environment/ecosystem and potential
impacts of CC and OA on sustainable growth of offshore
aquaculture.

() Economic predictions on how CC may change aquaculture output
elsewhere and increase economic viability of existing/new species
in UK — planning for future aquaculture development.

The top three current priorities for further information are: e, i, and j

The top three emerging issues that will require more informationare: k, ¢, and
d.
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Table 1: summary of emerging climate change issues in finfish and shellfish aquaculture.

Climate change & OA Summary of potential impacts Confidence Comments on Confidence Level
Finfish | Shellfish Level
2050 | 2100 | 2050 | 2100 (overall)

Physical carrying capacity

Sea level rise D M| D | ™ |esealevel rise could result in a reduction of Low e Little information available to predict

Sediment deposition (due to M M| D | M |nearshore culture sites for shellfish but should impact of sea level rises on current shellfish

increased precipitation events) notimpacton finfish. sites.

Storm frequency and intensity | ™ | N [ N | 1 [® sediment runoff may be detrimental through ® Little information on the impact of
gill damage for finfish and burial and/orimpact sediment on gill health: particle size, load
on feeding and primary food production for etc. Shellfish susceptibility to burial is

. shellfish. species specific.

Overall production output = \L = \L P P
® Increased storms could resultin increased cage ® Limited information on sediment and food
damage and fish escapes, loss of shellfish long- thresholds at which shells close or when
lines or damage to shells. energy expenditire outpaces increase in

filtration rates.

*Production carrying capacity

Growth: temperatureand OA | 1 | €> [ & [ L [ ncreasing ssTs may benefit Scottish salmon Low  |e Limited knowledge on how temperatures

New aquaculture species | © | ™| M |growthin the nearto mid term but exceed may change impact of larvae and adult

Disease ™ ™ ™ A |physiological optima in southern Scotland by the shellfish predators.

Invasive and nuisance species | T ™ ™ A |end of the century. ® (imited information on synergistic effets

Food safety o|le |V { |® SSTincrease mayincrease shellfish larvae of increasing SSTs and OA on pathogen
development and adult growth (byalso increasing dispersal, survival and infectivity, and on

. food availability), butincreasing OA and coastal complexinfections.
Overall production output <« ‘1’ ‘1’ \1/ acidification ﬂuvc)tuaﬂons ma r:sult inlarvae g
salit v ® Limited knowledge on how CCand OA
mortality.

v interactions will impact on shellfish survival
® Temperature increase may facilitate expansion and growth, on invasive species, and on
of some shellfish species e.g. M. galloprovencialis , native nuisence species e.g. hydrozoa.
but st\‘l\ be msufﬂcne.nt to compete with warmer ® Limited information on local sclae pH
countries for production of sea bass and sea . )

fluctuations in UK coastal waters.
bream.

PN -
® Some aquaculture disease issues mayincrease timited knowledge on how co-inciding
with rising SSTs such as sea lice, gill pathologies z"s‘”"e_a"d "‘e_g_a:";e ‘t'_"”“‘s 'evg'ssr
orshellfish protozoa, while others such as cold ecre.aslng salinity u.mcre.a?mg ) S on

- norovirus survival and infectivity, will impact
water vibrios may decrease. N

on outbreak frequencies.
® Warm water invasive species, impacting on _
® Unknown how future bio/technology
aquaculture, may spread northwards and more o A
widely development will impact on production,
| growth and disease.
@ Increasing precipitation events maylead to h
. ® Unknown how move to offshore farming
sewage overflow and increased human pathogen . o )
A N . will mitigate against or change CCand OA
load in marine environment. A
impacts on aquaculture.
@ Higher SSTs and lower salinities mayincrease
incidence of vibriosis and reduce norovirus
outbreaks in winter.
® HABs and jellyfish blooms mayincrease with
increasing SSTs.

Ecological carrying capacity

Invasion of non-aquaculture T T O ™ e Itis likely that with increasing SSTs, feral Low ® Limited information on how increased

sites populations of Pacific oysters and manilla clams SSTs and OA may impact on

Escapes A A | 2~ | 2 |will occur more widely potentialy impacting on medicine/treatment breakdown, uptake and

Disease transfer 2 a | a4 [native fauna. retention by fin- and shellfish.

Pollution resiliance thresholds | NA N3 J | ® Increased frequency and severity of storms may ® Limited information on how SSTs and CC
resultin cage damage and farmed fish escapes: mayimpact on hypoxia levels in UK coastal
increasing integration with wild salmonids and sites and on benthic community resilience to

" d potentiallyimpacting on their biodiversityand pollution.
Overall production output

‘1’ ‘1’ ‘1’ ‘l’ health. ® Limited information on how waste from
® Some diseases and pathogen loads may ffsh aquaculture d lop! ts may
increase in response to increasing SSTs: warmer impact species poor benthic environments.
températures shortens»the I{iecvc\e ofs‘ea lice, » ® Limited information on potential impact of
allowing more generations: increased lice load in ) S

. A " . aquaculture interaction with new offshore
environment may impact on wild salmonids. a ! !
wild species, and potential to actas

® Breakdown of medicines and treatments in "stepping stones" for new pathogens and
environment may be affected by increasing SSTs invasive species.
and OA.
@ Exposure thresholds to farm fin- and shellfish
farm waste may be reduced for benthic
communities due to lower oxygen content.

Social carrying capacity

Increased competition for ™ T 0 T | petrimental impacts of CCand OA on the Low ® Social issues can be difficult to measure

resources and concern over marine environment directly, and via potentially and are often subjective.

environment. increasing impact of aquaculture mayresultin

Support for economic ~ ~ a A reduceq support foraquaculture presence or

. expansion.

opportunities and food

security if wild fisheries However, potential reduction of the wild
fisheries industry due to CCand OAimpacts on

decrease. ) X
fish/shellfish stocks, may encourage support for
alternative food sources and economic

Overall production output & | [ | ¢ [development.

* Areduction in capacity does not necessarilymean a reduction in production in future, as current capacities may not be utilised fully, and changes to technology may mitigate
against CCand OA changes, orimprove other aspects.
SSTs: sea surface temperatures; OA: Ocean Acidification; 4 increase; { decrease; ¢ overall no change
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