Aquaculture 566 (2023) 739225

Contents lists available at ScienceDirect

Aquaculture

o %

ELSEVIER journal homepage: www.elsevier.com/locate/aquaculture

Check for

Mass mortality events in marine salmon aquaculture and their influence on  [%&s
occupational health and safety hazards and risk of injury

Barbara Neis, PhD *, Wenzhao Gao, MEng ?, Lissandra Cavalli, PhD ", Trine Thorvaldsen, PhD ¢,
Ingunn M. Holmen, PhD ¢, Mohamed F. Jeebhay, MBChbPhD d, Maria Andrée Lépez Gémez,
PhD*, Cory Ochs, MSc?, Andrew Watterson, PhD ¢, Matthias Beck, PhD, Carlos Tapia-Jopia,
MSc &

@ Ocean Frontier Institute, Memorial University, Canada

Y Memorial University and Department of Agricultural Diagnosis and Research, Porto Alegre, Brazil

¢ SINTEF Ocean Trondheim, Norway

4 Occupational Medicine Division and Centre for Environmental & Occupational Health Research, University of Cape Town, Cape Town, South Africa
€ Public Health Research Group - Faculty of Hedlth, University of Stirling, Stirling, UK

f Department of Management and Marketing, Cork University, Cork, Ireland

8 Centro de Estudios de Sistemas Sociales, Oficina Coquimbo, Coquimbo, Chile

ARTICLE INFO ABSTRACT
Keywords: Introduction: Mass mortality events (MMEs) involve the sudden death of thousands to millions of fish. MMEs are a
Marine salmon aquaculture serious problem in marine finfish aquaculture globally and may become more common with climate change.

Mass mortality events

) They can entail significant asset losses; pose compliance threats to environmental and animal health, and
Occupational health and safety

occupational health and safety obligations; and may undermine social license to operate. MMEs may be defined
as major accidents in that they require rapid mobilization of workers, vessels and other supports and working
under pressure to a) investigate the extent and cause of the die-off; b) remove, transport, and dispose of dead
finfish; and c) adjust farm design and practices to reduce future risk. As with other such events, MMEs have the
potential to cause injury or fatalities to persons, damage to cages and vessels and also substantially reduce the
welfare or number of fish. Still, no existing research has explored the potential aquaculture occupational health
and safety (AOHS) hazards and risks associated with responding to MMEs.

Materials and methods: An international AOHS research team performed a desktop exercise using information on
definitions of MMEs, incident reports, legal and regulatory guidance and documentation and media coverage to
generate five country profiles (Canada, Chile, Ireland, Norway, Scotland) of potential AOHS hazards and risks
associated with MMEs. Country profile findings were synthesized and incorporated into a multi-disciplinary,
expert elicitation risk assessment process to identify causes and consequences of MMEs.

Results: Findings indicate variability in MME definitions, requirements for event reporting and AOHS-related
contingency planning across countries. To highlight key hazards and potential pathways between MME-
prevention planning, monitoring and response and AOHS risks a preliminary bow-tie risk analysis is conduct-
ed. Bow-tie risk analysis is a graphical tool to illustrate an accident scenario, with accident causes on one side of
the tie and consequences on the other. These findings are also relevant for AOHS in general.

Conclusions: AOHS concerns need to be fully and effectively integrated into broader risk assessments and sur-
veillance systems to prevent MMEs and reduce their consequences in marine finfish aquaculture.

1. Introduction activities on the ocean associated with it makes salmon aquaculture a
high risk sector. Mass mortality events (MMEs) ranging from the death

Marine salmon aquaculture is a major part of the global aquaculture of thousands to millions of fish in a short period of time are a challenge
sector. The combination of intensive farming/harvesting/transport in the marine salmon aquaculture sector globally. MMEs can have
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serious consequences for companies in terms of loss of assets and clean-
up costs valued at millions of dollars (Armijo et al., 2020; Mutter, 2020;
Oesterud, 2016). They fit Rausand and Haugen, 2020’s definition of a
major accident in fish farming in that they are acute events that entail
reduced welfare or mortality of a large number of fish, major damage to
the farm and can result in injuries or fatalities (Holen et al., 2019).
Because of associated negative effects on animal health and environ-
mental health concerns, MMEs can lead to investigations and regulatory,
technological or other changes designed to mitigate future risk. They can
disrupt employment and pose a threat to social license to operate by
fueling criticisms of the marine salmon aquaculture industry (Mather
and Fanning, 2019). They can also pose threats to aquaculture occupa-
tional health and safety (AOHS).

AOHS, our focus here, is under-researched globally despite the scale and
rapid growth of the sector (Watterson et al., 2020). The existing AOHS peer-
reviewed research is largely limited to aquaculture operations in Scandi-
navia, the United States, Australia, Brazil, Canada and Chile. Researchers
have identified multiple and diverse hazards (Thorvaldsen et al., 2020a,
2020Db; Fry et al., 2019; Ngajilo and Jeebhay, 2019; Watterson et al., 2020;
Cole et al., 2009; Moreau and Neis, 2009) and high rates of injuries and
fatalities in aquaculture relative to other industries (Cavalli et al., 2019; Fry
etal., 2019; Holen et al., 2018a, 2018b; Holmen et al., 2018; Kaustell et al.,
2019; Mitchell and Lystad, 2019; Myers and Durborow, 2012; Ochs et al.,
2021). They have also identified significant policy gaps related to AOHS
surveillance, reporting and regulation (Fry et al., 2019; Mitchell and Lystad,
2019; Watterson et al., 2020).

While existing research indicates aquaculture, including salmon net-
pen aquaculture, is a relatively high risk sector from the point of view of
injury and fatality rates, systematic risk assessments of personnel safety
and other types of risk are rare, with methodologies still being devel-
oped. Even in Norway where risk assessment of fish farm operations is
mandatory, the practice needs to be improved across the industry
(Holmen et al., 2018). Overall, risk assessment of major accidents/sys-
tem failures within aquaculture, such as MMEs, is in its infancy with
Norwegian researchers beginning to address these gaps by identifying
dimensions of risk, and developing frameworks and methods for major
accident risk assessment and an assessment of the operational limits in
aquaculture (Holen et al., 2019; Yang et al., 2020a, Yang et al., 2020b).

Responding to MMEs requires rapid mobilization of workers and
technological and other supports in order to identify the extent and
cause of the event, plan and undertake removal of the dead salmon from
the pens, and transport these salmon to places where they can be safely
disposed of or rendered into fish meal or some other product. MMEs
require communication with authorities and media, working under
pressure and also often lead to changes in pen distribution, design and
other technological changes to reduce future risk, and to changes in
work organization and tasks during and following MMEs. All of these
activities and changes have potential effects on AOHS, but no existing
research appears to have explored the potential AOHS hazards and risk
associated with MMEs.

2. Methods

The authors carried out a collaborative, desktop initiative as part of a
larger risk assessment exercise on MMEs in salmon aquaculture,
including causes and potential consequences. Co-authors from Norway,
Scotland, Chile, Ireland and Canada were tasked in the first round, with
developing country profiles for aquaculture OHS and mass MEs using
studies of hazards, related job tasks and risk in the sector and a review of
reports of mass mortality events (MMEs), as well as any policy docu-
ments and publicly available data on the cause, frequency and OHS
consequences of these events. Country profiles were assembled using
policy documents, media coverage and other publicly available data on
the cause, frequency and OHS consequences of documented events in
these five countries with major marine salmon aquaculture industries
and a history of MMEs. Country profiles (developed in winter 2021),
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mainly focused on collecting information on MME:s for the period from
2016 to 2019.

Profiles covered the following broad topic areas: definitions/de-
scriptions of MMEs for their respective jurisdictions; information on
number and scale of MMEs for their countries including, where avail-
able, information on causes, working conditions, numbers of workers,
seasons; an overview of work tasks likely affected by these MMEs and
any information on related injuries/fatalities; information on work or-
ganization and relevant regulatory frameworks that might have influ-
enced regulatory and organizational response and risk mitigation; and,
information on whether their country/jurisdiction has any particular
regulations around MMEs.

Resulting country profiles were then synthesized into a report on
MME-related hazards and risk and used to generate a preliminary risk
profile of pathways between MMEs and the risk of occupational injury
and illness in the sector. The risk profile was discussed and refined as
part of an expert elicitation-based process encompassing both experts in
causes of MME:s (climate, disease, nutrition) and consequences for AOHS
and for communities. Expert elicitation techniques are a used in
assessing environmental risks and impacts in environmental manage-
ment and evidence-driven multidisciplinary expert elicitation can help
address the problem of expert overconfidence associated with these
techniques (Singh et al., 2017). This expert-elicitation process involved
two multi-disciplinary workshops held in spring 2021 results from
which are informing a process of interpretive structural modelling
related to MME risks and impacts (Sajid et al., 2017; Sajid et al., 2023).

The remainder of this manuscript brings together findings from the
country profiles and from the AOHS literature and risk assessment
workshop exercise to provide an overview of findings related to mor-
tality events (MEs) and mass mortality events (MMEs) in the various
countries and a synthesis of existing knowledge about hazards, accidents
and injuries in marine salmon aquaculture. Findings from the different
country profiles and assessments of the impacts of particular MMEs in
these countries, combined with insights from existing AOHS research,
including details on job tasks and descriptions of MMEs where some
details are available, show ways and contexts where MMEs are likely to
contribute to multiple kinds of hazard exposures and risk. Drawing on
these findings, on methodological and other insights emerging from
aquaculture risk assessments of hazards developing into accidents
(which would include MMEs) from research underway in Norway (Fore
and Thorvaldsen, 2021; Holmen et al., 2021), and on insights from the
larger MME expert elicitation process, the manuscript presents a pre-
liminary bow-tie analysis of risk pathways encompassing conditions
prior to and subsequent to the MME. While more research and dialogue
is needed to identify and address real and potential OHS issues related to
MME:s across different contexts the findings point to methods that could
be used to relatively rapidly expand knowledge and research in these
areas.

2.1. Marine salmon aquaculture

Marine salmon aquaculture production is concentrated in coastal
areas in relatively few countries including Norway, Canada, Chile,
Scotland, the United States, Australia, the Faroe Islands, Ireland and
Iceland. It is one of the most capital-intensive aquaculture sectors and,
outside of Norway (Holmen and Thorvaldsen, 2018) and perhaps
Australia (Smart et al., 1999), the transnational part of the industry is
mainly controlled by a few very large corporations, many of which are
headquartered in Norway. These companies often subcontract key ser-
vices including mort removal to smaller, specialized companies. The
activities of these companies are governed by different OHS regulatory
regimes in different parts of the world (Watterson et al., 2020).

Norway is the leading Atlantic salmon producer globally with about
one half of the total global production (Food and Agriculture Organi-
zation, 2020). While Norway’s aquaculture sector consists almost
exclusively of marine salmon aquaculture, other salmon-producing
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Table 1
Mortality event (ME) definitions and required actions across countries.
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British Columbia, Canada
(regulations vary by province in

Definition: fish mortalities equivalent to 4000 kg or more, or losses reaching 2% of the current stock inventory within a 24-h period; or fish
mortalities equivalent to 10,000 kg or more, or losses reaching 5% of the current stock inventory within a five-day period.

Canada) Regulations:
a) reporting of mortality events to the federal Department of Fisheries and Oceans within 24 h of discovery.
b) related license requirements include having a Health Management Plan (HMP) and HMP standard operating procedures for retrieval,
recording and disposing of fish carcasses with bio-security protocols,
c) Inthe event of a Mortality Event, licensees need to outline actions to handle the additional biomass on site and identification of vessels that
will be used to collect and transport mortalities.
Newfoundland and Labrador, a) The Newfoundland and Labrador government’s licensing aquaculture policies and procedures manual introduced in fall 2019 indicates
Canada companies must report “abnormal mortality events” within 24 h (as of November 2019) and provide a copy of Standard Operating
Procedures for dealing with these events for review and approval by the department and approved by other relevant departments. The
manual does not seem to include a definition of “abnormal mortality events.” 2 (pg. 62)
b) In addition, all applicants for an aquaculture license must submit a Fish Health Management Plan (including a Biosecurity Plan and a Fish
Disposal Plan) when they submit their license application, (pg. 15).
c) Prior to October 2020, all licensees were required to implement mitigation measures approved by the Department of Fisheries and Land
Resources to prevent mortality events that include installation of minimum 20 m nets, aeration devices and optimal farmed fish stocking
density.
Chile Aquaculture mortality events are defined in relation to capacity for extraction, storage and certified rendering of morts. Government considers
a mass die-off to have happened if any of the following occurs:
a) the minimum daily capacity for certified mortality extraction is exceeded (the minimum daily capacity cannot be under 15 tons)
b) the minimum daily capacity for certified denaturing is exceeded (the minimum daily capacity of extraction cannot be under 15 tons)
¢) storage of denatured material reaches 80% of capacity®
Ireland “Increased mortality” is defined as “that which is unexplained and above the level of what is considered normal to the site under the prevailing
conditions,’ i.e.,
a) mortalities exceeding 1% for fish >750 g in weight
b) 1.5% for fish <750 g in weight (FHUML 2016. “The Farmed Salmonid Health Handbook.™*
Scotland Has no precise definition of what constitutes a mortality event or ‘mass die-off’ but the Fish Health Inspectorate must be notified of events
exceeding the following thresholds:
a) 1.5% weekly mortality or 6% 5-week rolling mortality for sites with average weight under 750 g
b) 1.0% weekly mortality or 4% 5-week rolling mortality for sites with average weight above 750 g
There is no requirement to report mortality events to the Health and Safety Executive.
Norway Has no formal definition of mass mortalities. Fish farmers are required to report increased mortality at or above the following levels:

a) Fish below 0.5 kg: >0.5 per thousand
b) Fish above 0.5 kg: >0.25 per thousand

¢) Mortality should be calculated per fish cage or per (smolt) tub per day>.

1. (Government of Canada, F. and O.C, 2015 https://www.pac.dfo-mpo.gc.ca/aquaculture/licence-permis/docs/licence-cond-permis-mar/licence-cond-permis-mar

-eng.pdf p. 3)
2. (pg. 62) licensing-pdf-aquaculture-policy-procedures-manual.pdf (gov.nl.ca).

3. SERNAPESCA (2021). Manual de normativa de mortalidades massivas. Retrieved January 25, 2022. http://www.sernapesca.cl/sites/default/files/manual normati

va_mortalidades_masivas_28-01-2021_v2.pdf

4. Retrieved February 15, 2021, https://www.fishhealth.ie/fhu/health-surveillance/aquaplan-fish-health-management-ireland/farmed-salmonid-handbook) pg. 17.
5. https://www.mattilsynet.no/fisk_og_akvakultur/fiskevelferd/varslingsplikt ved_sykdom_og_daarlig velferd.25660 (in Norwegian)

countries also have shellfish and other types of aquaculture production
within the same region or jurisdiction. Marine salmon production
comprises 50% of Australian aquaculture production by value and is
concentrated in Tasmania(Smart et al., 1999); in Canada, it comprises
65% of value and is concentrated in the coastal provinces of British
Columbia (BC), New Brunswick (NB), Newfoundland and Labrador (NL)
and Nova Scotia (NS) where shellfish aquaculture also takes place (Knott
and Neis, 2019). In Chile, salmon accounts for 54% of value from
aquaculture production (FAO, 2020). Atlantic salmon production dom-
inates the Scottish aquaculture sector by volume and value. In Scotland,
in 2020, marine salmon production totaled 192,129 tons and generated
around £931 million in value (Scottish Government, 2022). Ireland
produced 45,400 t of aquaculture products in 2017 including blue
mussels, Atlantic salmon and Pacific cupped oyster (Food and Agricul-
ture Organization of the United Nations, 2019).

2.2. MME:; in salmon aquaculture

As with MMEs in wildlife populations (Fey et al., 2015) and in
agriculture (Munasinghe et al., 2008; Koopmans et al., 2004), marine
aquaculture MMEs can, in some cases, result in the death of thousands
and even millions of organisms in a short period of time. Both can also

have different and sometimes multiple, interacting causes. In the case of
aquaculture MMEs these causes can include harmful algae blooms,
warm water and related reductions in dissolved oxygen, sea lice treat-
ments, mechanical factors, and fish disease events. Between 2016 and
2019 fish farm companies reported 760 mortality events to the Scottish
government with incidents with the highest mortality rates ranging
between 20 and 57% of the stock. (Fish Health Inspectorate Scotland, n.
d. https://www.gov.scot/policies/fish-health-inspectorate/). In Nor-
way, production loss is mainly caused by fish dying in cages. In 2020,
16.4% of fish in cages died, a loss of 61.6 million fish (https://www.bare
ntswatch.no/en/havbruk/fish-mortality-and-losses-in-production). In
2016 the mass mortality of 126,225 salmon (300 tons) happened over
26 min at a fish farm owned by SalMar' due to over exposure to
hydrogen peroxide used during delousing. In 2019 (May/June), fish
farmers in the Northern part of Norway experienced a toxic algae bloom
(Chrysochromulina leadbeaterii) resulting in the mortality of 8 million fish
across several farms and companies (Mattilsynet, 2021; Holland, 2019;
Karlsen et al., 2019; Welch, 2019). Notification of Incidents That Result in

! https://www.aftenposten.no/norge/i/d45w/massedoed-av-laks-paa-opp

drettsanlegg (in Norwegian).
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Poor Fish Welfare for Farmed Fish | The Norwegian Food Safety Authority, n.
d.; Personvern- og Cookie-erkleering, Schibsted Norge, n.d.).

The Chilean industry experienced a massive MME in 2016 caused by
a toxic harmful algae bloom. This affected 14 companies and mortalities
exceeded 25 million fish (10% of the total stock). The volume of dead
fish was equivalent to a biomass of 40,000 tons (Armijo et al., 2020).
Many other mortality events have occurred in Chile since 2016. For
instance, between January and May 2020, there were 51 fish MEs in
Chile and >50% of these events were deemed a mass mortality using
Chile’s criteria (see Table 1) because storage of denatured material
surpassed 80% of capacity (SERNAPESCA, S. de A, 2020).

In Ireland, there is limited information on mortality events. A major
event in 2003 resulting in the death of 345,000 fish on three farms was
attributed to companies trawling for prawns that released hydrogen
sulphide into the pens (Siggins, 2003). In late October 2021, MOWI was
reported to have experienced an MME with preliminary estimates of
80,000 fish deaths in Ireland. Around the same time, MOWI experienced
a large MME comprised of 489,000 salmon deaths (just over half the fish
at the relevant site) in its operations on the Island of Newfoundland on
Canada’s east coast (Godfrey, 2021). This followed an earlier, much
larger MME for MOWI in the same Newfoundland region in 2019 con-
sisting of 2.6 million salmon (Montgomery, 2019; White, 2019). Recent
MMEs have also occurred in the state of Maine, in the United States
(Mitchell, 2021; Rogers, 2021).

Low levels of mortality are a routine feature of salmon aquaculture.
Regulation and reporting of this routine mortality is generally tied to
animal health concerns and related requirements for efficient, ongoing
removal and safe disposal of the fish. As indicated in Table 1 below, for
the countries studied, the definition of mortality events (MEs) (i.e.,
events where the scale of mortality exceeds ‘normal’ situations and is
generally associated with specific reporting requirements) varies across
jurisdictions, by time and by the size of the fish. Mortality events are
generally managed separately from escapes.

In British Columbia, on Canada’s west coast, all mortality events that
exceed certain levels (see Table 1) must be reported and a description of
each of these reported events and their causes since 2011 is available
online at Mortality events at British Columbia marine finfish aquacul-
ture sites - Open Government Portal (canada.ca). According to this
portal, there were 432 mortality events between 2011 and 2021. Un-
fortunately, these data do not include information on the size of the
mortality events. Media coverage of incidents like the die-off of 250,000
salmon (approximately 1000 tons) at two Grieg farms in British
Columbia in 2018 indicate some of these events would qualify as MMEs
(White, 2018). The most common primary causes listed on this site
include low dissolved oxygen, followed by algae blooms, treatment,
handling, water quality, infectious diseases, and other causes. In some
cases, multiple causes are listed indicating interactivity.

In Newfoundland and Labrador, on Canada’s east coast, the
requirement to report “abnormal mortality events” was introduced in
2019 after an MME, but “abnormal” was not defined. In Chile, reporting
requirements are defined in relation to their relationship to certified
mortality extraction, storage and rendering capacity for morts (dead
fish). In Ireland, Scotland and Norway, the requirement to report mor-
talities is based on the scale of mortalities relative to the number or
weight in the cages.

Occupational health risks associated with MMEs have been identified
and addressed in terrestrial animal husbandry with a focus on zoonotic
agents including the potential for infection of workers on farms, in mort
transport, and in rendering, and on other occupational health risks
(Arzey et al., 2012; Munasinghe et al., 2008; Koopmans et al., 2004;
Convery et al., 2007). Large-scale MMEs in salmon aquaculture can
result in serious challenges for companies and workers. Finding suffi-
cient diving and pump capacity to remove the fish, as well as storage
capacity on site and capacity for handling and transporting of ensilage
can be especially challenging. MMEs can also result in major techno-
logical and other changes on salmon farms that come with attendant

Aquaculture 566 (2023) 739225

hazards such as working with and anchoring larger cages, working in
deeper water and other changes. There may also be psychosocial haz-
ards. As with other kinds of major accidents, MMEs point to the
importance of prior hazard identification and risk assessments; the
development and implementation of emergency preparedness plans,
contingency planning, and access to key resources including appropri-
ately trained personnel and surplus capacity for the rapid removal,
transportation and processing of dead finfish.

2.3. MME;s and aquaculture occupational health and safety

A systematic evaluation of the relationship between MMEs and
AOHS would ideally start with an analysis of data on the timing, scale,
location and nature of previous MMEs linked to data on near-misses/
injuries/illnesses/fatalities associated with those times and places.
MME-related incident patterns could then be compared with patterns
during non-MME periods on the same farms or on similar farms where
MMEs have not occurred. However, a considerable number of compa-
rable undesired events/accidents with and without MMEs would be
needed to make a quantitative comparison. Our country profile findings
indicate that in most cases, this kind of rigorous comparison would not
be feasible based on available data due to lack of clear definitions of
MMEs and critical gaps in information on mortality events. Further-
more, as noted by Watterson et al. (2020), data on occupational injuries/
illnesses and fatalities are often hard to isolate from compensation
claims data for agriculture or fisheries more generally in some countries,
and aquaculture workers are not always eligible for workers’ compen-
sation. Subcontracting of some activities, such as diving, reliance on
informal workers in some contexts, and likely delays between exposures
and illness in the case of some diving-related and other activities would
further complicate such an analysis. It may be possible to use the
approach outlined above in future risk assessments for hazardous events
which might result in MMEs in some countries, particularly if the
analysis of administrative data is coupled with qualitative interviews
with industry personnel who have experienced MMEs.

An alternative approach and one we use here is to identify the tasks,
conditions and processes associated with MMEs that are likely to affect
the nature and scale of hazard exposures and risk levels based on
existing AOHS research, and then to map the risk pathways. Norwegian
research suggests that aquaculture work-related accident causality is
often complex and associated with a range of contributing factors
including the work environment, demanding work, variability in skills
and training, safety management that is poorly implemented, and other
challenges (Thorvaldsen et al., 2015; Fgre and Thorvaldsen, 2021;
Holmen et al., 2021). MMEs are primarily system failures, a type of
major accident similar to spills and blow-outs in the oil and gas and
chemical sectors. Like other major accidents, MMEs are relatively rare
and highly variable events and may be associated with enhanced or
changed risk profiles associated with them without these resulting, in all
cases, in reported injuries/illnesses or fatalities or claims for
compensation.

Development of holistic risk management systems for system failures
in aquaculture is in its infancy and, unlike in the oil and gas and
chemical sectors, the risk profile in aquaculture involves rearing live
animals, thus requiring attention to, for instance, animal health and food
quality, in addition to environmental, material as well as worker occu-
pational health and safety issues (Holen et al., 2019; Yang et al., 2020b;
Holmen et al., 2021). Potential interactions across and within these di-
mensions need to be taken into account in aquaculture risk assessments
as illustrated by research showing that monitoring and penalties for
certain kinds of events such as fish escapes and problems with fish health
including MMEs, can lead to workers placing more attention on these
issues than on protecting their own health and safety (Thorvaldsen et al.,
2015; Stgrkersen, 2012). One way to do this is to carry out systems-
based risk assessments in relation to MMEs and aquaculture more
generally. With the exception of Norway, there appear to be few such
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publicly available assessments for the sector that also focus on AOHS
and we draw on those in our bowtie risk assessment below (Holmen
et al., 2018; Thorvaldsen et al., 2020a, 2020b; Stgrkersen, 2012).

Marine salmon aquaculture work activities likely to be affected by
MMEs include work on vessels transporting workers, feed, equipment,
supplies and dead and live fish; installing and removing and possibly
moving cages; working around installed cages including as part of diving
support as well as on and around feed barges. It also encompasses un-
derwater work around, under and inside of net-pens, including gath-
ering morts in various stages of decay, net cleaning and repair, as well as
work on wharves and onshore rendering of dead fish. MME:s can trigger
technological changes designed to reduce future risk that may affect
risk. Much of this work happens outdoors and is subject to the effects of
weather-related exposures.

Although limited, the growing body of research on AOHS indicates
aquaculture is associated with occupational diseases due to diverse
physical, ergonomic, chemical and biological hazards, as well as high
injury and fatality rates (Watterson et al., 2020; Ngajilo and Jeebhay,
2019). These hazards are also prevalent in marine finfish aquaculture,
including within the work activities outlined above. Norwegian, Finnish,
American, Australian and Canadian researchers have used administra-
tive datasets obtained from occupational incident and injury reporting
systems to document injury characteristics most frequently encountered
in the aquaculture sector. They have also tracked trends in fatality and
injury rates and compared these to other sectors (Fry et al., 2019;
Kaustell et al., 2019; Mitchell and Lystad, 2019; Holen et al., 2018a,
2018b; Holmen et al., 2018; Ochs et al., 2021). Their research indicates
aquaculture, including marine salmon aquaculture, is associated with a
relatively high risk of injury and fatality. In Norway, salmon aquaculture
is the second most hazardous industry after fisheries with high occu-
pational injury and fatality rates, although these rates have declined in
response to interventions and changes in the industry (Holen et al.,
2018a, 2018b; Thorvaldsen et al., 2020a, 2020b). In Australia, Mitchell
and Lystad (2019) found that serious injury compensation claims for the
period 2012-2016 were most common in the offshore caged aquaculture
sector (42.6%) and almost two-thirds of disease claims were from this
sector.

Common occupational diseases and injuries in marine salmon
aquaculture include musculoskeletal disorders, falls on the same level
and lacerations or open wounds of the hands, fingers or thumb. Being hit
by moving objects is a common source of injury. Physical hazards
include working outdoors in environmentally-variable conditions
(Sandsund et al., 2022; Holen et al., 2018a, 2018b; Holmen et al., 2018;
Douglas et al., 1995, Thorvaldsen et al., 2020a, 2020b). Mitchell and
Lystad (2019) also identified multiple psychosocial hazards in Austra-
lian fishing and aquaculture including long work hours, irregular work
hours, shift work and occupational stress linked to working away from
families. Similar findings regarding long work hours have been
described in a recent study from Norway (Thorvaldsen et al., 2020a,
2020b).

Ngajilo and Jeebhay (2019) reviewed the literature on occupational
injuries and diseases in aquaculture. They found:

"[flor salmon farms (excluding hatcheries), studies have identified
safety issues related to diving, falls from cages, sea-going workboats,
cranes and hoists ... Documented chemical hazards include ... pes-
ticides, polychlorinated biphenyl and organochlorines contami-
nating fish feed ... Biological hazards include leptospirosis infection,
... allergenic dust from fish feed, needle-stick injuries and associated
complications, as well as self-injection of fish vaccine which can
result in inflammation and anaphylaxis ... Ergonomic hazards from
lifting nets can result in musculoskeletal injuries ... Moreover, a
recent study from Norway highlighted several safety hazards related
to operating cranes and capstans, blows from objects, and drowning
as important causes of injuries and fatalities in salmon farming ..."
(pg. 41).
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Workers in technical positions requiring specialized training (diving,
net pen cleaning) encounter risks of decompression sickness, entangle-
ment, entrapment under ice in some contexts, and other hazards (Myers
and Durborow, 2012; Guerrero et al., 2018; Smart et al., 1999). These
and other workers including equipment cleaners, divers, fish handlers,
and processing workers that may be immersed in or come into contact
with water, equipment, live fish, and fish waste contaminated with
chemicals and antibiotics. This may, as a result, increase their risk of
adverse health effects associated with exposures to the chemicals, an-
tibiotics, and to antimicrobial resistant bacteria (Lulijwa et al., 2020;
Love et al., 2020; Brunton et al., 2019; Sapkota et al., 2008).

2.4. Risk factors associated with mass mortality events

The review of AOHS research on marine salmon aquaculture in the
previous section shows that many of the tasks affected by MMEs are
already associated with increased injury risk. How and under what
conditions would MMEs tend to enhance the risk of injury, illness and
fatality? MMEs can affect types and levels of exposures to documented
hazards in finfish aquaculture especially in diving, work on cages and
around cages, on seagoing workboats, in confined spaces, and with
cranes and hoists. The ultimate adverse effects will depend on the scale,
duration and timing of the MME including in relation to weather events.
Their OHS impacts will also be affected by risk assessments, emergency
preparedness, and contingency planning, as well as technology and
work task design, and other factors.

MMEs can lead to the need to recruit new divers and to more sus-
tained diving activities with changed profiles, as was the case during the
MME in Chile in 2016 and in the one in Newfoundland and Labrador in
2019. MMEs can, for instance, change net configuration due to the
weight of large numbers of fish, thus changing dive depth. They can
affect dive frequency and duration with potential OHS effects. When
MME-related demands exceed local or normal diving capacity, this can
lead to changes in labour force composition by requiring the recruitment
of extra divers from outside the region and sector who may or may not
be as well trained, experienced and as well-equipped as regular dive
labour forces. The volume of material, pressure for rapid removal and
safe disposal of the dead fish can lead to long working hours and fatigue
for divers and other workers.

In some contexts, like Norway, most of the fish removal in response
to an MME triggered by an algae bloom in 2019, was done using pumps
rather than divers, and dead fish were transported in specialized aqua-
culture vessels. In this context, however, insufficient staffing was still
the most prominent OHS concern in that several companies did not have
enough workers to assist. In particular, smaller companies needed
additional staffing during the crisis since workers were required to work
long shifts (Karlsen et al., 2019). Previous studies have shown that fa-
tigue and tiredness due to heavy workloads and lack of personnel can
contribute to fish escapes and to threats to personal safety (Fgre and
Thorvaldsen, 2021; Thorvaldsen et al., 2020a; Thorvaldsen et al.,
2020Db). It is thus likely that insufficient staffing, long work hours and
high levels of stress related to operations such as moving the fish may
have a negative impact on worker safety. However, a service vessel
operator in a fish farm company in Nordland County, reported that to his
knowledge, no occupational accidents happened during the busy period.

In Newfoundland and Labrador during the 2019 MOWI MME and in
Chile MME during 2016, dead fish were transported in fishing vessels
operated by fishermen, raising questions about potential issues with
vessel design including confined spaces in fishing holds, chemical (such
as hydrogen sulphide from decomposing fish) and other exposures, as
well as issues with experience, training and possibly poor access to PPE
(Kenyon, 2008). Timing of fish removal in relation to chemical and
antibiotic treatments as well as the degree of fish decay might be
different from normal operations affecting potential exposures and risk
for divers, shore and transportation personnel as well as for the marine
environment. Technologies that indirectly protect workers from
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exposures to contaminated water, fish, and equipment, may not be
readily available to smaller operations.

Of the countries profiled in the study only Chile had issued a health
and safety circular related to AOHS hazards associated with MMEs. In
that case, the circular focused on diving and potential hydrogen sulfide
(H2S) exposures in the transport of dead fish. Chile issued Circular 0-31/
020 - safety measures in the case of mass fish mortalities - in which
health threats, and steps for preventing injury/illness are identified.
Circular 0-31 establishes the safety measures that must be adopted in
cases of mass fish mortality including in removal, loading, trans-
portation, and unloading tasks and is under the jurisdiction of the
Maritime Authority. The Circular and some other documents explicitly
address two key risks: the risk of exposure to H,S and diving safety.

High antibiotic use is also reported in Chilean aquaculture (Millanao
et al., 2018), largely driven by outbreaks of Piscirickettsia salmonis
(Miranda et al., 2018; Buschmann et al., 2006). Risk of exposures to
antibiotics, antibiotic residues, and AMR genes is exacerbated by the
concentration of Chilean aquaculture operations within a small
geographical region and their situation relatively close to land (Bach-
mann-Vargas et al., 2021; Tomova et al., 2015). Research has shown the
presence of antimicrobial resistant bacteria (AMR) is higher in regions
under selective pressure from antibiotic use in aquaculture than in un-
exposed regions (Shah et al., 2014; Buschmann et al., 2012). Further-
more, there is evidence of horizontal gene transfer of AMR genes from
aquatic to human pathogens in Chilean regions exposed to intense
aquaculture operations (Tomova et al., 2015). Removing, transporting
and processing fish and fish biomass in the wake of an MME might
contribute to enhanced risk of exposures to antibiotic residues that exert
selective pressure for AMR and to AMR genetic determinants.” Assess-
ments of the risk of exposures to AMR genetic determinants will require
local and value-chain specific information due to variation in opera-
tions, technologies, AMR bacteria abundance, and environmental and
socioeconomic factors (Reverter et al., 2020).

Based on the country profile for Scotland, MMEs have been linked to
various operations, all of which raise some general and some specific
OHS hazards and related risks. Failed treatments such as chemical ap-
plications and in de-licing machines, and poor handling, involve known
hazards and risks to workers. Data on specific injuries and illnesses are
not available but clearing dead fish and net cleaning are major problems.
MME:s could affect the weight and porosity of nets. The lifting of nets out
of the water by °crane is a difficult task due to the unknown weight of
the net and is covered by a variety of generic health and safety laws and
regulations. Removal of nets from the sea to enable cleaning may also
expose workers to pathogenic bacteria with exposures potentially
affected by MMEs. COSHH 2002 Regulations cover some of the occu-
pational health risks and the UK Veterinary Medicines Directorate has a
role in dealing with aquaculture workers affected by animal medicines
and veterinary products. The HSE does not appear to keep information
specifically on MMEs and related worker injuries and illnesses but it may
be possible to extract such information at a later date. Field inspectors do
have knowledge of some of the risks.

Findings in the Irish profile were similar to those for Scotland in

2 This is discussed in more detail in relation to Chile in Cavalli, L.S., Lépez
Gomez, MLA., Ochs, C., Neis, B., Jopia, C.T., 2022. Overview on Salmon Mass
Mortality Events and Occupational Health and Safety in Chile Aquaculture. All
Life (under review).

3 Information on MMEs in aquaculture in Scotland and Ireland and AOHS can
be found at the following links: HSE (nd) Scottish Aquaculture Industry Forum.
Working in the marine environment is a dangerous occupation. https://www.
hse.gov.uk/scotland/saif.htm UK Government (1997) Diving at Work Regula-
tions 1997 and the Approved Code of Practice — Commercial Diving Projects
Inland/Inshore - L104 https://www.legislation.gov.uk/uksi/1997/2776/con-
tents/made Health and Safety Authority Ireland (2014) Managing Health and
Safety in Fishing https://www.hsa.ie/eng/Publications_and_Forms/Publica-
tions/Fishing/Managing Health_and_Safety_in_Fishing.pdf
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terms of the lack of information on MMEs and related worker injuries
and illnesses. The Irish Health and Safety Authority (HSA) provides
specific information on biological, chemical and physical hazards,
confined space working, equipment and machinery, lifting gear and
manual handling in fish farming all of which could be affected by MME:s.
Some HSA information dates back to 2014 and although it covers
generic fishing hazards applicable to offshore fish farming, little or no
information in these generic guides would specifically cover groups like
divers, for instance, when dealing with mass die-offs. However, the HSA
does have specific guidance on diving at work that encompasses aqua-
culture and uses UK HSE as a source of information on some diving
hazards.

Many MMEs are associated with Harmful Algae Blooms (HABs). In
the case of Chile, for example, HABs were implicated as the causal agent
for most of the MMEs in Chilean salmon aquaculture between 2016 and
2021. The latter were driven by blooms of Karenia mikimoti, Gymnodi-
nium spp., Pesudo-nitzschia, Azadinium spp., Skeletonema spp., Chaeto-
ceros cryophilus, and Cochlodinium spp. (Chile, nd. Sernapesca - Servicio
Nacional de Pesca y Acuicultura (available at: http://www.sernapesca.
cl/busqueda?search=mortalidad+masiva, accessed December 2022)4.

These HAB events are anticipated to increase in frequency and in-
tensity globally due to climate change as a result of increases in sea
water temperature, salinity and nutrient concentration caused by
evaporation. Toxins and cells released by HABs are linked to adverse
human health outcomes as identified in a number of anecdotal and case
reports. There is, however, a paucity of epidemiological studies report-
ing adverse health outcomes associated with acute, and particularly
chronic, exposures (Young et al., 2020).

Occupational exposure pathways to cyanobacterial toxins or cells
have been identified as incidental contact, consumption, or inhalation of
water or aerosols (Young et al., 2020; Grattan et al., 2016; Backer and
McGillicuddy, 2006; Carmichael and Falconer, 1993). Adverse health
outcomes associated with these latter exposures include dermatological,
ocular and respiratory health effects, as a result of irritation caused by
these toxins. Common clinical problems reported include skin itching
and sores; swelling of the eyes and face; and respiratory symptoms
including shortness of breath (Backer and McGillicuddy, 2006; Young
et al., 2020; Hort et al., 2021; Said et al., 2018; Ngajilo and Jeebhay,
2019).

2.5. Bow-tie risk analysis

Bow-tie risk analysis is a graphical tool used to illustrate an accident
situation, starting from causal factors and ending potential with conse-
quences. Compared with other models available, the reliability and ef-
ficiency of bow-tie analysis is well proved and it is used in broad range of
applications in safety and risk analysis (Khakzad et al., 2012; Chevreau
et al., 2006; de Dianous and Fiévez, 2006). A preliminary bow-tie risk
analysis (Figs. 1 and 2) presents key potential factors associated with
enhanced risk of MMEs and related enhanced hazard exposures during
and following such events, with an overall focus on potential pathways
between MME prevention, planning, monitoring and interventions and
AOHS risks. In Fig. 1, AOHS risk is affected by such pre-event factors as
the location, season, scale, cause and duration of the MME, as well as by
regulatory and social-organizational factors. Weak regulatory frame-
works for fish health and OHS, weak monitoring of threats to fish health,
lack of MME hazard assessments, weak OHS regulatory requirements
and inspection capacity and related shortcomings in training and hazard
assessments for MMEs, as well as environmental factors like extreme
weather events can contribute to MME risk including for injury/illness

# The particular case of MMEs and aquaculture health and safety is dealt with
in more detail in Cavalli, L.S., Lopez Gémez, M.A., Ochs, C., Neis, B., Jopia, C.
T., 2022. Overview on Salmon Mass Mortality Events and Occupational Health
and Safety in Chile Aquaculture. All Life (under review).
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Fig. 1. MME bowtie barrier health and safety risk analysis: Pre-event contributing factors.
Caption: Fig. 1 highlights a number of pre-MME factors that can contribute to enhanced health and safety risk for aquaculture workers. The arrows show how the
factors interact with each other to contribute to an MME with enhanced health and safety risk. OHS refers to Occupational Health and Safety. ME refers to Mor-

tality Event.

among workers.

As indicated in Fig. 2, after the onset of the MME, factors that
contribute to risk of injury/illness as a consequence of the MME include
lack of contingency planning, potential environmental factors like
extreme weather events that might happen during the event, and haz-
ardous work design for key MME-related jobs including shortcomings in
safe operating procedures, net design (including size and depth and
placement relative to other pens) and integrity, as well as technologies,
processes, procedures and training for fish removal, transport and
disposal. Demand for skilled labour/shipping/pumping technology may
exceed available resources, enhancing risk by increasing reliance on less
skilled/experienced workers and increasing the risk of long working
hours, stress and fatigue. Subcontracting of hazardous jobs such as
diving and other forms of fish removal can add to risk and mask expo-
sures and health and safety impacts. Gaps in detection, inspection and
reporting of adverse health effects, as well as limited access to appro-
priate health care, compensation and RTW supports enhance current
risk by potentially magnifying the effects of injury and illness. Lack of
post-event hazard review and system adjustments contribute to future
risk.

The NL Canada MOWI MME in 2019, and the 2016 MME in Chile,
would be located at one end of a spectrum of risk with serious gaps and
weaknesses across multiple variables including a lack of contingency
planning, heavy reliance on divers for mort removal and other under-
water work, and very limited access to surplus experienced personnel
with the training and equipment required for rapid removal and trans-
port of millions of dead fish. Delayed removal and the scale of the event
complicated the task of retrieving, loading, transporting dead fish and
fish ‘biomass’ in both NL and Chile and had the potential to increase the

risk of exposures to chemical and therapeutant residues in the water for
divers and to H3S on board fishing and other vessels. At the opposite end
of the spectrum, Norway’s 2020 MME also exceeded existing removal
capacity but not to the same degree, and reliance on specialized tech-
nologies (pumps and specialized service vessels and crew plus tighter
environmental and OHS surveillance may have reduced risk.

3. Conclusion

Mortality events (ME) are an anticipated and persistent aspect of
marine salmon aquaculture that, depending on their cause and scale,
require different types of interventions and reporting. It is not uncom-
mon for animal health agencies to require reporting of MEs that exceed
‘normal’ levels of mortality. These vary across countries and are also
often tied to license provisions for companies. Where they exist, ME data
might indicate causes but seem to rarely include information on the
scale of the events making it difficult to track MMEs except where there
has been media coverage and sometimes a public investigation. Based on
the country profiles, MMEs of several thousands of fish appear to be
relatively common whereas those involving more than a million salmon
appear to be relatively rare. Larger MMEs vary in terms of causes,
timing, scale and duration, all of which can influence hazard exposure
and risk.

Monitoring and mitigating AOHS impacts does not appear to be a
priority in management of MMEs and in MME investigations which
appear to generally be managed according to generic OHS procedures.
The country profiles point to unevenness across major marine salmon
aquaculture producing countries in terms of definitions of MMEs, access
to data, requirements for reporting, and requirements for risk
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Fig. 2. MME bowtie barrier health and safety risk analysis: Post-event factors mediating risk.
Caption: Fig. 2 highlights post-MME factors that mediate health and safety risk for aquaculture workers. The arrows show how multiple factors interact with each
other to influence risk of injury/illness among aquaculture workers. OHS = Occupational Health and Safety and RTW = Return To Work.

assessments and contingency planning, including for impacts on AOHS.
They also point to key knowledge gaps that should be addressed in order
to better understand when, how, and at what critical junctures such
events enhance risk, for what types of workers, as well as ways to
eliminate/mitigate risk through preventing MMEs and, when they
occur, minimizing AOHS hazard exposures as these events unfold.

MME:s unfold in marine environments where companies have some
limited control over environmental conditions and their cause(s) and
effects are spread across multiple segments associated with the pro-
duction system from net design, placement, monitoring of the pens,
through to removal, transportation and disposal of waste products.
Although more research is needed, many of the work activities affected
by MMEs, including diving and other jobs related to retrieval of the dead
salmon, loading, transporting and unloading varying volumes of dead
salmon and salmon biomass, are also associated with increased risk
under normal circumstances. MMEs (particularly large ones) can in-
crease the number of workers exposed in hazardous tasks and poten-
tially the level of exposures to key hazards. There is also some risk of
larger-scale system failures that could generate injury/illness/fatality
clusters, although none are documented.

A preliminary bow-tie risk analysis highlights key hazards and po-
tential pathways between MME-prevention planning, monitoring and
response, and AOHS risks. It indicates that the nature and extent of risk
enhancement with an MME will likely vary with the cause and scale of
the die-off, industry preparedness and contingency planning, related
ready access to sufficient, appropriately trained personnel and tech-
nologies well-designed for the safe removal and transport of the dead
salmon in a timely fashion, environmental conditions prior to and at the
time of the MME, and access to appropriate health care, OHS expertise
and compensation. As with fish escapes, fish health and disposal and
rendering of morts are regulated and monitored by government, envi-
ronmental groups and sometimes third party certification agencies in
salmon aquaculture because of their environmental and animal health
effects. This may not always be the case for OHS, thus contributing to a
possible scenario that other concerns will draw attention away from

OHS in the context of MMEs. This needs to change. The preliminary
bow-tie hazard and risk assessment presented here indicates that AOHS
concerns need to be fully and effectively integrated into broader risk
assessments on ways to reduce MMEs and their consequences in marine
finfish aquaculture.

Moving forward, more detailed knowledge of the timing, scale, cause
and unfolding of MMEs and data on compensation claims and OHS in-
cidents/investigations would make it possible to compare near misses
and injury/accident/fatality rates during and in the wake of MMEs with
those associated with ‘normal’ working conditions. It would also support
integration of insights across countries, likely essential for robust risk
assessment and safety management for these kinds of relatively rare
major accidents. Where the same company operates across different
countries, more detailed analysis of how they deal with MME AOHS in
each country may also prove valuable.
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