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Preface

This is the final report for the project "Environmental impact of aquaculture and coexisting
industries - scope for comprehensive regulation" - "MILJ@REG". The project is funded by the
Norwegian Fisheries and Aquaculture Industry's research funding. The main goal of the
project has been to prepare a broad overview of the knowledge base related to the
environmental impact of aquaculture, as well as environmental impact from other industries
with activities in the same areas as aquaculture. Requirements for the regulation of
aquaculture were compiled and the scope for a more direct and differentiated regulation of
the environmental impact from aquaculture was explored, based on the collected knowledge
base. The project has been a collaboration between Akvaplan-niva, the Norwegian Institute
for Water Research (NIVA) and Nofima, where NIVA has had the main responsibility for
chapter 3, Akvaplan-niva for chapter 4 and Nofima for chapters 5 and 6. However, all
institutes have contributed to all chapters.

Dette er sluttrapport for prosjektet «Miljgpavirkning havbruk og sameksisterende industrier-
mulighetsrom for helhetlig regulering"- "MILJJREG"» finansiert av Fiskeri og
havbruksneeringens forskningsfinansiering. Hovedmalet med prosjektet har vaert & utarbeide
en bred oversikt over kunnskapsgrunnlaget relatert til miljgpavirkning av havbruk, samt
miljepavirkning fra andre neeringer med aktiviteter i samme omrader som havbruk. Krav til
regulering av havbruk ble sammenstilt og mulighetsrommet for en mer direkte og
differensiert regulering av miljopdvirkningen fra havbruk ble utforsket, basert pa
kunnskapsgrunnlaget. Prosjektet har veert gjennomfert som et samarbeid mellom Akvaplan-
niva, Norsk Institutt for Vannforskning (NIVA) og Nofima, hvor NIVA har hatt hovedansvar
for kapittel 3, Akvaplan-niva for kapittel 4 og Nofima for kapittel 5 og 6. Alle institutt har
imidlertid bidratt i alle kapitler.

Akvaplan-niva 2023 63547.01
Side 6 av 502



Sammendrag og konklusjoner

Et forbedret FoU-basert kunnskapsgrunnlag om miljopavirkning fra akvakultur og
sameksisterende neeringer kan bidra til bedre forvaltning, som igjen vil bidra til okt
forutsighbarhet og mer miljomessig berekraftige nzeringer. Hovedmalet med prosjektet
«Miljepavirkning havbruk og sameksisterende industrier- mulighetsrom for helhetlig
regulering"- "MILJOREG"» har veert & utarbeide en bred oversikt over det FoU-baserte
kunnskapsgrunnlaget knyttet til miljopavirkning fra havbruk, samt miljepavirkning fra andre
neeringer med virksomhet innenfor samme omrader som havbruk. Krav til regulering av
akvakultur ble sammenstilt og mulighetene for en mer direkte og differensiert regulering av
miljebelastningen  fra akvakultur ble undersgkt, basert pa det kartlagte
kunnskapsgrunnlaget. Prosjektteamet har gjennomfert en omfattende gjennomgang av
publikasjoner fra forskningsbaserte studier (tusenvis av artikler). Dette materialet har sé blitt
systematisert og oppsummert ved bruk av den sékalte Quick Scoping Rewiev-metoden. Dette
har resultert i en bred oversikt, (leksikon), som kan oppdateres jevnlig ettersom grunnlaget
allerede er laget i form av de né definerte/identifiserte sgkestrengene for publikasjonssek.
Noen hovedfunn fra prosjektet er:

e Det finnes en god del FoU-basert kunnskap om miljoeffekter av noen spesifikke
miljepavirkningsfaktorer som organisk belastning pa blatbunn og lusemidler.

e Ulike mengder kunnskap er tilgjengelig for ulike pévirkningsfaktorer. For noen
pavirkningsfaktorer er det kunnskap som kan brukes direkte til a4 forbedre
regelverk/handtering, mens det for andre pavirkningsfaktorer er lite FoU-basert
kunnskap (f.eks. organisk belastning p& hardbunn/blandingssubstrat, enkelte
antigroemidler, stoy).

e Det er noen miljopavirkninger som ikke dekkes godt nok i gjeldende miljoregelverk.

e Litteraturstudien viste at det er lite kunnskap om kombinerte effekter av ulike
neringer, noe som gjor at det er vanskelig & vurdere kumulative miljepavirkninger,
noe som igjen begrenser muligheten for gkosystembasert forvaltning.

e Qkosystembasert marin arealplanlegging og vurdering av samlede miljoeffekter er
nedvendig for & fremme bazerekraftig forvaltning av marine gkosystemer, for &
fremme god miljetilstand i havet og for 4 mete FNs beerekraftsmal 14 (UN SDG 14), Liv
under vann. En metode for kumulative konsekvensvurderinger (CIA), basert pa en
geospatial indeks som beskriver den relative pavirkningen flere menneskelige
pavirkninger har pa det marine miljoet, er utviklet som et verktgy for marin
arealplanlegging. I en casestudie ble det undersgkt hvordan dette verkteyet fungerte
i en norsk sammenheng. Studien viste at det var utfordrende & finne gode
grunnlagsdata og at radata, som er negdvendige for & kunne gjore grundige
vurderinger, ofte ikke var tilgjengelig. Dette begrenser muligheten til 4 gjennomfoere
kumulative konsekvensutredninger for omréder langs norskekysten.

e Det pagar for tiden noen fi forskningsprogrammer som fokuserer pd kumulative
effekter og virkninger i norske havomrader, men béde litteraturstudien og
casestudien viste at det er et stort behov for mer kunnskap og forskning (detaljert
beskrivelse av forskningsbehov finnes i avsnitt 4.4).

e Miljeforvaltning av akvakultur kan av noen ses pd som en teknisk evelse, men
forvaltning er 4 veie ulike interesser mot hverandre, noe som innebzerer at det er en
verdibasert og sosial prosess. Det er derfor grenser for hvor mye miljeforvaltningen
av akvakultur ber standardiseres og gjores til en teknisk gvelse. Det bgr vaere rom for
skjonn og lokale tilpasninger.
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Prosjektet har vist at kunnskapsgrunnlaget som brukes i forvaltningen er omfattende,
inkludert for vitenskapelig kunnskap. Det pekes allikevel pa manglende kunnskap for
mange omrader og temaer, og det kommer til & vaere situasjonen ogsa i framtiden.
Forvaltningen ma derfor ha gode mater & handtere usikkerheten pa.

For & veaere troverdig méa forvaltningen ogsd vise og pa en god maéte formidle
usikkerheten og de vurderinger som gjores. At det i en del tilfeller er vanskelig a
skjonne hvilke vurderinger som faktisk er gjort svekker ikke bare troverdigheten til
beslutningene, men reduserer ogsd mulighetene for kvalitetssikring, leering og mer
harmonisert praksis pa tvers av forvaltningsorganer.

Noen typer vurderinger sliter forvaltningen mer med enn andre, og de som utforer
faktisk saksbehandling ensker seg mer stotte og retningslinjer. Det gjelder seerlig det
a avveie vekst i akvakultur mot miljerisiko/miljeeffekter, og det a vurdere «samlede
virkninger».

Gjennomgangen vér finner flere omrdder hvor det fortsatt er rom for forbedringer i
samspillet mellom forvaltningsregimer og forvaltningsorganer knyttet til
miljeforvaltning av akvakultur. Det gjelder akvakultur sektor-forvaltningen og den
kommunale kystsoneplanlegging, seerlig knyttet til miljokvalitetskrav, og det gjelder i
noe grad kystsoneforvaltningen og vannforvaltningen.

Prosjektet har identifisert flere stressorer som i sterre grad ber inkluderes i
forvaltningen: partikuleert organisk avfall pa hardbunn, remt rensefisk,
antibegroingsmidler (kobber), lus (godt dekket, men fortsatt ikke godt nok) og
avlusningsmidler

Det meste av kjent og tilgjengelig kunnskap tas i bruk av forvaltningen, men spesielt
for avlusingsmidler og kobber finnes det mer kunnskap som kan tas i bruk

Det finnes potensial for a utnytte bedre den kunnskap som samles inn av
oppdrettsbedriftene

Egen regulering av nye oppdrettskonsepter, som kan dokumentere at de har mindre
miljopavirkning enn de tradisjonelle (innaskjeers notbaserte), kan legge til rette for
mer vekst uten at det totale miljomessige fotavtrykket blir storre.

Mer treffsikker regulering kan gi rom for vekst uten at miljopavirkningen
nedvendigvis blir sterre.
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Summary and conclusions

An improved research-based knowledge base can contribute to improved management,
which in turn will contribute both to increased predictability as well as more environmentally
sustainable industries. The main goal of the project has been to prepare a broad overview of
the research-based knowledge base related to the environmental impact of aquaculture, as
well as environmental impact from other industries with activities in the same areas as
aquaculture. Requirements for the regulation of aquaculture were compiled and the scope
for amore direct and differentiated regulation of the environmental impact from aquaculture
was explored, based on the collected knowledge base. A large amount of information
(thousands of articles) has been systematized and summarized using the QSR method. This
has resulted in a broad overview, (encyclopedia), which can be updated regularly as the
foundation is laid in the form of existing search strings. A few key points/findings from the
project are provided below:

e Much research-based knowledge is available on environmental effects of certain
stressors, e.g. organic enrichment on soft bottom and de-licing agents.

o Different amounts of knowledge available are available for different stressors. For some
stressors there is available knowledge which can be used directly to improve
regulations/management, for other stressors there is little research based knowledge.

e There are some environmental impacts that are not covered well enough in current
environmental regulations.

e Thereis available knowledge base for some stressors which are suitable for improving
regulations.

e The literature-based assessment showed that there is little knowledge available for
combined effects of different industries, hence it is difficult to assess cumulative
environmental impacts, which in turn limits the possibility of performing ecosystem-
based management (EBM).

e EBM marine spatial planning and cumulative effect assessments are key to foster
sustainable use of marine ecosystems, to promote ocean conservation and United
Nations Sustainable Development Goal 14 (UN SDG 14), Life Below Water. A method
for cumulative impact assessments (CIA) based on a geospatial index describing the
relative impact of multiple human stressors on the marine environment, has been
developed, to assist marine spatial planning. The case study was exploring using this
approach in Norwegian context (the feasibility a practical application of EBM in
selected areas along the Norwegian coastline). The assessment showed that input data
was challenging and raw data, essential for thorough analysis, was often not available.
Therefore, development of CIA models for the Norwegian coastline or more localised
focus areas with the currently available database is limited or implementation is not
feasible.

e There are currently a few ongoing research programs on cumulative effects and
impacts in Norway already, but both the literature based, and the case study
assessment showed that more knowledge and research is urgently needed (detailed
description on research needs can be found in section 4.4).

e Environmental management of aquaculture can be seen by some as a technical
exercise, but management is weighing different interests against each other, which
implies that it is a value-based and social process. There are therefore limits to how
much the environmental management of aquaculture should be standardized and
made into a technical exercise. There should be room for subjective assessment and
local adaptations.
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The project has shown that the knowledge base used in administration is extensive,
including scientific knowledge. It is nevertheless pointed to a lack of knowledge for
many areas and topics, and this will also be the situation in the future. The
environmental authorities must therefore have good ways of handling the
uncertainty.

To be credible, the authorities must also show and convey the uncertainty and the
assessments that are made. The fact that it in some cases it is difficult to understand
which assessments have actually been made, not only weakens the credibility of the
decisions, but also reduces the possibilities for quality assurance, learning and more
harmonized practice across administrative bodies.

Some types of assessment are very challenging, and those who carry out actual case
management want more support and guidelines. This applies in particular to
balancing growth in aquaculture against environmental risk/environmental effects,
and to assessing "overall effects".

Our review finds several areas where there is still room for improvement in the
interaction between management regimes and administrative bodies linked to the
environmental management of aquaculture. This applies to aquaculture sector
management and municipal coastal zone planning, particularly linked to
environmental quality requirements, and to some extent to coastal zone management
and water management.

The project has identified several stressors that should be included in the
management to a greater extent: particulate organic waste on hard/mixed bottoms,
escaped cleaning fish, anti-fouling agents (copper), lice (well covered, but still not
good enough) and de-licing agents.

Most of the known and available knowledge is used by the authorities, but especially
for de-licing agents and copper there is more knowledge that should be used.
Knowledge and data gathered by the aquaculture industry can be utilized better.
Own regulation of new farming concepts, that can document lower environmental
impact than the traditional ones (inshore, net-based), can facilitate growth without an
increase in environmental impact.

More accurate regulation can provide room for growth without major environmental
impacts.
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1 Introduction

In recent decades, the Norwegian aquaculture industry has been through a phase of rapid
expansion, with good profitability, great value creation and increasing importance for
communities along the entire coast. Possibilities for a doubling of value creation towards 2050
are pointed out by politicians, however, growing concerns related to both fish welfare and
environmental impacts have resulted in regulations that have slowed down production
growth. Growth in the industry is mainly regulated through the traffic light system, which per
today is based on one environmental indicator, namely the salmon lice. Entire production
areas are basically regulated as one, and local conditions are taken into account to a lesser
extent. Growth is also limited by access to locations prioritized for aquaculture, and by
willingness to set aside land based on social acceptance.

Sustainable growth in salmon farming requires solutions that provide control over
environmental challenges as well as fish health challenges, which in turn contribute to
greater acceptance of the industry's area needs. Growth in the aquaculture industry is
managed through the allocation of permits to given companies, in given production areas
(POs). However, production on the location can only take place once a company has received
clearance for a certain production volume. Today, expansion of production volume is limited
by certain environmental impact indicators, such as salmon lice and organic load. Parts of
the environmental management of the aquaculture industry take place through regulations
that to a limited degree take into account variation in condition and vulnerability in the areas
where the sites are located.

The term green shift has been established as a central political goal on the Norwegian agenda
(Haarstad and Rusten, 2018, MCE Parliamentary White Paper 2017). Both the industry and
management aim environmentally sustainable growth, following a holistic and ecosystem-
based management (St.meld. nr. 12 (2001-2002) Rent og rikt hav, Blatt hav, grenn fremtid
rapport (Solberg government), Meld St 29 (2020-2021), Sjemat Norge - Sjemat 2030).
Ecosystem-based management is in demand by several bodies, such as e.g. UN
( ). Comprehensive ecosystem-based
management requires an understanding of the ecosystem's function and structure and overall
effects of different types of human influence on the ecosystems. In Norway, there are
currently various regimes that are based on holistic and ecosystem-based management, e.g.
"vannregion-forvaltning gjennom vannforskriften" (water region management through the
water regulations) ( )s
comprehensive management plans, coastal zone planning, and wild salmon management.

There is ongoing work related to both technological and biological innovations to solve
challenges in the aquaculture industry, such as land use, fish welfare, feed resources and
impact on the external environment, e.g. wild fish, benthic animals and vulnerable habitat
types. It is further assumed that appropriate regulatory mechanisms will be able to help
reduce the total environmental footprint of production. This is because new environmental
technology and improved knowledge can contribute to measures being better adapted to the
current challenge and seen in relation to other sources of environmental impact.

New concepts for aquaculture have different forms of environmental footprint than
conventional aquaculture. Closed or semi-closed facilities can in principle be located closer
to each other, and in shallower locations with low water currents compared to open cages. In
addition to new concepts, new ecosystems will also be used as a result of increased
diversification within aquaculture and with culturing of new species. The rapid development
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of Norwegian aquaculture production therefore entails a spatial expansion from the
traditional cage locations to operations in a diverse ecosystem; on land, in fjords and at sea.
This entails a need for new types of requirements and environmental regulations, and also
new knowledge concerning environmental impact. Some of the current ways of regulating
environmental impact from aquaculture are not relevant for some types of new solutions.

The aquaculture industry is not the only stakeholder in Norway's coastal and marine areas.
Other industries, such as mining, oil and gas operations (offshore), maritime industry,
fisheries, tourism and renewable energy (offshore wind, liquid solar, hydropower) can
potentially overlap with the aquaculture industry in terms of need for areas and resources.
These industries can also have an influence on each other so that they can be mutually
exclusive within an area. According to the water regulations (vannforskriften), which cover
rivers, lakes, coastal waters and groundwater in Norway, sector-wide regional water
management plans must be prepared for each water region. This means that the management
must consider the overall impact of all types of human activity, but in practice the various
environmental impacts are mainly addressed individually. The environmental management
aims to become more holistic, considering the environmental impact from both aquaculture
and other industries to a greater extent. The industries' impact on the environment should be
assessed, but it is also important to assess how the industries indirectly affect each other.
Also, the overall environmental impact in different ecosystems with different carrying
capacities should be assessed, as well as the socio-economic costs of environmental
regulation of the various industries.

In the current project, we have compiled and evaluated the knowledge base related to
environmental impact from the aquaculture industry. The impact of other industries on
aquaculture, through their environmental impacts, was also addressed. An overview of
requirements and practices related to environmental regulation of the aquaculture industry,
and socio-economic conditions is summarized. Finally, it was analyzed to what extent the
existing knowledge base can provide a fundament for a more comprehensive ecosystem-
based regulation. The review has revealed both opportunities and knowledge gaps within the
existing knowledge base for further exploring a new management regime in Norway based
on a more holistic approach.
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2 Methodological approach

This project is not an extensive compilation of all possible environmental impacts from and
on aquaculture and their possible interaction, as this is outside the project's time and financial
framework. We have chosen a selection of stressors/classes of stressors which knowledge
acquisition is focused on:

e Organic waste - particulate matter
¢ Dissolved nutrients
¢ Environmental contaminants

e Escapes

e Disease & parasites
e Noise

e Light

e Artificial structure

An overview sketch developed by the Norwegian Environmental Agency (NEV)* was used to
identify the main stressors associated with finfish aquaculture, but some additional stressors
were added by the review team (see chapter 3.1.3). A full comprehensive review or risk
assessment of each stressor has not been carried out directly in this project. However, we
have provided a broad overview of literature available for the various stressors from
aquaculture and other industries, and this knowledge is presented and summarized in an
objective manner using a quick scoping review method (described in chapter 3 and 4). This
systematization of the knowledge base formed the foundation for compiling environmental
requirements and regulations for the various stressors. The knowledge base was also assessed
for suitability for use to explore and develop new types of requirements and regulations,
based on a more holistic approach. The knowledge base of environmental impacts from
aquaculture and other industries will serve as input to environmental regulation assessment
(chapter 5) and finally all results are integrated to explore possibilities for holistic local
ecosystem-based management (chapter 6).

The report is divided into different chapters reflecting these themes, where both method,
results and discussion are presented for each of the topics:

Chapter 3: Compilation of the knowledge base related to environmental impact of the
aquaculture industry. The compilation was performed by using a "Quick Scoping review"
approach (QSR). Through the compilation, we addressed the most important environmental
impacts.

Chapter 4 Compilation of the knowledge base on environmental impacts from other
industries and activities that operate in the same ecosystems as aquaculture. A case study
aiming using the knowledge base is also presented in chapter 4, for one geographical area.

Chapter 5: Reviews the regulation of environmental impact from the aquaculture industry,
including the knowledge base that is used today and how trade-offs are made.

Chapter 6: Analyzed the possible opportunities in the knowledge base for a more
differentiated and locally adapted aquaculture management, as well as a more holistic and

! https://www.miljodirektoratet.no/ansvarsomrader/vann-hav-og-kyst/Akvakultur-fiskeoppdrett/
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economically efficient management of environmental impact from both the aquaculture
industry and other industries.

The literature-based assessments and case study (Chapter 3 and 4) is written in English
language as the compilation were searching for both Norwegian and international literature
(often in English) and may be interesting for a wider international audience. In these chapters
we have chosen to include the references directly after each section, as these are the direct
result of the work. The environmental regulation assessments (Chapter 4 and 5) are written
in Norwegian language as they are investigating Norwegian laws and regulations, and due
that fact that national expressions for regulations with specific terms, names, etc., which
sometimes is difficult to translate into English. Furthermore, it may have more relevance for
the Norwegian context, and it is therefore more practical that this part is in Norwegian as the
readers are primarily expected to be Norwegian. References included in these sections are
given at the end of the report.
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PART 1: The literature-based assessments and
case study (Chapter 3and 4).

Chapter 3 Environmental impacts from aquaculture industries.

Chapter 4 Cumulative environmental impacts from coastal
industries and risk posed to aquaculture.
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3 Environmental impacts from aquaculture industries

Authors: Trine Dale, Maj Arnberg, Astrid Harendza, Gro Harlaug Refseth, Kjetil Sagerup,
Anja Striberny, David Izquierdo-Gomez, Gunhild Borgersen, Marit Markussen Bjorbekkmo

Executive summary

The objective of this study was to compile a knowledge base related to environmental impacts
arising from aquaculture, with a main emphasis on Atlantic Salmon (Salmo salar) and
Rainbow trout (Oncorhynchus mykiss) farming. Stressors are the drivers of environmental
impact and the stressors addressed were; particulate organic waste, dissolved nutrients,
diseases & parasites, environmental contaminants (pharmaceuticals & other substances),
escapes, light, noise and artificial structure. Our primary research question was; What is the
impact of stressor X on the marine environment? The secondary research questions were;
What is the spatial and temporal scale of the impact? Which species, habitats and/or
ecosystem components are affected? Which indicators, monitoring and assessment tools are
used to measure and assess the impacts? Do the identified indicators, monitoring and
assessment tools reflect the impact's spatial and temporal scale?

The compilation of literature was performed by using a "Quick Scoping review" approach
(QSR). A QSR is a type of systematic review (SR), which is less comprehensive than a full SR,
but where the main features, such as a detailed and comprehensive plan and search strategy
derived a priori, clearly stated research questions, a transparent and reproducible method
and a systematic summary of the evidence, are included. Stressors described above formed
the starting point for the QSR, and a separate search was carried out for each stressor.
Published scientific literature was extracted from the online databases "Web of Science,
Scopus, WorldCat Dissertations and Theses and ORIA. Some work of relevance is not
published in peer-reviewed journals (grey literature), but can instead be found in reports and
reviews from different institutes and governmental organisations. Therefore, websites of
relevant organisations and respective databases were also included in the search.

For each stressor the characteristics of the evidence base was described, and the main
knowledge gaps identified. There were clear differences in the volume of the evidence base
between stressors, where some stressors have received far more research focus than others.
Where over 230 papers were addressing impacts of escapes, 40 were addressing impacts of
dissolved nutrients, and about 20 papers were addressing the impacts of each of the stressors
noise, light and artificial structure. Also, within a single stressor the research focus could be
skewed, e.g towards impacts on a specific ecosystem component, of a specific type of
compound. The first can be exemplified by the stressor particulate organic waste. Here the
impacts on softbottom habitats have been extensively studied and are well understood, while
our understanding of impacts on hardbottom habitats and associated epifauna is limited. The
latter can be illustrated by the stressor environmental contaminants where delousing agents
accounted for almost 50 % of the articles. The importance of temporal and spatial scale for
the assessment of impact were evident for several of the stressors, where the “value” of the
evidence e.g for management purposes is depending on appropriate scale. Since the main
focus of this literature review where on salmon and rainbow trout farming, the outputs
naturally reflect the research focus in the main producer countries for these species, which
again reflects the environmental impacts of concern in the management and the public in
these countries.
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The output of this literature review formed the basis for the wider discussion on the feasibility
of achieving a more ecosystem-based management approach of aquaculture in Norway
(Chapter 5 and 6).

Sammendrag

Malet med denne studien var a sammenstille kunnskapsgrunnlaget knyttet til
miljepavirkning fra akvakultur, med hovedvekt pa oppdrett av atlantisk laks (Sa/mo salar) og
regnbueorret (Oncorhynchus mykiss). Stressorer er driverne for miljepavirkning og
stressorene som ble adressert i denne studien var; partikuleert organisk materiale, opploste
neringsstoffer, sykdommer og parasitter, legemidler og andre fremmedstoffer, remming,
lys, stoy og kunstige strukturer. Det primare forskningsspersmalet var; Hva er virkningen av
stressor X pa det marine miljoet? De sekundaere forskningsspersmalene var; Hva er skalaen
til pavirkningen i tid og rom? Hvilke arter, habitater og/eller gkosystemkomponenter
pavirkes? Hvilke indikatorer, overvakings- og vurderingsverktoy brukes for & méle og vurdere
konsekvensene? Gjenspeiler disse indikatorene, overvakings- og vurderingsverktoyene
virkningens romlige og tidsmessige skala?

Vi brukte en systematisk tilnaerming til gjennomgangen av eksisterende forskning, hvor en
sékalt rask evidens vurdering, "Quick Scoping review" (QSR) ble gjennomfert. En QSR er en
type systematisk kunnskapsoversikt (SR) som er mindre omfattende enn en full SR, men som
inneholder hovedtrekkene fra en SR, slik som en detaljert og omfattende plan og sekestrategi
utledet a priori, klart uttalte forskningsspersmal, en transparent og reproduserbar metode og
en systematisk oppsummering av resultatene. Stressorerne som beskrevet over dannet
utgangspunktet for QSR’en, og det ble utfert separate sgk for hver stressor. Vitenskapelig
litteratur ble hentet ut fra databasene "Web of Science, Scopus, WorldCat Dissertations and
Theses and ORIA. Noe relevante arbeider er ikke publisert i fagfellevurderte tidsskrifter (gra
litteratur), men kan i stedet finnes i rapporter og sammendrag fra ulike institutter og statlige
organisasjoner Derfor ble nettsidene til relevante organisasjoner og respektive databaser
inkludert i soket.

For hver stressor ble evidensgrunnlaget beskrevet og de viktigste kunnskapshullene
identifisert. Det var klare forskjeller i volumet pé evidensgrunnlaget mellom stressorer, hvor
noen stressorer har fatt langt mer forskningsfokus enn andre. Det ble f.eks. funnet over 230
artikler som omhandlet effekter av remming, 40 som omhandlet effekter av oppleste
neringsstoffer, og rundt 20 artikler om effektene av hver av stressorene stay, lys og kunstige
strukturer. Ogsa innenfor en enkelt stressor kunne forskningsfokuset veere skjevt, for
eksempel ved at hovedvekten av litteraturen fokuserte péd effekter pd en spesifikk
gkosystemkomponent eller art, av péd en spesifikk gruppe av fremmedstoffer. Den forste kan
eksemplifiseres ved stressoren partikuleert organisk materiale. Her er pavirkningene pa
blgtbunnshabitater blitt grundig studert og er godt forstatt, mens var forstaelse av pavirkning
pa hardbunnshabitater og tilherende epifauna er begrenset. Sistnevnte kan illustreres ved
stressoren legemidler og andre fremmedstoffer hvor studier av effekter av avlusningsmidler
utgjorde nesten 50 % av artiklene. Betydningen av tidsmessig og romlig skala for pavirkning
var tydelig i litteraturen for flere av stressfaktorene. Dette betyr at «verdien» av
kunnskapsgrunnlaget f.eks. til forvaltningsformal er avhengig om man har dekket riktig
tidsmessige og romlig skala.

Siden hovedfokuset i denne litteraturgjennomgangen var pa oppdrett av laks og
regnbuegrret, reflekterer resultatene naturligvis forskningsfokuset i de viktigste
produsentlandene for disse artene, noe som igjen reflekterer hvilken type miljopavirkning
som har vakt sterst bekymring i forvaltningen og allmennheten i disse landene. Resultatet av
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denne litteraturgjennomgangen dannet grunnlaget for den bredere diskusjonen om
muligheten for a oppna en mer gkosystembasert forvaltningstilneerming for akvakultur i
Norge (kapittel 5 og 6).

3.1 Background, scope and objectives

3.1.1 Background

Ecosystem-based management of aquaculture requires knowledge of individual and
cumulative effects on the environment and sensitive and scale-relevant indicators that ensure
that permanent losses of vulnerable individual species/habitats or ecosystem functions are
avoided. Environmental research in general varies in methodological quality, degree of bias,
and relevance to policy. Using this heterogeneous, and sometimes polarized, research to
inform environmental policies can be a challenging task ( ). Also, for management
and regulation of aquaculture there are several urgent problems for which we need a reliable
source of evidence on which to base actions. These actions might be controversial and/or
expensive and it is vital that they are informed by the best available evidence.

Therefore, an accurate, concise and objective synthesis of available knowledge is one of the
most valuable contributions the research community can offer decision-makers, and
evidence reviews have become more and more in demand in many important areas of society.
In this work package, we will compile a knowledge base for different types of environmental
impacts from aquaculture using a «Quick Scoping Review» (QSR) approach. A QSR is a type
of systematic review (SR), which is less comprehensive than a full SR, but where the main
features such a detailed and comprehensive plan and search strategy derived a priori, clearly
stated research questions, a transparent and reproducible method and a systematic summary
of the evidence. The output of this literature review will form a basis for a wider discussion
on the feasibility of achieving a more ecosystem-based management approach of aquaculture
in Norway (Chapter 4, 5 and 6). Furthermore, the evidence base derived from this QSR can
form a starting point for a more comprehensive synthesis at a later stage.

3.1.2 Scope

An Evidence Review (ER) allows to search, review and synthesise evidence related to a
specific question. The spectrum of ER approaches ranges from Literature Reviews to
Systematic Reviews and can be differentiated based on detail and rigor applied. The Quick
Scoping Review (QSR) lies in the middle of this spectrum. It is based on a systematic and
transparent search approach, which minimises bias within the body of evidence. It, however,
does not conduct a critical assessment of the quality of evidence, which overall reduces time
and costs of ER production (Figure 3.1).
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Figure 3.1. A. Schematic description of the hierarchy among Evidence reviews. B. Description of attributes of
different types of ER. Modified from Collins et al. 2015.

A QSR thus provides a rapid and cost-efficient method to answer a specific question by
compilation and assessment of relevant evidence. Based on the available time and budget
given for this review, QSR was identified to be the most suited ER approach. The step-by-step
guide by Colins et al. (2015) on how to conduct a QSR is providing the framework for the here
presented review.

A Quick Scoping Review (QSR) provides "an informed conclusion on the volume and
characteristics of an evidence base and synthesis of what that evidence indicates in
relation to a question.". It does not conduct a critical appraisal of that evidence (Colins et
al. 2015).

The scope of this review is very broad as it aims to provide a general summary of the
environmental impacts arising from aquaculture production, an overview of associated
assessment and monitoring methods and identify knowledge gaps. The output of this report
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will form the basis for a wider discussion on the feasibility of the implementation of an
ecosystem-based management approach.

3.1.3 Obijectives

The main objective of the review is to gain an insight into the environmental impacts arising
from aquaculture production. At the start of the project a workshop was held with the
complete review team, which is composed of experts with backgrounds in ecology,
environmental impact assessment and/or aquaculture. This workshop was used to refine the
broad main objective into a more targeted and manageable QSR framework.
It was decided to focus the QSR on finfish production. Due to the dominant position in
Norwegian aquaculture the main emphasis was on Atlantic Salmon (Salmo salar) and
Rainbow trout (Oncorhynchus Mykiss). We also included Atlantic cod (Gadus morhua), since
this is a revitalised, “new” species which has seen a boost in production over the past years
(Fiskeridirektoratet, 2021). Here the focus is on production in open net-pens only. Seaweed
farming (macroalgae) is still in its infancy in Europe but have received much attention
recently and shows high potential for commercialisation on a larger scale and several
initiatives are driving its progress in Norway (Fiskeridirektoratet, 2021; Araujo et al. 2021).
Accordingly, macroalgae was considered a relevant new farmed species to be included in this
review. However, for summarising the potential environmental impacts from macroalgae, a
literature review approach was taken (see Figure 3.1).

Stressors are the drivers of environmental impact and are thus naturally forming the starting

point for the QSR. An overview sketch developed by the Norwegian Environmental Agency
(NEV)? was used to identify the main stressors associated with finfish aquaculture; feed &
faeces (particulate organic waste), dissolved nutrients, diseases & parasites, environmental
contaminants (pharmaceuticals & other substances) and escapes. In addition, the review
team identified the following stressors as relevant: light, noise and artificial structure (Figure
3.2).

e ‘—---------.. P e iy
Noise & Light

2 Artificial structures

Diseases & parasites

Dissolved nutrients

Escapees

Particulate organic waste

Environmental
contaminants

Kilde: Miljodirektoratet, Miljostatus.no

Figure 3.2. Identified stressors from finfish aquaculture. Modified from Norwegian Environmental Agency.

2 https://www.miljodirektoratet.no/ansvarsomrader/vann-hav-og-kyst/Akvakultur-fiskeoppdrett/
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Following the protocol steps outlined in Colins et al. (2015) and applying the Population,
Intervention/exposure, Comparator, Outcome (PICO) approach the review team developed
overarching primary and secondary questions for the QSR (Table 3.1).

Primary question:
What is the impact of stressor X on the marine environment?

Table 3.1. PICO elements of the primary question.

PICO element PICO element within this QSR

Population Aquaculture

Intervention / Exposure Stressor X from aquaculture activity

Comparator Absence of stressor X from aquaculture activity

Outcome Impact (positive/negative, direct/indirect) on marine environment
(species / habitats and ecosystems)

Secondary questions:

What is the spatial and temporal scale of the impact?

Which species, habitats and/or ecosystem components are affected?

Which indicators, monitoring and assessment tools are used to measure and assess the
impacts?

Do the identified indicators, monitoring and assessment tools reflect the impact's spatial
and temporal scale?

Answering the primary and secondary questions for each stressor following the detailed
approach outlined in the stressor specific QSR protocols represents the main objective of this
review.

Macroalgae

The main objective of the macroalgae search was to gain an insight into the possible
environmental impacts from macroalgae cultivation, which have been less investigated than
that of finfish production. The initial search focused on national and international knowledge
compilations and review literature on environmental impacts of macroalgae, in order to
identify the most likely stressors. The secondary search focused on finding research papers
with original research data directed specifically at macroalgae cultivation, primarily from
Norway or Europe, secondarily from other parts of the world when considered relevant for
the industry in Norway. The search aimed at answering the same primary and secondary
questions as mentioned above for finfish aquaculture.
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3.2 Methods

Following the definition of the overall objective for the QSR (Section 3.1.3), the review team
was divided into stressor specific focus groups (Figure 3.2) based on their background and
expertise. A QSR was then developed for each stressor by the respective focus group.
Librarians from the University of Oslo Library of Medicine and Science supported the review
team with their technical knowledge and advice. They created the outline of the first QSR
(stressor: organic waste - particulate matter) together with selected members of the review
team and provided feedback on challenges related to the development of the remaining QSRs.
Experience and insights gained from the set-up of the first QSR were shared with the wider
review team and supported the development of the QSRs for the remaining stressors. This
chapter provides a generalised overview of the different stages of the QSR.

3.2.1 Searchstrategy

The framework of the search was defined through discussion with the complete review team
during a workshop at the beginning of the project.

Published scientific literature was selected to be extracted from the online databases "Web of
Science" (www.webofscience.com/), Scopus (www.scopus.com), WorldCat Dissertations and
Theses (www.worldcat.org) and ORIA (https://oria.no ). Web of Science and Scopus are
publisher-independent global citation databases of scientific peer-reviewed journals, whilst
WorldCatDissertations and ORIA are used to access theses and dissertations in English and
Norwegian respectively. ORIA only allowed for a simplified search input, which was not
stressor specific. Accordingly, the same output was used for each stressor.

Some work of relevance has not been published in peer-reviewed journals, but instead can be
found in reports and reviews from different institutes and governmental organisations (grey
literature). Therefore, websites of relevant organisations and respective databases were
included in the search. Examples are given in

Table 3.2, but suitability and relevance varied with stressor.

Table 3.2. Examples of sources for grey literature.

Organisation & website Country
Norwegian Environment Agency Norway
(https://www.environmentagency.no/)

Scottish Environment Protection Agency (SEPA) UK
(https://www.sepa.org.uk/)

Institute of Marine Research Norway
(https://www.hi.no/hi/en)

Environment Canada Canada
(https://www.canada.ca/en/services/environment.html)

Fisheries and Oceans Canda (DFO) Canada
(https://www.dfo-mpo.gc.ca/)

Internal project results Norway
Databases (Vannmiljg, the Norwegian Seafood Norway
Database, Barents Watch, the Norwegian Institute of

Public Health)

Monitoring programs (e.g. MILKYST, @KOKYST etc.) Norway
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Literature published during the time period 2010 to 2022 (may vary depending on stressor)
and written in English and Norwegian was included. Geographical restrictions were not set
as search keywords were thought to naturally select for relevant ranges.

Applying the PICO approach (Collins et al. 2015), each focus group collated relevant keywords
for their search. The focus was thereby on defining the population, intervention and
outcome, whilst the comparator was not seen relevant to this review and thus was not
considered. For the stressor specific QSRs the focus of the selected PICO elements was as
follows:

Population: Aquaculture and focus species
Intervention: Stressor
Outcome: Receiver

Allowing for a most unbiased approach, the "Outcome" element was intentionally kept broad
with a focus on the receiver whilst refraining from adding a potential impact.

The selected keywords were discussed within the focus group and, where needed, adjusted
and/or expanded upon. The final selection was then used to build the search profile for the
respective stressor. Here different variations of the initial keywords (for example: "open cage"
or netpen* or "net pen") were used to build search strings for the relevant PICO elements.
Combined these search strings created the search profile. Keywords and search strings were
linked with Boolean operators (simple words like AND, OR, NOT or AND NOT used as
conjunctions to combine or exclude keywords in a search). The searches targeted title,
abstract and keyword for relevant matches. An example of initial keywords and final input
into the search profile are given in Table 3.3. The full search profiles for all stressors can be
found in Appendix A (chapter 8). The search functionality varies between the search engines
of different databases. Whilst the searches drew upon the same keywords, the combination
and phrasing had to be adapted to the requirements of the respective search engine causing
a slightly different outline of the search profiles. The search results for each database were
exported and compiled into one Endnote library file. Duplicates were initially removed using
Endnote's internal algorithm for duplicate detection. Subsequently each file was quality
checked and, if required, remaining duplicates removed manually. The final endnote file,
containing outputs from all search databases, provided input for the screening of literature.
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Table 3.3. Example of initial keywords and finalised search profile for the selected PICO elements and the
stressor "Feed & faeces (particulate organic waste)".

PICO element

Keywords

Search profile

Population

Aquaculture, Atlantic salmon,
cod, open cage, netpen

TS=((aquacultur* OR cage* OR fishcage* OR netcage*
OR fishpen* OR "fish pen" OR "fish-pen" OR "fish-
pens" OR "fish pens" OR netpen* OR "net pen" OR
"net-pen" OR "net pens" OR "net-pens" OR farm* OR
fishfarm*) AND (salmon OR salmo OR trout* OR
"oncorhynchus mykiss" OR "Atlantic cod" OR "Gadus
marhua"))

Intervention

Faeces, feed, organic waste,
carbon

TS=(faec* OR feces OR fecal OR feaces OR feacal OR
excrement* OR excret* OR carbon OR ((feed* OR
food*) NEAR/4 spill*) OR "uneaten feed*" OR
"uneaten food*" OR ((organic or particulate) NEAR/3
(waste* OR material* OR matter*)) OR ((waste* OR
excess*) NEAR/4 (feed OR food*)))

Outcome

Impact, effect, indicator,
threshold, ecology, ecosystem,
diversity, abundance,
reproduction, enrichment,
coast, fjord, marine, fish,
pelagic, plankton, benthos,
seabed, substrate

TS=(impact* OR effect* OR indicat* OR biolog* OR
divers* OR biodiverse* OR abundan* OR pollut* OR
enrich* OR ecolog* OR trophic OR chemi* OR
eutrophicat* OR habitat* OR environment* OR
offshore OR fjord* OR marine OR coast* OR fish* OR
seabed* OR benth* OR epibent* OR infauna* OR
epifauna* OR ecosystem™ OR "eco system™" OR

substrate* OR pelagic OR water OR composition* OR
reprodu* OR dispers* OR sediment* OR lethal OR
"sub lethal" OR threshold* OR phytoplankton* OR
zooplankton* OR plankton*)

3.2.2 Screening

The screening of search results ("evidence") was undertaken in the freeware Rayyan, which
provides an easy, accessible platform for collaborative systematic literature reviews
( ). A two phased screening approach was applied. The first phase
screening scanned title and abstract of the identified evidence and evaluated their relevance
towards the primary and secondary questions as well as the predefined inclusion/exclusion
criteria (section 3.2.1). The literature was marked in accordance as "Included", "Excluded" or
"Maybe". The first phase screening was conducted by two members of the respective stressor
focus group, which independently assessed the literature on hand. This approach reduces
bias and ensures that relevant evidence is extracted. To guarantee independence a blind filter
was applied during the screening process so that neither of the two reviewers could see the
other's assessment. The blind filter was turned off following the completion of the screening
by both reviewers, allowing for a comparison of screening results. Conflicting classifications
of evidence, i.e. mismatch of "Included", "Excluded" or "Maybe" between the two screening
outputs, as well as evidence labelled by both reviewers with "Maybe" were individually
discussed and following a joint agreement reassigned. "Included" literature was used for
evidence extraction (section 3.2.3), where it also underwent the second phase screening. Here
one member of the stressor team re-assessed the identified literature based on the complete
text and excluded evidence if seen to be not relevant to the topic.

3.2.3 Evidence extraction

Information relevant to the QSR's primary and secondary questions was extracted from the
studies that passed the screening. An indicative guide for the evidence extraction is shown in
the following:
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Base info: Title, author, year and geographic location

Type of study: In-situ, field experiment, lab, review etc.
o if /n-situ extract data on the physical environment, i.e. setting of the
study (if available): depth, season, exposure, spatial scale etc.
o if lab-experiments extract key information on experimental set up,
for example exposure time.

Receiver: Which species/habitat/ecosystem component is affected?

Impact: What is the impact?
Is it a direct or indirect impact?
How is the impact measured?
Stressor & response concentrations (if available).
What is the spatial & temporal scale of the impact?

Monitoring: Does standardized, regulated monitoring exist or only suggestions from
research?
What are the monitoring methods / modelling tools?
What are the indicators used for monitoring?
Do threshold levels exist and what are they?
Are the identified indicators, thresholds, monitoring methods & modelling
tools suitable to the spatial and temporal scale of the impact?

Knowledge gaps: Does the study highlight knowledge gaps?
3.3 Results - salmon & cod

3.3.1 Organic waste - particulate matter

3.3.1.1 Background

Aquaculture production in open net-pens releases organic material in form of unconsumed
feed, fish faeces and bio-fouling break-offs from the cage and mooring structures to the
surrounding waters. The amount of released particulate organic waste in form of feed and
faeces is thereby proportional to the production volume and thus varies throughout the
production cycle. Feed composition and consequently utilisation as well as feeding strategies
have significantly improved over the past years, thus reducing the amount of feed waste. Fish
faeces is the dominant contributor of particulate organic waste release from fin-fish farming.

Depending on local environmental conditions (current flow, wave exposure, depth, seabed
type) and particle characteristics (size, density, weight) particulate organic waste disperses,
settles on the seabed and, in some cases, accumulates over time. Besides localised smothering
of sessile organisms, the decomposition process of the bio-deposits can significantly alter
benthic communities below and adjacent to a farm production site (Figure 3.3). Benthic
environments close to the farm experience changes in the structure and function of infauna
communities and degradation of sediment biogeochemical processes once enrichment
thresholds are exceeded (Brooks & Mahnken, 2003; Kutti et al. 2007; Hargrave et al. 2008;
Bannister et al. 2014). Very high organic loadings can result in anoxic and azoic conditions
(Valdemarsen et al. 2012), whereas less intense levels of bio-deposition stimulate secondary
production and alters the composition of the benthic communities (Kutti et al. 2007; Kutti,
2008).
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Figure 3.3: Conceptional figure showing the pathways of particulate organic waste released under fin-fish
production (Keeley, 2020).
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Key findings

Field studies are most commonly used to assess impacts of particulate organic
waste.

The benthic environment is main receiver of particulate organic waste.
Impacts on softbottom habitats have been extensively studied and are well
understood. The majority of studies uses changes in infauna composition and
function and sediment chemistry, i.e. a combination of biotic and abiotic
indices, to assess enrichment status.

Our understanding of impacts on hardbottom habitats and associated epifauna
is limited.

The spatial and temporal extent of the impact is site-specific as it depends on
production parameters (biomass, feed output etc.) and status (active, fallowing)
as well as the physical characteristics of the farm location, i.e. local
hydrodynamics, wave exposure, substrate type and depth.

Aquaculture production in dispersive sites might increase the likelihood of
overlapping farm footprints and thus regional ecological effects.

Wave activity has shown to be an important, but yet not well understood, driver
for seabed processes in exposed locations.

Monitoring of impacts of particulate organic waste on soft bottom habitats is
regulated in Norway through the Norwegian Standard NS9410:2016. The
monitoring approach is divided into B (qualitative, near-field) and C
(quantitative, far-field) survey. Biotic and abiotic indices applied reflect those
commonly used in the literature.

Standardised monitoring approaches for mixed and hard substrates and
associated (sensitive) species and habitats do not exist. Knowledge on sensitivity
levels of associated fauna to organic waste and exploration and development of
novel, suitable indicators of ecological effects is urgently needed.

Microbial eDNA provides a sensitive proxy for enrichment status, which can be
universally applied to soft- and hard-substrates. It, however, still has to be
validated for a broader range of environmental conditions and sampling tools
suitable for standardized monitoring have to be tested and developed.
Dispersion models are a useful management tool as they provide an indication
of magnitude and spatial extent of the farm footprint. Solving challenges around
resuspension processes, implementing wave activity and a module
representative for benthic biogeochemical processes will enhance and further
improve this tool.

3.3.1.2 Method - deviation

The base outline of the QSR for this stressor was set up with support of a librarian from the
University of Oslo, who subsequently also conducted the QSR and extracted the final output.
Throughout the QSR development process the researcher team provided feedback on QSR
results, based on which the QSR was refined. This QSR also included the "Zoological Records"
database, which was not considered for the remaining stressors. Following the final
extraction of literature and first in-depth assessment of the database, it became evident that
the phrase "Salmonella" is the source of many publications irrelevant to this QSR. Respective
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publications were removed prior to the literature screening. The initial QSR was conducted
with the focus on Atlantic salmon (Sa/mon salar) and rainbow trout (Oncorhynchus mykiss),
whilst it was in a later project phase decided to add Atlantic cod (Gadus morhua) as an
aquaculture focus species. To evaluate the impact of these changes, concept 1 (population)
was expanded with keywords for Atlantic cod and comparison runs between initial and
expanded concepts were conducted in Web of Science. The difference in publication records
was n=18, all of which were not relevant to the QSR topic. Based on this result and the
expected similarity of output and impact between the selected farmed species, the initial QSR
results were seen to be sufficiently representative and the QSR was not repeated. A summary
of the publication selection process is given in Figure 3.4.

/ Total number of records identified \
from literature databases.
g n=3319
2
-
5 Total number of records after Records excluded.
b dublicates removed. E—) n =986
-
g n =2333
=
Total number of records after Records excluded.
"Salmonella" records removed. — n =495
\ n=1838 J/
I
e - - a
Total number of records after title Records excluded.
=y & abstract screening. _ n= 1706
= n=132
@
= Total number of records after full
2 N Records excluded.
w text screening. —) n=23
n=109
Ny i J
= .. .
é Total number of records eligible for SO e
3 . . (relevant, not detected by QSR)
A primary & secondary questions. n=3
= n=112
=
k5
= Total number of records included.
o n=112
-]

Figure 3.4: PRISMA flowchart visualising the different steps of the selection process of the QSR for organic
waste.

3.3.1.3 Search results

The QSR identified initially a total of 3310 records, which was reduced to 1838 records
following the removal of duplicates and publications related to the keyword "Salmonella" (see
section 3.3.1.2). Screening of title, abstract and subsequently full text identified 109
publications to be relevant to the primary question: "What is the impact of particular organic
waste from aquaculture production on the environment?". Three relevant publications were
added post-screening, which increased the number of total records included to 112. The
distribution of publication dates is relatively even throughout the selected timeframe (2010 -
2021, full years), with an average number of nine papers being published per year (Figure
3.5). The continuity of published work reflects the relevance of the topic in the context of
environmental management. Most studies is conducted in Norway (n=39), followed closely
by Canada (n=29). Chile accounts for 11 studies, whilst seven studies have been undertaken
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in New Zealand and Scotland (UK) respectively (Figure 3.5). These countries represent the
main producers of Atlantic salmon.

Studies presented in the literature were predominantly field studies (n= 53) followed by
combined approaches of field and laboratory studies (n=8) as well as field and
hydrodynamic/dispersion model studies (n=6) (Figure 3.6). The focus of the field studies is on
investigations of impact at and/or in the close vicinity of operating aquaculture production
sites in varied environmental conditions and production stages. Combined approaches of
laboratory and field experiments are used to a) substitute in-situ field data with
measurements (benthic flux) collected under controlled laboratory conditions from sediment
cores originating from related farm sites and b) evaluate the suitability of tracers of organic
waste (stable isotopes or fatty acids), by coupling controlled feeding/exposure experiments
with in-situ measurements of the selected tracers. In cases where field studies were coupled
with hydrodynamic and/or dispersion modelling, it was either a) to validate model outputs,
i.e. use of in-situ data to assess model quality; b) to substitute limited field surveys (restricted
extent, duration) with modelling data or c) to refine parameters essential to the model set up
(for example particle size & resuspension parameters).
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Figure 3.5: Left: Overview on number of scientific articles published per year. Right: distribution of published
literature per country.
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Figure 3.6: Overview on number of publications per studly category (field, lab, hydrodynamic modelling,
dispersion modelling, other modelling, review) and intersections between different categories.

3.3.1.4 Receiver & impact

Particulate organic matter released from open net-pens sinks through the water column and
settles on the seabed. The main receiver is therefore the benthic environment, which is also
reflected in the QSR output with a clear dominance of studies targeting benthos (Figure 3.7).
Studies investigating impacts on benthic habitats represent 88% of the literature, whilst
studies with a combined focus on benthic and pelagic components comprise 8% and studies
with a sole pelagic focus 4% of the selected literature (Figure 3.8). Most benthic studies (n=21)
assess changes in infauna community composition combined with responses in sediment
biogeochemical processes. This is followed closely by studies on epifauna (n=19), microbial
communities (n=6), studies with a sole focus on sediment chemistry (n=6) and approaches
combining these benthic components (n=12). Wild fish is the most prominent pelagic
receiver (n=8), followed by water chemistry (n=3) and plankton (phyto=3, bacterio=2, zoo=1).
The remaining literature represents varied multi-receiver approaches (Figure 3.8).
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Figure 3.7: Proportional representation receiver (species/habitat/ecosystem component) that was impacted
by particulate organic waste. Size of segment correspond to the total number of papers that describe impact
on the given receiver.
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Figure 3.8: Overview on number of publications per receiver and combinations of receivers.
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Changes in infauna and sediment geochemistry are a common indicator to assess enrichment
status of softbottom habitats, which is reflected in the dominance of respective studies within
the QSR (Figure 3.8). The process of organic enrichment for softbottom habitats has been
extensively studied for several decades and is well documented (Pearson and Rosenberg,
1978; Gray et al. 2002; Diaz et al. 2004; Hargrave et al. 2008; Keeley et al. 2012) (Figure 3.9).
Increased supply of solid organic
waste to the seafloor stimulates
aerobic decomposition processes,
leads to an initial increase of
macrofaunal biodiversity and results
in higher oxygen demands. If oxygen
demand, however, exceeds natural
resupply then conditions within the
sediments will turn hypoxic or
anoxic. At this stage microbial
communities  take over the
decomposition of organic waste

Species (Biodiversity)

Abundance and Species Tolerance

Number

Oxidized Sediment === Reduced Sediment === -

Increasing Total Free Sulfide =i uSing anaerobic respiration

processes, including sulfate

R ———— reduction and methanogenesis

Figure 3.9: Generalised schematic overview on relations which further increase oxygen
between organic enrichment, sediment chemistry and demands. The changes in sediment
macrofaunal communities (ASC, 2020). geochemistry affect macrofaunal

community structure and function as
tolerance towards hypoxic and sulfidic conditions varies between species. Abundance of
tolerant, opportunistic species initially increases under moderate enrichment conditions. If
oxygen is further depleted and free sulfides (S?) accumulate, a general decline in abundance,
biodiversity and biomass becomes evident. A complete collapse of macrofaunal communities
is often reached when sediment conditions and adjacent water layers turn complete anoxic
and toxic gasses (hydrogen sulfide and methane) are freely released.

Studies including epifauna as receiver (n= 30) are divided into two focus areas: a) impact
assessment & method development and b) exploration of suitable tracer of organic waste to
higher trophic levels. About half of the publications (n=14) investigate changes in epifaunal
communities following the exposure to particulate organic waste or aim to develop suitable
survey methods. Mobile benthic epifauna are predominantly predatorial, whilst sessile
epibenthic organisms are filter-feeders and thus highly susceptible to anthropogenic
sedimentation events. They settle on hard substrate and dominate mixed and hardbottom
habitats. The latter are often found in physical dynamic waters, which in recent years have
been increasingly utilized by the aquaculture industry as they provide favorable conditions
for the development of larger sized fish farms. The study of impacts on epifaunal
communities associated to mixed and hardbottom habitats is thus a relatively new research
area and our understanding is limited. Visual surveys show a significant decline in density of
sessile epibenthic species with higher sedimentation pressure, whilst mobile species can
increase in abundance (Sutherland, 2018; Keeley et al. 2020; Dunlop et al. 2021). Analysis of
biomarkers (microbiome, fatty acids) on sessile epibenthic species indicated a stress
response in target fauna exposed to higher sedimentation. Responses were, however, varied
between target species (Laroche et al. 2022). Total loss of epifauna (barren stations),
formation of opportunistic polychaete complexes (OPC) and bacterial mats (Beggiatoa spp.),
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the presence of the lugworm Arenicola marina and aggregations of polychaete tubes have
been detected in the close vicinity of the cages under different production stages (Hansen et
al. 2011; Eikje, 2013; Hamoutene et al. 2015; Salvo et al. 2017; Pezzola, 2021).

Vulnerable Marine Ecosystems (VMEs), such as coral reefs, coral & sponge gardens, maerl
beds etc., are formed by epibenthic species and are thus relevant to this category. VMEs are
ecologically highly valuable (biodiversity hotspot, carbon cycling) and characterised by slow
growth rates, late maturity and low or unpredictable reproductivity, making them very
susceptible to degradation by anthropogenic activities. Over the past 4 years an increase in
visual mapping surveys has revealed an overlap of coastal aquaculture production with
vulnerable marine ecosystems. Studies conducted in this context report negative effects on
ecophysiology of the respective species and thus high sensitivity towards particulate organic
waste (Sanz-Lazaro et al. 2011; Husa et al. 2016; Legrand et al. 2021; Kutti et al. 2022).

The remaining studies (n=16) document the use of stable isotopes (6"°N, §'*C) and fatty acids
as tracers for organic waste in higher trophic levels. Target species include sessile species
such as bivalves (blue mussels, scallops, limpets) and sponges and mobile species including
a range of crustacean (crabs, lobster & shrimp) and various echinoderms (urchin, seastar).
These studies show that particulate organic waste from aquaculture production is utilized also
by higher trophic species, which might provide some with a competitive advantage and thus
lead to further ecosystem effects. The latter is yet poorly understood (Grefsund et al. 2022).

The fourth receiver group is microbes (n=13). Here, most of the studies explore changes in
microbial community composition/diversity and/or function/trait along organic enrichment
gradients using environmental DNA (eDNA) metabarcoding. Findings show that in particular
bacterial community responses under increased organic loading are similar to those of
macrofaunal bioindicators. Bacteria are thus thought to be a sensitive proxy for enrichment
status, which can be universally applied to soft- and hard-substrates (Dowle et al. 2015;
Verhoeven et al. 2018; Keeley et al. 2021).

Wild fish were the most prominent pelagic receiver (n=9). The release of particulate organic
waste can be an attractive feed substitute for wild fish (cod, saithe, haddock, halibut), which
consequently change their natural behavior and aggregate around active fish farms. Farm
feed as supplement food has been shown to elevated body and liver condition and cause
changes in skin & muscle color, pH, fatty acid composition and sensory parameters.
Potentially nutritional deficiencies are also thought to cause reduced reproductivity, but
these effects are yet poorly understood. Behavioral changes might affect migratory patterns.
Here studies present, however, conflicting results with some showing attraction to farms and
longer residence times, whilst others suggest avoidance of aquaculture production areas
(Callier et al. 2018).

Biotic and abiotic indicators are used as assessment tools for impacts of particulate organic
waste. Overall, a total of 58 biotic and 23 abiotic indices were extracted from the QSR
literature. The most prominent (n=>5) are shown in Figure 3.10 (biotic) and Figure 3.11
(abiotic). The biotic indices cover the key receivers (except of wild fish) and range from the
simplest measure of community composition (abundance, species richness & number of
taxa) to more advanced statistical indices describing biodiversity (Shannon Wiener (H')),
sensitivity (AMBI, M-AMBI) and evenness/uniformity (Pielou (J)). eDNA outputs for microbial
communities are assessed with similar criteria. Visual approaches have been tested for mixed
and hardbottom habitats with an emphasis on presence/absence of species and percentage
cover of potential enrichment indicators such as bacterial mats and opportunistic polychaete
complexes. Their performance is, however, challenged by the sparse and patchy nature of
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the target species. Visual parameters are also typically indicative of severe, localised impacts,
but unable to discern a broad range of effects, including moderate effects and the outer extent
of influence. The unidirectional characteristics of the approach, i.e. presence means effect
whilst absence does not necessarily mean no effect, adds to the limitations of these indicators.
More reliable indicators capable of detecting moderate effect stages are thus urgently needed.
The most prominent abiotic indices are representative for the pressure load (TOC, TOM), the
assimilation capacity (grain size) and the sediment biogeochemical processes associated to
organic enrichment (redox, total nitrogen, sulfide, pH). In general, combinations of biotic
and abiotic indices are commonly used to assess impact status. All of these indicators have
their advantages and limitations, and performance might be varied depending on
environmental / pressure setting. Accordingly, expert judgement is still required to select and
appropriately weight indicator variables (Keeley et al. 2012).

Biotic indices (h=>5)
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Figure 3.10. Overview of most prominent biotic indices (n=>5) as extracted for all studies.
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Figure 3.11. Overview of most prominent abiotic indices (n=>5) as extracted for all studies.

The spatial and temporal extent of the impact is largely dependent on production parameters
(biomass, feed output etc) and status (active, fallowing) as well as the physical characteristics
of the farm location, i.e. local hydrodynamics, wave exposure, substrate type and depth. The
latter are main drivers for the dispersion of particulate organic waste, but also steer oxygen
supply and thus affect assimilation capacity (Keeley et al, 2013).
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The QSR literature shows that studies interpret and thus represent these components in
different ways, making it challenging to systematically assess and compare their output. A
site characterised in one study as "shallow, exposed and dispersive", would be classified as
"deep with average current flow" in another study. Here, standardised definitions and
threshold values would be beneficial, i.e. what range of current flow, wave exposure and
depth is suitable to classify a site "exposed" or "sheltered" and "dispersive" or "non-dispersive".
Information on production was also given in various forms, with some studies just
mentioning that the site was stocked or not in production, whilst other provided detailed
production data but in different measures (example: biomass (t) vs. number of fish) and
timeframes (snapshot vs. production cycle). The survey design of the extracted field studies
is in addition variable. Spatial approaches differ between assessments of changes along a
distance gradient and comparisons of farm vs reference location. Phrases such as "near-
field", "far-field", "localised" and "regional" are often used to describe the sampling set up and
impact distances. Distance measures associated to these categories are, however, highly
variable and related to site characteristics. It is therefore challenging to extract a generalised
measure of spatial extent as these are highly site specific. A comparison of sampling distances
used in the field provide a simplified insight into expected effect distance (Figure 3.12). The
majority of studies with the focus on softbottom habitats (infauna) limit their sample range
to areas <250 m from the farm, whilst reference sites are placed as close as 500 m from the
farm location (Figure 3.12 a & b). This scale is in agreement with the anticipated primary
influence area (initial settlement of particles) of a traditional non-dispersive site, where most
severe impacts are expected just below the cages with a notable change in infauna
composition and sediment chemistry out to ca. 300 m. Contrarily the footprint of high
dispersive sites have been shown to be more diffuse, but spatially larger with effects detected
out to 600-1000 m. There is thus an increased scope for broad-scale, cumulative effects in
production areas characterised by strong current flow and/or significant wave exposure. Our
knowledge on these effects is to date, however, limited (Valdemarsen et al. 2012, Keeley et al.
2013, 2019 & 2020, Cranford et al. 2022). The spatial scale applied in studies on mixed and
hardbottom habitats (epifauna) is somewhat extended compared to softbottom studies and
covers at farm level distances out to 1000 m and beyond, whilst reference sites are placed as
far as >5000 m from the farm (Figure 3.12 ¢ & d). Mixed and hard substrates can be associated
with more exposed sites, which consequently will lead to a larger area that is impacted. In
addition, many of the epibenthic studies focused on tracer elements in mobile species, which
naturally have a wider range and thus require a spatially more extensive sampling regime.
Overall, however, our knowledge on the scale of effects on epibenthos and mixed/hardbottom
habitats is limited as suitable monitoring methods are lacking.

On a temporal scale studies provide snapshots of enrichment status (one sample event) or
compare results of multiple sampling events, which differ between systematically targeting
a range of production stages, opportunistic sampling unconnected to production or following
seasonal changes. Also here it is evident that enrichment status and recovery is directly
related to site-specific production practises and assimilation capacity, which is driven by the
physical characteristics of the farm location. Site recovery, for example, has been shown to
vary between a few months and several years (Keeley et al. 2014, Verhoeven et al. 2018,
Cranford et al. 2022).

Dispersion models based on local hydrodynamics are useful tools to assess the spatial
footprint of a farm site. Although these models have not fully resolved particle resuspension
yet and often lack a compartment that considers biogeochemistry processes, they provide a
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site-specific trend indication of waste dispersal. They are valuable to management, which is
also reflected in the number of studies developing or applying dispersion models (Figure 3.6).
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Figure 3.12. Overview on spatial scales applied in field studies with the main focus on infauna (a, b) and
epifauna (c, d). Figure shows the sampling extent at the farm site (infauna = a; epifauna=c) and reference
(infauna = b; epifauna = d). For ease of access distances were categorised.

3.3.1.5 Monitoring

Monitoring efforts in Norway are solely focusing on direct impacts on the benthic
environment. Potential higher trophic level effects (direct or indirect) are not addressed by
current monitoring programs.

Monitoring of impacts of particulate organic waste on soft bottom habitats is regulated in
Norway through the Norwegian Standard NS9410:2016 (Hansen et al. 2001, Norwegian
Standard, 2016). The monitoring approach is divided into B and C survey, which assess near-
and far-field of the impact zone respectively. The standard provides in addition guidance to a
baseline survey, which has to be conducted at potential, new farming locations. It combines
B and C survey approaches and is used as baseline for further assessments under production.
B and C surveys are conducted in regular intervals with a key focus on max production, but
sampling frequency increases with deteriorating environmental condition. The B survey
covers the area under and in the closest vicinity of the cages and is based on the qualitative
assessment of sediment chemistry (pH and redox) and sensory parameters (outgassing,
odour, colour, consistency etc.). The presence and/or absence of macrofauna is noted, but
only serves as a supportive criterion. The performance of sediment chemistry and sensory
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parameters against predefined thresholds categorises the farming locations into different
environmental conditions (1. low-, 2. medium-, 3. high-organic loading, and 4. organic
overloading). Environmental condition 4 represents thereby an unacceptable state when
production cannot continue before the farming location has recovered. As an impact is
inevitable in this area, low impact does not reflect pristine conditions, but that the farm is
managed within acceptable conditions in regard to its local impact. The C survey covers the
"far-field" of the impact zone, which outer extent is related to the maximum allowed biomass
at site and varies between 300 to 500 m. It is based on a more extensive, quantitative
assessment of sediment chemistry and macrofauna. Biotic indicators used to describe
changes in macrofauna community structure and function reflect those commonly referred
to in the literature (Figure 3.10). The application of nEQR (normalised ecological quality ratio)
considers the different diversity and sensitivity indices and is used to describe the
environmental status per station. Abiotic indicators used in the C survey represent exactly
those identified to be most applied in the literature (Figure 3.11). Only free sulfides are
currently not part of the standard monitoring in Norway. Biological data are the main driver
for the assignment of environmental condition, whilst abiotic data provide support
information for the assessment. Threshold levels for environmental condition are given by
the Norwegian classification guidelines 02:2018 (Direktoratgruppen, 2018), which are based
on the same principles as the European Water Framework Directive but adapted to
Norwegian coastal waters. B and C surveys are accepted monitoring methods for softbottom
habitats and supply sufficient information for localised management.

An increasing number of Norwegian aquaculture companies also aim to certify their products
using the Aquaculture Stewardship Council (ASC) standard (salmon). Monitoring of the
benthic environment (soft bottom) forms a key part of the certification process as farmers
must show that they are actively minimizing their impact on the surrounding natural
environment. To date ASC surveys in Norway monitor broadly impacts within the same
spatial extent as the C survey, but use a denser station network. The ASC divides the impact
zone into the Allowable Zone of Effects (AZE), which is representative for the area where
highest impact is expected, and the area beyond AZE. The AZE is expected to be modelled
(dispersion models) and subsequently validated by in-situ sampling. For impact assessment
a subset of key biotic (Abundance, Shannon Wiener, AMBI, Benthic Quality Index (BQI),
Infaunal Trophic Index (ITI)) and abiotic indices (Redox, sulphide) are used, but other indices
can be supplemented if seen appropriate. Threshold levels for AZE and outer AZE are overall
more conservative than those given by guidelines 02:2018 (ASC, 2022).

Standardised monitoring methods for mixed and hardbottom habitats and associated fauna
do not exist in Norway. In 2019 alternative guidelines for the monitoring of mixed and
hardbottom habitats were released (Hansen et al. 2019). Substituting the B survey sampling
at sites where >80% of sampling stations are classified as "hardbottom", this visual approach
suggests collecting quantitative data (percentage coverage) on epifauna, feed/faeces, organic
material, bacterial mats, opportunistic polychaete complexes and offgassing. It therefore
builds upon the monitoring scheme implemented in Canada (DFO, 2018), but lacks threshold
values and thus evaluation criteria. The same challenges apply to sensitive species and
habitats often associated with hard substrates. Whilst suggestions for methods of mapping of
sensitive species at aquaculture sites have been released (Kutti & Husa, 2021; Husa & Kutti,
2022), tools for impact assessment and monitoring methods are lacking.

3.3.1.6 Knowledge gaps

There is an extensive knowledge base on enrichment effects from particulate organic waste
on softbottom habitats and monitoring tools have been developed over decades. The QSR,
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however, highlights shortcomings in our understanding of enrichment processes at
dispersive sites typically found in so called "offshore" environments. The diffuse, large impact
area (up to 1.5 km) of farms in these environments increases the possibility of overlapping
footprints and thus potential regional effects. To date these have not been explored and
measurable ecological impacts might be subtle and challenging to detect with current
methods. Studies undertaken in these environments also highlighted the effect of wave action
on seabed processes, something that is yet not considered and certainly not well understood.

There is also an urgent need for the development of suitable monitoring methods for mixed
and hardbottom substrates as well as associated (sensitive) species and habitats. This will
firstly require a better understanding of the sensitivity levels of associated fauna to organic
waste, followed by the exploration of new indicators of ecological effects. Microbial eDNA
has been shown to be a promising tool and should be further explored and validated.
Biomarkers indicative of physiological stress are thought to be useful for defining sub-lethal
threshold values required for management. Although a limited range are explored under an
ongoing FHF project (901785), there is still need and scope for further development and
validation of novel indicators.

Studies on mobile epifauna also indicate impacts on higher trophic levels, which might
contribute to changes in the wider ecosystem. The latter is yet not well understood and should
further be explored.

Dispersion models have been established as useful management tools as they allow to predict
the magnitude and spatial extent of waste deposition. There are, however, still several
challenges, one of which is the implementation of resuspension processes. Here more
knowledge on particles break-up cycle and behaviour under varied environmental conditions
is required. Seabed complexity (including biotic coverage) and roughness should also be
considered by the model. Most dispersion models are solely based on hydrodynamics as
driving force. As mentioned above, wave activity should be implemented as another driving
factor in future model set ups. Adding on a module which resolves biogeochemical processes
would also add valuable information and improve predictions.

3.3.1.7 Conclusions

The QSR showed that impacts of particulate organic waste received continuous attention over
the years, with scientific contributions being mainly submitted from key producing countries
of Atlantic Salmon. Field studies and the collection of in-situ data are the most commonly
applied ways of gathering knowledge on related environmental impacts. Wild fish was
thereby the most studied pelagic receiver. Numbers of publications on the pelagic were,
however, neglectable compared to those focusing on the benthic environment, which is
clearly the key receiver of organic waste. The benthic environment comprises biotic
components (infauna, epifauna and microbes) as well as sediment chemistry. The process of
organic enrichment for softbottom habitats has been extensively studied for several decades
and is well documented and understood. Spatial and temporal extent of associated impact is
largely dependent on production parameters (biomass, feed output etc.) and status (active,
fallowing) as well as the physical characteristics of the farm location, i.e. local
hydrodynamics, wave exposure, substrate type and depth. Tracers such as fatty acids and
stable isotopes are used to delineate the spatial extent of waste dispersion in the field, whilst
dispersion models have been shown to be a cost-efficient tool to predict magnitude and extent
of farm-specific footprints. A large suite of biotic and abiotic indices has been developed to
affectively assess changes in benthic infauna community composition and function in
relation to the different stages of oxygen depletion (hypoxic/anoxic) of substrates under
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increased enrichment conditions. The latter are successfully incorporated into national
(NS9410:2016) and international (ASC) monitoring programs. The increased use of exposed,
dispersive ("offshore") sites for large-scale farming (MTB >5000 t), however, might lead to
overlapping footprints and consequently regional effects, potentially requiring a re-
evaluation of monitoring scales and methods. Also, our understanding of impacts on mixed-
and hard substrate and associated (sensitive) species and habitats is poor. There is an urgent
need for increased knowledge on sensitivity of epifauna towards organic waste and the
development of suitable monitoring indicators and sampling methods.
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3.3.2 Dissolved nutrients

3.3.2.1 Background

Individual fish release dissolved inorganic nutrients through excretion mainly in the form of
ammonium (NH,) and phosphate (PO.). The amount of dissolved inorganic nutrients
increases proportional to fish production, but the exact amount released from the Norwegian
aquaculture industry is uncertain as numbers differ substantially between different
calculation approaches (Grefsrud et al. 2023). Aquaculture is however considered the most
important anthropogenic source of dissolved nutrients from Rogaland to Finnmark (Sample
2023).

Dissolved inorganic nutrients from aquaculture do not significantly differ from those from
other sources, hence the potential effects on estuarine and coastal ecosystems are expected
to be of the same type for all emissions. There can be direct effects on primary producers
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such as changes in phytoplankton and macroalgae biomass or community, or indirect effects
e.g. on benthic biomass and communities, on zooplankton, and on fish. Responses to
increased nutrients load depend on system-specific attributes leading to significant
differences among estuarine-coastal systems in their sensitivity to nutrient enrichment. The
most visible and well described effects of high load of dissolved nutrients appear in a late
stage of a continuum towards eutrophication ( Figure 3.13). One challenge for management
is to be able to detect the subtle changes associated with the early stage of this continuum.

Causative factors

Direct affects
Atmospheric deposition N, fixation
Indirect effects
Runofi Nutrients Phytoplankton Zooplankton
and

*"-oilwaudwtnm [ 2 - Changes In spacies
7~  DINand DIP \ b " romposit
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tion due to shading
* Growth of epiphytes and
nulsance macroalgae
* Mass death due to rekease

Figure 3.13. Conceptual model of eutrophication (Andersen et al. 2010). The arrows indicate the interaction
between different ecosystem compartments. Nutrient enrichment results in changes in the structure and
function of marine ecosystems, as indicated with bold lines. Dashed lines indicate the release of hydrogen
sulfide (H,S) and phosphorus, which both occur under conditions of oxygen depletion. Abbreviations: N =
nitrogen; P = phosphorus; Si = silicon; DIN = dissolved inorganic nitrogen; DIP = dissolved inorganic
phosphorus.
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Key findings

Field studies are most commonly used to assess impacts of dissolved nutrients,
followed by combined approach of field studies and modelling.

The was a slight overweight of studies addressing benthic environment, but
receivers from benthic and pelagic (water column) environments were almost
equally represented.

The most commonly reported receivers were water quality, phytoplankton and
macrophytes. Many studies assessed more than one receiver, most commonly
water quality together with phytoplankton.

There were few studies addressing impacts on higher trophic levels such as
zooplankton and fish.

Reported impacts on macrophytes included increased growth of epiphytes on
macroalgae, enhanced growth/cover of opportunistic species, reduced lower
growth limit of kelp and reduced cover of seagrasses.

Reported pelagic impacts included increased nutrients concentrations and
enhanced phytoplankton biomass.

The spatial extent of the impacts is site-specific and are in most “gradient”
studies limited to 500 m from the farm. The spatial extent depends on several
factors where hydrodynamic conditions and water-exchange mechanisms are
particularly important.

Metrics/indicators most frequently applied in the literature reviewed are
common eutrophication metrics/indicators and are implemented in Norwegian
monitoring programs. However, the programs do not aim to capture the
unwanted effects of nutrients inputs of aquaculture and the spatial and
temporal coverage are currently not fit for this purpose.

Modelling (biogeochemical/hydrodynamic/dispersal) are useful tools
particularly for the assessment of far-field/regional impacts.

3.3.2.2 Search results

The QSR identified initially a total of 2015 records, which were reduced to 1315 records
following the removal of duplicates, records that dated older than 2010 (despite selected
timeframe 2010-2021, full years), and publications related to the keyword “Salmonella” (see
section 3.3.1.2)(Figure 3.14). Screening of title, abstract and subsequently full text identified
28 publications to be relevant to the primary question: "What is the impact of dissolved
nutrients from aquaculture production on the environment?"
publications were added post screening. Six of these were grey literature in Norwegian. The
remaining were papers that were a) not picked up the search (n=3), b) published outside the
selected timeframe (n=2), ¢) covering a receiver where the initial search returned no results

(n=2)(see section about receiver)(Figure 3.14).
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Figure 3.14. PRISMA flowchart visualising the different steps of the selection process of the QSR for dissolved
nutrients.

Between 1 and 5 papers were published each year throughout the selected timeframe (2010 -
2021, full years), with no pronounced temporal trend (Figure 3.15). There were studies from
all major salmon and trout producing countries. Most studies were conducted in Norway
(n=15), Canada (n=5), Chile (n=5) and Australia/Tasmania (n=4). There were fewer studies
undertaken in other salmonid producing countries such as Scotland (UK) (n=1) and New
Zealand (n=0) (Figure 3.15).
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Figure 3.15. A. Overview on number of scientific articles published per year. B. Distribution of published
literature per country.

Studies presented in the literature were predominantly field studies (n=20) followed by
combined approaches, combining field and modelling
(biogeochemical/hydrodynamic/dispersion modelling) (n = 7). There were also some (n=4)
literature reviews and experiments either alone (n = 2) or combined with field studies or
modelling (n =5) (Figure 3.16). Among the field studies and experiments the majority (<60%)
were carried out i fjord/bay/estuary while a smaller proportion (16 %) were from
exposed/open coast environments. Around 20% of studies covered both.

Akvaplan-niva 2023 63547.01
Side 51 av 502



20

1 19
£
£ 15
(=1
2
e
i
o
(=9
3 10!
-
[=]
5 7
=]
E
zZ 5 4
3
2 2
. . l 1
ol - - L
Bl Review . ’
B Experiment . ' ’
B Modelling I . . | .
Field study . . g

30 20 10 0

Figure 3.16. Overview on number of publications per study category (field, lab, hydrodynamic/dispersion
modelling, and review) and intersections between different categories.

The spatial scale of each paper/report was extracted. Scale reflects the distance from the farm
where potential impacts were measured. Setting meaningful scale categories fit for this
review was however a challenge. Terms like “farm scale, “near field”, “local”, “regional scale”,
“far field” regularly appear in studies addressing impacts from aquaculture, but there is no
clear standardized definition for these terms and the actual distance from farm differs. This
do make sense since most study designs take into consideration existing knowledge about the
hydrodynamic conditions in the study area and define “local” or “far field” accordingly. This
is also seen in the very varying distance-from-farm of the reference stations in different
studies. In this review we ended up using somewhat random scale categories; <150 m, 150-
1000 m and >1000 m, where studies with a focus on >1000 m scale category are in the following
referred to as regional.

The majority of studies were sampling more than one scale category (n=22), often with a
“gradient” design with one or more several within a 500 m distance from the cages and a
references station >1000 m away. Although the station furthest from the farm in many cases
were >1000 m away, less than 20 % of the studies can be defined to be on regional scale,
meaning that the design aimed to address potential effects on larger areas such one fjord,
entire bay and coastal section (Figure 3.17).
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Figure 3.17. Overview on number of publications per scale category (< 150 m, 150-1000 m and > 1000 m) and
intersections between different categories.

3.3.2.3 Receiver & impact

See also section 3.2.3

Negative effects of dissolved nutrients in general- or the process towards eutrophication
consist of several “steps”: 1) Increased inputs of nutrients leads to increased concentrations
and/or increased amounts of these substances in the water. 2) Increased concentrations of
nutrients (or increased amounts and turnover) lead to increased uptake and stimulated
growth in algae and higher plants. Different response to the stimulation among species can
lead to changes in the species composition. 3) Increased algae growth provides increased food
access to grazers among zooplankton and benthic animals with possible changes in species
composition, or in the structure and function of pelagic and benthic food webs. 4) Increased
production in the water column results in an increased amount of organic material which can
lead to sedimentation and reduced oxygen concentration and, in the worst case, to an oxygen-
free environment in the deeper water layers and in bottom sediments.

The outputs from the QSR were organized according to receiver, where receiver means
species/habitat/ecosystem component that was affected. The receivers were based on points
1-3 above; water quality (nutrients and oxygen concentrations), microbiota, phytoplankton,
zooplankton, fish, macrophytes and benthic fauna.

If we consider the focus of the studies, there were more studies investigating impact on
benthic habitats (48%) compared to water column (35%), with a significant proportion (16 %)
of studies addressing both. If we consider receiver per se there was a slight overweight of
studies including water column receiver (56%), where water quality and phytoplankton
constituted 52 and 41 % respectively. There was a striking lack of studies describing impacts
on higher trophic levels such as zooplankton and fish. For studies with benthic species and
ecosystem as receiver, 66% described impacts on macrophytes, 33% on benthic fauna and 1
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% om microbiota (Figure 3.18). For the studies on macrophytes, almost 60% had focus on one
or a few species, where several had an integrated multitrophic aquaculture (IMTA) angle. The
most studied species were those considered relevant for IMTA in our waters such as

Saccharina latissima.

Figure 3.18. Proportional representation of impacts organized by receiver (species/habitat/ecosystem
component) that were impacted. Size of segment correspond to the total number of papers that describe

impact on the given receiver.

Most studies assess impact on more than one receiver, where the most frequent combination
was water quality and phytoplankton (n=7), followed closely by studies targeting both benthic
communities, water quality and phytoplankton (n=>5). Of the single receiver approaches the
most frequent were studies on single species of macrophytes (n=6) and water quality (n=5)

(Figure 3.19).
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Figure 3.19. Overview on number of publications per receiver and combinations of receivers.

The studies included in this QSR were very different regarding temporal (spans from 1
sampling to monthly sampling over almost 10 years) and spatial scale (see above), size of the
farm(s), water depth, exposure (see above), hydrography, trophic status of receiving waters
etc. This (natural) lack of standardization makes it challenging to assess and compare their
outputs, as also pointed out in previous reviews (Sara 2007, Price et al. 2015).

Direct effects on Water quality include e.g. changes in nutrient concentrations, nutrient
ratios and levels of dissolved oxygen. The impact of aquaculture on water quality was recently
reviewed by Price et al. (2015). Their review covered the period from 2000-2014, hence partly
overlapping the timespan of our QSR. Nutrient enrichment in terms of elevated
concentrations of dissolved phosphorus and nitrogen was rarely observed beyond 100 m from
the farms in the literature reviewed by Price et al. (2015). This is to a large extent supported
by our QSR. Some studies did not detect enhanced concentrations of nutrients at all
(Tsagaraki et al. 2013, Howarth et al. 2019), while others observed enhanced concentrations
at the farm, but rapidly decreasing with distance and often not detectable beyond 300 m from
the farm (Nordi et al. 2011, Morata et al. 2015, Jansen et al. 2018). One study measured elevated
concentrations up to 700 m distance from the farm, but there was not a very clear gradient
from the farm and the results had high spatial (both vertical and horizontal) and temporal
variability (Elizondo-Patrone et al. 2015).

Since many estuarine and coastal waters are considered nutrient limited (most often N
limited) a general assumption is that any fertilization will stimulate the growth, biomass
accumulation, and primary production of the phytoplankton community. However, cause-
effect relationships are not straightforward as coastal ecosystems respond to nutrient loading
in various ways, with inherent physical and biological attributes that operate in concert to set
the sensitivity of individual ecosystems to nutrient enrichment (Cloern et al. 2001).

The QSR showed variable results regarding impacts of dissolved nutrients from aquaculture
on phytoplankton. Of the “gradient” studies (sampling at farm site and outwards), some did
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not observe any clear response in the phytoplankton (Nordi et al. 2011, Morata et al. 2015)
while others showed evidence of a clear phytoplankton response (Pitta et al. 2009, Skeji¢ et
al. 2011, Tsagaraki et al. 2013). In their field experiment using dialysis bags, Pitta et al. (2009)
showed that phytoplankton growth in the bags was stimulated in the close vicinity (< 100 m)
of the farm, rapidly decreasing with distance. Tsagaraki et al. (2013) did not observe
significant response in phytoplankton biomass but a significant shift in phytoplankton
community composition measurable 500 m downstream from the farm. Skeji¢ et al. (2011)
compared samples taken inside a farm with a reference station. The phytoplankton biomass
was significantly higher inside the farm, but the phytoplankton biomass was very low at both
stations.

The studies addressing effects on phytoplankton on a regional scale (>1000 m) had a different
approach than the “gradient” studies. Most of the regional scale studies addressed potential
impacts of dissolved nutrients from aquaculture by an assessment of the ecological status in
the study area, where the classification of ecological status in the water column was based on
phytoplankton biomass (chl a), macroalgae communities and soft bottom fauna (Husa et al.
2014, Brkljacic et al. 2016, Bye-Ingebrigtsen et al. 2019, Brkljacic et al. 2022, @kland et al. 2022).
These were all carried out in Norwegian waters and did to a large extent follow established
protocols and thresholds given in national guidelines developed for implementation of the
WEFD? (Veileder 02:2018). The study of Husa et al. (2014) were in the Hardangerfjord, one of
the most intensively farmed areas for salmon in the world. Nutrients and chl-a values were
within national thresholds defined as high water quality, and the authors concluded that
parameters studied in the fjord showed little evidence of a regional impact from aquaculture.
The of studies of Brkljacic et al. (2016), Brkljacic et al. (2022), Jkland et al. (2022) and Bye-
Ingebrigtsen et al. (2019) were carried out in the county Nordland, Rogaland and (former)
Hordaland respectively, all with relatively good temporal resolution. In Nordland five out of
six fjord basins achieved “good” ecological status based on the biological quality element
phytoplankton (chl a), while one fjord basin was classified as “moderate”. However, the time
series of chl measurements indicate that the concentrations in all fjords have increased in
recent years (Brkljacic et al. 2022). Also, the studies from Rogaland and Hordaland obtained
“good” to “very good” ecological status based on phytoplankton (chl a) in most of the
investigated fjords (Bye-Ingebrigtsen et al. 2019, Jkland et al. 2022). Residence time of the
water is often suggested as an explanation (Price et al. 2015) for differences of response to
nutrient loading in phytoplankton, where blooms are not likely to occur when flushing times
are less than the phytoplankton doubling or turnover time (Cloern 1996, Ferreira et al. 2005).
The Hardangerfjord, where the above-mentioned study of Husa et al. (2014) took place, has a
monthly renewal of the upper fjord water (Asplin et al. 2014). Modelling the distribution of
nutrients in the fjord using these water exchange rates, indicated that even with a ten time
increase in fish production, the mean chl a concentrations only increases by about 4%, and
are still well below the reference values (Skogen et al. 2009).

The initial QSR search did not return any studies addressing effect of dissolved nutrients on
zooplankton, and two studies know to the authors were therefore included (see section
3.3.2.2). Tsagaraki et al. (2013) showed community-level responses to fish farming in two
different sites in the Mediterranean. Changes manifested themselves in terms of size for some
groups and abundance for others, and the most pronounced response was observed at
intermediate distance (here 100 m from the farm). The second study showed how
microzooplankton effectively transfers nutrients up the food web in fish farming areas in the
oligotrophic eastern Mediterranean (Pitta et al. 2009), explaining the lack of response in

3 Water Framework Directive.
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phytoplankton seen in studies in this area. The lack of studies addressing effects of dissolved
nutrient from aquaculture on zooplankton are in accordance with a general picture where
zooplankton-based indices have historically lagged other bio indicators used to detect
ecosystem changes (Ndah et al. 2022). However, zooplankton has a crucial role in the pelagic
food web providing transfer of energy from primary consumers (phytoplankton) to higher
trophic levels (e.g. fish), and in recent years the systematic development, coordination and
use of zooplankton indicators have increased largely due to the requirements of the EU
Marine Strategy Framework Directive (MSFD) to include zooplankton to the descriptors of
Good Ecological Status (GES)(Gorokhova et al. 2016, McQuatters-Gollop et al. 2019, Labuce et
al. 2020).

There were no studies addressing the effects of dissolved nutrients from aquaculture on wild
fish in this QSR. Other impacts of aquaculture on wild fish are addressed under other
stressors. Earlier studies from the eastern Mediterranean have shown an overall increase of
fish abundances after the establishment of fish-farms (Machias et al. 2004) and significant
increase (by a factor of four) in total biomass and abundance to zones with fish farms in
comparison to respective reference areas (Machias et al. 2005). In the same area Machias et
al. (2006) also studied landings in local fisheries and their results suggested that increased
fish-farming activity in enclosed, oligotrophic areas could imply an increase in fisheries
landings. Possible processes that could explain the increased landings were increased
primary production due to release of nutrients and/or the rapid transfer of released nutrients
up the food web, but direct consumption of feed pellets by the fish species aggregating
beneath the cages was also an option (Machias et al. 2006 and references therein).

A well-documented consequence of excessive nutrients for macroalgae in general is the
massive growth of certain types of productive, fast growing macroalgae (Krause-Jensen etal.
2008, Teichberg et al. 2008) at the expense of habitat-forming perennial species (Worm and
Sommer, 2000, Gorgula and Connell, 2004). These fast-growing algae are often referred to as
“opportunistic”, “nuisance”, “turf” or “lurv” in Norwegian, and has received much attention
in Norway recently (e.g. Moy and Christie 2012, Christie et al. 2019, Rinde et al. 2021). A few
of the QRS studies were addressing possible impacts on macroalgae communities. The
comprehensive study of Oh et al. (2015) showed detectable impacts 100 - 500 m from farms,
where macroalgae assemblages near farms were overgrown with epiphytes. The study of
Haugland et al. (2021) carried out in mid-Norway, also demonstrated a response on epiphyte
communities up to 520 m from the farms. The most pronounced effect was observed in the
bryozoan epiphyte community on Laminaria hyperborea stipe, where biomass was
significantly higher near the farms compared to refence. Although less pronounced, the
biomass of macroalgal ephiphytes also increased near the farms, including opportunistic
Ectocarpus spp., resulting in a less heterogeneous macroalgae community.

The five regional (> 1000 m) studies described under the section treating phytoplankton (Husa
et al. 2014, Brkljacic et al. 2016, Bye-Ingebrigtsen et al. 2019, Brkljacic et al. 2022, @kland et al.
2022) also assessed the ecological status of the macroalgae communities. Except one station
in the innermost part, the macroalga community in the Hardangerfjord had high ecological
status (Husa et al. 2014). Similar results were reported in the Hordaland and Nordland county
studies where all stations showed either "good" or "high" ecological status of the macroalgae
community in the littoral zone (Brkljacic et al. 2016, Bye-Ingebrigtsen et al. 2019, Brkljacic et
al. 2022). However, in Rogaland several stations showed signs of eutrophication with
increased cover of opportunistic species with corresponding decrease in kelp cover (both
Laminaria latissima and L. hyperborea). The lower growth limit of kelp was also reduced at
some stations (Jkland et al. 2022). The authors point out that the reason for reduction in the
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lower growth limit and cover for kelp and increase in filamentous opportunists is complex,
when both climate change and nutrients release are important.

Among the QSR studies addressing impact on specific species of macroalgae, most show an
effect spatially limited to the close vicinity of the cages. In a “gradient” study using bioassays
with three species of macroalgae, Streicher et al. (2021) showed a species-specific response
where the green annual species Ulva had enhanced growth at farm and at intermediate
distance (300 m), while the two perennial species Palmaria palmata and Fucus vesiculosus
had a less clear response. Although not designed to capture negative effects of dissolved
nutrients, some evidence can indirectly be derived from IMTA studies because they focus on
the size of the area where macroalgae can benefit from increased nutrients from fish farms.
One can therefore assume that outside the area of enhanced growth direct negative effects
are less likely to occur. Several IMTA angled studies showed a clear response in terms of
enhanced macroalgae (Laminaria latissima and Palmaria palmata) growth at farm sites
compared to control sites (Sanderson et al. 2012, Wang et al. 2014, Marinho et al. 2015,
Fossberg et al. 2018). In some cases, there was lack of stations between farm and control, thus
the spatial extent of enhanced growth remained unknown (Wang et al. 2014, Sanderson et al.
2012). In Fossberg et al. (2018) a clear gradient of decreasing growth rates with increasing
distance from the farm was observed, suggesting the main influence of the farm to be in the
first 200 m from the farm. The meta-analysis of Kerrigan et al. (2018) extracted data from 8
different IMTA studies (including Sanderson et al. 2012 and Wang et al. 2014) and concluded
that the areas with enhanced growth were limited to the close vicinity of the net pens.

Howarth et al. (2022) reviewed the impacts of aquaculture on eelgrass (Zostera marina) in
temperate waters, and only found one study. This study was carried out in Nova Scotia in
eastern Canada, and the results were inconclusive (Cullain et al. 2018). The review of Howarth
et al. (2022) showed that much of the knowledge available on impact on seagrasses stems from
the Mediterranean. These studies showed a clear negative impact and reported decreases in
seagrass cover with increasing proximity to farms for distances up to 300 m (Howarth et al.
2022 and references therein). The authors did however question the transferability of the
Mediterranean results to temperate regions, due to differences in environmental conditions,
different species with different depth range and different type of farm sites (shallow,
sheltered on top of seagrass beds), and that studies from temperate waters are warranted.

3.3.2.4 Monitoring

See also section 3.2.3

Most eutrophication monitoring approaches are based on a combination of physico-chemical
and biological indicators (Ferreira et al. 2011). This is also the case for Norwegian monitoring
programs that aims to capture the unwanted effects of inputs of nutrient and organic
material. The most extensive program is the @KOKYST (“Ecosystem Monitoring in Coastal
Water) ran by the Norwegian Environmental Agency. This program was established in 2013
as part of the implementation of the Water Framework Directive (WFD) in Norway. The
program includes sampling of biological communities (macroalgae, soft bottom fauna and
phytoplankton) and supporting elements (nutrients, oxygen, Secchi-depth, TSM,
temperature and salinity). Hence, the indicators used to describe changes in macroalgal
communities, phytoplankton biomass communities and water quality in @KOKYST largely
reflect those commonly referred to in the literature reviewed in this QSR (Table 3.4). Very few
studies address impacts on higher trophic levels in the pelagic zone, such as zooplankton and
fish (see Section 3.3.2.3). Recently zooplankton were included in a limited number of stations
in GKOKYST, but fish are not included in eutrophication monitoring in Norway. The
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Norwegian Food Safety Authority (NFSA) runs a monitoring program of algae toxins in
mussels and issue dietetic advice to the public. The aim of the program is, on a weekly basis,
to advice public on the risk associated with consumption of wild mussels. Quantitative
methods are not used, but semiquantitative information about phytoplankton abundance and
species composition is collected. Currently the JKOKYST stations are mostly located in
unaffected areas (over a certain distance from known point sources), and the monitoring
network has a limited spatial and temporal distribution. The stations in NFSA are chosen to
cover areas with mussel farming or areas where the public harvest mussels. There are
therefore no operational monitoring programs that are designed to capture possible impact
of dissolved nutrient from aquaculture in particular.

Table 3.4. Table shows how metrics/indicators applied in the literature reviewed are covered in Norwegian

monitoring programs.
# studies in the Included in
. . L QSR where this Norwegian
Impacts of dissolved nutrients can be observed as: Metric/indicator metric/indicator national
was included monitoring for
eutrophication?
Elevated nutrients concentrations Concentration 11 Yes
Changes in nutrients ratio Concentration 0 Yes
Phytoplankton
Increased primary production mg C m?day 2 No
Increased biomass Chl a/carbon 7 Yes
Changed community structure/species composition | Abundance 2 Yes
Changed bloom frequency/seasonal timing Abundance 0 Yes***
Macroalgae and sea grasses
Changed biomass/growth 9 No
Reduced depth distribution MSMDI* or similar 1 Yes
Changes in species composition RSL/RSLA** or 4 Yes
similar
Higher trophic levels pelagic
Changes in biomass ZP Abundance 1 No
Changes in community structure/species Abundance 1 No
composition ZP
Changes in biomass in fish Abundance 0 No
Changes in community structure/species Abundance 0 No

composition in fish

*Multispecies depth index. Depth distribution of 3 to 9 disturbance sensitive species. ** Species richness,
proportion red algae, proportion of green algae, proportion opportunistic species, ratio of perennial forms to
annual/ephemeral forms. Abundance of opportunistic species. *** Can be calculated from abundance data in

long time series
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3.3.2.5 Knowledge gaps

See section 3.2.3

There are knowledge gaps on potential effects on higher trophic levels, and how these might
be addressed and monitored. Most studies addressing far-field and regional effects in the QSR
were grey literature suggesting limited knowledge on far-field and regional processes,
especially over longer time scales in intensively farmed areas. There is very little knowledge
on potential effects on eelgrass in temperate regions. This is an important habitat that has
been declining throughout much of its range over the last century.

3.3.2.6 Conclusions

The QSR showed that impacts of dissolved nutrients have received a low, but continuous
attention within the selected timeframe, with scientific contributions from major salmonid
producing countries. There were no studies on cod (Gadus morhua). Empirical field studies
were the most common way of building knowledge about the impacts, but also studies
combining modelling (biogeochemical/hydrodynamic/dispersal modelling) and field studies
were quite frequent. Receivers from both benthic and pelagic environments were addressed
in the literature reviewed, but potential impacts on higher trophic levels are less studied.
Impacts were reported in all receivers. However, where impacts were observed, the spatial
extent was mostly limited to 500 m from farms. One important finding is that the impacts of
dissolved inorganic nutrients from aquaculture are site-specific and depending on several
factors where hydrodynamic conditions and water-exchange mechanisms are particularly
important. Furthermore, trophic status in receiving waters as well as other sources of
nutrient loading are important for the susceptibility to impacts of dissolved nutrients from
aquaculture. Both are important for future farm siting and design of monitoring programs.

Most of the metrics/indicators frequently applied in the literature reviewed are common
eutrophication metrics/indicators and are implemented in Norwegian monitoring programs
such as the @KOKYST program ran by the Norwegian Environment Agency. However, this
program does not aim to capture the unwanted effects of nutrients inputs of aquaculture and
the spatial and temporal coverage are currently not fit for this purpose.
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3.3.3 Environmental contaminants

3.3.3.1 Background

Environmental contaminants are chemicals, metals or plastic debris that accidentally or
deliberately enter the environment, often, but not always, as a result of human activities.
Some of these contaminants may have been manufactured for industrial use and because they
are very persistent, their degradation time in the environment is long. If released to the
environment, these contaminants may cause impacts on ecosystems or enter the food chain
and pose risk for human health.

A variety of environmental contaminants released by the aquaculture industry have been
detected in the QSR search. The search resulted in 2449 hits where 353 articles were found
relevant after first screening. After further screening of full text 256 articles were found
relevant and included in the review (Figure 3.20). Almost 50% of the articles (164) concerned
de-licing agents (Figure 3.21). A high number (N=66) of articles dealt with different substances
in aquaculture feed, both residues of substances from plant- based feed (such as for example
pesticides and polybrominated diphenyl ethers (PBDEs)) and additions to feed. Most of the
articles from the QSR for contaminants were related to salmon farming, but 10 cod related
publications were found. However, these dealt with impact on cod from salmon farming or
impact on wild cod from various pollutants. Therefore, these publications were irrelevant
and not included in the QSR. One report by IMR (Bjern et al. 2021), states that many
environmental effects of cod farming are parallel to the effects of salmon farming, for
example interactions between farmed and wild populations. Therefore, when it comes to
contaminants, there might be effects of feed ingredients on wild populations. Spreading and
transfer of parasites and diseases are challenges also in cod farming, and therefore pesticides
can be used, with associated effects on non-target species. However, there is limited
knowledge about environmental impacts from cod farming (Bjern et al. 2021), and a risk
assessment as the one from IMR on salmon farming is planned for cod farming (Bjern et al.
2021).
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Knowledge of aquaculture-environment interactions is essential for the development of a
sustainable aquaculture industry and for efficient marine spatial planning. As described in
previous chapters many impact studies have focused on interactions with sessile organisms
or those with low mobility, particularly infauna. This is useful as these organisms integrate
effects over time and are thus commonly used as indicators of farm environmental
performance (Callier et al. 2017). However, analyses of benthic organisms are not so useful
for monitoring e.g. impact if delousing agents, as some of the de-losing compounds spread in
the water-column (bath treatments) and the targeted species most sensitive toward the
compounds (crustaceans such as shrimps) are not part of the infauna samples collected and
analysed for community changes. More mobile wild fauna also interacts with aquaculture
operations, but the interactions are more complex, and often the cause-effects in the
environment are very difficult to establish, due to many confounding factors. In situ
observations after a release of delousing agents is challenging for many reasons. First, it is
difficult to assess exactly where the plume of chemicals is transported. Further, after a
delousing event, mobile species such as e.g. deep water shrimp (Pandalus borealis) may be
exposed at one site, however, as death do not occur immediately, the shrimp may swim away
and die in another location, or be eaten by a predator. Effects are thus very challenging to
document 7n situ, and monitoring techniques to assess mortality directly in the field are not
developed. Also, if dead organisms are observed, it is difficult to assess cause of death. It has
for instance been demonstrated that crustaceans can die from different delousing agents at
very low concentrations (see 3.3.3.2). However, today's analysing methods are not good
enough to detect very low levels of the chemicals used as bath treatments in tissue. In one
experimental study, deltamethrin caused mortality in shrimps, however, deltamethrin
concentration in the shrimp tissue could not be detected (Bamber et al. 2021).

Hence for chemicals released to the environment, there recommended techniques to assess
possible impacts, are based on sensitivity of different species (mainly documented through
laboratory studies) and predicted environmental concentrations (from hydrodynamic
modelling). If the predicted environmental concentrations exceed sensitivity thresholds
there is a risk for negative impacts. If the method reveal risk for negative environmental
effects, risk reducing measures should be taken, according to international guidelines
(European Commission (EC) 2003), US-EPA Guidance on Risk Assessment). Many of the
studies collected and described in this section are based on these principles.
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Figure 3.20. PRISMA flowchart visualising the different steps of the selection process of the QSR for
contaminants.
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Figure 3.21. The amount (times mentioned of all relevant articles) of a variety of environmental
contaminants released by the aquaculture industry in the current QSR search.
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The contaminants were grouped in 7 groups: 1) Pesticides, including delousing agents,
biocides and disinfectants. 2) Plastics (macro plastics, microplastics, nano plastics). 3)
Antifoulants and metals. 4) Pharmaceuticals (antibiotics and other). 5) Oil/Oil containing. 6)
Nanoparticles. 7) Other organic substances. The QSR search results are presented
individually for each contaminant group. For some of the groups, QSR results (publications)
raised questions or topics about other possible impacts (that were not described thoroughly
in this literature), here additional searches for more information had to be performed (e.g.,
new types of antifoulant biocides), but these publications were kept separate from QSR
results. Some contaminant groups (e.g., plastics, nanoparticles), where not much published
literature was found, additional subjective searches (also including grey literature) were
made to collect additional information. Furthermore, some literature that were from other
salmon producing countries raised concern on certain contaminants, therefore searches for
additional information to investigate relevance to Norwegian aquaculture conditions (e.g.,
use and practises of these contaminants) were made. These searches were also kept separate
from the QSR searches.

3.3.3.2 Pesticides including delousing agents, biocides, and disinfectants.

Marine pests can have a serious effect on aquaculture businesses. Pathogens and parasites
represent a ‘chronic risk’ for the sector. They may damage infrastructure, prey on your stock,
spread diseases or affect human health. Aquatic pest management is required by
environmental and food authorities and is important to keep aquaculture industries safe.
Therefore, the aquaculture industry uses several pesticides to mitigate pests. A pesticide is
any substance used to kill, repel, or control certain forms of plant or animal life that are
considered to be pests.

Delousing agents are pesticides used to combat sea-lice in aquaculture. Farmed fish can be
treated directly in the cage (bath treatment), or using a well-boat (bath treatment), or the
delousing agents can be administered through the fish feed (in-feed). The fish are treated with
single chemicals and/or combinations of chemicals, in prescribed or higher dose (off label).
Azametiphos, hydrogen peroxide, cyper- and deltamethrin are bath treatments added
directly to the fish cage. After bath treatment, the treatment water with the chemical is
released to the surrounding marine environment. Imidacloprid is the active ingredient in a
new bath treatment, Ectosan’ Vet, Ectosan Vet with a CleanTreat combination was granted
marketing authorisation in Norway in 2021. CleanTreat is used to filter water containing
Ectosan Vet, in order to reduce emissions to the environment.

Medicated feed includes the flubenzurones (diflubenzuron, teflubenzuron), and emamectin
benzoate (EMB). Residual feed that contains the chemicals sinks to the bottom and spreads
in the environment, and so does the fish's feces with residues of these delousing agents.
Organisms in the marine environment can be exposed to the delousing agents when they
spread in the environment.

Antimicrobial biocides and their effectiveness against aquatic pathogens are of growing
interest for the aquaculture sector. Due to environmental concerns the use of copper, that
has been the most effective antifouling agent, is declining. The aquaculture industry is
therefore now testing substances that can replace copper, such as different types of biocides.
Antifouling biocides are described in section 3.3.3.4 Antifoulants and metals.

The use of disinfectants is an important hygiene measure to combat fish diseases (pathogens).
Itis used to eliminate infectious agents but may be responsible for negative effects on fish and
water quality. Different chemicals are used as disinfectants. Formalin (aqueous solution of
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formaldehyde stabilized with methanol) is one of the most used disinfectants in aquaculture.
Other disinfectants used are potent oxidative chemotherapeutic peracetic acid (PAA),
peracetic acid-based disinfectant product (Aquastart (R), formic acid (HCOOH),
Natriumhydroksyd, chlorine, formaldehyde and potassium permanganate (PP).

Key findings:

e There is good availability of data for delousing agents, both ecotoxicological and
risk metrics, oceanographic modelling and risk methods that can be useful for
regulating purposes. There are also some available techniques which can be used
for future monitoring of environmental concentrations.

e Field measurements and oceanographic modelling show that both the pelagic and
benthic environment and species living there can potentially be affected by both
bath and in-feed delousing agents.

e Documented impacts of infeed delousing agents' from farming sites are mostly
local, i.e. takes place in a limited geographical area. However, since there may be
multiple farms present in a region, which may have treatments during the same
time, impacts could be regional. Furthermore, their persistence in the sediment
may also result in harmful concentrations remaining for a longer time period in the
environment.

e For bath delousing treatments, toxic concentrations could reach several kilometres
away from a treated salmon farm and remain in the environment long enough to
cause severe impacts on nontarget organisms and therefore impact may be regional.

e Furthermore, the farm sites may be used over many years, therefore the impact
could be long-lasting. Considering the numbers of farms along the Norwegian coast
performing delousing over several years, the total affected area can be large.

e The use of delousing agents is reported to the Norwegian Food Safety Authority,
however some of this information (vet reg) is not public. No acceptance criteria in
far field and near field zone exist today, but there are literature availability and
methods which can be used in regulations for indicating allowable thresholds in
near- and far field zones.

e Delousing agents are not considered in the "traffic light system" which is the method
developed by Institute of Marine Research (IMR) to decide if a farm should be
allowed to increase their production. Sealice is the parameter determining the
development potential. An indirect effect of this could be that farmers using more
delousing agents would be allowed to grow due to less sea lice. This underlines the
importance of including the delousing agents into standard monitoring and
regulation procedures.

e There is limited information on the discharge of disinfectants and antimicrobials to
the marine recipient. Given the limited amount of information, is seems like there
is not enough data to assess possible environmental impact.

QSR results

Delousing agents accounted for almost 50 % of the articles about environmental
contaminants. A total of 164 articles from the QSR search, 10 reports from grey literature
(Figure 3.20), and 5 added publications were included in the assessment. There is information
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on e.g. levels of delousing agents measured in the environment, risk assessment reports and
sensitivity data for different species which are not publicly available.

The public available studies were evenly distributed throughout the years and conducted in
numerous countries; however, most studies were conducted in the largest salmon producing
countries, most in Norway followed by Canada, Chile and Scotland (Figure 3.22). All the
studies fit within one or more of the following categories: laboratory studies, oceanographic
modelling studies/modelling studies, field studies or environmental risk assessment (Figure
3.23). There is very good data availability for both chemicals used as bath treatments and in-
feed treatments. The effects on non-target organisms have recently been summarized and are
available in various reviews and reports (e.g., Seether et al. 2016, Urbina et al. 2019, Martins
et al. 2023). Studies cover a range of test species and different life-stages, varying laboratory
conditions and a range of endpoints covering both acute effects (mortality) and different sub-
lethal effects such as behavior, mobility, growth, and reproduction as well as a range of
different biomarkers. Field data are less numerous compared to laboratory data. However,
field studies have been conducted at various locations in different parts of Norway and
concentrations of delousing agents have been documented both in water, sediments, and
organisms (Langford et al. 2014, Samuelsen et al. 2015, Arnberg et al. 2023). Sediments and
waters samples have in addition been analysed by research institutes in Norway, however,
not all information is publicly available. Substances mentioned in the QSR literature: copper
sulphate, photochemically active biocides, lufenuron, biosurfactant (SPH6), formalin,
calcium oxide (CaO), hydrogen peroxide, cypermethrin, deltamethrin, azamethiphos,
diflubenzuron, emamectin benzoate, teflubenzuron, ivermectin. The two most studied
pesticides are emamectin benzoat and deltamethrin (Figure 3.24).
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Figure 3.22. Left: Overview on number of scientific articles published per year from the QSR. Right:
distribution of published literature per country (if no mention of country in article, affiliation country of lead
author was chosen).
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Figure 3.23. Overview on number of publications per study category (field, lab, hydrodynamic modelling, risk
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Figure 3.24. Number of delousing papers distributed in the following active substance categories.

The QSR result showed several articles on antimicrobial biocides. Substances mentioned in
the literature were: Bronopol and Detarox. There was, however, only 1 article that considered
environmental effects. Bronopol is listed in Felleskatalogen, the veterinary catalogue in
Norway (Medisin - Veterinaerkatalogen (felleskatalogen.no)), while Detraox is not, indicating

that only Bronopol is used in Norway.
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A total of 11 articles were found in the QSR search for disinfectants. Most of the studies were
effects studies. However, among those, the majority investigated effects on farmed fish itself.
Impacts on fish health must be determined before it is used either as a routine disinfectant or
chemotherapeutant. Hence most of the available studies are on salmon, and only 2 studies
were related to possible environmental impacts. Substances mentioned in the literature
were: peracetic acid, formalin, potassium permanganate.

Receiver and impact

Delousing agents. Methods have recently been adapted to measure concentration of
delousing agents in the field, using passive sampling technique and sediment traps (Arnberg
et al. 2023). The reported concentration varies greatly, from not detectable to concentrations
beyond thresholds for effect, depending on numerous factors. For example, concentrations
measured in the field after a bath treatment using deltamethrin in water was higher than the
concentration known to be lethal to deep-water shrimps (Arnberg et al. 2023). Also, feed
treatments have been measured in sediments. Field investigations have shown that the levels
of flubenzurons in the sediment are highest near the facility (above environmental quality
standards, indicating that these compounds may pose a risk to benthic marine species), and
residual concentrations have been found at a distance of 2 km (Parsons et al. 2021).
Emamectin benzoate (EB) has also been found in sediments in concentrations above far field
Scottish environmental quality standards (EQS) (see appendix 9.1.9 operational standards for
aquaculture). EB has furthermore been detected in sub-surface water samples after delousing
(e.g., Langford et al. 2014, Refseth et al. in prep). EB and flubenzurons have a long half-life
and may remain in the sediment for a long period of time after release (e.g., Benskin et al.
2016).

Imidacloprid is the active substance in the new bath treatment Ectosan’Vet, used together
with the CleanTreat system. 3252 kilo of the active substance imidacloprid was sold in 2021,
and 5900 kg in 2022 (FHI, 2021). Imidacloprid has been used over many years on land to
protect plants against insect damage, but today it is clear that it has negative effects on both
aquatic and terrestrial fauna. In the European Environment Agency's report 2016, it was
concluded that imidacloprid should be withdrawn from the market given the evidence of
harm and scale of the risk. Therefore, imidacloprid is now banned from use on land. In
Norway, imidacloprid is only allowed to be used in marine waters along with a cleaning
system installed on a well boat. The system removes medicines from treatment water before
returning purified water into the sea. There was a spill from a well boat in Northern Norway
in 2021, resulting in 110. 000 litres Ecosan Vet entering the sea. Given the documented risk of
environmental damage of imidacloprid, possible risk related to the usage if imidacloprid in
the aquaculture industry should be monitored. There are no routine measurements of
imidacloprid or break-down products in either water or sediment today.

Lately, oceanographic modelling has been adapted to model the spreading and breakdown of
delousing agents. To obtain a good picture of dispersion in Norwegian coastal areas,
characterised by complex topography including narrow straights and sounds, high-resolution
ocean modelling is required. Therefore, for example the open-source circulation model
FVCOM (Finite Volume Community Ocean Model) has been used for the determination of
predicted environmental concentrations (PEC) of delousing agents (e.g., Refseth et al. 2016,
2018, 2019, Arnberg et al. 2023). To simulate the dispersion of the discharge, as well as the fish
faeces containing the medication, FVCOM is coupled to a tracer model within the Framework
for Aquatic Biogeochemical Models (FABM) (providing physical/chemical properties of
delousing agents, from literature studies) (see Figure 3.25). Results (PEC) vary depending on

Akvaplan-niva 2023 63547.01
Side 71 av 502



local conditions such as ocean current, depth, type of chemical etc. However, generally,
results show that the delousing agents from bath treatments can spread several kilometres
away (e.g., Refseth et al. 2019, Arnberg et al. 2023). One study showed spreading up to 32
kilometres away from source (deltamethrin) (Parsons et al. 2020).
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Figure 3.25. FVCOM model results showing the spreading of deltamethrin during a simulated delousing
operation of seven cages. The colours indicate the maximum concentration within the water column during
the entire simulation period (7 days). Contours of 2 ng L™ (black solid line) and 200 ng L™ (black dashed line)
are plotted separately. 2 ng L™, was the lethal concentration for the shrimp (Pandalus borealis) derived in
laboratory experiments. Gridlines (grey) are spaced 1 km apart to indicate distance. (Source: Arnberg et al.
2023).

Field measurements and oceanographic modelling show that both the pelagic and benthic
environment and the species living there can be affected by both bath and in-feed delousing
agents.

There is a huge variation in sensitivity towards different delousing agents for different
species, life stages and endpoint studied. However, generally, when comparing treatment
concentrations of the different delousing agents to concentrations shown to impact different
nontarget species, it is clear that toxic effect on non-target species (both acute and sub-lethal)
is documented at concentrations much lower than the treatments concentrations used in fish
cages and released to the surrounding environment (e.g., Martins et al. 2023). The most
studied non-target species in effect studies of delousing agents are the crustaceans, which
often are shown to be the most sensitive species (Saether et al. 2016). This is not surprising
given the fact the delousing agents are meant to be lethal to sea-lice, which is a crustacean.
Fish is generally more robust and tolerate higher concentrations of delousing agents than
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other organisms (Martins et al. 2023). Data from laboratory studies are used to generate risk
assessment metrics/threshold values for effects, often with an assessment factor ('safety
factor') added to the value.

Several studies of effects of different delousing agents have been conducted on relevant
Norwegian commercial and ecological important species (Arnberg et al. 2023, Bechmann et
al. 2017, 2018, 2019, 2020, Cresci et al. 2018, Escobar-Lux 2019, 2020, Fang, 2018, 2020,
Frantzen et al. 2020, Hansen et al. 2017, Parsons et al. 2020, 2021). Several studies show that
deltamethrin has a high toxicity. For example, for the deep-water shrimp (Pandalus borealis),
mortality occur even at highly diluted deltamethrin treatment concentrations. One study
revealed 100 percent mortality of the deepwater shrimp after exposure to 330 times diluted
treatment concentration for two hours (Frantzen et al. 2020). The study also revealed more
severe effects of deltamethrin compared to the bath-treatments hydrogen peroxide and
azamethiphos. A recent published study combining different scientific disciplines addressed
the effects of deltamethrin (Arnberg et al. 2023). Acute (mortality) and sub-lethal effects on
northern shrimp (Pandalus borealis) were studied in laboratory experiments, and passive
water sampling combined with sediment analyses revealed concentrations in the
environment (field studies). Finally, dispersal modelling was performed to predict
environmental concentrations. Ecotoxicological analyses showed mortality in shrimp after 1
hour exposure to 1000-fold dilution of treatment dose, revealing a high sensitivity to
deltamethrin. Ecotoxicological values were compared with measured and modelled
concentrations and the results showed that concentrations higher than those causing
mortality could be expected up to 4-5 km from point of release, in an area of 6.4 km?. Lethal
concentrations for shrimp remained for up to 35 h in the environment. The study
demonstrates that deltamethrin poses a considerable risk for negative effects on the
ecologically and commercially important deep-water shrimp (Arnberg et al. 2023).
Deltamethrin was used 31 times in Norway in 2022, and 29 of 31 treatments were done in
Vestfjorden/East-Finmark.

Data from laboratory studies are often used to define threshold for effects for use in risk
assessment (see appendix 9.1.9. operational standards for aquaculture). Different thresholds
are available for different species (e.g., LC50 (concentration killing 50 % of test species)), and
for whole communities (PNEC (predicted no effect concentration, the species' tolerance can
be expressed as the concentration of a substance that produces no measurable effect)). In
several recent reports these threshold values are compared to the PEC from oceanographic
modelling. If PEC are exceeding threshold values for effects, there is a risk for negative
effects, and further investigations/risk reducing measures should be initiated to ensure
protection of habitats. PEC/PNEC ratio is a well-known and commonly used method for risk
assessment. Several environmental risk studies on agents used in Norwegian fjords have
shown a risk for negative environmental effects. The studies are reporting how far harmful
concentration can reach (spatial scale), and some studies are also estimating how long
harmful concentration stay in the environment (temporal scale) (Refseth et al. 2016, 2018,
2019). In some of these studies, there is a lot of information available on the sensitivity of
species from different functional groups, and the PNEC data are derived from SSD-curves
(species sensitivity distribution) generated for whole communities, with a low level of
uncertainty and hence a low assessment factor. An SSD curve including Norwegian species
have been used to develop SSD for biological communities for hydrogen peroxide (Refseth et
al. 2019) (Figure 3.26).
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Figure 3.26. Species sensitivity distribution (SSD) of hydrogen peroxide based on acute toxicity data, E(L)Css,
derived from 34 species representing seven different phyla (Refseth et al. 2019).

In Refseth et al. (2019) the PNEC level derived from the SSD curve was compared to PEC levels
from oceanographic modelling, and the study showed that there is environmental risk
associated with release of hydrogen peroxide. The risk was reduced, but not eliminated when
a well-boat was used. There is another on-going study on risk reducing measures (breaking
down hydrogen peroxide before it is released to the marine environment from well boat)
(Carlsson, 2021).

Field investigations may be used to calibrate/verify PEC data form models. However, field
investigation provides fewer data, and the uncertainties are higher the greater the distance
from cage is (lower chance to hit the plume/spot where chemicals are transported/deposited).
A good approach is therefore to measure concentrations close to cages and perform
oceanographic modelling to assess spreading of delousing further out from cage.

Antimicrobial biocides: In Norway the antifungal Bronopol is used as a protection for fungal
infection on fish skin in freshwater salmonid production systems. In 2021 490 kg of the active
substance was sold in Norway (FHI, 2021). As far as the authors know there is no information
on if/how this is discharged to the marine environment. Only one study described
environmental effects (Magara et al. 2021). In this study the acute and sublethal toxicity of
two commercially available antimicrobial biocides Bronopol (organic compound that is used
as an antimicrobial) and Detarox AP (a peracetic acid-based antimicrobial) for a freshwater
bivalve were determined. Biomarkers were also studies after exposure. Although the LC50
was higher for Bronopol (2440 mg/L) than for Detarox AP (126mg/L), fluctuations in oxidative
stress biomarkers levels indicated that both biocides exerted a slight oxidative pressure on
the freshwater bivalve. Theoretical environmental risk assessment suggested a relatively low
risk with Detarox AP and greater eco sustainability compared to Bronopol. However, the
relevance of this study for Norwegian aquaculture and the marine environment is limited.
Although it was an aquatic species that was studied, it is a freshwater species, and the risk for
non-target species in marine environments should be based on marine species. Hence, these
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data are of limited value for risk assessment in the marine environmental and hence for
regulatory purposes.

Disinfectants: As far as the authors are aware there is very little information about the use
and discharge of disinfectants. Requirements for disinfection use in aquaculture can be found
in several regulations and include e.g., disinfection of equipment, transport units, facilities,
and water. However, there appears to be no regulations regarding the discharge of
disinfectants and little information about possible environmental effects. Most studies have
investigated the effect on farmed animals (fish). The results of the studies varied; some
concluded that the disinfectants are safe to use and that minor effects were seen on the caged
fish (Hushangi et al. 2018). Another study showed altered salmon physiology at both the
systemic and mucosal levels after PAA exposure (Lazado et al. 2020). Ecotoxicological metrics
have been developed to provide guidance for developing safe PAA treatment protocols for
Atlantic salmon eggs, fry, and/or fingerlings. Toxicity of PAA for different fish species have
also been tested, for the purpose of finding important information on the safe application of
PAA for the aquaculture industry. A study shows that salmon were able to mount a robust
adaptive response to different PAA doses and exposure times, and a combined exposure to
stress and PAA (Lazado et al. 2021). The main consequences of formalin exposure to fish were
shown to be damage in gills and alterations in mucous cells (Leal et al. 2018). Formalin also
interacts with some treatments adopted in aquaculture establishments (for example
biological filter). Few studies address potential environmental effects of disinfectants. One
study concluded that formaldehyde (effluent) should be diluted with water or that specific
treatments should be conducted to decrease concentration before its discharge into the
environment. There is available information on decay rate for one disinfectant, PAA, which
reveals that PAA degrades rapidly in sea water (half-lives on the order of minutes to hours).
However, two active ingredients in PAA degraded much more slowly (hydrogen peroxide and
acetic acid). The authors concluded that PAA is far more environmentally advantageous to
use than existing chemical treatments, especially targeting ectoparasitic infections in fish
(Pedersen and Lazado 2020). One study examined the effects of PAA on catfish and revealed
that exposure to PAA significantly disturbed the external microbiomes and increased catfish
mortality following the exposure (Straus et al. 2018). In Norway the disinfectant
formaldehyde (Aquacen®) has long been used on freshwater fish with surface infections
caused by parasites, bacteria, and fungi. In 2021, 47282kg of the active substance was sold in
Norway (FHI, 2021). As far as the authors know there is no information on if/how this is
discharged to the marine environment. Given the limited amount of information, it seems
likely that there is not enough data to assess possible environmental effects due to discharge
of disinfectants in the aquaculture industry. Some data, e.g., LC50 values (concentration
lethal to 50 percent of test animals) for fish exist, but no prediction of environmental
concentrations (either modelled or measures in Norwegian fjords).

Monitoring

Data on the usage of delousing agents are reported to the authorities (Norwegian Food Safety
Authority). BarentsWatch is a tool for displaying the usage, based on the reported numbers.
The use of delousing agents is reported to the Norwegian Food Safety Authority in two ways.

1. Weekly from the breeder to the Norwegian Food Safety Authority in accordance with the
requirements of the Salmon Lice Regulations § 10, Regulations on combating salmon lice in
aquaculture facilities - Legal data. These data are shown on BarentsWatch

2. Continuously from suppliers and requisitioners of pharmaceuticals for animals to the
Norwegian Food Safety Authority in line with the regulation on the reporting of information
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on used pharmaceuticals for animals § 3, prescriptions reported in VetReg. There is limited
access to the numbers in VetReg. The numbers in the database (Vetreg) are not displayed in
BarentsWatch.

In the years 2012-2022, the use of agents against salmon lice has varied greatly. The
widespread use of delousing agents in the period 2010-2015 was mainly caused by the
increasing occurrence of resistance in salmon lice. Consumption was reduced in the years
2016-2018, but use of some of the medicines has again increased in recent years. The reduced
use in recent years compared to the peak years 2010-2015 is because the sea lice is also
removed with other methods such as the use of cleaning fish, warm water, freshwater and
mechanical removal. Medical-free control methods now account for the largest proportion of
treatments against lice. However, there are great fish health challenges related to these
methods, resulting in the continued use of significant amounts of delousing agents. History
has shown that use can vary widely over a period of a few years.

Comparing the usage of the different delousing agents from year 2021 to 2022, the usage of
deltamethrin, emamektin benzoate and teflubenzurones has decreased, while azametiphos,
diflubenzurones and imidacloprid has increased (FHI, 2022).

Before a delousing event a risk assessment of environmental effects is performed, however,
this is done by fish health veterinarians, and not by specialist environmental researchers. The
literature study reveals that there are available data, both ecotoxicological and risk metrics,
available monitoring techniques, oceanographic models and risk methods that can be useful
for regulating purposes, also on alocal scale. The approach described above (risk metrics and
FVCOM) have been used for all the delousing agents, except for the flubenzurones. However,
the same methodology can be used for these compounds as well, as the physical/chemical
data that is needed already exist in the literature and can easily be implemented in famb
framework within FVCOM. Concentrations of delousing agents are not monitored regularly
(e.g., in standard B-surveys), however, the industry are sometimes asked by regulatory
agencies, such as Statsforvalter, to provide concentration data. However, these data are
usually confidential. Levels of delousing agents in sediments are required in ASC-surveys
(Aquaculture Stewardship Council), and the industry itself also sometimes take initiative to
analyse sediment for delousing agents. Methods for sampling and analytical methods are
available for monitoring purposes for all the in-feed delousing agents. In arecent study, EMB
concentrations in sediment were compared to modelled concentrations, and generally, there
were a good match between modelled and measured EMB concentrations (Refseth et al. in
prep). Analysing chemicals in water column are more challenging. However, passive
sampling methodology to analyse delousing agents in water has been developed for
deltamethrin, azamethiphos, and EMB using the co-solvent method. As additional
experiments, partitioning coefficients were also established for cypermethrin, diflubenzuron
and teflubenzuron (Arnberg 2023, Refseth et al in prep). As previously mentioned, analysing
chemicals used as bath treatments are challenging in animal tissue. For possible future
monitoring purposes, chemical concentrations in sediment are possible to measure, and
some chemicals can be measured in water, using passive sampling technology.

Regulation of nature-based industries is often based on a defined tolerance/threshold limits
for relevant influences. The tolerance limits for acceptable impact can be defined on the basis
PEC/PNEC. Experiences shows that it is need for an active knowledge-based public regulation
that sets clear boundaries and conditions for aquaculture production. Today, the only
regulation of delousing agents is no dumping of bath treatments closer than 500 m away from
shrimp fields, and no use of flubenzurones closer than 1000 m to shrimp fields. Recent studies
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discussed in these sections reveal that delousing agents can spread further out than 500 and
1000 meters. No accepted regulatory Norwegian threshold levels in near or far field zones
have been developed, except for flubenzorones (Direktoratgruppen, 2016, revised 2020).
However, although this limit exists, it is unclear how it is used by regulators. For other
delousing agents, international thresholds levels in zones similar to the Norwegian "near and
far field zones" can be found, both for water and in sediments for emamektin benzoate (see
appendix 9.1.9 operational standards for aquaculture). Literature availability and methods
indicate that allowable thresholds in near and far field zones can be defined for delousing
agents in Norway. The aquaculture industry is not obliged to monitor concentration of
delousing agents in the areas around the farms in traditional B-surveys.

Knowledge gaps

For a more precise risk assessment of delousing agents in local areas, more information on
ecology (local populations present) may be needed, if more local, precise threshold values
should be used rather than e.g., threshold values for communities defined in SEPA (see
appendix 9.1.9 operational standards for aquaculture). Multistressor studies on delousing
agents and other stressors are limited, hence there is a challenge to address combined effects.

Given the limited amount of information, is seems like there is not enough data to assess
possible environmental effects due to discharge of disinfectants and antimicrobials in the
aquaculture industry. Some data, e.g., LC50 values (concentration lethal to 50 percent of test
animals) for fish exist, but no predictions or measurements of environmental concentrations
were found in the literature review.

Conclusions

The literature study reveals that there is good availability of data, both ecotoxicological and
risk metrics, available monitoring techniques, oceanographic modelling and risk methods
that can be useful for regulating purposes, also on a local scale for delousing agents. Field
measurements and oceanographic modelling show that both the pelagic and benthic
environment and species living there can be affected by both bath and in-feed delousing
agents. It is documented that toxic effect on non-target species (both acute and sub-lethal)
may occur at concentrations lower than the treatments concentrations used in fish cage and
released to the surrounding environment. The impact of delousing agents from farming is
mostly local for infeed treatments, however since there may be multiple farms that perform
treatments during the same time, impacts could be regional for in feed treatments. The
persistence of the in-feed chemicals in the sediment may result in potential harmful
concentrations remaining for a longer time period in the environment. For bath treatments,
toxic concentrations can reach several kilometres away from a treated salmon farm and
remain in the environment long enough to cause severe impacts on nontarget organisms,
therefore the impact may be regional. The size of the impacted areas may vary and will
depend on chemical as well as on the specific geographical and weather conditions occurring
at the time of treatment. Furthermore, the sites may be used over many years, therefore the
impact could be long-lasting. Considering the numbers of farms along the Norwegian coast
performing delousing over several years, the total affected area can be large. When the
environmental status of an area is given a score in the routine monitoring the concentration
of delousing agents is not considered. Considering the goal of "sustainable growth" the
environmental effects of delousing agents should be controlled and monitored, as there is a
documented risk related to the use of these chemicals in the aquaculture industry today.
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Literature availability and methods indicate that allowable thresholds in near- and far field
zones can be defined for delousing agents in Norway.

Delousing agents are not considered in the "traffic light system" which is the method
developed by Institute of Marine Research (IMR) to decide if a farm should be allowed to
increase their production of salmon or not. An indirect effect of this could be that farmers
using more delousing agents would be allowed to grow due to less sea lice. This underlines
the importance of including the delousing agents into standard monitoring and regulation
procedures.
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3.3.3.3 Plastics (macro, micro & nano)

Plastics represent a two-fold challenge in aquaculture; on one hand production represents a
source of environmental release and on the other hand fish in aquaculture can be affected by
plastics in the environment. Plastic waste from the aquaculture production can consist of
macro plastics (larger plastic units > 5 mm, such as whole or parts of cages, wrasse hides,
rope, buoys, strips etc.) and micro/nano plastic (small plastic particles < 5 mm). Compared to
sea-based fish aquaculture, the use of plastics in kelp and blue mussel aquaculture is at a
smaller scale. Both blue mussel and kelp aquaculture uses ropes placed in the marine
environment and boat trafficking for maintenance, supervision and harvesting. Plastics
debris can be transformed into smaller pieces by photodegradation and other biological,
physical, and/or chemical processes often called secondary micro plastics. Based on size,
pieces can further be classified into nano plastics (NP < 100 nm) and micro plastics (MP, 100
nm - 5 mm). Micro- and nano- plastics can also directly be released from for example wear
in feed hoses or chipped ropework, and wear of nanotech plastic-based anti-biofouling agents
and paints. Grey water emission from household activities (run off from dishwashers,
washing machines and sinks) are furthermore released directly into the marine environment
from the platforms and might also contain microplastic due to the direct and unfiltered
release to the marine environment. Microplastics is more difficult to see and quantify than
macro plastics and the amount of the smallest components of plastic leaked into the
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environment can potentially be large because this fraction of plastic is more easily
overlooked. Microplastics are contaminants of emerging concern as they are ingested by
marine biota.

Key findings:

e Plastic waste from the aquaculture production can consist of macro plastics
(larger plastic units > 5mm, such as whole or parts of cages, wrasse hides, rope,
buoys, strips etc.) and micro/nano plastic (small plastic particles < 5 mm, from for
example wear in feed hoses or chipped ropework, and wear of nanotech plastic-
based anti-biofouling agents and paints).

e DPlastics debris (macro plastics) can be transformed into smaller pieces by
photodegradation and other biological, physical, and/or chemical processes often
called secondary micro plastics.

e Studies have confirmed the presence of macro plastics and micro plastic in the
environment originating from aquaculture. Microplastics occurs in higher
concentrations in sediments close to the fish pens compared to the reference area,
and in seawater samples taken close to the site.

e There have been efforts to quantify plastics loss from aquaculture (for example
from feeding tubes), but the available data is not sufficient to provide a solid
estimate of the all the release of macro/microplastics.

e There are studies that show that macro plastics and micro plastics may adversely
affect organisms in the marine environment, depending on size and type of
plastics and type of organism.

e There are also studies that suggest that micro plastics from aquaculture may be
vectors of contaminants in the marine environment.

e Microplastics have been found in gills of farmed fish and this shows that MPs are
concentrated enough in the aquatic environment near the net pens to increase the
risk of exposure in farmed salmon. It is not known what significance it has.

e The risk of microplastics ingestion for humans is thought to be reduced by the
removal of the gastrointestinal tract (GI-tract) in seafood consumed.

e There is a concern about the nano plastics ingestion, as nanoparticles can
translocate across the gut epithelium resulting in systemic exposure, and a very
wide distribution in all organs is likely. Although nano plastics may pose
significant concerns, the data needed to perform a full food safety risk assessment
of nano plastics in seafood are lacking.

e There are knowledge gaps related to aquaculture and plastics. There is also a need
to consider if traditional environmental risk assessment approaches can be
applied to assess micro plastic contamination impacts on aquaculture operations.

QSR results

A total of 8 articles were included from the QSR search. One concerned macro plastic and 7
concerned micro plastics. Most studies came from Chile, Norway, and Canada. Research on
plastic pollution has been fast paced in recent years and much relevant literature concerning
aquaculture and plastics in Norway were found in grey literature (n = 7) and were included in
addition to one review and one paper published before 2010. The QSR literature described
different topics concerning plastics in aquaculture: 1) how macro/micro plastics are released
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by aquaculture, 2) how plastic can act as vectors for pollution, 3) field investigations of micro
plastics near fish farms and 4) effects from micro plastics on farmed animals (salmon) and
wild fish. The grey literature described microplastics occurrence near aquaculture sites,
effects on fish and possible contribution of plastics by the aquaculture industry.

Receiver and impact

Lost gear, broken and fragmented equipment, and release of MP debris because of intense
use have been suggested as sources of both macro and microplastic emissions from
aquaculture at both the global and local level. In context of ocean plastic pollution, the
aquaculture industry has been reported by several studies as a potential significant
contributor (Hinojosa et al. 2009, SALT, 2019). However, one study concluded that it is
unlikely that Norwegian aquaculture facilities are a source of extensive marine litter (Hognes
and Skaar, 2017). Macro plastics can be found in the five different compartments of the
marine environment: coastlines, water surface, the water column (pelagic), the seafloor
(benthic), and in biota. The dispersal macro plastics are influences by wind, surface currents
and geostrophic circulation (Law et al. 2010) and it can be distributed over long distances,
even on a global scale. It is difficult to estimate the percentage of marine litter that originates
from maritime sources, also from aquaculture. One study by Abihssira-Garcia et al. (2020)
tried to quantify the loss of micro plastic from 1000 Norwegian salmon farms per year (Table
3.5).

Studies and reports have identified the material flow in an aquaculture facility and several
potential sources for micro plastics. The loss of plastic from feeding tubes (along with fish
feed) has been identified as a source of micro plastics. One study has also identified plastic
polymers from sediment samples, in higher concentrations in sediments close to the fish
pens compared to the reference area (Gomerio et al. 2019). Furthermore, seawater samples
taken close to aquaculture site indicated potential emission MPs from aquaculture activities
(Gomerio et al. 2019). Micro plastics were also identified in the gills of farmed fish, indicating
a source related to the fish farm. Fish meal contaminated by MP may also constitute a
potential threat to aquaculture animals and surroundings (Wang et al. 2022).

The dispersal from secondary sources of micro /nano plastics are the same as for macro
plastics and distribution can therefore be global. However, aquaculture release of some MP
may be more locally distributed, since it is released close to the pens, by for example wear
and tear in feed hoses. The polymer type of micro plastics will likely influence how far they
disperse from their sources (Lusher et al. 2021). At smaller scales, turbulent flows, from tides
or waves, high-energy oceanographic events, like sea storms can influence the distribution.
MP/NP plastics are found in the surface, water column and particles which have a greater
density than seawater and those which are biofouled will readily sink to the seafloor and are
therefore also present in sediments. In general, sediments show higher concentrations of MP
than water samples (Lusher et al. 2018).

The Institute of Marine Research (IMR, Hansen et al. 2022) assessed environmental risk of
plastics. They concluded that macro plastic is larger than phytoplankton and zooplankton and
has no impact on them, but that macro plastics can act as a substrate for organisms, including
alien species, to settle and thus have an indirect impact. Fish are generally considered to be
less vulnerable to macro plastic. Benthic communities have no to medium vulnerability to
macro plastics depending on particle size. However, seabirds have shown medium to high
vulnerability, as large amounts of plastic have been found in the stomachs of some bird
species. It has been observed that seabirds can mistake waste for food, and it is estimated that
95% of fulmars have plastic in their stomachs. Also, mammals are considered vulnerable to
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macro plastics as it can clog their digestive system, they can get entangled, and lose their lives
by ghost fishing of lost fishing gear. Lusher et al. (2018) found litter in 8.5 % of 274 stranded
whales in the Irish Sea, but such figures have great geographical variation and there are no
corresponding figures for Norway. An overview of direct impacts of marine litter (macro
plastics, microplastics and nano plastics) are given in Figure 3.27.

Direct risks and impacts of marine litter and plastics
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Figure 3.27. Direct risks and impacts of marine litter and plastics (source Grid Arendal
(https.;/www.grida.no/resources/15021).

High doses of micro plastic have been showed to affect phytoplankton both at individual and
population level. High concentrations can affect growth, development, reproduction, and life
cycle of zooplankton (Hansen et al. 2022). However, there are few observations of such high
doses from the field. One study also suggested that anthropogenic activities (including
aquaculture) can have an effect on bacterial communities on microplastics (Aguila-Torres et
al. 2022).

It has been uncertain if particles of micro plastics and nano plastics can penetrate over the
gills, skin and intestines, so that they enter fish. In one recent study the researchers found
microplastics of several types in both liver and muscle tissue, in both wild and farmed fish
(Gomiero et al. 2020). It is not known what significance it has, and no sign of ultrastructural
alterations such as swelling, necrosis or cell infiltration was observed in farmed salmon
samples in the study. Another study concluded that immune cells of Atlantic salmon can
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phagocytose micro plastics, and the impact is dependent on the micro plastic type (Abihssira-
Garcia et al. 2020). The study also showed that micro plastics are concentrated enough in the
aquatic environment near the net pens to increase the risk of exposure in farmed salmon.

Requirements for food safety may also be applied to micro and nano plastics in food and the
environment. According to FAO (Lusher et al. 2017), the risk of micro plastic ingestion for
humans is reduced by the removal of the gastrointestinal tract (GI-tract) in most species of
seafood consumed. However, there is a concern about the nano plastics, as they can be
transported across the gut epithelium resulting in systemic exposure, and a very wide
distribution in all organs is likely. Although nano plastics may pose significant concerns, data
needed to perform a safety risk assessment of nano plastics in seafood are lacking (Lusher et
al. 2017).

Vulnerability of benthic communities to micro plastics have been classified as low to
medium, depending on the amount, time of exposure and size of the micro plastic particles
(Hansen et al. 2022).

Three studies in the QSR described that micro plastics could act as vectors of contaminants in
the marine environment. Micro plastics occurring near fish farms can sorb aquafeed-
associated contaminants (Abihssira-Garcia et al. 2022). The study of polystyrene micro
plastics and chlorpyrifos insecticide, found that polystyrene micro plastics cause toxicity and
increase the adverse effects of chlorpyrifos on the muscle of fish. This investigation provided
evidence toward low nutritional value of farmed or wild fish muscle that grows in areas with
high concentrations of micro plastics and pesticides (Hanachi et al. 2021). The last study
showed that micro plastics that enter the digestive tracts in mammals increased pollution
levels of e.g., phthalates, which are linked to hormonal disorders (Hansen et al. 2022 and the
references therein).

Table 3.5. Calculation of use, degradation, and possible amount of plastic per year from 1000 salmon farm
facilities in Norway. Number based on Abihssira-Garcia et al. (2020).

Material Plastic Use ton  [Loss Loss
ton/Y
PE/nylon 35,571 PE (0.45% mass loss/month) [3137 Welden and Cowie
Nylon (1.02% mass 2017
loss/month)
Ropes PP 17,201 0.39% mass loss/month 805 Welden and Cowie
2017
Feed pipes HDPE 4440 0.25 g/m/day 225 Gomiero et al. 2020
Floater/ HDPE 108,405 [0.5%/Y 5.4 Booth et al. 2017
walkways
SUM 191,799 4172.4 Abihssira-Garcia et al
2020
Monitoring

Routine, long-term monitoring programs for micro plastic were not implemented in Norway
until recently, and several pilot studies have investigated how to include micro plastic into
ongoing monitoring programs. Now a new monitoring program which has a goal to increase
knowledge about the extent of microplastic pollution in Norway has been implemented
recently in 2021 (Mikronor

). The monitor program
will measure levels and types of microplastics in Norwegian water bodies (in coastal areas,
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rivers and lakes). The first phase of this monitoring program lasts from 2021 to 2023 and will
utilizes ongoing sampling in other national monitoring programs.

ASC Certification (https://www.asc-aqua.org/) have requirements for a more sustainable and
responsible aquaculture, and they have stated that in the future ASC certified producers will
be required to carry out a risk assessment of potential plastic contamination, and to
implement mitigation actions to minimise the impact at the farm and its surroundings. Farms
will need to record all used and disposed plastic material; and should implement a plastic
waste monitoring programme to ensure waste is disposed in a responsible manner and
recycled when possible.

Knowledge gaps

Lusher and Pettersen (2021) has recently described the knowledge gaps related to aquaculture
and plastics. They concluded that currently there are no estimates of the amount of plastics
waste generated by aquaculture, which makes it challenging to calculate the generation and
release of microplastics to the marine environment. The available data are not sufficient to
provide a solid estimate of the release of microplastics generated from aquaculture. Most
urgently required are numbers pertaining to microplastics released through
weathering/breakdown of larger plastic equipment. There is a need for a better overview of
the actual amount of plastic equipment in use within aquaculture and plastic accounting, to
be able to identify the losses that has the potential to become secondary micro plastics
(Lusher and Pettersen 2021). Analytical methods for the detection and quantification of
microplastics in the environment (water, sediments, and biota) and food should be
standardized, with a focus on the smaller (less than 150 um) particles. After this, occurrence
data, including particle size, must be generated, to be used for exposure assessment and
dietary intake. Toxicological data on micro/nano plastics must be generated. The smaller
particles (less than 150 pum) are potentially more hazardous, and their study should be
prioritized (Lusher 2017). Further data on translocation of micro plastics containing the most
common polymers should be generated for aquatic organisms and humans; and studies on
micro plastics as sources of pathogens to fishery and aquaculture products and humans need
to be carried out (Lusher 2017). Although it has been documented that plastic debris can act
as a substrate for diverse microbial communities, sufficient data on the occurrence of
pathogens on micro plastics are lacking to include pathogens in the risk profiling (Lusher
2017).

Lusher et al. (2017) also stated that we need to consider applying environmental risk
assessment approaches to potential micro plastic contamination impacts on fisheries
resources and aquaculture operations.

Conclusion

Studies have confirmed the presence of macro and micro plastic related to aquaculture in the
environment, in higher concentrations in sediments close to the fish pens compared to the
reference area, and in seawater samples taken close to the site. There have also been efforts
to quantify plastics loss from aquaculture, for example from feeding tubes and fish feed, but
the available data are not sufficient to provide a solid estimate of the all the release of
microplastics. It is known that macro and micro plastics may adversely affect organisms in
the marine environment, depending on size and type of plastics and type of organism. There
are also studies that suggest that micro plastics from aquaculture may serve as vectors for
contaminants in the marine environment. Furthermore, it has also been documented that
plastic debris can act as a substrate for diverse microbial communities, but sufficient data on
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the occurrence of pathogens on microplastics are lacking. Is has been uncertain if particles
of micro and nano plastics can penetrate over the gills, skin and intestine thus entering fish.
Microplastics have been found in gills of farmed fish and this shows that micro plastics are
concentrated enough in the aquatic environment near the net pens to increase the risk of
exposure in farmed salmon. It is not known what significance it has. There has also been
concerns about food safety for seafood. However, the risk of micro plastics ingestion for
humans is thought to be reduced by the removal of the gastrointestinal tract (GI-tract) in most
species of seafood consumed. However, there is a concern about the nano plastics, as
nanoparticles can translocate across the gut epithelium resulting in systemic exposure, and
a very wide distribution in all organs is likely. Although nano plastics may pose significant
concerns, the data needed to perform a full food safety risk assessment of nano plastics in
seafood are lacking. There has been suggested that analytical methods for the detection and
quantification of micro plastics in the environment (water, sediments and biota) and food
should be standardized, with a focus on the smaller (less than 150 um) particles. There is
currently a monitoring program running to measure levels and types of microplastics in
Norwegian water bodies (in coastal areas, rivers and lakes) it will run from 2021-2013.
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3.3.3.4 Antifoulants and metals

Fouling refers to the growth of organisms on underwater surfaces and is a challenge for
everyone who has equipment in the sea, including aquaculture. In the aquaculture industry,
fouling presents practical, economic and animal welfare challenges in day-to-day operations.
Handling of fouling is estimated to amount to 5-10% of production costs (Fitridge et al. 2012),
but this figure can vary widely between the different locations, and between the companies
which often have different strategies for handling. The methods to control the fouling of nests
in aquaculture is (1) by use of antifouling coatings, (2) use of antifouling combined with
cleaning and (3) only cleaning. The aquaculture companies all have their own fighting
strategy where use of antifouling, high-pressure cleaning, low-pressure cleaning, or
combinations are frequently used. Newer grooming and low-pressure cleaning methods are
under development. In terms of control, the mechanical removal of biofouling remains
dominant in shellfish and fish culture, and copper coatings on fish nets was long thought to
be the only effective form of biofouling prevention (Fitridge et al. 2012). The suspension,
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dispersal and deposition of the foulant materials are associated with some risks, for example
health or disease risks and deposition and pollution risks to the benthic environment (Floerl
et al. 2016). Copper, that until recently has been the most effective antifouling agent used by
the industry, is now in decline as an antifoulant agent due to environmental concerns. In the
inspection round of the County Governor in Vestland (Norway) in 2023, conclusion was that
copper-based note impregnation will be almost completely phased out in Vestland during
2023. In recent years, the reduction has been over 90 %. The aquaculture industry is therefore
now testing substances that can replace or partly replace copper, such as other types of
biocides. Since 2017, Econea® has been increasingly used as a new eco-friendlier antifouling
paint formulation. Econea® is a trade name for a pesticide commonly called “tralopyril” and
has been used in combination with copper-based antifouling or with zinc pyrithione to reduce
the amount of copper, or to offer a copper-free antifouling paint alternative. Tralopyril has
been introduced into marine antifouling paints, applied to large marine vessels or static
structures such as oil rig and drilling platform legs. Tralopyril is a broad-spectrum biocide
approved in 2014 by the European commission (No 1091/2014) as an active substance for use
in biocidal products (biocid/ product-type 21, EU 2014). This approval was accompanied by
strict requirements to reduce emissions to the environment. In the product assessment it is
specified that an application for approval should include special considerations related to
exposure, risk and effectiveness in areas of use. These factors were not included in the risk
assessment at Union level. The environmental quality standard for tralopyril in coastal water
has not yet been determined.

Another source of metals from aquaculture to the environment may be the feed used. The
raw materials used for feed production can contain, among other things, halogenated organic
compounds such as polychlorinated biphenyls (PCBs), dioxins, furans, chlorinated
pesticides, brominated flame retardants and heavy metals such as mercury (Hg), arsenic (As)
and cadmium (Cd), copper (Cu) and zinc (Zn). Other substances are added to the feed in small
quantities and are necessary for the fish to have good growth. These includes Cu and Zn,
which therefore also come under the category of minerals when they are added to the feed.
However, the amounts of Cu from feed spills and faeces are far less than what comes from
copper as an antifouling agent, which is the source of greatest concern. The contribution to
the environment from the use of copper as an anti-fouling agent compared to the contribution
from fish feed is in the order of 100-fold higher.
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Key findings:

e The suspension, dispersal and deposition of foulant materials are associated with
some potential risks, for example health or disease risks for farmed fish and
deposition and pollution risks to the environment.

e Copper that has recently been the most effective antifouling agent used by the
industry, but due to environmental concern it is in decline as an antifoulant agent.
The aquaculture industry is therefore now testing substances that can replace or
partly replace copper, such as biocides, e.g., Econea® (containing pesticide,
tralopyril) has been increasingly used.

e Copper leaks into the water and are spread with currents. Model simulations
based on an assumption that 28 % of applied copper leaks from net pens into the
water column, show that passively leaked copper can make a significant
contribution to the total copper concentration in a fjord system.

e High-pressure cleaning of copper-impregnated nets can produce pulses with
concentrations that exceed the environmental quality standard for seawater.

e The seabed under and around fish farms may contain high concentrations as
deposited copper can accumulate over time. Measurements of copper level in
sediment show a gradient with highest concentrations in the near zone and
decreasing levels outwards in the transition zone. However high variability and
patchiness of copper, also along gradients, have been shown.

e Toxicity studies have shown that early life stages of marine invertebrates are most
sensitive to copper exposure, while adult stages are less sensitive, and some
species are quite robust.

e The impact of copper from farming is mostly local, but since the sites are used
over many years, the impact could be long-lasting.

e There is still a need for more data on what proportion of copper bleeds out and
what proportion that sinks into the sediments in the near zone and is spread to the
transition zone.

e Recently new substitute substances to copper have been introduced, such as
Econea®, which is a trade name for a pesticide commonly called “tralopyril”.
There is limited information available on the toxicity of this substance, especially
for marine species. Robust environmental risk assessments on substitute agents,
such as tralopyril, are required to fully evaluate environmental risk.

QSR results

The QSR identified 15 articles about antifoulants where 5 were found irrelevant, which left 10
studies. The studies reported on 1) efficiency of antifoulants, 2) effects on fish health and 3)
possible environmental effects. Most articles (N =7) reported on field studies, while 3 were
reviews. In addition, 3 reports from grey literature were included. Since the literature search
described the antifoulant biocide tralopyril and possible environmental concern related to
use, a small search on this topic was preformed and 8 published articles were added to the
literature pool.
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Receiver and impact

Foulant materials are associated with some potential environmental pathways and associated
risks, for example health or disease risks for farmed fish and deposition and pollution risks
to the environment (Floerl et al. 2016) (see Figure 3.28).
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Figure 3.28. Potential environmental pathways for assimilation of antifoulants in the environment. (NB.
Factors only define the general pathways, determination of a reliable budget will need to include the various
chemical forms in which antifoulants may appear). (Source: McLeod and Eriksen, 2009).

The largest contribution of copper from aquaculture is copper(I)oxide (Cu.O) used as
antifoulant on net pens. At sufficient high concentrations copper can damage sensitive
species and have negative impacts to the surrounding environment. In 2020, 1539 tonnes of
copper were registered to be used as antifoulants for aquaculture in Norway (Gresvik et al.
2022).

Results from measurements have shown that over time, copper leaks into the water, which is
spread with the currents. The antifouling effect of the copper is achieved through dissolution
and release of free cuprous ions (Cu’) into seawater, which provide the toxic effect to
organisms that grow on the net pens. Leaching tests carried out by the industry have shown
that approximately 28 % of the copper content can disappear after the end of the net pen life
in the sea. IMR have made model simulations where they have assumed that 28 % of the
copper leaks into the water column and they show that passively leaked copper can make a
significant contribution to the total copper concentration in a fjord system, in the order of
0.2-0.4 pg/l. In narrow fjords with poor water exchange, the contribution can periodically be
up to 1 pg/l. Flushing or high-pressure flushing of copper-impregnated nets can produce
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pulses with higher concentrations (see Figure 3.28) (Grgsvik et al. 2022). The environmental
quality standard for seawater is 2.6 ug/l (Direktoratgruppen, 2016, revised 2020). Some copper
also falls off and sinks below the net pens, depending on particle size, sedimentation rate and
current pattern. This means that the seabed under and around fish farms can contain high
concentrations as deposited copper can accumulate over time. Measurements of the copper
level in sediment in increasing distance from the edge of the cage show a gradient with
highest concentrations in the near zone (25 m from the cage) and decreasing levels outwards
in the transition zone (25-500 m) (Grosvik et al. 2022). However, copper measured under net
pens in sediment samples, often show high variability and patchiness also along gradients
(APN internal data, Astrid Harendza).

Copper can be taken up (bioaccumulated) by marine organisms, but copper is not
biomagnified to higher levels in the food chain. Toxicity studies have shown that early life
stages of marine invertebrates are the most sensitive to copper exposure, while adult stages
are less sensitive and, in some cases, quite robust (Eriksen and Mcleod, 2011). Threshold
values for concentrations that produce an effect, has been investigated in two studies, both
investigating a number of species; they came up with similar values 5.6 and 5.7 ug dissolved
Cu/1 (Grosvik et al. 2022 and the references therein). Field data and mesocosm studies are
missing therefore a safety factor of 2 were added and the PNEC for marine organisms is set at
2.6 ug/l, which is used as environmental quality standard for seawater in Norway
(Direktoratsgruppen 2016, revised 2020).

Figure 3.29. Examples of a nylon net fouled with (a) hydroids (photo: Mai-Louise Bouwman) and (b)
algae. (c) Particles released during cleaning of a biofouled net; (d) a copper-coated nylon net before
(left) and after (right) a single net cleaning event using a high-pressure cleaner resulting in abrasion
damage of the red copper coating. (Source; Bloecher and Floerl, 2020).
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With the now widespread use of Econea®, more attention should be paid to its potential harm
the marine ecosystem and the health of humans working with the substance (for example
boat maintainers). Econea® has an uncertain mode of action but it is thought to interfere with
routine mitochondrial functions and Adenosine triphosphate (ATP), and therefore it may be
toxic to non-target species. According to CHIRON AS (leading manufacturer and supplier of
advanced chemical products for research and analysis), tralopyril represents a potential new
antifouling biocide of concern. There is limited information available on the toxicity of
tralopyril to aquatic organisms, but tralopyril is not considered to be persistent or bio
accumulative (PBT) due to rapid hydrolysis in water.

However, recent studies demonstrated that Econea® impacts marine species with different
effects. Exposure studies conducted in both in the mussel (Mytilus galloprovincialis) and
zebra fish (Danio rerio), showed that Econea® affects the metabolism in both species,
bioaccumulate in mussels and affect the thyroid and nervous system in fish leading to
developmental toxicity and altered locomotor activities (Oliveira et al. 2014, 2016, Chen et al.
2020, 2022). Furthermore, exposure studies with Pacific oyster (Crassostrea gigas) showed
detrimental consequences of exposure to tralopyril, it affected general stress defence
responses of oyster mantle, affected energy metabolism, biomineralization and the mantle
mucus secretion coverage ratio of oysters was increased with a dose-dependent pattern
(Wang et al. 2022). This study indicated that the 96 h LC50 was 911 pg/L.

The toxicological knowledge of tralopyril in humans is still in its infancy. Pioneer works
showed that exposure to human cells at sublethal Econea® concentrations results in the
modulation of several lipids that are linked to cell death and survival. However, further
investigations are needed to fill the gap of knowledge. The global ban of the antifouling
biocide tributyltin (TBT) has been proclaimed as a major environmental success, however
robust environmental risk assessments on substitute agents, such as tralopyril are required
to fully evaluate risk (Martins et al. 2018).

Copper and other metals are also found in feed. Therefore, feed waste and faeces are a source
of metal emissions from aquaculture facilities. Institute of marine research made an overview
of emissions of selected substances (Mercury, Copper, Cadmium and Zink) to the
environment given feed consumption per 1000 tonnes and feed losses of 0.5 or 8 % based on
Sele et al. (2022) and retention data from the Institute of Marine Research (Grgsvik et al 2022).
These numbers can be used to model feed releases into the environment and the sediments
and further compare it to the already existing environmental quality standards in sediment
(Direktoratesgruppen 2016, revised 2020) to evaluate whether the metal contamination in the
feed is a risk or not for the environment.

Monitoring

There is no systemised monitoring of copper in Norway, although IMR has performed
surveillance in some fjords in Vestland 2018-2022. However, Norwegian fish farming facilities
are required to monitor the bottom under the facilities and the surrounding areas by
following Norwegian Standard NS9410:2016 through the C-survey, which assesses
environmental condition as site and thus supports management. Copper samples (to some
degree systemized Cu monitoring) are taken as part of the C survey at one station, which is
located 25-30 m from the cage edge. Copper concentrations are then classified into four
classes ranging from 1 - "very good" to 4 - "very bad", with threshold values originating from
the Norwegian classification guidelines 02:2018.

The Norway management sets no threshold levels for copper, even though that the water
directive categorize copper into contaminant classes 1-5 class (Direktoratgruppen, 2016,
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revised 2020), where class 4 is considered bad at > 84 mg Cu/kg dry sediment weight. However,
implications of a class 4 status at a site are not clearly defined, and no guidelines on what to
do when these results exist. However, from the aquaculture industry we recognize that
County Governor (Statsforvalteren) more often ask question for the copper concentration and
imposes the companies to do extra surveys to delineate the contamination.

ASC standards (requirements for a more sustainable and responsible aquaculture) requires
more extensive sampling, than the C survey should Cu have been used as antifoulant agent.
Evidence that copper levels are < 34 mg Cu/kg dry sediment weight, or, in instances where
the Cu in the sediment exceeds 34 mg Cu/kg dry sediment weight, demonstration that the Cu
concentration falls within the range of background concentrations as measured at three
reference sites in the water body. The ASC Certification is regarded as the most challenging
and all-encompassing certification available. To achieve ASC certification, farms must
complete a rigorous performance assessment and meet over 500 compliance points, but this
certification is voluntary. The upper limit of Cu concentration (34 mg Cu/kg) value is therefore
much lower than the contaminant class 4 of the Norwegian classification system. In this
respect the voluntary system pushes forward a stronger regulation of Cu in sediments.

There is further no monitoring of copper in the water column in connection with areas with
fish  farming.  Monitoring of ecosystems in  coastal areas (Qkokyst;
https://www.miljodirektoratet.no/ansvarsomrader/overvaking-
arealplanlegging/miljoovervaking/overvakingsprogrammer/ferskvann-hav-og-
kyst/okokyst/) measures the content of nutrients (N, P, Si), oxygen, organic carbon, carbon
and particles, depth of view, temperature and salinity in its water samples. It should be
considered whether copper also should be included in this monitoring, as well as expanding
the number of stations that are examined along the coast (Grgsvik et al. 2022).

Histological analyzes of mussels growing on copper-impregnated nets show high levels of
copper in the soft tissue and a connection between copper exposure and tissue damage in the
digestive gland (atrophy or shrinkage of the tubules) and changes in the structure of the gills.
Such markers/indicators for copper exposure in mussels are now being tested in dose-
response trials (Grosvik et al 2022).

The use of replacement biocide substances has increased. However, substitute antifoulants
may also pose risks to aquatic ecosystems. Robust environmental risk assessments on
substitute agents, such as tralopyril and zinc pyrithione are required to fully evaluate the risk
of antifoulants.

Knowledge gaps

There is knowledge about copper concentrations under and in the immediate zone of the
aquaculture facilities. However, there is a lack of knowledge about the availability of different
of copper forms in sediment and of toxicity data for several of the species living in sediment
(Grosvik et al. 2022).

There is a need to gain a better understanding of the dispersion processes driving the patchy
distribution of copper on the seafloor in order to improve model approaches and
management. It is further a need for dispersion models of copper to evaluate its spread and
impact in adjacent waters (pelagic). For example, pulses of copper created by rinsing of the
nests might create a local peak of copper exceeding the environmental quality standards in
the water (Gresvik et al. 2022).
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Recently new substitute substances to copper have been introduced however, there is limited
information available on the toxicity of these substances, especially on relevant marine
species. There are currently no environmental risk assessments (ERAs) of these substitute
agents. Robust environmental risk assessments on substitute agents, such as tralopyril and
zinc pyrithione are required.

Conclusion

There is knowledge about spread and presence of copper used as an antifouling in the
environment. The copper leaks into the water and are spread with currents. Model
simulations with assumption of 28 % copper leaks from net pens into the water column, show
that passively leaked copper can make a significant contribution to the total copper
concentration in a fjord system. High-pressure cleaning of copper-impregnated nets can
produce pulses with higher concentrations than the environmental quality standard for
seawater (Gresvik et al 2022). In addition, the seabed under and around fish farms may
contain high concentrations as deposited copper that can accumulate over time.
Measurements of copper level in sediment show a gradient with highest concentrations in
the near zone and decreasing levels outwards in the transition zone, however high variability
and patchiness of copper, also along gradients, have also been shown by sediment samples.

Toxicity studies have shown that early life stages of marine invertebrates are the most
sensitive to copper exposure, while adult stages are less sensitive, and some species are quite
robust. Biofouling washed off the net, can furthermore irritate gills of farmed fish, and
facilitate exposure to pathogens associated with biofouling (Bloecher et al. 2019).

The impact of copper from farming is mostly local and takes place in a limited geographical
area, but since the sites are used over many years, the impact could be long-lasting. However,
there is still a need for more data on what proportion of copper bleeds out and what
proportion sinks into the sediments in the near zone and is spread to the transition zone.

Recently new substitute substances to copper have been introduced. However, there is
limited information available on the toxicity of these substances, especially for marine
relevant species. Furthermore, currently no environmental risk assessments (ERAs) of these
substitute agents.

References
QSR

Bloecher, N., & Floerl, O. (2020). Efficacy testing of novel antifouling coatings for pen nets in
aquaculture: How good are alternatives to traditional copper coatings? Aquaculture,
519. doi:doi:10.1016/j.aquaculture.2020.734936

Bloecher, N., & Floerl, O. (2021). Towards cost-effective biofouling management in salmon
aquaculture: a strategic outlook. Reviews in Aquaculture, 13(2), 783-795.
doi:doi:10.1111/raq.12498

Bloecher, N., Frank, K., Bondo, M., Ribicic, D., Endresen, P. C., Su, B., & Floerl, O. (2019).
Testing of novel net cleaning technologies for finfish aquaculture. Biofouling, 35(7),
805-817. doi:doi:10.1080/08927014.2019.1663413

Bloecher, N., Olsen, Y., & Guenther, J. (2013). Variability of biofouling communities on fish
cage nets: A 1-year field study at a Norwegian salmon farm. Aquaculture, 416, 302-309.
doi:doi:10.1016/j.aquaculture.2013.09.025

Edwards, C. D. C. S. F., & Flaherty, M. S. (2012). Biofouling in salmon aquaculture : the
effectiveness of alternative netting materials and coatings in coastal British Columbia:
University of Victoria.

Akvaplan-niva 2023 63547.01
Side 106 av 502



Eriksen, R., & Macleod, C. (2011). Antifoulants in salmonid aquaculture: Environmental
considerations for marine cage farming.

Fitridge, I., Dempster, T., Guenther, J., & de Nys, R. (2012). The impact and control of
biofouling in marine aquaculture: a review. Biofouling, 28(7), 649-669.
doi:doi:10.1080/08927014.2012.700478

Floerl, O., Sunde, L. M., & Bloecher, N. (2016). Potential environmental risks associated with
biofouling management in salmon aquaculture. Aquaculture Environment
Interactions, 8, 407-417. doi:doi:10.3354/aei00187

Johari, S. A., Kalbassi, M. R., Soltani, M., & Yu, I. J. (2013). Toxicity comparison of colloidal
silver nanoparticles in various life stages of rainbow trout (Oncorhynchus mykiss).
Iranian Journal of Fisheries Sciences, 12(1), 76-V. doi:doi:

MacKenzie, A. F., Basque, K., Maltby, E. A., Hodgson, M., Nicholson, A., Wilson, E., . . .
Wyeth, R. C. (2021). Effectiveness of several commercial non-toxic antifouling
technologies for aquaculture netting at reducing mussel biofouling. Aquaculture, 543.
doi:doi:10.1016/j.aquaculture.2021.736968

Mazumder, A., & Roberts, N. R. H. (2010). Effect of salmon farms on element concentrations
and stable isotopes in Manila clams and sediment in Clayoquot Sound, British
Columbia.

Mochida, K., Ito, K., Ito, M., Hano, T., & Ohkubo, N. (2018). Toxicity of the biocide
polycarbamate, used for aquaculture nets, to some marine fish species. Comparative
Biochemistry and Physiology C-Toxicology & Pharmacology, 214, 61-67.
doi:doi:10.1016/j.cbpc.2018.09.001

Ostevik, L., Stormoen, M., Nodtvedt, A., Alarcon, M., Lie, K. I., Skagoy, A., & Rodger, H.
(2021). Assessment of acute effects of in situ net cleaning on gill health of farmed
Atlantic salmon (Salmo salar L). Aquaculture, 545,
doi:doi:10.1016/j.aquaculture.2021.737203

Vera, R., Duarte, C., Pinilla, E., Murillo, V., Oyarzun, M., & Aroca, G. (2015). Identification
and evaluation of components present in antifouling paints used in aquaculture, and
its possible effects on marine sediments of southern Chile. Latin American Journal of
Aquatic Research, 43(2), 351-366. doi:doi:10.3856/vol43-issue2-fulltext-12

Added publications.

Chen, X., Teng, M., Zhang, J., Qian, L., Duan, M., Cheng, Y., ... Wang, C. (2020). Tralopyril
induces developmental toxicity in zebrafish embryo (Danio rerio) by disrupting the
thyroid system and metabolism. Sci Total Environ, 746, 141860.
doi:10.1016/j.scitotenv.2020.141860

Chen, X., Zheng, J., Teng, M., Zhang, J., Qian, L., Duan, M., . . . Wang, C. (2022). Tralopyril
affects locomotor activity of zebrafish (Danio rerio) by impairing tail muscle tissue,
the nervous system, and energy metabolism. Chemosphere, 286(Pt 3), 131866.
doi:10.1016/j.chemosphere.2021.131866

Chen, X., Zheng, J., Teng, M., Zhang, J., Qian, L., Duan, M., . . . Wang, C. (2021).
Environmentally relevant concentrations of tralopyril affect carbohydrate
metabolism and lipid metabolism of zebrafish (Danio rerio) by disrupting
mitochondrial function. Ecotoxicology and Environmental Safety, 223, 112615.
doi:

Martins, S. E., Fillmann, G., Lillicrap, A., & Thomas, K. V. (2018). Review: ecotoxicity of
organic and organo-metallic antifouling co-biocides and implications for
environmental hazard and risk assessments in aquatic ecosystems. Biofouling, 34(1),
34-52. d0i:10.1080/08927014.2017.1404036

Akvaplan-niva 2023 63547.01
Side 107 av 502


https://doi.org/10.1016/j.ecoenv.2021.112615

Macleod, C., & Eriksen, R. S. (2009). A Review of the Ecological Impacts of Selected Antibiotics
and Antifoulants Currently used in the Tasmanian Salmonid Farming Industry
(Marine Farming Phase).

Oliveira, I. B., Beiras, R., Thomas, K. V., Suter, M. J., & Barroso, C. M. (2014). Acute toxicity
of tralopyril, capsaicin and triphenylborane pyridine to marine invertebrates.
Ecotoxicology, 23(7), 1336-1344. doi:10.1007/s10646-014-1276-9

Oliveira, I. B., Groh, K. J., Stadnicka-Michalak, J., Schonenberger, R., Beiras, R., Barroso, C.
M., . .. Suter, M. J. F. (2016). Tralopyril bioconcentration and effects on the gill
proteome of the Mediterranean mussel Mytilus galloprovincialis. Aquatic Toxicology,
177,198-210. doi:

Wang, X., Li, P, Cao, X., Liu, B., He, S., Cao, Z., . . . Li, Z.-H. (2022). Effects of ocean
acidification and tralopyril on bivalve biomineralization and carbon cycling: A study
of the Pacific Oyster (Crassostrea gigas). Environmental Pollution, 313, 120161.
doi:

Grey literature.

EU. (2014). Biocide-pt21. The Commission's Implementing Regulation (EU) No. 1091/2014 of
16 October 2014 on the approval of tralopyril as a new active substance for use in
biocidal products in product type 21. https://www.regjeringen.no/no/sub/eos-
notatbasen/ notatene/2014/dec/biocid-pt212/id2434665/

Grosvik, B.E., Ghebretnsae, D.B., Mortensen, S., and Neverlid Seevik, P. (2022) (HI),
Kunnskapsstotte om miljeeffekter av kobber, Rapport fra havforskningen ISSN:1893-
4536 2022-50

Direktoratgruppen, 2016 (revised 2020). Environmental quality standards, limit values,
classes for environmental condition, contaminants. Veileder M-608 | 2016 rev 2020.

3.3.3.5 Pharmaceuticals (antibiotics and other)

The discovery of antimicrobial agents, particularly antibiotics, is one of the most important
milestones in the history of therapeutics. Many of the antibiotics used in human and
veterinary medicine are also being used in the aquaculture sector, either for therapy or as
intended prophylactic agents (intended to prevent disease). However, there is increasing
awareness and concern for the indiscriminate use of antibiotics and the consequent
emergence of antimicrobial resistance in the aquaculture settings (Deekshit et al. 2022).

Antimicrobial use in aquaculture is governed by a variety of factors including legislation and
regulation by the respective government organization (Watts et al. 2017). In general, the use
of antibiotics in aquaculture depends on local regulations, which vary widely. In some
countries (specifically Europe, North America, and Japan), regulations on the use of
antibiotics are strict and only a few antibiotics are licensed for use in aquaculture. In Europe,
for example, the practice of non-therapeutic prophylactic use of antibiotics was banned in
2001 by the EU Veterinary Medicinal Products Directive, as amended and codified in Directive
2001/82/EC. In Norway, stricter regulatory oversight of antimicrobial use, combined with
increased vaccinations and excellent stewardship has been credited, in part, for a 99% fall in
antimicrobial use between 1987 and 2013, despite output growing more than 20-fold (Watts et
al. 2017).
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The active substances florfenicol and oxolinic acid have been used in Norway during the
period 2018-2021. Antibiotic consumption in kg decreased in the period 2012 - 2016, but it has
been two years with higher use after 2016, in 2018 and 2021 (FHI, 2021). The 10-years (2012 -
2021) average use of antimicrobial use in Norway was 619 kg per year.

Key findings:

e Residue accumulation of antibiotics in the aquaculture environment may have
several adverse ecological impacts. Ecological risk of antibiotics includes aquatic
biodiversity toxicity, microbial community selection and antibiotic resistance.

e In Norway, strict regulatory oversight of antimicrobial use, combined with
increased vaccinations and stewardship has been credited, in part, for a 99 % fall
in antimicrobial use between 1987 and 2013. The active substances florfenicol and
oxolinic acid are still in use in Norway.

e Since the use of antibiotics in Norwegian aquaculture is low, the risk of
development of antimicrobial resistance and its transmission to humans through
consumption of fish in Norway, is considered to be negligible.

e However, the potential for wide range environmental effects if more antibiotics is
used, is large.

QSR results

The QSR literature search ended up with 24 papers on the stressor antibiotics, covering the
spectre from experimental laboratory work to environmental assessments. Four papers were
review of the topic and most of the papers discussed resistance to antibiotics. One report from
grey literature and 3 other relevant publications were added.

Receiver and impact

Regardless the fact that most antibiotics shows rapidly degradation in the environment
(Ahumada-Rudolph et al. 2016), the use of large amounts of antimicrobials, for example in
Chilean aquaculture had the potential to select for antimicrobial-resistant bacteria in marine
sediments (Buschmann et al. 2012). We could not find newer studies of antibiotic
concentration in the environment from Norway, but in a study from Samuelsen et al. (1992)
they found antibiotic in sediments under a farm where antibiotics had been used. They found
that the half-life of oxyteracycline was between 87-144 days and that bacteria in the sediments
was only oxyteracycline-resistant bacteria.

Residue accumulation of antibiotics in the aquaculture environment may have several
adverse ecological impacts. Ecological risk of antibiotics includes aquatic biodiversity
toxicity, microbial community selection. Some antibiotics for example pose definite
ecological risk to algal populations (Chen et al. 2022). Generally, researchers evaluate the
ecological impacts based on measured or predicted concentration of antibiotics in the
environment. However, it might be underestimated because significant amounts of applied
antibiotics is degraded through hydrolysis, photooxidation, and/or microbial action in
aquatic environments and some antibiotics are accumulated in aquatic organisms.

Apart from ecological risk of antibiotics in aquaculture, antibiotic resistance risk in the
environment is of recent major concern. The existence of residual antibiotics in the aquatic
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environment might facilitate the development of antibiotic resistance, community selection
for antibiotic resistance and the emergence of multi-antibacterial resistant strains, thus
enhancing the environmental risks of antibiotic resistance (Chen et al. 2022).

There is also a concern that the presence of antibiotics in aquaculture environment might
speed up the development of resistant genes of bacteria strains, which may eventually
transfer to humans through food chains. One study stated that the consumption of fish treated
with antibiotics causes human health risk, particularly in children. Future studies are
required on agents to restore dysfunctions induced by antibiotics in cultured fish, while
attempts to prohibit them in aquaculture production are underway (Limbu et al. 2021).
Another study, a review of antibiotic use in Norwegian aquaculture state that the risk of
development of antimicrobial resistance and its transmission to humans through
consumption of fish in Norway is considered negligible (Lillehaug et al. 2018).

The condition in modern Norwegian aquaculture is different that it was in the 1990ies with
vaccinated fish and much better water-flow, but as each farm can have 100 - 500 times more
fish compared to 1992, the potential for wide range environmental effect if more antibiotics
is used, is large.

Monitoring

The application of antibiotics in aquaculture is highly regulated in Norway. The Norwegian
veterinary medicine wholesalers and feed mills are instructed to report their sales to
pharmacies and fish farmers to the Norwegian Public Health Institute. In the last decade, the
use of antibiotics in salmon production is reduced from 1.0 to 0.36 mg/kg fish production in
2014, and further to 0.16 mg/kg fish in 2019. Therefore, there it is a very low probability of
developing antibiotic resistance in Norwegian aquaculture and the transmission of such
resistance to humans (Lillehaug et al. 2018). There are also a maximum residue levels of
antibiotics for fish prepared by European Medicines Agency (EMA 2021). In the EU/EEA area,
it is currently only permitted to use medicinal products that have a defined maximum residue
level value.

Conclusion

Residue accumulation of antibiotics in the aquaculture environment may have several
adverse ecological impacts. Ecological risk of antibiotics includes aquatic biodiversity
toxicity, microbial community selection and antibiotic resistance. In Norway, strict
regulatory oversight of antimicrobial use, combined with increased vaccinations and
excellent stewardship has been credited, in part, for a 99 % fall in antimicrobial use between
1987 and 2013. The active substances florfenicol and oxolinic acid are still in use in Norway
and the 10-years average use (2012 - 2021) is 619 kg per year. Since the use of antibiotics in
Norwegian aquaculture is low, the risk of development of antimicrobial resistance and its
transmission to humans through consumption of fish in Norway, is considered negligible.
However, the potential for wide range environmental effect if more antibiotics is used, is
large.
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3.3.3.6 Oil and oil containing mixtures.

New challenges have arisen related to increasing inclusion of vegetable feed ingredients in
aquaculture feed. Substituting marine oils and meals with vegetable ingredients has
decreased the level of persistent organic pollutants (POPs) in marine farmed fish such as
Atlantic salmon. However, the shift in feed ingredients has led to increased levels of
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polycyclic aromatic hydrocarbons (PAHs) in aquafeeds. Several of the PAHs listed are on
EFSAs and EPAs list of priority substances, having carcinogenic and genotoxic properties,
and the ability to interact with and disrupt metabolic pathways such as vitamin metabolism
and signalling in fish. In addition, chemicals (for example oil and oil containing mixtures) are
present due to the machinery, vessels and other equipment, and any spill from these may
have adverse effects.

Key findings:

e The aquaculture industry is an efficient edible protein producer and grows faster
than any other food sector. Therefore, it requires enormous amounts
of fish feed. New ingredient and new way of producing fish feed may solve some
challenges, but also possibly introduce new ones, such as higher PAH levels in
vegetable fish feed.

e PAH levels are detected in fish feed in the monitoring programs and may pose an
impact on both farmed fish and the environment.

e PAHs that have toxic effects, such as immunotoxicity, embryonic abnormalities,
and cardiotoxicity, for wildlife including fish, benthic organisms, and marine
vertebrates. Additionally, the bioaccumulation properties of PAHs for
organisms, including invertebrates, are important factors when considering PAH
toxicity.

e There is no established upper limit value for PAH in animal feed or in fish feed,
even though that the water directive categorizes PAHs into contaminant classes
I-V class for both the sediment and water environment.

QSR results

Two articles on PAHs in fish feed were found in the QSR search, one of them a review. In
addition, two grey literature reports concerning monitoring of unwanted substances in fish
feed and risk were included. In addition, one published article was added.

Receiver and impact

In the program for monitoring of unwanted substances in fish feed in Norway, PAHs were
investigated in feeds, vegetable flours and vegetable oils (Sele et al. 2022). PAHs were present
in the feed in 2021 in the same concentration range as in 2019 and 2020. In fish feed examined
in 2020, the average for sum PAH4 (which is the sum of PAH-compounds: benzo(a)pyrene,
benzo(a)anthracene, chrysene og benzo(b) fluoranthene), was 1.4 pg/kg, which was
somewhat lower than the average for total PAH4 in 2019 of 2.1 pg/kg. In vegetable flour and
oil, the average for total PAH4 was 2.3 pg/kg and 6.1 pg/kg, respectively. One sample of
vegetable flour was recorded to have a high concentration of PAH compared to the level
usually measured in these samples, with a total PAH4 of 16 pg/kg, and this was reported to
the Norwegian Food Safety Authority. In addition, levels of PAHs of up to 15 pg/kg were found
in vegetable oils. There is no established upper limit value for PAH in animal feed or in fish
feed, and thus these concentrations do not exceed any upper limit value for PAH in feed.

For each kilogram of salmon produced, about 0.5 kg of feces and uneaten feed pellets is
generated (Svasand et al. 2017). Most of this waste will, depending on bottom topography and
ocean currents, slip through the open-cage net pens and accumulate in sediments beneath
the fish farms. Because fish feed is nutritious and high in energy, wild organisms tend to also
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feed on this organic waste. Uneaten feed pellets are typically eaten by wild fish that aggregate
in large numbers around fish farms (Uglem et al. 2014).

Therefore, there has been concern on impacts of substances found in feed on both farmed
fish but also other organisms such as wild fish. There have been shown that the inclusion of
vegetable ingredients in aquafeeds has introduced PAH congeners, including benzo[a]pyrene
(BaP) and phenanthrene (PHE) in Atlantic salmon tissue (Berntssen et al. 2015 and references
therein). The ability of PAHs to interact with and disrupt metabolic pathways such as vitamin
metabolism and signaling, and the potential depletion of vitamin stores that follows, are of
particular interest as marine ingredients are naturally rich in micronutrients such as vitamins
A and D. This review focused on summarizing the current knowledge on the effect of PAHs
commonly found in vegetable feed ingredients on vitamin metabolism/signalling and their
possible implications in fish. However, little is known about the effects of PAHs originating
from the vegetable feed ingredients in aquaculture, on the surrounding marine
environments. Several researchers found that PAHs has toxic effects, such as
immunotoxicity, embryonic abnormalities, and cardiotoxicity, for wildlife including fish,
benthic organisms, and marine vertebrates. Additionally, the bioaccumulation properties of
PAHs for organisms, including invertebrates, are important factors when considering PAH
toxicity.

Monitoring

There is no established upper limit value for PAH in animal feed or in fish feed even though
the water directive categorizes PAHs into contaminant classes I-V class for both the sediment
and water environment (Direktoratsguppen vanndirektivet 2018). For traditional in-feed
treatments such as de-licing agents and antibiotics environmental risk assessment are
performed. However, potential environmental impacts from other contaminants in fish feed
are scarce. With a growing industry requiring huge amounts of fish feed, attention to
potential environmental effects would be needed, e.g., both leakage from pellets of various
compounds into the environment, and excretion from fish through faeces and urine. There
is currently no assessment if PAHs in fish feed represents a risk to the surrounding
environment.

Conclusion

The aquaculture industry is an efficient edible protein producer and grows faster than any
other food sector. Therefore, it requires enormous amounts of fish feed. New ingredient and
new way of producing fish feed may solve some challenges, but also possibly introduce new
ones, such as higher PAH levels in vegetable fish feed. PAH levels are detected in fish feed in
the monitoring programs and may pose an impact on both farmed fish and the environment.
PAHs have toxic effects, such as immunotoxicity, embryonic abnormalities, and
cardiotoxicity, for wildlife including fish, benthic organisms, and marine vertebrates.
Additionally, the bioaccumulation properties of PAHs for organisms, including invertebrates,
are important factors when considering PAH toxicity. There is no established upper limit
value for PAH in animal feed or in fish feed, even though the water directive categorizes PAHs
into contaminant classes I-V class for both the sediment and water environment.
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3.3.3.7 Nanoparticles

Nanotechnology is a fast-growing field providing new products with new and unique
functions. Nanoparticles (NPs) (size between 1 and 100 nm) on at least one-dimension,
present unique physico-chemical properties that differ from their bulk materials, such as a
greater surface area to volume ratio, resulting in a larger reactivity. Due to their unique
properties, NPs have been widely used in different fields such as energy and electronics,
wastewater treatment, personal care products, and medicine and agriculture. Recently,
nanotechnology has also been applied in aquaculture, as it has a wide range of applications
e.g., detection and control of pathogens, water treatment, sterilization of ponds, efficient
delivery of nutrients and drugs. DNA-nano vaccines are used to improve fish immune system
and iron-nanoparticles can also be used to improve fish growth. In a review from Khosravi-
Katuli et al. (2017), the use of nanoparticles in aquaculture were reported to be either direct
or indirect and is summarized in the Figure 3.30 below.
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Figure 3.30. Direct and indirect use of nanotechnology in aquaculture activities, from Khosravi-Katuli et al.
(2017).

Currently, most of applications of NPs in aquaculture are in an early stage, and high cost is
considered the main limiting factor for their wide implementation.

Key findings:

e Utilization of nanoparticles to advance aquaculture is gaining enormous
momentum. This underscores the need to study environmental impacts of this
fast-growing new methodology, as their implications are still unknown.

e Nano based products can behave differently in different environments, thus,
there is need to explore how nano safety could be influenced by environmental
factors mainly salinity, pH, and temperature.

e Both ecotoxicological data for aquatic species and environmental fate studies
should be research focus, which in turn can be used in risk assessment and
possible future regulations.

QSR results

A total of 1 article on nanoparticles relevant for environment was found in the QSR search,
this was a review. And an additional publication was added.

Receiver and impact

In the review, most of the studies existing were related to the applications of NPs in
aquaculture, and it was stated that very little information exists on environmental topics. A
thorough review on ecotoxicological effects were performed, and there was quite some
information available on toxic effects on NPs, however, studies on aquatic organisms are
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scarce, and public concern raises from their use in aquaculture. Toxicity of NPs can be
differentin relation to the way they are administered, and toxicokinetics and toxicodynamics.
Concentrations of NPs administered via feed, present in treated surfaces (i.e., cage nets), or
waterborne (i.e., fishponds) can be significantly higher than environmental concentrations
of NPs (Minetto et al. 2016).

The most important findings in this review relevant for environment were the following: 1)
most data derived from toxicity studies on NPs are not specifically designed on aquaculture
needs, thus contact time, exposure concentrations, and other ancillary conditions do not
meet the required standard for aquaculture. 2) Short-term exposure periods are investigated
mainly on species of indirect aquaculture interest, while shrimp and fish as final consumers
in aquaculture plants are under investigated (scarce or unknown data on trophic chain
transfer of NPs). 3) Little information is available about the amount of NPs accumulated
within marketed organisms, how NPs present in the packaging of aquaculture products can
affect their quality remained substantially unexplored.

Monitoring
There is currently no monitoring of nanoparticles in the environment, as far as the authors
are aware of.

Knowledge gaps

Utilization of nanoparticles to advance aquaculture is gaining momentum. This underscores
the need to study environmental impacts of this fast-growing new methodology, as their
implications are still unknown. Both ecotoxicological data for aquatic species and
environmental fate studies should be research focus, which in turn can be used in risk
assessment and possible future regulations. Nano based products can behave differently in
different environments, thus, there is to explore how nano safety could be influenced by
environmental factors mainly salinity, pH, and temperature are needed. (Khosravi-Katuli
2017).

Conclusion

To conclude, NPs in aquaculture are a challenging topic that should be developed in the near
future to assure human health and environmental safety. This to enable us to better
understand possible adverse effects and in turn improve the safety of future food production
and any environmental-related impacts of this activity.
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3.3.3.8 Other organic substances

Fish feed can contain various environmental toxins that come from the feed ingredients, and
these can be added to the environment both through waste feed and through the fish faeces.
Around 70% of feed ingredients are currently plant-based and 30% are based on marine raw
materials (Ytrestoyl et al. 2015). The raw materials used for feed production contain, among
other things, halogenated organic compounds including polychlorinated biphenyls (PCBs),
dioxins, furans, chlorinated pesticides, brominated flame retardants (e.g., polybrominated
diphenyl ethers (PBDE), hexabromocyclodecane (HBCDD) and tetrabrombisphenol A
(TBBPA)) and perfluoroalkyl and polyfluoroalkyl substances (PFAS/PFOS). These persistent
organic pollutants (POPs) are of special concern because they are chemicals that persist in
the environment, bioaccumulate through the food web, and pose a risk of causing adverse
effects to human health and the environment.

It has been reported that farmed Atlantic salmon can contain POPs which are potentially
hazardous to the consumers. These POPs include PCBs, dioxins [polychlorinated dibenzo-p-
dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)], PBDEs, HBCDD, and
organochlorine pesticides (OCPs) (Berntsen et al. 2016).

Key findings:

e The raw materials used for feed production contain, among other things
undesirable substances such as persistent organic pollutants (POPs).

e DPersistent organic pollutants (POPs) are of special concern because they are
chemicals that persist in the environment, biomagnify through the food web, and
pose a risk of causing adverse effects to human health and the environment.

e Thereis currently no knowledge and calculations of the amount of POP substances
released from net pens, or if this represents an environmental problem.

e In order to give a complete picture of effects of fish farms on the loading of POPs
to sediments below and close to fish farms it would require more comprehensive
surveys to be carried out, taking account of e.g. the production cycle of the fish
farm, the differences in hydrography in each location, the number of fish farms
per location and any differences in feeding regimes.

QSR results

26 articles were found the QSR search concerning different environmental toxins. The
articles were investigating: 1) the presence of substances in farmed and wild fish, 2) the
transfer of substances from fish feed directly to fish both farmed and wild, and 3) laboratory
studies of toxicity of substances to fish. Since some of the articles were describing presence
in fish, these were excluded as no sources were described. A total of 20 articles were found to
be relevant for the OSR. One grey literature report was that concerned monitoring unwanted
substances in fish feed was assessed as relevant and was therefore included.

Receiver and impact

The results from 2021 year's analyses in Norway of fish feed, fish meal, vegetable meal, insect
meal, fish oils, vegetable oils and 16 premixes showed that there are no exceedances of the
upper limit values set in the regulations for undesirables' substances in animal feed.
However, concentrations of some undesirable substances above normal were recorded in
complete feed and feed materials in this monitoring programme by IMR. This concerned
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PFAS in one fish oil, 3-MCPD in fish oil, the pesticide glyphosate in insect meal,
tetrabromotrisphenol-A (TBBP-A) in insect meal, and PBDE in complete feed. Also, the
previously authorized feed additive ethoxyquin (EQ), which is now suspended, was found to
be present (concentrations over LOQ) in several feeds and fish meals. Many other compounds
were also detected in the fish feed and described in this report (Sele et al. 2022).

Feces and uneaten feed pellets will accumulate in sediments beneath the fish farms and
therefore wild organisms will be exposed to this organic waste (Russel et al. 2019). Several
studies have documented the occurrence of POPs in fish food and in farmed fish. POPs can
bioaccumulate in fish, therefore if the fish feed is contaminated POP concentrations can
increase in the farmed fish. One study suggested that salmon farms are a source of lipid-
soluble POPs to wild marine fish, but variation in life-history and habitat use seems to affect
the levels of POPs in the different fish species. As these organic substances are known to act
as endocrine disruptors, the authors concluded that further work is required to determine if
these substances can negatively affect reproductive processes of wild fish associated with
salmon farms (Bustnes et al. 2010). One study that exposed fish to PBDEs, concluded that
exposure to these pollutants could have serious consequences on health in turbot and other
cultured fish (Barja-Fernandez et al. 2013).

We only found one study that have measured environmental concentration in sediments
below a fish farm. This study measured the concentrations of PCBs and PBDEs in sediments
and concluded that concentrations were low and therefore would be unlikely to give rise to
unacceptable biological effects (Russell et al. 2011). However the study stated that in order to
give a complete picture of the effects of fish farms on the loading of persistent organic
pollutants to the sediments below and close to fish farms it would require more
comprehensive surveys to be carried out, taking account of e.g. the production cycle of the
fish farm, the differences in hydrography in each loch, the number of fish farms per loch and
any differences in feeding regimes.

Even though these contaminants are present in Atlantic salmon and there is a concern of
human health, two studies concluded that the risk deriving from salmon intake is low, being
of minor concern only for PBDE 99 and PFOS. Contaminant concentrations were well below
maximum levels applicable in the European Union (Lundebye et al. 2017, Chiesa et al. 2019).
Substituting marine oils and meals with vegetable ingredients has also decreased the level of
some POPs in marine farmed fish. Furthermore, one study also showed that salmon can be
produced with very low levels of POPs and that concentrations can be reduced significantly
by careful selection of raw materials. The use of decontaminated fish oils has an important
role in this process although care should be taken to use oils that are treated with protocols
that reduce PCCD/Fs, dioxin like PCBs and PBDEs to ensure very low levels of POPs in
commercial salmon (Bell et al. 2012).

Worldwide efforts have been undertaken by UNEP, governments, WHO and other
stakeholders in order to eliminate and reduce the production, use and emission of these
chemicals through the Stockholm Convention on POPs. Many of the POPs were phased out
many years ago and some are being phased out today (e.g., PFAS) because of this. Therefore,
many of the of the POPs are showing declining trends today and may not be a future problem.
However, some chemicals of emerging concern (e.g., methoxychlor, perfluorohexane
sulfonic acid (PFHxS), 6:2 fluorotelomer alcohol, and C9-C11 perfluorocarboxylic acids
(PFCAs)) were either showing stable or increasing trends.
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Knowledge gaps

There is currently no knowledge and calculations of the amount of POP substances released
from net pens. In order to give a complete picture of effects of fish farms on the loading of
POPs to sediments below and close to fish farms it would require more comprehensive
surveys to be carried out, taking account of e.g., the production cycle of the fish farm, the
differences in hydrography in each location, the number of fish farms per location and any
differences in feeding regimes.

Monitoring

There are established upper limit values for many of the substances in animal feed or in fish
feed and fish fillets. Furthermore, there are also contaminant classes I-V class for both the
sediment and water environment for many of these substances. For traditional in-feed
treatments, such as de-licing agents and antibiotics, environmental risk assessments are
performed. However, potential environmental impacts from contaminants in fish feed are
scarce. With a growing industry requiring huge amounts of fish feed, attention to potential
environmental effects would be needed, e.g., both leakage from pellets of various compounds
into the environment, and also excretion from fish through faeces and urine. There is
currently no risk assessment if these compounds in fish feed represents a risk to the
surrounding environment.

Conclusion

There have been many studies documenting the occurrence of POPs in raw material, fish food
and in farmed fish and wild fish. There are also established upper limit value for many of the
substances in animal feed or in fish feed and fish fillets and furthermore contaminant classes
I-V class for both the sediment and water environment. The human health risk of eating
farmed salmon is perceived as low as the contaminant concentrations in Atlantic salmon are
well below maximum levels applicable in the European Union. There is currently no
assessment of contaminant risk for the surrounding environment from these unwanted
substances in the feed.
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3.3.4 Escapes

3.3.4.1 Background

Norway has become a leading country in salmon farming worldwide over its 60 years of
history and its standard has been studied to upgrade industrial practice and enhance
production in world leading countries as China, the global largest aquaculture producer
(Zhang et al. 2020). Among others, fish escaping from net-pens is an inherent side effect from
fish aquaculture and given the increase in production and geographical spread of the industry
(Olsen, 2020), it became a relevant socio-economic and environmental issue in early 2000s.
Consequently, reporting escape events to the Norwegian Fisheries Directorate was enforced
in 2001 for salmonids and 2004 for cod. Structural failure due to winds, waves and/or currents,
operational related failure related to fatigue or human error, wild fauna and biological causes
are the main drivers of escape events (Jensen, 2010, Uglem et al. 2014, Jackson et al. 2015,
Fore & Thorvaldsen. 2021). Nearly a third of marine ecoregions of the world are to some
extent at risk from the impacts of fish escapes (Atalah & Sanchez-Jerez, 2020).

3.3.4.2 Search results

A total of 441 entries were obtained after duplicates removal and 237 research items were
retained after complete process of data collection on this QSR (Figure 3.31). The main reason
of exclusion was that the species was not relevant for the Norwegian context of the project. A
steady production of research items over time was detected at a rate of 35 items per year, on
average (range: 20 - 38; Figure 3.32).
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Figure 3.31. Flow chart describing the applied QSR (Quick Scope Review) procedure on the influence of fish
escaping from fish farms.

40 -

35 -
30
25
20
15
10

5

0 -

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

number of research items

Figure 3.32. Annual production of research items addressing the influence of escaped fish in the ecosystem.

The geographical spread of countries contributing to unveil the implications of fish escaping
from aquaculture facilities are global, with the only exception of the African continent and
northern Asia (Figure 3.33). Most of the research studies were developed by research
institutions based in countries around the Northern Atlantic Ocean. The countries
contributing the most to unveil the effects of escaped fish from aquaculture facilities are
Norway (n = 131 studies), Canada (n = 59; mostly in the East Coast), United Kingdom (n = 24;
mostly in Scotland) and the US (n = 19; mostly in Washington estate), followed by Sweden (n
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=9), Spain (n =9), Denmark (n = 8), Ireland (n = 6), Italy (n = 6), Finland (n = 4) and Argentine
(n=4). Other countries as Faroe Islands, China, Austria, Iceland, Japan, Turkey, Brazil, Malta,
Belgium, Greece, France and Germany contributed with the least number of research items
(i.e., < 2 publications).

number of studies -
1 12

Figure 3.33. Countries contributing to research on the implications of fish escaping from aquaculture
facilities.

In relation to the diversity of implications deriving from farmed fish escaping from rearing
environments, hybridization, intra-specific competition, disease vectors, inter-specific
competition and influence on fisheries were the main categories identified and aggregated in
the current QSR (Figure 3.34).
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Figure 3.34. Number of research items exploring the main implications of fish escaping from fish farms,
namely: hybridization via genetic introgression of farmed into the wild populations, intra specific
implications as differential competition for resources and mating, role as disease vectors (including
macromolecules and chemicals), inter specific implications as predation, competition for habitat and trophic
resources, as well as eventually, its influence on fisheries.

Although a number of species have been addressed, the bulk of research has been conducted
on Atlantic salmon (8. salar; n = 65%), Atlantic cod (Gadus morhua, 12%), rainbow trout
(Oncorhynchus mykiss, 7%) and cleaner fish (Cyclopterus Iumpus, Symphodus melops,
Ctenolabrus rupestris, altogether n = 4%; Figure 3.35). Other salmonids including
Oncorhynchus kisutch and Salmo trutta, were also studied (altogether n = 3.33%), as well as,
Gilthead seabream (Sparus aurata), European seabass (Dicentrarchus labrax) and tilapia
(Oreochromis niloticus) (altogether n = 1.25%). Nearly 80% of the research items were
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addressed to hybridization effects of escapees on wild populations (Figure 3.34), followed by
intra specific implications (ca. 20%), disease vectors and inter specific interactions (ca. 8%)
and influence on fisheries (ca. 2%). All these five main influences have been addressed on
Atlantic salmon (S. salar) and rainbow trout (0. mykiss) research, whereas in Atlantic cod (G.
morhua), genetic influence, behavioural competition and dispersal were studied. The genetic
influence of escapees was the only implication addressed on cleaner fish.

Figure 3.35. Sankey diagram depicting proportions of study items exploring specific features of escaped fish
per species and study design (i.e., laboratory or in-situ). The influences are grouped in behavioural
competition (both intra- and inter-specifics), dispersal ability, influence on fisheries, genetic, prevalence and
disease vector.

The retained reviews cover a range of geographic areas (i.e., Chile, Canada, United Kingdom
and Scandinavian countries) and issues including ecological and genetic interactions,
impacts on pinnipeds, loss of genetic variability through introgression, potential recapture of
escaped fish, use of triploid fish, decline of Atlantic salmon populations, sustainable
development of aquaculture, mass marking limitations techniques, genetic interactions
between farmed and wild salmon, ecological risks of genetically modified salmon, and
successful applications of single nucleotide polymorphism (SNP) in fish aquaculture for
ecological risk assessments.
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3.3.4.3 Key findings

Table 3.6. Summary of the reviews addressing escapees’ implications on the environment with special focus
on main results and conclusions, main focus and its applicability.

ID Reference Main results and conclusions Main focus Applicability
1 Braithwaite and Salvanes (2010) Identlfu.ad examp\gs. of neutral and negative influence of Atlantic salmon escapees on wild inter-species interactions management
populations of Pacific salmon.
Included escapees as a potentially a high risk due to farm failure under rough weather conditions in
2 Holmer et al. (2010) nelu P p 1ally @ high risk du " fIUre under rough w T condit ! overall risks management

the open sea.

Gave insight on the potential impacts of aquaculture biotechnologies in the industry and
forecasted these to play a major role in the sustainable development of the industry, if public and
private institutions prioritize research into development of ecologically neutral technologies, e.g.,
3 Moreau and Fleming (2011) close containment rearing systems, such as farmed fish cannot interbreed and have little or no reduce genetic influence and incidence management
impact on the ecosystem. From the genetic perspective chromosome-set manipulations, sterility
transgenes, sex control, and other such technologies to complement favourable production traits
would need further development as well.

Reviewed the correlation between escape reports and angler's catches, concluding that only 2 per
1000 of the escaped fish is reported as recaptured with the fate of the vast majority of escapes
4 Green etal. (2012) unknown. This suggests that escaped salmon either have very low survival in the wild, disperse escapees incidence in angling management
without returning, or are less readily caught by anglers. Escapees from Scotland were reported to
migrate towards the Norwegian territory.

Covered all potential environmental issues of Atlantic salmon and trout aquaculture within Chilean

Niklitschek et al. (2013) and waters and recommended following a strict precautionary approach of not granting new farming

Quinones et al. (2019) leases until sufficient information about the risk and magnitude of these impacts is obtained and
transformed into effective management actions.

v

inter-species interactions management

Identified short-term predatory effects upon native fish, long-term effects linked to the likelihood
of farmed salmon establishing self-sustainable populations, and disease and pathogen transfer to
6 Sepulveda et al. (2013) native fauna. More research is needed to identify and develop reliable indicators to estimate the inter-species interactions management
impact of escapees at the ecosystem level and precautionary approach encouraging local and
recreational fisheries to counteract colonization is outlined as an option to be consider.

Reviewed the ecological risks of genetically modified salmon concluding that data gaps and
7 Moreau et al. (2014) irreducible epistemic uncertainties limit the role of scientific inference in support of ecological risk use of GMOs fish management
management for transgenic salmon.
Reviewed how fish sperm competition from hatchery origin can cause loss of genetic variability
both in captivity and in wild populations and suggested that mass spawning in hatcheries should be
limited to give all males the same opportunities to fertilize eggs, and escaped fish can potentially
fertilize eggs in the wild.

8 Beirao et al. (2019) sperm, reproduction and genetics management

Analyses the development of the Norwegian salmon aquaculture industry and outline
9 Zhangetal. (2020) recommendations for the sustainable development of Chinese aguaculture, including fish escapes industry development management
within one of the major issues.

10 Dadswell et al. (2022) Reviews the causes of the decline of Atlantic salmon populations in the North Atlantic Ocean. wild populations decline management

Reviews the genetic interactions between farmed and wild Atlantic salmon concluding that, on the
long-term, introgression is expected to lead to changes in life-history traits, reduced population

11 Glover et al. (2017, . intra-species interactions managemnet
( ) productivity and decreased resilience to future challenges, and only a major reduction in the Pe B
number of escapees andfor sterility of farmed salmon would hamper such impacts.
. Reviews current production issues and promotes production at lower intensity levels and the use .
12 Diana (2012) P P P v industry development mangemnet

of indigenous species in order to achieve a sustainable development of aquaculture.

Covered the use of triploid fish in Atlantic salmon aguaculture and concluded that then triploids
could be used as an alternative to reduce interbreeding risk between escaped and wild salmon
13 Benfey (2016) populations. However, the poorer performance of triploids in captivity together with uncertainties triploid fish mitigation
existing with respect to their disease resistance and their potential to become reservairs for the
spread of pathogens, highlights the need of further research to take a decision.

Focused on the potential recapture of escaped fish after escape events concluding that it is largely

14 Dempster et al. (2018) inefficient.

recapture of escapees mitigation

Focused on pinnipeds and salmon farming over the last 50 years and identified a knowledge gap on
how pollution, nutrification and/or prey subsidies related to this industry may induce trophic and
social changes, on wild pinnipeds, as well as breeding and/or foraging habitat loss/change in
farmed areas.

15 Heredia-Azuaje et al. (2022) inter-species interactions mitigation

Indicated that ecological and non-reproductive genetic interactions of escaped Atlantic salmon are
important, and further study is urgently needed to support an integrated understanding of
aquaculture—ecosystem interactions, their implications for ecosystem stability, and the
development of potential mitigation and management strategies.

16 Bradbury et al. (2020) genetics mitigation

Reviewed the potential of using genetics for escaped fish identification back to the cage and farm

17 Glover (2010
(z010) origin, concluding that the method is successful for G. morhua, O. mykiss and Atlantic salmon.

use of genetics for traceabiltiy monitoring

Reviewed mass marking limitations techniques based on otoliths concluding that all techniques are
18 Warren-Myers et al. (2018) simple, easy to apply, cost effective and highly suitable for long term monitoring of hatchery otholits potential for traceabilty monitoring
produced fish.

Reviewed and provide successful applications of SNPs in fish aguaculture for ecological risks

19 ‘Wenne (2018) assessments

use of SNPs for traceabilty monitoring

3.3.4.4 Receiver and impact

The presence of escapees might affect wild conspecific populations via competition for
resources, space and/or hybridization, deriving in genetic introgression and fitness decrease
of wild stocks. Other taxa might be affected by competition issues for space and trophic
resources, escapees playing the role of preys or predators affecting the distribution of wild
taxa, with special importance if such taxa are fishing resources. From a socioeconomic
perspective, the industry itself can be impacted via economic losses due to escape events or
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negative social awareness and concerns about sustainability of the industry. Traditional
guilds as fishermen (e.g., professional and recreational) might be affected as well by the
presence of escapees and might perceive the development of the industry as detrimental for
the environment and their activities (Figure 3.36).
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and concern fisheries landings | «———— predation
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Figure 3.36. Potential interactions of escaped fish after an escape event.

3.3.4.5 Monitoring

A National Monitoring Program for Escaped Atlantic salmon in rivers was developed and
enforced by the Norwegian Directorate of Fisheries, based on guidelines from the Ministry of
Trade, Industry, and Fisheries in 2014. The program is led and coordinated by the Institute of
Marine Research. Other institutions are involved as the Norwegian Institute for Nature
Research (NINA), the Norwegian Veterinary Institute, Radgivende Biologer AS, and NORCE
LFI. Additionally, Ferskvannsbiologen AS, Skandinavisk Naturovervdkning AS, and
Naturtjenester i Nord AS, are providing data to the program.

The monitoring of escaped farmed salmon quantifies the incidence of escaped salmon in
water bodies of the Norwegian coastline, as well as assesses the escapees’ genetic
composition, their distribution and abundance in the wild. Moreover, the potential impact on
wild salmon populations is evaluated. Eventually, from a mitigation perspective, the
effectiveness of mitigation measures to prevent further escapes is also assessed. The number
of rivers included in the monitoring program has risen from 140 in 2014 to 218 rivers in 2020,
and 178 in 2021 (Figure 3.37). The need of the current monitoring program has been suggested
by all the aforementioned research studies focusing on the strong evidence of the negative
genetic influence of escapees on wild populations both at short and long term.

The pertinence of the monitored areas and the representativity of the final results are ensured
by several criteria, including good geographical distribution, inclusion of national salmon
rivers, different river size is also considered, as well as rivers with available time series and
good local networks.
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In terms of methodology and sampling temporal distribution the monitoring program is
informed either with sport fishing catches in the summer and fall fishing, spawner surveys,
and/or drift/spawning fish counts in the fall. All collected data is audited for quality. The
Quality Norm for Atlantic Salmon and the Water Framework Directive, play a key role in the
monitoring programs as they classify salmon stocks and rivers, among other things, in
relation to escaped salmon.

The main results of the last monitoring program™* for 2021 are the following:

e About 35% of the stocks are in good condition, while the 69% show different degrees
of impact.

e Atotal of 140 rivers (79%) showed low occurrences of escaped farmed salmon (less
than 4%), whereas 24 (14%) rivers showed moderate occurrences of escapees (4-10%)
and 14 rivers (8%) had high incidence (more than 10%).

e Regionally, the counties of Vestland and Nordland have the most rivers with high
occurrences of escaped salmon, while the southern and eastern parts of the country
have mainly low occurrences.

*https.//www.fiskeridir.no/Akvakultur/Nyheter/2022/overvakingsprogrammet.
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Figure 3.37. Map showing the sampled location during the monitoring program of escaped salmon for 2021.
Green dots show rivers with an incidence of escaped salmon <4%. Link to the document:
https:/www.fiskeridir.no/Akvakultur/Nyheter/2022/overvakingsprogrammet; figure 5.3 in page 31).
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There are two enforced regulations, both at a national and European level, that make the
monitoring program of escaped Atlantic salmon very robust, namely The Quality Norm for
Wild Salmon (Kvalitetsnorm for villaks) and the Water Framework Directive
(Vannforskriften). The Quality Norm for Wild Salmon is informed by scientific data on the
status and trends of wild salmon populations and their habitats in Norway. The norm provides
guidelines for the management of wild salmon populations, and it aims to ensure that these
populations are healthy and sustainable in the long term. The norm covers various aspects of
wild salmon populations, such as their genetic diversity, population size, distribution, and
habitat quality. It also considers factors that may affect wild salmon populations, including
pollution, overfishing, and the impact of escaped farmed salmon in rivers. The norm is based
on scientific studies and research, and it is periodically updated to reflect new knowledge and
understanding of wild salmon populations and their habitats. The Water Framework
Directive regulates the protection and management of surface, transitional, coastal and
groundwater in the European Union to guarantee a sustainable ecological status requiring
member states to monitor and assess the impact of potential stressors in all water bodies,
including Natura2000 areas regulated by the EU habitat directive (92/43/EEC). Atlantic salmon
is one of the listed species in the annex IV of the EU habitats directive 92/43/EEC, article 22.
This is why the monitoring program assesses the influence of escaped salmon from fish
farms.

However, despite the potential escape of farmed cod, together with its aforementioned
influence in the environment, a monitoring program assessing the influence of escaped cod
has not been enforced yet. Nowadays, farmed cod production is still minor but given the
forecasted increase in aquaculture production, including cod, together with the existence of
cod breeding program in Norway, the enforcement of a monitoring program of escaped cod
is strongly recommended. Similarly, despite the genetic influence of escaped cleaner fish on
wild counterpart populations, no monitoring programs have been enforced yet, and in the
context of blue revolution where aquaculture is meant to become a driver of economy,
including the food industry, the increase of farmed fish entails an increase of cleaner fish
production so the impacts of potential escapes in the environment will continue to increase
if no regulations are enforced to mitigate them.

3.3.4.6 Knowledge gaps

While for salmon all main potential influences were covered by retained research items at a
large geographical scale, there is no information about the potential inter-species
competition of escaped Atlantic cod, feralization process, potential role as a parasite vector
or potential influence of escaped cod in fisheries landings’ dynamics.

Furthermore, the research addressed to escaped cleaner fish mostly focuses on hybridization
and genetic issues, whereas many other aspects remain unknown, for instance, feralization
process, dispersion, role as a parasite vector, survival or inter- and intra-specific competition
for trophic resources and habitat.

Concerning the use of gene modified fish and triploids, the precautionary principle is still
applied due to the unknown consequences for the environment in case the farmed fish
escape. Therefore, further research is necessary in case such approaches are adopted.

Issues as social awareness and concern arising from fish escaping from fish farms does not
seem to be covered by research, as well as the influence on recreational fisheries from a socio-
ecological perspective.
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3.3.4.7 Conclusions

The current QSR detected a range of interactions between escaped fish and the environment,
including hybridization, intra-specific competition, disease spread, inter-specific
interactions, and impacts on fisheries.

Efforts to mitigate the negative impacts of escaped fish have been carried out worldwide, with
significant contributions from countries such as Norway, Canada, and the United Kingdom,
particularly Scotland.

The majority of the research items focus on Atlantic salmon (S. sa/ar; n = 65%), followed by
Atlantic cod (G. morhua, 12%), rainbow trout (O. mykiss, 7%), and cleaner fish (C. lumpus, S.
melops, C. rupestris, combined n = 4%).

The risk of genetic introgression and fitness decrease of wild populations at long term exist
for all studied species and the main driver is fish escaping from fish farms.

Research on Atlantic salmon covers all the potential issues derived from escape events as
hybridization, intra and inter-specific interactions and role as parasite vectors. However,
research addressed to Atlantic cod and cleaner fish is not that thorough and more efforts seem
to be needed to cover potential genetic, intra- and inter-specific interactions with wild
conspecifics and other taxa.

Due to the expansion of the salmon farming industry in Norway and the implementation of a
monitoring program to comply with the European Water Framework Directive and European
Habitat Directive, the occurrence of escaped salmon in Norwegian rivers has been well
documented throughout Norway. However, research on genetic introgression from farmed
to wild populations is still raising concerns, indicating that the risk persists, and the
development of effective prevention and mitigation measures should be prioritized.

Since the distribution area of Atlantic salmon encompasses countries with a well-developed
farming industry such as Canada, United Kingdom, Ireland, Iceland, Sweden, and Norway,
common policies seem an appropriate framework to preserve wild stocks.

The high dispersal of escaped fish, detected at the scale of 1000s of kms, has been detected at
trans-boundary level between countries. This highlights the need for synergistic actions
between governments to consistently mitigate the negative effects of escaped fish (e.g.,
enforcement of similar regulations). For instance, escaped salmon from Norway have been
found in Swedish rivers, and salmon released in Scotland have been found as far as Northern-
Norway. Additionally, Atlantic salmon individuals migrating and expanding the northern
distribution of the species in its northern hemisphere show southern genotypes, and a farmed
origin from northern Norwegian fish farms has been hypothesized.

The continuous update of the industry at technological and technical levels is strongly
recommended so better regulations regarding technical standard (e.g., Norwegian technical
standard NS 9415 effective since 2004) could be enforced to minimise escape events and thus
mitigate derived issues.

So far, given the intrinsic character of escape events to aquaculture, the implementation of
close containment rearing environments and on-land facilities (e.g., Recirculating
Aquaculture Systems) could be the way to minimise the incidence of escaped fish in the wild.
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