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FOREWORD
Context

The Government of Canada is committed to ensuring the responsible and sustainable
development of the aquaculture industry in Canada. The Minister of Fisheries and
Oceans announcement of the $75 M Program for Sustainable Aquaculture (PSA), in
August 2000, is a clear expression of this commitment. The objective of the PSA is to
support the sustainable development of the aquaculture sector, with a focus on enhancing
public confidence in the sector and on improving the industry’s global competitiveness.
Ensuring the sector operates under environmentally sustainable conditions is a key
federa role.

As the lead federal agency for aguaculture, Fisheries and Oceans Canada (DFO) is
committed to well-informed and scientificaly-based decisions pertaining to the
aquaculture industry. DFO has an ongoing program of scientific research to improve its
knowledge of the environmental effects of aguaculture. The department is also engaged
with stakeholders, provinces and the industry in coordinating research and fostering
partnerships. As a contribution to the Federal government’s Program for Sustainable
Aquaculture, DFO is conducting a scientific review of the potential environmental effects
of aguaculture in marine and freshwater ecosystems.

Goal and Scope

Known as the State-of-Knowledge (SOK) Initiative, this scientific review provides the
current status of scientific knowledge and recommends future research studies. The
review covers marine finfish and shellfish, and freshwater finfish aquaculture. The
review focuses primarily on scientific knowledge relevant to Canada.  Scientific
knowledge on potential environmental effects is addressed under three main themes:
impacts of wastes (including nutrient and organic matter); chemicals used by the industry
(including pesticides, drugs and antifoulants); and interactions between farmed fish and
wild species (including disease transfer, and genetic and ecological interactions).

This review presents potential environmental effects of aquaculture as reported in the
scientific literature. The environmental effects of aguaculture activities are site-specific
and are influenced by environmental conditions and production characteristics at each
farm site. While the review summarizes available scientific knowledge, it does not
congtitute a site-specific assessment of aquaculture operations. In addition, the review
does not cover the effects of the environment on aquaculture production.

The papers target a scientific and well-informed audience, particularly individuals and
organizations involved in the management of research on the environmenta interactions
of aguaculture. The papers are aimed at supporting decision-making on research
priorities, information sharing, and interacting with various organizations on research
priorities and possible research partnerships.
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Each paper was written by or under the direction of DFO scientists and was peer-
reviewed by three experts. The peer reviewers and DFO scientists help ensure that the
papers are up-to-date at the time of publication. Recommendations on cost-effective,
targeted research areas will be developed after publication of the full series of SOK
review papers.

State-of-K nowledge Series

DFO plans to publish 12 review papers as part of the SOK Initiative, with each paper
reviewing one aspect of the environmental effects of aquaculture. This VVolume contains
three papers. Far-field environmenta effects of marine finfish aquaculture; Ecosystem
level effects of marine bivalve aguaculture; Chemica use in marine finfish aguaculture in
Canada: areview of current practices and possible environmental effects.

Further Information

For further information on a paper, please contact the senior author. For further
information on the SOK Initiative, please contact the following:

Environmental Science Aquaculture Science

Fisheries, Environment and Biodiversity Science Ocean and Aquaculture Science
Science Sector Science Sector

Fisheries and Oceans Canada Fisheries and Oceans Canada
200 Kent Street 200 Kent Street

Ottawa, ON K1A OE6 Ottawa, ON K1A OE6
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AVANT-PROPOS
Contexte

Le gouvernement du Canada est déterminé a assurer le développement responsable et
durable de I'industrie aquacole au Canada. Le Programme d aquaculture durable (PAD)
de 75 millions de dollars annoncé par le ministre des Péches et des Océans en aolt 2000
traduit clairement cet engagement. Ce programme vise a soutenir le développement
durable du secteur aquacole, surtout en améliorant la confiance du public envers
I"industrie et la compétitivité globale de celle-ci. Velller a ce que I’industrie fonctionne
dans des conditions durables sur le plan environnemental constitue une responsabilité
essentielle du gouvernement fédéral.

A titre d organisme fédéral responsable de |’aguaculture, Péches et Océans Canada
(MPO) est déterminé a prendre des décisions éclairées qui reposent sur des données
scientifiques éprouvées en ce qui concerne I'industrie aquacole. Le MPO mene un
programme de recherches scientifiques pour améliorer ses connaissances sur les effets de
I’aguaculture sur I’environnement. Le Ministére collabore également avec des
intervenants, les provinces et I'industrie & la coordination des recherches et a
I’ établissement de partenariats. Le MPO contribue au Programme de I’aquaculture
durable du gouvernement fédéral en passant en revue la littérature scientifique qui aborde
les effets possibles de I’ aquaculture sur les écosystemes marins et d’ eau douce.

Objectif et portée

Désignée projet sur I'état des connaissances, cette revue de la littérature définit |’ état
actuel des connaissances scientifiques sur les effets de |I'élevage de poissons et de
mollusques en mer et de la pisciculture en eau douce et fait des recommandations de
recherches futures. Larevue, qui se concentre surtout sur les connaissances scientifiques
applicables au Canada, les aborde sous trois themes principaux : les impacts des déchets
(éléments nutritifs et matiére organique), les produits chimiques utilisés par |’industrie
(pesticides, médicaments et agents antisalissures) et les interactions entre les poissons
d élevage et les espéces sauvages (transfert de maladies et interactions génétiques et
€cologiques).

Cette revue présente les effets environnementaux possibles de I’ aguaculture documentés
dans la littérature scientifique. Les effets environnementaux des activités aguacoles
dépendent du site, des conditions environnemental es et des caractéristiques de production
de chague éablissement aguacole. L’examen résume les connaissances scientifiques
disponibles mais ne congtitue pas une évaluation des activités aquacoles spécifique au
site. L’examen ne porte pas non plus sur les effets de I’ environnement sur la production
aguacole.

Les articles sont destinés a un auditoire de scientifiques et de personnes bien informeées,
notamment des personnes et des organisations participant a la gestion de la recherche sur
les interactions environnementales de |’ aquaculture. Les articles visent a soutenir la prise
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de décision sur les priorités de recherche, la mise en commun de I'information et les
interactions entre diverses organisations concernant les priorités de recherche et les
partenariats de recherche possibles.

Rédigées par des scientifiques du MPO ou sous leur supervision, les articles ont été
contrlés par des pairs, ce qui assure qu'ils sont a jour au moment de leur publication.
Apres la publication de toute la série d'articles sur I'état des connaissances, des
recommandations de recherches ciblées et rentables seront faites.

Série sur |’ état des connaissances

Dans le cadre du projet de |’ état des connaissances, le MPO prévoit publier douze articles
de synthése portant chacun sur un aspect des effets environnementaux de I’ aquaculture.
Le présent volume contient les trois articles suivants: Effets environnementaux a
distance de la pisciculture marine, Effets écosystémiques de |’ levage de bhivalves marins
et Utilisation de produits chimiques en pisciculture marine au Canada : étude des
pratiques actuelles et effets possibles sur I’ environnement.

Renseignements supplémentaires
Pour de plus amples renseignements sur un article, veuillez communiquer avec son auteur

principal. Pour de plus amples renseignements sur le projet de I’ éat des connaissances,
veuillez communiquer avec :

Sciences de I’ environnement Sciences de |’ aguaculture

Sciences des péches, de I’ environnement et Sciences de I’ aquaculture et des océans
de labiodiversité Secteur des Sciences

Secteur des Sciences Péches et Océans Canada

Péches et Océans Canada 200, rue Kent

200, rue Kent Ottawa (Ontario) K1A OE6

Ottawa (Ontario) K1A OE6
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FAR-FIELD ENVIRONMENTAL EFFECTS
OF MARINE FINFISH AQUACULTURE

B.T. Hargrave
Marine Environmental Sciences, Fisheries and Oceans Canada
Bedford Institute of Oceanography, Dartmouth, Nova Scotia

EXECUTIVE SUMMARY

This review evaluates the existing knowledge and research needs required to determine
the ability of coastal waters to support a sustainable marine finfish aquaculture industry.
A central question is what methods, environmental observations and models exist, or are
required, to determine the capacity of coastal areas to assimilate additional sources of
dissolved and particulate matter released by cultured finfish.

Pillay (1992) provided an early review of major environmental effects of all types of
aquaculture on a worldwide basis. Over the past decade, several international groups
have considered various environmental issues surrounding the development of marine
finfish aquaculture (Rosenthal 1988, 1994; GESAMP 1991, 1996; Buerkly 1993; Stewart
et al. 1993; Ervik et al. 1994a, 1997; Sewart 1994, 2001; Rosenthal et al. 1995; Slvert
and Hargrave 1995; Burd 1997; Goldberg and Triplett 1997; Milewski et al. 1997,
Fernandes et al. 2000; Harvey 2000; Milewski 2000; EVS 2001; Holmer et al. 2001).
Much of the information on environment-finfish aquaculture interactions in publications
cited above is focused on measurable near-field changes in water and sediment variables
sensitive to organic matter and nutrient additions.

Despite the difficulties of observing far-field effects, published literature shows that in
some locations, measurable effects attributable to finfish aquaculture development have
been observed at the ecosystem level. The impacts may be categorized into three types of
broad-scale changes distant from farm sites: eutrophication, sedimentation and effects on
the food web.

It is a common observation that the amount of suspended particulate matter increasesin
the immediate vicinity of finfish net-pens. When feed pellets are distributed by hand or
automatic mechanical feeders, a fine dust may potentially be transported in the air or
trapped in the water surface film and spread over a broad area. Unconsumed feed pellets
and fish feces usually contribute to increased local concentrations of suspended and
sedimented particulate matter. While much of the released material is assumed to settle
rapidly at or near cage sites (Gowen et al. 1994; Slvert 1994e; Findlay et al. 1995;
Findlay and Watling 1997), there is potential for horizontal transport and widespread
dispersion, particularly in areas with high currents (Sutherland et al. 2001; Cromey et al.
2002). Holmer (1991) collected material, directly attributable to a finfish aquaculture
source, at distances up to 1.2 km from a farm site in Danish coastal water. The extent to
which resuspension and lateral transport increase sedimentation at locations remote
from farm sites depends on both physical and sedimentological processes. Tidal flow,
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residual circulation, patterns of turbulence, wind and wave energy, and flocculation
(aggregation) will determine large-scale patterns of particle dispersion. The distances
and locations of accumulation are highly site-specific and depend on bottom topography,
currents, erosion and flocculation processes that affect the residence time of material
both in the column (Sutherland et al. 2001) and on the bottom (Milligan and Loring
1997).

Specific compounds associated with organic matter, such as fatty acids, digestible
proteins, sterols, elemental sulfur, pristane and stable carbon/nitrogen isotopes (Li-Xun
et al. 1991; Johnsen et al. 1993; Findlay et al. 1995; McGhie et al. 2000) and trace
elements such as zinc that might be used as tracers of fish feed pellets, have been
measured in surface sediments to determine far-field dispersion patterns (Ye et al. 1991,
McGhie et al. 2000; Sutherland et al. 2002; Yeats 2002). Alteration of bottom type to
more fine-grained sediments through enhanced deposition of flocculated, fine-grained
material may also account for the speculation that a population of lobsters was displaced
fromtheir historic spawning ground after a salmon farm was located at the site (Lawton
and Robichaud 1991). However, an opposite effect of salmon farm operations causing
aggregations of lobster may also occur. Salmon farm sites may be a refuge for lobsters
from harvesting.

Eutrophication is the process of natural or anthropogenic enrichment of aquatic systems
with inorganic nutrient elements (Jargensen and Richardson 1996; Srain and Yeats
1999; Cloern 2001). Long-term eutrophication of coastal and estuarine waters results
from the additions of both dissolved inorganic and organic nutrients and increased
biological oxygen demand (BOD) from oxygen-consuming material from all sources
(Rosenberg 1985; Costa-Pierce 1996; Johannessen and Dahl 1996; Cloern 2001).
Dissolved inorganic nutrients released by finfish culture and regenerated from sediments
enriched with sedimented organic matter under fish pens may stimulate phytoplankton
production and increase oxygen demand. It is often difficult to accurately estimate the
magnitude of additions of nutrients and organic matter from finfish aquaculture when
many environmental factors and possible sources of addition occur (Einen et al. 1995;
Strain et al. 1995). Models can help determine the relative amounts of organic loading
from aquaculture from all natural sources (river discharge, tidal exchange, rainfall,
phytoplankton and macroalgal production) and human inputs (Valiela et al. 1997). The
degree of nutrient enrichment is influenced by the scale of aquaculture, local
hydrographic characteristics, the magnitude of other sources relative to aquaculture and
internal processes, such as uptake by phytoplankton, algae, internal recycling,
resuspension of fine material, and uptake by biofouling communities that colonize net-
pens.

The effects of eutrophication may extend into shallow water littoral and intertidal zones.
Intertidal areas, subject to daily movements of water and sediment, are locations
influenced by broad-scale processes affecting chemical fluxes of mass and dissolved
material throughout an inlet system. Nutrient enrichment can stimulate the extensive
development of macroalgal beds (Soulsby et al. 1982; Petrell et al. 1993; Campbell
2001), which have a large capacity for nutrient uptake (Chopin and Yarish 1999; Chopin
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et al. 2000) and may affect benthic fauna through changes in the rates and nature of
deposition of particulate organic matter (Bourget et al. 1994). However, few studies have
unequivocally linked the establishment of aquaculture farm sites to environmental or
ecological changesin intertidal areas.

Eutrophication can alter the ratio between essential nutrients (carbon:
nitrogen: phosphorus), as well as absolute concentrations by causing a shift in
phytoplankton species assemblages. It has proven difficult to directly relate the
occurrence of harmful algal blooms (HAB) to finfish farms As with other types of
plankton blooms, many environmental factors appear to control the formation of HABs.
Water column mixing and stratification that maintain cells in the photic zone with an
adeguate nutrient supply are critical variables. In contrast to numerous studies of
localized benthic effects of finfish aquaculture at farm sites, there have been very few
observations of effects on plankton communities (Burd 1997). Reductions in zooplankton
standing stock with oxygen depletion could allow standing stocks of phytoplankton to
increase. With sufficient nutrient and light supplies, higher rates of primary production
and increased sedimentation would result in even further oxygen depletion in deep water.

There is an extensive literature documenting changes in benthic infauna community
structure associated with high levels of nutrient and organic matter additions (Burd
1997). Only fauna (e.g. nematodes and polychaetes) tolerant of low oxygen conditions
and reduced sulfides are able to survive under conditions of high organic sedimentation
(Hargrave et al. 1993, 1997; Duplisea and Hargrave 1996). The presence/absence of
these 'indicator’ species or faunal groups may show transitions from lower (background)
levels of organic matter supply to high deposition rates caused by unconsumed feed
pellets and fish feces in areas subject to low transport (Weston 1990; Pocklington et al.
1994; Burd 1997). Moderate increases in organic matter supply may stimulate
macrofauna production and increase species diversity; however, with increasingly higher
rates of organic input, diversity and biomass decrease.

Widespread changes in species community composition of benthic macrofauna distant
from farm sites are more difficult to detect and have been less studied. Temporal and
gpatial scales of changes in benthic macrofauna species composition and biomass have
been measured over the past decade in some areas as part of long-term monitoring
programs near net-pens to determine if organic enrichment effects from aquaculture can
be detected (Burd 1997; Brooks 2001). Most studies have shown that the local extent of
altered benthic community structure and biomass is limited to less than 50 m. Water
depth and current velocity are critical factors determining patterns of sedimentation
around cage sites (Weston 1990; Pohle et al. 1994; Slvert 1994e; Henderson and Ross
1995; Burd 1997; Pohle and Frost 1997; Brooks 2001; Cromey et al. 2002), and
therefore impacts of benthic fauna differ at different farm sites. In southwest New
Brunswick, organic enrichment effects at newly established farm sites were localized to
within 30 m of cages. After approximately five years, changes were measurable over
greater (>200 m) distances. Macrofaunal community diversity was most reduced close to
a farm site that had been in operation for 12 years, but significant declines in diversity
also occurred throughout the inlet system. Benthic epifauna and infauna at two intertidal
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sites at varying distances from aquaculture sites showed that the diversity of infauna was
significantly higher away (>500 m) than near (<500 m) farm sites (Wong et al. 1999).
Loss of diversity at distances less than 500 m may indicate that benthic infauna are more
senditive to organic matter additions than epifauna (Warwick 1986, 1987), possibly
reflecting changes in sediment physical structure (grain size), oxygen supply and sulfide
accumulation associated with increased organic matter supply.

Another far-field effect of local sources of organic matter produced by finfish farm sites
involves the use of chemotherapeutants Antibiotics in medicated fish feed have the
potential to induce drug resistance in natural microbial populations on an inlet-wide
scale. Concentrations of a commonly used antibiotic, oxytetracycline (OTC), largely
disappeared within a few weeks, but traces of the antibiotic were detectable for up to 18
months (Samuelsen et al. 1992). In Puget Sound, the highest numbers of bacteria (as
colony-forming units) in sediments generally occurred at farm sites (Herwig et al. 1997),
but the proportion of OTC resistant bacteria declined exponentially with increasing
distance from a farm. Ervik et al. (1994b) also observed antibiotics in fish and wild
mussels near a farm site after medicated food had been administered, and OTC
resistance has been observed in bacteria cultured from sediments up to 100 m away from
salmon farm sites in inlets in the Bay of Fundy where salmon farms are concentrated
(Friars and Armstrong 2002).

GAPSIN KNOWLEDGE

1. Thereis a need to determine sustainable levels of salmon production within coastal
regions, inlets or embayments where marine finfish aquaculture is currently practiced
in Canada.

2. Mass balance models of nutrient loading (inorganic and organic) from all sources
(natural and anthropogenic) may be used to assess potential additions from finfish
aquaculture. Budgets must take into account internal nutrient recycling, as well as
external sources.

3. General circulation models can be developed and improved to resolve combined
effects of tidal and wind-driven forcing and that reflect complex topography and
intertidal drying zones.

4. New methods are required to quantify processes of resuspension that redistribute fine
material produced locally by finfish aguaculture sites over large areas.

5. New methods are required to quantify processes, such as flocculation and
aggregation, that affect dispersion of particulate matter from finfish farm sites.

6. Sudies are required to determine if the frequency and location of HABs or plankton
blooms are related to the expansion of finfish aquaculture.
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7. New studies are required to determine changes in water column variables in areas of
intensive finfish aquaculture. In comparison to benthic studies, there have been very
few investigations of changes in planktonic communities around finfish aquaculture
Sites.

8. Further studies are required to document environmental or ecological changes in
intertidal areas and to determine if these can be linked unequivocally to the
establishment of aquaculture sites.

9. Mass balance and numerical models are required to link production and external
loading with aerobic and anaerobic oxidation of organic matter (pelagic and
benthic), sedimentation and sulfide accumulation in sediment.

10. Further studies are required to determine the extent of far-field effects on ecological
and biological impacts of antibiotic resistance induced in microbial and other wild
populations in areas of intensive finfish aquaculture.
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EFFETSENVIRONNEMENTAUX A DISTANCE
DE LA PISCICULTURE MARINE

B.T. Hargrave
Sciences du milieu marin, Péches et Océans Canada
Institut océanographique de Bedford, Dartmouth (Nouvelle-Ecosse)

RESUME

Ce document évalue les connaissances actuelles et les recherches nécessaires pour
déterminer la capacité des eaux cotieres a soutenir une industrie de pisciculture marine
durable.  Une question centrale est de savoir quels méthodes, observations
environnementales et modéles existent ou sont requis pour déterminer la capacité de
régions cotieres a assimiler les apports supplémentaires de matiéres dissoutes ou
particulaires provenant des piscicultures.

Pillay (1992) a passé en revue les principaux effets environnementaux de tous les types
d aquaculture a I'échelle mondiale.  Depuis une décennie, plusieurs groupes
internationaux ont abordé divers enjeux environnementaux liés au développement de la
pisciculture marine (Rosenthal, 1988 et 1994; GESAMP, 1991 et 1996; Buerkly, 1993;
Sewart et al., 1993; Ervik et al., 1994a et 1997; Sewart, 1994 et 2001; Rosenthal et
al., 1995; Slvert et Hargrave, 1995; Burd, 1997; Goldberg et Triplett, 1997; Milewski et
al., 1997; Fernandes et al., 2000; Harvey, 2000; Milewski, 2000; EVS, 2001; Holmer et
al., 2001). Une bonne partie de I'information présentée dans ces publications sur les
interactions entre la pisciculture et I’environnement porte sur les modifications
mesurables a courte distance de variables, liées a I’ eau et aux sediments, sensibles a des
apports supplémentaires de matiére organique et d’ é éments nutritifs.

Malgré la difficulté d’ observer les effets a distance, la littérature sur le sujet indique que
des effets écosystémiques du dével oppement de la pisciculture marine ont été mesurés a
certains endroits. Ces impacts a distance peuvent étre rangés en trois catégories:

eutrophisation, sédimentation et effets sur e réseau trophique.

On observe couramment une gquantité accrue de particules en suspension a proximité
immeédiate des enclos a poissons. Lorsgue des granules de nourriture sont distribués
manuellement ou par des distributeurs automatiques, une fine poussiere peut étre
transportée dans I'air ou piégée a la surface de I'eau et s éendre sur une grande
superficie. Les granules de nourriture non consommes et les excréments de poisson
entrainent habituellement une hausse des concentrations locales de particules en
suspension ou déposées au fond. Bien qu'on suppose qu’ une bonne partie de cette
matiere se dépose rapidement pres des enclos d élevage (Gowen et al., 1994; Slvert,
1994e; Findlay et al., 1995; Findlay et Watling, 1997), elle peut étre transportée
horizontalement et se disperser considérablement, particulierement la ou il y a de forts
courants (Sutherland et al., 2001; Cromey et al., 2002). Dans les eaux cotiéres du
Danemark, Holmer (1991) a échantillonné de la matiere provenant directement d’ une
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pisciculture jusqu’'a 1,2 km de celle-ci. La mesure dans laquelle la remise en suspension
et le transport latéral accroissent la sédimentation a des endroits éloignés des sites
piscicoles dépend de processus physiques et sédimentologiques. Les courants de marée,
la circulation résiduelle, les régimes de turbulence, I’ énergie des vagues et du vent ains
gue la floculation (formation d agrégats) déterminent la dispersion des particules a
grande échelle. Les distances et les emplacements des accumulations sont propres a
chaque site et dépendent de la topographie du fond, des courants et des processus
d’érosion et de floculation qui influent sur le temps de s§our de la matiére tant dans la
colonne d’ eau (Sutherland et al., 2001) qu’ au fond (Milligan et Loring, 1997).

Des composes précis associés a la matiere organique, comme des acides gras, des
protéines digestibles, des stérols, le soufre élémentaire, e pristane, les isotopes stables
du carbone et de I’ azote (Li-Xun et al., 1991; Johnsen et al., 1993; Findlay et al., 1995;
McGhie et al., 2000) et des éléments traces, comme le zinc, pouvant servir de traceurs
des granules de nourriture a poisson ont été mesurés dans des sédiments de surface pour
déterminer la dispersion a distance (Ye et al., 1991; McGhie et al., 2000; Sutherland et
al., 2002; Yeats 2002). La modification du type de fond par le dépbt accru de matiére
fine floculée, donnant un sédiment plus fin, pourrait expliquer I’ hypothése voulant que
I’ établissement d’une salmoniculture ait entrainé I’abandon d’une frayére par une
population de homards (Lawton et Robichaud 1991). Toutefois, les salmonicultures
peuvent aussi avoir un effet inverse, soit d’ occasionner des concentrations de homards.
Les sites salmonicoles pourraient offrir aux homards un refuge contre leur exploitation.

L’ eutrophisation est le processus d enrichissement naturel ou anthropique d' écosystemes
aquatiques en ééments nutritifs inorganiques (Jargensen et Richardson, 1996; Strain et
Yeats, 1999; Cloern, 2001). L’eutrophisation & long terme de milieux estuariens ou
cotiers découle de I'apport de substances nutritives dissoutes organiques ou
inorganiques et d'une demande biologique en oxygene (DBO) accrue due a la
décomposition de matiere de toutes les sources (Rosenberg, 1985; Costa-Pierce, 1996;
Johannessen et Dahl, 1996; Cloern, 2001). Des éléments nutritifs inorganiques dissous
provenant de piscicultures ou régénérés a partir de sédiments enrichis en matiére
organique sédimentée sous les enclos a poisson peuvent stimuler la production
phytoplanctonique et accroitre la demande en oxygeéne. 1l est souvent difficile d’ estimer
exactement |’apport d’'ééments nutritifs et de matiére organique provenant d une
pisciculture lorsque les sources possibles et les facteurs environnementaux sont
nombreux (Einen et al., 1995; Srain et al., 1995). Des modéles peuvent aider a
déterminer les quantités relatives d’ apports organiques provenant de I’ aquaculture et de
sources naturelles (transport par les cours d'eau ou les marées, précipitations et
production phytoplanctonique et macroalgale) ou anthropiques (Valiela et al., 1997). Le
niveau d’enrichissement en ééments nutritifs dépend de I'ampleur de I’ exploitation
aquacole, des caractéristiques hydrographiques locales, de I’ampleur des autres sources
par rapport a I’aquaculture et de processus internes, comme |’ absorption par les algues
phytoplanctoniques ou autres, le recyclage interne, la remise en suspension de matiere
fine et I’ absorption par les communautés salissantes qui colonisent les enclos.
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Les effets de I’ eutrophisation peuvent s étendre aux zones littorales ou intertidales peu
profondes. Soumises a des mouvements quotidiens d' eau et de sédiment, les zones
intertidales subissent I'influence de processus a grande échelle qui régissent les flux de
matieres particulaires et dissoutes dans un réseau déchancrures de la cote.
L’enrichissement en éléments nutritifs peut favoriser le développement de grands
herbiers de macroalgues (Soulsby et al., 1982; Petrell et al., 1993; Campbell, 2001), qui
ont une forte capacité d’ absorption d’ ééments nutritifs (Chopin et Yarish, 1999; Chopin
et al., 2000) et peuvent influer sur la faune benthique en modifiant les taux de
sédimentation et la nature de la matiere organique particulaire déposée (Bourget et al.,
1994). Toutefois, peu d éudes ont établi un lien sans équivogque entre la création
d’ exploitations aquacoles et des changements environnementaux ou écologiques en zone
intertidale.

L’ eutrophisation peut changer le rapport entre les éléments nutritifs essentiels (carbone,
azote et phosphore) ainsi que leurs concentrations absolues en modifiant les assemblages
d especes de phytoplancton. |l est difficile de relier directement des cas de prolifération
d'algues nuisibles a des piscicultures. Comme pour d autres types de prolifération de
phytoplancton, de nombreux facteurs environnementaux semblent déterminer les
proliférations d'algues nuisibles. Le mélange et la stratification de la colonne d’eau qui
maintiennent les cellules dans la zone photique avec suffisamment d’éléments nutritifs
constituent des variables essentielles. Contrairement a de nombreuses études qui ont mis
en évidence des effets de piscicultures sur les communautés benthiques a proximité, trés
peu d effets ont été observés sur les communautés planctoniques (Burd, 1997). Des
réductions de la biomasse du zooplancton attribuables a I’ épuisement de I’ oxygene
pourraient permettre |’accroissement de la biomasse du phytoplancton.  Avec
suffisamment de lumiére et d' ééments nutritifs, des taux accrus de production primaire
et de sédimentation épuiseraient encore davantage I’ oxygene en eau profonde.

Il existe une littérature volumineuse qui rapporte des modifications de la structure de la
communauté endobenthique associées a des apports élevés d’ éléments nutritifs et de
matiere organique (Burd, 1997). Seulsles animaux qui tolérent de faibles concentrations
d’ oxygeéne et la présence de sulfures réduits (p. ex., nématodes et polychétes) peuvent
survivre dans des conditions de forte sédimentation organique (Hargrave et al., 1993 et
1997; Duplisea et Hargrave, 1996). La présence ou |’ absence de ces espéces ou groupes
d’ especes «indicatrices» peut montrer la transition d'un niveau faible (naturel)
d’apport de matiére organique a un taux de sédimentation élevé causé par des granules
de nourriture non consommeés et des excréments de poisson dans des zones soumises a un
faible transport (Weston, 1990; Pocklington et al., 1994; Burd, 1997). Des hausses
modérées de I'apport de matiére organique peuvent stimuler la production
macrofaunique et accroitre la diversité en espéces, mais, au-dela d'un certain seuil,
I’augmentation de I’apport organique entraine une baisse de la diversité et de la
biomasse.

Les modifications a grande échelle de la composition spécifique de la communauté
macrobenthique a distance des sites piscicoles sont plus difficiles & déceler et n’ont pas
été beaucoup étudiées. Depuis une décennie, dans le cadre de programmes de
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surveillance a long terme, on mesure dans certains secteurs les échelles temporelles et
spatiales des modifications de la composition spécifique et de la biomasse de la
communauté macrobenthique, afin de déterminer s I'on peut détecter des effets
d’ enrichissement en matiére organique attribuables a I’ aquaculture (Burd, 1997; Brooks,
2001). La plupart des études ont montré que ces modifications ne s étendent pas au-dela
de 50 m des sites piscicoles. Comme la profondeur de I'eau et la vitesse des courants
sont des facteurs déterminants de la sédimentation prés des enclos (Weston, 1990; Pohle
et al., 1994, Slvert, 1994e; Henderson et Ross, 1995; Burd, 1997; Pohle et Frost, 1997,
Brooks, 2001; Cromey et al., 2002), les impacts sur la faune benthique varient selon les
sites piscicoles. Dans le sud-ouest du Nouveau-Brunswick, |es effets d’ enrichissement en
matiere organique attribuables a des piscicultures nouvellement établies ne dépassaient
pas une distance de 30 m des enclos. Aprés environ cing ans, des modifications
pouvaient ére mesurées a de plus grandes distances (> 200 m). La plus grande
réduction de la diversité macrobenthique a été observée pres d’ une pisciculture exploitée
depuis douze ans, mais des baisses significatives de la diversité se sont également
produites dans I’ensemble du réseau d échancrures de la céte. Dans une étude de
I’épifaune et de I’endofaune benthiques a deux endroits situés a différentes distances
d’ exploitations aquacoles, Wong et al. (1999) ont montré que la diversité de I’ endofaune
était significativement plus élevée a distance (> 500 m) qu’'a proximité (< 500 m) de
pisciculture. La diversité réduite a des distances inférieures a 500 m pourrait indiquer
gue la faune endobenthique est plus sensible que la faune épibenthique aux apports de
matiere organique (Warwick, 1986 et 1987), peut-étre en réaction aux modifications de
la structure physique des sédiments (granulométrie), de la concentration d’ oxygéne et de
I”accumulation de sulfure associées a des apports accrus de matiere organique.

Un autre effet a distance des piscicultures découle de [I'utilisation d agents
chimiothérapeutiques. Les antibiotiques ajoutés a la nourriture du poisson peuvent
entrainer une pharmacoreésistance chez les populations microbiennes naturelles a
I"échelle d'une échancrure de la cbte. Apres quelques semaines, les concentrations
d oxytétracycline (OTC), un antibiotique d’ utilisation courante, ont considérablement
diminué, mais des traces de I’antibiotique étaient détectables pour une période allant
jusgu’a 18 mois (Samuelsen et al., 1992). Dans Puget Sound, on trouve généralement les
sadiments contenant le plus de bactéries (unités formant colonies) aux sites piscicoles
(Herwig et al., 1997), mais la proportion de bactéries résistantes a I'OTC diminue
exponentiellement a mesure gque |I’on s éoigne d’ une pisciculture. Ervik et al. (1994b)
ont aussi observé la présence d’ antibiotiques chez des poissons et des moules sauvages a
proximité d’'une pisciculture ou I’on avait ajouté des antibiotiques a la nourriture du
poisson. Friars et Armstrong (2002) ont mis en évidence une résistance a I’ OTC chez
des bactéries cultivées a partir de sédiments situés jusqu’a 100 m de salmonicultures
dans des échancrures de la baie de Fundy.

LACUNESDANS LES CONNAISSANCES

1. Il faut déterminer les niveaux durables de production salmonicole dans les régions
cotieres ou I’ on pratique actuellement la pisciculture marine au Canada.
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2. Des modeles de bilan de masse des apports de substances nutritives (inorganigues et
organiques) provenant de toutes les sources (naturelles et anthropiques) peuvent
servir a évaluer les apports éventuels de la pisciculture. Ces bilans doivent prendre
en compte le recyclage interne des éléments nutritifs en plus des sources externes.

3. On peut élaborer ou améliorer des modeles de circulation générale de I'eau pour
déterminer les effets combinés des forcages par les marées et le vent en tenant compte
de la complexité de la topographie et des zones intertidales.

4. |l faut de nouvelles méthodes pour quantifier les processus de remise en suspension
qui redistribuent sur de grandes superficies la matiére fine provenant des
piscicultures.

5. 1l faut de nouvelles méthodes pour quantifier les processus, comme la floculation et
I"agrégation, qui influent sur la dispersion des particules provenant des piscicultures.

6. Il faut réaliser des études pour déterminer s la fréguence et les emplacements de
proliférations d’ algues nuisibles ou non sont liés a I’ expansion de la pisciculture.

7. 1l faut effectuer de nouvelles études pour détecter les modifications touchant les
variables liées a la colonne d eau dans les régions de pisciculture intense. Les
modifications des communautés planctoniques pres des piscicultures ont fait I’ objet
de beaucoup moins d’ études que celles touchant |es communautés benthi ques.

8. |l faut réaliser des études approfondies pour mettre en évidence des changements
environnementaux ou écologiques dans les zones intertidales et relier
catégoriquement ces modifications a la création d’ exploitations aquacoles.

9. Il faut des modeles numériques, notamment de bilan de masse, pour relier la
production et les apports externes avec |’oxydation aérobie et anaérobie de la
matiere organique (pélagique et benthique), la sédimentation et I’accumulation de
sulfure dans les sédiments.

10. 1l faut réaliser des études approfondies pour déterminer I'ampleur des effets
biologiques et écologiques a distance de la résistance aux antibiotiques des
popul ations microbiennes sauvages dans les régions de pisciculture intensive.
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INTRODUCTION

This paper on far-field environmental effects of marine finfish aquaculture reviews
existing knowledge and research needs required to determine the ability of coastal waters
to support a sustainable marine finfish aguaculture industry. A central question is what
methods, observations and models exist, or are required, to determine the capacity of
coastal areas to assimilate additional sources of dissolved and particulate matter released
by cultured finfish Related topics of diseases in cultured fish and transmission to other
species, genetic interactions, displacement of wild salmon stocks through escapement,
and impacts of chemicals and therapeutants used in the industry will be dealt with in
other papersin this series.

EXISTING KNOWLEDGE —MAIN ISSUES

Pillay (1992) provided an early review of major environmental impacts of all types of
aquaculture on a worldwide basis. More recently, effects of fish cage culture have been
reviewed for various marine species and environments (Black 2001). Over the past
decade, several international groups have considered various environmental issues
surrounding the development of marine finfish aguaculture, which involve many of the
potential far-field environmental and ecological effects discussed below.

The Environmental Interactions of Mariculture Working Group was established under the
ICES Mariculture Committee in 1988, and several review articles have been produced
(Rosenthal 1988, 1994; Rosenthal et al. 1995). An integrated approach to considering
finfish aguaculture within a broad coastal zone management system has been developed
in Norway (MOM and LENKA Projects) (Stewart et al. 1993; Ervik et a. 1997; Stewart
2001). A joint Canada/Norway workshop on environmental impacts of aquaculture was
held in Bergen, Norway (February 1993) (Ervik et al. 1994a; Stewart 1994). The ICES
Mariculture Working Group sponsored a modelling workshop on the same topic (Silvert
and Hargrave 1995), and papers presented at an ICES international symposium in 1999
were published in the ICES Journal of Marine Science (Holmer et a. 2001).

The Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection
(GESAMP) produced three reports (GESAMP 1991, 1996, 2001) on monitoring effects
and environmental impacts of finfish aguaculture within the context of a management
framework for coastal development. Burd (1997) reviewed published literature on
environmental interactions of salmon aguaculture for the British Columbia (BC)
Environmental Assessment Office. Similar reviews have been prepared for the
Conservation Council of New Brunswick (Buerkly 1993; Milewski et al. 1997; Harvey
2000) and the Environmental Defense Fund (Goldberg and Triplett 1997) and presented
recently at a SeaWeb conference on Marine Aquaculture and the Environment (Milewski
2000; Tlusty et al. 2000a). A review of selected literature on impacts of freshwater and
marine aguaculture on the environment was completed in 2000 for Fisheries and Oceans
Canada (DFO) (EVS 2001). Environmental monitoring programs and regulations for
marine aguaculture in various countries have been reviewed in a special issue of Journal
of Applied Ichthyology (2000: Volume 16). Fernandes et al. (2000) and other
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contributors described progress towards establishment of scientific guidelines for Best
Environmental Practice in individual countries, such as'MARAQUA' Concerted Action -
an attempt to achieve standards for aquaculture development and environmental
protection among European countries. Finally, a review focused on eutrophication effects
of salmon aguaculture in Scottish marine waters was compiled by Black (2003).

Much of the information on environment-finfish aquaculture interactions in publications
cited above is focused on measurable near-field changes in water and sediment variables
senditive to organic matter and nutrient additions. Factors such as decreased dissolved
oxygen, increased dissolved nutrients and suspended particulate organic matter, increased
organic sedimentation, and associated changes in benthic habitat and communities are the
most commonly observed environmental changes (Burd 1997). Increases in dissolved
nutrients and organic matter loading are directly related to the magnitude of fish biomass
held in pens and may be modelled based on knowledge of a few variables (number and
size of fish, water depth, temperature and feeding rate) (Silvert 1992, 1994a; Silvert and
Sowles 1996; Silvert and Cromey 2001). In areas where currents are low (e.g. <5 cm-s'%),
direct effects of increased particulate matter sedimentation have been measured under
and close to (<50 m) cage sites, when compared to sedimentation rates measured some
distance (>500 m) away (Sutherland et al. 2001). Reductions in benthic faunal diversity,
increased community metabolism and creation of anoxic conditions have been
guantitatively related to organic matter supply (Kupka-Hansen et al. 1990; Weston 1990;
Hargrave et al. 1993, 1997; Findlay et al. 1995; Findlay and Watling 1997). All of these
effects are diminished or are not observed in areas of high currents.

Currents (direction, velocity and variability), depth and substrate type are three maor
factors determining both local and far-field effects of finfish aguaculture in coastal areas
(Findlay et al. 1995; Burd 1997). These variables determine the spatial and temporal
heterogeneity of coastal marine environments that makes prediction and observation of
far-field effects potentially caused by aquaculture development difficult to observe and
quantify. Near-shore marine environments are among the most physically, chemicaly
and biologically diverse marine habitats in the world (Valiela 1991). For example,
bathymetric and hydrographic variables, including the input of tidal and wind energy,
determine patterns of water circulation and the nature of bottom substrates in all coastal
areas. Thus, changes in variables become more difficult to measure with increasing
distance from farm sites. The horizontal extent of broad-scale ecosystem effects that
might be expected to occur due to finfish aquaculture will be highly site-specific and
dependent on the size, spacing and stocking density of net-pens. The ability to observe
these effects is also confounded by other inputs of nutrient and particulate matter from
urban and industrial sources.

Despite the difficulties of observing far-field effects, published literature shows that in
some locations, measurable effects attributable to finfish aguaculture development have
been observed at the ecosystem level (Pearson and Black 2001). The impacts may be
categorized into three types of broad-scale changes distant from farm sites:
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1) eutrophication (nutrient and organic matter enrichment leading to increased
dissolved inorganic nutrient concentrations and decreased dissolved oxygen);

2) sedimentation (direct settling of feed pellets, feces, increased organic matter
flocculation leading to higher deposition rates of small particles, changes in
turbidity);

3) food web structure and function (changes in planktonic, fish and benthic
community composition, enhanced/decreased productivity, behavioral avoidance,
stimulation of harmful algal blooms, intertidal/macroalgal community effects).

EUTROPHICATION
MODELLING ADDITIONS OF NUTRIENTSAND ORGANIC MATTER

Eutrophication is the process of natural or anthropogenic enrichment of aguatic systems
with inorganic nutrient elements (Jargensen and Richardson 1996; Strain and Y eats 1999;
Cloern 2001). Nixon (1995) proposed the terms oligotrophic, mesotrophic, eutrophic and
hypertrophic to describe the progression from low to high nutrient status. Long-term
eutrophication of coastal and estuarine waters is due to additions of both dissolved
inorganic and organic nutrients and increased biological oxygen demand (BOD) from
oxygen-consuming material from al sources (Rosenberg 1985; Costa-Pierce 1996;
Johannessen and Dahl 1996; Cloern 2001). Trophic status may also be measurable in
sediments using biochemical variables related to the quantity and composition of organic
matter (Dell’Anno et a. 2002). However, it is often difficult to accurately estimate
anthropogenic impacts due to nutrient and organic matter additions from only one source,
for example finfish aguaculture, when many possible sources exist (Einen et al. 1995;
Strain et a. 1995). Few models take into account interna (recycling), as well as all
external sources of nutrient loading in coastal locations (Burd 1997; Strain and Y eats
1999). Resuspension of fine material during storms may bring recently settled material
and nutrient-rich sediment pore water into suspension Phytoplankton production may be
stimulated by regenerated nutrients to levels in excess of what would be supported by
nutrient concentrations in the water column.

Eutrophic effects of nutrients released from fish farms have been documented and
modelled in many countries for coastal waters with restricted exchange to offshore areas:
Scotland (Gowen et al. 1988; Pridmore and Rutherford 1992; Ross et al. 1993, 1994,
Gowen 1994; Berry 1996; Gillibrand and Turrell 1997; Black 2003), Sweden (Hakanson
et a. 1988; Ackefors and Enell 1990; Makinen 1991; Enell and Ackefors 1992) and
Norway (Ervik et al. 1985). Knowledge that the spread of disease between farms can
occur over distances of several kilometers has also been incorporated into the
development of an environmental monitoring program in Norway (MOM) (Stewart 1991,
1998; Ervik et al. 1997; Fisheries Research Services 2000; Hansen et a. 2001). The
integrated management approach recognizes the need to regulate local environmental
conditions at farm sSites to ensure protection of a larger area (Ervik et a. 1997).
Geographical Information Systems (GIS) are increasingly being proposed as a useful tool
for siting decisions (Nath et a. 2000).
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Silvert and Cromey (2001) reviewed various approaches to modelling broad-scale
environmental effects of finfish aguaculture. Effects of nutrient loading from fish cages
on coastal inlet systems have been modelled using ecometric analysis (Hakanson and
Wallin 1990; Wallin and Hakanson 1991; Nordvarg and Hakanson 2002). The analysis
produces load diagrams or empirical relationships between dose (e.g. nutrient input) and
some measurable environmental effect (e.g. changes in water transparency related to
increasing suspended matter concentrations or dissolved nutrient concentrations). Expert
(decision-support) (DSS) computer-based systems have been developed to incorporate
physical and biological variables associated with finfish farm operations for prediction of
benthic organic matter loading rates and evaluation of environmental criteria for optimal
siting (Silvert 1994b,c,d; Hargrave et a. 1996; Silvert and Sowles 1996; Doucette and
Hargrave 2002; Hargrave 2002). Trophodynamic models have also been structured into a
DSS format to use water, sediment and higher trophic level variables to develop an index
of estuarine environmental quality (Ferreira2000). Models and empirica relationships in
most DSS applications are based on functional relations that are site-specific and to be
valid must be used within the same range of empirical values from which regressions
used for calculations were derived.

Other modelling studies have used smple box models to assess the relative potentia for
environmental effects of new and existing fish farm sites (Strain et a. 1995; Gillibrand
and Turrell 1997; Black 2003). The models for various Scottish sea lochs, based solely on
surface water flushing driven by tidal exchange, without consideration of effects of
complex topography or exchange of surface and deep water, showed the potentia for
enhanced nutrient levels due to farm activity (termed the equilibrium concentration
enhancement). The upper 5-m surface layer in several of 63 sea lochs modelled showed
enhancement ratios for potential enrichment by dissolved ammonia of 2 to 13 times.

In contrast, Burd (1997) concluded that total dissolved nitrogen produced by the salmon
aquaculture industry in BC was <0.3% of the nitrogen input to the Strait of Georgia and
hence would be unlikely to significantly alter natural concentrations. Tidal transport and
mixing in the Strait of Georgia may dilute local contributions from a point source such as
asingle finfish farm site A similar situation may exist within the Broughton Archipelago
region of south-central BC, where large-scale water mass characteristics are determined
by exchanges between inshore and offshore waters (Stucchi et a. 2002). More limited
exchange occurs between inshore and offshore areas within the Southwestern Isles
Region of the Bay of Fundy, New Brunswick (SWNB) (Greenberg et al. 1997), where
gpatial variations in phytoplankton populations appear to reflect estuarine and offshore
source areas (Page et al. 2002).

The importance of local hydrographic conditions in determining nutrient enrichment
effects was demonstrated in a small coastal embayment in New Zealand with restricted
water exchange. Samon aguaculture was estimated to have increased nitrogen
concentrations by 30% with a corresponding increase in phytoplankton primary
production (Pridmore and Rutherford 1992). The degree of nutrient enrichment due to
releases from aguaculture sites will be different in different areas. This will be
determined in part by the scade of aguaculture relative to loca hydrographic
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characteristics (water residence time and inshore-offshore exchanges), the magnitude of
other sources relative to aquaculture, and internal processes, such as uptake by
phytoplankton and attached macro- and microalgae that remove nutrients.

Dissolved inorganic nutrient concentrations in macrotidal areas of the Bay of Fundy like
Letang Inlet (SWNB) may be naturally elevated due to riverine input, sediment
resuspension and recycling. When combined with inputs from industrial sources (such as
fish processing plants and sewage discharge), effects of nutrients released by numerous
fish farms may only be observed in regions where farm sites are highly concentrated
(Strain et a. 1995). Nutrient enrichment may be less important in deep water coastal
areas of Newfoundland-Labrador (NL) and BC, where farms tend to be more widely
dispersed.

Dissolved ammonium concentrations in Letang Inlet (SWNB) during the summer are
currently (1999/2000) about twice the levels observed in other Atlantic coastal inlets
where salmon aquaculture is not carried out (Bugden et al. 2001). This observation in
itself indicates that supply of this essential nutrient for phytoplankton production exceeds
removal rates In most temperate coastal areas that do not receive urban or industria
effluents, essentially all dissolved inorganic nitrogen is removed from the photic zone by
phytoplankton during the summer growth period. However, it is possible that light, rather
than nutrient supply, limits primary production in the SWNB area and elsewhere in the
relatively turbid waters of the Bay of Fundy (Harrison and Perry 2001). Increasing
dissolved nutrients will not stimulate higher levels of primary production if light-limiting
conditions occur (Cloern 2001). It must also be emphasized that while nitrogen is often
considered essential for phytoplankton production, other nutrients (e.g. phosphorus,
dlicate) may at times be limiting. The ratio between essential nutrients (carbon:
nitrogen:phosphorus), as well as absolute concentrations, may be altered through the
process of eutrophication causing a shift in phytoplankton species assemblages (Black
2003).

MODELLING DISTRIBUTIONS OF DISSOLVED OXYGEN AND
BIOLOGICAL OXYGEN DEMAND

Models can be used to compare the relative amounts of dissolved nutrient and organic
matter loading from aguaculture with natural sources (river discharge, tidal exchange,
rainfall, phytoplankton and macroalgal production) and human inputs (Aure and
Stigebrandt 1990; Valiela et a. 1997). Strain et a. (1995) compared estimated annual
oxygen demand from salmon aguaculture with other natural and industrial sources of
BOD in Letang Inlet to show that inputs of carbon, nitrogen, phosphorus and BOD from
finfish aquaculture were of a similar magnitude or exceeded estimated phytoplankton
production It was formerly believed that coastal and estuarine areas of a macrotidal
environment like the Bay of Fundy would experience a magnitude of water exchange
sufficient to dilute and disperse local sources of organic matter arising from finfish farm
sites. However, modelling of M tidal circulation in SWNB has shown that water masses
in some parts of the Letang Inlet system have complex and variable exchange with
offshore areas (Greenberg et a. 1997, 2001; Dowd et al. 2001).
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One indication that natural limits of organic matter supply have been exceeded by
additiona inputs is the formation of oxygen deficient water (GESAMP 2001). Oxygen is
supplied to surface waters through advection of oxygenated offshore water, wind mixing
and phytoplankton production during the day. However, these processes of supply are
balanced by phytoplankton respiration, oxygen consumption by other planktonic
organisms, and uptake by subtidal and intertidal sediments. Intensive finfish aquaculture
also adds dissolved and particulate organic matter that is decomposed by bacteria to
contribute additional oxygen demand. Dissolved inorganic nutrients released by finfish
and regenerated from sediments enriched with sedimented organic matter under fish pens
(discussed below) may stimulate phytoplankton production and hence indirectly increase
oxygen demand (Aure and Stigebrandt 1990).

Observations of dissolved oxygen and nutrients over tidal cycles in the Letang area,
SWNB near farm and reference locations showed that, at some times during summer
months, concentrations were reduced in the immediate vicinity of net-pens (Wildish et al.
1993). Dissolved oxygen was close to 100% saturation during spring and early summer
months as expected when microalgal production would add oxygen to the water during
the day. However, an earlier study in Letang Harbour (Wildish et al. 1986a) showed that
concentrations as low as 60% of saturation values occurred at some stages of atidal cycle
at locations >500 m from aguaculture sites. This is below a level (~80% saturation;
approximately 7 mg-L'Y) that would be stressful to fish (Davis 1975). Seasona data for
dissolved oxygen in Lime Kiln Bay, SWNB in 1991 and 1992 also showed that oxygen
concentrations decreased from high values in the spring (>100% saturation) to minima in
late summer and fall (80-90% saturation) (Martin et al. 1995; Page and Martin 2001). If
stocking densities of cultured fish are high and located in areas where inlet-wide seasonal
oxygen depletion occurs naturaly, local oxygen levels within net-pens and near farm
sites may be reduced below critical levels for sustained finfish aquaculture. A tidal
circulation model developed for the Quoddy region (Greenberg et a. 2001) has been used
to predict locations where critical combinations of farm location, current speed and
duration could lead to oxygen deficiency due to respiration of cultured salmon (Page et
al. 2002).

As the cited literature illustrates, most previous studies of effects of dissolved
components released by finfish aguaculture have focused on dissolved inorganic nutrients
and oxygen Dissolved organic matter in seawater from diverse sources (released by
phytoplankton and macrophytes, river input, runoff, sewage and aquaculture) is present in
concentrations up to ten times greater than is present in particulate form (Kepkay and
Bugden 2001). Seasonal changes, with order of magnitude increased concentrations
during summer months, were correlated with changes in suspended chlorophyll in
SWNB, indicating large seasonal variations in carbon loading (Kepkay et al. 2002).
Inputs from aquaculture may be difficult to detect in the presence of such large natural
variations. However, dissolved organic material is released in excretory products by
cultured finfish, and these compounds have the ability to alter physiological responsesin
phytoplankton and other species Arzul et a. (2001) examined growth of different
phytoplankton species under experimental conditions in the presence of excretion
products from various fish and shellfish Growth inhibition with exposure to finfish
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excretory products was thought to be due to dissolved organic components or altered
nitrogen:phosphorus ratios. The applicability of these results to natural waters, where
excretory products produced by intensive finfish culture can be rapidly diluted, has not
been determined.

ALGAL BLOOMSAND MACROPHYTE PRODUCTION

Previous research on harmful alga blooms (HAB) has shown that water column
stratification and nutrient availability are critical variables for bloom formation
However, it has proven difficult to directly relate the occurrence of HABs to the
establishment of finfish aguaculture farms (Page et al. 2001, 2002; Black 2003). In many
areas, blooms of planktonic organisms that cause mortality to salmon have a historic
occurrence unrelated to the development of finfish aquaculture (Stewart and Subba Rao
1996; Martin et a. 1999). Even small numbers of specific cell types (e.g. 5 cellsmL™ of
Chaetoceros sp.) can cause gill damage in samon and create portals for entry of
infectious bacteria (Albright et al. 1993).

A long-term (10-yr) plankton monitoring program has been carried out in SWNB
comparing sites near and distant from aquaculture operations (Martin and LeGresley
2001; Page et al. 2001). The observations show a trend to increased abundance of a
diatom species (Thalassiosira nordenskioeldii) at sites near fish farms that might be
correlated with aguaculture activity, but other environmental factors such as salinity also
vary (Smith et a. 2001). As with other types of plankton blooms, many environmental
factors appear to control the formation of HABs. While it is difficult to generalize, water
column mixing and stratification that maintain cells in the photic zone with an adequate
nutrient supply are critical variables. Eutrophic conditions of warmer water, increased
nutrient levels and water column stability that favor the formation of al alga blooms
generaly contribute to poor culture conditions for fish such as Atlantic salmon (Stewart
1997).

Eutrophication effects may also extend into the shallow water littoral and intertidal zones
where nutrient enrichment can stimulate the extensive development of macroalgal beds
(Soulshby et al. 1982; Petrell et al. 1993; Campbell 2001). Macroalgae have a large
capacity for nutrient uptake (Chapman and Craigie 1977; Subandar et a. 1993; Okhyun
et a. 1998; Chopin and Yarish 1999; Chopin et a. 2000), and some species have
alternative strategies for nutrient utilization (Anderson et a. 1981). Growth, biomass and
chlorophyll pigment content of the green algae Cladophora glomerata was observed to
have increased at sites close to fish farms in shallow (0.2-0.5 m) coastal waters of the
northwest Baltic (Ruokolahti 1988). Increases were thought to reflect eutrophication
effects due to increased dissolved phosphorus and nitrogen released from aguaculture
sites, which reached maximum levels in August. Biomass of Cladophora throughout the
northern Baltic aso increased in the 1970s and 1980s, in response to general nutrient
enrichment of northern regions of the Baltic Sea.

Biofouling communities that colonize nets or pens are adso Sites for extensive
development of attached macroalgae. The biomass in these communities can be
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substantial (>1 kg:m?) (B. Hargrave, unpublished data from Bliss Harbour, SWNB), and
nutrients released from fish and feces held within net-pens will be adsorbed by the
biomass attached to the net surfaces. In systems like Bay d'Espoir, NL, the biofouling
community is dominated by blue mussels that at times may congtitute a significant
biomass (M.R. Anderson, Northwest Atlantic Fisheries Centre, St. John’s, NL, personal
communication). Utilization of particulate wastes from cages by filter-feeding organisms
such as mussels attached to net-pens has been examined (Stirling and Okumus 1995).
Also, therapeutants such as antibiotics added to fish feed pellets were observed in nearby
wild mussel populations (Ervik et al. 1994b), indicating transport and utilization of
particulate matter released from farms where medicated feed had been used.

SEDIMENTATION
TRACERS OF DISPERSION

Specific compounds associated with fish feed pellets have been used as tracers of
dispersion in surface sediments to determine far-field distribution patterns (Ye et a.
1991; McGhie et a. 2000; Brooks 2001; Sutherland et al. 2002; Y eats 2002). Variables
such as fatty acids, elemental sulfur and pristane, indicative of enrichment by farm
wastes, were measured from 100 to 150 m away from salmon pens at a site on the west
coast of Norway (Johnsen et al. 1993). Similarly, increased concentrations in copper and
zinc above natural background levels were observed in surface sediments away from
farm sites in inlets in BC and SWNB where salmon aquaculture is most concentrated
(Brooks 2001; Yeats 2002). Elevated zinc concentrations in under-cage sediments
provided evidence that farms were the source of zinc away from farm sites. On the other
hand, concentrations of fatty acids, sterols and digestible proteins in sediments near
Swan’'s Idand, Maine showed spatialy limited effects of dispersion of farm-derived
waste products (Findlay et al. 1995). Stable carbon isotopes were used to estimate that
~40% of sediment carbon up to 150 m from cages at a farm site in Tasmania was derived
from organic wastes from fish pens (Li-Xun et a. 1991). Currents were relatively weak
(2-5cm-st) in all locations where these studies were located; hence dispersion of settled
waste may have been restricted. A study showing that fatty acids, sterols and stable
carbon/nitrogen isotopes in sediments at a former net-pen site changed during fallowing
means that these compounds may only be useful as tracers over short time scales
(McGhie et a. 2000). They may have vaue to track near-field dispersion but be of
limited use as far-field tracers.

Stable carbon isotopes were measured in suspended and sediment trap materia in areas
of the Broughton Archipelago, BC to determine transport of cage-derived particulate
matter away from a farm site (Sutherland et a. 2001). The stable carbon (C) isotopic
signature in feed pellets was detected in suspended matter within the net-pen system and
in the near-field water column. However, athough *C:*?C ratios in sediment trap
material collected near the farm site consisted largely of fish fecal waste, they were not
characteristic of feed. Metabolic conversion of feed consumed by fish and mixed sources
of settled material (e.g. fish fecal waste mixed with natural marine seston and terrigenous
organic debris) could have diluted the isotopic composition Further studies such as this
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are warranted using naturally occurring isotopes to differentiate source material. For
example, stable nitrogen isotopes have been used to show a progressive change in sources
of organic matter supply to coastal and estuarine areas (McClelland and Valiela 1997).
These methods may be used to detect distances and directions of particle transport
produced through fish farming activity if there is a large difference in stable isotopic
signatures in pen-derived and naturally occurring material (Li-Xun et al. 1991).

One problem in using tracers of net-pen generated materia is that different chemica
markers may show different patterns of dispersion For trace metals such as copper and
zinc it is necessary to normalize for background concentrations before enrichment can be
quantified (Y eats 2002). Variability in dispersion patterns may also be due to the choice
of tracer. Sutherland et al. (2002) observed variability and asymmetrical footprints for
organic carbon, nitrogen and zinc in sediments under and away from net-pens in the
Broughton Archipelago. Highest values were not always directly under pens, and the
extent and shape of increased concentrations above background levels was different for
each variable. Interactions between bathymetry, hydrography and sediment physical-
chemical properties will determine the ultimate fate of material accumulated in bottom
deposits both at and distant from farms. Site-specific studies are required to ground-truth
patterns of dispersion for specific tracers.

PROCESSES CONTROLLING PARTICLE DISPERSION

The amount of suspended matter in surface water in the immediate vicinity of finfish net-
pens is often increased over that measured some distance away (B. Hargrave,
unpublished data from SWNB; Sutherland et a. 2001). Under calm conditions, there is
also often an ail-rich, organic film surface visible at distances >1 km from farm sites.
Particulate matter is easily dislodged from biofouling communities that colonize nets.
Until the late 1990s, it was common practice in SWNB to remove biofouling
communities from net-pens using high-pressure water jets on nets stretched over a large
drum on a cleaning barge. Dislodged macrophyte and animal debris forming turbidity
plumes carried by tidal currents have been observed at distances >1 km from a cleaning
barge in SWNB (B. Hargrave, unpublished data).

When feed pellets are distributed by hand or automatic mechanical feeders, a fine dust
may potentially be transported in the air or trapped in the water surface film and spread
over abroad area. Unconsumed feed pellets and fish feces usually contribute to increased
local concentrations of suspended and sedimented particulate matter. While much of the
released material is assumed to settle rapidly (Gowen et a. 1994; Silvert 1994e), there is
potential for horizontal transport and widespread dispersion, particularly in areas with
high currents (Sutherland et a. 2001). In near-shore areas typical for finfish farm sites,
water depth may be shallow (<30 m), and resuspended particles may cycle several times
between the water column and sediment surface before reaching an area of low bottom
shear stress and turbulence where permanent sedimentation occurs (Kranck et al. 1996a,
b; Milligan and Loring 1997).
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The extent to which resuspension and lateral transport increase sedimentation at locations
remote from farm sites depends on both physical and sedimentological processes
(Sutherland et a. 2001). Tidal flow, residual circulation, patterns of turbulence, and wind
and wave energy will determine large-scale patterns of particle dispersion Flocculation
(aggregation) plays a major role by controlling the settling velocity of fine particles
(Milligan and Loring 1997; Milligan et al. 2001). Material in suspension exists as either
single grains or as part of flocs. Flocculation rate is primarily dependent on concentration
and adhesion efficiency (the probability of two particles sticking together on contact).
While turbulence initially favors aggregation by increasing the encounter rate of particles,
above some level it causes floc break-up. Changes in the balance between these two
modes of deposition, for example as a result of increased particle load, will directly affect
settling velocity and hence particle dispersion.

Increased flocculation and sedimentation of particles that would normally remain in
suspension have been observed in SWNB (Milligan and Loring 1997) and in estuaries in
the United Kingdom (Ye et al. 1991). Flocculation and deposition of fine-grained
sediments may be enhanced in coastal areas where dissolved organic matter (DOM) is
added by natural sources (e.g. rivers containing humic substances), as well as by inputs
from industrial and urban sources such as fish processing plants and sewage discharge.
Colloidal material, the largest reservoir of organic matter in the ocean, creates aggregates
of polysaccharide polymers that may enhance sedimentation and transfer of particles
from the water column to the benthos (Kepkay 1994; Kepkay and Niven 1996). The
development of finfish aquaculture in such areas creates an additional source of DOM
that may then increase aggregate formation and deposition of material.

DIRECT OBSERVATIONS OF SEDIMENTATION

Most previous studies of increased sedimentation associated with marine finfish farm
sites have focused on the presence of solid feed pellets and fish fecal waste in settled
material at or near cage sites (Hargrave 1994; Findlay et al. 1995; Findlay and Watling
1997). Holmer (1991) collected material of this nature, directly attributable to a finfish
aguaculture source, at distances up to 1.2 km from a farm site in Danish coastal waters.
The distances and locations of accumulation are highly site-specific and depend on
bottom topography, currents, erosion and flocculation processes that affect the residence
time of material both in the column (Sutherland et a. 2001) and on the bottom (Milligan
and Loring 1997). Two-dimensional tidally driven flow models coupled with particle
tracking models have been used to predict changes in sedimentation and buria rates at
variable distances around finfish farm sites in coastal areas of Maine (Dudley et a. 2000)
and Scotland (Cromey et al. 2000, 2002). Results from applications of these models show
that horizontal dispersion is sensitive to water depth, particle settling velocity, current
velocity over depth and bottom shear stress at which settled pen-derived material may be
resuspended. Improved understanding of processes involved with resuspension and
erosion in both models allowed a range of sedimentation rates (<1-15 g C-m2day™?)
around pens (up to 100 m) to be predicted that were consistent with measured values.
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Burd (1997) and Brooks (2001) summarized extensive studies with short-term sediment
traps deployed at distances up to 1 km from farm sites in coastal areas of BC and
elsawhere. Interpretation of data from different studies is complicated by the fact that in
some cases traps were placed directly on the seabed where resuspended sediment could
increase apparent sedimentation rates In an earlier comparison of similar data from
different northern temperate latitude aquaculture sites, Hargrave (1994) concluded that a
threshold (~1 g C-m*.day?) existed for sedimentation, such that at higher rates anoxic
conditions were created in surface sediments Oxygen supply was sufficient to maintain
aerobic conditions at lower sedimentation rates in most locations. An earlier study under
blue-mussel culture lines showed that similar sedimentation rates (above 1.7 g C-mi?-day’
Y led to increased microbial sulfate reduction and sulfide accumulation (Dahlbéck and
Gunnarsson 1981). The enhancement of anaerobic metabolism and formation of anoxic
sediments with increased organic loading was similar to a relationship described by
Sampou and Oviatt (1991) for a simulated eutrophication gradient with nutrients added to
experimental mesocosms.

Findlay et a. (1995) and Findlay and Watling (1997) quantified relationships between
carbon sedimentation and benthic response at finfish aguaculture sites in coastal Maine.
They derived regression models linking benthic respiration (O, and CO, sediment-water
exchange), organic matter sedimentation and oxygen supply (calculated from current
velocity). Omori et al. (1994) aso described a numerical modd that linked aerobic and
anaerobic oxidation of organic matter in sediments to sedimentation and sulfide
accumulation If sedimentation rates are known, these empirical relationships can be used
to predict the degree of change expected in benthic community structure and metabolism
with increasing rates of organic loading. Such relationships are included in the
DEPOMOD model that predicts spatial patterns of deposition around farm sites (Cromey
et a. 2000, 2002).

Rates of sedimentation at non-agquaculture sites are usually below the threshold (<1 g
C-mi?.day!) that would create anoxic conditions in sediments (Hargrave 1994). When
flux rates are low, deposited organic materia is rapidly decomposed and remineralized,
resulting in minimal accumulation of reduced metabolic by-products For example, Kelly
and Nixon (1984) observed that within two months up to 20% of particulate carbon and
30% of nitrogen filtered from a laboratory seawater system and experimentally deposited
in microcosms were released from sediments into overlying water as dissolved inorganic
products of decomposition They speculated that initial rates of decomposition of freshly
settled organic matter collected in sediment traps may be even more rapid (5-10%:day’t).
Such rapid loss reduces the amount of organic matter available for storage in deeper
sediment layers. However, the dissolved substances released from sediments are available
for widespread dispersion by water mixing and exchange.

Cranston (1994) suggested that organic matter fluxes to sediments could be estimated
from carbon burial (CB). He proposed this as an integrative measure of enrichment due to
finfish aguaculture, since accumulation is measured after labile organic matter is lost.
Severa studies have shown that preservation rates of non-labile carbon increase with CB
(MUller and Suess 1979). Cranston (1994) examined the relationship in near-shore areas
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of SWNB by comparing dissolved ammonium and sulfate profiles in sediment pore water
with known CB rates In a comparison of over 100 coastal to deep ocean sites, highest
values (2-10 g C:mi?.day) occurred at salmon farm sites in the Letang area (SWNB),
where carbon concentrations were >3% of sediment dry weight. By comparison, CB at
sites in Halifax Harbour, an inlet on the Atlantic coast of Nova Scotia (NS) that receives
urban sewage, varied from 0.2 to 0.7 g C-m?-day™.

Although CB is an integrative measure that reflects al sources of particulate input to an
inlet system, organic carbon accumulation determined by this measure cannot be
attributed to point sources (Cranston 1994). There may also be depocenters where burial
rates of fine particles are high, whereas in erosional areas of high bottom stress, rates will
be much lower. As with observations of particulate matter collected with sediment traps,
CB may be highly site-specific.

Tlusty et a. (2000b,c) used EM3000 multibeam acoustic methods to produce detailed
bathymetric and backscatter maps in Bay d'Espoir, NL, and Hughes Clarke (2001)
described a similar study in Letang Inlet, SWNB. Multibeam swath bathymetry, used for
precise hydrographic mapping of bottom depth in these studies, also provided inlet-wide
images to identify depocenters where fine-grained sediments focused from a broad area
accumulated. Unlike traditional benthic sampling with cores, grabs or photography, the
multibeam acoustic method provides an inlet-wide view of sediment properties. As with
all remote sampling, ground-truthing and interpretating are necessary to provide insights
into processes that affect sediment dynamics and accumulation over a wide area. With
accurate geo-referenced positioning and concurrent measurements of tidal amplitude,
depth resolution of =5 cm is possible using the EM3000 system, allowing changes in
bottom topography due to sediment accumulation under and near net-pens to be
observed.

Variations in acoustic signals may be used to differentiate areas of hard substrates
(erosional) from fine-grained (depositional) sediments However, backscatter strength
may also be used to detect areas where organic matter accumulation is sufficient to create
anoxic conditions with gas accumulation and changes in sediment porosity. Hughes
Clarke et a. (2002) described two acoustic surveys eight months apart at an active
salmon farm site in SWNB. Comparison of cage positions in 1996 and 2000 at the time
of the acoustic survey showed that anomalous signatures associated with net-pens could
persist for at least four years. The observations illustrated local variability associated with
the presence of net-pens with distinct acoustic signatures in sediments detectable
immediately under cages. There was minima horizontal displacement consistent with
known low currents in the area. Ground-truthing is currently underway to determine
specific sediment physical-chemical properties responsible for the acoustic backscatter
response.

Bottom substrate type and sediment deposition patterns in any coastal area reflect local
bathymetry, hydrography and the input of particulate matter from a variety of sources.
Particulate matter formed by autotrophic production of phytoplankton and macrophytes
may be combined with material from cliff erosion and suspended matter from river input.
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Shoreline erosion and inputs from the Saint John River are major sources of particulate
matter contributing to high sedimentation rates (0.5-2 cm-y'!) determined by 2*°%Pb and
137Cs geochronology in sediment cores from offshore areas of SWNB (Smith et a. 2002).
Lower sedimentation rates (0.2-0.6 cm-y'!) occur in inshore areas where aguaculture is
concentrated, indicating that deposition in these areas is dominated by local sources. The
observations show the importance of evaluating sedimentation rates over a relatively
large region in order to differentiate variable sources and rates of accumulation of
deposited material.

FOOD WEB STRUCTURE AND FUNCTION
EFFECTS ON WILD POPULATIONS

There is a growing literature on effects of salmon aquaculture on wild stocks of other
salmonid and non-salmonid species dealt with in other papers in this series. For example,
historic herring migration routes into macrotidal inlets in SWNB may have been atered
by the increasing abundance of salmon net-pens. Anecdotal evidence is that herring weirs
close to farm dtes have reduced catches in comparison with historic landings
(Stephenson 1990). The changes, however, must be evaluated in light of widespread
reductions in herring populations. Further studies are required to determine if herring
population size on traditional bottom spawning grounds has been atered as well as
feeding patterns disrupted. With reduced predation, standing stocks of zooplankton
normally consumed by herring would conceivably remain higher than in the past.

Alteration of bottom type to more fine-grained sediments through enhanced deposition of
flocculated, fine-grained material described above may also account for the speculation
that a population of lobsters was displaced from their historic spawning ground after a
salmon farm was located at the site (Lawton and Robichaud 1991). However, an opposite
effect of salmon farm operations causing aggregations of lobster may also occur. Bottom
video tape records from a benthic survey at a finfish farm site in Woods Harbour, NS
showed large numbers (up to 3-5 individuals-10m?) of lobsters (Homarus americanus)
under net-pens when normal densities would have been much lower (B. Hargrave,
unpublished data). Fish feed pellets observed on the bottom probably provided a food
supply that attracted lobsters from a larger area. It is also possible that a refuge from
harvesting was created within the farm site, since lobster pots are not usually set within a
farm lease area. If lobsters are attracted to farm sites, they would be vulnerable to
chemical therapeutants and antimicrobial agents used to control parasites and diseases in
cultured fish.

A related far-field population effect involves the potential for farmed fish to prey on
juveniles of other species (salmon and herring) when they enter cages. This may occur
especialy at night when lights, used to accelerate farmed salmon growth, attract juveniles
of various fish species (C. Levings, West Vancouver Laboratory, Vancouver, BC,
personal communication). The consumption of wild feed by caged salmon would have
the greatest impact on natural populations where seaward migration routes of juvenile
wild species pass through areas occupied by salmon farms. Results from a short-term
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study using seine nets around net-pens in coastal BC did not show that farmed fish prey
on juveniles of other species (Haegele et al. 1991; Black et al. 1992).

There is aso the related issue of behaviora changes in vertebrate (mammals and fish)
and invertebrate distribution caused by acoustic deterrent and harassment devices used
principally to repel seals from salmon farm sites. The topic has a high public profile.
During the next few years, studies on effects of seismic exploration on coastal fisheries
will be required for environmental impact assessment of offshore hydrocarbon
exploration activity. A workshop to develop methods to study these effects was held in
Halifax, NS in September 2000 (Thomsen et al. 2001).

The decline in occurrence of killer whales Qrcinus orca) and the Pacific white-sided
dolphin (Lagenorhyncus obliquidens) in the Broughton Archipelago between 1985 and
1998 has been attributed to noise avoidance at distances up to 3.5 km from sea pens
(Morton and Symonds 2002). Similar avoidance behavior by harbor porpoise (Phocoena
phocoena) is thought to have occurred in the SWNB area (Johnston and Woodley 1998).
By-catch of harbor porpoise by gill nets can be reduced using acoustic devices (Trippel et
a. 1999). American shad (Alosa sapidissma) and herring (Clupea harengus) are
sensitive to high frequencies and sound pressures potentially created by acoustic devices
within afew kilometer radius of farm sites (Enger 1967; Mann et a. 1997). Few similar
studies exist for invertebrates, although mechanoreceptors are widely distributed in
crustacea Shrimp produce sounds and are sensitive to water movement and vibration
(Heinisch and Wiese 1987; Berk 1998). It is therefore possible that these species may
also be negatively impacted by seismic activity during hydrocarbon exploration.

CHANGESIN PELAGIC FOOD WEBS

In contrast to numerous studies of localized benthic effects of finfish aquaculture at farm
sites discussed below, there have been very few observations of effects on plankton
communities (Burd 1997). Stirling and Dey (1990) observed the impact of intensive net-
pen fish culture in a Scottish freshwater loch with associated changes in phytoplankton
and periphyton Stratification and restricted circulation of these types of water bodies
results in effects of nutrient loading similar to those observed in lakes. One experimental
study in 200-L mesocosms over two months simulated seawater sowly flowing over
sedimented feed pellets (Parsons et a. 1990). The main effects were that zooplankton
were eliminated when oxygen was dramatically reduced (<10% saturation) in bottom
water during the first ten days of the experiment. In the absence of grazing pressure,
phytoplankton and bacterial cell numbers, phytoplankton production and bacterial
heterotrophic activity increased. The results, while produced experimentally, might be
relevant to fjord-type inlets with sills or bathymetry that lead to restricted water
circulation Reductions in zooplankton standing stock with oxygen depletion could allow
standing stocks of phytoplankton to increase. With sufficient nutrient supplies, higher
rates of primary production and increased sedimentation would result in even further
oxygen depletion in deep water.
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EFFECTS ON INTERTIDAL AREAS

Intertidal areas, subject to daily movements of water and sediment, are locations
influenced by broad-scale processes affecting chemical fluxes of mass and dissolved
material throughout an inlet system. However, few studies have unequivocally linked the
establishment of aguaculture farm sites to environmental or ecological changes in
intertidal areas. For example, increased macroalgal abundance that is often observed
within intertidal zones may reflect cumulative changes due to combined effects of
recruitment, herbivory and nutrient enrichment (Lotze et a. 2000; Worm and Lotze
2000; Worm et al. 2000). Eutrophication can lead to an increased occurrence of
macroalgal mats, with significant changes in the structure of intertidal benthic
communities (Soulsby et a. 1982; Raffaelli et al. 1998; Thiel et a. 1998). As with
naturally occurring algal blooms, it is often difficult to attribute the effects directly to
only one factor such as aguaculture development.

One difficulty in observing effects of aquaculture in intertidal areas is that few studies
have specifically addressed long-term changes in this zone that might be attributable to
the establishment of fish farm sites (Wong et al. 1999; Auffrey and Robinson 2001).
Variables such as sediment grain size (texture), nutrients and organic matter are highly
variable in intertidal areas, and it is difficult to relate changes to single factors. A
common feature of nutrient enrichment in the intertidal zone, however, is an increase in
biomass of green macroalgal mats that form a dense cover over the sediment surface
(Soulshy et al. 1982). Enteromorpha sp. and Ulva sp. are the most common mat-forming
species (Kolbe et al. 1995). Since nutrients are generally considered to limit macroalgal
growth, new sources of dissolved nutrients are likely to be rapidly removed from the
water column and incorporated into macroalgal biomass (Chopin and Yarish 1999;
Chopin et a. 2000). Campbell (2001) observed a shift in biomass from perennial
macrophytes (kelps and seagrasses) to fast-growing macroalgae in a shallow Australian
embayment receiving nutrients from sewage and runoff. He concluded that elevated
nutrients, particularly ammonium-nitrogen, may allow macroalgae to colonize large near-
shore areas where nutrient limitation had previoudly restricted their distribution.

The proliferation of Enteromorpha mats in excess of 30% sediment cover has been
observed at selected intertidal sites in SWNB in macrotidal inlets adjacent to salmon
farms (Auffrey and Robinson 2001; Auffrey et al. 2002). The observations of changesin
numbers and size of soft shell clams (Mya arenaria) in relation to algal mat cover are
consistent with other studies that show negative effects on mollusc growth rates
attributable to the creation of anoxic conditions within and below macroalgal mats. Since
there is a relationship between body and gonad size, reduced clam biomass will result in
decreased egg production and recruitment. However, harvesting statistics for the soft
shell clam fishery in the Bay of Fundy show that abundance has fluctuated throughout its
100-year history (Robinson 1996). Changes in landings reflect many factors such as
closures to harvesting areas due to fecal coliform bacteria and, during the 1950s, new
predation pressure due to the northward movement of the green crab.
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Nutrient enrichment in intertidal zones may affect benthic fauna as well as macroalgae
through changes in the rates and nature of deposition of particulate organic matter. The
effects may be difficult to quantify, particularly in sloped rocky shorelines where steep
physical gradients occur (Bourget et al. 1994). Field studies of epiphytic invertebrates
associated with the macrophyte Ascophyllum nodosum did not show any significant
trends in changes in community composition at various distances up to 1.5 km from
salmon farms on the west coast of Scotland, where an organophosphate had been applied
to treat ectoparasites (Murison et al. 1997).

A potential far-field impact of finfish aguaculture on intertidal areas not reflected in
published literature involves effects of net cleaning to remove biofouling organisms.
Communities of attached marine plants and invertebrates that colonize nets may reach
considerable biomass. In SWNB, fouling communities with a wet weight of up to 3.5
kg-m? have been measured (B. Hargrave, unpublished data). One alternative to removal
by high-pressure washing is to tow fouled nets into intertidal areas at high tide. During
ebb tide, the same washing procedure is carried out with nets stretched horizontally over
the intertidal zone. Disodged plant and anima debris is initially transferred to the
intertidal area rather than subtidal sediments. With subsequent tidal cover, however, some
fraction of the material is resuspended and re-enters the water column, where it is
redistributed to higher intertidal levels and deeper sublittoral areas. The effect parallels
natural processes for redistribution of stranded seaweed (wrack) along a shoreline.
However, in this case there is a high proportion of animal tissue mixed with plant debris.
For this reason, it can become a foraging area for scavenging birds.

CHANGESIN BENTHIC FOOD WEBS

Benthic Metabolism

Meyer-Rell and Koster (2000) have summarized critical points through which sequential
changes associated with eutrophication in coastal waters can be identified. Evidence for
progressive stages of enrichment includes increases in inorganic and organic nutrients,
microbial biomass and enzymatic decomposition of substrates, nitrification,
denitrification and benthic nutrient fluxes. Evidence is aso accumulating to show that
with increasing eutrophication the ratio of autotrophic to heterotrophic microbial
processes is reduced with progressively more organic matter respired in sediments than in
the water column (Rizzo et al. 1996).

In oligotrophic and mesotrophic coastal marine systems where high turbidity does not
limit phytoplankton production, material flow and cycling predominantly occur in the
water column. For example, almost two-thirds of total annual oxygen consumption in
Chesapeake Bay occurred in the water column (Kemp et al. 1992). In eutrophic, nutrient-
rich areas, heterotrophy predominates based largely on stored organic matter in
sediments. In coastal areas, this fundamental shift in ecosystem structure may be reflected
seasonally: for example, during spring and late summer following input of organic matter
sedimented from alga blooms. A similar shift in the balance between pelagic and benthic
respiration could occur on an inlet-wide scale in coastal areas as a result of finfish
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aquaculture activity, if increases in sedimentation of fine-grained particles and associated
organic matter are sufficient to cause sulfide accumulation in sediments.

Under hypertrophic conditions, with very high rates of organic sedimentation and
restricted oxygen supply, anaerobic processes such as sulfate reduction lead to the build-
up of S and HS gas within sediments. Field observations and models of the balance
between dissolved S production, accumulation and sediment-water exchange have
shown that processes other than molecular diffusion affect transport into the water
column. Gas formed by methane production in deeper sediment layers can be released as
bubbles (Roden and Tuttle 1992). The effect of sulfide diffusion from sediments can
result in the formation of oxygen depleted bottom water: a problem first observed in
stratified fjords with sills in Norway and Scotland (Aure and Stigebrandt 1990). When
the toxic gas is released into the water column, as occurs immediately under net-pens
with excessively high rates of sedimentation, fish will be highly stressed and may die
(Burd 1997).

The transition from predominantly aerobic to anaerobic metabolism along a benthic
enrichment gradient can be measured by sulfide accumulation and by incubating
undisturbed sediment cores and following changes in dissolved G, CO, or dissolved
nutrients in supernatant water (Hargrave et a. 1993, 1997; Findlay and Watling 1997).
Benthic metabolism at net-pen and reference sites >500 m away in SWNB changed from
predominantly aerobic to anaerobic respiration at a threshold sulfide concentration
between 200 and 300 M S°. Highest levels of S, gas exchange and NH;" release
occurred at farm sites that had experienced high rates of organic loading. While some
reference sites had dlightly elevated rates of benthic respiration and ammonium flux,
showing a response to organic enrichment at distances up to 500 m away from cage sites,
most far-field samples show lower benthic fluxes characteristic of other coastal areas in
the Bay of Fundy.

Microbial Antibiotic Resistance

Another far-field effect of local sources of organic matter produced by finfish farm sites
involves the use of therapeutants. This topic is considered by Burridge (this Volume), but
it is important to point out here that antibiotics in medicated fish feed have the potential
to induce drug resistance in natural microbial populations on an inlet-wide scale. For
example, when the commonly used antibiotic oxytetracycline (OTC) was added to marine
sediments, concentrations largely disappeared within a few weeks, but the traces of the
antibiotic were detectable for up to 18 months (Samuelsen et a. 1992). More
significantly, at the end of the initial 10-day treatment, the percentage of resistant bacteria
(ratio of numbers growing on substrate +OTC) was >100% for al sediments tested.
Torsvik et al. (1988) and Bjérklund et al. (1990) also observed that OTC was detectable
in fish farm sediments in Norway and Finland for periods of more than one year, with
high levels of bacterial resistance measured in both sediment bacteria and isolates from
intestines of wild fish Ervik et al. (1994b) observed antibiotics in fish and wild mussel
near afarm site after medicated feed had been administered.
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Resistance to OTC has been detected in aerobic bacteria cultured from water, pelletized
feed and fingerlings from freshwater Atlantic salmon farms in Chile (Miranda and
Zemelman 2002). High levels of OTC resistance (90% minimum inhibitory
concentrations (MIC) up to 2000 pug OTC-mL™) in selected strains suggested that farms
may be reservoirs for bacteria with high-level tetracycline resistance. Similar
observations of OTC resistance, but with lower MIC values (up to 160 pg OTC-mL™)
were observed in surface sediments under pens and up to 100 m away from salmon farm
gites in SWNB (Friars and Armstrong 2002). Pure cultures of Aeromonas salmonicida
and mixed bacterial populations present in sediments from intertidal sites and
embayments where salmon aquaculture has not been carried out showed no resistance to
OTC.

Infectious micro-organisms are found in fallowed sediments at abandoned farm sites
(Husevag et al. 1991) indicating that, irrespective of antibiotic use, once a disease
outbreak has occurred in an area, the probability of re-infection isincreased. As might be
expected from increased sedimentation of feed pellets and fish wastes near farm sites,
observations in Puget Sound showed that the highest numbers of bacteria (as colony
forming units) in sediments generally occurred at farm sites (Herwig et al. 1997).
However, the proportion of bacteria resistant to OTC declined exponentially with
increasing distance from a farm. Levels of increased antibiotic resistance in sediments
induced during a brief (10-day) exposure to OTC were detected up to 75 m from the edge
of acage array in Gaway Bay (Kerry et a. 1994). After therapy ended, the frequency of
resistance decreased exponentially, and within 73 days under-cage samples were not
significantly different from background levels. Samuelsen (1989) showed that persistence
depended on sedimentation rates at the site after medication The half-life of OTC under
a4-cm layer of sediment was doubled from 72 to 135 days.

The development of antibiotic resistance may have the potential for human health risk
since positive correlations have been reported between antibiotic use and the isolation of
drug-resistant bacteria in fish consumed as food (Hastings and McKay 1987; Alderman
and Hastings 1998). Son et al. (1997) reported the successful transfer of antibiotic
resistance among strains of Aeromonas hydrophilia isolated from cultured Telapia
mossambica via exchange of plasmids, illustrating the potential for the spread of drug
resistance in cultured fish. Further studies are clearly required to determine the extent of
far-field effects and ecological and biological impacts of antibiotic resistance induced in
microbial and other wild populations in areas of intensive finfish aquaculture.

Benthic Macrofauna Communities

There is an extensive literature documenting changes in benthic infauna community
structure associated with high levels of nutrient and organic matter additions and
resulting stress due to oxygen deficiency (Pearson and Rosenberg 1978; Warwick 1986,
1987; Nilsson et a. 1991; Engle et al. 1994; Diaz and Rosenberg 1995; Burd 1997; Pohle
and Frost 1997; Nilsson and Rosenberg 2000). Moderate increases in organic matter
supply may stimulate macrofauna production and increase species diversity. However,
with increasingly higher rates of organic input, most studies have shown that the local
extent of altered benthic community structure and biomass is often limited to distances of
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less than a few hundred meters (Sowles et al. 1994; Findlay et a. 1995; Brooks 2001).
The distance is determined by water depth and current velocity among other factors
(Weston 1990; Pohle et al. 1994; Silvert 1994e; Henderson and Ross 1995; Burd 1997,
Pohle and Frost 1997) and is therefore different at different farm sites.

Widespread changes in species community composition of benthic macrofauna at spatial
scales distant from farm sites are more difficult to detect and have been less studied.
There have been numerous studies of macrofauna distribution and production in areas off
NS and NB, including sites in SWNB and the Bay of Fundy where finfish aquaculture
has developed (Wildish and Peer 1983; Wildish 1985; Wildish et a 1986b; Pocklington
et a. 1994; Stewart et a. 2001). These data provide background information on
macrobenthic community species composition, biomass and estimated production that
can be compared with observations in specific inlet systems where finfish aguaculture has
been established.

Only fauna tolerant of low oxygen conditions are able to survive under conditions of high
organic sedimentation (Diaz and Rosenberg 1995; Hargrave et al. 1997; Nilsson and
Rosenberg 2000; Brooks 2001). However, some benthic infauna taxa are sulfide-tolerant
(e.g. some nematode species and the polychaete Capitella capitata) (Hargrave et 4.
1993; Pocklington et al. 1994; Duplisea and Hargrave 1996). The presence/absence of
these 'indicator' species or fauna groups under and around finfish aguaculture sites may
show transitions from low (background) levels of organic matter supply to high
deposition rates caused by unconsumed feed pellets and fish feces in areas subject to low
transport (Weston 1990; Pocklington et al. 1994; Burd 1997; Brooks 2001).

Tempora and spatial scales of changes in benthic macrofauna abundance and biomass
have been measured as part of along-term monitoring program over the past decade near
net-pen sites and at more distant locations in SWNB to determine if organic enrichment
effects from aguaculture can be detected. Lim and Gratto (1992), Pohle et al. (1994,
2001) and Pohle and Frost (1997) used multivariate, distributional and univariate benthic
community analyses to show that measurable bay-wide changes have occurred in benthic
indicator macrofauna species and levels of organic matter in sediments between 1989/91
and 1998/99. Initial observations near newly established farm sites indicated that organic
enrichment effects were localized to within 30 m of cages. However, after approximately
five years, changes were measurable over greater (>200 m) distances. Macrofauna
community diversity was most reduced close to a farm site that had been in operation for
12 years, but significant declines in diversity also occurred throughout the inlet system
Two bivalve species (Nucula delphinodonta and N. proxima) were particularly sensitive
indicators of organic enrichment showing initial increases in abundance followed by
dramatic decreases at sites with high rates of organic sedimentation.

In a study of similar design using spatia observations, Wong et a. (1999) observed
benthic epifauna and infauna at two intertidal locations in SWNB at varying distances
from salmon aquaculture sites. Due to the complexity of interdependent abiotic and biotic
factors that affect species distribution and composition in intertidal communities,
stratified random sampling was required to test for significant differences. While
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numbers and diversity of epifauna were unrelated to distance from salmon cages,
diversity of infauna was significantly higher away (>500 m) than near (<500 m) farm
stes. Loss of diversity at distances <500 m may indicate that infauna are more sensitive
(less tolerant) to organic matter additions than epifauna (Warwick 1986, 1987), possibly
reflecting changes in sediment physical structure (grain size), oxygen supply and sulfide
accumul ation associated with increased organic matter supply.

Changes in sublittora and intertidal macro-infauna community composition are
consistent with observations associated with finfish cage sites where excessive organic
matter sedimentation occurs and leads to the formation of increasingly greater anoxia
(Weston 1990; Gowen et a. 1994; Pocklington et a. 1994; Diaz and Rosenberg 1995;
Doucette 1995; Hargrave et al. 1997; Wildish et al. 1999; Brooks 2001). There is an
extensive body of literature describing changes in sediment geochemical variables (e.g.
organic and elemental composition, sulfate reduction and sulfide accumulation)
associated with the formation of anoxic sediments. The degree of impact is related to
rates of organic matter supply (Hall et al. 1990; Holmer and Kristensen 1992; Hargrave et
al. 1993, 1997; Hargrave 1994; Doucette 1995; Holmer and Kristensen 1996). As
described above, changes are most readily observed immediately under and adjacent to
net-pens, but in some cases the spatial scales of effects may be more than local and
exceed 500 m (Hargrave et al. 1993).

Evidence for near-field benthic enrichment effects will be discussed in detail elsewherein
this series, but it is important to emphasize here that under certain circumstances locally
anoxic sublittoral sediments may have the potential to cause inlet-wide effects Since
hypoxia is a critical factor that can determine taxonomic structure in marine benthic
communities (Grizzle and Penniman 1991; Rosenberg et al. 1992; Diaz and Rosenberg
1995; Nilsson and Rosenberg 1997, 2000), sediments receiving increasing amounts of
organic matter within an inlet system could result in an overal reduction in dissolved
oxygen Benthic crustaceans are particularly sensitive to hypoxia (Brante and Hughes
2001), and thus the absence of these taxa may be the first indication of significant
alterations in benthic macrofauna community composition due to low oxygen stress.

An example of how local anoxic conditions can have an inlet-wide effect was provided
by Ueda et a. (2000), who described the negative effects of seasonal movements of
oxygen deficient waters over an intertidal zone on macrobenthos in Dokai Bay, Japan
Urban wastewater effluents created oxygen deficits in mid- and deep-water areas of the
bay that were periodically upwelled onto the intertidal zone with dramatic effects of
mortality of benthic fauna. Only a few polychaete species survived brief intervals of
hypoxic conditions. In this hypertrophic environment, very high rates of organic loading
created conditions of oxygen depletion such that bottom water in certain parts of Dokai
Bay in late summer had an oxygen concentration of <0.8 mg-L't. Urbanized inlets
without sills and open to exchange with offshore coastal water would not usualy be
expected to develop such dramatic oxygen deficits.

Observations of conditions of oxygen supply to the sediment-water interface using
photographic images (Rhoads and Germano 1982; O’ Connor et a. 1989; Grizzle and
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Penniman 1991; Valente et a. 1992) were made in SWNB (Letang Inlet) in 1985
(Wildish et al. 1986a). Anoxic conditions caused by discharge of pulp mill effluent had
not moved seaward, but depositional and reducing conditions (measured as low redox
(Eh) potentials) were observed locally under cages at an aquaculture site. Similar studies
with measurements of Eh, total sedimentary sulfide and organic matter have been
conducted in Letang Inlet over the past several years (Hargrave et a. 1993, 1995, 1997;
Wildish et a. 1999, 2001a,b) as well as recently in BC (Brooks 2001). The results show
that Eh and total S can be used to scale organic matter loading to sediments and
associated changes in benthic community structure under and around salmon farm sites.
Changes in these variables are spatially and temporally correlated with changes in benthic
community species composition and biomass (Brooks 2001; Wildish et al. 2001b) and
hence provide measures potentially useful for regulatory purposes. Performance-based
standards for salmon aquaculture using thresholds of these indicators for sediment
organic enrichment are being developed and applied as part of environmental
management guidelines for salmon aquaculture in NB (DELG 2000) and BC (Erickson et
al. 2001).

KNOWLEDGE GAPS

1. Thereis a need to determine sustainable levels of salmon production within coastal
regions, inlets or embayments where marine finfish aquaculture is currently practiced
in Canada. DFO has statutory obligations under the Fisheries Act for fish habitat
protection Research is needed to establish optimal siting criteria to minimize harmful
alteration, destruction or disruption of habitat (HADD), to identify sensitive variables
for quantifying HADD and to develop methods for cost-effective monitoring.

Is there an optimal upper limit to stocking density (e.g. 18 kg-m?®) for finfish
aquaculture dsites that is sufficient to avoid problems associated with disease,
eutrophication and the onset of oxygen depletion in the water column and formation
of anoxic sediments?

What are the most important factors determining the upper limit to stocking density?
How can accurate information on stock biomass, rates of food application and yield
(feed conversion efficiency) be obtained from industry to construct ecosystem-level
models of cumulative environmental impacts of aquaculture development on a broad
(inlet-wide) scale? Should this be a condition of license approval ?

How can estimates of carrying capacity be made to reflect cumulative loading from
all farm sites in one hydrographic area?

2. Mass balance models of nutrient loading (inorganic and organic) from al sources
(natural and anthropogenic) can be used to assess potential additions from finfish
aquaculture. Budgets must take into account internal nutrient recycling as well as
external sources Physical and biological processes must be included in
biogeochemical models to describe sources, sinks and fluxes of nutrients important
for growth of phytoplankton and macrophytes.
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Does the release of particulate and dissolved material significantly enhance natural
levels of the same substancesin an inlet?

What are the relative contributions of nutrient addition and BOD due to finfish
aquaculture to al other water column and benthic fluxesin an inlet system?

Do waste product releases from aguaculture and other sources of enrichment alter
naturally occurring ratios as well as absolute levels of essential dissolved nutrients?

3. Genera circulation models must be developed and improved to resolve combined
effects of tidal and wind-driven forcing and that reflect complex topography and
intertidal drying zones. For mixing and exchange processes to be adequately
described, models should be developed to include effects of tidal properties, residual
circulation, wind forcing and effects of freshwater inpuit.

What observations are required to predict and ground-truth particle dispersion and
water residence times in areas subject to aquaculture devel opment?

Can models accommodate appropriate temporal and spatial scales for different
guestions?

To what degree can numerical and finite element circulation models be generalized
to be useful for predicting particle dispersion, accumulation and burial rates?

Can numerical tidally driven hydrodynamic three-dimensiona finite element models
be used to predict water mixing, particle transport and properties, such as dissolved
nutrient distributions and BOD, in areas where finfish aguaculture has developed?
Can these models include interactions with suspended particles by applying particle-
related parameters, such as decay coefficients, settling rates and planktonic food web
interaction terms?

Can fully coupled physica-biological models be developed that describe the
dynamics and trace pathways of soluble and particulate matter within a coastal
system for which these models have been verified?

4. New methods are needed to quantify resuspension processes. Resuspension may
redistribute fine material produced localy by finfish aquaculture sites over large
areas. An understanding is required of effects of mixing and exchange on the
dynamics of particulate matter transport and dispersal. Pathways and rates of
transport and the ultimate fate of particulate matter produced at farm sites are
determined by these processes.

Can high resolution (multibeam) seabed mapping be used to provide inlet-wide
bottom type classification and identification of depocenters where fine-grained
particulate matter accumul ates?

What other rapid survey methods (e.g. videography and sediment image profiling)
exist that might be used to identify sediment-water interface processes that affect
particle resuspension and post-depositional transport?

What chemical tracers exist that are useful for tracking dispersion of particulate
matter from point source additions at farm sites?
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5. New methods and knowledge are required to describe processes, such as flocculation
and aggregation, that affect particle dispersion Particle properties such as grain size,
density, concentration and organic coatings affect local dispersion of particulate
matter around finfish farm sites and determine the extent of far-field transport.

What laboratory and field observations are required to determine the role of these
processes in the dynamics of suspended matter on a coastal (inlet-wide) scale?

What are the tempora and spatial scales required to observe long-term trends in
changes in patterns of sedimentation?

A major gap is knowledge of the behavior of fish feed and wastes in suspension and
on the bottom (e.g. settling rates and erosion threshol ds).

6. Studies are required to determine if the frequency and location of HABs or plankton
blooms are related to the expansion of finfish aquaculture. Enhanced nutrient inputs
from farm sites may ater algal species composition and biomass. Harmful algal
species, naturally present in low abundance, may be stimulated to form blooms that
are harmful or toxic to caged fish Natura variations in dissolved oxygen may be aso
enhanced during bloom conditions resulting in respiratory stress for cultured fish.

Can the frequency and location of HABs or plankton blooms in general be related to
the historic expansion of the finfish aquaculture industry in a given area?

What methods exist or can be developed to predict the timing and extent of HABS or
shifts in species due to alterations in dissolved nutrient concentrations and ratios?

Do HABs have potentially negative effects on other naturally occurring species?

7. New studies are required to determine what changes occur in water column variables
in aress of intensive finfish aguaculture. In comparison to benthic studies, there have
been very few investigations of planktonic communities in areas of intensive finfish
aguaculture. Low oxygen conditions around net-pens could cause behavioral changes
in planktonic species capable of an avoidance response. Alternatively, increased
availability of suspended matter released from cages could attract planktonic species.

Do changes in the organic composition and nature of suspended matter that may be
associated with finfish aguaculture alter food supplies to filter feeding planktonic
organisms?

Are there predictable interactions between zooplankton standing stocks,
water/sediment oxygen depletion and phytoplankton productivity that can be used to
link processes in the pelagic food web with rates of sedimentation and oxygen
depletion in deep water?

Do farmed salmon prey on juveniles of other species that enter net-pens?

Does the ratio of heterotrophic respiration shift from a pelagic to benthic-dominated
system with increasing organic enrichment?

8. Few studies have documented environmental or ecological changes in intertidal areas
that can be unequivocally linked to the establishment of aguaculture sites Intertidal
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areas may be either sources or sinks for suspended material near finfish farm sites
depending on local hydrography.

What variables exist to demonstrate cause-effect relationships in changes in
sedimentological and biological variables in intertidal areas that can be related to
finfish aguaculture development?

What is the relative impact of increases in dissolved nutrient availability and
suspended particulate matter sedimentation to biological communities in the
intertidal zone in comparison to anticipated inputs from finfish aquaculture?

Are the natural distribution, standing stock or species composition of macroalgae in
intertidal and subtidal areas altered at locations proximate to finfish aguaculture
sites?

9. Mass balance and numerical models are required to link production and external
loading with aerobic and anaerobic oxidation of organic matter (pelagic and benthic),
sedimentation and sulfide accumulation in sediment. If advection and diffusion of
dissolved oxygen to the sediment surface are insufficient to maintain oxic conditions,
reduced metabolic products of bacterial decomposition of organic matter accumulate
within surface layer sediments. In extreme cases of anoxia, mats of white sulfur
bacteria (Beggiatoa spp.) form on the sediment surface at the oxic-anoxic interface.

How can circulation and dispersion models be coupled to predicted rates of organic
matter consumption in the water column and sediments?

What methods exist for the determination of the assimilative capacity of biota in the
water column and sediments for additional organic matter loading?

10. Studies are required to determine the extent of far-field effects of antibiotics added to
fish feed pellets on microbia and other wild populations in areas of intensive fish
farming. Antibiotics in fish feed pellets are inefficiently assimilated by cultured
finfish and their uncontained release into aguatic systems can promote the selective
growth of antibiotic resistant bacterial strains.

Do commonly used antibiotics persist in sediments and, if so, how far from sites of

application?

Is treatment dose or persistence associated with the induction of antibiotic
resistance?

Are antibiotic-resistant bacteria strains transferred from sediments to wild fish and
invertebrates?
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EXECUTIVE SUMMARY

This paper reviews the present state of knowledge on environmental issues related to
bivalve aquaculture, with emphasis on suspended mussel culture. Material reviewed
includes Canadian and international studies on the role of wild and cultured bivalve
populations in controlling ecosystem-level dynamics. The focus is on identifying potential
changes in ecosystem processes (material and energy fluxes, and nutrient cycling) at the
coastal ecosystem scale. Potential mechanisms for ecosystem-level effects include the
utilization of particulate food resources by cultured bivalves and associated fauna, the
subsequent release of unutilized materials in dissolved (urine) and particulate (feces and
pseudofeces) form, and the removal of minerals from the system in the bivalve harvest.
The potential consequences to coastal ecosystems from intensive bivalve aquaculture are
summarized in the following sections.

CONTROL OF SUSPENDED PARTICLE DYNAMICS

Dense bivalve populations may exert a strong influence on suspended particul ate matter
(including phytoplankton, detritus, and some auto- and heterotrophic picoplankton and
micro-zooplankton) in some coastal systems through their huge capacity to clear
particles from the surrounding water (Dame 1996). Grant (2000) studied 15 embayments
in Prince Edward Island (PEI) and concluded that the mussel biomass under culture in
12 of these embayments was potentially capable of removing food particles much faster
than tidal exchange could replace them. Smilarly, Meeuwig et al. (1998) concluded that
mussel culture operations in many PEI embayments significantly reduce phytoplankton
biomass through grazing. Smilar conclusions have been reached for numerous
international coastal regions (reviewed by Dame 1996). These relatively simple
calculations of the time required for bivalve populations to clear the water column of
particles indicate that intensive bivalve aquaculture has the capacity to alter matter and
energy flow at the coastal ecosystem scale. However, gaps in knowledge exist regarding
a number of important processes that could potentially mitigate the suspected impact of
bivalve feeding. These include the following: (1) the effects of physical processes such as
water column stratification, mixing and flow velocity, and spatially dependent tidal
flushing; (2) the replenishment of food particles through primary production within the
embayment; (3) bivalve-mediated optimization of primary production (Prins et al. 1995);
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and (4) the large flexibility of bivalve feeding responses to environmental variations
(Cranford and Hill 1999).

A strong indication that bivalve filter-feeders are able to control suspended particulate
matter in some coastal systems comes from documented ecosystem changes that occurred
after large biomass variations in natural and cultured bivalve populations. Population
explosions of introduced bivalve species in San Francisco Bay and dramatic reductions
in oyster populations in Chesapeake Bay have been implicated as the cause of large
changes in phytoplankton biomass and production experienced in these systems (Nichols
1985; Newell 1988; Nichols et al. 1990; Alpine and Cloern 1992; Ulanowicz and Tuttle
1992). Research on the whole-basin environmental effects of bivalve agquaculture in
France and Japan indicate that intense bivalve culture in these regions led to changesin
particulate food abundance and quality, resulting in large-scale growth reduction and
high mortalities in the cultured bivalves (Héral et al. 1986; Aoyama 1989; Héral 1993).
Speculation that intense bivalve culture can affect coastal ecosystems by reducing excess
phytoplankton associated with eutrophication has been supported by some laboratory
and field observations, but has not been rigorously proven.

DIVERSON OF MATERIALS TO BENTHIC FOOD WEBS

The feeding activity of bivalve filter-feeders results in the packaging of fine suspended
material into larger feces and pseudofeces that rapidly settle to the seabed, especially
under conditions with slow or poor water flushing and exchange. These activities divert
primary production and energy flow from planktonic to benthic food webs. While the
dynamics of bivalve feces deposition (settling velocity, disaggregation rate and
resuspension) are poorly understood, enhanced sedimentation under shellfish culture is
well documented. Mortality and fall-off of cultured bivalves, induced by seasonal
colonization by fouling organisms, can result in additional acute benthic organic
loading.

The spatial scale and degree of seabed organic enrichment effects caused by the
increased vertical flux of naturally occurring particles are dependant on the biomass of
cultured bivalves, local hydrographic conditions, and the presence of additional organic
inputs from other natural and anthropogenic activities. The recycling of organic
biodeposits under suspended mussel culture operations in PEI, and at several other
international regions, has been shown to have local to inlet-wide benthic impacts
(Dahlback and Gunnarsson 1981; Tenore et al. 1982; Mattsson and Linden 1983;
Kaspar et al. 1985; Shaw 1998; Senton-Dozey et al. 1999; Mirto et al. 2000;
Chamberlain et al. 2001). The increased oxygen demand in sediments from mussel
biodeposits can, under certain conditions, result in the generation of an anaerobic
environment that promotes ammonification and sulfate reduction, increased sediment
bacterial abundance, and changes in benthic community structure and biomass.
Aquaculture is not solely responsible for such impacts in PEI, as many basins are also
stressed by nutrient enrichment from agricultural run-off. Observations of seabed
impacts under mussel lines in PEI are, therefore, not directly transferable to bivalve
culture sites in many other regions of Canada. Biodeposition patterns and the dispersion
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of bivalve biodeposits are also controlled by water depth and local water movement.
Sight differences in these physical properties can result in marked differences in the
degree of impact observed on seabed geochemistry and communities under different
suspended mussel culture sites (Chamberlain et al. 2001). Further research is needed to
assess the ability of different coastal regions to resist or assimilate the effects of
increased organic enrichment through a variety of physical and biogeochemical
processes.

The increased coupling of planktonic and benthic food webs by cultured bivalves has the
potential to change energy flow patterns in coastal ecosystems, including altering food
availability to zooplankton and larval fish (Horsted et al. 1988; Newell 1988; Doering et
al. 1989). Bivalve filter-feeders have a competitive advantage over zooplankton for food
resources because they are able to respond immediately to increased food availability,
while zooplankton must go through a compl ete life cycle before being able to fully exploit
increased food resources. Direct ingestion of zooplankton by bivalves may also reduce
zooplankton abundance (Horsted et al. 1988; Davenport et al. 2000). However, effects of
bivalve culture on zooplankton communities are largely speculative owing to the limited
research conducted.

ALTERED COASTAL NUTRIENT DYNAMICS

The consumption and deposition of suspended particulate matter by bivalves, as well as
the excretion of dissolved nutrients, can play a significant role in controlling the amounts
and forms of nitrogen in coastal systems and the rate of nitrogen cycling (reviewed by
Dame 1996). This transformation and translocation of matter by bivalves appears to
exert a controlling influence on nitrogen concentrations in some coastal regions (Dame
et al. 1991) and can provide a means of retaining nutrients in coastal areas, where they
are recycled within detrital food chains, rather than being more rapidly exported (Jordan
and Valiela 1982). Benthic nutrient mineralization can increase at culture sites as a
result of the increased organic matter sedimentation, greatly speeding up the rate of
nitrogen cycling (Dahlback and Gunnarsson 1981; Kaspar et al. 1985; Feuillet-Girard et
al. 1988; Barranguet et al. 1994; Grant et al. 1995). The high flux of ammonia excreted
from dense bivalve populations may have a major effect on phytoplankton production
(Maestrini et al. 1986; Dame 1996) and may potentially contribute to more frequent
algal blooms, including those of the domoic-acid-producing diatom Pseudo-nitzschia
multiseries (Bates 1998; Bates et al. 1998). Aquaculture-induced changes in the relative
concentrations of silica, phosphorus and nitrogen (e.g. Hatcher 1994) may also favor the
growth of other harmful phytoplankton classes (Smayda 1990), but this has yet to be
observed in nature. Bivalve aquaculture may also play a significant role in nutrient
cycling in coastal systems, as nutrients stored in the cultured biomass are removed by
farmers and the nutrients are no longer available to the marine food web. Kaspar et al.
(1985) suggested that the harvesting of cultured mussels may lead to nitrogen depletion
and increased nutrient limitation of primary production, but thereis little direct evidence
of environmental effects The retention and remineralization of limiting nutrients in
coastal systems is necessary to sustain system productivity, but the potential impacts of
bivalve cultures on coastal nutrient dynamicsis poorly understood.
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CUMULATIVE ENVIRONMENTAL EFFECTS

Any attempt to assess ecosystem-level effects of bivalve aquaculture must consider the
complexity of natural and human actions in estuarine and coastal systems. Infectious
diseases associated with intense bivalve culture, as well as exposure of cultured
organisms to 'exotic' pathogens introduced with seed or broodstock, can have a
significant and perhaps more permanent impact on ecosystems than the direct impact of
the bivalves themselves (Banning 1982; ICES 1995; Bower and McGladdery 1996; Hine
1996; Renault 1996; Minchin 1999; Miyazaki et al. 1999). The presence of additional
ecosystem stressors can also influence the capacity of bivalves to impact the ecosystem.
The effects of chemical contaminants and habitat degradation are complex, but are well
documented as having the potential to adversely affect bivalve health. Bivalve neoplasias
show strong correlations to heavily contaminated environments (Elston et al. 1992), and
the severity of infection is related to sub-optimal growing conditions (Elston 1989).
Dissolved contaminants are frequently scavenged onto particulate matter, a mechanism
which increases their availability for wild and cultured filter-feeders to ingest. Weakened
bivalves with impeded feeding activity, along with spawning failure or poor quality
spawn, can all contribute to morbidity, mortality and fall-off.

Land-use practices that transport sediments into estuaries can impact coastal water
quality. Cultured bivalves and their support structures could alter sedimentation patterns
within embayments, resulting in accelerated deposition of fine-grained sediment.
Presently, there is no consensus on whether dense bivalve populations cause a net
increase or decrease in sedimentation rates in coastal regions. However, if bivalve
cultures influence the natural equilibrium among the major factors controlling sediment
aggregation rate, sedimentary conditions within coastal regions may be altered.

INTEGRATION OF ECOSYSTEM EFFECTS

The available literature has shown that extensive bivalve culture has the potential, under
certain conditions, to cause cascading effects through estuarine and coastal foodwebs,
altering habitat structure, species composition at various trophic levels, energy flow and
nutrient cycling. Smulation modelling has been one of the more focused approaches to
assessing the net ecosystem impact of bivalve interactions with ecosystem components.
Modelling can quantitatively and objectively integrate the potential negative ecosystem
effects of the impact of mussel grazing on phytoplankton, zooplankton and the benthos,
with the potentially positive effects of increased recycling of primary production and
retention of nutrients in coastal systems (Fréchette and Bacher 1998). For example, such
an integrative approach can help to assess whether or not the severity of ecosystem
effects in different coastal areas are regulated by water motion and mixing. Numerical
models can also be directed toward assessment of system productive capacity, fish/land-
use interactions, farm management and ecosystem health. Past work has provided an
excellent means of identifying gaps in knowledge.

A variety of methods has been applied to assessing the environmental interactions of
bivalve aquaculture operations (Grant et al. 1993; Dowd 1997; Grant and Bacher 1998;
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Smaal et al. 1998; Meeuwig 1999), but there is no standard assessment approach. Fully
coupled biological-physical models may be envisioned (e.g. Prandle et al. 1996; Dowd
1997) that predict ecosystem changes in chlorophyll, nutrients and other variables of
interest as a function of culture density and location. To do this, shellfish ecosystem
models must be integrated with information on water circulation, mixing and exchange to
account for transport and spatial redistribution of particulate and dissolved matter. Box
models (Raillard and Menesguen 1994; Dowd 1997; Chapelle et al. 2000) offer a
practical means to couple coastal ecosystem models with physical oceanographic
processes. The bulk parameterizations of mixing required for these box models can be
derived directly from complex hydrodynamic models (Dowd et al. 2002). Another
promising avenue for improving ecosystem models is the use of inverse, or data
assimilation, methods (Vallino 2000). These systematically integrate available
observations and models, thereby combining empirical and simulation approaches, and
improve predictive skill. Smulation models that focus on estimating mussel carrying
capacity and related ecosystem impacts provide powerful tools for quantitative
descriptions of how food is captured and utilized by mussels, as well as site-specific
information on ecosystem variables and processes (Carver and Mallet 1990; Brylinsky
and Sephton 1991; Grant 1996).

RESEARCH NEEDS

Few studies have assessed the potential environmental interactions of the bivalve
aquaculture industry, and few quantitative measures presently exist to measure the
ecosystem-level effects of this industry. Research on the ecosystem-level impacts of
bivalve aquacultureis currently at a relatively early stage of development compared with
finfish culture and for many other anthropogenic activities. As a result, ecologically
relevant studies are needed on many topics, particularly the long-term responses of
major ecosystem components (phytoplankton, zooplankton, fish, benthos, as well as the
cultured bivalves) to bivalve-induced changes in system energy flow and nutrient cycling.
The following general research areas have been identified to address gaps in knowledge:

Ecologica role of bivalve filter-feeders. accurately quantify the density-dependant
role of bivalves in controlling phytoplankton a