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ABSTRACT: Offshore fish farming is predicted to increase in the near future driven by the lack of
coastal space. In this review I discuss the environmental issues of offshore farming from experience in
coastal farms. Even more so than in coastal farms, a rapid and wide dispersal of dissolved waste products is predicted for offshore farms. Despite wider dispersal of particulate waste products, fast sinking
rates of feed pellets and faeces suggest organic enrichment of the bottom sediments in farm vicinities
(hundreds of meters), although at lower loading rates than coastal farms. The benthic response to
organic enrichment is unpredictable due to lack of knowledge from shelf areas. Most shelf sediments
are considered carbon limited and fish farm waste products may stimulate the benthic communities,
but due to the sparse abundance and absence of pollutant-tolerant benthic fauna, the capacity of benthic communities to assimilate organic matter may be limited. Instead, microbial decomposition of
waste products could become important, leading to increased oxygen demand and accumulation of
sulfides in the sediments. This may negatively affect benthic biodiversity. Interactions with wild fish
(aggregation, genetic impacts, spreading of disease and parasites) are expected, but difficult to predict, as the composition of species attracted to offshore farms will be different from that of species
attracted to coastal farms. Escapees are potentially a high risk due to farm failure under rough weather
conditions in the open sea. The carbon footprint of farming offshore will increase (transportation) and
the ecological footprint (fishing feed) will remain a severe constraint, as in coastal farming. Offshore
farming is subject to high costs of operation, including those for monitoring environmental conditions.
Research should focus on interactions with wild fish populations, mapping of sensitive benthic habitats
and experimental studies of the response of benthic habitats to organic enrichments.
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INTRODUCTION
Aquaculture has the potential to play a major role in
feeding the human population in the future (Duarte
et al. 2009). Catches from fisheries are unlikely to
increase and terrestrial food production is limited by
the availability of freshwater and arable land, creating
a ceiling to global food production. Mariculture, on the
other hand, has little demand for freshwater and the
demand for space is not an immediate limiting factor,
as 70% of the surface of Earth is covered by ocean. To
accomplish the demands of the 9 billion inhabitants
predicted for 2050, less than 4% of the continental
shelf area is required for mariculture production
(Duarte et al. 2009). There are, however, numerous

problems to reach this level of production, including
the availability of suitable production locations. Mariculture is currently concentrated in a few highly productive countries (e.g. China, Norway, Chile), where
sheltered coastal locations already are limiting. Over
the last decade, farming in Norway has, as an example,
moved from sheltered fjords to coastal and more
exposed sites in search of new production sites. Further, the collapse in salmon farming in Chile has been
forecasted as a motivation factor to move farms further
out to sea. Uncontrolled and rapid spread of infectious
salmon anaemia in the intensively farmed Chiloe Sea
was the main reason for the collapse of the Chilean
industry in 2008–2009, leading to an economic loss
exceeding the total earnings since farming started in
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Chile (Vike et al. 2009). Other countries like Spain, Ireland and the USA do not have sheltered fjords and are
developing aquaculture under offshore conditions (e.g.
Toledo-Guedes et al. 2009). Moreover, environmental
issues are considered an important driving force for
offshore farming, as the pressure on and from the environment is expected to be less at offshore sites due to
larger dispersal of waste products and fewer interactions with coastal flora and fauna.
Knowledge of the environmental issues in offshore
farming is limited, but moving offshore is considered
advantageous both to the fish and the environment.
Fish welfare in offshore farms is expected to improve
due to higher water quality with less influence from
terrestrial run-off and coastal activities, and waste
products from farming are rapidly diluted, reducing
the local environmental effects and increasing the carrying capacity of the farming sites. At present, the documentation of environmental effects at offshore farms
is limited due to the relatively few full-scale offshore
farms under operation. Furthermore, predictions of
environmental effects are constrained by limited scientific knowledge from the shelf area, and there is a risk
of misconception by a direct transfer of experience
from coastal zones to offshore conditions. The following review describes areas of environmental concern
in offshore mariculture based on observations in
coastal farms. Also, this review aims at identifying
knowledge gaps on the road to an environmentally
sustainable ‘blue revolution’ in offshore locations.

DEFINITIONS AND SETTINGS
The concepts of offshore farming are globally diverse
with no established definitions. A variety of terms are
used in the literature and contribute to the incon-

sistency in interpretation of issues related to offshore
farming and, eventually, to confusion and conflicts in
developing and regulating the sector. A working group
addressing offshore aquaculture has provided a set of
guidelines to distinguish between coastal, off-coast and
offshore farming with the aim of establishing common
terminology for general use (Y. Olsen et al. unpubl.
data). The distinction between coastal and off-coast
farming is primarily based on the distance to the coast:
coastal farms are located less than 500 m from the coast
in contrast to up to 3 km from shore for off-coast farms
(Table 1). Coastal farms are located in shallow water
depths (<10 m), resulting in direct coupling between
water column processes and the benthic environment,
as well as visual impact of farming to coastal users. Offcoast farming occurs at depths between 10 and 50 m,
but farms are often within sight and somewhat sheltered, leading to some benthic and visual impacts. Offshore farms are, compared to off-coast farms, more
exposed and subject to ocean swells, strong winds and
strong ocean currents with significant wave heights of
up to 3 to 4 m. The farms are located at water depths
> 50 m and several km from shore, minimizing both
benthic and visual impacts. These 3 classifications of
farming will be used in this review, although there are
unresolved questions concerning policy issues and
legal terms (locations of farms in relation to the baseline
of the coast, location in the Exclusive Economic Zone
[EEZ], territorial waters, etc.), which could potentially
affect the development and regulation of the sector.
One recent example is from the USA, where Congress
is proposing a ban of aquaculture in the EEZ, which
would prohibit development of offshore farming in the
USA. The term open-ocean aquaculture has been used
to some extent in previous literature, and is included
either in the off-coast and offshore definitions based on
the description provided in the specific reference.

Table 1. Definitions and examples of major producer countries of coastal, off-coast and offshore farming based on some physical
and hydrodynamical settings. Accessibility <100% refers to limitations in access to the farm due to weather conditions

Physical setting

Exposure

Legal definitions
Examples of major producers

Coastal farming

Off-coast farming

Offshore farming

< 500 m from shore
<10 m water depth
Within sight of shore
users
Waves <1 m
Local winds
Local currents
Strong tidal currents
Sheltered
100% accessibility
Within coastal baseline
National waters
China
Chile
Norway

500 m to 3 km from shore
10 to 50 m water depth
Usually within sight

> 3 km from shore
> 50 m water depth
On continental shelf
Not visible from shore
Waves up to 5 m
Ocean winds
Ocean swell
No tidal currents
Exposed
> 80% accessibility
Outside coastal baseline
National/international waters
USA (Hawaii)
Spain (Canaries)

Waves < 3 to 4 m
Localized winds
Localized currents
Weak tidal currents
Somewhat sheltered
> 90% accessibility
Within coastal baseline
National waters
Chile
Norway
Mediterranean
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Whereas the size of offshore farms is predicted to increase for economic reasons beyond the largest off-coast
farming operations at the moment (>10 000 t yr–1), the
production principles are similar to modern coastal farming. Fish are cultured in net cages from juveniles to market size with dry feed pellets as the main food source,
although in some areas and for some species (e.g. Atlantic bluefin tuna) baitfish may continue to play a role.
The fish species considered for offshore are those already of importance in coastal farms, e.g. salmon, sea
trout, sea bream, sea bass, cobia and kingfish, mostly
due to previous production experience and the existing
markets for these species. The offshore production of
some species, such as salmon, is questioned as they require calm and sheltered conditions, which could prevent this important economic species from expansion in
offshore waters. Other less common coastal species, such
as tuna, cod and halibut, may have greater potential in
offshore conditions for various reasons, including environmental issues. Due to the rough weather conditions at
offshore sites, new types of farm installations have been
developed extending from net cages anchored to the
seafloor at shallower sites, to diver-operated submerged
cages anchored to the bottom, drifting net systems and
cages moored in connection with wind and wave farms
or abandoned offshore oil rigs. Due to their remote location, farms are expected to increase automatic operations
with advanced remote technology to accommodate the
size of the farms and the limitations in access due to
weather conditions (80% accessibility, Table 1).
Integrated multi-trophic farming has been proposed
for offshore farming for similar reasons as in coastal
farming, including environmental sustainability (Troell
et al. 2009). The environmental conditions for growing
shellfish and macroalgae together with fish are present
at offshore locations, with some added benefits such
as lower pressure from infectious parasites (Buck &
Buchholz 2005, Michler-Cieluch & Kodeih 2008). Natural food availability could limit shellfish production
(Clausen & Riisgård 1996) and low nutrient concentrations macroalgae production (Sanderson et al. 2008).
The problems, including low-technology solutions and
identification of high-value products are, however, the
same or even exaggerated in offshore farming due to
higher costs of investment and production compared
to coastal farms (Troell et al. 2009).

ENVIRONMENTAL CONDITIONS AT OFFSHORE
SITES
Shelf research
Fundamental biological and ecological knowledge
from the shelf area, as identified for offshore farming,

59

varies greatly. Some regions are well studied (e.g. the
North and Mediterranean Seas), while other regions
(e.g. Arctic and tropical regions) are poorly known,
especially concerning the productivity and diversity of
benthic habitats. Shelf studies are constrained by high
operational costs for sampling in deep waters, and
most information is available from sites selected for
scientific or exploitation purposes, whereas monitoring
of water column conditions and benthic habitats is
largely absent. Lack of background information on
environmental conditions may significantly hamper
the expansion of offshore farming, particularly due to
the high costs of pre-screening surveys of biological,
chemical and physical oceanography at potential offshore sites. Lack of knowledge from benthic habitats is
critical, as sediments are likely to become organically
enriched by offshore farming. As the benthic fauna
community structure and functionality controls the fate
of settling organic matter (Valdemarsen et al. 2010),
such information is essential to predict the assimilative
capacity of benthic shelf systems. Furthermore, because
the interaction between wild and cultured fish is an
issue in offshore farming, knowledge on wild fish populations is important when planning offshore activities.
Most information is available from intensive fishing
areas, where siting of offshore farms probably should
be avoided to minimize conflicts between user groups.

Water column and fisheries in shelf areas
Due to low nutrient concentrations, water quality
is beneficial for farming at offshore sites compared
with coastal areas, reducing the risk of phytoplankton
blooms, including those of toxic species (Pelegri et al.
2006). However, some shelf locations (upwelling,
eutrophic temperate and Arctic areas) are productive
with relatively high nutrient concentrations, which
could affect the water quality. Moreover, toxic algae
blooms occur relatively frequently in offshore areas in
the Baltic Sea (Mazur-Marzec & Plinski 2009) and off
the European Atlantic coast (Gypens et al. 2007), posing a risk to offshore production. Release of nutrients
from fish farms may stimulate primary production
when nutrients are limiting (Dalsgaard & KrauseJensen 2006) and light is sufficient (Pelegri et al. 2006).
Nitrogen limits primary production in temperate shelf
areas during the summer, and release of nitrogen from
fish farms (ammonium from excretion) during summer
may stimulate temperate primary production. In the
tropics, phosphorus is the most limiting nutrient and
nitrogen is limiting seasonally (Fong et al. 2003), and
nutrient addition experiments in water columns in
shelf areas show stimulation of primary production
(Debes et al. 2008). Furthermore, a shift in size distrib-

60

Aquacult Environ Interact 1: 57–70, 2010

ution of the phytoplankton from small to larger species
was observed, affecting the transfer of carbon and nutrients in the trophic chain through grazing (McAndrew
et al. 2007b). Dissolved organic nutrients leaching from
feed pellets and faeces (Fernandez-Jover et al. 2007b)
also stimulate the pelagic processes, including the
microbial loop. This may increase bacterial activity and
affect the trophic chain (Havskum et al. 2003), but
modifications of the trophic chain under enrichment
conditions are poorly elucidated. A single study near
fish farms in the Mediterranean Sea, however, showed
a rapid transfer of fixed carbon to higher trophic levels
(Pitta et al. 2009), indicating cascadal effects in the
water column upon nutrient additions.
Fisheries are important in the shelf area, although
they are concentrated in certain areas of high productivity (Worm et al. 2003). There is a risk of conflict
between users, and siting of offshore farms will be
important to minimize potential conflicts. The direct
interactions between wild fish and cultured species are
not known and are difficult to predict due to limited
information on offshore fish communities compared to
coastal areas. The interactions between wild and cultured fish extend from enhanced production of wild
fish in farm vicinities to transmission of diseases and
parasites and genetic impacts on wild fish.

Benthic shelf systems
The benthic shelf environment receives less light
compared to shallower coastal sites and, because of
their depth, the light-dependent habitats (seagrass
meadows and macroalgae beds) become less abundant. However, in the tropics light can penetrate 50 to
100 m and offshore farms may be placed over macroalgae beds, maerl communities or coral reefs. These
ecosystems are highly sensitive to nutrient inputs and
organic loading (Bongiorni et al. 2003, Holmer et al.
2003, Hall-Spencer et al. 2006) and are a risk in offshore locations. There are other non-photosynthetic
benthic habitats, such as cold-water corals and
sponges growing at depth, which are expected to be
sensitive to organic matter loading (Bongiorni et al.
2003). The vast majority of benthic habitats in shelf
areas are, however, dominated by bare sediments,
ranging from fine-grained muddy sediments under
weak currents to coarse-grained shell sand under
strong currents (Gage 1996). These deep benthic communities (fauna and microbial) are generally carbon
limited, controlled by low input of organic matter from
the overlying water column (Gage 1996). The benthic
fauna abundance and biomass, as well as microbial
activity, are up to several orders of magnitude lower
compared to coastal sediments (Wenzhofer & Glud

2002). There is virtually no information available on
the response of benthic shelf communities to organic
enrichment. A certain capacity to consume (fauna) and
decompose (microbial) organic matter can be expected, although it is important to take into account the
high quality of organic matter settling from fish farms
compared to allochthonous material. Fish farm waste is
enriched in proteins and lipids, and even low sedimentation rates add relatively large amounts of labile
organic matter to the benthic compartment (Holmer et
al. 2007, Pusceddu et al. 2007). Where coastal sediments host a diverse benthic fauna community, some of
which are tolerant to organic pollution, shelf fauna are
adapted to low food conditions, oxic or oxidized sediments and are most likely less tolerant to organic
enrichment (Lee et al. 2006, Kutti et al. 2007b). Such a
benthic community may rapidly be wiped out by
organic inputs from farms, with limited potential of reestablishment due to low recruitment and slow growth
rates (Gage 1996). Low recruitment also affects the
potential for regeneration of the sediments after fallowing. If no pollution-tolerant fauna are present to
colonize the enriched sediments, the stimulatory effect
of benthic fauna in regenerating sediments is less,
increasing the duration of the recovery period (Macleod et al. 2007, Lin & Bailey-Brock 2008). In contrast to
the benthic fauna, the bacterial community structure
and functionality in the sediments is far more cosmopolitan (Canfield et al. 1993), and the bacterial community may potentially respond to organic enrichment as
observed in coastal sediments. Bacterial activity in
marine sediments is controlled by the chemical properties of seawater, diffusion and advection processes in
the sediments, benthic fauna activity and organic matter loading to the sediments (Thamdrup & Canfield
1996). Upon organic enrichment, oxygen, which is the
most efficient electron acceptor, is consumed first due
to low solubility in the water column and low penetration into the sediments (Glud 2008). Oxygen depletion
is possibly faster in shelf sediments due to low bioturbation and/or bioirrigation activity by the benthic
fauna compared to coastal sediments. Iron and manganese reduction could, on the other hand, play a
greater role due to higher pools of these compounds
(Jensen et al. 2003), but their capacity as carbon oxidation agents is also controlled by the bioturbation
and/or bioirrigation activities (Valdemarsen et al.
2009), and may thus be exhausted relatively quickly in
shelf sediments. Ultimately, sulfate reduction takes
over, stimulated by inputs of organic matter and high
sulfate concentrations in seawater. Sulfate reduction is
an important process in fish farm sediments, where it
dominates the carbon oxidation process (Holmer &
Kristensen 1992). High sulfate reduction rates increase
the risk of accumulation of sulfides displacing sensitive
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benthic fauna (Hargrave et al. 2008), which may be
critical in shelf sediments, where the benthic fauna is
adapted to oxidized conditions. Thus organic enrichment and the microbial response to this input pose a
threat to the benthic fauna in shelf sediments.

ENVIRONMENTAL ISSUES OF OFFSHORE
MARICULTURE
A range of environmental issues have been identified
in coastal and off-coast farming over the past 2 decades
(Table 2), whereas existing evidence on environmental
impacts at offshore farms with full-scale production
is limited (Table 3). The aim of this part of the review is
to provide an overview of the environmental issues
known from coastal and off-coast farms and to discuss
the possible environmental issues with offshore farming from this existing knowledge. The issues are addressed by first considering the problems identified as
the most severe in coastal and off-coast farms.

Visual impact and ecological footprint
Visual impact is of primary concern in coastal farming (Table 2), and is one of the main reasons for moving farms out to sea in the Mediterranean. This is, for
instance, enforced by the Turkish government to avoid
visual interaction with the coastal tourist industry
(Ersan 2005). Farming offshore will relieve this longlasting conflict in the coastal zone.
The use of fish for feed is controversial and is considered one of the most important environmental issues in
the predicted expansion of mariculture (Naylor &
Burke 2005, Naylor et al. 2009, Tacon & Metian 2009),
and is a major problem for expansion of offshore farming (Table 2; Duarte et al. 2009). Fish feed generates
pressure on wild fish stocks, in particular due to the
low efficiency in feeding carnivorous fish, which are
the high volume species in marine fish farming (Naylor
& Burke 2005, Duarte et al. 2009). Integrated multitrophic aquaculture (IMTA) principles may release this
pressure, but lack technological solutions. Culturing of

Table 2. Environmental impacts and change in ecosystem services of mariculture in coastal and off-coast locations and predictions for offshore locations. Impacts are listed by category as low (barely detectable), medium (enrichment/detectable) and severe (negative impact),
and offshore predictions as lower, no change or higher impact compared to coastal/off-coast
Impact

Observed change in ecosystem
services coastal/off-coast

Visual impact and ecological footprint
Visual impacts
Conflicts with coastal users, loss
of property value
Use of fish as feed
Pressure on wild fish stocks to
produce feed for mostly carnivore
aquaculture species
Seed collection
Pressure on wild fish stocks
Benthic impact
Benthic flora
Loss of seagrass habitat, impact on
maerl
Enrichment of sediments
Accumulation of organic matter
Sediment microbial activity
Increased sulfide production
leading to poor sediment conditions
Benthic fauna
Increase in productivity and diversity
under oligotrophic conditions; loss of
productivity and diversity under
eutrophic conditions
Wild fish and fisheries
Wild fish (genetics)
Escapees (incl. spawn) interact with
wild fish, affecting gene pools, and
compete for habitat
Wild fish (disease)
Spreading of disease between
cultured and wild fish
Invasion of exotic species
Introduction of species into new
habitats
Wild fish (attraction)
Wild fish are attracted to cages
due to food availability
Fisheries
Conflicts for space, increased landings
Other issues
Use of antifoulants/chemicals Accumulation of hazardous compounds
Carbon footprint
Energy consumption and CO2 release
Water quality (nutrients)
Higher primary productivity under
oligotrophic conditions

Categorization Offshore
of impact
prediction

Source

Severe

Lower

Ersan (2005)

Severe

No change

Naylor et al. (2009)

Severe

No change

Naylor et al. (2009)

Severe

Lower

Medium
Medium
Medium

Holmer et al. (2003),
Hall-Spencer et al. (2006)
Lower
Hargrave et al. (2008)
Lower
Holmer & Kristensen
(1992)
Lower/no change/ Kutti et al. (2007, 2008),
higher
Holmer & Kristensen
(1992)

Severe
(salmon)

Lower/no change

Medium

Lower/no change

Jørstad et al. (2008),
Toledo-Guerdes et al.
(2009)
Vike et al. (2009)

Medium

Lower

Williams & Smith (2007)

Medium

Lower/no change

Dempster et al. (2002)

Medium

Lower/no change

Machias et al. (2005)

Medium
Low
Low

No change/higher Samuelsen et al. (1992)
Higher
Bunting & Pretty (2007)
Lower
Pitta et al. (2009)

Tuna

Spain

Med.

Med.

E Med.

nd

nd

nd
Enhanced P pools
Nutrient availand
bility enhanced
up to 150 m
Transfer to
nd
higher trophic
levels
nd
nd

Med.
Med.

No change in OM pools

Enhanced OM pools and bacterial activity, reduced sediments

Enhanced OM pools under cages

No impact

W Med.

Enhanced OM pools under cages
Enhanced OM pools under
cages and downstream

Sea bream/sea bass

nd
nd

Increased sedimentation,
increased P content, waste
signals in bottom traps up
to 900 m away, reduced
sediments < 250 m
Enhanced P pools

Enhanced ON pools under cages

Enhanced OM pools and
bacterial activity, reduced
sediments
Enhanced P pools

nd

No impact

W Med.
W Med.

No impact

nd

nd

No impact

Enhanced ON pools under
cages

nd

nd
No impact on OM, high
porewater ammonium,
higher counts of bacteria

Sediment

Sea bream/meagre

Chile

Norway

Adriatic

Puerto Rico

No impact

W Med.

Salmon

nd

Spain

Tuna/sea bream/
sea bass/meagre
Off-coast
Atlantic tuna

Cobia

nd

USA

Shellfish/flounder

nd

No impact

E Med.

Canaries

nd
nd

Water quality

Seabream

Hawaii
Hawaii

Location

Seabream/seabass

Offshore
Pacific threadfin

Species

Disturbed community
up to 220 m away

Enhanced seagrass
mortality
nd

nd

Reduced species richness and abundance
Abundance shifts
nd

Disturbed community
Reduced species richness and abundance

Reduced biodiversity

Increased production
biomass, reduction in
diversity

nd

nd

Disturbed community

Enhanced N in seagrass
and epiphytes

No impact

nd

nd

Reduced biodiversity
nd

Fauna/Flora

–

–

–

–

Impact at 2 out
of 5 farms
Seagrass impacted
–

–
–

43 farms, water
depth 15 to 59 m

230 m water depth,

–

–

–

–

Low production

Low production
–

–

10 m over bottom
3 m over bottom

Comment

Vita et al. (2004a,b)

Holmer & Frederiksen
(2007), Holmer et al. (2007),
Pusceddu et al. (2007)

Díaz-Almela et al. (2008)

Pitta et al. (2009)

Apostolaki et al. (2007)
Dalsgaard & KrauseJensen (2006)

Maldonado et al. (2005)

Tomasetti et al. (2009)
Aguado-Giménez et al.
(2007)

Soto & Norambuena (2004)

Kutti et al. (2007a,b, 2008)

Rapp et al. (2007)

Matijević et al. (2006)

Vezzulli et al. (2008)

Ruiz et al. (2010)

Grizzle et al. (2003)

Molina Domínguez
et al. (2001)

Basaran et al. (2007)

Lee et al. (2006)
Yoza et al. (2007)

Source

Table 3. Overview of studies of environmental impacts of water quality, sediment conditions and benthic fauna and/or flora communities at offshore and off-coast fish farms.
Med.: Mediterranean; E Med., W Med.: eastern and western Mediterranean, respectively; OM: organic matter; ON: organic nitrogen; nd: no data. Low production is < 500 t
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species at lower trophic levels, such as herbivorous fish
and shellfish, could immediately benefit the ecological
footprint, but it is constrained by low market demands
(Duarte et al. 2009). In addition to feed, collection of
wild larvae or juveniles for capture-based aquaculture
(e.g. tuna farming) has major environmental implications, especially if the wild stocks are in danger of
extinction (Naylor & Burke 2005). With the expansion
of the production capacity in offshore farming, this
issue may become more severe, unless the production
cycles are closed with larvae and juveniles obtained
from brood stock (Duarte et al. 2009). Closed production cycles are likely to occur for an increasing number
of species, although some species, including endangered species as Atlantic bluefin tuna, still pose major
difficulties for the breeding industry.

Benthic impacts
Benthic impacts are of primary concern in mariculture (Table 2), in particular under eutrophic conditions
where accumulation of organic matter in the sediments
may result in anoxia and loss of secondary production
and biodiversity (Hargrave et al. 2008). Studies at
off-coast farms show less benthic impact compared to
coastal farms due to larger dispersion of particulate
waste products (Table 3). However, Kutti et al. (2007a)
examined an off-coast farm located at 230 m water
depth and found increased rates of sedimentation at
distances up to 900 m away from the farm, suggesting
that deep-water farms can induce enrichment of sediments over large areas. Interestingly, they found an
increase in the benthic fauna biomass and diversity,
suggesting a stimulation of the production in the benthic community (Kutti et al. 2007b, 2008). The farm was
located relatively close to shore and could be considered a coastal farm with a low degree of exposure.
Findings of enriched benthic communities have been,
however, confirmed at other off-coast and offshore
farms (Table 3). The enrichment may positively affect
fauna density and increase fauna biomass, whereas
the community structure is modified with greater incidence of pollution-tolerant species under the net cages
(Table 3). Benthic impacts can thus be expected in
off-coast and offshore farms, despite their location in
deeper water and more exposed conditions. This is
attributed to the rapid sinking rates of feed and faecal
pellets, resulting in significant sedimentation in farm
vicinities (Holmer et al. 2007, Pusceddu et al. 2007).
Cromey et al. (2002) reported sinking rates of 8 to
16 cm s–1 for feed and faecal pellets ranging in diameter between 2 and 13 mm. Calculations show that it
takes between 2 to 4 min to sink to 20 m, but only 10 to
20 min to sink to 100 m, assuming that the sedimenta-
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tion pattern is the same in a deeper water column.
Such fast sinking rates will, under low current speeds,
allow sedimentation of particles in the immediate
vicinity of the net cages, as found by Kutti et al. (2007a).
Dispersion increases as current velocities increase,
but large particles will, unless they disintegrate into
smaller parts, sink and settle near the cages. Storm
events during passage of low pressure systems or
tropical storms can create turbulent waters and modify
the settling of particles, in particular for cage systems
located at the surface. However, as most weather
events are seasonal, confined to winter or hurricane
seasons of shorter duration, turbulence and strong currents may play a relatively minor role in the sedimentation of waste products over an annual cycle. Moreover, changes in water currents are often confined to the
surface layers, leaving the deeper parts of the water
column under calmer conditions and allowing fast sedimentation of large particles. Only in locations with permanent strong currents, e.g. areas influenced by tidal
currents, can extensive dispersion of particles be expected. Under these conditions it is important to monitor connected sedimentation basins where waste products may accumulate as the current velocity decreases.
Yoza et al. (2007) found increased numbers of sulfate-reducing bacteria at an impacted offshore site,
suggesting a stimulated microbial response to organic
enrichment. Results from deep Norwegian off-coast
farms (200 to 500 m) indicate stimulated sulfate-reduction activity under net cages compared to control sites
(T. Valdemarsen unpubl. data). A prolonged effect of
organic enrichment on microbial activity and sulfide
accumulation in deep sediments is suggested from fallowing studies at off-coast farms. The fallowing period
was significantly longer compared to coastal farms
(Macleod et al. 2006), and the enrichment of the sediments disappeared relatively fast, but the benthic
fauna were slow to recover (Macleod et al. 2006). The
slow recovery of the benthic fauna was attributed to
low regeneration potential hampered by the absence
of pollutant-tolerant species, which recolonize the
impacted and possibly sulfidic sediments (Hargrave et
al. 2008). As the benthic fauna in shelf areas are characterized by slow growth and low recolonization
potential after natural events or trawling (Gage et al.
2005), this could be a major concern for fallowing practices in offshore farms.

Interactions with wild fish and predators
Fish farms are artificial structures in the sea and act
as fish aggregation devices (Dempster & Taquet 2004),
and the loss of waste feed and nutrients increases the
availability of food, attracting wild fish to the farms
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(Dempster et al. 2002, 2004, 2009, Fernandez-Jover et
al. 2007a). Predatory fish and mammals have also been
observed in farm surroundings predating on both the
cultured and attracted fish (Nash et al. 2000, Sepulveda & Oliva 2005). Furthermore, the input of particulate waste to the sediments attracts benthic fish and
stimulates the productivity of benthic fauna and epifauna, providing food for benthic fish (Kutti et al.
2007b). Wild fish are attracted to shellfish farms, where
they predate on the cultured shellfish and epifauna or
search for food in the benthic communities established
in shell debris under the farms (Dubois et al. 2007).
Attraction of wild fish and predators is expected at offshore farms for the same reasons as in coastal farms,
but the species most likely differ from coastal farms,
reflecting offshore fish populations (Table 4). Due to
the lack of general knowledge on offshore fish (e.g.
feeding habits, population dynamics), their interactions with farms are difficult to predict. At coastal and
off-coast sites, wild fish aggregate near all types of
farms, but show great spatial and temporal variability
modified by a range of factors such as farm management, local environmental conditions and seasonality
in migration (Battin 2004). The aggregations can attain
quite high abundance and biomass (many tonnes per
farm), stimulated by the high quantity and quality of
the waste feed (Dempster et al. 2009). The presence of

wild fish may reduce the benthic impact due to their
feeding (Vita et al. 2004a,b), but the farms can also act
as ecological traps, misleading fish to inappropriate
habitat selection or diverting migrating fish from migration routes, making them susceptible to capture and
thereby increasing their mortality rates (Battin 2004).
A concern at offshore farms is the attraction of large
predators, causing damage to nets during their hunt
for prey. Damage of nets is an economic as well as ecological risk due to the release of farmed fish to the wild.
On the Pacific coast of the USA and Canada, sea lions
and harbor seals interact with coastal fish farms by
predating upon salmonids inside the cages while damaging netting in the process (Nash et al. 2000). On the
Atlantic coast, harbor seals and grey seals pose similar
problems (Nash et al. 2000), and in Chile, negative
interactions of sea lions with salmon farms have been
described (Sepulveda & Oliva 2005). Moving farms
offshore could attract larger and more abundant predators to the farms, including species such as sharks
and killer whales. If offshore net cages are attacked,
there is a risk of releasing millions of cultured fish due
to the large size of the farms. Escapees, cultured fish
unintentionally released into the wild, are a major and
increasing problem in mariculture (Naylor et al. 2005).
Escapees may interbreed with wild conspecifics and
reduce the genetic diversity of the local populations,

Table 4. Examples of interactions between wild fish and fish farms at coastal (CO) and off-coast (OFC) farms
Species

Farm type

Location

Observation

Source

Cod
Salmon

OFC
CO/OFC

Norway
Chile

Uglem et al. (2008)
Buschmann et al. (2006)

CO

British Colombia

Model

Norway

Model

British Colombia

OFC
CO/OFC
CO
CO/OFC
OFC

US
Chile
Norway
Chile
Spain

OFC

Spain

CO

Greece

OFC

Spain

OFC

Spain

OFC

Spain

OFC

Italy

Ecosystem effects of escaped cod
Escapees low survival in native
ecosystems, increase in marine
birds in farming areas
Mercury contamination of rockfish
present near fish farms
Spawning of cultured cod affect
wild populations
Infection of wild juvenile Pacific
salmon with parasitic sea louse
Attraction of seals and sea lions to farms
Attraction of sea lions to farms
Aggregation of saithe near farms
Attraction of sea lions to farms
Aggregation of wild fish in great
abundance and biomass near farms
Aggregation of 53 different species
of wild fish near farms
Enhancement of local stocks due to
spawning in farms
Change in growth of attracted fish
to cages
No increase in parasite infections,
but new types of parasites in wild
fish near fish farms
Establishment of escaped fish in
native habitats
Reduced benthic load due to consumption of waste products by attracted fish

Sea bream/
sea bass

Tuna

deBruyn et al. (2006)
Jørstad et al. (2008)
Krkosek et al. (2009)
Nash et al. (2000)
Sepulveda & Oliva (2005)
Uglem et al. (2009)
Vilata et al. (2010)
Dempster et al. (2002)
Dempster et al. (2005)
Dimitriou et al. (2007)
Fernandez-Jover et al. (2007a)
Fernandez-Jover et al. (2010)
Toledo-Guedes (2009)
Vita et al. (2004a,b)
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which is a major problem in the salmon industry (Cross
et al. 2008). Escapees may also obstruct the natural
habitats, interfering with the native species for breeding sites and food (Jacobsen & Hansen 2001,
Buschmann et al. 2006), and they increase the risk of
transfer of disease and parasites to wild fish (Olivier
2002, Vike et al. 2009). A relatively new interaction is
‘escape through spawning’, as an increasing number
of species are cultured until maturity, e.g. Atlantic cod
(Jørstad et al. 2008) and sea bream (Dimitriou et al.
2007). In this way the cultured strains are released
directly into the surroundings, where they can establish and compete with wild fish. Environmental impacts of escapees are well documented from salmon
farming in Norway (Krkosek et al. 2007), whereas
interactions for other species are less well known.
Impacts of sea bream and sea bass escapees are
assumed to be less compared to salmon due to more
abundant native populations and lack of local adaptations of the stocks (Toledo-Guedes et al. 2009). Increased landings and reduced size of wild-caught
sea bream and sea bass in intensive farming areas in
the Mediterranean, however, suggest the presence
of ecological interactions (Sánchez-Lamadrid 2004,
Dimitriou et al. 2007). Similar interactions can be
expected at offshore locations, which is their native
habitat. The degradation of the wild strains of cultured
species due to genetic interactions could be avoided by
using sterile or triploid fish, and although these methods are available, many difficulties and uncertainties
remain to be solved for most species. Only a few successful examples have been provided so far (Cross et
al. 2008).
Similar to coastal farms, there is a risk of spreading
diseases between farmed and wild fish and vice versa,
and several scenarios can be predicted for offshore
farms (Table 2). Due to the increasing size of the
farms, the risk of transmission of disease from cultured to wild fish is higher compared to smaller farms,
but on the other hand, the move to offshore locations
could minimize the incidences of diseases due to better water quality. The risk of spreading parasites is
expected to decline due to the physical removal from
the intermediate hosts, although farmed fish in net
cages may become infested by parasites from wild
fish and in turn become point sources for parasites
(Nowak 2007). The risk is high, if offshore farms are
placed near major migration routes or in areas with
intensive fishing. Some offshore farms may still be
relatively close, e.g. within a few kilometers, to the
coastal areas and similar risks of direct and indirect
interactions with wild fish populations are possible.
Only if the farms are located in open seas, e.g. tens to
hundreds of kilometers away, can interactions with
coastal populations be reduced.

Mariculture has led to introductions of exotic species
through transportation of cultured species and escapees, with severe ecological implications (Table 2; Williams & Smith 2007). One example of an introduced
species with a major impact is the widespread invasion
of Pacific oysters along the Northern European coasts,
where it outcompetes native species (Markert et al.
2010). Locating farms further offshore may both increase the risk of introductions due to larger dispersal
upon escape, but could also reduce the pressure on
the environment due to lack of suitable habitats for
the exotic species. Climate change, resulting in higher
winter temperatures, allows production of species new
to temperate conditions and farming in areas previously unexplored for mariculture (e.g. in Arctic areas),
thus increasing the risk of exotic introductions in temperate and Arctic areas.

Use of antifoulants/chemicals
Various chemicals, including antifoulants, are used
in mariculture and accumulate in the benthic organisms and sediments below the net cages (Costello et al.
2001, Dean et al. 2007). The use of medicines for treatment of cultured fish, such as antibiotics, poses an
environmental threat in the form of transmission to
wild organisms and development of bacterial resistance in nature (Samuelsen et al. 1992). As the use
of these environmental hazards and medicines is expected to decrease in offshore farming due to better
water quality and less growth of biofouling combined
with increased dispersal, the environmental threat is
most likely lower (Table 2). The lack of knowledge on
the sensitivity of benthic habitats on the shelf to environmental hazards and medicines is, however, a critical uncertainty and it is difficult to predict the environmental impacts of offshore farming. Experimental
research should be applied to investigate possible impacts of farm-derived environmental hazards on benthic habitats.

Carbon footprint
Mariculture has a high carbon footprint when compared to low-energy freshwater farming, but a low footprint compared to the production of livestock, as livestock emit methane, contributing to global warming
(Bunting & Pretty 2007). The carbon footprint is predicted to increase as fish farms move offshore due to increased energy use for transportation of materials, feed
and cultured fish (Table 2). Optimizing energy use at
offshore farms with renewable energy sources could
compensate for some of the increased energy use.
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Water quality
Finally, the last environmental issue to address in
this review is water quality, which is considered one of
the less severe impacts (Sara 2007). The water quality
around coastal fish farms is affected by the release of
dissolved and particulate inorganic and organic nutrients, but, due to rapid dispersal, only limited impacts
have been documented (Table 3). Assessments of
water quality are, however, often confounded by the
methods used, addressing static parameters such as
concentrations of nutrients and chlorophyll a rather
than productivity and nutrient uptake (Dalsgaard &
Krause-Jensen 2006, Pitta et al. 2009). However,
Machias et al. (2005) showed that the primary production increased in farm surroundings under oligotrophic
conditions in the Mediterranean Sea, eventually stimulating productivity at higher trophic levels (e.g. fisheries). By moving the farms further offshore to exposed
conditions, the dispersal of nutrients is expected to
increase, minimizing the pressure on the environment
(Table 2). None of the available studies at off-coast and
offshore farms have detected significant nutrient enrichment or effects on the water column (Table 3), suggesting a rapid dispersal of dissolved compounds or
a rapid transfer of waste products to higher trophic
levels (Pitta et al. 2009).

ENVIRONMENTAL RESEARCH NEEDS
As the shelf area is underexplored, particularly with
respect to the impacts of nutrient and organic enrichment, there are substantial research needs related to
expansion of offshore mariculture. The sensitivity of
the benthic habitats to organic enrichment is critical,
as the sediments are likely to receive a higher load.
Studies should address the assimilative capacity of
deep sediments at a range of sedimentation regimes,
varying the quality and quantity of the settling organic
matter, reflecting possible sedimentation scenarios
along an exposure gradient. Population dynamics of
the benthic fauna, including recruitment and tolerance
to organic pollution, are largely unknown, may affect
the extent of decomposition of organic matter in the
sediments and are critical for the fallowing process.
Fallowing is used in coastal aquaculture with good
results, where the regeneration of the benthic communities is stimulated by rapid recolonization by benthic
fauna. This scenario is likely much different in deep
sediments, which are characterized by much slower
growth and reproduction of benthic fauna and absence
of pollutant-tolerant species. In addition, the distribution of sensitive benthic communities (sponge, maerl
and corals) and their responses to organic enrichment

are largely unknown from the shelf area. Detailed
mapping of sensitive habitats and designation of farming areas avoiding sensitive habitats would be a strong
tool for siting new offshore farms. Hydrodynamics and
physical oceanography play a major role in the dispersion of waste products, but are largely unknown at
farm scales, prohibiting predictive modeling of farm
impacts as well as other issues for management (e.g.
risk analysis of net failure). The lack of knowledge on
several aspects of wild fish in offshore locations, such
as population dynamics, attraction to fish aggregating
devices, consumption of waste products and susceptibility to disease and environmental hazards, pose a
risk for the development of offshore farming.
New production technologies, such as the use of
submerged cages or drifting farms, could modify the
environmental impacts, and should be subject to further studies. Where submerged farms may increase
the sedimentation compared to floating cages, drifting systems could reduce the overall loading of
waste products at a local level, but could spread the
waste products over larger areas. Farms located
together with other types of marine installations
(wind and/or wave farms) are not known from
coastal aquaculture and the environmental interactions need to be explored. IMTA principles are well
established in tropical fish farming, but are still in
their infancy in temperate coastal aquaculture, and
environmental impacts remain largely unexplored.
IMTA may reduce the environmental impacts directly
by uptake of dissolved nutrients by primary producers (e.g. macroalgae) and of particulate nutrients by
suspension feeders (e.g. mussels), and through harvesting remove the nutrients from the location. Reuse
of these extractive organisms for fish feed is an indirect reduction of environmental pressure through
alleviation of the pressure on wild stocks exploited
for fish feed (Duarte et al. 2009).
There is an urgent need for a consensus on environmental monitoring of mariculture worldwide to ensure
that sustainable development occurs at offshore sites.
Several of the major producer countries, such as
Norway and Scotland, apply fairly comprehensive
monitoring programs (Ervik et al. 1997), whereas monitoring is more variable elsewhere. Dissemination of
the knowledge from well-established monitoring programs at a global level could promote consensus.
Coastal monitoring programs, however, have to be
adapted to offshore conditions, taking into account
both the deeper water column and the shelf sediments.
The development of remote sensing equipment (e.g.
loggers, surveillance cameras) and monitoring equipment for deep waters (e.g. remotely operated vehicles)
is required to facilitate research and monitoring under
offshore conditions.

Holmer: Fish farming in offshore waters

CONCLUSIONS
The key question that remains is if mariculture will
expand into offshore locations. For environmental reasons there are several benefits in moving farms from
coastal to offshore locations. Increased dispersal of dissolved and particulate nutrients reduces the intensity
of environmental interactions at farming sites and possibly increases the assimilative capacity of the ecosystem. The physical movement of the farms away from
the coastal zone reduces the interaction with coastal
flora and fauna and minimizes the risk of diseases and
parasite infections. Environmental issues can be further reduced if offshore farms are placed at sites away
from sensitive benthic habitats (e.g. biological hotspots) and major fish and mammal migration routes to
minimize the interaction between wild and cultured
fish. Locating farms in areas of already existing
offshore installations could be an advantage for technological and legal issues. The lack of scientific knowledge on offshore fish, mammal and benthic communities is problematic for the development of offshore
mariculture, as cautionary principles have to be
applied until sufficient documentation is available.
Bottlenecks of sustainable feeds and use of wild stocks
remain a challenge to offshore production as well as
aquaculture development in general. Even with substantial scientific efforts into environmental issues,
other questions, such as legal issues, technological
challenges and market conditions, are likely to become
critical drivers of the blue revolution at offshore locations.
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