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Annex 1 – Expanding mariculture 
farther offshore
A synthesis of the technical, environmental, 
spatial and governance issues and 
opportunities

This document provides a synthesis of the main information used as background for the 
workshop, including the technical papers and case studies presented during the event, as well 
as relevant points of discussion and technical recommendations from the workshop. This 
paper was prepared with inputs from the experts that attended the workshop.1

1.	 PROSPECTS FOR MARICULTURE 
Aquaculture has been the fastest-growing animal food producing sector in the world for 
many years. Mariculture, in 2010, made up 30 percent of the global aquaculture production 
excluding aquatic plants, with 18.1 million tonnes and a value of USD34.4  billion. 
Mariculture production compares with 77.4 million tonnes harvested by the world’s 
capture fisheries in the same year. The rate of increase in global mariculture production 
exhibited a pronounced increase as the harvest from fisheries levelled off in the early 1990s. 
The combined global food harvest from mariculture and fisheries was estimated at 128.3 
million tonnes in 2010 (FAO, 2012a), of which, however, 20.2 million tonnes of capture 
products were destined to non-food uses including fishmeal and fish oil production. 
This represented an apparent per capita consumption of about 5 g of protein per day, 
accounting for about 16.6 percent of animal protein and 6.5  percent of total protein 
consumption in 2009 (FAO, 2012b). In addition, mariculture produced 19 million tonnes 
of aquatic plants with an estimated value of USD 5.7 billion, accounting for 96 percent 
of global production including capture fisheries. The majority of aquaculture activities 
currently take place in developing countries, where aquaculture traditionally has been 
undertaken in freshwater. However, mariculture is currently increasing, and there is a 
strong interest in expanding further in several of these countries and in other countries 
where aquaculture is a relatively new food production sector.

Numerous publications have questioned the ability of humans to feed the world’s 
growing population with nutritious food in the centuries to come, and some have 
pointed to the opportunity for more effective use of the oceans for producing food 
through mariculture (Marra, 2005; FAO, 2006; Duarte et al., 2009). The oceans 
cover some 70 percent of the Earth’s surface, and their primary production, mainly 
undertaken by microscopic phytoplankton, is comparable with that of the terrestrial 
ecosystem (Field et al., 1998). However, remarkably little food is derived from the 
oceans, and it could thus be questioned if these immense marine areas can effectively 
be exploited to help feed humanity in the future (Duarte et al., 2009). Other documents 
have underscored the technological, environmental and legal challenges and constraints 
for mariculture development (Diana, 2009). With the uncertain perspectives of global 
agriculture developments in mind (Miller, 2008) – increasingly driven by environmental 
concerns – the further exploration of the world oceans to provide food is a discussion 
item on many international development agendas. The need for such dialogue is further 

1	 This document was prepared with the technical assistance and inputs of Yngvar Olsen (Norwegian 
University of Science and Technology, Norway).
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reinforced in view of the uneven availability and potentially limiting freshwater supply 
for plant and animal production (CAWMA, 2007). This is further exacerbated by the 
envisaged effects of climate changes and population growth. Most likely, the further 
growth in freshwater aquaculture may largely depend on the intensification of pond 
production, among others, and through the adequate reuse of water. In view of the 
limitations in freshwater supplies in many regions of the world, Duarte et al. (2009) 
suggest that a self-sustaining mariculture industry could possibly provide a significant 
proportion of the needed animal protein in the future.

The majority of global mariculture production is undertaken in coastal locations, 
generally sheltered and characterized by relatively low hydrodynamic energy, 
shallow waters and proximity to coastal supporting infrastructure. The expansion 
of mariculture to more exposed waters off the coast is more challenging from a 
technological, environmental and spatial viewpoint, as well as from a legal aspect. In 
general, the greater the distance offshore that a mariculture activity is located, in deeper 
waters and in areas with an increased degree to weather exposure, the higher the degree 
of technology complexity that will be required, along with greater capital investments. 
Furthermore, operating costs may also increase.

The increasing pressure on the use of coastal zones from alternative activities such as 
tourism and urban development provides strong impetus to move mariculture activities 
of finfish, molluscs and macroalgae into offshore waters. In many countries with well-
developed mariculture industries, there is often a growing concern about the capacity 
of the environment to assimilate wastes in coastal waters, as well as on issues such as 
disease outbreak and transfer and farmed fish escapees, which may negatively interact 
with wild fauna and coastal ecosystems as a whole (Tacon and Halwart, 2007). There 
is also an increasing level of interaction between mariculture operations and other 
users of coastal waters, at times leading to severe conflicts among key stakeholders. 
Furthermore, well-organized non-governmental organizations (NGO) have also 
been successful in influencing public opinion against the proliferation of mariculture 
activities in coastal waters in many parts of the world, calling for the moving of 
production farther off the coast. 

2. 	 OFF-THE-COAST AND OFFSHORE MARICULTURE: OPERATIONAL 
DEFINITIONS AND SOME GOVERNANCE IMPLICATIONS 
2.1 	C riteria for the definition of “off the coast”
The physical diversity of coastal waters, including their topography, hydrodynamic 
energy exposure and water depths, makes it difficult to define the conditions typical 
of offshore aquaculture and attempts to do this must be seen as an operational 
approach rather than an absolute. To facilitate the discussion and move forwards in 
addressing relevant offshore mariculture issues, the workshop experts proposed a 
general “operational criteria” for defining mariculture activities. These are grouped 
in three broad categories, based on the distance from the coast and water depths, 
thus underlining the degree of exposure, but also according to fish-farm operational 
requirements and accessibility (Table 1).

According to these criteria, off-the-coast mariculture differs from coastal mariculture 
primarily by the distance to the coast and the degree of exposure. Coastal mariculture is 
undertaken in shallow (<10 m) and usually sheltered waters typically <0.5 km from the 
coast. Off-the-coast mariculture takes place 0.5–3 km from the coast in water depths 
between 10 and 50 m. The sites can be partly sheltered, but currents are stronger, and 
wind and wave affect installations more severely than at coastal mariculture sites. 
Offshore mariculture production is located in areas >2  km, or out of sight, from 
the coast in water depths >50 m and under the influence of powerful hydrodynamic 
energy, i.e. waves, ocean swells, ocean currents and strong winds. The term “open 
ocean” mariculture can include both off-the-coast and offshore mariculture.
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There is a general belief that off the coast and particularly offshore mariculture 
facilities will require a higher degree of automation and remote control in their 
operations. Accessibility will depend on weather and waves, but will also depend on 
the scale and technological level of the farms. Large and advanced offshore mariculture 
farms in the future may be accessible at all time regardless of weather conditions. It 
may also happen that staff will live aboard in the control unit of the farms most of the 
time, as on offshore oil platforms.

The “distance from the coast” criteria can be problematic, however, as it can be 
understood differently in different circumstances. If “coast” is defined in legal terms 
as the baseline of the coast, which can be a line connecting fringing islands of the outer 
archipelago, it follows that coastal mariculture taking place in internal waters (legally 
defined as inside the baseline; see Figure 1) can be quite exposed (significant wave 
height [Hs] of up to 3–4 m). Depending on the contour of the baseline, aquaculture 
activities that take place in internal waters may even be considered as off the coast 
activities according to the criteria set out in Table 1, if the baseline is set farther away 
from the coast owing to the presence of distant islands within the sovereign State. 
This situation is quite typical for the majority of the production locations of Atlantic 
salmon in northern Europe and in the Chilean fjords. On the other hand, in some other 
locations, for example along the Mediterranean coast of Spain and Turkey, fish farms 
can be more than 180o exposed while the distance to the land and water depth can be 
less than 2 km and 50 m, respectively. In these sites, mariculture has been undertaken 
for more than 15 years using regular high density polyethylene (HDPE) fish cages. 
This is certainly a special case as the Mediterranean Sea, a so-called marginal sea, is less 
influenced by extreme winds. There are other similar situations where mariculture is 
practised in open bays such as in Sungo Bay (Yellow Sea) off the coast of eastern China, 
where waters may remain relatively calm even as far out as 5 km or more from the 
shore owing to the prevailing winds and the orientation of the bay itself with respect 
to the open sea. 

The use of the criteria in Table 1 calls for a careful approach because the term 
“offshore” can be understood differently and because offshore mariculture locations, 
according to the above criteria, can be found in internal waters in some countries 
with extensive archipelagos, as well as on the border of international waters in other 
countries, and it definitively includes areas beyond national jurisdiction (ABNJ). These 
criteria can only provide a preliminary idea of the farming conditions and location. 

TABLE 1
General criteria for defining coastal, off-the-coast and offshore mariculture 

Parameters Coastal
mariculture

Off the coast
mariculture

Offshore
mariculture

Location/
hydrography 

·	 <500 m from the coast
·	 <10 m depth at low tide 
·	 within sight
·	 usually sheltered

·	 500 m to 3 km from the coast
·	 10–50 m depth at low tide 
·	 often within sight
·	 somewhat sheltered

·	 >2 km generally within 
continental shelf zones, possibly 
open ocean 

·	 >50 m depth

Environment ·	 Hs1 usually <1 m 
·	 short-period winds 
·	 localized coastal currents
·	 possibly strong tidal streams

·	 Hs <3–4 m 
·	 localized coastal currents
·	 some tidal streams 

·	 Hs 5 m or more, regularly 2–3 m
·	 oceanic swells
·	 variable wind periods
·	 possibly less localized current 

effect 

Access ·	 100 % accessible
·	 landing possible at all times

·	 >90 % accessible on at least once 
daily basis

·	 landing usually possible 

·	 usually >80 % accessible
·	 landing may be possible, periodic, 

e.g. every 3–10 days 

Operation ·	 manual involvement, 
feeding, monitoring and 
more

·	 some automated operations, e.g. 
feeding, monitoring and more 

·	 remote operations, automated 
feeding, distance monitoring, 
system function 

Exposure ·	 sheltered ·	 partly exposed (e.g. >90o exposed) ·	 exposed (e.g. >180o)
1	Hs = significant wave height, a standard oceanographic term, approximately equal to the average of the highest one-third of the 

waves. 

Source: Modified from Muir (2004).
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Each farming site, with its prevailing physical and environmental conditions, should 
always be considered independently.

The basic production principles and technologies for off-the-coast and offshore 
mariculture remain, however, similar to those of modern coastal mariculture in terms 
of gear used (e.g. cages), use of dry feeds and selection of the farmed species. The choice 
of offshore farming sites may, on the other hand, be motivated by different economic 
drivers. Also, it may be anticipated that there will be a need for more automation and 
use of more sophisticated and remote-controlled feeding and monitoring systems, 
as well as the choice of species well suited for offshore mariculture conditions. The 
farming scale will probably be larger for offshore operations than that in coastal sites, 
possibly dictated by economic and operational reasons. It may also be speculated 
that the annual production for an offshore finfish farm could probably be higher 
than the largest off-the-coast salmon farms of today (e.g. 10 000 tonnes or 2.5 million 
4 kg fish per year).

2.2 	 Some governance implications
Because of the variable coastal topographies, wind exposure and hydrodynamics 
of coastal countries, there is no unique relationship between the legal grouping of 
national and international waters of the proposed criteria defined in Table  1. The 
coastal States have, with few exceptions, the full sovereignty to regulate mariculture 
activities in internal and territorial waters, extending 12 nautical miles (22 km) from the 
baseline of the coast. Furthermore, coastal States are also admitted other privileges and 
responsibilities for utilizing and governing resources within the exclusive economic 
zone (EEZ) extending to 200 nautical miles (370  km), but there is a legal vacuum 
regulating mariculture operations in the high seas or ABNJ, leading to a series of 
potential issues that could arise from such activity. On the other hand, coastal States 
are obliged to enforce national regulations over any offshore mariculture project at any 
location in ABNJ conducted by one of their citizens, but not against non-nationals. 
At the same time, according to the United Nations Convention on the Law of the Sea 
(UNCLOS), a State is in no position to grant any type of tenure to any portion of the 
high seas (or ABNJ), provide for the exclusive possession of a farm site, or even grant 
an effective authority for the use of a particular site.

In contrast to fisheries, there is no specialized body of international law dealing 
with mariculture. Mariculture is only incidentally affected by aspects of international 
law that were designed to deal with other issues. Mariculture can be affected by a 
number of provisions of general international law, such as the developing regime for 
the protection of the marine environment (Long, 2007) and by treaties. Many treaties 
create general obligations that can have an impact on state management over mariculture 
operations, e.g. the 1982 UNCLOS, which requires States to prevent, reduce or control 
pollution of the marine environment from a number of specified land-based sources 
(Percy, Hishamunda and Kuemlangan, 2013). Furthermore, many treaties, particularly 
those that deal with fisheries or the marine environment, can have repercussions on the 
development of mariculture activities. For example, the Convention for the Protection 
of the Marine Environment in the North-East Atlantic (OSPAR Convention) has a 
number of initiatives designed to minimize the impact of mariculture on the marine 
environment (Long, 2007). Also the 1992 Convention on Biological Diversity (CBD) 
has potential implications for mariculture (Wilson, 2004) together with codes of 
practice, whether voluntary or not, such as the FAO Code of Conduct for Responsible 
Fisheries (the Code) (FAO, 1995).

International law deals with marine activities by placing geographical areas of the 
sea into a number of categories ranging from internal waters to the territorial sea to 
the EEZ and, ultimately, to the high seas or ABNJ (Figure 1). Territorial waters and 
the contiguous zone are included in the EEZ. The coastal State can exercise essentially 
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the same rights of sovereignty over its internal waters as it does over land, and this 
includes mariculture activity. The same appears to apply also for the territorial sea, 
but some international obligations are involved, including the right to passage by 
ships. Restrictions on mariculture activities in territorial waters are imposed when 
these threaten commercial navigation. The coastal State is entitled to legislate in 
order to protect facilities and installations, including mariculture installations, within 
the territorial sea, but it must give due publicity to its laws and regulations (1982 
UNCLOS, Art.21[4]). International law does not impose other general restrictions on 
how the coastal State manages mariculture within the territorial sea.

The sovereign rights to manage natural resources undoubtedly allow coastal States 
to establish, protect, regulate and manage mariculture operations in the EEZ. The 
international interest in the EEZ has, however, placed additional obligations on those 
rights where the conduct of the State might affect the EEZ of neighbouring States 
or international waters/ABNJ. Those obligations take two principal forms that deal 
with pollution control and the management of straddling and highly migratory fish 
stocks. The sovereign rights of the coastal State within the EEZ are accordingly limited 
where they have an impact on highly migratory fish stocks (Articles 63 and 64 of the 
UNCLOS). These articles gave rise to an agreement commonly known as the Fish 
Stocks Agreement (1995) (U.N. Doc. A/CONF.164/37). It has commanded a high 
degree of support and places several obligations on the parties that can have an impact 
on the conduct of mariculture activities within the EEZ. It addresses a number of issues 

The baseline is the low-water line along the 
coast officially recognized by the coastal 
State. Straight baselines can alternatively be 
defined connecting fringing islands along a 
coast, across the mouths of rivers, or with 
certain restrictions across the mouths of 
bays. 

Intemal waters are defined as waters 
landward of the baseline, over which the 
State has complete jurisdiction; not even 
innocent passage is allowed. Lakes, rivers and 
archipelagic waters within the outermost 
islands are considered internal waters. 

A State’s territorial sea extends up to 
12 nautical miles (22 km) from its baseline. 
The State has sovereignty over its territorial 
sea, but ships from all nations have the right 
of friendly passage. 

The contiguous zone is a band of water 
extending from the outer edge of the 
territorial sea to up to 24 nautical miles 
(44  km) from the baseline, within which 
a State can exert limited control as in the 
territorial sea. 

An exclusive economic zone (EEZ) extends 
from the outer limit of the territorial sea to 
a maximum of 200 nautical miles (370.4 km) 
from the territorial sea baseline, thus it 
includes the contiguous zone. A coastal State 
has control of all economic ressources within 
its EEZ. 

The international waters (or high seas; 
ABNJ) are oceans, seas and waters outside of 
national jurisdiction.

FIGURE 1
Generalized sea areas and jurisdiction in international rights

Source: Modified from UNCLOS (1982).
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that are often controversial in the management of mariculture, including minimizing 
waste discards, impacts on fish stocks, and protection of biodiversity in the marine 
environment.

Article 56 [1][b][iii] of the 1982 UNCLOS treaty states that, within the EEZ, coastal 
States have jurisdiction with regard to the protection and preservation of the marine 
environment. Even for principles that are not legally binding, such as the principle 
on sustainable development and the precautionary approach as dictated in the Rio 
Declaration, they place a constraint on coastal States when exercising their sovereign 
rights under Article 56. States can permit mariculture activities, but in a manner that 
ensures sustainability (Percy, Hishamunda and Kuemlangan, 2013).

The potential for offshore mariculture activities to do significant harm to the ABNJ 
environment remains a key question and an important issue of discussion. At present, 
there is very little scientific documentation and evidence on adverse environmental 
impacts on pelagic communities and/or benthic ecosystems from offshore mariculture 
activities. However, as an increasing number of farming activities move farther offshore, 
in deeper and more exposed waters, more information is being gathered on the impacts, 
allowing a better understanding of the interaction of farming structures and operations 
and the environment as a whole (Holmer, 2013; Angel and Edelist, 2013). 

Nevertheless there is a large, unrealized potential for offshore mariculture within 
EEZs (Kapetsky, Aguilar-Manjarrez and Jenness, 2013), and, most probably, in the 
coming decades, aquaculture will grow mainly in such areas.

3.	 STATUS OF GLOBAL MARICULTURE PRODUCTION
3.1 	 Production and value
Global marine aquaculture production trends for the main species groups show a rapid 
and steady increase for marine plants (macroalgae) and molluscs in recent decades, 
whereas finfish and crustaceans exhibit a somewhat slower, although steady, rate of 
increase (Figure 2). Macroalgae, in particular, are the fastest growing product category 
over the past decade. Except for crustaceans, which are produced in coastal and inland 
ponds, the majority of production is undertaken at sea, and the species farmed are 
candidates for offshore mariculture.

FIGURE 2 
Trends in marine aquaculture production from 1990–2010 

 
Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture 

Statistics and Information Service, FAO (extracted on August 2012). 
 

FIGURE 3 
Top farmed marine plants in marine aquaculture 

 
Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture 

Statistics and Information Service, FAO (extracted on August 2012). 
 

 
 
 

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture Statistics and 
Information Service, FAO (extracted August 2012).

FIGURE 2
Trends in marine aquaculture production, 1990–2010
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Table 2 summarizes global marine culture production for 2010 by main species 
groups. It shows that most production by weight (84 percent) consisted of macroalgae 
and molluscs, and that finfish and crustaceans had the highest unit values (79 percent).

3.2	 Production of dominant marine aquaculture species 
The main species groups are dominated by a few species. Japanese kelp (Saccharina 
japonica) is dominant among the macroalgae and made up 27 percent of the plants that 
were farmed in 2010 (Figure 3). The total production of macroalgae has increased from 
2003 to 2010, and a number of subdominant species are now also being produced in 
quantities of more than 1 million tonnes, as reported in 2010. 

The Pacific cupped oyster (Crassostrea gigas) and the Japanese carpet shell (Ruditapes 
philippinarum) were the two main mollusc species produced by marine aquaculture in 
2010, accounting for 31 and 26 percent of farmed molluscs, respectively (Figure 4). 
Several other mollusc species were produced in quantities of more than 100 000 tonnes 
in 2010 and have exhibited a steady increase in production in the past two decades. In 
particular, the production of constricted tagelus (Sinonovacula constricta) has expanded 
rapidly since 1990. As regards farmed crustaceans, white leg shrimp (Litopenaeus 
vannamei) was the dominant cultured shrimp species in marine aquaculture, accounting 
for 78 percent of farmed crustaceans in 2010 (Figure 5). Swimming crabs (Portunidae) 
accounted about 21 percent of farmed crustaceans. Production of other crustacean 

TABLE 2
Production and value of the main marine aquaculture products in 2010 

Species groups Total production
(tonnes)

Production
(%)

Value
(‘000 US$)

Value
(%)

US$/kg

Macroalgae 18 904 903 46 5 602 095 14 0.30

Molluscs 13 881 384 38 13 948 008 35 1.00

Crustaceans 442 467 1 1 969 966 5 4.45

Finfish 3 427 418 9 17 427 942 44 5.08

Others 385 005 1 1 010 535 2 2.62

Total 37 041 176 100 54 803 761 100 1.08

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture 
Statistics and Information Service, FAO (extracted August 2012).

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture Statistics and 
Information Service, FAO (extracted August 2012).

FIGURE 3
Top farmed marine plants in marine aquaculture
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species, mostly prawns and spiny lobsters, was quite limited in quantity. Atlantic 
salmon (Salmo salar) made up 41 percent of the finfish farmed in marine aquaculture 
in 2010 (Figures  6) followed by rainbow trout (Oncorhynchus mykiss), accounting 
for 8  percent. While the production in quantities was limited, some finfish species, 
including several groupers, reached a high unit value.

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture Statistics and 
Information Service, FAO (extracted August 2012).

FIGURE 4
Top farmed molluscs in marine aquaculture

FIGURE 4 
Top farmed molluscs in marine aquaculture 

 
Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture 

Statistics and Information Service, FAO (extracted on August 2012). 
 

FIGURE 5 
Top farmed crustaceans in marine aquaculture 

 
Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture 

Statistics and Information Service, FAO (extracted on August 2012). 

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture Statistics and 
Information Service, FAO (extracted August 2012).

FIGURE 5
Top farmed crustaceans in marine aquaculture
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3.3	C andidate species for offshore mariculture
The primary drivers of species success in aquaculture are biological and behavioural 
adaptability to farm conditions, and the market attributes of the final product, 
including:

•	 they have many human health benefits  and/or they have value as a food ingredient, 
and for the extraction of desired substances;

•	 they are demanded in the market and adequately priced compared with their 
production costs;

•	 they have high tolerance for farming conditions, including handling and crowding, 
ready acceptance of artificial feeds (for fed species) and perhaps also have natural 
resistance to parasites and disease;

•	 they have readily available seed stock, either from hatcheries or natural 
settlements;

•	 they exhibit fast or relatively fast growth;
•	 they have the adaptability to be farmed outside, as well as within their native 
range;

•	 they have been, in some cases, genetically improved by selective breeding, 
extending their advantages even further over new candidate species;  

•	 they have edible meat yields that allow the production of economically attractive 
value-added products.

Evidence so far shows that only a few of the species that are presently farmed have 
the characteristics required to become a major farmed species. If, for example, “major” 
is defined as exceeding 1 million tonnes per year of production, only one farmed finfish 
species meets this definition, namely, Atlantic salmon, which completely dominates 
the finfish product category (Table 3). There are four major seaweed species, with 
Japanese kelp dominant, one major mollusc species, Japanese carpet shell and one 
major crustacean species, white leg shrimp. 

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture Statistics and 
Information Service, FAO (extracted August 2012).

FIGURE 6
Top farmed finfish in marine aquaculture
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Most species that are suited for coastal mariculture will probably be suitable also for 
off-the-coast mariculture, whereas it is likely that a smaller group of species will be best 
suited for offshore mariculture. Crustaceans, or shrimps (which dominate that group), 
are mostly grown in coastal ponds in the tropics and are not commonly reared in sea-
based aquaculture, be it in coastal mariculture, off the coast or offshore mariculture.

The economic interest of offshore mariculture is today primarily related to finfish, 
but only one species among the “million tonne/year” is a finfish species (see Table 3). 
Atlantic salmon technology for cage farming is highly developed and economically 
feasible, but the commercially strong and well-developed salmon companies have so 
far not led the process of moving production to offshore mariculture locations. There 
is some doubt about the biological suitability of on-growing salmon in very dynamic 
offshore waters, and the availability of protected and semi-protected locations has 
been sufficient to meet production needs up until now. Off-the-coast locations have, 
however, for a long time been used for on-growing of salmon, and there is recently an 
emerging trend of moving salmon farms to more exposed production locations, at least 
in some regions owing increasing environmental pressure on salmon farming, as well 
as to reduce the occurrence of diseases and parasites (e.g. sea-lice).

There are perhaps no other obvious candidates for offshore mariculture among 
the other finfish species produced in quantities <200 000 tonnes/year. Table 4 reviews 
some finfish species that are generally believed to be suited for production in highly 
dynamic waters and their current state of production. Most of these candidates are 
currently grown in temperate waters. The required knowledge on the biology and 
husbandry techniques, along with commercial experience, is currently adequate for 
some seabream and amberjack species, but still moderate or insufficient for others 
such as cobia and a number of snapper species. This means that any farming initiatives 
taken must engage a strong R&D element. Furthermore, the current economic and 
organizational abilities of the mariculture industry to take unproven species to 
commercial production in offshore mariculture waters are rather limited, indicating 
that such offshore developments are likely to take some time.

Mussels, scallops and macroalgae are extractive organisms, and this fact facilitates 
cultivation in harsh environments. Off-the-coast and offshore mariculture of blue 
mussels and other mussel species have been tested in the Mediterranean, Atlantic 
Canada, New Zealand and northeastern United States of America. Many species of 

TABLE 3
Production and value of the major species in marine aquaculture reported in 2010 

Common
name

Scientific  name Production
(tonnes)

Production1

(%)
Value1 
(US$)

Value
(%)

Marine plants

Japanese kelp Saccharina japonica 5 146 883 27 300 868 5

Wakame Undaria pinnatifida 1 537 339 8 666 865 12

Warty Gracilaria Gracilaria verrucosa 1 152 108 6 342 092 6

Laver (Nori) Porphyra tenera 564 234 3 1 095 015 20

Molluscs

Japanese carpet shell Ruditapes philippinarum 3 604 247 26 3 353 640 24

Pacific oyster Crassostrea gigas 4 305 342 31 3 411 877 31

Shrimp

White leg shrimp Penaeus vannamei 343 206 78 1 499 100 76

Finfish

Atlantic salmon Salmo salar 1 422 715 42 7 792 644 45

Rainbow trout Oncorhynchus mykiss 287 319 8 1 835 892 11

Japanese amberjack Seriola quinqueradiata 139 077 4 1 187 923 7
1	 Production (%) and Value (%) indicate the proportion of each species representing in the total production of 

individual taxonomic group in 2010.

Source: Global dataset of aquaculture production (quantity and value) 1950–2010. Fisheries and Aquaculture 
Statistics and Information Service, FAO (extracted August 2012).
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macroalgae that naturally grow in exposed coastal areas are probably well suited for 
offshore mariculture as long as there are enough nutrients and organic matter as natural 
feed. For example, Japanese kelp, a “million tonnes/year” species is cultured in large 
amounts in open waters in Sungo Bay in China. 

Species selection is a major issue of concern as mariculture moves to more exposed 
locations. Some general questions about mariculture species selection for the future are:

•	Is the current pattern of only a few successful species (see Table 3) accidental or 
is it because, as in agriculture, only a few species have special attributes that make 
them self-selecting? 

•	Are there mariculture species with the right characteristics that are waiting to be 
“discovered” for offshore mariculture? 

•	If very good species for offshore mariculture are limited in number, will it be 
necessary to transfer those that are good farther afar from their natural range? If 
so, what precautions are needed? 

Some of the main factors slowing down development for offshore mariculture of 
finfish in tropical regions have been: (i) no well-established commercial mariculture 
activity of finfish species that would also be suitable for offshore mariculture; 
(ii)  no developed mariculture onshore infrastructure that could support further 
developments into offshore mariculture; and (iii) high production costs. Consequently, 
the development of offshore mariculture farming technology has had to contend with 
developing culture methods for largely unknown aquaculture species simultaneously 
with developing new farming technology and infrastructure. This contrasts significantly 
with the development of off the coast mariculture, which has mostly consisted of 
advancing mariculture infrastructure for existing and well-established aquaculture 
species. It is likely that because of the high production costs, only a few species can be 
economically viable for offshore mariculture.

In temperate waters, there is more extensive commercial aquaculture in exposed 
locations farther from the coast for the mariculture of seabream and salmonids, but 
for salmon, however, producers have shown little interest to move into offshore 
mariculture. This limited interest relates to, among other things, a relatively good 
availability of sites for expansion in more protected areas and the interest for the 
industry to improve commercial returns through other less risky developments, such 
as improving husbandry, feed formulation, feed delivery and localization. Despite this, 

Table 4
Brief review of finfish species (excl. Atlantic salmon) potentially suitable for offshore 
mariculture and their current mariculture production status

Common name (Scientific name) 20072 20112

Production 
(tonnes) 

Value
(USD)

Production 
(tonnes)

Value
(USD)

Cobia (Rachycentron canadum) (De Silva and 
Phillips, 2007; Benetti, Clark and Feeley, 1999; Liao, 
2003; O’Hanlon et al., 2003; Benetti et al., 2003)

29 869 56 929 40 863 66 258

Snappers1 (red snapper, Lutjanus campechanus, and 
mutton snapper, Lutjanus analis) (Benetti et al., 
2006; Benetti, Clark and Feeley,1999; Benetti et al., 
2002; O’Hanlon et al., 2003; Rotman et al., 2003; 
Bridger, 2004; Bridger et al., 2003)

16 65 520 3 043

Red drum (Sciaenops ocellatus) (Bridger, 2004; 
Bridger et al., 2003)

51 819 65 669 67 339 91 877

Amberjack species (Seriola spp.) (e.g. greater 
amberjack, Seriola dumerili, and Japanese 
amberjack, Seriola quinqueradiata) (Benetti, Clark 
and Feeley, 1999; Corbin, 2006; Rotman et al., 2003)

172 548 983 233 160 477 1 398 378

Gilthead seabream (Sparus aurata) 124 637 710 838 154 820 928 934
1	 All cultured snapper species are included; mangrove red snapper (Lutjanus argentimaculatus) is dominant.
2 	Global dataset of aquaculture production (quantity and value) 1950–2012. Fisheries and Aquaculture Statistics and 

Information Service, FAO (extracted August 2013).
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salmon farming in central Norway has, for example, found great economic incentives 
for moving farther from the coast by increasing the cage size and improving the 
infrastructure and logistics of the fish farms.

At present, however, even though the economic predictions from economic 
modelling studies presented in Table 5 are uncertain, a number of commercial or pilot-
scale offshore mariculture activities for shellfish and finfish farming have progressed 
in tropical and temperate waters during the last decade, and further new initiatives are 
developing. 

A high number of marine animals and plants have been farmed over a short time 
(Duarte, Marbá and Holmer, 2007), but few species as mentioned above are produced 
in large quantities. The evidence from recent years suggests that the concentration on 
a few species, and only a few “million tonnes/year” species, may not be fortuitous. 
There is a need for a careful examination of species selection for offshore mariculture, 
especially for those species where there are high expectations of their potential for 

TABLE 5
Economic modelling studies for offshore mariculture production of finfish and shellfish 

Species/group Location and 
culture systems

Result
(Economic viability)

Authors

Sea scallops (e.g. 
Placopecten 
magellanicus) and  
blue mussel (Mytilus 
edulis)

New England 
(USA); 
longline 
and seabed 
production.

With potential to be economically viable. 
Seabed seeding was most promising for 
scallop culture. Commercial mussel culture 
using submerged longlines was found to 
be economically viable and provided a 
sufficiently high market price. High risks of 
crop loss because of fouling and extreme 
weather conditions; significant initial capital 
investment was needed. 

Hoagland, Kite-Powell 
and Jin (2003)
Kite-Powell, Mogland and 
Jin (2003)
Kite-Powell et al. (2003)

Mussels Canada;
longlines.

Not economically viable, due in large part to 
the slow growth of the shellfish in the cold 
waters. 

Bonardelli and Levesque 
(1997)

Mussels, e.g. Perna 
canaliculus

New Zealand;
longlines. 

Offshore mariculture production was 
concluded to be marginal at best. Assessment 
studies were made by private mariculture 
companies in New Zealand, which operate 
some of the most efficient large-scale mussel 
farming systems in the world.

Cobia (Rachycentron 
canadum), red 
snapper (Lutjanus 
campechanus), and 
red drum (Sciaenops 
ocellatus) 

Gulf of Mexico;
cage culture.

Economic modelling indicated that offshore 
mariculture of cobia, red snapper and red 
drum were unlikely to be economically 
viable unless the scale of the farm increased, 
landed prices increased and stocking densities 
were very high. Cobia showed the greatest 
potential. 

Posadas and Bridger 
(2003)

Finfish species; 
cod, salmon and 
flounder

New England 
(USA);
cage culture.

Modelling suggested that it would be 
economically viable, indicating the importance 
of the distance from shore, feed cost and 
maximum stocking density. Significant 
costs were associated with operating and 
maintaining cage systems, vessels, and 
staffing, emphasizing the importance of 
automation. 

Kite-Powell et al. (2003)

Gilthead seabream 
(Sparus sp.)

Canary Islands 
(Spain) and the 
Mediterranean;
cage culture. 

Ongoing production activities are 
economically viable. Variable costs, i.e. feed 
and labour, made up approximately 50 percent 
of total costs, fixed costs were approximately 
13 percent. The most economic scale was a 
large farm of 48 000 m3. Financial returns 
were most sensitive to mortality, feed use and 
the commercial price for final product. 

Gasca-Leyva et al. (2002)
Gasca-Leyva, Leon and 
Hernández (2003a)
Gasca-Leyva, Leon and 
Hernández (2003b) 
Gasca-Leyva et al. (2003)

Mutton snapper 
(Lutjanus analis)

Puerto Rico; 
cage culture 
(Ocean Spar 
SeaStation).

Could be profitable provided that the scale 
of production was increased significantly to 
reduce labour costs, and that the cost of the 
farming technology was lower. 

Brown et al. (2002)

Atlantic salmon 
(Salmo salar)

Fish cage culture. Production reached 1.4 million tonnes in 
2011. Concluded to be economically viable for 
offshore, although this conclusion has often 
been questioned. 

Ryan (2004)
James and Slaski (2006)
FAO (2012a)
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future major increases in mariculture production. If the long-term goal for marine 
aquaculture is to fill an expected seafood deficit of many millions of tonnes per year, 
it may be necessary to focus on a few species that have demonstrably superior culture 
characteristics.

Finally, considering biosecurity requirements, a reasonable proposition may be that 
all new mariculture activities are to be based on only native marine species, but this 
may be unrealistic. It is noteworthy that all the “million tonnes/year” species in Table 3 
are already farmed widely outside their native range. This poses a major challenge, and 
proper risk assessment and risk management must be in place in such new operations.

4.	 OPPORTUNITIES, TECHNICAL CONSTRAINTS AND FUTURE NEEDS OF 
OFFSHORE MARICULTURE
Offshore waters are generally more exposed to wind and waves, and therefore, require 
more advanced aquaculture technology and infrastructure in order to remain effective. 
Two approaches have emerged. First, there is the evolution of existing commercial 
mariculture technologies mostly through more robust construction of coastal 
mariculture systems making them suitable for offshore waters. These mariculture 
systems are being increasingly commercialized, with the higher infrastructure and 
operating costs offset by greater scale of production and the increased use of remote 
control technologies. Second, there is the development of novel offshore water 
mariculture technologies, which mostly involve large-scale structures that can be 
submerged to avoid the wind and wave exposure encountered in offshore situations. 
While many of these novel mariculture systems are only in the design stages or are 
being operated on an experimental basis, an increasing number are coming into 
commercial-scale production.

Most of this technological and commercial development is occurring in the cooler 
water regions of the world, where the majority of large-scale commercial mariculture 
production currently occurs, especially for finfish. However, there is significant 
potential for the development of mariculture in the world’s tropical zone, with many 
countries within this zone now actively encouraging mariculture development. There 
are some examples of companies taking advanced commercial mariculture technologies, 
including open water technologies, into the tropical zone. In general, the tropical 
region of the world’s oceans provides some significant advantages for aquaculture. 
Most importantly, the waters are warm and usually with a limited seasonal fluctuation, 
which can deliver very fast growth rates in species suited to these conditions. Advanced 
knowledge and greater experience of suitable tropical finfish species, such as cobia 
(Rachycentron canadum), will provide a stronger basis for advancing open-water 
mariculture in the tropical zone. Further advances could be achieved for developing 
nations in the tropical zone by encouraging the improvement of mariculture governance 
and planning, as well as assisting with technological and personnel capability in open-
water mariculture. It is recommended that these areas should be the focus of future 
international initiatives in collaboration with developing nations.

4.1	 Available technology and engineering for mariculture and the 
potential for offshore
Although culture methods for finfish, shellfish and macroalgae are quite different, 
the challenges of anchoring and operating at sea are common to all and there is a 
general need for engineering sophistication in the offshore environment. Important 
considerations include: (i) heavy-duty moorings in deep water; (ii) offshore systems 
for the containment of the aquatic crops; (iii) sea-going work boats fully equipped 
with cranes and crop harvesting and handling equipment; (iv) offshore feed storage 
and feed distribution systems; (v) automatic or partly automated feeding systems; (vi) 
mechanization as far as possible of all husbandry and maintenance tasks; (vii) remote 
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monitoring and control systems; and (viii) development of large farms in order to 
generate economies of scale.

Offshore mariculture requires different or more sophisticated production 
technologies from those used in more protected areas. Some salmon farms are currently 
located in waters characterized by relatively high hydrodynamic energy, using HDPE 
cages located in off-the-coast locations. Although the farming technology developed 
for these salmonids is leading the development of finfish mariculture at the global level, 
it cannot be completely adopted for offshore mariculture, but many of the farming 
principles and components of these systems can, and these are being further developed 
to sustain offshore mariculture conditions.

A very wide range of designs and concepts have been promoted for finfish mariculture 
(Beveridge, 2004). A large number of these evolved from offshore oil and gas rigs, and 
some have promoted the use of adapted petroleum infrastructure (Hanson, 1974a; 
Hanson, 1974b; Ribakoff, Rothwell and Hanson, 1974; Stickney, 1997). These include 
bottom-supported platforms, such as the Texas towers, jack-up rigs and monopods, 
floating and semi-submersible platforms, including modified conventional ships and 
barges, as well as net pens supported between moored spar buoys. Fredheim and 
Langdan (2009) have published a comprehensive paper summing up recent advances in 
technology for off-the-coast and offshore finfish farming.

A frequent approach to overcoming the problem of wave stresses on offshore farming 
equipment has been to enclose and submerge the infrastructure either permanently or 
during periods of adverse weather conditions. This results in decreased stress on the 
infrastructure itself as water particle motion decreases exponentially from the sea 
surface to zero at a depth corresponding to half the wave length (Beveridge, 2004). 
In addition, submerging fish cages has the added advantage of avoiding or reducing 
conflicts with other water users, such as boat traffic. It can also help in avoiding surface 
jellyfish swarms and damage from collisions with floating debris (Beveridge, 2004; 
Ryan, Jackson and Maguire, 2007). 

A large variety of offshore cages have been devised, built, tested and to some extent 
commercialized over the past 30 years or more (Beveridge, 2004). However, it appears 
that some submerged and semi-submerged cage designs are beginning to emerge as the 
most likely types to be commercialized more widely. The semi-submersible Farmocean 
sea cages (www.farmocean.se) were designed in Sweden and first used in 1986 and are 
now widely used, especially in Europe and the Mediterranean (Beveridge, 2004; Scott 
and Muir, 2000). 

Submersible off-the-coast cages that have been widely used, especially in tropical 
regions of the world, are those produced by OceanSpar (www.oceanspar.com) 
(Baldwin et al., 2000; Halwart, Soto and Arthur, 2007; James and Slaski, 2006) (Plate 1). 
OceanSpar cages have been used in Hawaii (the United States of America), Puerto 
Rico, Bahamas, in the Gulf of Mexico, Cyprus and New Hampshire (the United States 
of America). The Sadco-shelf is a rigid hexagonal cage design constructed of tubular 
steel that is fully submersible (www.sadco-shelf.sp.ru) (Ágústsson, 2004; Beveridge, 
2004) (Plate 2). In the submerged position, the cage is reported to withstand waves over 
15 m in height and current speeds in excess of 1.5 m/s. The main drawbacks of these 
farming structures are the initial high capital investment needed and the requirement 
for generally costly diver servicing. Furthermore, it has been noted that they still need 
to be fitted with more efficient feeding systems (Ágústsson, 2004; Halwart, Soto and 
Arthur, 2007; James and Slaski, 2006; Scott and Muir, 2000).

Several other robust submersible sea cages are available on the market that have been 
developed in Asia (China and Taiwan Province of China), including one specifically 
designed for farming flatfish with multiple bottom layers to facilitate the bottom 
dwelling behaviour of the cultured flat fish (Chen et al., 2007; Chen et al., 2008; De 
Silva and Phillips, 2007; Guo and Tao, 2004; Xu, 2004).
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In terms of bivalve aquaculture, commercial activities off the coast use the longline 
technology originally developed for nearshore farming operations, but with the 
utilization of stronger and heavier gear. However, the use of this technology in 

PLATE 2
A fully submersible Sadco-Shelf E-Series rigid hexagonal cage with self-contained 

underwater feeding system  
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PLATE 1
Subsurface view of single-rim SeaStation  
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offshore waters remains problematic as a result of the increased strain loads of farm 
infrastructure, particularly during large wave conditions (Merino, 1997). In addition, 
the increased vertical movement in the farming structure due to wave motion can 
result in the detachment of the farmed stock such as for mussels that rely on byssus 
threads for their attachment to the farming structure. Lovatelli (1988) described in 
detail the structures used for the suspended farming of the Yesso scallop (Pactinopecten 
yessoensis) in Mutsu Bay in northern Japan using submerged longlines from which 
netting containers are hung and in which the scallops are cultured. Longline systems 
are adaptable to different farming situations and are well suited for growing crops that 
attach directly to ropes such as mussels and some macroalgae. Consequently, they 
have been adapted for offshore mariculture of mussels in the Mediterranean, Yellow 
Sea, North Sea, Atlantic Canada, New Zealand and northeastern United States of 
America.

Offshore mariculture of shellfish has been undertaken on an experimental scale 
at a number of locations in temperate regions where large-scale commercial shellfish 
farming is more prevalent (Bonardelli and Levesque 1997; Chambers et al., 2003; Langan 
2000a; Langan, 2000b). These have concentrated on submerging traditional suspended 
longline and pearl net culture systems to depths of 20 m below the sea surface to avoid 
the difficulties of retaining surface floats in exposed open waters, but with stronger 
mooring systems. This approach has worked well and survived the effects of high 
winds (100 km/h) and seas generated by a hurricane, as well as wave heights in excess 
of 6 m (Langan, 2000a; Paul, 2000). However, some difficulties have been encountered 
in maintaining the correct depth as the growing mussels add increased weight to the 
submerged floats. As a result, floats may collapse owing the increased water pressure 
from being pulled to greater depths (Chambers et al., 2003). Besides the failure of 
floats, other problems with fouling and predation have been reported (Chambers et al., 
2003; Hampson et al., 1999).

In the North Sea, the Alfred Wegener Institute in Germany and its partners have 
explored the combination of offshore mariculture of shellfish and seaweeds and 
offshore windmills for energy production (Buck et al., 2006). The site selected, close 
to the lighthouse “Roter Sand” located offshore in the German Bight, southern North 
Sea, has strong tidal currents, waves that can reach 3–4  m in height and a current 
velocity of up to 2 m/s. There are also major offshore shellfish farming activities in 
the Yellow Sea and other regions of Southeast Asia. In some locations the shellfish 
longline and structures for farming macroalgae extend for more than four kilometres 
into offshore waters.

The majority of the global macroalgae production is undertaken in Asia, with 
China alone responsible for about two-thirds of the global production, some of which 
is produced in exposed waters (e.g. the integrated multitrophic mariculture of algae, 
bivalves and fish in the Yellow Sea). The farming technologies for the macroalgae are 
very similar to those used for shellfish, i.e. longline structures organized in such a way 
to ensure optimal supply of light and inorganic nutrients for the seaweeds. Because of 
the need for sunlight, the macroalgae farms tend to extend over large areas of surface 
waters and, thus, to some extent magnify the challenges of deploying mariculture 
equipment in the open sea. The requirement for light also means that submersion as a 
way of avoiding heavy seas is a much less suitable solution for macroalgae than it is for 
finfish and shellfish.

The amount of published information on offshore seaweed farming remains limited, 
and marine plant mariculture has generally not attracted a great deal of research 
or commercial attention in many developed countries (Buck and Buchholz, 2004). 
However, the current global interest in utilizing plant material for the production 
of renewable biofuels is drawing considerable attention to the potential for open-sea 
farming of fast growing macroalgae species in many parts of the world. 
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The offshore mariculture systems for shellfish and macroalgae are less complex 
than for fish and have mostly relied on adapting inshore farming systems to offshore 
conditions. This technology for offshore mariculture of shellfish and macroalgae is 
also more easily transferable to other locations and countries. However, the challenges 
for growing production from offshore mariculture of shellfish and macroalgae relate 
more to economic viability of the activity due to higher operating costs, and potentially 
lower productivity due to less availability of nutrients in many open sites.

Continuing innovation and development is enabling mariculture to move into more 
exposed waters farther from the coast and potentially opening up substantial new areas 
for mariculture production. While more development is needed before many of the 
emerging mariculture technologies are practical for commercial farming, there is a need 
to anticipate their eventual arrival and ensure that government regulators are prepared 
for the arrival of new technology.

4.2	 Main operational challenges of offshore mariculture
Offshore mariculture engineering has made considerable progress over the last few 
decades; however, there is still a long way to go to advance offshore mariculture 
systems for finfish, shellfish and macroalgae into consistently commercially viable 
production systems. These systems need to include seeding, feeding, grading, 
harvesting, cleaning and monitoring of the farms, all of which have to be carried out in 
offshore environments often under difficult and dangerous conditions. Some economic 
modelling and initial commercial production systems strongly suggest that economic 
viability of commercial offshore fish farms can only be achieved if the installations are 
large enough with a production comparable with, or larger than, the largest existing 
off-the-coast fish farms currently in operation (i.e. >10 000 tonnes/year) and with even 
larger-scale installations for shellfish and macroalgae.

Feeding
Proper diet and daily feeding are critical to the efficient mariculture of healthy fish. Yet, 
in the open ocean, storms and high winds make regular feeding and observation of fish 
a substantial engineering and operational challenge. As a result, developing remotely 
operated systems for reliable feed delivery in an unpredictable environment has become 
a priority. Most feeding technologies currently employed in coastal and off-the-coast 
mariculture (e.g. salmon systems) may not be fully applicable in offshore conditions. 
Indeed, controlling remote feeding and monitoring of offshore farms from a nearby 
platform or an anchored barge may only be feasible for offshore locations where the 
weather is never too extreme. Common and well-tested feeding systems distribute 
feed pellets through individual floating pipes going from feed storage facilities (usually 
floating storage silos/barges) to individual cages. This technology will certainly need to 
be further developed if it is to be used in offshore mariculture operations, particularly 
in terms of designing a distribution system that can withstand sudden and prolonged 
adverse weather conditions.

Technical developments in this area are already under way with innovative feed 
storage, transportation and delivery prototypes that could be suitable for offshore 
aquaculture applications. For example, the University of New Hampshire in the 
United States of America has developed prototype systems for remotely operated 
feed buoys based on a cylindrical spar-shaped design that are suitable for exposed 
offshore waters. A structure of this kind, remotely controlled and potentially powered 
by solar or wave energy, will reduce both labour requirements and the frequency of 
trips offshore to deliver the feed, as well as allowing farms to be located farther away 
from the coast. These systems already allow land-based monitoring of the fish through 
underwater video, as well as the ability to check the position of the feed buoy and the 
control and monitoring of feeding operations.
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Maintenance of mariculture systems
Maintenance of mariculture nets or line structures, and other labour-intensive 
activities, such as seeding, grading and harvesting, is much more difficult to undertake 
in an offshore setting than in protected waters. For example, in finfish mariculture, 
the stock sometimes needs to be corralled into a confined area of a sea cage so it can 
be harvested by lifting from the water or treated for disease in a more confined space. 
Corralling fish in sea cages is sometimes done by installing a fixed partition in the cage 
and rotating it at the surface so the fish are crowded into one segment. However, such 
simple techniques are more difficult or impossible in an offshore mariculture situation, 
such that alternative methods have to be developed for achieving the same end result.

Marine biofouling of structures and farm stock is a significant challenge for 
mariculture operations. For shellfish, mechanical cleaning on the deck of a boat is the 
most common cleaning method, sometimes combined with dipping in a fluid that kills 
some of the biofouling organisms. The method is basically identical for macroalgae. In 
finfish farming, the cleaning strategies include replacement of the fouled net with a clean 
one and washing of fouled nets onshore, air drying by lifting part of the net out of the 
water, or cleaning nets from the surface with specific equipments, and cleaning in situ 
by divers. These methods are often used in combination with coating, impregnating or 
constructing with net materials that deter fouling organisms. The physical removal of 
biofouling from offshore mariculture structures through scrubbing and scraping, high-
pressure water blasting, and net changes will be problematic because of greater wind 
and wave conditions, and will therefore require the development of novel solutions. 
For example, the completely enclosed Aquapod (www.oceanfarmtech.com) enables 
the finfish cage to be rotated so that portions of the net are exposed to the air to help 
remove biofouling by drying out.

Research is in progress on new antifouling compounds and materials, some of which 
may have potential for application in offshore mariculture operations. These include: 
biological control (using natural grazers); new materials such as non-toxic antifouling 
coatings; electrical methods (e.g. generating biocides, pH shift); and new shellfish 
handling and immersion techniques (Chambers et al., 2006).

Monitoring and process control
Remote monitoring and control of mariculture operations, such as feeding fish, is 
rapidly becoming well established in coastal mariculture and off-the-coast mariculture. 
These remote systems have already become important in operating offshore mariculture 
systems and are ultimately likely to be a key part of their successful operation.

The monitoring and control systems of the production process may include:
•	computer-supported management systems for individual cages of cultured fish;
•	cameras for observation of fish feeding behaviour and health conditions that are 
positioned above, below and inside the cage;

•	 interactive system for planning, monitoring and controlling feeding;
•	eco-sensors for the monitoring of feed losses;
•	automated systems for removal of dead fish and the monitoring of growth and 
survival;  

•	 integrated operational control systems that allow a wide range of remote operations.
The monitoring of the production environment may involve:
•	 temperature, salinity and oxygen sensors;
•	water current velocity, wave conditions;  
•	 light conditions.
The monitoring of the production system may involve:
•	mechanical system integrity – condition of moorings;
•	remotely operated vehicle (ROV) for net monitoring and undertaking maintenance 
tasks;
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•	predator exclusion mechanisms to safeguard the farms and the fish;
•	surveillance for intruders or vandals;  
•	monitoring of fish health and growth using advanced computer vision and 

analyses systems.
The long-term goal for offshore mariculture should be to develop integrated farming 

systems that are mechanized and remotely controlled as much as possible. Above all, 
there must be emphasis on reducing the need for people and vessels to have to spend 
time travelling to offshore mariculture sites, and once there, working under difficult 
conditions at sea, especially if diving is involved. If offshore mariculture is to fulfil its 
promise and develop on a large scale, it must find ways to use people for oversight of 
mechanical and management systems rather than for physical performance of farm 
operations, which is the norm in most coastal mariculture.

Other mariculture operational issues
There are a number of operating aspects of offshore mariculture that will require the 
development of alternative methods than are currently used in coastal mariculture and 
off the coast mariculture. It is generally assumed that these challenges will be solved 
for actual species and for the specific mariculture technologies being developed for 
open waters. Some important operational aspects are: seeding and juvenile supply into 
offshore mariculture systems; harvesting and slaughtering; waste management; health 
and welfare; surveillance for predators, intruders and/or vandals; other aspects of 
biosecurity; and training of personnel for operation. Most of these challenges will be 
relevant for all types of farmed organisms, although the operational challenges for the 
mariculture of macroalgae is likely to be less demanding than for finfish. 

Feeds for offshore mariculture
Shellfish and macroalgae extract the resources they need for growth from seawater, 
but all current candidate finfish species for offshore mariculture appear to be marine 
carnivores or omnivores, with a requirement for a dietary source of marine lipids, 
including highly unsaturated n-3 fatty acids (n-3 HUFA) and some fishmeal in their 
feeds (Tacon and Methian, 2008; Olsen, 2011). Recent developments have shown that 
the fishmeal component of fish feeds can be replaced to a large degree by proteins from 
agriculture plants (Tacon, Hasan and Metian, 2011). However, carnivorous fish species 
will continue to require a certain amount of n-3 HUFA in their diets. It is an ultimate 
long-term challenge for all types of mariculture to obtain new sources of n-3 HUFA 
for feed, and particularly DHA (22:6 n-3), an important component of a healthy human 
diet. Farmed macroalgae, cultured microalgae, other suitable single-cell biomass and 
transgenic oil crop plants that produce DHA and EPA are among the most likely new 
and renewable resources for these important lipids (Olsen, Holmer and Olsen, 2008; 
Duarte et al., 2009; Naylor et al., 2009; Nichols, Petrie and Singh, 2010; Olsen, 2011).

Animal production in both agriculture and aquaculture represent a pressure on 
available plant and animal resources that could otherwise be consumed directly by 
humans instead of being fed to the farmed animals. It could be suggested that with the 
increasing global population of humans over time, these plant and animal resources 
will be increasingly used for direct human consumption. However, the fish that are 
used for the production of fishmeal and fish oil are limited to the extent that they can 
be consumed directly by humans owing to their composition. However, aquaculture 
is currently the most efficient means for converting fishmeal and fish oil to acceptable 
forms of human food.

There appears to be potential for macroalgae to be grown and processed into major 
key ingredients for feeds for finfish so that mariculture can become self-sustaining with 
less interference with the current supply chain of food for humans (Duarte et al., 2009). 
Seaweed nutrients are protected by indigestible cell walls or chemically bound in a way 
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that diminishes their potential nutritional value in the raw state. Indeed, processing or 
biorefining the raw plants to make the nutrients they contain more available may be 
the way to proceed to ensure progress in this challenging field. 

4.3	C haracteristics of the production environment and spatial potential 
for offshore mariculture
Kapetsky, Aguilar-Manjarrez and Jenness (2013) conducted a GIS-based global 
assessment of the status and potential for offshore mariculture development from a 
spatial perspective, tabulated in Appendix 1,2 as inputs to the discussions of the current 
workshop and synthesis. The results of the assessment provide an indication of near-
future global and national potential for the expansion of mariculture from present 
nearshore locations to offshore areas, and aim to stimulate much more comprehensive 
and detailed assessments of offshore mariculture potential at national levels. The part 
of the study on the present status of mariculture indicates large, unrealized offshore 
mariculture potential. Mariculture is widespread throughout all of the global climate 
zones except Antarctica. In all, 93 countries and territories practised mariculture during 
the period 2004–2008, but a further 72 (44 percent) were not yet practising mariculture. 
The intertropical zone and the northern temperate zone are the most developed global 
climate zones for mariculture. Several important mariculture nations span more than 
one climate zone, especially China, which is by far the world’s leading producer. The 
intensity of mariculture production as measured in tonnes per kilometre of coastline is 
highly variable around the world, ranging from a fraction of a tonne in many countries 
up to 519 tonnes/km in China (Figure  7). About half of the mariculture nations 
have outputs of less than 1  tonne/km of coastline. Globally, the length of coastline 
available for mariculture is about 1.5 million km, with about 17  percent distributed 
among countries not yet practising mariculture. About one-half of inshore mariculture 
production consists of aquatic plants, but there is little production of plants offshore. 
Altogether, this evidence points to an apparent widespread underutilization of marine 
space for mariculture.    

Another part of the study deals with offshore mariculture potential. The estimates 
for offshore potential are based on some key assumptions about the near-future 
development for offshore mariculture. Among these were that offshore mariculture 
will develop within economic exclusive zones (EEZs), will mainly use cages for finfish 
and longlines for mussels modified for offshore conditions, and will mainly employ 
species with already proven mariculture technologies and established markets. The 
assumptions set the stage for the establishment of analytical criteria and thresholds that 
are at the core of the spatial analyses. Thus, EEZs were used as spatial frameworks to 
define the limits of national offshore mariculture development.

The analytical criteria and corresponding thresholds used to define the technical 
limits on cages and longlines were depths (25–100 m) and current speeds (10–100 cm/s). 
Likewise, the criteria that defined the cost-effective area for development of offshore 
mariculture were cost limits on travel time and distance from shore to offshore 
installations (25 nm [46.3 km]) and reliable access to a port. This analysis showed that, 
relative to the entire EEZ area, near-future offshore mariculture is limited spatially 
by the need to tether cages and longlines to the seafloor (Figure 8). In this regard, the 
EEZ area is either currently too deep (88 percent) or too shallow (4 percent) for cages 
and longlines based on the depth thresholds of 25–100 m (Figure 9, upper pie chart). 

2	 Table A1 in Appendix 1 reports numbers of nations and aggregated areas meeting various criteria for the 
status and potential offshore mariculture.

	 Table A2 in Appendix 1 is a summary of status and potential of offshore mariculture by ranks of climate 
zones and by mariculture and non-mariculture nations (i.e. nations not yet practising mariculture).

   	 Table A3 in Appendix 1 lists sovereign nations first in status and potential for offshore mariculture by 
surface area in each climate zone and by mariculture and non-mariculture nations.   
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Moreover, in about 7  percent of the EEZ area, either depth is within the 25–100 m 
threshold or current speed is within the 10–100 cm/s threshold, but these thresholds do 
not occur together (Figure 9, upper pie chart). Thus, only about 1.4 million km2 (0.87 
percent) of the EEZ area remain where both depth and current speed are suitable for 
cages and longlines (Figure 9, bottom pie chart).

FIGURE 7 

Intensity of mariculture production from 2004–2008 in tonnes per kilometre of 
coastline and numbers of countries in the range 
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Source: Kapetsky, Aguilar-Manjarrez and Jenness (2013).
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FIGURE 8
Areas within EEZs with temperatures favourable for offshore grow-out of cobia  
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The physical and chemical characteristics of coastal seas and the open ocean 
are greatly influenced by latitude, continental shapes, major currents and ocean 
circulation. Seawater temperature and its spatial and temporal variability are critical for 
determining the species that are suitable for mariculture in offshore waters, but other 
factors (as indicated above) are also relevant. A major difference between tropical and 
temperate waters is the higher temperature and the smaller seasonal variability in the 
sea surface temperature in the tropics as illustrated by the vast areas within EEZs with 
temperatures favouring grow-out of cobia (22–32 oC) (Figure 9).  

The areas span the globe in much of the Intertropical Convergence Zone and in 
small portions of the Northern and Southern Temperate Zones. 

The potential of cobia for offshore mariculture development as well as of two other 
species that meet the culture system technology and market requirement criteria, 
Atlantic salmon and blue mussel (Mytilus edulis), was further assessed by integrating 
the areas with favourable grow-out temperatures with depths and current speeds 
suitable for submerged cages along with the cost effective area for development. 
Favourable grow-out of fish and mussels was defined by water temperature (22–32 °C 
for cobia, 1.5–16 °C for Atlantic salmon, and 2.5–19 °C for blue mussel). In the case 
of blue mussel, favourable growout was also assessed by food availability measured 
as chlorophyll-a concentration (>0.5 mg/m3). Potential for offshore integrated 
multitrophic aquaculture (IMTA) of the latter two species was also analysed.

Scenarios using 5 and 1 percent of the area meeting all of the criteria for each of 
the three species showed that development of relatively small offshore areas could 

FIGURE 9
Areas within EEZs relative to depths and current speeds suitable for sea cages and 

longlines and to the cost-effective area for development

Source: Kapetsky, Aguilar-Manjarrez and Jenness (2013).
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substantially increase overall mariculture production (Table 6). Improvements in 
culture technologies allowing for greater depths and increased autonomies, as well as 
the further development of free-floating or propelled offshore installations, would add 
greatly to the area with potential for offshore mariculture development.

This global assessment provides measures of the status and potential for offshore 
mariculture development from a spatial perspective that are comprehensive of all 
maritime nations and comparable among them. It also identifies nations that are not 
yet practising mariculture that have a high offshore potential. As FAO moves towards 
guiding the development of offshore mariculture through its regional fishery bodies 
and via technical assistance at national levels, more detailed assessments will need to 
be undertaken to determine the regions and countries that are most promising for 
development.

5.	 ENVIRONMENTAL INTERACTIONS OF OFFSHORE MARICULTURE 
The most relevant environmental issues of offshore mariculture are those related to: 
(i) the biogenic waste and inorganic nutrients emission from fish farming affecting the 
water quality and the potential impacts on pelagic and bottom ecosystems (particularly 
sensitive habitats); (ii) escapees and genetic interactions with wild stocks; (iii) disease 
and use of chemical agents; and (iv) interaction with wild stocks and fisheries.

Existing data on the environmental effects of offshore mariculture are scarce and/
or inadequate. The current state of knowledge must preliminarily be built based on 
the general knowledge and concepts resulting from existing and most relevant studies 
on mariculture (Holmer, 2013; Angel and Edelist, 2013). It is also important to have a 
fundamental understanding of the effective environmental risks of mariculture in open 
waters before properly adapted national regulations, international agreements and 
harmonized evaluation tools can be developed and/or proposed. The risk evaluation 
of offshore ABNJ mariculture should be made on a scale comparable with that already 
available for fisheries in international waters. There is already a general understanding 
in international law that activities that have a high risk of significant negative impact 
on marine ecosystems must be distinguished from those that most likely have minor 
impacts. It is therefore a challenge of science to suggest a robust, scientifically based 
management concept that clearly defines unacceptable impacts from those impacts that 
are minor and acceptable as a normal consequence of industrial activity.

It should be noted that other environmental interactions that may be important 
in coastal and nearshore mariculture operations may be of lesser concern in offshore 
farming activities, such as visual pollution, noxious odours and excessive noise 
interactions, owing mainly to the distance of the commercial activities. 

TABLE 6
Extrapolated annual production from the aggregate areas suitable for the offshore mariculture 
of cobia, Atlantic salmon and blue mussel with 5 percent and 1 percent of the areas developed 
for offshore mariculture

Species Assumed
production

rate1

(tonnes/km2)

Total area
suitable for

development
(km2)

5%
developed

1%
developed

Area
(km2)

Production 
(tonnes)

Area
(km2)

Production 
(tonnes)

Cobia 9 900 97 192 4 860 48 110 040 972 9 622 008

Atlantic salmon 9 900 2 447 122 1 211 265 24 242 253

Blue mussel 4 000 5 848 292 1 169 600 58 233 920
Total 105 487 5 274 50 490 905 1 055 10 098 181
1	Nash (2004).

Source: Kapetsky, Aguilar-Manjarrez and Jenness (2013).
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5.1	 Biogenic waste emission and inorganic nutrients
Pelagic ecosystems and water quality 
There is in general a relatively poor understanding of how wastes from cage aquaculture 
systems disperse and affect the structure and function of the pelagic ecosystem (Cloern, 
2001; Olsen et al., 2006; Holmer, 2013; Angel and Edelist, 2013). Consequently, there 
is no clear scientific basis established for monitoring and managing environmental 
impacts for mariculture in open waters. It is primarily the inorganic nutrients such as 
ammonia and phosphate that may affect pelagic ecosystems, and the circumstances for 
protected and exposed mariculture sites is conceptually the same. The application of 
the precautionary approach principle has therefore been advocated because of the lack 
of scientific knowledge. However, it should be noted that a few assessment studies have 
identified serious impacts of mariculture activities on pelagic ecosystems (see Table 7). 

According to the generic knowledge on nutrient point sources in marine waters, 
the following factors are important for offshore mariculture: (i) the size of the source, 
i.e. the specific release rate from the farm; (ii) the prevailing hydrodynamic forces, 
i.e. responsible for the dilution rate of the released nutrients and organic wastes; and 
(iii) the assimilation rate of nutrients and wastes into the natural food web.

Fish feeding is the primary driver of ecosystem impact as a result of biogenic wastes. 
Macroalgae and shellfish are not artificially fed, thus representing nutrient sinks, and 
hence are not further covered. The quantitative nutrient/waste emission from intensive 
aquaculture can be estimated by mass balance based on comprehensive statistical 
information on feed use and fish production combined with information on feed losses, 
contents of nitrogen (N) and phosphorus (P) in the feed and the fish, and assimilation 
efficiencies of the dominant N and P components of the feed (Olsen, Otterstad and 
Duarte, 2008; Olsen and Olsen, 2008; Reid et al., 2009). For nutrients N and P, such 
estimates are particularly robust for N when feed losses are low, the natural feed supply 
to the aquaculture system is low, and the statistical information on production and use 
of feed is adequate for the purpose. The pelagic ecosystem is primarily exposed to the 
inorganic nutrient fraction. This approach is applicable to offshore mariculture as long 
as feed input, mortality and harvesting are carefully monitored. 

Nutrient uptake and allocation in planktonic food webs and water hydrodynamics 
are the fundamental processes determining the assimilation capacity of the water 
column. Generally, if the dilution rate, mediated by the prevailing hydrodynamic 
conditions, ensures a dilution of the nutrient wastes to near natural concentrations 
before they affect phytoplankton and their grazers, negative environmental impacts 
are unlikely to occur, while the wastes may only stimulate natural production, which 
could possibly be regarded as a positive effect (Olsen et al., 2007). Preliminary results 
obtained for typical off-the-coast salmon farms in central Norway have revealed that 
the ammonia uptake rate (biological assimilation) is much slower than the dilution rate 
at typical water current velocity rate of about 10 cm/s. 

In general, there are no main differences, other than logistical ones, in assessing water 
column impacts of coastal and offshore mariculture farms. Moreover, this is valid across 
latitudes and weather conditions. The main assessment methods include dose estimation, 
waste dispersal (which can be simulated by 3D modelling) and impact evaluation based 
on dilution and biological assimilation rates. Other impact indicators suggested include 
enhanced ammonium (NH4) concentration, growth responses in dialysis cultures and 
changes in the concentration of particulate nutrients (see Table 7). 

Bottom ecosystems and sensitive habitats
In contrast to the poor understanding of the potential impacts on the water column, 
there is a relatively good scientific understanding on how particulate wastes, i.e. faeces 
and feed losses from mariculture, may disperse and ultimately accumulate in the 
sediments and benthic ecosystems below fish farms and in the immediate surrounding 
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area (Tett, 2008). A quantification of the input is possible by using a mass balance 
method. It is also quite well understood how these accumulations of nutrient wastes 
distribute in sediments as a consequence of bottom topography, water current 
velocity, sediment structure and water depth (Cromey, Nickell and Black, 2002). 
Severe accumulations can cause major changes in the structure and function of benthic 
ecosystems locally, normally resulting in decreasing biodiversity and increased biomass 
of benthic heterotrophs (Pearson and Rosenberg, 1978; Soto and Norambuena, 2004). 
A consequence may be highly reduced conditions owing sulphide accumulation 
with a shift in decomposition of organic matter from fauna mediated to microbial 
processes, with inhibition of microbial processes such as nitrification and, secondly 
also denitrification (Holmer and Kristensen, 1992; Angel, Krost and Gordin, 1995). 
The result is high ammonium and phosphate release from sediments.

The following factors related to benthic impacts are considered important when 
moving mariculture to offshore sites: (i)  the size of the particulate waste source, i.e. 
feed losses and particulate faeces; (ii) water depths and bottom topography; (iii)  the 
specific hydrodynamic characteristics of a site (including surface and deeper water 
layers); (iv) the assimilation capacity of deep waters and benthic ecosystems; and (v) the 
presence of sensitive benthic habitats.

Feed losses can generally be reduced by using modern, camera and remote assisted 
feeding systems. Many of the commercially available systems can be used or adapted 
for offshore mariculture operations. The efficiency in the feed conversion ratio (FCR) 
is of paramount importance in both reducing the production costs and minimizing any 
environmental impact. In principle, feed losses can be almost totally eliminated in an 
optimal farming operation, and the only effective nutrient inputs to the environment 
would therefore be through the faeces and excretion, and these too could be minimized 
through optimizing feed composition and digestibility. 

Water depths and water currents at the fish farm site and downstream will 
generally affect how widely sediments are distributed below and in the surrounding 
area of the farm. Bottom topography is also important, and locations over bottom 
ridges are presumably better than locations above the deepest holes in the seafloor. 
Depending on the depth and hydrodynamic characteristics of the farm site, filter-
feeding organisms can remove some of the small particles before they reach the 
seafloor, but the majority of the larger particles, including uneaten feed pellets, will 
eventually reach the sediments. Enrichment of the benthic environment as a result 
of fast sinking particulate waste products from farms is considered to be one of the 
most significant impacts of mariculture (Hargrave, Holmer and Newcombe, 2008). 
Under exposed farming conditions, waste products can be dispersed over larger 
areas, but due to the fast sinking rates of feed pellets and faeces (Cromey, Nickell and 
Black, 2002; Magill, Thetmeyer and Cromey, 2006), the bulk of the sedimentation 
can generally be expected to occur in the immediate vicinity of the farms (i.e. within 
hundreds of metres).

The microbial processes will also respond to organic enrichment by enhancing 
their activity, and thereby increase the risk of hypoxia and reduced conditions in the 
sediments. Occurrence of hypoxia affects benthic fauna negatively, but areas where 
hypoxia occurs are frequently areas that are stagnant or with poor water exchange 
(Gray, Wu and Or, 2002). Thus, hydrodynamic factors are key processes determining 
whether or not hypoxia occurs. Offshore mariculture and off-the-coast locations 
should have less risk of hypoxia, although local hydrodynamic conditions and 
bathymetry have to be considered. Moreover, deep-dwelling benthic fauna, which are 
expected to be abundant in deep sediments, may suffer from hypoxia at higher oxygen 
concentrations, owing reduced conditions in the sediments (Hargrave, Holmer and 
Newcombe, 2008).
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5.2	 Sensitive benthic habitats
Moving aquaculture farther from the coast and to deeper waters will remove the 
pressure on coastal sensitive habitats, but there are probably other sensitive habitats 
at potential off-the-coast and offshore mariculture sites. Off-the-coast locations will 
probably include sensitive coastal habitats, especially in areas with clear water and 
deep light penetration, for example in the Mediterranean Sea, where seagrasses occur 
at 50–70 m water depths.

In general, there is a well-developed scientific background on benthic impacts from 
mariculture, including a number of impact proxies such as indicator species, diversity 
of species and groups, biomass of fauna, organic contents and biochemical measures, 
microbial status and aerobic conditions (Kalantzi and Karakassis, 2006; Brooks and 
Mahnken, 2003; Holmer, Wildish and Hargrave, 2005; Hyland et al., 2005; Aguado-
Gimenéz et al., 2007; Hargrave, Holmer and Newcombe, 2008; Holmer, 2013; Angel 
and Edelist, 2013). There are various methods to measure these variables – established 
monitoring and management methods based on the scientific understanding of benthic 
impacts, including for example the MOM assessment method regularly used for large 
salmon farms (Hansen et al., 2001) and dynamic simulation models like DEPOMOD 
(Cromey, Nickell and Black, 2002). 

Among the main challenges ahead is to increase the knowledge on the typical 
benthic habitats to be expected under offshore mariculture sites and to test and verify 
the applicability of existing environmental monitoring procedures used for coastal and 
off-the-coast mariculture. 

5.3	 Escapees and genetic interactions with wild stocks
Escapes from fish farms are mainly caused by external forces (e.g. strong winds, waves, 
predators and vandalism, and inappropriate or poor farm management practices). The 
prevention of escapes remains primarily an engineering and management challenge. 
Escaped farmed organisms are generally considered to be a major problem, but the 
perception of the potential impacts to the environment differs among countries, 
also depending on the farmed species. The diverse consequences may include: (i) the 
potential genetic interference with wild stocks (regarded to be particularly harmful 
if the cultured stocks are larger than the natural ones and if the cultured stocks are 
selectively bred); (ii) the potential transmission of parasites and diseases; and (iii) the 
competition for space by which escapees outcompete natural populations (particularly 
negative if native species are outcompeted by non-native species). 

Atlantic salmon has undergone selective breeding for generations, and it has been 
estimated that cultured numbers exceed those of wild fish (Cross et al., 2008). In this 
case, major escapes of farmed salmon mixing with wild populations may produce 
negative effects (McGinnity et al., 2003; McGinnity et al., 2004). However, at present 
none of the many finfish candidates for offshore farming (see Table 4) have undergone 
the same breeding programme as salmon, which, besides, may not be a very well-suited 
candidate for offshore mariculture.

The issue of potentially large escapes from offshore mariculture activities is 
continuously discussed among many stakeholders, mainly owing to the fact that future 
offshore operations will most likely be large and placed in areas generally under rough 
weather conditions. Escapes from shellfish and marine plant mariculture cannot be 
excluded, but so far this has apparently not been regarded as a specific environmental 
hazard, at least when local species are farmed. Being offshore can minimize the risks by 
being far away from potential reproduction or settling areas. 

5.4	 Disease and chemical agents
Pathogenic bacteria, viruses and harmful parasites can be both introduced and transmitted 
through mariculture activities, including through escaped fish. Pathogens and parasites 
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normally originate from wild fish or invertebrate populations (Diamant and Paperna, 1995), 
but may reach epidemic proportions in intensively cultivated cages, as in the case of sea-
lice and salmon (Goldburg and Naylor, 2004; Naylor and Burke, 2005). Pathogens abound 
in all environments, but owing to the greater natural biodiversity in the tropics, there is 
also a larger diversity of disease agents (Avise, Hubbell and Ayala, 2008). In addition, the 
rate of infection is magnified owing to the naturally high ambient temperatures, which 
affect metabolic rates of hosts and pathogens alike, and their activity levels.

Proper health management of livestock throughout its life cycle, adequate waste 
management, efficient vaccines, proper handling of pharmaceuticals, and effective 
treatments and maintenance of the water quality (particularly oxygen levels) are 
important to maintaining farmed fish healthy and preventing the spread of disease to 
other farms and wild fish. The spreading of pathogenic bacteria and viruses between 
farms is correlated with culture density, vicinity of farms and the local patterns of water 
currents. Relocation of farms to offshore mariculture sites can therefore be expected to 
reduce spreading of disease and parasites between farms, whereas an increase in the size 
of the farms may increase the risk of outbreak and disease at a single farm. The spread 
of disease to and from wild migrating fish stocks will depend on distances to major 
migration routes, to feeding and spawning grounds, as well as the level of attraction of 
the wild fish to the cages. Disease introduction and transfer can also be a concern in 
shellfish and seaweed culture systems (Boyd et al., 2005).

A variety of chemicals are used in mariculture, including disinfectants, antifoulants 
and veterinary medicines (Costello et al., 2001; Read and Fernandes, 2003). Metals 
and other compounds may accumulate under cages (Dean, Shimmield and Black, 
2007; Sutherland et al., 2007), in benthic organisms, and may be transferred through 
the food chain (Lojen et al., 2005). The impacts of antibiotics include effects on 
non-target organisms, effects on sediment chemistry and processes, and the ultimate 
development of antibiotic resistance (Beveridge, Phillips and Macintosh, 1997). The use 
of antifoulants may possibly increase in some offshore farming sites, whereas the use of 
medicines can be expected to decrease as a result of better environmental and culture 
conditions and larger distances between farms.

5.5	 Interaction with wild stocks and fisheries
For offshore mariculture in the EEZ and ABNJ, it will be important to ensure that 
mariculture operations do not produce harmful interactions with wild migrating 
stocks. Mariculture farms may have considerable demographic effects on wild fish 
by aggregating large numbers in their immediate vicinity. Studies on seabream and 
seabass farms in the Mediterranean Sea have shown up to 30 different species of wild 
fish being attracted, with the aggregated biomass of wild fish at the majority of the 
investigated farm sites ranging between 10 and 40 tonnes (Dempster et al., 2002, 2004, 
2005). Similarly, large wild fish aggregations have been reported from fish farms in 
Greece (Thetmeyer, Pavlidis and Chromey, 2003) and the Canary Islands (Boyra et al., 
2004; Tuya et al., 2006). Mussel rafts in the Mediterranean Sea (Brehmer et al., 2003) 
are also known to aggregate wild fish, whereas cold-water farms in the North Atlantic 
attract fewer species (Dempster et al., 2009). Large aggregates of saithe have been 
found around salmon farms showing a distinct morphology compared with natural 
fed species, with gadoid fish averaging over ten tonnes per salmon farm in Norway 
(Dempster et al., 2009). In the Mediterranean, the wild fish are dominated by a few 
primarily planktivorous fish feeding on feed pellets gone astray. Also demersal fish are 
attracted to fish farms, although aggregations vary in numbers and species. Increased 
levels of parasites and disease in wild fish (and disease transfer from wild to farmed 
fish) are potential impacts of the dense and temporally persistent aggregations present 
in close proximity to large biomasses of caged fish hosting parasites and diseases 
(Dempster et al., 2002). 
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Offshore mariculture farms will presumably also attract large numbers of wild 
fishes, particularly as the farming operations are likely to be large, potentially 
increasing the availability of feed pellets lost in the immediate surroundings of the 
farm. This may be particularly the case in farms located close to the shore or near 
migratory routes and feeding and spawning grounds. A major concern of offshore 
mariculture farms is also the attraction of large predatory animals such as sharks 
and killer whales. On the Pacific coast of the United States of America and Canada, 
the Californian sea lion (Zalophus californianus), the harbour seal (Phoca vitulina) 
and the Steller sea lion (Eumatopias jubatus), interact with coastal fish farms by 
predating upon salmonids inside the cages and damaging netting in the process (Nash, 
Iwamoto and Mahnken, 2000). On the Atlantic coast, harbour seals and grey seals, 
Halichoerus grypus, cause similar problems (Nash, Iwamoto and Mahnken, 2000). In 
Chile, negative interactions of sea lions (Otaria flavescens) with salmon farms have 
been described (Sepulveda and Oliva, 2005). Sea-otters have also caused conflicts with 
production in specific regions.

Locating farms far away from marine mammal colonies is a good option and, thus, 
offshore aquaculture offers an opportunity to avoid interaction with them.

5.6	 Integrated multi-trophic aquaculture
The ecological rationale of integrated multitrophic aquaculture (IMTA), which includes 
among others waste reclamation through trophic relationship and water quality 
maintenance through complementary functions of the farmed species, has recently 
attracted considerable interest from Western, as well as, other aquaculture nations 
(Chopin et al., 2001; Neori, 2008; Soto, 2009).

In the case of offshore mariculture, IMTA is being conducted by farming commercially 
valuable bivalves and macroalgae using longline systems installed in the vicinity of fish 
farms for these secondary crop species to take advantage of the wastes generated from 
the finfish. It has been demonstrated that bivalves close to the fish cages readily consume 
drifting faecal and feed particles; while in more distant locations, they will filter 
phytoplankton cells produced from inorganic nutrients released from the farm. The 
macroalgae may take advantage of the inorganic nutrients released, often a major waste 
from fish farms. The main driver of IMTA is the artificial feeding of finfish. Integrated 
multitrophic aquaculture farming may add value to the overall farming investment 
through the production of secondary crops, while at the same time mitigate any 
environmental impact through the reduction of waste dispersed. In other words, there 
is both an economic and an environmental drive for establishing IMTA operations.

In principle, IMTA in the sea is an environmentally friendly way of developing 
mariculture; however, an important question remains on the overall risks and 
achievable economic gains which may be very site-specific. In offshore mariculture 
locations, it is likely that food particles and nutrients disperse rapidly as a result of 
the hydrodynamic characteristic of the sea. Nevertheless, the rapid nutrient uptake 
capabilities of macroalgae may suggest that culturing macroalgae provide an additional 
economic incentive to go for such integrated development. IMTA driven by finfish 
cage culture may need to be further explored, considering that the growth of shellfish 
and macroalgae will also depend on the natural resources available in the ambient 
waters. The natural biological richness of the system or the capacity of the feed 
system to provide enough food for the extractive species is therefore fundamental for 
determining the economic potential of IMTA.

5.7	 Minimizing environmental impacts
A risk assessment and environmental impact assessment and monitoring must always 
be in place before establishing offshore farms. FAO provides guidance that can be 
applied to the environmental concerns of offshore mariculture through different 
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publications and guidelines including on health management for responsible movement 
of live aquatic animals (FAO, 2007), guidelines on the genetic resources management 
in aquaculture (FAO, 2008b), and on the ecosystem approach to aquaculture (FAO, 
2010). Other relevant technical publications include global environmental assessment 
and monitoring of aquaculture (FAO, 2009) and understanding risk assessment and 
risk management in aquaculture (Bondad-Reantaso, Arthur and Subasinghe, 2008).

6.	 A VISION FOR THE FUTURE GLOBAL MARICULTURE INDUSTRY
Some relevant premises were agreed by the workshop participants: (i) there is a strong 
need for more seafood in the future; (ii) this seafood will partly need to come from 
mariculture in more exposed sites; (iii) there is a need to increase the harvest of marine 
organisms (wild and farmed) from lower trophic levels to minimize ecosystems impacts 
and ensure long-term sustainability while balancing these efforts with the global food 
and nutrition needs; and (iv) market forces alone cannot secure a balanced sustainable 
development. With such premises in mind, it is paramount to establish a clear vision 
for the future use of the global oceans for food production. 

The overall vision for global mariculture in the twenty-first century is a “self-sustaining 
mariculture of quality and affordable seafood in harmony with the environment and its 
stakeholders”. More specifically, some of the elements of the above vision would include:

•	The twenty-first century will involve a “blue evolution” resulting in a rapidly 
increasing proportion of overall meat for human food being produced through 
coastal, off-the-coast and offshore mariculture.

•	The feed resources for finfish will increasingly be derived from macroalgae and/
or from other sources that are not taken from the human food chain, and thus the 
production trend will become more ecologically efficient and sustainable.

•	Feed conversion rates are low, feed losses are minimized and escapes strongly 
reduced in all mariculture production.

•	Mariculture production is undertaken in suitable areas where environmental 
impacts and stakeholder interactions and conflicts are minimized; the expansion 
of mariculture away from the ultimate shoreline to offshore locations becomes an 
important strategy to achieve this goal.

•	An efficient national and international legal framework for mariculture is 
established.

The vision offers the following main political, scientific and industrial long-term 
challenges:

•	There must be a strong political appreciation among key countries and international 
organizations on the importance of developing a robust and sustainable global 
mariculture industry that has the framework and capacity to facilitate the more 
rapid expansion of production in exposed open waters.

•	Spatial planning with an ecosystem approach will need to be undertaken to 
identify the regions and countries that are most promising for offshore mariculture 
development, and to  determine carrying capacities for maximum production and 
preservation of ecosystem services, including social carrying capacity.

•	Suitable species must be identified and developed for offshore mariculture, 
because no particular finfish species that are currently in high production appear 
to be a clear candidate, and because most molluscs and macroalgae are currently 
not economically feasible for such production. 

•	Production systems, technology and operational procedures must be developed 
or improved, not through a revolution, but rather through an evolution, to allow 
production to be expanded to off-the-coast and offshore mariculture locations.

•	New and more sustainable feed resources for fed-fish mariculture must be 
developed through long-term R&D efforts, and macroalgae have the potential to 
be an important raw material for feed ingredients.
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•	While feed pellets appear to be the most appropriate and environmentally friendly 
feed for off-the-coast and offshore mariculture aquaculture, the industry must 
install and apply modern feeding systems to minimize losses and secure feed 
conversion ratios well below 1.5 (dry feed supplied per wet weight produced).

•	Science and industry must explore environmental impacts for off-the-coast and 
offshore mariculture and establish general principles for locating and monitoring 
this activity that are environmentally acceptable. 

•	Opportunities for minimizing environmental impacts while maximizing gains 
should be taken advantage of, such as the co-location of mariculture with offshore 
wind farms and oil and gas infrastructure.

•	International collaboration and communication in developing offshore mariculture 
technology, best operational practice and regulatory frameworks will be critical 
for ensuring the rapid development of a sustainable global offshore mariculture 
industry.

The challenges of the vision are comprehensive, for science, society and industry, 
but no other issue is more important than to feed the world’s populations in developing 
and developed countries in the twenty-first century. It is important for the global 
aquaculture industry to have a long-term roadmap towards its sustainability.
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Appendix 1

Estimates of status and potential for offshore mariculture
The status and potential for offshore mariculture was estimated by Kapetsky, Aguilar-
Manjarrez and Jenness (2013) on the basis of surface areas and numbers of nations that 
meet various criteria. The technical criteria include water depths (25–100 m) and current 
speeds (10–100 cm/s) suitable for sea cages and longlines. The economic criterion is the 
cost-effective area for development, that is the area within 25 nm of a servicing port. 
Temperature identifies areas favourable for the growout of cobia (22–32 oC), Atlantic 
salmon (1.5–16 oC) and blue mussel (2.5–18 oC). For the latter, favourable growout is 
also defined by chlorophyll-a concentration (>0.5 mg/m3). 

The status and potential of offshore mariculture development are tabulated in three 
ways:

1.	 by numbers of nations and aggregate surface areas meeting various criteria 
(Table A1);

2.	 by ranks1 of climate zones (Table A2);  
3.	 by first ranked nations in each climate zone (Table A3). 
In the tabulations, a distinction is made between nations in which mariculture is 

already developed or “mariculture nations” and those not yet practising mariculture 
or “non-mariculture nations”. For reasons of economy of space many of the results 
presented in the tables are not discussed in the text of this Appendix; however, the 
results often relate to the text in other sections of this global synthesis or to the review 
papers that support this synthesis. For example, defining offshore mariculture is one 
of the topics of the synthesis, and depth is one of ways that mariculture zones can 
be defined. In this regard, Table A1 under the topic “Zones and Maritime Claims” 
provides the areas corresponding to the various depth zones. Four of the review papers 
in these proceedings deal with various aspects of offshore mariculture by climate zones. 
In this regard, Table A2 ranks offshore mariculture potential by climate zone based on 
the surface area meeting criteria and combinations of criteria. In the same vein, Table 
A3 identifies the first-ranked nation meeting the criteria and combinations of criteria 
in each climate zone based on the amount of surface area with potential.

Mariculture countries for the purposes of this study are those listed in the FAO 
aquaculture production statistics as having mariculture production originating from 
the marine environment in one or more years.  

1	 A rank classification for suitability was set from 1–5 (i.e. 1 least suitable, and 5 most suitable) based on 
the amount of surface area meeting criteria.
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TABLE A1 
Summary of the status and potential for offshore mariculture development by numbers of nations and 
aggregate area meeting criteria   

Present status of mariculture production
Mariculture nations Non-mariculture nations Total

Production Nations and 
territories

Mean 
production 

(tonnes)
2004–2008

Nations and 
territories

Production 
(tonnes)

2004–2008

NA NA

93 29 976 736 72 0

Present status of mariculture intensity
Mariculture intensity Nations and territories Production (tonnes/km coastline)

93 –

Mean – 15

Median  – 1

Maximum  – 520

Present status of mariculture coastline length 

Coastline length
Mariculture nations Non-mariculture nations Total

km km Nations km

80 1 472 111 83 302 548 163 1 774 659

Notes:
Non-mariculture nations are maritime nations not yet practicing mariculture. 

The results by Kapetsky, Aguilar-Manjarrez and Jenness (2013) are not discussed in Annex 1, but presented herein as relevant to 
Annex  1 and various review papers in these proceedings. For additional details and in depth analysis see Kapetsky, J.M., Aguilar-
Manjarrez, J. & Jenness, J. 2013. A global assessment of offshore mariculture potential from a spatial perspective. FAO Fisheries and 
Aquaculture Technical Paper No. 549. Rome, FAO.

The differences in the number of nations and territories between mariculture production and intensity versus coastline length are 
attributed to the fact that two different spatial data sets were used (i.e. the number of countries/territories varied between these 
data sets). The FAO statistical database contains production attributes assigned to country and territory names. It reports production 
from some territories separately from their associated sovereign nations. In contrast, coastline length was derived for this study using 
GIS methods from a different set of country and territory associations in digital format in which each coastline is a spatial object from 
which its length becomes an attribute. The differences have been taken into account in estimating mariculture intensity.

 
Zones and maritime claims

Mariculture nations Non-mariculture nations Total

EEZs Area (km2) EEZs Area (km2) EEZs Area (km2)

Area of Exclusive 
Economic Zones 189 131 361 870 77 32 627 206 266 163 989 076

Zones and Maritime 
claims Nations Area (km2) Nations Area (km2) Nations Area (km2)

Territorial Sea 20 750 899 4 587 804 25 338 704

Contiguous Zone 4 969 506 724 344 5 693 850

Economic Zone 118 730 541 23 774 037 142 504 578

Fishing Zone 12 404 048 69 008 12 473 056

Total 78 156 854 994 79 29 155 194 158 186 010 188

Mariculture zones 
defined by depth Nations Area (km2) Nations Area (km2) Nations Area (km2)

1–10 m 2 010 632 260 325 2 270 956

Off the coast (10–50 m) 11 163 661 789 506 11 953 167

Offshore (50–150 m) 8 552 668 808 162 9 360 829

>150 m 109 597 945 30 405 078 140 003 023

Total 83 131 324 906 67 32 263 070 158 163 587 976
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Technical feasibility for cages and longlines and cost-effective area for development (area 25 nm from a 
servicing port)

Technical feasibility and 
cost-effective area for 
development

Mariculture nations Non-mariculture nations Total

Nations Area (km2) Nations Area (km2) Nations Area (km2)

Depths suitable for cages 
and longlines (25–100 m) 82 12 405 003 71 1 000 446 153 13 405 449

Current speed suitable for 
cages (10-100 cm/s) 77 84 244 659 69 16 790 002 146 101 034 662

Depths (25–100 m) and 
current speeds (10–100 cm/s) 
suitable for cages and 
longlines 

73 1 234 771 65 190 383 138 1 425 154

Cost-effective area for 
development 79 5 119 018 74 1 015 430 153 6 134 448

Cost-effective area for 
development and depths 
and current speeds suitable 
for cages

69 146 820 52 42 648 121 189 468

Note: 
The varying numbers of nations reflect the fact that differing numbers of nations meet the various depths, current speed, cost-effective 
distance and other thresholds of the Kapetsky, Aguilar-Manjarrez and Jenness (2013) study. What is important here is the absolute 
number of nations that meet various criteria, not the relative numbers. 

Environments favourable for growout integrated with technical criteria and the  
cost-effective area for development 

Temperatures and chlorophyll-a concentrations suitable for favourable growout; depths (25–100 m) and 
current speeds (10–100 cm/s) suitable for cages and longlines

Mariculture nations Non-mariculture nations Total

Nations Area (km2) Nations Area (km2) Nations Area (km2)

Cobia temperature range 
22–32 oC 44 658 031 40 135 907 84 793 938

Atlantic salmon temperature 
range 1.5–16 oC; 14 30 566 0 0 14 30 566

Chlorophyll-a >0.5 mg/m3 95 6 2376 545 54 717 804 149 6 994 349

Blue mussel temperature  
2.5–19 oC and chlorophyll-a 
>0.5 mg/m3  

15 29 960 0 0 15 29 960

IMTA temperature 2.5–16 oC 
and chlorophyll-a >0.5 mg/m3 9 14 590 0 0 9 14 590

 
Cost-effective area for development (area 25 nm from a servicing port), temperatures suitable for favourable 
growout, depths  (25–100 m) and current speeds (10–100 cm/s) suitable for cages and longlines

Mariculture nations Non-mariculture nations Total

Nations Area (km2) Nations Area (km2) Nations Area (km2)

Cobia temperature range 
22–32 oC 42 66 188 38 31 004 80 97 192

Atlantic salmon temperature 
range 1.5–16 oC 6 2 447 0 0 6 2 447

 Blue mussel temperature 
2.5–19 oC and chlorophyll-a 
>0.5 mg/m3

11 5 848 0 0 11 5 848

IMTA temperature 2.5–16 oC 
and chlorophyll-a >0.5 mg/m3 6 1 202 0 0 6 1 202
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TABLE A2 
Summary of potential for offshore mariculture by rank (from 1 to 5) of climate zones and by mariculture 
and non-mariculture nations based on aggregated surface area meeting criteria in each climate zone

Ranking: 1 least potential, to 5 highest potential

Criteria Arctic Northern 
temperate Intertropical Southern 

temperate Antarctic

Present status of mariculture

Production

    Mariculture (1) 3 2 1 4 0

Coastline length

    Mariculture 3 1 2 4 0

    Non-mariculture 3 2 1 5 4

Mariculture intensity

    Mariculture 3 1 2 4 0

 Zones and maritime claims

Area of Exclusive Economic Zones

   Mariculture 4 2 1 3 0
    Non-mariculture (2) 0 4 1 3 2

Maritime claims
Territorial Sea + Contiguous Zone
     Mariculture (3) 3 2 1 4 5

    Non-mariculture 0 2 1 5 4

Mariculture zones defined by depth
Off the coast (10–50 m) + Offshore (50–150 m)

    Mariculture 3 1 2 4 0

    Non-mariculture 0 2 1 4 3

Technical feasibility and cost-effective area for development

Depths for cages and longlines (25–100 m)

    Mariculture 3 2 1 4 0

    Non-mariculture 0 2 1 4 3

Current speed for cages and longlines (10–100 cm/s)

    Mariculture 4 3 1 2 0

    Non-mariculture 0 4 1 2 3

Depths and current speeds suitable for cages and longlines

    Mariculture 4 2 1 3 0

    Non-mariculture 0 2 1 3 4

Cost-effective areas (area 25 nm from a port)

    Mariculture 4 1 2 3 0
      Non-mariculture 0 2 1 3 0

Cost-effective areas (area 25 nm from a port and depths and current speeds suitable for cages)

    Mariculture 4 2 1 3 0

  Non-mariculture 0 2 1 3 0

Locations that minimize competing and conflicting uses while taking advantage of 
possible complementary uses of marine space as illustrated by marine protected areas

Mariculture nations Non-mariculture nations Total

Nations Area (km2) Nations Area (km2) Nations Area (km2)

Marine protected areas (MPAs) 
worldwide 93 3 533 612 51 296 957 120 3 830 569

Suitable inside MPAs for 
cobia offshore mariculture 
(temperature suitable; depths 
and current speeds suitable)

31 44 863 12 2 092 43 46 955
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TABLE A2 – CONTINUED

Environments favourable for growout: temperature and 
chlorophyll-a concentration suitable, depths (25–100 m) 
and current speeds (10–100 cm/s) suitable for cages and 
longlines 

Arctic Northern 
temperate Intertropical Southern 

temperate Antarctic

Cobia temperature range suitable (22–32 oC)

    Mariculture 0 2 1 3 0

    Non-mariculture 0 2 1 0 0

Atlantic salmon temperature range suitable (1.5–16 oC) 

    Mariculture 3 2 0 1 0

    Non-mariculture (4) 0 0 0 0 0

Blue mussel temperature and chlorophyll-a suitable (2.5–19 oC ; >0.5 mg/m3) 

    Mariculture 3 2 0 1 0

    Non-mariculture 0 1 0 0 0

IMTA temperature and chlorophyll-a suitable (2.5–16 oC ; >0.5 mg/m3) 

    Mariculture 3 2 0 1 0

    Non-mariculture 0 1 0 0 0

Environments favourable for growout and within the 
cost-effective area for development: temperature and 
chlorophyll-a concentration suitable, depths (25–100 m) 
and current speeds (10–100 cm/s) suitable for cages and 
longlines

Arctic Northern 
temperate Intertropical Southern 

temperate Antarctic

 Cobia temperature range suitable (22–32 oC)

    Mariculture 0 2 1 3 0

    Non-mariculture 0 0 1 0 0

Atlantic salmon temperature range suitable (1.5–16 oC)

    Mariculture 3 1 0 2 0

    Non-mariculture 0 0 0 0 0

Blue mussel temperature and chlorophyll-a suitable (2.5–19 oC ; >0.5 mg/m3)

    Mariculture 3 1 0 2 0

    Non-mariculture 0 0 0 0 0

IMTA temperature and chlorophyll-a suitable (2.5–16 oC ; >0.5 mg/m3)

    Mariculture 3 1 0 2 0

    Non-mariculture 0 0 0 0 0

Locations that minimize competing and conflicting uses 
while taking advantage of possible complementary 
uses of marine space as illustrated by marine protected 
areas

Arctic Northern 
temperate Intertropical Southern 

temperate Antarctic

Marine protected areas (MPAs)

    Mariculture 3 1 2 4 5

    Non-mariculture 0 3 1 2 4

Cobia suitable for temperature; cage and current speeds suitable inside MPAs

    Mariculture 0 2 1 3 0

    Non-mariculture 0 2 1 0 0

Notes: 
(1) There is no mariculture in the Antarctic Zone; (2) There are no non-mariculture nations in the Arctic Zone; (3) Some mariculture 
countries have territorial claims in the Antarctic Zone; (4) No ports are listed for the Antarctic Zone in the World Port Index (National 
Geospatial-intelligence Agency, 2009). 
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