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Introduction
Humans harvest an astonishing amount of 
seafood from the world’s oceans; about 90 
million metric tons a year. It is a truly global 
effort. Today’s fishing vessels track their 
prey from the coldest, darkest polar seas to 
the vast open expanses of the central Pacific. 
Almost every corner of the planet is subject 
to fishing of some sort. According to the Food 
and Agriculture Organization of the United 
Nations, 96% of the globe’s fisheries resources 
are moderately exploited, over exploited or 
depleted, and most of the main fishing areas 
have reached their maximum potential. Most 
experts agree that this effort is not sustainable. 
Several papers including a recent high-profile 
publication in the journal Science project 
that at current rates of extraction a complete 
collapse of ocean fisheries is possible by the 
middle of this century. Other authors have 
painted a less apocalyptic, but nonetheless 
chilling, picture of global fishery resources: 
51 species of marine fish have been rendered 
“functionally extinct” due to overfishing; 130 
distinct populations of fish have had their 
biomass reduced by 80%; more than 90% of 
the world’s big ocean predators (e.g. tuna, 
swordfish) have been harvested by fishermen; 
etc.

This reality is catching up to fishermen. 
After decades of steady increases, landings 
by commercial fleets have been flat for the 
better part of two decades and may even be 
declining. Worse – the fish we are catching 
are not the same ones we caught a generation 
ago. Dogfish and skate now stand in for cod, 
with one-quarter of the “cod” and “halibut” 
sold in Ireland being in reality not cod and 
halibut. Patagonian toothfish has been renamed 
Chilean sea bass and is being fished to oblivion 
to satiate the appetites of consumers who 
are unaware of the situation. We have been 
catching increasing quantities of smaller fish 
to the point that we will soon be eating bait. 
The situation regarding mislabeling of fish in 
the market is tragicomic: one-third of the fish 
sold in the U.S. is not the species it is sold as, 
and two-thirds of the red snapper sold in the 
U.S. is not red snapper. A New York Times 

investigative report showed that six out of eight 
“wild salmon” being sold at gourmet stores 
in Manhattan were in fact farmed; one was an 
escapee from a farm and only one was genuine. 
The truth is now plainly evident: wild fish 
stocks can no longer sustain the harvest levels 
required to supply the increasing demands of 
our ever growing and ever wealthier human 
population.

Despite these trends in wild fisheries the 
seafood keeps coming. From Tokyo’s Tsjuki to 
New York’s Fulton, the world’s fish markets 
continue to be stocked with fish, shellfish, and 
crustaceans of every variety. People today (6.8 
billion and counting) eat more seafood than 
their grandparents did, and if current trends 
hold, their grandchildren will eat more seafood 
than they do. It is not, obviously, fishing 
that is meeting this rising demand. No, the 
additional supply required by world markets 
comes almost entirely from the aquaculture 
industry. Today, more than 50% of the seafood 
that reaches consumer’s plates comes from fish 
farms: carp from China, shrimp from Thailand, 
salmon from Norway or Chile. Tilapia, 
originally from Africa, have literally conquered 
the world and are found today at supermarket 
shelves and dinner tables everywhere. Catfish, 
basa and panga are all interchangeable. 
They are all spawned in a hatchery, reared 
on a farm, and harvested on a schedule. The 
process is efficient, profitable, and increasingly 
sustainable. Indeed, at 8-9% per year, 
aquaculture is the fastest growing segment 
of the food production industry. Almost all 
of the projected 20-30 million metric tons of 
additional seafood that will be demanded by 
global markets in 2030 will come from fish 
farms. We can no longer afford not to do it.

The Problems with Fish Farms
Aquaculture is not a perfect system for seafood 
production. It has a “fishprint,” just like any 
and all other forms of human production 
activities leave environmental footprints. 
The aim is to produce the most with the least 
ecological impact. Although 90% of the 
world’s aquaculture consists of herbivorous 
fish, mollusks and algae, it is the operations 
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that produce carnivorous marine organisms 
(such as salmon, cobia, snapper, sea bream, 
cod, halibut, flounder and shrimp) that have 
been criticized by environmental organizations 
as unsustainable. The criticisms centre around 
four highly contentious issues: 1) pollution in 
the water column and on the ocean bottom, 
primarily from nutrients such as nitrogen and 
phosphates excreted by cultured organisms and 
from wastes such as suspended and settable 
solids resulting from residual feed and feces; 
2) the spread of diseases from cultured to wild 
fish; 3) introduction of exotic species and/or 
genetic contamination of wild stocks by escape 
of genetically inferior fish stocked in cages; 
and 4) the use of natural resources such as 
fishmeal and fish oil for aquafeeds. Other 
important criticisms regard habitat destruction 
(e.g. mangrove areas used for shrimp 
aquaculture), collection of wild juveniles for 
stocking growout operations (e.g. shrimp post-
larvae), and the use of chemicals including 
pesticides and antibiotics. We address these 
issues while pointing out what scientists, 

government agencies, non-governmental 
organizations, and the industry have been 
doing and continue to do to resolve them. 

While much of the dialogue surrounding these 
issues has been hyperbolic, there is no doubt 
that the aquaculture industry has not always 
been a responsible steward of the environment. 
Some traditional forms of aquaculture in 
sensitive coastal areas such as shallow bays 
and mangroves have been developed at the 
expense of the environment. However, science 
and technology combined with the adoption 
of proper management strategies have been 
dramatically changing this scenario.

The Blue Revolution
New technologies are helping to solve these 
problems. For the past four decades researchers 
from academia and the allied aquaculture 
industries have been developing real-world 
solutions for the challenges faced by fish 
farmers. Today the aquaculture industry 
has developed technologies that directly 

aqualIne

modern gravity cages are designed and built to “conform” with waves and currents typical of high-energy environments of offshore areas.
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aqualIne

These large (50 m diameter X 30 m deep) 
floating, gravity plastic cages made 
of high-density extruded polyethylene 
produce 1,000 tons of salmon each 
in norway. The cage farm pictured 
produces a total of 11,000 tons of salmon 
per cycle. at current levels of traditional, 
land-based pond production in coastal 
areas (1 ton/hectare), several thousand 
ha would be required to produce the 
equivalent amount of fish or shrimp.



Copyright Journal of Ocean Technology 2010 Farming Fish, Vol. 5, No. 2, 2010  5Copyright Journal of Ocean Technology 2010



6   The Journal of Ocean Technology • Essays Copyright Journal of Ocean Technology 2010 Copyright Journal of Ocean Technology 2010

and indirectly address the environmental 
problems associated with fish farming while 
simultaneously improving the economic 
viability of the industry. Managers and operators
of modern fish farms have adopted voluntary 
or mandatory Best Management Practices, 
Codes of Conduct and environmental monitoring
programs using sensitive detection methods 
(e.g. nutrient loading and periphyton as 
biological indicators) that act like the “canary 
in the coal mine” and prevent pollution from 
occurring in the first place. 

Relevant research progress to date includes: 
(i) developing technologies for closing the life 
cycle of commercially important marine fish 
species in hatcheries from egg to market; (ii) 
using probiotics and vaccines as alternatives to 
antibiotics and drugs in the production process; 
(iii) improving the ecological efficiency of 

fish farming by engineering high quality 
feeds and optimizing management strategies; 
(iv) developing alternative sources of protein 
that allow for dramatic reductions in (and 
in some cases elimination of) fishmeal and 
fish oil use in aquafeeds; (v) using advanced 
farming systems, methods and equipment that 

can withstand the elements and be used in 
unprotected areas offshore; (vi) developing 
projects in the open ocean where oligotrophic 
oceanic waters with strong currents and greater 
depth confer increased carrying capacity for 
nutrient assimilation and ensure that fish farms 
are point sources of fertilization rather than 
point sources of pollution; (vii) refining the 
methodologies used to conduct the environmental 
monitoring needed to determine changes in the 
benthic environment and water column in the 
areas near aquaculture operations; (viii) 
determining optimum production levels per 
unit area/volume that can be maintained without 
incurring eutrophication or other negative 
environmental impacts; (ix) advancing 
technology of recirculating aquaculture systems 
that constantly filter and reuse the same 
reconditioned water; (x) advancing research 
on zero effluent, no discharge heterotrophic 

systems which 
depend on bacterial 
“flocs” to naturally 
condition the water 
for shrimp and fish 
culture; and (xi) 
implementing 
integrated multi-
trophic aquaculture, 
i.e. systems that 
combine filter-
feeding mollusks and 
nutrient stripping 
macroalgae to take 
advantage of the 
effluent water of 
shrimp and/or fish 
operations.

The wave of new 
technologies that  
has been created  
as a result of the

research topics highlighted above has opened 
a range of possibilities for expanding the 
aquaculture industry responsibly. Like 
agriculture’s green revolution a generation ago,  
today’s fish farmers are using technology to do 
more with less and helping to feed the world 
in the process. Two developments stand out 

advanced mooring, grids and galvanized structures allow modern metallic cages to be successfully 
deployed and operated in open ocean areas without problems. These metallic cages are used for  
culturing salmon in Southern chile.

Ocea-prOna
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as examples of this renaissance: the move of 
fish farms offshore and the push to develop 
aquafeeds with much reduced inclusions of 
fishmeal and fish oil. 

Into the Open Ocean
For most of the short history of the aquaculture 
industry, farms have been located near shore, 
often in protected bays and estuaries where 
ponds or cages could be easily serviced and 
protected from extreme weather and ocean 
conditions. While these arrangements usually 
made short-tem economic sense, they were 
often environmentally and socially unwise. In 
the 1980s and 90s, for example, a booming 
panaeid shrimp industry in Latin America and 
southeast Asia turned thousands of hectares 
of mangrove forests into shrimp ponds. The 
result was a loss of valuable nursery grounds 
for juvenile fish and other organisms and 
impoverishment of the local communities that 
relied on the associated fisheries. Some argue 
that the trade-off was positive because of 
the socio-economic benefits created and that 
shrimp farming was better than the traditional 
shrimp trawling’s ecological baggage of 80% 
by-catch and destruction of benthic habitat. 
However, most experts agree that those days 
represented the dark age of aquaculture.

Other problems plague near shore and land-
based aquaculture operations. Fish farms 

release huge amounts of nitrogenous waste. 
This influx of nutrients in a relatively sheltered 
body of water with little circulation and 
shallow areas can cause a range of problems, 
from harmful algal blooms to eutrophication. 
They are also often objected to by local 
communities who value the areas where fish 
farms are located as fishing grounds or for their 
aesthetic qualities.

These realities have made it imperative for 
the industry to explore ways to remove fish 
farms from the littoral. While offering distinct 
advantages, the move offshore does not come 
without huge engineering challenges – and 
engineers have been happy to oblige with 
straightforward ingenuity. As a result, during 
the past decade, a variety of flexible or rigid 
models of submersible, semi-submersible, and 
floating cages have been designed and built 
to either “adapt and conform” or to maintain 
their shape to withstand the waves and 
strong currents generally associated with the 
high-energy environment of the open ocean. 
These advanced systems include marvelous 
arrangements of grids and moorings made 
of novel materials and structures, improved 
netting materials that are resistant to a wide 
degree of environmental conditions, effective 
anti-predator devices, automated fish mortality 
removal equipment, and improved anti-fouling 
technologies. Most importantly, fully or 

aquapod cages are designed and manufactured specifically for exposed, high-energy environments of the open ocean. These cages can be 
operated completely submerged to avoid hurricanes, typhoons, etc. yet can be routinely surfaced for cleaning, harvesting and other tasks. 
They are rigid, predator resistant and proven to withstand the elements.

Open Blue Sea FarmS and Ocean Farm TechnOlOgIeS
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a completely submerged SeaStation. (See photo caption on page 10 for further information on SeaStations.)

Ocean Spar
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partially submersible cages allow for farms to 
be sited miles offshore, away from expensive 
waterfront real-estate, decoupled from sensitive 
coastal ecosystems, and able to avoid extreme 
weather events by simply slipping underneath 
the wind and waves. 

The combination of these technologies has 
allowed operations in open ocean sites with 
degrees of exposures never imagined just a few 
years ago. The salmon aquaculture industry 
has driven the move offshore and nowadays 
many farms in Norway, Scotland, Chile and 
indeed the world over are located in exposed, 
high-energy environments. More recently, 
Open Blue Sea Farms, an American company 
operating in Panama in collaboration with 
researchers from the University of Miami, rears 
cobia (Rachycentron canadum) in submersible 
cages in a completely exposed site 12 miles off 
the coast of Panama. Another company, Kona 
Blue Water Farms, uses the same technology 
to rear Kona Kampachi (Seriola rivolana) 
in several hundred feet of water off the west 
coast of Kona, Hawaii. Throughout the world 
there is a trend towards moving aquaculture 

operations offshore to take advantage of better 
environmental conditions. 

Escaping the Fishmeal Trap
For years, the aquaculture industry has been 
criticized for its heavy reliance on fishmeal  
and fish oil. Because the production of 
carnivorous marine finfish and shrimp requires 
fishmeal- and fish oil-based aquafeeds, and 
because these commodities are largely derived 
from wild caught small pelagic fish, it has been 
argued that aquaculture does not truly relieve 
pressure on wild ecosystems. Instead, runs the 
argument, aquaculture merely transfers fishing 
pressure to those stocks suitable for reduction 
to fishmeal and fish oil. If the demand for 
fishmeal and fish oil by the aquaculture 
industry were ever to outstrip the productive 
capacity of nature, the argument continues,  
fish farmers would be caught in a trap of  
their own making – the fishmeal trap.

Carnivorous marine finfish and shrimp, however,
do not have a per se requirement for fishmeal 
and fish oil. Instead they require some of the 
proteins and lipids that are contained in these 

SeaStation cages exhibit some of the most advanced submerged systems in the world. They can be operated completely submerged  
(as shown on page 8) or partially surfaced (shown above) for harvesting and cleaning. SeaStation cages have a proven track record  
of satisfactory performance in the offshore environment and are being utilized to raise a number of species in several countries.

Ocean Spar and Open Blue Sea Farm
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products. Thus, the aquaculture industry and 
the academic community have been engaged 
in a decades-long effort to find alternative 
sources of these critical nutrients. A wide 
range of substitutes for fishmeal and fish oil 
have been investigated. Terrestrial plant-based 
sources of protein (such as soymeal) and 
lipids (such as rapeseed oil), fish processing 
wastes, and single cell proteins and oils from 
microorganisms all show promise and are 
beginning to be incorporated into aquafeeds. 
The ecological and economic stakes are huge. 
Indeed, the American Soybean Association 
has taken notice and has been a key supporter 
of efforts to replace fishmeal and fish oil with 
soybean meal and oil in aquafeeds. The effort 
is beginning to pay off. The industry-wide ratio 
of wild fish consumed to farmed fish produced 
(known as the FIFO ratio – “fish in – fish 
out”) has been dropping for years and is today 
approaching one. Industry analysts expect 
that the global FIFO ratio will be below one 
in the near future. This means that worldwide, 
for every pound of wild fish consumed by the 
aquaculture industry for feed, more than one 
pound of farmed fish will be produced. Even 

the salmon industry, attacked throughout the 
years as a profligate consumer of fishmeal 
and fish oil, has made dramatic improvements 
in efficiency. In 1995, the average rates of 
fishmeal and fish oil inclusion rates in salmon 
feed were 45 and 25%, respectively. Today, 
those numbers have dropped to 25 and 16%, 
and appear to be headed lower. The feed 
manufacturer Skretting, for example, has 
recently announced the development of a 
new feed that allows for a kilogram of market 
sized salmon to be produced using only 150 
grams of fishmeal. Research for other species 
is similarly promising. Researchers at Virginia 
Tech University, for example, recently reported 
rearing cobia experimentally to market size 
using feeds that included a blend of alternative 
ingredients including soy protein concentrate, 
marine worm meal, and a nucleotide-rich 
yeast extract protein source. The fish fed 
the experimental diet grew as well as fish 
fed a traditional fishmeal- and fish oil-based 
diet. Researchers at the University of Miami 
achieved a food conversion ratio (FCR) of 
1.1:1 with juvenile cobia using commercially 
available feeds containing reduced fishmeal 
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and fish oil levels. The list goes on. Advances 
in nutrition and improved efficiency is allowing 
for the continuing exponential growth 
of aquaculture production without a 
correspondingly proportional increase in 
fishmeal and fish oil use – whose production 
has remained stable during the last decades. 

Fish Farming and the Path Forward
There are currently several government and 
industry coordinated research projects 
attempting to solve some of the biggest 
questions in aquaculture. The European Union 
funded SELFDOTT, a program aimed at 
developing techniques for closed cycle, egg-to-

market aquaculture of bluefin tuna (Thunnus 
thynuss). Similar projects for developing 
bluefin aquaculture technology are afoot in 
Australia and Japan. These efforts demand 
tens of millions of dollars in infrastructure and 
operating funds and top-of-the-line human 
resources in order to have a chance of success. 
There is little question that research on this 
scale requires the involvement of governments 
or other institutions with similarly large capital 
resources. The United States has still to catch 
up on this type of effort. Although not lagging 
behind in technology, U.S. aquaculture is not 
developing at the same pace as other developed 
nations. Lack of incentives, a problematic legal 

a micropod being deployed in puerto lindo, panama. micropods are generally used for nursery of marine fish and/or culture of shrimp to 
market size in open ocean areas. While technically feasible, the economic viability of shrimp culture using micropods in the open ocean is 
currently being tested. If proven, this method has the potential of revolutionizing shrimp culture practices by eliminating the use of land, 
pumps, aerators and other inputs required for traditional land-based shrimp farming operations in ponds or tanks.  

Ocean Farm TechnOlOgIeS
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framework, and lack of funding are hampering 
an industry that is clearly moving abroad. 

Projects of this sort are immensely important. 
Prized the world over for its buttery rich 
flesh, individual bluefin tuna can sell for 
more than $100,000 (USD). Not surprisingly 
given these prices, they have been hunted 
almost to extinction throughout their 
habitat. The international organizations 
charged with managing bluefin such as the 
International Convention for the Conservation 
of Atlantic Tunas and the Commission for 
the Conservation of Southern Bluefin Tuna 
have to date proven themselves unable to 
stop the plunder. Activists have urged an 
outright ban on bluefin fishing, listing it on 
the Convention Against the International 
Trade in Endangered Species, and a host of 
other creative conservation efforts, but it 
might be that the only hope for bluefin tuna is 
aquaculture technology. If aquaculture can help 
create a more rational, more stable market, the 
incentive to overfish might be lessened and 
allow management organizations to impose 
more reasonable measures for rebuilding 
bluefin tuna stocks.

Just as important are the smaller, organically 
generated research projects designed to 
answer specific questions about aquaculture. 
These efforts often involve novel approaches 
to local conditions that have surprising and 
important implications for the industry as a 
whole. One such recent surprise has been the 
development of techniques for offshore shrimp 
aquaculture in Latin America. Offshore cage 
technology, it turns out, may be particularly 
well suited to shrimp aquaculture. Because 
most species of shrimp are omnivorous, 
they happily consume the algae that grow 
naturally on the sides of oceanic cages. By 
taking advantage of this phenomenon, shrimp 
producers can dramatically reduce the amount 
of feed required to grow their product to 
market size. Early trials indicate that shrimp 
grown in properly-sited offshore cages can be 
reared to market with a feed conversion ratio 
of approximately 0.5, meaning that for every 
0.5 units of feed provided the animal gains 

1.0 unit of biomass. The implications of this 
technology, should it ultimately prove feasible, 
are enormous. Most obviously, moving shrimp 
production offshore obviates the need for land-
based ponds and all the problems associated 
with them. Less obviously, the improved FCRs 
available using these systems mean less feed 
is used during the production process, which 
in turn means that less fishmeal and fish oil 
is consumed, leading ultimately to a reduced 
dependence on wild fisheries. The lower use of 
feed would also reduce the amount of nutrients 
flowing from the cages, thus lowering the 
amount of pollution generated.

Both of these approaches to aquaculture research 
will be relevant going forward. The largest 
problems, like the bluefin tuna problem, simply 
cannot be tackled without the resources of big 
business or government. Organizations with 
capital and long-term vision must be engaged
to help support the cause of responsible 
aquaculture. So too should the industry continue 
to encourage the sort of free-wheeling research 
and development that has characterized the 
business and academic entrepreneurs of recent 
years. Without the creativity these individuals 
and organizations bring to the table it is 
doubtful that aquaculture science and technology
would have advanced as far as they have. 

The bluefin tuna fattening industry effectively 
blurs the lines between traditional aquaculture 
operations and fishing activities. While the 
tuna are in the growout cages, the operations 
are essentially traditional aquaculture facilities. 
However, the fish are caught from wild 
populations, as are their feeds (small pelagics). 
Today, fisheries and aquaculture have become 
so intertwined that it is becoming difficult to 
pick them apart. Aquaculture takes a lot of 
natural resources from wild fisheries but in 
turn contributes with twice or trice times that 
volume in the form of a better product. Some 
argue that aquaculture is value-added fisheries. 
Nonetheless, properly managed fisheries have 
played, and will always play, a major role in 
providing seafood to human consumption. 
However, at the current rates of consumption, 
salmon, shrimp and a number of other prime 
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species would have been extinct if they were 
not farm raised. Therefore, the future of tuna 
may be in the success of current efforts to 
develop hatchery technology to close their life 
cycle in captivity. Indeed, the future of seafood 
production may rely on the development of 
open ocean aquaculture. u
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