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Elements of a possible new strategy for future  
development

Contemplating the future of aquaculture, the starting 
point is the increase in demand for fish caused by an 
increasing world population. If solutions are to be found 
for the ensuing problems, it is necessary to consider all 
known practical and scientific facts. Speculation can 
help advance hypotheses based on known facts, and 

by wishful thinking a direction can be determined in 
which one prefers to proceed. However, speculation and 
wishful thinking must take reality into account, which 
often shows the limits of development based solely on 
theoretical considerations.

Practical experience and scientific research

When in the 1970’s modern European aquaculture was 
still in its infancy, different directions were chosen by two 

Fig. 9. Development of aquaculture production (world; mtx1000, blue columns) and value (US$/kg, red line) in the two penaeid shrimp 
species with the highest world production (data from Fishstat 2006).

Fig. 10. Development of aquaculture production (world; mt, blue columns) and value (US$/kg, red line) in the two eel species of major 
importance (data from Fishstat 2006).

Fig. 11. Development of aquaculture production (world; mt, blue columns) and value (US$/kg, red line) in two oyster species cultured in 
Europe (data from Fishstat 2006).
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countries: France and Italy, then in leading positions in 
Mediterranean brackish-water aquaculture, in particular 
of gilthead sea-bream and European sea-bass. The French 
chose to first solve the culture problems scientifically 
and then hand over a ready methodological concept to 
the prospective fish farmer (Mr. Perrot, CNEXO, the 
forerunner organisation of IFREMER). The Italians – 
backed by the long tradition of lagoon-pond aquaculture 
(the “vallicoltura”) – did not consider scientific research 
to be of much use, instead, practical solutions for 
encountered difficulties were attributed the highest 
priority.

In Italy, it was realised only gradually what could be 
achieved when true scientific research was applied to 
solving problems. In France, it had to be acknowledged 
that exchange of scientific knowledge and practical 
experience was essential to bring technological 
development forward. Today this is recognised, 
though apparently not yet fully. Consequently, several 
expectations (“wishful thinking”) had to be revised, above 
all the former conviction that the major driving force 
of aquaculture development would be the provision of 
food, rather than the attractiveness of economic profit 
(see also Bilio et al. 1989). Along this line, one could say 
that in industrialised and threshold countries, a growing 
segment of the population, intermediate between the 
poorest and the richest, can now afford fish products that 
are available at moderate prices. This is proven by the 
fact that some species once reserved for the rich are now 
available at ordinary supermarkets: (rainbow) trout and 
(Atlantic) salmon. Even the prices of gilthead sea-bream 
and European sea-bass have gone down considerably.

Demand stratification

The continuing success of aquaculture, however, is 
limited at both ends of societies and countries: the richest 
and the poorest. Both tend to overexploit wild resources, 
the poorest because of their increasing numbers, the 
richest because of their immense purchasing power and 
excessive demands. The poor need alternative food, 
employment and income, the rich exert pressure on 
capture- and culture fisheries to satisfy their luxury 
demands. The latter leads entrepreneurs to ever-more 
technological improvements in order to tap economic 
gains offered by the wealthy segments of the population, 
particularly in the most industrialised countries. New 
fishing technologies and overcapitalisation of fishing 
fleets as well as automation in aquaculture (e.g., feeding 
systems that allow the detection of diseases through 
feed-back from feed consumption) are among the major 
consequences. Such food production systems need 
organisational concentration to remain profitable, which 
in turn reduces the employment opportunities for the 
untrained poor.

The beneficiaries of aquaculture development are already, 
and will increasingly be, the intermediate segments of 
industrialised societies. This is clearly visible where mass 
production of prestigious species leads to decreasing 
prices and where species of formerly low status become 
affordable exotics. The driving force behind, and thus 
the real target, of modern aquaculture is the middle 
classes. Otherwise aquaculture would not have become 
a new “business” and a significant asset of local and 
national economies. If aquaculture is also to feed the 

most indigent, the farming of appropriate, preferably 
low trophic level species, must be funded by the better-
off (i.e. the major tax-paying segments of society; see 
“Remaining options for the poor” further below).

Choice of species

Modern aquaculture became a new field of research activ-
ities only after World War II (see Bardach et al. 1972). It 
is for this reason that Dunham et al. (2001) were correct 
in stating that intensive use of genetic selection in aqua-
culture has only been made since about 1970 (see Part I, 
p. 7). Since that time many choices have been made (and 
put in doubt), culminating in the question: how many 
species do we need to cultivate, which ones, and why? 
Looking at what has happened in the recent past, it is 
obvious that a scrupulous screening of candidate species, 
and the establishment of some basic elements of a strategy 
for further development are desirable.

The unfortunate tendency to include yet more and more 
species in controlled reproduction trials, before the suit-
ability of the first, perhaps even more promising species 
has been thoroughly tested, is obvious. Hormone injec-
tion to achieve the completion of the final maturity phase 
and the release (naturally or by stripping) of eggs and 
sperm is a tool that is easy to apply even with only scarce 
background information. Intensive investigation of the 
natural biology, ecology and behaviour of a species, with a 
view to exploiting such knowledge, seems too far-fetched 
to be undertaken regularly. Whereas in former times 
aquaculture was seen in the context of the culture envi-
ronment (“vallicoltura”, or lagoon-pond culture, in Italy; 
“Teichwirtschaft”, or pond culture, in Germany), today 
“zootechnie” (French) and “zootecnia” (Italian) revel in 
attention, favouring narrower views and approaches, but 
neglecting the wealth of hints available through thorough 
investigation of a species in its natural environment.

Worth mentioning in this respect is the Genimpact Com-
pendium (Svåsand et al. 2007, p. 51) where the need 
for a comprehensive approach to culture which includes 
“the life cycle and ecology of the species in the wild” is 
stressed, not least in order “to understand how the farmed 
individuals, depending on the life stages and places where 
they are intentionally or accidentally released, may in-
teract with the wild ones” (see also Part III, section on 
“Domestication and stock enhancement and replenishment”, 
Bilio 2007b, p. 7-9).

It should be realised that in terrestrial animal husbandry 
relatively few species were needed to fulfil man’s needs 
(see Part III, sub-chapter on “Domestication and diver-
sity”, Bilio 2008). Domestication in terrestrial animal 
husbandry developed over thousands of years and was for 
the major part probably not based on deliberate choices 
but on trial and error. The basis for well-informed choices 
likely appeared when scientific investigation and analysis 
of the processes involved had paved the way, especially 
the laws of inheritance discovered by Mendel (1865) 
through his work on plants. Their use in animal hus-
bandry came later.

In some countries there is still a tendency to insist on 
theoretical (“academic”) approaches (see France, above), 
likely due to a basic misunderstanding that appears to 
persist among some scientists. Aquaculture is often per-
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ceived to be a science in its own right, and certain jour-
nals seem to confirm this view calling “Aquaculture” what 
in essence is “aquaculture (or even better: aquacultural) 
research”. As with agriculture, aquaculture is a means 
of production, and the sciences applied to this field are 
aquacultural sciences, in the same sense as agricultural sci-
ences are applied to agriculture. It is likely that this termi-
nological misinterpretation has led to misunderstandings 
between scientists and producers, the former trying to be 
the pathfinders for the latter, where continuous interac-
tion between the two would be more effective.

Apart from technical feasibility and ease of production, 
the prospects for farming a new species are determined 
by its acceptability and market demand. Since World War 
II, the potential of aquaculture for providing benefits for 
poor and rich people has been more fully appreciated, 
yielding two major but controversial options. One option 
was for small-scale, low-input production for the rural 
poor and mass production of low-priced species for the 
urban poor. The option for the richer segments of the 
population was for “niche” species, available in nature, as 
a rule, in rather small populations, easily over-exploited 
by the capture fisheries, thus rare and expensive on the 
market and often requiring sophisticated aquaculture 
techniques.

The “niche species” concept has stimulated the diversifi-
cation of aquaculture to a degree where a comprehensive 
reconsideration of what has already been achieved, and 
what should be done further, is desirable. INRA and 
IFREMER have made such an attempt (INRA 2004), 
starting, however, with rather academic terminology (p. 
159-165). There is, for reasons explained in the introduc-
tion to this paper (Part I, Bilio 2007a, p. 6 and 7), no 
convincing alternative to a definition of domestication 
that includes terrestrial animal husbandry and also con-
siders practicality, as is used in this paper. 

The INRA/IFREMER publication deals first with termi-
nology, then with some species and species groups (frogs, 
cod and pollack, blue-fin tuna, Eurasian perch, and 
pangasiid catfishes of the Mekong), further with culture 
aspects in general (reproduction, nutrition, behaviour, 
and growth), and finally with three special questions: (1) 
diversification and product quality; (2) genetic manage-
ment of fish domestication; (3) genetic improvement of 
French captive populations as considered by SYSAAF 
(organisation of French selective breeders of birds and 
aquatic species). One of the main objectives is the iden-
tification of rules and procedures that could eventually 
be applied to as many species as possible – a priori, not a 
posteriori (INRA 2004, p. 159).

However, at the current state of aquaculture develop-
ment, it is no longer desirable to seek further diversi-
fication by subjecting yet more species to experimen-
tation, but to exploit the intra-specific potential, i.e. 
the still largely unknown genetic diversity resources 
within truly domesticated species. 

Moreover, we are still far from paying sufficient attention 
to including product-quality as a target for future diversi-
fication, as is referred to by Fauconneau (cf. INRA 2004, 
p. 227). This potential was nicely demonstrated in the 
1980’s in Central Europe where a high-quality smoked 

salmon product from Scotland began to compete suc-
cessfully with an already famous brand from Switzerland 
known as “Balik salmon”*. The Scottish quality secret was 
fourfold: low stocking density of fish in large cages; feed-
ing below the ad libitum-level; slaughtering before reach-
ing maximum weight; and, last but not least, smoking in 
one of the well-known smoke-houses in the Spey Valley 
(south of Inverness, Scotland). The main objective during 
grow-out was to reduce the fat content to extremely low 
levels. Such fish fetch a relatively high price and attract 
richer consumers.

Liao & Huang (2000) have tried to give an overview of 
domestication in aquaculture, in particular regarding 
developments in Taiwan. The basic difference from a 
realistic concept of domestication is their understanding 
that one life-cycle completed successfully under control-
led conditions is sufficient to allow the use of the term. 
According to these authors, “65 species of finfish have 
been domesticated (can be artificially propagated) so far”. 
This apparently means that propagation under controlled 
conditions occurred at least once (i.e. eggs of the P gen-
eration taken from the wild could be obtained, fertilised 
with sperm of the same P generation, hatched, and the 
larvae and juveniles raised in captivity), without making 
sure that successive generations (F

1
, F

2
, etc.) would repro-

duce under controlled conditions. They state (p.104) that 
giant tiger prawn (Penaeus monodon, called “grass prawn” 
by the cited authors) were successfully propagated artifi-
cially in 1968. However, when I was in Taiwan in 1984, 
the problem of raising the offspring of such a first repro-
duction to maturity under controlled conditions had not 
yet been surmounted (see also Part I, Bilio 2007a, p. 5).

Special consideration must be given to species that are ap-
parently difficult to be reproduced under controlled con-
ditions, e.g. eels, yellowtails, groupers, etc. Sometimes it 
appears rather easy to induce spawning through hormone 
injection, since the fish seem to be forced to react physi-
ologically, provided they have reached the maturation 
stage at which such treatment can be effective. However, 
it often seems impossible, or at least extremely difficult, 
to continue controlled reproduction. Gonad maturation 
or larval rearing can cause problems. Diamond (2002) 
attributed the small number of domesticated terrestrial 
animals, e.g. among the big African mammals, to extreme 
aggressiveness, of zebra in particular (p. 702), but put 
hopes in “recognizing the specific difficulties that previ-
ously derailed domestication of particular valuable wild 
species, and using modern science to overcome those 
difficulties” (p. 706). This is in agreement with Russian 
findings (Trut et al. 2004, Trut 1999) that aggressive-
ness in silver foxes could be suppressed (eliminated?) “in 
generation 4 of selection” (see citations and comments in 
Part II, Bilio 2007b, p. 22).

The lesson to be learnt for domestication in aquacul-
ture is that of a very careful choice when restricting the 
number of species to be domesticated, and to consider all 
available knowledge, not least the results of such efforts as 
have been made by INRA and IFREMER (see above). To 
overcome difficulties encountered during the pre-matura-
tion phase, it could be helpful to take the experience with 
ornamental fishes into account, in particular with those 
aquarium fishes that have more recently been reproduced 
continuously under controlled conditions.

* The word Balik means “fish“ inTurkish and “dried sturgeon back” in Russian.
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The two sides of aquaculture

Today, with all the practical experiences and research 
results at hand, a global concept could be based on the 
following two theses:

•	 Under favourable circumstances enormous quanti-
ties of certain aquatic species can already be pro-
duced through aquaculture.

•	 Wild populations of the same species can be threat-
ened by aquaculture through uncontrolled mass 
production.

Aquaculture can thus have a double effect with regard to 
the future of the wild resources. It can accelerate the over-
exploitation of some (see section on capture-based aqua-
culture in Part III, Bilio 2008, p. 15-17) and even bring 
species close to extinction by intermingling with escapees 
from farms, but it can also help in saving others. The 
negative aspect of intermingling is aggravated by the find-
ing that with the development of cod farming in Norway, 
new challenges to fish farming have arisen following 
spontaneous spawning in net cages (Jørstad et al. 2008; 
reported also for Sparus aurata in Greece, Dimitriou et al. 
2007, cited after Jørstad et al.). The problem is thus no 
longer only one of escaping fish, but of eggs and larvae 
that could become potential recruits to the wild stocks. 
Thinning out of wild stocks through overexploitation 
could add to the problem. It remains to be seen whether 
the offspring from farms retain the instinct of migrating 
to natural spawning sites, led by their wild conspecifics.

Attempts at solving the antithesis call for an urgent 
change in the relationship between those exploiting the 
wild resources through capture fisheries, the fishermen, 
and those using them for aquaculture, the fish-farmers. 
It should finally be recognised that for a long time a 
number of fishers and resource biologists have held seri-
ous reservations about the promotion of fish farming, 
subliminally as well as openly. To overcome this op-
position, an atmosphere of mutual understanding must 
be created through better communication between the 
opponents and among the stakeholders in general (Bilio 
1996, 1998, 2002; see also under Stakeholder involvement, 
below).

A more rational approach

On the basis of the available practical experience and 
current scientific knowledge, it appears possible to design 
a more rational strategy for further development than has 
been followed so far. First, the number of species to be 
subjected to further trials should be substantially reduced 
and efforts concentrated on a few species only. Experience 
with shrimp culture has shown that the present world-
wide demand for shrimp could be satisfied by farming 
only a few truly domesticated species instead of subject-
ing ever more shrimps and prawns to aquaculture trials 
(cf. Part III, Bilio 2008, p. 7). In the practical sense, by 
far the majority of consumers do not really distinguish 
between different shrimp and prawn species.

Such a restriction could be appropriate for other species 
groups such as the Sparidae, where cultivating species 
other than Sparus aurata could become superfluous. Any 
demand for an individual species could, in the long run, 

be satisfied by the capture fisheries, especially when spe-
cies fetching higher prices are concerned. The role of the 
“niche” species could then be taken over by species exclu-
sively “produced” by capture fisheries. Moreover, instead 
of threatening wild populations by driving the exploita-
tion of different life stages for capture-based aquaculture 
to the extreme, true domestication of a limited number of 
species each representative of a whole group, could lead to 
their mass production, thus satisfying a growing,  inter-
mediate segment of the human population.

Switching, e.g., from bluefin tuna to Japanese yellow-
tail, could finally alleviate the deadly threat to the tuna, 
making it necessary, however, to succeed with research 
towards continuous controlled reproduction of the yel-
lowtail. (Yellowtail “sashimi” is considered at least as tasty 
as that of blue-fin tuna.) Once the pressure on the wild 
bluefin tuna populations was reduced by such a switch, 
their populations could recover, and the small numbers of 
extremely rich people could have their “kick” eating sash-
imi from bluefin tuna captured just before the fish would 
have reached their final maturation stage – if such a de-
mand remains. As another example, one or two out of the 
many species of groupers, the early life-stages of which are 
already heavily exploited for capture-based aquaculture 
(see Part III, Bilio 2008, p. 16) could, when fully domes-
ticated and produced in high quantities, be sufficient for 
those who do not care which species they eat, as long as it 
is prestigious and well-tasting. Additionally, prices would 
go down when mass production begins (Part III, Bilio 
2008, p. 18-19), favouring the consumption of the few 
domesticated species by the middle classes.

Among the alarming signals indicating a gloomy future 
for capture fisheries, are the arguments against targeting 
mainly high-priced species that occupy high trophic levels 
and have long generation times. Such targeting leads to 
what has been called “fishing down food webs” (Pauly et 
al. 1998). A more or less equal exploitation of all trophic 
levels, such as probably prevailed before the industrial 
revolution, could perhaps save wild resources and their 
top predators, including even man’s interest in keeping 
their exploitation sustainable.

A way to achieve this objective could be by restricting 
aquaculture to just a few valuable high trophic level 
species, and through the simultaneous implementation 
of well-conceived programmes for culture-based fisheries 
aimed at replenishing and conserving wild resources (see 
Part III, Bilio 2008, p. 7-9). Prerequisites would be: (a) 
agreement among all stakeholders, with the informed 
middle classes of the industrialised countries as pressure 
groups; (b) a substantial replacement of fish meal in 
feeds; and (c) sufficient scope (comprising R&D funding 
for the final domestication of certain species) for the 
capture, and culture production, of inexpensive fish from 
low trophic levels (detritivores and filter-feeders) for the 
poorer segments of society. 

A sad aspect of the proposed approach could be the 
possible final sacrifice of the wild status of a few species 
(the fewer, the better!) selected for full domestication 
and mass production; for the present situation (see cod!) 
is not encouraging with respect to avoiding adverse 
consequences for con-specific wild stocks.
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Farming and domesticating fewer species

Choosing the foregoing avenue of restricting aquaculture 
development to a few representative species would require 
a focus on well-targeted demand-led research, instead of 
continuing along the path of free-choice, curiosity-led 
research. Such a new orientation should not be difficult, 
even for those who think that their scientific freedom 
might be in danger. Overcoming the many pre-domes-
tication obstacles also requires creative thinking. In the 
early 1950’s, I asked the Yugoslav ichthyologist Tonko 
Šoljan, author of the book “Ribe Jadrane” (Adriatic 
fishes) and then Director of the Institute for Oceanogra-
phy and Fishery in Split, whether he felt restricted in his 
freedom to choose his research subjects under the (com-
munist) rule of those days. He put it this way: “Whether 
I continue studying the behaviour of lipfish (Labridae) or 
switch to the behaviour of commercially important fish 
vis-à-vis fishing gear, does not make a great difference to 
me since the challenge is there anyhow and, in addition, 
my research is of societal value.” This might have been 
said to please the rulers, but it is nevertheless worth con-
templating.

Present-day thinking about the future of wild resources 
needs to acknowledge the “driven by profit” reality: make 
as much as possible as quickly as possible. A few years 
ago, at an international conference in Denmark, a Thai 
professor wanted to give me and other colleagues an idea 
of what people in his country thought about aquaculture. 
A farmer had come to him and asked him bluntly: Profes-
sor, how can I become rich, soonest? Obviously, when 
this is the starting point of development, regard for sus-
tainable resource utilisation does not rank high, at least 
in the beginning. However, sustainability is indispensable 
when we want to save these resources for future genera-
tions. It would be unwise not to use the economic im-
pulse as a motor for development. However, society has 
to make sure that the resource use is genuinely sustainable 
and warranted.

Again, aquaculture development on the Atlantic coasts of 
Europe can serve as an example. The farming of Atlantic 
salmon is the master-piece. Cod is following and prob-
ably halibut. But is there a need, or at least a worthwhile 
opportunity, to include the wolf-fish (Anarhichas)? Per-
haps one should better wait and see what happens with 
cod. With cod, will it be possible to avoid what has so far 
remained a problem with salmon: the consequences of 
escapes from cages, of genetic intermingling, and of para-
site transfer? This must be reconsidered from time to time 
by all stakeholders (see below), and the discussion should 
include all countries concerned. The final choice of spe-
cies could be facilitated by designing standard procedures 
(with checklists and protocols) to assess acceptability and 
affordability on the market and the bio-technical feasibil-
ity with a view to prospects of economic efficiency.

The intra-specific potential

The agriculture experience shows that only a few spe-
cies are needed to gain all the different benefits that man 
can obtain from domesticating terrestrial species. This 
has been achieved by exploiting the intra-specific genetic 
diversity inherent in truly domesticated species. The 
intra-specific potential has apparently also been sufficient 
to develop breeds adapted to different environments, 

which holds out good prospects for coping with climate 
change without necessarily shifting production to differ-
ent geographical areas. It is of importance to understand 
that in the case of land animal husbandry the rise of new 
“landraces” occurred in the context of changing farming 
systems (Cunningham 1996). 

Crossing and back-crossing of races played a significant 
role in this process, as is becoming increasingly clear with 
the discovery of different types of genetic markers. Ap-
plying genetic markers to African cattle, it was possible to 
find strong evidence for the separate domestication of the 
two subspecies Bos taurus and Bos indicus, the latter hav-
ing been believed to have been developed as “a later vari-
ant from herded Bos taurus” (Cunningham l.c.). Perhaps 
this new methodology could help trace back the history 
of domestication of common carp (see Part III, Bilio 
2008, p. 11). Analogous attempts have been made to 
distinguish between different origins of the more recently 
cultured and domesticated gilthead sea-bream (Genim-
pact Compendium, p. 48).

For domestication in aquaculture to proceed effectively, it 
appears advisable to consider carefully what has happened 
in agriculture, in particular regarding the final choice of 
species. Close attention to the intra-specific genetic po-
tential of aquatic species will be rewarding, especially if 
ways can be found to assess such potential beforehand.

Much is being undertaken worldwide to conserve bio-
diversity. Increasing attention is being given to agricul-
tural biodiversity. However, how stable can diversity be? 
Pedigree stability must be controlled to avoid aberration. 
Individuals deviating too much from the typical character 
must no longer be included in the pedigree – unless an 
interesting new type is discovered, due to a new com-
bination of hereditary characters or even useful muta-
tion, worthwhile to be considered as a new type. Such 
intra-specific diversity development is certainly faster 
than inter-specific evolution but - seen the phylogenetic 
changes – can it be considered completely absent from 
the inter-specific level in the foreseeable future? Is conser-
vation of biodiversity justified at any cost? In terrestrial 
animal husbandry, a cost/benefit approach to conserving 
diversity at the breed level has been suggested (Cunning-
ham l.c.). In aquatic animal husbandry (aquaculture) true 
domestication is generally not yet sufficiently advanced 
to apply such procedures, with the exception perhaps of 
common and some Chinese carps.

Awareness of limitations

Producers should not be criticised for seeking profit. 
However, they should be persuaded of the need (some-
times even obliged) to follow rules. This will not be too 
difficult when the sale of a product is hampered by qual-
ity deficiencies caused by inadequate disease treatment, 
unbalanced feed or obvious production failures. Recogni-
tion of deficiencies that limit producers’ profits, and the 
need for improvement, are also rather easily recognised 
when environmental limitations compromise production, 
e.g. cage culture in shallow bays where pollution effects 
(deprivation of oxygen) finally damage production itself. 
More difficult (and much less common) is the recogni-
tion and avoidance of mistakes when environment or 
resources are damaged without affecting production or 
profit.



artic le

Aquaculture Europe • Vol. 33 (2) June 2008

18

It is here where stakeholders other than producers and 
scientists become involved: consumers and the public 
in general. Creation of problem-awareness among these 
stakeholders is of utmost importance when a change of 
attitude, with a view to political decision-making and 
legislation, is to be achieved. Such achievements take 
time and it would, therefore, be necessary to start soon. 
In the long run, even habits of food consumption can be 
changed and consciousness of the need for resource pro-
tection created, as has been seen in Central and Northern 
Europe as well as in North America and even partially in 
Africa, where many terrestrial wild animals and plants are 
now protected by laws and no longer consumed as food, 
though mainly for biodiversity conservation and amen-
ity reasons. New jobs and income sources are decisive 
in Africa, where such opportunities have been created 
through wild-life tourism. Here again, communication 
among stakeholders and concerted decision-making are of 
great importance.

Remaining options for the poor

Two problems arise from opting for targeting high-value 
species: 

(a)	 Since the major commercial interest in farming 
aquatic organisms goes to species fetching 
the highest prices on the market, the need for 
producing food for the poor has been downgraded.

 
(b)	T he requirement for protein close in composition 

to that of farmed species has favoured the 
exploitation of “low-value” species, such as small 
pelagics (clupeids above all) landed by the capture 
fisheries, processed into fish meal and used as 
major feed component for high-value cultured 
species.

The exploitation of “low-value” small pelagics has 
different consequences. These species were once a major 
source of income, labour and food for the poorest 
segments of human populations worldwide. This holds 
true even for Europe where until the first half of the 
last century salted herring sustained the poor of many 
countries. Nowadays, these species are mainly caught 
by modern commercial fleets, in order to be converted 
into fish meal and integrated into animal feeds, used 
not only in aquaculture but, at least formerly, also in 
terrestrial animal husbandry. In the case of the recently 
developed tuna fattening in the Mediterranean, they are 
fed directly to the caged fish. Moreover, as the landings 
of fishes such as herring decrease, they can come to be 
regarded as delicacies demanded by the well-to-do. These 
consequences do not only affect the living conditions 
of artisanal fisherfolk in certain regions, especially in 
developing countries, but also the ecosystems in which 
the respective species is an integral component of lower 
trophic levels.

How can aquaculture, and in particular the domestication 
of selected species, provide food also for the poor, 
either directly or indirectly through the creation of 
employment opportunities, or by opening up sources 
of income? So far, incentives other than “big profit” are 
scarce. Backyard-farming in rural areas, using household 

and agricultural wastes, is one option and should be 
increasingly promoted in cooperative projects with 
developing countries, especially where no such tradition 
exists. Still not yet realised at large scale, is mass fish 
culture for the urban poor. The main problem is lack of 
funding for the true domestication of traditionally well-
accepted species that rank low in their respective food 
webs, thus requiring low levels of animal protein in their 
feeds. Since the costs of achieving true domestication 
cannot be borne by the prospective producers, this 
could be a major objective of cooperative development. 
Candidate species could be grey mullets (Mugilidae), 
milkfish (Chanos chanos)* and others, in addition to 
already domesticated species such as the Chinese and 
Indian carps. Common carp (Indonesia) and tilapia 
(Africa, Southeast- and East Asia) will not be available as 
food for the urban poor in the respective regions as long 
as market prices remain high, at least locally. They need 
to be well below the 1 US$/kg level (cf. Part II, Bilio 
2008, Fig. 5.E and 5.F), although their farming could 
be seen as an employment opportunity and an income 
source.

Another option of the rural poor in developing countries 
is a better use of opportunities offered by the periodical 
inundation of flat river banks. The natural productivity 
of such flood plains could be enhanced by constructing 
small barriers in order to extend the inundation period 
and thus natural aquatic productivity. The achieved 
increase in fish production could benefit the capture 
fisheries. Other examples are the brush parks in Benin 
(“acadjas”) and Cambodia (Lake Tonlè Sap), where 
productivity is enhanced by the decomposition of 
branches from trees introduced to establish protected 
fish nurseries. In addition, large dams constructed for 
other purposes (power generation, irrigation and the 
like) could be better used for fish production if an 
exploitation of the fishery potential would be considered 
already during the planning phase. The opportunity 
for culture-based fisheries in such dams is obvious but 
should be thoroughly planned in view of the ecological 
compatibility of the species and the biodiversity 
affected. The former options could be called “ecological 
enhancement” to be distinguished from enhancement 
through culture-based capture fisheries. Enhancements 
should exclude the introduction or transfer of species 
alien to the continent or region of enhancement.

Urgent issues

The potential for the continuing development of 
aquaculture at the global level is considerable. However, 
one problem must be solved soon: the reduction and 
possibly replacement of fish meal in feeds. Research 
should be intensified, concerted and coordinated 
worldwide. At both regional and local levels the 
availability of water and space can also be problematic. 
Awareness of these limitations can help in finding timely 
solutions that will allow reliable planning. Controlled 
depuration of effluents from fish farms is essential, at 
least in industrialised countries, as is the availability 
of uncontaminated water for farming. And another 
question, concerning cage culture, arises: is the carrying 
capacity of the oceans really unlimited? Some people 
contemplating intensification of the oceans’ biological 

* It is not clear whether the world aquaculture production of grey mullets (flathead grey mullet, Mugil cephalus, ~150,000 t) and milkfish (Chanos chanos, ~600,000 t)  
is mainly based on capture-based aquaculture or on true domestication (see Part II, Bilio 2007b, p. 15, Table 6).
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production by fertilising them seem to think so. And 
what about the implications of offshore aquaculture in 
this and other respects? Finally, what are the consequences 
of ballast water exchanges at sea and the possible transfer 
of potential invaders, parasites and diseases to fish in 
offshore cages?

Obviously, in addition to their continuing availability, 
it is essential that feed stuffs and water be free from 
contaminants. This has long since been recognised, 
but is of increasing importance. Richardson (2003) 
has dealt with the effects of man-made changes in the 
environment on capture fisheries, which are relevant 
also for aquaculture as long as farms are not fully 
controlled recirculation systems using truly domesticated 
organisms. Richardson stresses the need for the principle 
of “responsible fisheries” to focus not only on the effects 
of fisheries, but also on the opposite direction, i.e. the 
consequences of environmental changes on fisheries (and 
aquaculture; addition by the present author).

A significant issue is the contamination with dioxin(s), 
known to a wider public in Europe from the Seveso 
accident. However, the Seveso dioxin can only be seen as 
a metaphor for a wide range of novel contaminants and 
pathogens meanwhile considered as being potentially 
harmful to humans consuming organisms from affected 
areas (CIESM 2004). Aquaculture is concerned 
particularly through feed components containing such 
substances (Tuominen & Esmark 2003). In 2001, at the 
EAS/WAS World Conference on Aquaculture in Venice, 
Italy, Kinne (1986) concluded that in the end aquaculture 
would have to resort to recycling of suitable wastes from 
different sources to solve the feed problem. What was not 
considered in this vision, is the need to decontaminate 
and depurate much of such wastes from toxins and 
germs. Suitable procedures are in demand already now 
(Betts 2004), seeing the present levels of contaminants, 
some of them perhaps still tolerable, detected in farmed 
salmon.

Is there, under the given circumstances and with the 
present knowledge, any opportunity for aquaculture to 
mitigate or overcome serious contamination threats to 
its products at least in the medium-term? The answer 
would, first of all, require conclusive research results 
as to concentrations and circumstances under which 
contaminants become harmful to the consumer. Only 
after pertinent and reliable tests, can it be decided to 
which degree the quality of feed and water must be 
monitored and which are the maximally tolerable levels. 
At present, it seems that substituting vegetable for fish 
protein could at least reduce dioxin and similar loads, but 
what remains is the issue of taste (Betts l.c.) – a problem 
opposite to that of land animals fed too high a percentage 
of fish or fish meal.

True domestication of a limited number of species could 
eventually reduce the problem by limiting its specific 
variability. How much of a vegetable component could 
be used, would depend on the species and the reaction 
of the consumers. To maintain the fishy taste of the final 
product, a transitional solution could be the admixture 

of fish meal and oil containing tolerable concentrations 
of contaminants. Apart from the taste, there is the 
present experience with producing fuel from vegetables 
that competes with food production (and indirectly 
even affects rain forest conservation through soybean 
plantations for feed production).

The future of the wild stocks

What about the wild populations, in particular those 
becoming “niche species” in case only a few species were 
fully domesticated, as envisaged further above? Once 
these wild resources were relieved from the present 
fishing pressure, those already overexploited or even 
threatened would have to be replenished, protected and, 
where necessary, saved from extinction. Culture-based 
fisheries, restricted to well-conceived hatchery production 
of seed as much as feasible and opportune, would have 
an important role to play in this context. Sustainable 
management of wild populations could become easier.

Unavoidable “pre-domestication” effects (e.g., 
unintentional selection through mortalities due to 
non-adaptability to hatchery conditions; see Part I, 
Bilio 2007a, p. 7 and Part II, Bilio 2007b, p. 16-19) 
would probably have to be accepted. Concerning Pacific 
salmon ranching in North America, Brannon et al. 
(2004) advocating hatchery production to maintain and 
enhance fisheries1, emphasise the adequacy of releasing 
fish propagated under controlled conditions, into river 
systems from which their parent generation originated. 
This makes sure that, among other things, the released 
fish match their wild counterparts in emigration and 
spawning period as well as in juvenile size, and it would 
preserve local genetic diversity. (The need to avoid pre-
domestication effects as much as possible is discussed in 
Part III, Bilio 2008, p. 7-12 and 13-15.)

Feral populations2

A subject that, for lack of time, has been deliberately 
omitted from this paper, should be raised by future 
authors. It is the complex question of those truly 
domesticated species being released or escaping from 
farms in continents, regions or countries outside their 
natural distribution area (cf. Part II, Bilio2008, Table 
5, p. 12-13). What are the prerequisites and conditions 
for feral populations to develop? What are the dangers 
or even chances? As with the establishment of the 
Pacific cupped oyster in the Atlantic, what is the present 
situation of rainbow trout in Europe, Japan and Chile, 
of Atlantic salmon on the Pacific coast of North America 
and Chile, of the Chinese carps in eastern Europe? Which 
are the reasons why the Indian carps remained limited 
to the Indian subcontinent and adjacent countries? 
There is obviously a rather wide field to be covered, by a 
comprehensive review of the literature first and by further 
investigation later.

Stakeholder involvement

Any further development of aquaculture, considering 
or not an increase of true domestication efforts in a 

1  �The authors plead for a broadened concept of hatcheries including “stream-side gravel incubation boxes (reference), spawning channels (reference) and engineered 
streams (reference)” and say that “In any of these hatchery facilities, survival to the fry and advanced fingerling stages is greatly increased over that found under natural 
conditions.”

2 Definition in Part III, p. 11, footnote
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restricted number of species and their implications for 
capture fisheries (as well as for combinations between 
these and aquaculture), should be discussed and agreed 
among all stakeholders – country-, region- and, where 
appropriate (blue-fin tuna), also worldwide. Stakeholder 
involvement should include capture- and culture-fisheries 
(see Hansen & Windsor 2006, p. 18), practice and 
scientific research, resource protection and management, 
producers and consumers, society segments concerned, 
and public authorities. All potential resource users must 
have a say in this context, as has already been envisaged 
and partially achieved with integrated coastal zone 
management (ICZM).

Appropriate stakeholder participation in planning and 
development is essential to anticipate and avoid dead 
ends or foresee and overcome bottle-necks, at least within 
the realm of possibility. Research and modelling require 
inputs from various sources having a bearing on the 
subject in question. Unnecessary controversies could be 
avoided, conflicts could be nipped in the bud and dangers 
diverted in advance. Expensive scientific research should 
only be applied where really necessary and helpful, and 
fundamental research limited to areas of basic importance 
(see also Bilio 1996). To obtain maximal benefit from 
stakeholder involvement, communication must be 
improved and adapted to the various levels of education 
involved (“multi-faceted communication”, Bilio 1997 
and 1999). Public authorities at the political level 
must be convinced of the need for mid- and long-term 
perspectives requiring reliability of R&D funding.

There is not much time left to save the remaining 
resources and to improve the life conditions of the poor, 
acting soon should be the motto of the present time. True 
domestication of a few wisely selected species could help 
save the wild resources for future generations and, by 
sharing know-how and R&D funding with developing 
countries, also provide animal protein and thus more 
quality of life for the most needy. Further development 
of aquaculture, in coordination with all stakeholders, will 
soon have to cope with the limited nature of all resources 
on earth, to be shared among its inhabitants in the most 
balanced and equitable way possible.

S U M M AR  I S I N G  C O N C L U S I O N S

In the following, the references to the three previous parts 
of this paper are restricted to part and page numbers, Part 
I being Bilio 2007a, Part II Bilio 2007b, Part III Bilio 
2008.

1.	 Range: The paper is restricted to finfish, crustaceans, 
and bivalves; not considered are gastropods (with 
the exception of abalones), amphibians, reptiles, 
exclusively ornamental fishes, and plants. (Part I, p. 
5, and Table 1, p. 8-14)

2.	 Terminology: For mainly practical reasons, it 
appears useful to subdivide the production of aquatic 
organisms in captivity (animals) or under cultivation 
(plants and bacteria) into pre-domestication, 
traditional domestication and biotechnological 
genetic improvement, and the traditional 
domestication into uncontrolled and targeted 
domestication. Wild inputs may be necessary also 
during he domestication phase proper in order to 

avoid inbreeding and to enlarge the genetic basis of 
intra-specific diversity (Part I, p. 6-8; Part II, p. 9, 
16, and 21-22)

3.	 Criteria: The achievement of continuous controlled 
reproduction is suggested as the decisive criterion 
for the distinction between pre-domestication and 
traditional domestication, whereas for the distinction 
between traditional domestication and gene-
technological improvement it appears appropriate 
to use “genetic engineering” in the widest sense of 
the term, including genetic marking (Part I, p. 7-8). 
The choice of three continuous reproductive cycles 
under controlled conditions as criterion for achieved 
domestication is arbitrary and preliminary for cases 
in which more specific information is lacking (Part I, 
p. 8 and Part II, p. 9).

4.	 Practice and research: Aquaculture is a field of 
production in need of scientific research; however, 
research can only be rationally applied when 
experience and information between practice and 
research are continuously exchanged through 
adequate communication channels. (The present 
part)

5.	 Species domesticated: According to the definition 
and results of this paper, the number of truly 
domesticated aquatic species hardly exceeds that of 
the number of domesticated terrestrial species. A 
positive correlation seems to exist between the level 
of production and true domestication. (Part I, Table 
1, p. 8-14; Part II, Tables 5 and 7; Part III, p. 17)

6.	 Stability: Steps of domestication beyond continuous 
controlled reproduction are selective breeding and 
pedigree establishment; the results of selective 
breeding, as well as those of gene-technological 
improvement, must undergo stability tests before 
becoming acceptable at a commercial level. (Part II, 
p. 16-21)

7.	 Mass production: It has been demonstrated that 
aquaculture is capable of mass production far beyond 
the potential of the capture fisheries of the same 
species but, for the time being, this is accompanied 
by the danger of affecting the con-specific wild 
populations. (Part II, p. 11-16; Part III, p. 5-7)

8.	 Threats: The recent development of cage culture 
of Atlantic salmon, and the first experiences with 
Atlantic cod, show the potential negative genetic and 
other implications of mass production for the con-
specific wild populations. (Part III, p. 11/12, and the 
present part)

9.	 Interaction: It is of paramount importance to avoid 
genetic and other interactions (such as parasite and 
disease transfer) between farmed organisms and wild 
populations through technological improvement 
of confinement as well as through the creation of 
genetic barriers by means of selective breeding or 
gene-technological intervention. (Part III, p. 9-13)

10.	Gene technology: The most significant progress 
so far has been made through the discovery and 
utilisation of genetic markers for the distinction of 
subspecies and races (strains, morphs) and for the 
ascertainment of the origin of transferred batches of 
seed or breeders. Attempts at creating sterile farm 
fish were so far not fully successful; moreover, parallel 
raising of fertile fish would be needed for continuous 
controlled reproduction and selective breeding. An 
important objective for the creation of transgenics 
would be the establishment of genetic barriers 
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between farmed and wild fish. (Part III, p. 12-13, 
and the present part)

11.	Enhancement: Interventions aiming at 
enhancement, replenishment, saving, and re-
establishment of wild resources must make sure that 
the controlled reproduction of seed (culture-based 
fisheries) is kept free from domestication or pre-
domestication effects as much as possible. (Part III, 
p. 7-9, 13-15)

12.	Capture-based: Wild resources should not be 
continuously used for aquaculture production; 
capture-based aquaculture cannot realistically be 
considered more than a transition phase, historically 
as well as at present and in the future. (Part III, p. 
15-17)*

13.	Diversity: The future of diversifying aquaculture 
production should not be sought in subjecting 
ever more species to aquaculture experiments, but 
in developing intra-specific diversity  through the 
creation of stable strains (pedigree establishment) and 
by diversifying culture and processing techniques. 
(Part III, p. 17-18, and the present part)

14.	Value and prices: An important consequence of 
mass production through domestication is a value 
and price decrease, making originally high-priced 
species affordable to intermediate segments of the 
human population. (Part III, p. 18-19, and the 
present part of this paper)

15.	Target consumers: The increasingly important target 
segments of the human population as consumers of 
aquaculture products are the classes at intermediate 
income levels, in particular in the industrialised 
countries. (The present part)

16.	Niche species: As a consequence of an increasing 
affordability of formerly expensive species by the 
middle classes through mass production of truly 
domesticated species, the demand of the wealthiest 
segments of the human population could be satisfied 
by the capture fisheries, where rare species fetching 
particularly high prices could become “niche species”. 
(The present part)

17.	The poor: The lowest income levels of human 
populations and countries can benefit from fish 
production through rural low-input/low-output 
systems (backyard ponds), as well as through culture-

based and “ecological” enhancement of capture 
fisheries. A substantial increase in the availability of 
fish for the urban poor through domestication and 
mass production of suitable species would require 
R&D assistance of the developed world. (The 
present part)

18.	Climate change: True domestication could render 
species more independent of climatic influences 
through selective breeding, thus exploiting intra-
specific potentials of diversity. (Part II, p. 22-23, and 
the present part)

19.	Strategy: Full domestication and exploitation of 
the intra-specific diversity potential of a few species 
through selective breeding could satisfy most of 
the world’s demand for fish, while well-conceived 
culture-based fisheries could save, replenish and 
enhance the wild stocks of the many other species. 
Such an approach could put the wild status of the 
con-specific stocks of the few fully domesticated 
species at risk, if measures of separation between 
farmed individuals and wild populations fail. (The 
present part)

20.	New feedstuffs: Fish meal must increasingly be 
replaced by organic wastes and vegetables in order 
to sustain mass production of domesticated fish; 
where necessary new feed components must be 
decontaminated from toxins and adequately treated 
to eliminate pathogens. (The present part)

21.	Stakeholders: It is necessary to involve all 
stakeholders in decisions on the future utilisation of 
the living aquatic resources, in particular those of the 
oceans, the sustainable exploitation of which must be 
recognised as a global concern. (The present part)

22.	Animal behaviour: When trying to accelerate the 
domestication process, maximum attention should 
be paid to the fact that living beings are concerned, 
about whose conditions of well-being we still know 
very little, and that one should, therefore, treat them 
with particular care. (Part II, p. 16-18)

23.	Limited world resources: Stakeholders of 
aquaculture should from time to time discuss the 
availability of feedstuffs, water and space on earth 
with other users of the same resources in order to 
recognise the future limits of development and to 
discuss how to cope with them. (The present part)
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E P I L O G U E

As can be seen from the dates of publication of the four 
parts of the present paper, there is a history behind this 
publication, not least a learning history of the author. 
With all the contradictory experiences, trying to be as 
realistic as possible, without giving in to wishful thinking, 
this paper is not intended to be taken as a plea against 
aquaculture. However, more realism is needed. Perhaps 
it is more convincing to quote a letter that I just wrote 
to a Norwegian colleague heavily involved in trying to 
prevent the consequences of rather early life stages of cod 
spawning in net cages:

“Dear T., I certainly wish you success, although wishful 
thinking has often been disappointing in the end. 
Nevertheless, we (in this case: you) have to do our best. 
However, we also have to face the worst scenario. And the 
strongest “enemy” is the profit-seeking entrepreneur (and 
motor of development; addition by the author to avoid 
misunderstandings). If you succeed, the better. But what 
about all those people that have no mind to listen to reason? 
The super-rich in the far east above all (but not only there). 
Success with your trip and with all your endeavour! M. PS: 
Let me insist, once more – shouldn’t there be possibilities to 
find inhibitors of maturation to be added to the feed?”




