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Foreword

Aquaculture in the Ecosystem — An Introduction

The growth of Aquaculture and its future role as a food supplier to human society
has environmental, social and economic limitations, affecting marine ecosystems
and socio-economic scales from local to global. These are close links with human
health requirements and societal needs for various goods and services provided by
marine ecosystems. This book shows this broad spectrum of dependencies of the future
growth of aquaculture and highlights both relevant problems and expectations.

Compensating for stagnant wild capture fisheries and the increasing demand for
marine products, marine aquaculture is one of the fastest growing industries in the
world, comparable to the computer technology industry (Chapters 9 and 10). The
demand for marine products is controlled by a complexity of factors in our society,
not least the increasing human population and the increasing global affluence that
allows the consumer to buy higher priced marine products such as salmon, tuna and
shellfish (Chapter 9). The populations of several of these top-carnivore species are
seriously compromised and it will be impossible in the future to maintain wild cap-
tures at the level of consumer demand. In less affluent areas including SE Asia and
Africa, aquaculture for both domestic consumption and export has major nutritional
and economic benefits. The production of fish in aquaculture is thus expected to
increase under the assumption that the bottlenecks for expansion can be overcome
(Chapter 10). This book discusses a range of bottlenecks, not only the environmental,
but also technological, social and economic constrains.

Aquaculture is an ancient activity enduring over millennia. Cultivation in historic
times was primarily for domestic use but, at the beginning of the 20th century,
larger farms started to appear, such as rainbow trout farms in fresh water ponds in
Northern Europe (FAO 2006). Since then the number of species domesticated for
aquaculture production has increased exponentially now exceeding the number of
species domesticated on land (Duarte et al. 2007). There is a large potential for further
species in aquaculture as only about 450 species are currently cultured out of about
3,000 aquatic species used for human consumption. Characteristically, the first ini-
tiatives in aquaculture were simple, low technology systems with limited demands
for maintenance and low operating costs. These aquaculture systems were dependent
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on high water quality which was often easy to achieve because of their low intensity.
It was not until greater intensification of aquaculture in the 1970s, increasing the
pressure on the environment significantly, that it became urgent to monitor and
regulate aquaculture (Chapter 2). The current expansion rate in world aquaculture
production of 3.5-4.6% yr~' can only be sustained if the major pressures exerted on
the environment and dependence on natural resources, such as feed and brood
stocks (Chapter 10), are reduced.

With regard to regulation and monitoring at present time, the Water Framework
Directive (WFD) is being implemented all over Europe and will become important
for the regulation of aquaculture and other human activities in the coastal zone
(Chapter 1). Chapter 1 clarifies present understanding of eutrophication and provides
an insight into water quality models on as they are expected to be used under the
WEFD, providing examples from Scotland different scenarios for the future regulation
of marine aquaculture in the coastal zones. Aquaculture producing countries outside
Europe regulate aquaculture activities through a number of different laws and con-
ventions, often with several laws enforced on different aspects of the production
cycle (Chapter 2). In Norway, which is one of the top five producers in the world
and where the production of salmon in net cages in the coastal zone is an important
contributor to the national economy, the monitoring of environmental impacts of
the industry has been developed since the beginning of the industry 30 years ago
and is now a classified program according to national standards implemented
throughout the country (Chapter 2). As an example of a more recent developed
program, the monitoring in Malta is presented (Chapter 2). During the 1990s, the
Mediterranean experienced an exponential growth in the production of sea bream
and sea bass in net cages and, as the environmental conditions in the Mediterranean
are unique (e.g. widespread oligotrophy), some of the environmental pressures differ
considerably from those in Northern Europe. One example is the prevalence of
seagrass meadows of the species Posidonia oceanica as a benthic ecosystem along
Mediterranean coasts. As this is a sensitive ecosystem, facing general declines in
the coastal zone (Marba et al. 2005), it is important to monitor this ecosystem in
fish farm surroundings to avoid accelerating declines (Chapter 2). Tuna farming (or
ranching) is a major activity in Malta as well as in several other Mediterranean
countries and, although it is debated whether this industry is “real” aquaculture or
should be considered as a fattening industry instead, the environmental impacts
differ from sea bream and sea bass aquaculture due to the use of wet feed (fresh/
frozen fish) instead of dry feed pellets.

A new development in aquaculture monitoring and regulation, which will play
an important role for future development, is in considering aquaculture as an inte-
grated part of the marine ecosystem. This means that aquaculture should be man-
aged together with a number of other industries and other users of the marine
ecosystem (Chapter 3), but also that the production is a part of ecosystem and has to
be managed at different scales, not only the water column and sediment floor in the
vicinity of the net cages, but also at larger scales in the coastal zones (Chapter 1). One
example of scale can be found in Chapter 5, which addresses the issue of introductions
of alien species into coastal zones caused by aquaculture operations. This is particularly
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important since it is well known that aquaculture is the second most important vector
for species introductions after maritime transport. Also the attraction of wild fish to
net cages adds constraints to the ecosystem structure and function, in particular in
areas such as the Mediterranean, where wild fish are abundant around cages and
may be more available to fisheries (Chapter 3). Although the presence of wild
fishes at the farms can minimize the environmental impacts, e.g. through reducing
inputs of organic matter to the seafloor, there are risks such as transfer of diseases
to wild populations (Chapter 3). A related issue is the genetic pollution of wild
stocks through either inadvertent (as in farm escapes) or deliberate (as in stocking/
ranching) introduction of cultured species into the wild (Chapter 4). Genetic
impacts have been extensively studied for salmon in Northern Europe, where there
are problems with interbreeding, and are now under consideration for other cultured
species such as sea bream and sea bass in the Mediterranean and for other species
in the tropics (Chapter 4). Chapter 4 discusses the possible future solutions to the
genetic interactions between farmed and wild fish.

One major constrain to aquaculture growth is the availability of fish meal and
fish oil for production of carnivore fish (Chapters 6 and 10). There is currently a
major research effort in optimizing feed through substituting fish meal and oil with
vegetable flour and oil. As there is substantial scientific evidence of human health
benefits from consumption of marine products, primarily due to the omega-3 fatty
acids, the aims of the current research is to maintain the composition of the cultured
fish product while reducing dependence on fishery-derived feedstocks (Chapter 6).
There are also other future options for solving the bottle neck of feed availability,
which involve not only breakthroughs in feed technology but also changing the way
humanity interacts with the oceans (Chapter 10). Such breakthroughs could be
through use of marine plants for feed or moving production from carnivore to her-
bivore species.

Aquaculture is expected to develop along two main lines, either in net cages at
sea or on land-based facilities (Chapter 10). To keep up with the production needs
the size of the farms will expand and net cage farms will move from coastal sites
to open-ocean locations. Land-based farms have the advantage of reuse of the water
and treatment facilities, but are at the present constrained by high energy costs.

In addition to technological constrains there are several other bottlenecks, which
are less predictable. These are related to attitudinal issues (Chapters 8 and 10) and
to the economic development of the industry (Chapter 9). Aquaculture production
has for instance become of active interest to a number of non-governmental organi-
zations (NGOs) around the world, which is discussed in Chapter 7. NGO concerns
about aquaculture are not solely in its growth or where the product is consumed.
Rather, their interest is in the on-the-ground environmental or social impacts that
threaten or undermine the NGO’s ability to deliver on their overall missions of
conservation or social welfare. Public and consumer attitudes and legislation, related
to, e.g., ethics, environment and health can play important roles, such as observed
with the threatened bird flu pandemic, where suddenly almost every consumer
stopped eating chicken. This did affect the sales of salmon from aquaculture
positively, whereas the news on high dioxin levels in cultured salmon resulted in a
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major, if transitory, reduction in the consumption of fish. One possible way to comply
with public attitudes and to impose legislation is through resolution of externalities
through monetary valuation of the interactions between aquaculture and the envi-
ronment and vice versa (Chapter 8). Externalities can be used for policy formulation,
e.g., through introduction of environmental taxes and make the producer aware of
the environmental costs.

Changes in the market may significantly affect the development of the aquaculture
industry, as production only takes place if there are economic benefits to the producer.
Chapter 9 analyses the past development in the economics of the industry and from
this analysis predicts future trends. It is predicted that production will move towards a
few high-volume species supplemented with a large number of small-volume species
for local markets. High-volume species have the advantage of predictability and can be
sold in the large and global supermarket chains, where weekly sales can be promoted
founded on the stability of delivery. High-volume productions are characterized by rela-
tively low production costs. On the other hand, the small-volume species can be sold at
a higher price at local markets depending on season and demand.

Aquaculture has increased tremendously in the last decades and is predicted to
continue this increase. The aim of this book is to provide a scientific forecast of the
development with a focus on the environmental, technological, social and economic
constraints that need to be resolved to ensure sustainable development of the industry
and allow the industry to be able to feed healthy seafood products to the future
generations.
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Chapter 1
Fish Farm Wastes in the Ecosystem

Paul Tett

Abstract Fish farms release dissolved and particulate waste into the ecosystem and
the most important impacts on the water column and the sediments are described at
different scales (A, B, C zones). An overview of the ethical and legal frameworks
for management of aquaculture is given, introducing the ecosystem approach to
regulation through the DPSIR (Driver-Pressure-State-Impact-Response) approach
and EQSs (Environmental Quality Standards). The Scottish loch Creran is used
as a case study due to the existence of long term monitoring and the presence of
aquaculture in the loch. Finally the prospects for management of aquaculture within
the European Water Framework Directive is discussed, and it is predicted that the
implementation may either result in limited changes (e.g., same practice but out-
phasing of environmental hazards) or major changes (e.g., ecosystem approach to
aquaculture through polycultures) to Scottish regulation.

Keywords Eutrophication, water framework directive

1.1 Introduction

This chapter is about the interactions between fish-farming and its environment, and
how these interactions might be managed in the best interests of ecological sustain-
ability. Despite humanity’s generally bad record in this respect, there is evidence that
we can learn how to live with, as well as in, Nature (Diamond 2005). There is an
increasing will to do this, made concrete within the European Union by the Water
Framework and other Directives, and an increasing body of scientific knowledge that
can be used for management. I aim to give overviews of both the relevant science
and an ethical and legal framework for management. This framework grows out of

School of Life Sciences, Napier University, 10 Colinton Road, Edinburgh EH10 5DT, Scotland.
Tel. (+44) 0131-455-2526; E-mail: p.tett@napier.ac.uk
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2 P. Tett

the “ecosystem approach”, which is grounded not only in the scientific theory of
ecosystems but also in views about how we might or should try sustain our species’
existence on spaceship Earth. Unlike the planetary-scale problem of global warm-
ing, the fish farm—environment interaction is more tractable both to management
and to discussion within the space of this chapter: it largely takes place on space
and time scales that are easy to see. Nevertheless, the general principles are the
same, and if we cannot deal with the impacts of fish-farming — and I think we can
— we are unlikely to be able to deal with the bigger matters.

Because I am writing for regulators, policy makers, human health and nutrition
community, and coastal zone managers, as well as post graduate students in the
field of aquaculture, I include in this chapter some accounts of ecological principles
and attempt to explain them without assuming any prior ecological knowledge. And
so I start by explaining why there are concerns about the environmental impact of
marine aquaculture.

1.2 Humans and Pollution

Once upon a time there was (or may have been) an Edenic age in which small bands
of Eves and Adams and their children wandered through a unspoilt Mediterranean
landscape of small woods and pastures, trapping wild animals and tending wayside
gardens where grew the plants that later became fully domesticated (Mithen 2003).
These small bands stopped for the night or perhaps for a few weeks before moving
on, and, like all humans, they pissed and shat and threw away uneaten bones or
fruit. As human population density, and agricultural skills, increased, the settle-
ments grew larger and less temporary: but never long-lasting, because human
wastes polluted water supplies, and wood cutting and agriculture damaged local
ecosystems. So villages rose and decayed, and populations moved on, or died from
disease and malnourishment, until humans began to learn how to regulate their
waste.

It became possible to live in cities, giving rise to another period of population
increase and environmental pollution. Classical Rome dealt with waste by piping it
down a “cloaca maxima” into the Tiber, where it was flushed out to sea; but else-
where, Roman mining of metals such as copper and silver created toxic zones
where the soils were rich in heavy metals and streams ran red with acid water. By
the late 19th century most large European cities had recreated Roman sanitation,
and by the late 20th century most European countries were trying to decrease pol-
lution by industrial poisons. But at the same time, the growing populations of these
cities required, and provided markets for, huge quantities of food, which increas-
ingly tended to be produced by semi-industrial methods.

Some of this food came initially from the exploitation of populations of wild
fish: but the supply of this apparently free resource was often unpredictable because
the fish had to be caught far from land and in all weathers, and their imperfect
management led to overfishing. In consequence, aquaculture has grown to provide
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a replacement source of marine protein, albeit sometimes by converting small fish
into larger ones. And, just as was the case during the early development of human
societies, this farming initially generated large amounts of waste, which accumu-
lated in an environment hitherto thought to be pristine.

The metabolism of fin-fish is not dissimilar to that of humans, and, like people,
fish produce solid and dissolved wastes. Waste food and faeces voided into the
water tend to sink to the seabed. Many farmed fish are carnivores, and so must be
fed a protein rich diet, which they use inefficiently compared with the herbivores
and omnivores that are farmed on land. Consequently, they excrete dissolved com-
pounds of nitrogen (especially, ammonia) and phosphorus (especially, phosphate)
by way, mainly, of their gills. These processes are natural; the problems due to
these wastes arise from intensive or semi-intensive farming, which takes in food
from an extensive region but concentrates the waste in a much smaller area around
a farm.

As an example, a farm stocked with 200,000 young salmon, and harvesting
about a thousand tonnes of fish towards the end of a 2-year production cycle, uses
about 1,200t of feed made from 3,600 to 5,900t of wild fish (according to conver-
sion ratios in (Black 2001)). The food supply represents a share of the primary
organic production of hundreds of square kilometres of sea. During the second year
of the cycle the farm releases an amount of nitrogen, phosphorus, and faecal matter
similar to that in the untreated sewage from several tens of thousands of humans.
But whereas these people would inhabit at least a few square kilometres even in the
most densely settled European cities, typical netpen farms of this size cover only a
fraction of a square kilometre. Furthermore, whereas the most human and industrial
wastes are now, in cities in the developed world, collected and treated before dis-
charge, farm waste enters directly into the sea.

Although such wastes are in themselves natural, and so harmful only in excess,
some mariculture results in the production of a second category of wastes. These
are the man-made chemicals used to treat fish for disease, to make them grow
faster, or to prevent seaweeds, seasquirts and barnacles from growing on fish cages.
Speed-reducing fouling by these organisms has long been a problem for ships, and
the success of the British Navy during the Napoleonic wars was partly due to the
use of copper plating to prevent fouling of their wooden hulls (Rogers 2004).
Copper is expensive, however, and can cause problems due to electrolytic corro-
sion, and there was a search for other compounds that could be applied to hulls in
paint. The invention of the antifouling compound tributyl tin, or TBT, seemed to be
a break-through. After several decades of use, however, it was found to be harmful
to marine invertebrates, causing female dogwhelks to grow penises and farmed
oysters to become mis-shapen (Readman 2005). It is now banned from use by fish
farms and all small craft that anchor in coastal waters.

Thus, nutrients, organic matter and toxic pollutants have the potential to do harm
to marine organisms. Their actual impact depends, however, on the environment
into which these wastes are released. The next section looks at the properties of one
type of environment much used for aquaculture, and uses this example of a water
body to explain the idea of an ecosystem.



4 P. Tett

1.3 The Ecosystem in Loch Creran

The west coast of Scotland is cleft in many places with long arms of the sea. Called
loch in Scots Gaelic (with the final ch a soft sound made in the back of the mouth),
most are technically fjords: river valleys internally deepened by glaciers during the
Ice Age and then flooded with salt water as the level of the ocean rose when the
main ice sheets melted. For several millennia, these sheltered sea-lochs have pro-
vided highways and food sources to the people who lived in this otherwise unpro-
ductive and mountainous region. Now they are both a tourist attraction and a site
for fish-farming, especially Atlantic salmon and mussels.

Halfway up this coast, the large fjord of the Firth of Lorne runs north-eastwards,
along the line of the Great Glen fault that separates two ancient tectonic plates and
continues to shake us locals with mini-earthquakes about once a decade. Big fjords
often have little fjords, made by tributary glaciers, and the Firth of Lorne is no
exception: loch Spelve, on the island of Mull, and on the mainland side, lochs Eil,
Linnhe, Leven, Creran, Etive, Feochan and Craignish. All these have the character-
istic feature of a fjord: a narrow and shallow entrance, with at least one deeper and
wider basin inside. My friend Anton Edwards once wrote that although there is no
such thing as a typical sea-loch, if you make lists of the Scottish saltwater lochs
ranked in terms of their physical attributes, such as greatest depth, or freshwater
inflow from the rivers discharging to their heads, then Creran comes close to the
middle of most lists.

Seem from the top of a nearby hill, Creran looks like a lake: the winding chan-
nel that connects it to the Firth of Lorne is hidden behind a wooded hill (Fig. 1.1).

dense, salty

0 2 4 6 8 10
kilometres

Fig. 1.1 A Scottish site for aquaculture: (a) sketch of loch Creran, looking west towards the larger
fjord of the Firth of Lorne; (b) section, showing density and deduced circulation
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But through this channel come pouring millions of cubic metres of salt water on
each rising tide, and a slightly greater volume leaves on the ebb tide, swirling past
small islands where seals lie and black birds perch on the lookout for fish. The
outflow volume is greater because it must include the water added by rivers: in
normal circumstances only a few percent of the tidal flow, but with a major effect
on the circulation within the loch. Fresh water is less dense than salt water,
and, where it mixes with seawater forms a lighter superficial layer that floats
seawards, while the heavier saltwater, brought in by the tide, penetrates
underneath.

This circulation renews water and oxygen within the loch, and creates good
conditions for the growth of the fish and seabed animals that feed the seals and
birds. On the seabed, there were once-abundant beds of the European oyster, and
there still are extensive reefs made from the calcareous tubes of serpulid worms.
Both oysters and serpulid worms are members of the benthos. Some benthic ani-
mals feed on organic matter within seabed mud, but the oysters and serpulids get
food by filtering suspended particles. The most nutritious of these are the tiny float-
ing algae of the phytoplankton, too small to be seen, as individuals, by the naked
human eye. These micro-algae are well known as the “grass of the sea”, the main
marine source of organic food made by photosynthesis. When my colleagues and I
studied it (Tett et al. 1985; Tett and Wallis 1978), Creran was typically rich in a
variety of phytoplankters, especially those belonging to the group known as dia-
toms, which absorb dissolved silica from sea-water and use it to make glassy cases
for their cells. The circulation of water through the loch provided a continuing
source of compounds of nitrogen, phosphorus and silicon; and the layering created
by the freshwater input allows phytoplankters to remain in a superficial layer that
is well-lit by sunlight for much of the year.

Phytoplankton is not the only source of organic food in Creran: seaweeds are
also important primary producers, and there is a further input of dead organic mat-
ter from rivers (Cronin and Tyler 1980; Tyler 1984). But I have described enough
to make my point: that loch Creran is an ecosystem, a term invented by Roy
Clapham in 1930, published by Arthur Tansley (1935) and defined by Eugene
Odum (1959) as

any area of nature that includes living organisms and nonliving substances interacting to
produce an exchange of materials between the living and nonliving parts...

Formally, the nonliving substances form the environment and the living organisms
form the (biotic) community; but a ecosystem is not simply environment plus com-
munity but also the interactions between and amongst them; it is both structure and
function — the food web and how it works.

Thus, the interactions in loch Creran include the biogeochemical fluxes of
organic matter and nutrients amongst the biota and between them and their sur-
roundings; the effects of the serpulid reefs in stabilizing the seabed in Creran; the
transport of animal as well as micro-algal plankton by currents; the addition of
oxygen by algal photosynthesis and air—sea exchange, and its consumption by the
respiration of all the animals and bacteria living in the waters of the loch or on or
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in its seabed. By analogy with human health, we can say that an ecosystem is
healthy when all its parts are in good order and also when the interactions are in
balance with the needs of the biota. This is a topic to which I’ll return later — but
for now, please note a significant difference between the health of a human — for
whom the environment is something outside of the body and which is seen as a
factor conducive to good or bad health, depending on whether air or water is
clean or polluted — and the health of an ecosystem — which includes the state of
the non-living part. Suppose we add a fish farm — either fin fish or shellfish — to
an ecosystem such as Creran. Should we view the farm as bolted on to the outside
of the ecosystem — potentially able to perturb it through waste products and liable
to harm if some of this waste, for example, decays and consumes oxygen — or as
an addition to the loch’s ecosystem, participating in the exchange of materials?
And what about the humans who operate the farm and truck in fishmeal caught
in distant seas?

1.4 Aquacultural Pressures and Potential Impacts
on Ecosystems

Any fish farm is a site of concentrated food production. Shellfish such as mussels
take their food from the water flowing past them, and so one of their impacts
on the ecosystem is the removal of the phytoplankton that forms much of this food.
Depending on the extent of water movements, a mussel farm may harvest plank-
tonic primary production from a wide area of sea — an area much greater than the
extent of the mussel farm itself.

In contrast, the feed given to farmed salmon is largely made from other fish,
caught in a different part of the ocean, but again harvesting the primary production
of much wider area of sea than the extent of the fish farm. Think of both types of
farm as the drain at the end of a bath, a vortex through which must flow large quan-
tities of material. Both mussels and salmon draw oxygen from the water to support
their metabolism of this food, and, because of the vortex effect, can potentially cause
oxygen depletion — which would be fatal for the fish and shellfish. The way to avoid
this is to site a farm in a region of strong water flow — which will also carry
away the potentially toxic ammonia released by the animals’ metabolism, and
any other harmful dissolved substances such as those involved in ridding salmon
of sea-lice or preventing fouling on nets.

However, although the answer to pollution is dispersion and dilution, the dilu-
tion of fish farm wastes has to be sufficient for undesirable ecological consequences
to be avoided. It is, unfortunately, possible to site a farm in a region of flow suffi-
ciently strong to avoid oxygen depletion or ammonia build-up around the farm, but
insufficiently flushed to avoid the accumulation of wastes on a larger scale. Bearing
this in mind, let us look at three types of potential ecological disturbance associated
with fish-farming. Figure 1.2 exemplifies these in a fjord, but most can occur any-
where in the sea.
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Fig. 1.2 Effects of aquaculture in a fjord

The first type of disturbance is a result of fall of fish faeces, uneaten food, and
similar, towards the seabed. Water currents and eddies disperse these particles, and
their “footprint” on the seabed depends on water depth and turbulence. In small
amounts this organic matter provides food for benthic animals and demersal fish, but
when it accumulates on the seabed, it can block the supply of oxygen to burrowing
animals and can drive an increase in oxygen consumption by micro-organisms. It may
be that all oxygen is removed from the water between sediment particles, leading to
the replacement of aerobic bacteria (which release carbon dioxide as a product of
metabolism) by anaerobic bacteria, whose by-products are methane, sulphur, and
poisonous hydrogen sulphide. The effects of increasing organic input on the benthic
fauna in fjords was systematically described by Pearson and Rosenberg (1976, 1978)
in relation to the waste from wood pulp processing, and although fish-farm waste is
more labile and nutrient-rich, it seems to have much the same effect — shown in sim-
plified form in Fig. 1.3(a).

The second kind of potential disturbance is eutrophication, defined by OSPAR
(2003) as

the enrichment of water by nutrients causing an accelerated growth of algae and higher
forms of plant life to produce an undesirable disturbance to the balance of organisms
present in the water and to the quality of the water concerned...

These nutrients are the dissolved compounds of nitrogen and phosphorus —
especially nitrate, ammonium and phosphate — which are necessary for the
growth of photosynthetic organisms. Eutrophication thus defined is different
from the effects of the organic matter needed by animals and by non-photosynthetic
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(b) a paradigm for the effect of nutrients on phytoplankton

(a) the Pearson-Rosenberg paradigm for the effect of
organic input on the benthos

anoxic sediment

increasing organic loading

Fig. 1.3 Paradigms for disturbance: (a) Pearson—Rosenberg paradigm Pearson & Rosenberg
(1976, 1978), for effects of organic waste, increasing in amount from left to right, leading initially
to the loss of water-pumping animals (bio-irrigators) and finally to complete replacement of oxy-
gen-requiring organisms by anaerobes; (b) an attempt, inspired by Margalef (1978) to schematize
the phytoplankton response to anthropogenic nutrient enrichment of temperate waters; the diatom-
(dino)flagellate seasonal succession is shown giving way to gelatinous colonial algae in the spring
and to toxic dinoflagellates and small flagellates during summer

micro-organisms. The key distinction is that the growth stimulated by the mineral
nutrients is accompanied by the photosynthetic release of oxygen, whereas growth on
preformed organic matter consumes oxygen. Of course, the first may lead to the
second, recycling the nutrient elements nitrogen and phosphorus back into their
mineral forms, and consuming the oxygen released during photosynthesis. The
problems associated with eutrophication typically come about when the coupling
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between the first and second parts of this natural cycle is weakened because of
excess primary production and the formation, in the absence of sufficient grazing
by planktonic or benthic consumers, of excess phytoplankton or seaweed
biomass.

Thus, the harmful consequences that may result from nutrient enrichment
include increasing frequencies and intensities of Harmful Algal Blooms (HABs),
including Red Tides, nuisance blooms causing foaming, toxic blooms that can kill
farmed fish, and increased occurrences of incidents of shellfish-vectored toxins,
such as those causing paralytic shellfish poisoning (Anderson and Garrison 1997).
If blooms sink into deeper water, the decay of their biomass can cause oxygen
depletion. Increased amounts of phytoplankton attenuate light more strongly, with
the consequence that the growth of seaweeds and seagrasses may be retarded.
Opportunistic green or brown seaweeds spread over seagrass meadows or over the
slower-growing brown fucoid and laminarian seaweeds that are the natural flora of
temperate seashores and the shallow sublittoral. Although green seaweed growth
can be stimulated close to cages, eutrophication is a phenomenon that is more typi-
cal of water bodies, such as lochs or coastal seas, as a whole. It is thus distinct from
the local impacts of particulate waste, although the change in the balance of pelagic
organisms associated with eutrophication (Fig. 1.3(b)) can be likened to the
changes caused by organic input to the benthos (Fig. 1.3(a)).

The third type of potential disturbance is that from chemicals that are used to
prevent or treat fish illnesses or parasitical infections, to improve fish growth, or to
prevent fouling of nets or farm structure. Let us look at two groups of such chemi-
cals, starting with the compounds azamethiphos and emamictin benzoate, used to
rid farmed salmon of parasitic sea-lice.

These lice are crustaceans that burrow under the scales of the fish, causing sores
that irritate the salmon and offer a route for infection by pathogenic micro-organisms.
Young lice are planktonic, and so can infect other farmed or wild salmon. For all
these reasons, fish-farmers in Scotland are required to treat their fish to keep lice
infestation to a minimum. The two chemicals are arthropocides — that is, they are
intended to kill lice, which are members of the arthropod phylum, but not salmon,
which are vertebrates.

The problem is that many members of the plankton are also arthropods, the
group that includes insects, spiders and crustaceans. To be precise, the sea-lice
are copepod crustaceans, as their planktonic larvae show, and so chemicals that
kill sea-lice are also at risk of killing planktonic copepods and thus of damaging
an important link in marine food webs. Azamethiphos, which is applied exter-
nally, is a greater hazard than emamectin, which is given to salmon in their
food and reaches the lice by way of the fish bloodstream. However, some
emamectin reaches the sediment in fish faeces and uneaten food, and here it
may harm benthic crustaceans. Both the chemicals are degraded by light and
oxygen, and can also be removed by adsorption on particles; and these processes
augment dilution and dispersion in bringing concentrations below levels at
which harm might result.
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Whereas azamethiphos and emamectin are solely of human manufacture, and
hence were never present in ecosystems before humans introduced them, the story
about antifouling compounds is more complex (Readman 2005). These compounds
are used to prevent the growth of bacterial slime and seaweed sporelings on nets
and supporting structures. TBT, which did this effectively, was entirely synthetic,
but is now banned. Modern paints and steeping liquids use compounds of copper, and
sometimes zinc, which dissolve slowly in seawater, releasing ions of copper
and zinc. It is these ions that are harmful to micro-organisms that might settle and
grow on the netting or cage. Paradoxically, copper and zinc are needed in small
amounts by living creatures, being essential for some biochemical reactions, and
are toxic only at higher concentrations. So the challenge for the designers of anti-
fouling materials is to ensure that they release sufficient copper etc to kill bacteria
and algal spores close to the surfaces they are intended to protect, but without dis-
solving too quickly, which would increase the risk of wider harm and would require
more frequent treatments.

Consequently, some manufacturers add “booster biocides” to augment the anti-
fouling action. These include the synthetic chemical, copper pyrithione. However,
research suggests that when zinc is present, the pyrithione part can swop from cop-
per to zinc, resulting in zinc pyrithione. This compound, used in anti-dandruff
shampoos and as a fungicidal additive for plastics, has been found to be highly
toxic to copepods as well as planktonic micro-algae (Hjorth et al. 2006; Maraldo
and Dahllof 2004).

The last part of this story is that farmed fish need copper, and so it is added to
their food, perhaps in unnecessarily large amounts that the fish excrete into the
water or by way of their faeces; because of the latter, the seabed beneath fish cages
may contain high levels of copper, which dissolves to increase the concentration of
copper ions in the sediment pore waters, and which may diffuse back into the water
column.

1.5 DPSIR and EQS

The DPSIR system breaks the ecosystem effects of pollutants into 5 steps. In this
acronym, D stands for driver, P for pressure, S for state, I for impact, and R for
response. The state is that of the ecosystem under consideration; the pressures
are those generated by human activity whose change provides the drivers. Thus
the growth of salmon-farming is the driver that has led to increasing loading of
Scottish fjords with farm waste, with consequential pressures on the fjordic eco-
systems from organic matter, mineral nutrients, and chemicals. A build-up of
particulate waste beneath a fish cage, with consequent death of larger sea-bed
animals, exemplifies a highly visible impact, and the response to this impact has
been for society to impose more stringent conditions on the location and management
of fish farms.
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Environmental Quality Standards (EQS) have been used to set limits to pressures.
The Water Framework Directive, which we will come to later, defines a standard as:

the concentration of a particular pollutant or group of pollutants in water, sediment or
biota which should not be exceeded in order to protect human health and the
environment.

As an example, the current Scottish EQS for azamethiphos is 40ng/L (SEPA 1997,
1998). In laboratory studies, 50% of lobster larvae exposed to an azamethiphos
concentration of 500ng/L died within 4 days. The EQS was set below this value in
order to avoid any harm to free-living marine animals, taking into account the natural
decay of the chemical when released into the water.

In the case of such toxic pollutants there is an obvious relationship between
pressure and impact, and the aim is to avoid any such impact. In the case of pollutants
such as nutrients, which cause problems only when in excess, the setting of EQS is
more difficult. The aim, of course, is to avoid the undesirable disturbances associated
with eutrophication or the smothering of seabed communities by particulate waste
from fish farms. The European Urban Waste Water Treatment Directive (UWWTD)
of 1991 concerns the prevention of pollution by discharges of sewage, but the causes
of such pollution are the same wastes as those from fish farms: organic waste, bio-
logical oxygen demand, and compounds of nitrogen and phosphorus; and some
aspects of the UK response to the UWWTD can be applied just as well to fish farms
as to urban waste water outflows. (There are differences, of course: human waste
is treated before discharge; fish waste is not.) The United Kingdom set up a
“Comprehensive Studies Task Team” to define standards and evaluative procedures
for UK estuaries and coastal waters. The team (CSTT 1997) suggested that:

Hypernutrification exists when winter values of nutrient concentrations, outwith any area
of local effect, significantly exceed 12 mmol DAIN m=3 in the presence of at least 0.2 mmol
DAIP m=... Hypernutrification should not, however, be seen as a problem in itself. It
causes harmful effects only if a substantial proportion of these nutrients is converted into
planktonic algae or seaweed.

A region is potentially eutrophic only if the relative rate of light-controlled phytoplankton
growth is greater than the relative water exchange rate plus the relative loss rate of phyto-
plankton by grazing; and the predicted summer maximum chlorophyll is greater than
10mg chl m=... A region is eutrophic is observed chlorophyll concentrations regularly
exceed 10mg m=3 during summer.

The acronym DAIN refers to “dissolved available inorganic nitrogen”, a useful and
precise way of mentioning those compounds of the element that are useful to
phytoplankton and seaweeds — what I have named earlier as nitrate and ammonia.
DAIP refers to “dissolved available inorganic phosphorus”, for which the shorter
abbreviation DIP or “dissolved inorganic phosphate” will do as well.

These CSTT proposals suggest that, in the case of nutrients, it is difficult to set
simple EQS, because the impact resulting from a given pressure depends on conditions
in the water body receiving the discharge. Sensitivity to pressure is the topic of the
next section.
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1.6 Ecohydrodynamics and Sensitivity to Pressures

Although laboratory experiments can, for example, measure the concentration of
copper or zinc pyrithione that kills 50% of phytoplankton (Maraldo and Dahllof
2004) or the amount of DAIN that must be added to generate a phytoplankton bio-
mass in excess of the CSTT threshold of 10mg chlorophyll m= (Edwards et al.
2003), the uncontrolled variability of conditions in the sea means that it is much
harder to predict the impact of waste. For example, the food and faeces sinking from
a small salmon farm in sheltered shallow waters might rapidly blanket the seabed
beneath the farm, causing conditions to fall below those tolerable, whereas a larger
farm moored in more turbulent and deeper waters might have no visible effect on the
seabed, because the waste is dispersed by turbulence and spread over a wide area.
However, the larger farm’s waste has a greater potential to contribute to the wide-
spread build-up of chronically harmful levels. Whereas the smaller farm may suffer
from nutrient-stimulated seaweed growth on its cages, the water body containing the
larger farm may suffer eutrophication because nutrients remain high for sufficiently
long, and over sufficient extent, for phytoplankton to benefit from them.

Such considerations lead to two key ideas: first, that the sensitivity to waste of
the waters or sea bed at a particular farm site, depend on ecohydrodynamic condi-
tions at and around that site; second, that the impact of a particular environmental
pressure depends on the spatial and temporal scale on which that pressure is
applied. Scales are considered in the next section. Sensitivity can be roughly defined
as the ratio of impact to pressure, and ecohydrodynamics refers to the physical
conditions at a site and in a water body, and the chemical and biological conditions
that would naturally occur under such conditions. An ecohydrodynamic typology
provides a mean of classifying water bodies on the basis of such conditions. Tett
et al. (2007) proposed a typology based on four key factors: lateral exchange; vertical
mixing; illumination conditions; and the type and abundance of grazers.

The first distinction in the typology is that between open waters and partly
enclosed coastal and transitional waters, called Regions of Restricted Exchange, or
RREs. In RREs, exchange of water with the open sea is an important environmental
condition; Tett et al. (2003a) compared a number of European fjords and barrier-
protected bays in which the proportion of water exchanged each day varies from
2.5% (in the Swedish Himmer fjord) to more than 200% (in the Portuguese Ria
Formosa) of the RRE’s volume at mid-tide. The exchange rate for Creran lies
between 0.1 and 0.3 d~'. Clearly, well-flushed RREs can accept a greater loading of
dissolved waste per unit surface area than can a poorly flushed water body, so long
as the outside sea contains a lower concentration of the polluting substance.

The availability of light for photosynthesis is an important factor. Light does not
penetrate far into water, because it is scattered by particles and absorbed by water
itself, by chlorophyll and accessory photosynthetic pigments in phytoplankton, and
by the dissolved substances than can give water a yellow or brown colour. The
euphotic zone includes the part of the water column in which there is sufficient light
for the growth of plants, seaweeds, micro-algae and photosynthetic bacteria; its
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depth reaches up to a hundred metres in clear ocean waters, such as parts of the
Mediterranean, but may be only 1 or 2m in some very turbid coastal waters. The next
group of distinction in the typology arises from the relationship between the euphotic
zone, the seabed, water column layers, and natural and human supplies of nutrients.
A key distinction is that between waters in which the seabed is within the euphotic
zone, allowing seaweeds, seagrasses or micro-algae to flourish, and those where it
lies deeper, so requiring phytoplankton to provide the primary production. In the first
case, nutrient enrichment may lead to replacement of seagrasses or brown seaweeds
by green seaweeds or epiphytic micro-algae, and there will be concern if an increase
in phytoplankton results in less light reaching the seabed. In the second case, the sea-
sonal pattern of phytoplankton growth, and the ecosystem’s sensitivity to nutrient
enrichment, depends on seasonal patterns of water layering.

In the second case, we need to distinguish between waters that are well-mixed
in the vertical, due to strong stirring by tidal or other currents, or by wind or surface
cooling, and waters that are layered in density as a result of surface heating or
freshwater input. The term pycnocline is used by oceanographers to refer to a zone
of strong vertical gradient in density (due to temperature or salinity) that separates
mixed layers. Phytoplankters growing above such a pycnocline are better illumi-
nated, on average, than those in deep mixed waters. On the other hand, the upper
layer tends to become depleted in nutrients during the main season of phytoplank-
ton growth, and this constrains micro-algal growth. Nutrients added to such an
impoverished layer can have a striking effect by fertilizing phytoplankton when
there are few planktonic animals to eat the micro-algae. Organic matter produced
during these blooms can give rise, later to an increased risk of deoxygenation when
uneaten material sinks, and decays, below a pycnocline.

At the latitude of Scotland, there is generally too little light for phytoplankton
production during the winter, and the typical pattern in coastal seas is that of a
spring bloom as the surface of the sea is warmed by the sun and forms a distinct
layer. Within this well-illuminated surface layer, algae can rapidly convert winter
nutrients into biomass. This is, typically, followed by a summer period of low bio-
mass because of nutrient exhaustion, and sometimes by an autumn bloom as nutri-
ents are remixed into the surface water. In the Mediterranean, in contrast, the main
seasons of phytoplankton growth are the autumn and Winter; in summer the surface
layer is typically intensely nutrient-depleted, but there may be a subsurface layer of
high chlorophyll. As demonstrated by loch Creran (Tett and Wallis 1978), layering
(Fig. 1.1) resulting from freshwater input can extend the season of phytoplankton
growth, unless the freshwater supply is so great that it brings the salinity down
below a level tolerated by marine phytoplankton or flushes the algae from the
system.

A final part of ecohydrodynamics takes into account the type of grazers on the
primary producers. This is important in relation to eutrophication, for a poor coupling
between producers and consumers can allow nutrient enrichment to stimulate a large
increase in producer biomass — red tides of dinoflagellates, or blooms of opportunistic
green seaweeds, for examples. In shallow waters, removal of pelagic micro-algae by
water-filtering benthic animals can be important, but in deeper systems the benthos
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is passive: its members simply eat what sinks from the euphotic zone. Thus the
efficiency of coupling in these waters depends on the numbers of protozoan micro-
plankters and copepod and other mesozooplankters seeking micro-algal food. Algal
blooms may be more likely if the growth of these animals is stunted by toxic pol-
lutants. Conversely, adding a shellfish farm to a water body can artificially increase
grazing.

1.7 Scales

Now let us consider the scales on which aquaculture can impact on ecosystems.
These depend on a combination of the nature of the pressure, the dispersion char-
acteristics of the water at and near the farm site, and the response time for the
impact. The CSTT (1994, 1997) proposed that 3 scales be considered, applying to
what the team called zones A, B, and C (Fig. 1.4). The key defining feature is the
residence time of neutrally buoyant particles within the zone: citrus fruits can serve
as suitable, and easily seen, particles, and so I like to imagine a modern Nell Gwyn
tipping her basket of oranges into the sea from a farm, so that we can ask where are
most of the oranges after a few hours (zone A scale), a few days (zone B) or a few
weeks (zone C).

The zone A scale is that the water volume and sediment area immediately
influenced by a fish farm, and corresponds to the mixing zone at the end of a pipe

Fig. 1.4 Illustrated the 3 scales proposed by the UK Comprehensive Studies Task Team (CSTT).
Zone A is the farm scale; it includes the part of the seabed that receives organic waste sinking from
a farm and the part of the water column in which wastes and pollutants remain for a few hours. In
tidally active waters, this water column zone is shown as A+. Zone B is the water body scale, and
is exemplified by the main basin of loch Creran. Zone C is the regional scale
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discharging waste into the sea, within which concentrations are allowed to exceed
those specified by a far-field EQS. In general, it is easy to see benthic impact
(Nickell et al. 2003) but difficult to detect pelagic impact on this scale, although it
is sometimes possible to find a local increase in ammonia and a decrease in dis-
solved oxygen (Gowen and Bradbury 1987), and, in the case of shellfish farms, a
local decrease in chlorophyll.

In the simple case of a fish farm in waters without tides or residual currents, the
zone A scale is shown by the footprint of the cage on the sea, i.e., the area impacted
by sinking waste, and a relatively small volume of water around the farm, the
dimensions of which are set by the intensity of eddy diffusion. Under these unfa-
vourable conditions the scale’s dimensions are unlikely to exceed twice those of the
farm. Now let us add a persistent current, which will transport the imaginary
oranges in a downstream plume, broadening as it moves away from the farm. If the
main flows are tidal, the oranges will move in an ellipse, returning after one com-
plete tide to somewhere near their starting point, so that in this case, zone A for
dissolved waste may be several kilometres long. We may take the (slightly over) 12
hours of a tidal cycle in NW European waters as the upper limit to the zone A
timescale, and on this timescale it is impossible for added nutrients to impact on the
plankton, although fast-acting chemical toxins may harm plankton before they are
diluted by dispersion outside the zone. In order to apply this idea to non-tidal
waters, such as those in the Mediterranean, we keep the half-day timescale and
consider the limits of the zone in the water column as that reached by the oranges
during this time. Unless the farm is sited in very energetic waters, the benthic foot-
print will likely be obvious, and smaller than the pelagic zone A.

The main basin of loch Creran provides an example of a stratified zone B scale
water body and a region of restricted exchange. The residence time of water within
this basin has been estimated as about a week (Tett 1986), although the contents
of the surface layer leave the loch more quickly, within about 3 days, because of
the freshwater driven, tidally enhanced, circulation described earlier. Such resi-
dence times are sufficient for nutrients to turn into planktonic algae before the lat-
ter are flushed out of the loch, and it is this, and the existence of stratification, that
makes the loch potentially sensitive to the effects of nutrient enrichment. Extra
growth of phytoplankton might be controlled by the grazing of the abundant sea-
shore and seabed animals in Creran, and by the pelagic protozoans found in the
water column. Except during times when benthic animals release their larvae into
the water, the effect of crustacean zooplankton is small, because these animals
tend to get flushed from Creran before they can complete their life cycles within
the loch.

The Firth of Lorne, with which loch Creran exchanges, is a much larger body of
water. The residence time of this water is not well known, but it is probably in the
order of weeks or longer — sufficiently long for nutrients to become phytoplankton
and then be grazed and recycled. Thus it is an example of a zone C scale water
body, and provides the boundary conditions for loch Creran — that is to say, the
water that enters Creran from the Firth already contains a certain amount of nutri-
ents and phytoplankton, depending on the season, and enrichment or grazing within
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the loch will add to, or subtract from, these incoming concentrations. Thus it may
be as important to control nutrient levels of the Firth of Lorne as it is to restrict
enrichment within loch Creran. Indeed, we know from the results of a mathematical
model that only during the summer, when nutrients are scarce in the Firth of Lorne,
does farm input make an important contribution to Creran DAIN and phosphate
(Laurent et al. 2006).

Fortunately, the waters of the Firth of Lorne are in a largely pristine condition,
their moderate nutrient concentrations being set mainly by natural processes in
the sea to the west of Scotland. Fish farms may, of course, become sufficiently
to increase nutrients even on this larger scale. The region called the Minch,
between the Scottish mainland and the island chain of the Outer Hebrides, has a
sea area of about 10,000km?. The production of 64,000t of salmon may have
increased the concentration of DAIN and DIP in summer 1999 by a few percent
(Tett and Edwards 2002), a scarcely measureable amount. Nevertheless, concerns
about the effect of a greater enrichment may set an upper limit to the size of the
industry here.

The Mediterranean Sea, being oligotrophic, might be considered at greater
risk from enrichment, in that it takes only a little anthropogenic nutrient to double
the naturally lowconcentration in each cubic metre of seawater. However, the
Mediterranean is large; recent calculations suggest that input from fish farms will
increase the total nutrient stock of the sea by at most 1%, whereas total human-
driven inputs might double it (Karakassis et al. 2005).

1.8 Regulation of Pollution and Conservation of Species

At the core of the DPSIR scheme are the links between pressures, states and
impacts. As humans became aware that the sea was neither an infinite garbage can
for wastes nor an inexhaustible source of fish (MclIntyre 1995), our societies began
to legislate either to prevent pollution of the environment — corresponding to the
regulation of pressure — or to protect certain animals or plants — corresponding to
the prevention of impacts on these organisms. This was initially a piecemeal
approach, which I will illustrate for the case of Scotland with two United Kingdom
Laws — the Control of Pollution Act (COPA) of 1974, and the Wildlife and
Conservation Act of 1981 — as these have used by the Scottish Environment
Protection Agency (SEPA) to minimize the environmental impact of salmon-farm-
ing and to maintain water quality for shellfish.

My account greatly simplifies the complexities of a legal framework used to
apply these UK laws in the separate, and different, jurisdictions of each part of the
Kingdom. In most cases the generalities of the Acts of the UK Parliament (and,
since 1999, also of the Scottish Parliament) are interpreted by detailed “Regulations”
which are also commonly used to implement European Directives. Since the UK’s
accession to the European Community (as it was then called) on 1 January 1973, it
has acquired (Graham 2002),
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legal commitments to meet individual directive requirements that, in general, are
transposed into UK law by means of regulations or other forms of secondary legislation
issued as statutory instruments. A regulation identifies the competent regulatory authority
and the actions required of it in order to achieve the directive’s requirements. ... It is primarily
regulations and directions passed by the UK or Scottish Parliament, which impose obligations
on SEPA, as the competent authority, to deliver the objectives and standards so transposed
from an EC Directive.

The “Control of Pollution” Act (COPA) of 1974 marked the beginning of marine
pollution control in the UK, although it took a decade to implement fully. The main
regulatory tool is the “consent to discharge” from a “point source” such as a waste
pipe or a fish farm. According to its web site (SEPA 2005a),

SEPA has a duty to control discharges to surface waters and groundwaters [in
Scotland], including tidal waters out to the three-mile limit. SEPA does this by issuing
a legally-binding consent to discharge under the Control of Pollution Act 1974.....
Where consent is granted this will include specific conditions to limit the effects that
the discharge may have upon the receiving environment. Monitoring will be carried out
by the discharger and SEPA to ensure that the impacts of the discharge remain within
acceptable levels.

Thus, anyone wishing to establish or extend a salmon farm in these waters must,
amongst other legal requirements, make an application for a consent to discharge
the waste from the farm. Then (SEPA 2005b),

SEPA will impose consent limitations on the maximum permitted fish biomass which
may be held at any time. This is designed to minimise accumulation of organic wastes
on the sea bed to prevent anoxic and polluted sediments and associated deleterious
effects on the normal benthic fauna outwith the allowable zone of effects. In certain
instances to protect important wild salmonid stocks, SEPA will limit the biomass to
that which can be treated at the site using an authorised sea lice medicine [without
exceeding environmental quality standards for these medicines]. ... SEPA will [also]
limit consented biomass to ensure that the receiving water will not be [at risk of
eutrophication].

An allowable zone of effects, or AZE is a small region beneath fish cages where
some impact is allowed. SEPA accepts

that a certain area immediately below and around the cages may experience carbon accre-
tion to a level which may change the community structure of sediment fauna. Within this
AZE quality standards ensure a minimum number of sediment re-workers will be available
to breakdown wastes and prevent total anoxia developing.

Two salmon farming sites have been consented in loch Creran, each of 1,500t
maximum biomass; however, only one site is available at a time, because each site
is required to lie fallow for two years between use, in order to allow recovery of the
benthos in the AZE.

The “Wildlife & Conservation” Act of 1981 has been used to implement the
European “Habitats” Directives of 1992/1997 and the “Birds” Directive of 1979. It
protects wild birds, and certain other animals, and plants that have been officially
listed, together with designated sites. UK regional conservation agencies, exempli-
fied by Scottish National Heritage (SNH), work under this law. The agency’s web
site (SNH 2006b) explains that
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Special Areas of Conservation (SACs) are areas designated under the European Directive
commonly known as the ‘Habitats’ Directive. Together with Special Protection Areas,
which are designated under the Wild Birds Directive for wild birds and their habitats, SACs
form the Natura 2000 network of sites. SNH acts as the advisor to Government in propos-
ing selected sites for Ministerial approval as possible SACs. SNH then consults with...
owners and occupiers of land, local authorities and other interested parties ... [and] nego-
tiates the longer term management of these sites. Following consultation, SNH forwards all
responses to Scottish Ministers who then make a decision about whether to submit the site
to the European Commission as a candidate SAC. ... sites which are adopted by the
Commission become Sites of Community Importance (SClIs), after which they can be finally
designated as Special Areas of Conservation by national governments. All candidate SACs
in Scotland were approved by the European Commission as SCIs on 7 December 2004.
Scottish Ministers then formally designated all these sites as Special Areas of Conservation
on 17 March 2005.

Under Regulation 33(2) of the Habitats Regulations once a marine area becomes a desig-
nated SAC (European marine site), SNH is obliged to advise other relevant authorities as
to a) the conservation objectives for that site, and b) any operations which may cause
deterioration of natural habitats or the habitats of species, or disturbance of species, for
which the site has been designated.

Loch Creran have been designated as a SAC because of the

biogenic reefs of the calcareous tubeworm Serpula vermicularis, which occur in shallow
water around the periphery of the loch. The species has a world-wide distribution but the
development of reefs is extremely rare: Loch Creran is the only known site in the UK to
contain living S. vermicularis reefs and there are no known occurrences of similarly abun-
dant reefs in Europe. Biogenic reefs of the horse mussel Modiolus modiolus occur in the
upper basin of the loch. M. modiolus reefs are an important element of Scotland’s marine
biodiversity, and are considered to be habitats of high conservation value.

SNH’s advice about Creran (SNH 2006a) includes the following comments:

Finfish farming has the potential to cause deterioration of reef habitats and communities
through changes in water quality, smothering from waste material, physical disturbance (in
the case of rocky reefs), and physical damage (in the case of more fragile biogenic reefs)
from mooring systems. There is also potential for accidental introduction of new non-native
species and increasing the spread of existing non-native plants and animals...

[Shellfish farming] has the potential to cause deterioration of the reef habitats and com-
munities through physical damage (e.g. installation of mooring blocks and continued
scouring by riser chains) and changes in community structure caused by smothering from
pseudo-faeces (undigested waste products) and debris (including dead shells) falling from
the farm. There is also potential for accidental introduction of new non-native species and
increasing the spread within the UK of existing non-native plants and animals... through
importation and translocation of shellfish stocks.

[In both cases,] invasive species have the potential to cause deterioration of the qualifying
interest by altering community structure and quality. The ... environmental effects [associ-
ated with aquaculture] are usually localised but the reduced water exchange within Loch
Creran may exacerbate these effects and cumulative impacts should be considered.

It was also noted that domestic and commercial effluents (whether treated or
untreated) have
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the potential to cause deterioration of reef habitats and communities. This would be
through the effects of pollution and/or nutrient enrichment, which may cause subsequent
changes in community structure [of the reef].

Some of this advice has to be taken into account when permission for fish farms or
other new developments is given by the planning departments of local government:
it would certainly prevent farms being sited over reefs, or where their particulate
wastes might accumulate on the reefs. An Environmental Statement, submitted as
required by the Environmental Impact Assessment (Fish Farming in Marine
Waters) Regulations 1999, should bring to light potential impacts of this sort. SEPA
has a role to play, both at this stage and during the operation of the farm, as it is
(Graham 2002):

a ‘relevant authority’ for European marine sites in Scotland, which are any SACs or SPAs
that extend below the mean low water mark of spring tides. SEPA must, as a relevant
authority, participate with other relevant authorities in drawing up a single management
scheme for any European marine site where any relevant authority considers that one is
necessary.

Shellfish farming is much less strictly regulated, because it is not seen as producing
a point source discharge. Instead, the industry is protected by the Shellfish Waters
Directive of 1979, and much of loch Creran has been designated as a Shellfish
Growing Water (SEPA 2004) under this Directive and the Surface Waters (Shellfish)
(Classification) (Scotland) Regulations 1997. It is thus subject to monitoring by
SEPA to ensure compliance with the standards set for metals and organohalogens
in the water column and shellfish, faecal coliform bacteria in the shellfish, and dis-
solved oxygen. The aim is to protect the shellfish from environmental pressures and
not to protect the rest of the ecosystem from the shellfish.

In summary, although some of the legislation discussed in this section takes
account of links between pressures and impacts, the legal emphasis has been on
polluting substances and their effects on particular commercial organisms or rare
habitats; there is little of the general concern with the state of aquatic ecosystems
that lies at the heart of the ecosystem approach, the topic of the next section.

1.9 The Ecosystem Approach

The ecosystem approach can be seen, empirically, as a strategy for joined up man-
agement of the natural world, and scientifically, as arising from a modern under-
standing of community ecology and the interconnected processes within ecosystems.
A web page of the UK Joint Nature Conservancy Council (JNCC 2004) provides a
summary of the empirical view.

The phrase ‘ecosystem approach’ was first coined in the early 80s, but found formal
acceptance at the Earth Summit in Rio in 1992 where it became an underpinning concept
of the Convention on Biological Diversity, and was later described as: ‘a strategy for the
integrated management of land, water and living resources that promotes conservation and
sustainable use in an equitable way.’
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Ecosystem-based management is currently a highly topical issue and is being widely
discussed in the context of fisheries management. Introduction of the new Common
Fisheries Policy (CFP) in January 2003 focused on this approach as the way forward to a
sustainable fishing industry. Marine fisheries are one of the remaining examples of human
endeavour involving the direct exploitation of wild animal populations. Fisheries are dependent
on the productivity of the ecosystem, and fisheries have an effect on, and are affected by,
the supporting ecosystem of the target species. It, therefore, follows that prudent and
responsible fisheries management should take account of the profound interactions
between fisheries and their supporting ecosystem.

[However,] ecosystem-based management is not about managing or manipulating ecosys-
tem processes, something that is clearly beyond our abilities. Rather, ecosystem-based
management is concerned with ensuring that fishery management decisions do not
adversely affect the ecosystem function and productivity, so that harvesting of target stocks
(and resultant economic benefits) is sustainable in the long-term. Traditional systems of
management, which have tended to focus on individual stocks or species, have not achieved
this objective and consequently the economic activity that the ecosystem supports has
become compromised.

To my mind, this account falls short in several ways. First, it tends to suggest that the
purpose of ecosystems is merely to produce food, or other services, for humans: it may
be prudent to take account of the dynamic interconnections, but they are not valuable in
themselves. Second, it is quite evidently not beyond human abilities to manipulate eco-
system processes. The matter at issue is, of course, to manage ecosystems wisely — at
least in our own interests, but also, I believe, in the interests of all the creatures within
them, and perhaps also in the interests of ecosystems as “‘emergent systems” whose
properties are greater than the sums of their parts. My view is that an “environmental
ethic” is also practical: we can only ensure sustainability if we treat all organisms and
natural systems as having “interests worthy of consideration” (Johnson 1991).

My standpoint is close to that summarized by Miller’s (2006) account of one
millennia-old strand of Chinese thought, that of Daoism.

Daoists view morality in medical terms: goodness consists of the optimal health of a system
comprised of various interdependent subsystems. This medical concept of virtue can... be
useful in constructing an ecological ethics, one that recognizes that humans cannot act for
their own good without considering the overall health of the ecosystems in which they are
embedded.... the ideal state is achieved through embodying the complex transformative
power of nature rather than denying it.

Such emphasis on “connectedness” does have its own intellectual pitfalls, exem-
plified by the false “science” of astrology, based on the notion of connection
between the human microcosm and the astronomical macrocosm. Nevertheless,
I think that most of our present-day ecological science is well grounded in
Enlightenment rationality and scientific methods, and the idea of ecosystem health
is, at the very least, useful for devising monitoring programmes. I will return to
this idea later.

It may be that the western, utilitarian approach, grows from our biblical heritage.
In Genesis 1:26 it is written:

And God said, Let us make man in our image, after our likeness: and let them have domin-
ion over the fish of the sea, and over the fowl of the air, and over the cattle, and over all
the earth, and over every creeping thing that creepeth upon the earth.
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Hence, humans have souls as well as sentience and so are qualitatively different
from other living things, and indeed may be seen as inhabiting Earth only briefly
whilst on their way to heaven or hell; they are distinct from the rest of Nature as
well as entitled, perhaps even required, to look after it as well as use it. As I wrote
above, managing ecosystem processes is clearly within our ability: humans have
been doing it for millennia. The problem is that we have often done it badly and
unintentionally. Thus, although we might look at present-day environmental prob-
lems in China and wonder what has happened to the Daoist ideal, I prefer the idea
that we are embedded in the ecosystem, and will sink or swim with the rest of
Nature, rather than the idea that a better world awaits us somewhere else.

I should not claim that there are clear-cut distinctions between the religious tra-
ditions. The relationship between Daoism and science is complex (Ronan and
Needham 1978). The Christian tradition has included St Francis of Assisi and the
romantic poet, Coleridge, who write the Rime of the Ancient Mariner in 1798.
These lines, taken from near the end, sum up his philosophy, which seems to place
humans on the same plane as the rest of creation:

He prayeth well, who loveth well
Both man and bird and beast.

He prayeth best, who loveth best
All things both great and small;
For the dear God who loveth us
He made and loveth all.

I like to think that if St Francis had had a microscope, he would have loved nema-
tode worms as much as birds, and, indeed, the whole of the magnificent “tree of
life” that is being revealed by nucleic acid sequencing studies. Whether or not one
accepts the theologies of Coleridge or the saint, the idea that we humans are made
of the same stuff as the rest of creation is one to cherish, I believe, both for its own
sake and because it may help prevent Homo sapiens from going extinct.

And that is as much of a sermon as I wish to offer in this chapter. Now to return
to more mundane considerations of how such an ethic can be turned into regulatory
and management practices.

1.10 The Water Framework Directive

As already mentioned, there are hints of an integrated approach to ecosystems in
earlier laws, but it is in the “Water Framework Directive”, or WFD that the
approach begins to be clearly visible. The WFD is formally entitled DIRECTIVE
2000/60/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL, of 23
October 2000, establishing a framework for Community action in the field of water
policy, and Article 1 states that:

The purpose of this Directive is to establish a framework for the protection of inland sur-
face waters, transitional waters, coastal waters and groundwater which:

(a) prevents further deterioration and protects and enhances the status of aquatic
ecosystems ...
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(c) aims at enhanced protection and improvement of the aquatic environment, inter alia,
through specific measures for the progressive reduction of discharges, emissions and losses
of priority substances and the cessation or phasing-out of discharges, emissions and losses
of the priority hazardous substances;.... and thereby contributes to:... the protection of
territorial and marine waters, and... achieving the objectives of relevant international
agreements, including those which aim to prevent and eliminate pollution of the marine
environment,... with the ultimate aim of achieving concentrations in the marine environ-
ment near background values for naturally occurring substances and close to zero for
man-made synthetic substances.

The first part that I have underlined refers to transitional waters (those substantially
influenced by river flow, hence, typically, estuaries) and coastal waters (extending at
least to 1 nautical mile from a coastal baseline, to 3 nautical miles in Scotland). These
are the waters relevant to marine aquaculture as considered in this chapter. In addi-
tion, however, the Directive’s protection of rivers, lakes, and their catchments, should
improve the quality of discharges to estuaries and coastal waters, and so improve the
background conditions here, to the advantage of aquaculture.

The third group of underlined words concerns the reduction of environmental
pollution. In this respect, the WFD may be seen simply as intensifying earlier leg-
islation, such as that of the UK’s COPA or the Dangerous Substances Directive; but
it goes beyond the use of experimental toxicology to set values for EQS. Notice the
distinction between the “man-made synthetic” substances, and “naturally occur-
ring” substances that are enhanced in wastes. The former are to be, ultimately,
excluded from seawater; the latter should not be allowed to exceed “background”
values by very much. The distinction can be made from the Indicative list of the
main pollutants provided in Annex VIII of the WFD:

Man-made synthetics: 1. Organohalogen compounds and substances which may form such
compounds in the aquatic environment. 2. Organophosphorous compounds. 3. Organotin
compounds. 4. Substances and preparations, or the breakdown products of such, which
have been proved to possess carcinogenic or mutagenic properties or properties which may
affect steroidogenic, thyroid, reproduction or other endocrine-related functions in or via
the aquatic environment. 5. Persistent hydrocarbons and persistent and bioaccumulable
organic toxic substances. 6. Cyanides. 7. Metals and their compounds. 8. Arsenic and its
compounds. 9. Biocides and plant protection products.

Naturally-occurring substances: 10. Materials in suspension. 11. Substances which con-
tribute to eutrophication (in particular, nitrates and phosphates). 12. Substances which
have an unfavourable influence on the oxygen balance (and can be measured using param-
eters such as BOD, COD, etc.).

Of course, it may be necessary to be a little more subtle than I have been. For exam-
ple, some copper compounds occur naturally in seawater, whereas others, such as
copper pyrithione, are synthetic.

The second underlining, referring to the status of aquatic ecosystems, highlights
the ecosystem approach. In fact, the WFD implements the approach in two main
ways: through the management of river basins (and their coastal waters) as a whole,
including the joint consideration of point and diffuse sources of nutrients; and
through the ecological component of quality status. Quality status is defined in
article 2 in the following terms:
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17. “Surface water status” is the general expression of the status of a body of surface
water, determined by the poorer of its ecological status and its chemical status.

18. “Good surface water status” means the status achieved by a surface water body when
both its ecological status and its chemical status are at least “good”

21. “Ecological status” is an expression of the quality of the structure and functioning of
aquatic ecosystems associated with surface waters, classified in accordance with Annex V.

24. “Good surface water chemical status” means the chemical status required to meet the
environmental objectives for surface waters established in Article 4(1)(a)....

As before I have underlined the key point and novelty: the focus on ecosystem
structure and function. Details are given in Annex V, which is the longest single
part of the Directive and (in my view) provides its beating heart. The Annex defines
ecological status as consisting of biological elements, physico-chemical elements
supporting the biological elements and hydromorphological elements supporting
the biological elements. The biological quality elements for transitional and coastal
waters are: phytoplankton;, macroalgae and angiosperms; benthic invertebrate
fauna; and fish fauna (in transitional waters only). Table 1.1 presents some general

Table 1.1 Some definitions of quality, from the Water Framework Directive: (a) Annex V section
1.2. Normative definitions of ecological status classifications: Table 1.2. General definition for
rivers, lakes, transitional waters and coastal waters

Status General definition

High There are no, or only very minor, anthropogenic alterations to the values of the
physico-chemical and hydromorphological quality elements for the surface
water body type from those normally associated with that type under undis-
turbed conditions. The values of the biological quality elements for the surface
water body reflect those normally associated with that type under undisturbed
conditions, and show no, or only very minor, evidence of distortion. These are
the type-specific conditions and communities.

Good The values of the biological quality elements for the surface water body type
show low levels of distortion resulting from human activity, but deviate only
slightly from those normally associated with the surface water body type
under undisturbed conditions.

Moderate The values of the biological quality elements for the surface water body type
deviate moderately from those normally associated with the surface water
body type under undisturbed conditions. The values show moderate signs of
distortion resulting from human activity and are significantly more disturbed
than under conditions of good status.

Poor Waters showing evidence of major alterations to the values of the biological quality
elements for the surface water body type and in which the relevant biological
communities deviate substantially from those normally associated with the sur-
face water body type under undisturbed conditions, shall be classified as poor.

Bad Waters showing evidence of severe alterations to the values of the biological qual-
ity elements for the surface water body type and in which large portions of the
relevant biological communities normally associated with the surface water
body type under undisturbed conditions are absent, shall be classified as bad.

The biological quality elements for transitional and coastal waters are: phytoplankton; macroalgae
and angiosperms; benthic invertebrate fauna; and fish fauna (in transitional waters only).
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Table 1.1 Some definitions of quality, from the Water Framework Directive, continued: (b) Annex V,
section 1.2.4. Example of standards for physico-chemical quality elements, in coastal waters

Specific synthetic Specific non-

Status General conditions pollutants synthetic pollutants
High The physico-chemical elements cor- Concentrations close ~ Concentrations

respond totally or nearly totally to to zero and at least remain within

undisturbed conditions. Nutrient below the limits the range

concentrations remain within the of detection of the normally asso-

range normally associated with most advanced ana- ciated with

undisturbed conditions. Temperature,  lytical techniques in  undisturbed

oxygen balance and transparency general use. conditions

do not show signs of anthropogenic (background

disturbance and remain within the levels...).

ranges normally associated with

undisturbed conditions.
Good Temperature, oxygenation conditions Concentrations not

and transparency do not reach levels in excess of the

outside the ranges established so as to standards set in

ensure the functioning of the ecosys- accordance with the

tem and the achievement of the values  procedure detailed in

specified above for the biological section 1.2.6[but not

quality elements. Nutrient concentra- required to be below

tions do not exceed the levels estab- background levels]

lished so as to ensure the functioning without prejudice to

of the ecosystem and the achievement ~ Directive 91/414/EC

of the values specified above for the and Directive 98/8/

biological quality elements. EC. (<EQS)

Moderate Conditions consistent with the achieve-
ment of the values specified... for the
biological quality elements [at mod-
erate status].

definitions of ecological and physico-chemical status. In essence, the ecological
status of a water body is high when its phytoplankton, seaweeds or seagrasses, and
benthos, all appear to be in a natural condition.

Figure 1.5 is a flow diagram to show how a regulator might apply the Directive.
The starting point is the definition of water bodies and the identification of the
type to which each belongs; then the present quality status of each water body
identified in relation to a “type-specific reference condition” as high (the same as
a water body in the reference condition), good (acceptable), moderate, poor, or
bad. 1f the status is worse than good, Programmes of Measures must be imple-
mented in order to improve the quality status, and monitoring programmes put in
place to check on this. The WFD is also an integrating framework, bringing
together provisions from earlier directives, including the UWWTD and the
Habitats Directive. Any special requirements of these directives are dealt with by
the concept of Protected Areas within which additional management might be
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Identify and type the water body

surveillance monitoring programme

(surface) water status - the poorer of: <4

if* good chemical status - measured by concentrations
water of pollutants - good if below EQS

status ecological status - measured by biological,
hydromorphological and physico-chemical
elements, compared with values under
type-specific reference conditions

high good

if: water status
NOT good

o

PROGRAMME OF MEASURES /
intended to improve status 1
operational monitoring programme

Iterative improvement procedure according to
the Water Framework Directive

Fig. 1.5 Flow diagram for the operation of the Water Framework Directive — showing the relation-
ship between the objective of maintaining good status, programmes of measures, and monitoring

needed. The timetable incorporated into the WFD requires one complete cycle of
evaluation and management to be completed by the end of 2015, and some of the
steps have already been carried out.

In Scotland, our (regional) parliament, which met in 1999 for the first time since
1707, used newly devolved powers to pass the Water Environment and Water
Services (Scotland) Act (2003), summarized as a law that, amongst other objectives,
make provision for protection of the water environment, including provision for
implementing European Parliament and Council Directive 2000/60/EC. This law
gives the Scottish Environment Protection Agency (SEPA) the responsibility of
drawing up the River Basin Management Plans required by the Directive to report
pressures on water bodies, the existing quality status, protected areas, monitoring
plans, and programmes of measures. Local authorities, analogous to municipalities
or counties in other parts of Europe, must liaise with SEPA and take account of the
WEFD, and of programmes of measures, when giving permission for new building
works. It is expected that some of the management measures will result from con-
sent, because the WFD explicitly requires “stakeholder involvement”, and that
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some will be enforced by SEPA using its “consent to discharge” powers under
COPA, strengthened and modified in the Water Environment (Controlled
Activities) (Scotland) Regulations 2005 which provide for registration and licensing
of discharges.

1.11 The WFD and Aquaculture in Loch Creran

In this section I am going to use Loch Creran as an example of how the WFD might
come to bear on aquaculture. Some of my account is factual, and draws on material
published by SEPA concerning its implementation of the WFD in Scotland. Some,
however, must be conjectural, both because River Basin Management Plans are not
due for publication until 2009, and because the Creran river basin, including the
loch and adjacent coastal water, is only one of many such basins on the west coast
of Scotland, and detailed plans by water body are initially only available for the
“protected areas” within each. Nevertheless, I will roughly stick to the format set
out for plans in WFD Annex VII, and will include: (i) a description and typing,
including identification of reference conditions; (ii) a summary of significant pres-
sures and impacts; (iii) a list of protected areas; (iv) a description of monitoring
networks; (v) a list of specific environmental objectives; and, (vi) a summary of the
“programmes of measures” required to achieve these objectives. All, of course,
with the focus on aquaculture.

The first step in the application of the WFD in Scotland was the identification in
2003 of River Basin Districts, defined in the Directive as: the area of land and sea,
made up of one or more neighbouring river basins together with their associated
groundwaters and coastal waters, which is... the main unit for management of river
basins. Most waters in Scotland, including loch Creran, fall into a single “Scotland”
RBD. In contrast with many parts of continental Europe, where RBDs correspond
to the catchments and coastal waters of single large rivers, the Scotland RBD
includes many rivers, especially on the west coast, where rainfall is heavy and short
steep rivers discharge into sea-lochs. Hence the Creran river basin and associated
coastal water is but a small part of the Scotland RBD, and receives no specific
description in the account so far published of the environmental features of the
Scotland district. So the reader can turn to the description of loch Creran earlier in
this chapter.

Completion of part (i) requires identification of the type of water body exempli-
fied by loch Creran, so that reference conditions can be specified. Annex II of the
Directive sets out the principles for two (alternative) typologies, and the UK, in
collaboration with the ROI, has implemented these principles as a set of types for
the coastal and transitional waters around our islands (UKTAG 2003). Creran can
thus be identified as a coastal water of type 12, a “deep sea-loch” in the “Atlantic
Ocean” ecoregion of Annex XI of the WFD. It is a coastal water because its depth-
and time- averaged salinity is above 30 and hence close to that of seawater (in con-
trast to transitional waters, in which the mean salinity is less than 30), and a “deep
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fjord” because its greatest depth exceeds 30m. The adjacent loch Etive, receiving
much more freshwater, has been identified as a ‘transitional sea-loch’ (transitional
water type 5). Although there are some sea trout farms in Etive, the low mean and
strongly fluctuating salinities make it less good for farming the salmon than the
higher mean salinity of the coastal water fjords. In contrast, Etive has a good repu-
tation for mussels, because the intermittently low salinities reduce fouling.

Table 1.2 illustrates the UK/ROI typology for the three fjordic types found in
Scotland, and gives details both of the physical conditions that define the type,
(UKTAG 2003) and of the proposed reference conditions (UKTAG 2004).

Protected areas in Creran include the serpulid reefs which are a SAC, and the
Shellfish Growing Waters that occupy the main basin of the loch. SEPA’s published
description of the shellfish waters (SEPA 2004) gives the following for “land use
and potential diffuse pollution sources”:

The predominant land use is coniferous forestry but there is some extensive livestock agri-
culture on the north and far western shores. The main freshwater inflow is the River
Creran, draining both forest and moorland. Loch Creran is remote from centres of popula-
tion and is popular with visitors, particularly in the summer months.

Point-source discharges include those from about 50 private houses, and the con-
sented, major discharges from a fish farm and a fish processing factory. Laurent et al.
(2006) used a mathematical model to show that the nutrients from the fish farm
could make a significant contribution during summer, when the concentrations in
the inflow from the Firth of Lorne are low. Nickell et al. (2003) found high organic
loading and oxygen demand immediately beneath the farm, falling off rapidly at
60m distance and returning to normal background levels for shallow coastal waters
at 2km from the farm. Only in the sediment immediately beneath the farm was the
benthic community composition grossly perturbed.

Creran’s waters are monitored for shellfish purposes from two sites, one near the
mouth and one near the head of the main basin. In addition the river Creran is
sometimes sampled for nutrients above its discharge into the upper basin: concen-
trations are typically low, as might be expected in runoff from granitic rocks and
unimproved acidic grassland.

SEPA (2004) reports that:

In 2002, all samples from both monitoring sites met all shellfish waters imperative and
guideline environmental quality standards. Biannual sampling is continuing for metals and
organochlorines in waters along with monthly sampling for T, Sal, DO and pH at South
Creagan and North Shian. Mussels will be sampled annually for organohalogens and met-
als at North Shian. This site will also be monitored quarterly for faecal coliforms in mus-
sels and in addition, collection of mussels for TBT and PAH analysis will begin in 2004 as
part of a SEPA Environmental Improvement Plan.... SEPA will continue to pursue a policy
of no new discharges of sewage effluent to designated waters, to avoid incremental increase
in microbiological loading. In the event that discharges to the designated waters cannot be
avoided, they will be subject to appropriate treatment to ensure compliance with the
[Shellfish Waters] Directive’s standards.... All farms in catchment area will be inspected
according to the Scottish Executive’s... Plan to reduce point source farm discharges into
inland and coastal waters. SEPA intend to initiate an Environmental Improvement Plan of
agricultural inspections and improvement requirements, designed to reduce diffuse
pollution.
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Much of the substance of these plans will no doubt become part of the “programme
of measures” and the sampling networks required to monitor their effect. However,
there is not much here relevant to the impact of the salmon farm on Creran, and so
I must make an informed guess as to what the “environmental objectives” set for
the loch will be. Although there are likely to be some changes in SEPA’s regulation
of benthic AZEs, I am assuming that changes brought about by the implementation
of the WFD will increase emphasis on the phytoplankton biological quality ele-
ment. The “reference condition” for this element in the CW12 type was given in
Table 1.1, and Table 1.3 shows how Annex V of the WFD distinguishes the top
three quality states of this element for coastal waters.

The main concern here appears to be that nutrient enrichment will lead to signs
of eutrophication such as disturbance to the balance of organisms, increased phyto-
plankton biomass and bloom frequency, and decreased water transparency.
Although the definition of “moderate status” does not mention the “undesirable
disturbance” that is diagnostic of eutrophication, even moderate disturbances will
require remediation, and the resulting “measures” may include more severe con-
straints on fish-farming if it can be shown to be contributing substantially to nutri-
ent loads.

In the case of loch Creran we have an unexpected finding. When my research
student, Céline Laurent, began to sample Creran in 2003, we had expected, on the
basis of a simple mathematical model, that there would be a small increase in

Table 1.3 Definitions of high, good and moderate phytoplankton biological quality in coastal
waters, from the WFD Annex V

High status Good status Moderate status

The composition and abun- The composition and abun- The composition and abun-
dance of phytoplanktonic dance of phytoplanktonic dance of planktonic taxa
taxa are consistent with taxa show slight signs of show signs of moderate
undisturbed conditions. disturbance. disturbance.

The average phytoplankton There are slight changes in Algal biomass is substantially
biomass is consistent with biomass compared to type- outside the range associ-
the type-specific physico- specific conditions. Such ated with type-specific
chemical conditions and is changes do not indicate any conditions, and is such as to
not such as to significantly accelerated growth of algae impact upon other biologi-
alter the type-specific trans-  resulting in undesirable cal quality elements.
parency conditions. disturbance to the balance

of organisms present in the
water body or to the quality

of the water.

Planktonic blooms occur at A slight increase in the fre- A moderate increase in the
a frequency and intensity quency and intensity of the frequency and intensity of
which is consistent with the  type-specific planktonic planktonic blooms may
type specific physicochemi-  blooms may occur. occur. Persistent blooms
cal conditions. may occur during summer
months.

Quoted from the Water Framework Directive, Annex V, Table. I have underlined the sentence that
refers to the definition of eutrophication.
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amount of phytoplankton compared with the period 1970-1976, because of the
additional nutrient input by the salmon farm now present in the loch. Instead, we
found a decrease in average concentrations of chlorophyll (Laurent et al. 2006).
The cause of this has yet to be explained. Are farmed mussels eating more phyto-
plankton? Is the loch chemically polluted by antifouling compounds? Are new
chemicals in use on land surrounding the loch? Have its waters become more tur-
bid? The WFD calls for investigative monitoring where:

surveillance monitoring indicates that the objectives set out in Article 4 for a body of water

are not likely to be achieved and operational monitoring has not already been established,

in order to ascertain the causes of a water body or water bodies failing to achieve the
environmental objectives.

However, since the emphasis by the WFD, as shown in Table 1.3, is on accelerated
growth of algae, it is not clear that there is a failure to achieve the Directive’s objec-
tives. The question may turn on whether there has been an undesirable disturbance
to the balance of organisms, which takes us to the topic of ecosystem health.

1.12 Ecosystem Health

The WFED’s type specific reference conditions can be interpreted to imply that there
is, or was, an ideal, “natural”, or “pristine” state, and that any change from this state
is a deterioration. But there is a practical problem in identifying reference condi-
tions, given that high status corresponds to a state in which

no, or only very minor, anthropogenic alterations to the values of the physico-chemical and
hydromorphological quality elements... from those normally associated with that type
under undisturbed conditions. The values of the biological quality elements... reflect those
normally associated with that type under undisturbed conditions, and show no, or only
very minor, evidence of distortion.

The practical problem is that there are few sites in Europe that are completely free
of such disturbance and there is, indeed, some uncertainty about separating devel-
oping human influence from natural changes since the ending of the last glaciation.
Given that it is unfeasible to seek completely pristine conditions, a realistic aim
might be to describe the way things might have been before the industrial revolu-
tion in the 19th century. This is exemplified by a modeling study of nutrient dis-
charge from the river Seine, and its effects on the trophic status of the Seine estuary
(Cugier et al. 2005).

I think of this interpretation of WFD as seeking a return to a past Eden or golden
age, or at least a tolerable approximation thereto. But we live in the here and now,
and it may be better to seek a definition of reference conditions that takes account
of this. So let us consider the alternative idea that the ideal state for an ecosystem
is that of good health, irrespective of whether this state is natural or the result of
human management. According to Costanza (1992), a healthy ecosystem, like a
healthy human body, is a system that functions well and is able to resist or recover
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from disturbance. Ecosystems, which have the emergent property of homeostasis,
are most healthy when their self-regulatory ability is fully functioning, and ecolo-
gists argue that this requires an appropriate balance of organisms performing dif-
ferent functions within the ecosystem. When the balance is disturbed to the extent
that the ecosystem is no longer able to self-regulate properly, and is in danger of
collapse or becoming something else, then it is unhealthy. This view envisages an
internal rather than an external reference for good status. An unhealthy ecosystem
is quite obviously not good for the organisms that form part of it, nor for sustainable
human use, and it is clearly undesirable for humans to bring about such distur-
bances to the balance of organisms.

Mageau et al. (1995) propose that ecosystem health has quantifiable components
of vigour, organization, resistance to disturbance, and resilience. Tett et al. (2007)
explore ways in which these components might be monitored in marine ecosys-
tems, focusing on the relationship between organization and vigour that is shown
diagrammatically in Fig. 1.6. The terms can be illustrated by considering the impact
of fish farm organic waste on the benthic community underneath a salmon farm at
the start of a 2-year cycle.

Initially the benthic community contains a mixture of species and the full range
of “guilds” of functional types, such as burrowers and filter feeders. The first result
of extra organic input is that existing animals are better fed, and so grow and multi-
ply better. Initially, then, the vigour of the community, as measured by the flow of
energy through it, increases. As extra organic matter continues to arrive, however,
the burrows of animals that pump aerating water through the sediment become
blocked, and these animals either die or move away. Oxygen levels within sediment
pore water begin to decrease, creating conditions in which fewer species of animals
can survive: those which do survive, typically small, specialized worms, have
plenty of food and grow numerous. Under very high levels of organic input, all ani-
mal life is impossible, and bacteria capable of surviving in oxygen free conditions
multiply, consuming all available oxygen and then turning to other compounds that
they can use to oxidize organic matter. They may, for example, use the sulphate ions
in seawater for this purpose, excreting either sulphur (which makes a white layer
on the seabed) or the gas, hydrogen sulphide, which is poisonous to most multicel-
lular animals including fish and humans. There may be a high flow of energy
through the seabed, but little of it is put to good purpose within the ecosystem — at
least, judged from the standpoint of multicellular animals, so that vigour is much
decreased. Certainly organization, measured by the taxonomic and functional vari-
ety of the benthos, has much decreased.

The resistance of the benthic community to the pressure of increased organic
input is shown by the community’s initial increase in vigour with load; it is when
the burrowers are overwhelmed that this resistance begins to be exceeded and
organization begins to decline markedly — a state of affairs captured by the cartoon
of the Pearson—Rosenberg paradigm in Fig. 1.3(a).

Now, let us assume that, as required by regulation in Scotland, the impacted
benthic zone is confined to a small Allowable Zone of Effect, and that after 2 years
the farm is moved to a new site. Experience has shown that the benthic community
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Fig. 1.6 Ecosystem health: changes with pressure. This complex diagram shows one variant of
the current ecological paradigm for the behaviour of ecosystems under pressure. It also attempts
to relate health to WFD quality. It is based, with modifications, on Tett et al. (2007). Read in the
direction shown by arrow A, the main curve shows the response of an oligotrophic (low-production)
ecosystem to increasing supply of organic matter, due either to additional inputs from outside,
or to nutrient-stimulated primary production. Small increases can add to the vigour and structure
of the ecosystem, but larger amounts tend to overwhelm assimilative capacity, so that harmful
effects become dominant and the ecosystem state collapses. This is, of course, bad, but a crucial
question is whether reducing the pressure leads to ecosystem recovery along curve B, or the per-
sistent change in ecosystem state shown by curve C. Ecosystem resistance denotes the system’s
self-regulatory property (a function of health) that maintains structure. The diagram uses the term
polutrophic (from the classical Greek for “excess nourishment”) for the state which is often called
eutrophic in contradiction of that word’s etymology (from classical Greek for “good feeding”).
The WFD would identify the zero-pressure (reference) state as high, and what is here called opti-
mal (because it contains maximum biomass, structure and biodiversity) as, at best, good. If the
ecological theory shown here is correct, the line separating good from moderate should be drawn
at the point where the ecosystem approaches the edge of the “cliff”, after which (from A onwards)
its state decays rapidly as pressure increases

recovers rapidly — that is, it shows a high level of resilience — because the AZE is
surrounded by plenty of healthy benthos to reseed the impacted area with larvae
and migration within the sediment. So, on a zone A scale, disturbance to benthic
health is of little serious concern so long as confined to one or a few AZEs which
comprise only a small fraction of the seabed of a water body such as a sea-loch. But
what could happen on the zone B scale?
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Suppose that the whole of a sea-loch was given over to mussel farming, so that
mussels took by far the largest share of the available primary production and their
pseudo-faeces began to buildup a loose layer of mainly inorganic particles on and
near the sea bed. Under such conditions the loch would become a “sink™ for phyto-
plankton, consuming more than it produced, and the depletion of food, and benthic
changes, might mean that the biomass of plankton and benthos decreased and that
some species were eliminated. The increase in turbidity due to the resuspended
matter might prevent seaweeds from growing where the sea bed was below the
low tide mark. Or, suppose the amount of salmon farmed in Creran was greatly
increased, so that nutrient enrichment caused eutrophication, with many algal
blooms and increased downwards flow of organic matter, causing many locally
impacted areas on the seabed, and depletion of oxygen in the deeper parts of the
loch. Again, the effect might be to degrade the structure of the benthic community
and suppress the natural extent of seaweed primary production. In all these cases
the loch’s ecosystem would have suffered an undesirable disturbance that can be
described in terms of the ecosystem’s resistance being overwhelmed, so that eco-
system state plunges over the “cliff” in Fig. 1.6, bringing about a state of ill health
in which self-regulation is poor.

In such a state there would be little resilience within the loch’s ecosystem to
bring about recovery if mariculture was removed. However, this hypothetically
impacted water body is, fortunately, part of a larger world, and it is reasonable to
assume that the import of plankton, seaweed spores, and the pelagic larvae of ben-
thic animals, would eventually restore the ecosystem. Nevertheless, we know little
about the processes of ecosystem reassembly, and it is possible that the resulting
system would be unlike that which was made unwell. Nor do we know how long it
would take to restore a zone B ecosystem: very likely, much longer than the 1-2
years required to restore an impacted AZE beneath a fish cage. And finally, as the
reader may already have spotted, pressures on zone C scales that lead to a weaken-
ing of the health of ecosystems over large parts of coastal seas, will damage the
recovery prospects for any zone B scale waterbody for which the zone C scale
ought to offer the reseeding potential.

1.13 Phytoplankton Community Index

Ecosystem vigour is easy to understand: it refers to the intensity of life, including
its production and consumption of organic matter, its turnover of nutrient elements,
and its ability to restore a good state after local disturbance. Organization is more
complicated. If we were dealing with a coral reef, its organization would include the
physical structure of the reef, together with the diversity of the organisms living
there and there food web interrelationships. A similar account could be written for the
benthic community, as shown in Fig. 3(a) where increasing organic loading results
in organizational degradation. But what about the plankton? Plankters are passive
riders on water motion, and their population abundances can change rapidly.



36 P. Tett

Can the plankton be said to have organization? This section attempts to answer that
question for the phytoplankton, by introducing a monitoring tool called the
Phytoplankton Community Index, or PCI.

An ecosystem is made up of many parts: in the case of loch Creran, of water,
mud, dissolved substances and populations of many species of animals, algae and
bacteria. These components are continuously changing: water is exchanged with
the sea, benthic animals reproduce, seeding the water with planktonic larvae; the
balance amongst the populations of species of phytoplankters changes with the
season. So, like humans whose every atom is said to be replaced every seven years,
ecosystems remain identifiable while subject to flux. There is a way to describe the
essence of such changing systems in terms of state variables. In the case of Creran,
these variables might include the volume and salinity of water in the loch, the con-
centrations of nutrients and oxygen in the water, and the abundance of species of
benthic animals and of phytoplankton. System theory states that a system is in the
same state whenever all state variables have the same value. This may seem obvi-
ous, or perhaps even tautologous, but it allows us to find ways of describing eco-
systems so as to discover whether they are indeed in the same state, which is a
precursor to deducing whether the state is “good” (from the perspective of the
WEFD), or “healthy”, or whether it has changed in a way that would be regarded as
an “impact” (from the standpoint of the DPSIR terminology). Now let us zoom in
to consider phytoplankton alone (but as a component of an ecosystem).

What state variables can we define to capture the essence of phytoplankton in
ecosystems? Ecologists have for a long time been interested in species diversity and
questions about number of species and the relative abundance of each species (Tett
and Barton 1995). However, the list of species of phytoplankters in a typical water
sample may be as long as several hundred, and in most cases we know little about
what particular species “do” in the pelagic ecosystem. An alternative is to consider
that there are a number of functional rdles to be played by pelagic photosynthesiz-
ers and that all these roles must be properly played for proper functioning (and
hence health) of the ecosystem. The functions include the cycling of nutrients,
and this suggests that there is a distinction between the glassy-walled diatoms, which
use and cycle silicon as well as nitrogen and phosphorus, and most other phytoplank-
ters, which do not use silica. Another distinction might be between small phy-
toplankters, which are suitable food for pelagic protozoa, and larger phytoplankters,
which offer a tasty mouthful for copepods and pelagic crustaceans. To cut a potentially
long story (Tett et al. 2003b) short, we may view the phytoplankton as being made
up of populations of a handful, or double handful, of life forms, and a healthy
“balance of organisms” being a balance of these life forms able to carry out all the
functions that the ecosystem requires of the phytoplankton, and without which it
will degrade into an unhealthy state.

This is not the place to list life forms. Indeed, we probably do not know enough
about phytoplankton ecology to make a single undisputed list. For the sake of illus-
tration, let us take just two life forms: pelagic diatoms (PD, so called to distinguish
them from the thick-walled diatoms that normally grow on the seabed but which
can be lifted into the phytoplankton by turbulence); and medium-sized autotrophic
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dinoflagellates (MAD, a name that emphasizes the need to distinguish photosyn-
thesizing dinoflagellates from their relatives that live by eating other micro-organisms,
and which excludes certain large-bodied dinoflagellates characteristic of summer
in deep, temperature-layered, waters). Sampling loch Creran at a particular time,
counting the phytoplankters in these samples using a microscope, and assigning the
relevant counts to these life forms, gives a pair of values: an abundance of the PD
and an abundance of the MAD. Next, draw a pair of axes: one for the abundance
of the PD and another, at right-angles, for the abundance of the MAD. (For reasons
of statistical methods, we actually use the logarithm of abundance.) Onto the result-
ing Cartesian co-ordinate system, plot the point specified by the abundances of PD
and MAD on the date of sampling. It is this point that defines the state of the
ecosystem — or at least of its phytoplankton components — on that day.

This, however, is not enough. It is a characteristic of phytoplankton in temperate
seas that the absolute and relative abundance of phytoplankter life forms changes
with the seasons, and we must take account of this. So we continue to take samples
from Creran and to plot additional points until we have several years worth of data
displayed on the PD-MAD axes Now we can see that a graph linking the points
makes loops on the “PD-MAD” surface, and we can define the “state” of the loch
Creran ecosystem as being the area on the PD-MAD diagram that is occupied by
all these points. I have made such a diagram in Fig. 1.7, using data obtained from
1979, 1980 and 1981. If we assume that the loch was in a natural and healthy state
during these years, and if Creran is typical of its WFD coastal water type, we can
argue that this diagram defines a “type-specific reference condition” for the balance
of organisms in the phytoplankton. This is the approach taken by the PCI-LF: a
“state-space” diagram of this sort is made for a reference condition; an envelope is
drawn about this reference condition; and the PCI value is measured by plotting
new data onto the same diagram and counting the proportion of new points that fall
outside the reference condition envelope (Tett 20006).

We are in course of doing this with more recent data from loch Creran, and some
early results are shown in part (d) of the diagram. What is to be expected in a case
when a fish farm added sufficient nutrients to disturb the balance of organisms?
Because the nutrients would be compounds of nitrogen and phosphorus, but not
silicon, they would favor dinoflagellates rather than diatoms; and hence new points
should be found more towards the top (the MAD axis) than the right-hand side (the
PD axis) of the diagram. This is to some extent what we seem to be finding,
although it also seems that diatom abundance has decreased. That decrease might
be the proximate cause of the decrease of chlorophyll in loch Creran that was men-
tioned previously.

I have taken this detour into details of how to assess change in phytoplankton in
order to penetrate a little deeper into some of the theory underlying the “ecosystem
approach” and to show how such theory may contribute to the practical matter of
assessing ecological quality. There are two ways in which a PCI might be used. If
it is to be used to quantify the health of the phytoplankton, ecologists need better
knowledge of the relationship between organization and vigour in pelagic commu-
nities. To be more concrete, which parts of the PD-MAD surface represent a healthy
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Fig. 1.7 Evaluation of a Phytoplankton Community Index illustrated with data from loch Creran.
Part (a) shows the seasonal cycle of pelagic diatoms (PD), illustrated by the common species
Skeletonema costatum, and was obtained by plotting abundances in all phytoplankton samples
taken in the loch during 1979, 1980 and 1981. The vertical scale is logarithmic, in order to show,
clearly, the wide range in abundance. The horizontal scale gives days in the year, with day 1 being
Ist January. The data from 1979-1981 is plotted as open circles; the small set of filled circles
shows observations made during 2006. Part (b) shows a similar graph for the medium-sized
autotrophic dinoflagellates (MAD), illustrated by drawings of a typical species of the genera
Gonyaulax and Scrippsiella. In part (c) the 1979-1981 data from (a) and (b) have been plotted
onto a surface whose axes are the abundances of the PD and the MAD, and an envelope has been
drawn around the points to define reference conditions. In part (d) the envelope has been redrawn,
and points from 2006 plotted onto the surface. The PCI is the proportion of new points that remain
inside the reference envelope



1 Fish Farm Wastes in the Ecosystem 39

state and which do not? In the absence of adequate knowledge, the WFD Annex V
assessment strategy serves to provide an empirical appraisal of change away from
a reference state which is by definition healthy. If a sufficiently large proportion of
points fall outside the reference envelope, then the PCI can be used to indicate a
change in quality from high or good to moderate or worse. This is the second use,
but even it needs agreement about critical values of the PCI — at the good/moderate
boundary, above all.

1.14 Assimilative Capacity

Given regulation according to the WFD and the need to maintain ecosystem health
and sustainable human use, how many finfish or shellfish can be farmed within a
water body? The size of a sustainable aquaculture is said to be the carrying capacity
of the water body for the stock concerned; I approach it here from the alternative
perspective of the assimilative capacity of the water body for the wastes of — or,
more generally, the pressures generated by — fish-farming and other human activi-
ties. What, for example, is a water body’s ability to absorb anthropogenic DAIN
without significant adverse effect on the health of the ecosystem?

Figure 1.8 shows some of the principles involved in the estimation of assimila-
tive capacity. The horizontal axis represents increasing pressure from anthropo-
genic activity. This pressure could be quantified as the number of fish farms in a
water body or the number of humans who would produce waste equal to the total
input to the water body from all sources, but it is better to relate the waste input to
the receiving system. Thus, suitable indicators of pressure would be the annual rate of
organic matter arriving on each square metre of seabed in the AZE below a farm,
or the daily total of nutrients input to a zone B water body, divided by the volume of
the water that is replaced each day from the adjacent sea.

The vertical axis is something that measures impact on the ecosystem — that is,
the change in state from a reference condition as defined for the WFD or a decrease
in the health components organization and vigour. Examples of such benthic indi-
cators include the AZTI Marine Biotic Index (AMBI) (Borja et al. 2003) and the
Infaunal Trophic Index (ITI) (Word 1990). These assess the balance of the several
kinds of large benthic animal needed to maintain a healthy ecosystem in the mud.
Examples for the water column include the excess of chlorophyll concentration
over that in a reference condition, and the PCI described above.

There is a scale issue: the pressure variable on the x-axis and the impact variable
on the y-axis must relate to the same scale: A, B or C as defined previously. Given
that, the next part of the task is to find a relationship between the two axes, as
shown by the diagonal line in the diagram. A simple relationship might be that of
linear regression, so that y = a + b.x, where a and b are constants. As suggested by
the curve in Fig. 1.6, the true relationship in Fig. 1.8 is unlikely to be simple, but
this is not a problem so long as it can be expressed by a mathematical equation, or
by a table in which values of impact, y, can be looked up for values of pressure, x.
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Fig. 1.8 The estimation of assimilative capacity. Note that the impact indicators: “maximum
chlorophyll” and “oxygen deficiency” directly indicate impact; the AMBI, ITI and PCI are con-
structed so that their values are high for high ecological status, and thus, strictly, it is their inverse
that is an indicator of impact

The relationship can be gotten in two ways: by observing y for many values of x;
or by developing a mathematical model that predicts y from x. In either case, there
will be some uncertainty in any prediction of y, and this is shown by the grey area
that surrounds the relationship line.

Regulators need to set thresholds for the impact indicators, exemplified for the
water column and the zone B scale by the CSTT’s threshold of 10mg chlorophyll
m~ in summer. The greatest tolerable pressure is that which takes the y-axis varia-
ble up to, but not past, the threshold. This pressure is the assimilative capacity of
that particular water body for the waste responsible for the pressure, and it is a regu-
lator’s or planner’s task to consent discharges only up to this capacity, taking
account of any natural contributions towards it. It may also be a farm manager’s
task (as a condition of a consent to discharge) to ensure that the zone A pressures,
and the contribution to zone B scale pressures, are controlled so that the impacts do
not exceed those allowed.

Note that an impact threshold is not an EQS, which is explicitly defined by the
WED in terms of concentrations of pollutants. An impact threshold can, also, be
stated implicitly, by way of an Ecological Quality Objective or EcoQO, exempli-
fied for the zone A benthos by the Scottish regulator’s requirement that there must
be at least 2 taxa of Polychaeta worms alive within a fish-farm AZE. Painting et al.
(2005) consider the utility of several larger-scale EcoQOs intended to prevent
eutrophication.



1 Fish Farm Wastes in the Ecosystem 41

Account needs to be taken of the uncertainty in the y—x relationship. If the great-
est allowable pressure were read at the point on the x-axis of Fig. 1.8 where the
upper limit of the uncertainty crosses the impact threshold on the y-axis, the risk of
an undesirable impact would be minimized. This is giving the benefit of the doubt
to the ecosystem. Alternatively, the benefit could be given to the producers of waste
by using the lower limit to the uncertainty, which will maximize the tolerable pres-
sure. Or, the most probable y—x relationship (the thick dashed line) could be used,
ignoring the risk of some excessive impacts and denying fish-farmers (and other
waste producers) the benefit of some possible assimilative capacity. Carstensen
(2007) has discussed this topic in the context of identifying to which WFD quality
class a water body belongs.

Of course, wastes and pollutants enter ecosystems from many sources. In the
case of nutrients, the anthropogenic sources include diffuse agricultural inputs and
urban waste water discharges as well as aquaculture. Thus, the ability to estimate
the maximum safe loading from all these sources gives regulators the new task of
sharing a water body’s nutrient assimilative capacity amongst its human users —
some of whom have, historically, taken it as an inexhaustible gift of nature rather
than something that they might have to share or pay for.

1.15 Sustainability and the Ecosystem Approach
to Aquaculture

This chapter has mentioned the use of the terms Environmental Quality Standard
and Ecological Quality Objective. Initially, EQSs were made to prevent pollution
by harmful substances, and the term is used in the Water Framework Directive in
exactly this way. The concept of specific EcoQOs came later, and the term is not
always used explicitly: for example, the Water Framework Directive refers to gen-
eral “environmental objectives” in its main text and to “quality status” in Annex V.
Nevertheless, it is useful to see the statement of precise EcoQOs as a key device for
maintaining the status of components of ecosystem quality or health or to prevent
undesirable impacts. EQS’s and EcoQOs can be enforced only if each is associated
with an indicator than can be monitored. In the case of the highly toxic substances
which are dangerous at any level, the scheme set out in Fig. 1.8 can be bypassed:
the ecosystem has no assimilative capacity for these substances, and the Water
Framework Directive aims to stop their release into the aquatic environment. In all
other cases Fig. 1.8 summarizes the task facing aquacultural managers, regulators
and scientists.

The figure is an outcome from ECASA, a European Commission Framework 6
project, concerned with the Ecosystem Approach to Sustainable Aquaculture.
ECASA’s main product (Box 1.1) is a “virtual toolbox” giving details of the models
and indicators that can be used to apply the approach of the previous section. These
tools do not in themselves guarantee sustainable aquaculture, because this requires
economic efficiency and attention to the needs of local societies in addition to a
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Box 1.1 Models for assimilative capacity in the ECASA project

ECASA stands for Ecosystem Approach for Sustainable Aquaculture. The
project, which ran from December 2004 through November 2007, was part of
the European Community’s 6th framework program and funded by a contract
from the Fisheries Directorate-General of the Commission of the European
Communities. Its aims included:

Assessing the applicability (efficiency, cost effectiveness, robustness, practi-
cality, feasibility, accuracy, precision, etc) of selected indicators and developing
operational tools, e.g., models, establishing the functional relationship
between environment and aquaculture activities.

The models studied during ECASA include the following categories:

1. Models for the biology of a type of farmed organism, including mussels
and other shellfish, and salmon and sea bream. Some of these models can
be used for best management of the animals.

2. Zone A models for local impact of fish-farms, especially models able to
predict the pattern made on the sea-bed by sinking organic waste and its
effect on the sediment and benthos.

3. Zone B models for the water-body scale impact of finfish-farming, includ-
ing effects on chlorophyll, transparency and deep-water oxygen that are
associated with eutophication, together with basin-scale models for shell-
fish production.

Further details may be obtained from the ECASA web site at http://www.
ecasa.org.uk, and details about the models can be found in the ECASA “tool-
box”, at http://www.ecasa.org.uk/toolbox.

concern for ecosystem health, but they can help to manage sites for sustainability
by ensuring that conditions remain within the “safe” area in Fig. 1.8.

An indicator of sustainability is categorically different from indicators of pressures
and impacts. The latter are like thermometers: their readings help describe the
weather at a particular time, or show whether a human is well or sick from fever. A
sustainability indicator must take account of time and the overall state of the eco-
system. More precisely, if the symbol Y, refers to values of a particular impact indi-
cator, {Y,} means the set of all relevant impact indicators, and f{{Y}) specifies a
function of the values of each member of this set, such as the function that converts
monitoring results into a WFD water quality status value. Then a sustainability
indicator is df{{Y })/dt, and a generalized EcoQO for sustainability requires that:
d f({Y})/dt <0 for a given site, water body or regional sea.

To understand this, imagine a set of diagrams, similar to Fig. 1.8, for each of the
CSTT scales. To make things more concrete, let us consider the zone B scale water
body that is loch Creran. The known environmental pressures on this scale are from
nutrients, oxygen-demanding organic matter, and antifouling and anti-lice chemicals,
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mostly from several sources. For each, one or more a pressure-impact diagrams can
be drawn. Models, such as those examined during ECASA, can be used to guide
management of the pressures. Monitoring can be carried out to establish whether
impacts within Creran remain within the “safe” region in each pressure-impact dia-
gram. If they do, then human use of loch Creran is sustainable, and we can expect
to go on using it in the same way in future as we have in the past.

Of course, this judgement is not eternal. Changes such as those due to global
warming, for example, might increase or decrease the loch’s assimilative capacity.
In a warmer world, in which water can dissolve less oxygen, the oxygen demand of
decaying waste might be more critical than the nutrients released by that decay. So
the situation must be kept under review.

It is also possible that the ecosystem approach might be used not only to main-
tain the health of loch Creran but also to increase the efficiency with which humans
can take goods (such as mussels) and services (such as nutrient assimilation) from
it. Suppose, for example, that the critical pressure-impact diagram is the one that
relates eutrophication impact to nutrient loading. This could constrain finfish-farm-
ing by means of setting a limit to the amount of nutrients that the farm could put
into the water. In this case, farming shellfish or seaweeds in the loch might be a way
of removing some of these nutrients and hence effectively increasing the nutrient
assimilative capacity of Creran.

My other theme in this chapter has been the potential impact of the Water
Framework Directive on fish farming. The Directive aims to establish a framework
that protects and enhances the status of aquatic ecosystems, and that is — excepting
my reservation about the difference between ecosystem health and ecosystem
quality status — just what is needed to maintain health and ensure ecological sus-
tainability. How much difference will the WFD make to aquaculture? As in many
places in this chapter, I focus on Scotland, the only part of Europe where I am
familiar with law and regulatory practice as well as the ecological impact of fish-
farming. For Scotland there are two simple and apparently opposed answers: not
much; and, a lot.

First, the “not much change” answer. Because the WFD builds on and synthe-
sizes previous directives, and is implemented in Scotland using regulatory methods
that are already well developed, the changes in regulation are likely to be gradual
and, perhaps, will impact most on the most old-fashioned aspect — that of pollution
by synthetic compounds. In my view, fish farmers should expect in the long run to
do without these, which has implications for the management of fouling, sea-lice
and diseases. It probably means farming fish at lower densities in more highly dis-
persive environments. However, some fish farmers are already exploring this, and
those that do so are able to get a premium on their fish, both out of consumers’
concern for animal welfare and environmental health, and because (in my view)
fish thus farmed, taste better.

Second, the “big difference” answer. This is based on the argument that the
WEFD implements the ecosystem approach. If farmers and regulators become real
converts to the ecosystem approach, their world view will change. Farmers will go
from reluctantly conforming to AZE regulations to willingly embracing their part
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in maintaining ecosystem sustainability on the zone B scale, perhaps with collabo-
ration between finfish aquaculture (which adds nutrients) and shellfish aquaculture
(which benefits from increased amounts of phytoplankton). Whether such a change
can take place in the existing economic environment is a matter for other chapters
in this volume.
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Chapter 2
Monitoring of Environmental Impacts
of Marine Aquaculture
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Abstract Marine aquaculture is regulated and monitored through international
and national legislation that varies significantly between countries and regions
around the world. Research is still needed to improve the monitoring programmes, in
particular those related to the ecosystem approach at larger scales. Most monitor-
ing programmes include examination of the benthic environment and some also
of water quality, although impacts are difficult to detect due to rapid dilution. In
the Mediterranean benthic monitoring may include use of the seagrass Posidonia
oceanica, as this species is widespread and highly sensitive to aquaculture waste
products. This chapter provides details of two monitoring programmes: (1) salmon
farming in Norway and (2) sea bream/sea bass and tuna farming in Malta.

Keywords Ecosystem approach, Europe, case studies, Norway, Malta

2.1 Regulation and Monitoring of Marine Aquaculture

Marine aquaculture is a diverse production industry involving a variety of different
species, production methods and husbandry. In this chapter we will primarily focus
on finfish culturing and to some extent shellfish production. Environmental impacts
of finfish culturing are widely documented (Hargrave 2005) and include a broad
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range of impacts from aesthetic to direct pollution problems (Fig. 2.1, Pillay 2004).
Fish production can generate considerable amounts of dissolved effluents, which
potentially affect water quality in the vicinity of the farms, and due to rapid dilu-
tion, also at larger scales (km-scale). Due to the rapid dilution it has been difficult
to document the effects of dissolved nutrients in farm vicinities, in particular in
areas with relatively high nutrient concentrations such as in the Baltic Sea
(Christensen et al. 2000). Other studies of fishery landings in the Mediterranean
suggest that nutrients are rapidly transferred up the trophic chain enhancing second-
ary production (Machias et al. 2005), indicating that monitoring of nutrient losses
should be done at different scales. Due to rapid settling of feed and faecal pellets in
the vicinity of the farms, benthic impacts are much more widely documented
(Holmer et al. 2005; Kalantzi and Karakassis, 2006). This input of organic rich
material enhances the microbial processes in the sediments, often leading to anoxic
conditions (Holmer and Kristensen 1992). This may have major effects on the
benthic fauna and flora leading to lower fauna and flora densities under the cages or
even defaunated sediments (Delgado et al. 1997; Karakassis et al. 2002). Other envi-
ronmental impacts include release of chemicals, medicines and pesticides, which
are used for treatment of the fish and the farm installations. Interactions with wild
populations, spreading of disease and release of parasites from farms are also of
environmental concern.

The environmental impacts of marine aquaculture within the European Union are
regulated and managed, at a European level, through a variety of European
Commission (EC) Directives and International Conventions. There are currently eight
EC directives (Table 2.1) directly involved and an additional 50 + Directives,
Decisions and Regulations, which have an indirect effect (Read et al. 2001). In addi-
tion, three International Conventions on marine pollution cover EU coastal waters
(Table 2.2) and there are a further 30 + international agreements that have an indirect
effect on the monitoring and regulation of marine aquaculture (Read et al. 2001).
Within the European Union, the regulation of the aquaculture sector comes under the
remit of the Common Fisheries Policy (CFP). The CFP states that Member States
shall adopt provisions to comply with the objectives of regular monitoring of activi-
ties and technical controls. At EU level, environmental protection measures have been
established at three levels: (1) general policy; (2) specific measures; and (3) regula-
tions that control specific local conditions (Eleftheriou and Eleftheriou 2001).

The regulations controlling aquaculture vary between countries, but most coun-
tries use some form of Environmental Quality Objectives (EQOs) and Environmental
Quality Standards (EQSs) (Table 2.3). Only a few countries apply a carrying capac-
ity at the moment, but this has been suggested for future regulation within the
Integrated Coastal Zone Management (ICZM) approach (see below). Most coun-
tries have specific demands for the location of the farms to avoid situating these
near habitats of special interest (recreation, wild life, fishing zones) and near indus-
tries and sewage outfalls. Requirements on stocking density, feed type and sedi-
ment and water quality standards are also included in most regulations. A few
countries regulate the production based on discharges, e.g., N and P release per kg
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Table 2.1 European Commission directives related to management of marine aquaculture

Directive

Target

Dangerous substances directive
Quality of shellfish growing waters
directive

Shellfish directive

Environmental impact assessment
directive

Strategic environmental assessment
directive

Species and habitat directive
Wild birds directive

Reduce pollution by list II substances

Contribute to high quality of shellfish products through
protection or improvement of shellfish flesh and
shellfish waters

Classification of production areas on the basis of bacte-
riological criteria

Part of the application and licensing procedures for
development

Identification and assessment of environmental con-
sequences of aquaculture during preparation and
before adoption

Protection and conservation of natural habitats.

Protection and conservation of natural habitats

Water framework directive Development of catchment management plans for
implementation of integrated management. Operates

with assimilation capacity.

Table 2.2 International conventions which apply
to marine aquaculture operations

Conventions Area of cover
OSPAR Northeast Atlantic
Helsinki Baltic Sea
Barcelona Mediterranean Sea

fish produced or total release per farm per year, to encourage the producer to opti-
mize the feed efficiency, as for example is the case in Denmark. Regulations on
food standards (fish and shellfish products) may also apply such as maximum resi-
due limits for pesticides and other contaminants in fish or shellfish flesh. Most
countries require licenses for medicine and pesticide use, and in some countries,
use of pesticides is not allowed at all (e.g., Denmark).

Monitoring strategies of aquaculture vary between countries, dependent on the
regulatory control (Table 2.4). Self-monitoring applies in several countries, where
the fish farmer collects and submits the results to the authorities or is supported by
on-site Authority control at varying frequencies. Other countries have the monitor-
ing done solely by the authorities. In most cases, water quality and benthic condi-
tions are checked at regular intervals (2—12 times per year). Examples of European
monitoring programmes are presented in detail for the North-Atlantic (Norway)
and for the Mediterranean (Malta) below.

Most countries monitor the food quality of the products, in particular for shell
fish, where accumulations of biotoxins and microbes are sampled up to twice a
week during intensive production and periods of risks of contamination, e.g., during
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phytoplankton blooms. Finfish flesh is monitored for bacteria, chemical residues
and phytoplankton toxins once every year, or in some countries, every year before
marketing.

2.1.1 Research Support for Monitoring of Environmental
Impacts

There have been several papers, reports and other documents dealing with the
principles of monitoring and particularly so in the case of the monitoring of fish-
farming impacts. The report by GESAMP (1996) addressed this issue by describ-
ing possible scenarios of fish farm locations and suitable monitoring programmes.
Although the paper included a list of variables used for monitoring the ecological
effects of coastal aquaculture, the authors realised that the information provided
by some of these variables is of limited use in some situations. A comprehensive
series of studies on monitoring and regulation was also undertaken in the frame-
work of the MARAQUA project (The Monitoring and Regulation of Marine
Aquaculture in Europe). These studies resulted in a series of papers on the scien-
tific principles underlying the environmental monitoring of aquaculture (Fernandes
et al. 2001), on the control of chemicals (Costello et al. 2001), on the genetic
interactions between farmed and wild fish species (Youngson et al. 2001) and on
the use of hydrodynamic and benthic models for the management of aquaculture
impacts (Henderson et al. 2001). However, research on aquaculture-environment
interactions has progressed remarkably during the last 5 years, particularly in the
framework of EU-funded projects, which have provided useful information for
the understanding of various ecosystem processes affected by the presence and
operation of fish farms.

The effects of aquaculture on marine benthos, particularly on macrofauna, have
been known for long (Gowen and Bradbury 1987), and in general, they seem to
follow the pattern described by Pearson and Rosenberg (1978) regarding the suc-
cession of macrofaunal organisms along the benthic enrichment gradient. However,
more than 40 articles in the scientific literature (review in Kalantzi and Karakassis
2006) have studied these affects using in total 120 biological and geochemical
variables, most of which were highly intercorrelated. A meta-analysis of the most
commonly used of those variables by Kalantzi and Karakassis (2006) showed that
their values are determined by a combination of distance from the farm with bot-
tom depth and/or latitude. Although the benthic effects are relatively easy to
detect, there are some concerns regarding the cost of the associated faunal analy-
sis, which becomes more and more difficult due to the rarity of experts in the tax-
onomy of benthic organisms (GESAMP 1996). A series of papers have addressed
this issue by studying the potential use of surrogates and their effect on data qual-
ity. Karakassis et al. (2002) have used sediment profiling imagery (SPI) as a means
for monitoring the effects of fish farms on silty bottoms and found that SPI can
provide very reliable information on the state of the benthic environment. The use
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of different levels of taxonomic resolution (Karakassis and Hatziyanni 2000) and
the use of various levels of taxonomic resolution, sieve mesh size and sample size
(Lampadariou et al. 2005) can also be used as a basis for cost-effective monitoring
protocols for the assessment of the state of the benthic environment in the vicinity
of fish farms.

An alternative method for monitoring the effects on the benthic environment
would be to focus on some geochemical variables that reflect the organic content
of the sediment, such as total organic carbon (TOC) or organic matter, usually
measured by means of the loss on ignition method (LOI) which provides straight-
forward results. Hyland et al. (2005) have shown that TOC can be used as an indica-
tor of the quality of the benthic environment since it can predict quite reliably
macrofaunal diversity. On the other hand, studies on the recovery process do not
show good relationships between TOC and the benthic fauna community, but
instead correlate with oxygen demand, indicating that it is the labile pool of TOC
controlling faunal distribution (Pereira et al. 2004). It is also worth noting that TOC
or LOI values in samples taken beneath fish farms could be misleading since their
concentrations at the surface layer could remain fairly constant although the depth of
the farm sediment measured through sediment profiles could change remarkably
with season (Karakassis et al. 1998). Also, pools in the surface layer may show
significant seasonal variation, as has been found in a Danish farm, where the TOC
pools in the surface layer correlated with the seasonal changes in fish production
(Holmer and Kristensen 1992). At larger spatial scales, the effects of fish farms on
macrofauna are rather negligible and particularly so in the case of coarse sediment
sites and, therefore, it could be expected that those effects are unlikely to disturb
other (remotely located) uses of the coastal zone. In both Norway and Canada
monitoring systems have been constructed with more detailed analysis of the sediments,
but based on relatively simple measuring techniques, which allow the fish farmer
himself to follow the benthic impacts at the farms (Hangen et al. 2001; Brooks and
Mahnken 2003), but in Norway the authorities require that the monitoring is per-
formed by an independent firm or institute. In Scotland, the authorities are imple-
menting benthic monitoring along with modelling, which strengthens the field
sampling (Cromey and Black 2005). If the sampling and models deviate, field con-
ditions are up for a more detailed examination. Monitoring in both Norway and
Scotland operates within different zones around the farms, where sites at increasing
distance from the farms are allowed different degrees of benthic impact (Ervik et al.
1997; Cromey and Black 2005).

The effects on water quality are probably those causing more concern regarding
the quality of the marine environment. It is well known that fish farms release large
quantities of dissolved nutrients in the ambient water, particularly nitrogen and
phosphorus (Holby and Hall 1991; Hall et al. 1992). Furthermore, these nutrients
are mainly released during the summer period when light availability is high and
therefore it could be expected that phytoplankton blooms are likely to occur in the
vicinity of fish farms. However, numerous studies (Pitta et al. 1999, 2006; La Rosa
et al. 2002; Soto and Norambuena 2004) have failed to detect significant changes
in chlorophyll a or particulate organic carbon (POC) in the water column in the
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vicinity of fish farms. This paradox could be attributed to the dispersive nature of
fish-farming sites, i.e., to the fact that phytoplankton cells do not stay long enough
to capitalize on nutrients (Gowen et al. 1983), or to experience rapid grazing by
zooplankton as suggested by Machias et al. (2005). Several studies have measured
significant diel changes of nutrient concentrations in the vicinity of fish farms in oligo-
trophic waters (Karakassis et al. 2001; Pitta et al. 2006), indicating that dispersion
is a very efficient mechanism at those sites. However, it has recently been shown
(Dalsgaard and Krause-Jensen 2006) that in sifu incubation of phytoplankton and
of Ulva sp. can be used as a relatively low-cost monitoring strategy to document the
distance from the farms where pelagic primary production is affected. This method
has the advantage that it is not affected by episodic events such as those affecting con-
centrations of nutrients and particulate material in the water column, whereas the
incubation period of the bioassays allows for estimates based on integration of the
water quality conditions over several days. It is worth noting that even though these
bioassays have been able to detect changes up to a distance of 200300 m from the
fish farms, the intensity of these effects decreases rapidly with distance. However,
when several farms are aggregated in a fish-farming zone producing thousands of
tonnes, it is reasonable to ask: what are the large scale effects of this aggregation
which should be detectable despite the nutrient dispersion? A recent survey in the
Mediterranean (Pitta et al. 2005) showed that most of the significant changes in
nutrients as well as chlorophyll a or PON were found at the deepest layer of the
water column below the thermocline, indicating that they are related to the reminer-
alization of benthic organic material.

Wild fish communities are also affected by aquaculture. Partly, this effect is
related to the attraction of some fish species to the floating structures (see
Chapter 3 this volume), but fish communities can also be affected at large spatial
scales (Machias et al. 2004, 2005, 2006; Giannoulaki et al. 2005) probably
because of the changes in primary productivity in the area and the rapid transfer
of nutrients up the food web. This effect has been documented in the
Mediterranean where oligotrophic conditions and the structure of planktonic
communities seem to favour this process. In this context it has been suggested
(Machias et al. 2005) that fish communities are probably a good indicator of the
increased material flux since they are long-lived organisms integrating processes
over longer time periods, and their predators are unlikely to respond promptly to
an increase in their biomass.

The effects of fish farms on seagrass meadows have been documented by
many recent papers (Delgado et al. 1997; Holmer et al. 2003; Marba et al. 2006;
Diaz-Almela et al. submit). In the recently finished EU-funded project MedVeg
(Effects of nutrient release from Mediterranean fish farms on benthic vegetation
in coastal ecosystems) four sites were monitored along the Mediterranean for
benthic fauna, sediment geochemistry, water quality and seagrass-related varia-
bles. The results showed that the distance of detectable effects varied greatly
among the variables used. In particular, seagrass mortality seemed to be the
indicator detected at greater distance than any of the others determined in this
project (Marba et al. 2006; Frederiksen et al. 2007; Diaz-Almela et al. submitted).
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This is not surprising since it is well known that, in particular, Posidonia oce-
anica is a very sensitive endemic species in the Mediterranean that has been
shown to suffer population reductions due to anthropogenic stress (Marba et al.
2005).

All the above indicate that there are many different ecological processes and
biotic communities affected by aquaculture. Some of these may be easily detected
and monitored, such as the effects on macrofauna, although these are usually con-
fined to a small area beneath and around fish farms. Others, such as water quality
and plankton dynamics, need new protocols for assessing the degree of change
imposed by aquaculture and further research to increase our understanding of the
related processes. Monitoring of fish communities seems to be a promising tool
for integrating the effects at larger spatial scales although there is need for defining
exact protocols, while taking account of fisheries and habitat heterogeneity. In the
Mediterranean and the tropics, the effects on seagrasses are probably the most
important since they are related to key ecological species with prime importance
for biodiversity. However, there is a need to study further these impacts and to
gather long term monitoring data in order to have a conclusive picture of the proc-
esses and the risks involved. In any case, it should be emphasized that each one of
these groups of variables indicates processes operating on different spatiotemporal
scales and therefore monitoring focusing only on one group can hardly be a proxy
for the entire health of the ecosystem.

2.2 Monitoring Environmental Impact from Norwegian
Aquaculture

2.2.1 Introduction

During the last 30 years, Norway has developed an aquaculture industry based on
production of marine fish, mainly Atlantic salmon (Salmo salar L). In 2005
580,000 metric tonnes of salmon and approximately 60,000 metric tonnes of other
fish species and shellfish were produced. Norwegian aquaculture facilities are
located along 2,000km of coastline with numerous fjords and archipelagos and a
temperature regime that is favourable for cultivation of cold-water species. More
than 1,800 sites are located in the fjords and archipelagos where they are protected
from the open sea but where water movement is sufficient to maintain production.
Initially, fish farm facilities were placed in shallow areas but today many sites are
located at a depth exceeding 100 m. Due to the natural conditions and a well-devel-
oped infrastructure, the coast is well suited for aquaculture. During the growth of
the aquaculture industry and in concert with the increase in production, a number
of environmental effects and problems have been encountered. Some of these have
been minimized or resolved whereas others have increased in importance and new
ones have emerged.
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2.2.2 Environmental Objectives for Norwegian Aquaculture

In 1993 the Norwegian authorities decided on environmental objectives for
Norwegian aquaculture, providing a national consensus (Anon. 1993). Defining the
objectives was a joint project between the authorities concerned with aquaculture in
Norway: the Directorate for Nature Management, the Directorate of Fisheries,
The Norwegian Pollution Control Authority, The Norwegian Board of Health, The
Norwegian Medicines Control Authority, and the Ministry of Agriculture Department
of Veterinary Services. The report outlined the political objectives that the govern-
ment and parliament had decided upon and which served as overriding objectives.
The Stortings propositions no. 32 and no. 36 stated: “The development of the
Norwegian aquaculture industry must be sustainable and based on respect for
nature’s thresholds of toleration.” The report also presented the international conven-
tions and treaties that Norway had agreed upon and which must be followed.

The environmental objectives for Norwegian aquaculture were divided into five
major areas: escapees, diseases, medicines, chemicals and organic waste and nutrients.
A description of each was provided and both short-term result goals and long-term
environmental objectives for each type of impact were set. The report was followed
by annual reports on the results achieved (e.g., Directorate for Nature Management
2000), and in 1997, the environmental objectives were reviewed (Directorate for
Nature Management 1997).

The environmental objectives and the annual reports presented an important
overview of the situation with regard to the environmental problem areas and pro-
vided a practical tool for following up on goals. These also made it possible to
include changes in problem areas as well as to redirect focus to emerging issues,
and have been used as guidelines for what should be monitored. However, they did
not describe how to monitor the various effects, how often monitoring should take
place, and which environmental quality standards (EQS) to use.

2.2.3 Environmental Impacts and Monitoring

A number of regulations, acts and laws administered by various ministries, directorates
and other authorities regulate the Norwegian aquaculture industry with regard to
licensing, production, food safety, disease control, the use of medicines and chemi-
cals, and environmental impact (Maroni 2000).

The escape of salmon from farms is considered a serious problem since farmed
fish may interact with wild salmon. To minimise the escape of fish from farms, a
risk assessment must be carried out at each farm and all farms must comply with a
standard for technical specifications (Anon. 2003). In the case of an escape event
or suspicion of escape, the Directorate of Fisheries must be notified and recapture
of escaped fish in a radius of 500m from the farm initiated as stated in the
Aquaculture Operation Regulations (Anon. 2004).
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Diseases and ectoparasites have been a problem in the fish-farming industry
since the beginning. Many of the major infectious diseases have however been
combated by vaccination and improved hygiene, which has dramatically reduced
the usage of antibacterial agents. However, sea lice infestations have proved difficult
to overcome and the transfer of sea lice is still considered one of the major problems
in Norwegian mariculture. At all fish farms, sea lice must be counted at least every
second week when the water temperature exceeds 4°C and the results are reported
to the Norwegian Food Safety Authority. If the number of lice per fish exceeds the
threshold limits, the fish farmer is obliged to delouse at the farm (Anon. 2000).

All use of medicines is prescribed by a veterinarian and is registered by the
Norwegian Medicines Control Authority and the Fisheries Directorate. Antibacterial
agents, which were widely administered in the late 1980s, are presently only used
in low amounts mainly on broodstock and early life stages (1,215kg used in 2005,
The Norwegian Institute of Public Health). Traditionally, sea lice medicines have
been administered as bath treatments, first organophosphates and hydrogen peroxide
and later pyrethroids, but in-feed medicines are becoming more widely used. Chitin
synthesis inhibitors such as teflubenzuron and diflubenzuron were initially
employed on a trial basis, but have not been used since 2002 due to their potential
impact on non-target organisms. Instead, the use of avermectins has increased and
39kg were sold in 2005 (The Norwegian Institute of Public Health). At the present
there is no mandatory monitoring requirements for medicines and their residues in
the marine environment. However, the environmental authorities may require monitoring
with reference to The Pollution Control Act (Anon. 1981).

The most frequently used chemicals in Norwegian fish-farming are antifouling
compounds for the net pens. The most common is copper, although this compound
is meant to be phased out and of application should be significantly reduced before
2010 in accordance with the Declaration of The Hague of March 1990 (Anon.
1990). However, it has proven difficult to find a substitute, and there are still large
amounts of copper in use. As is the case for medicines, there is no mandatory monitoring
requirement for copper in the sediment but the environmental authorities may
require monitoring with reference to The Pollution Control Act (Anon. 1981).

According to the Environmental Objectives of Norwegian aquaculture, organic
wastes from fish farms must not result in unacceptable effects on the environment
locally or regionally and permitted threshold levels of impact must be determined
(Directorate for Nature Management 1997). Due to large variations in hydrographical
conditions and depth at fish farm sites, the amount of organic waste that settles on
the sediment will vary considerably. Furthermore, the size and the management of
the fish farm will also influence the sedimentation. The impact, such as changes in
sediment chemistry and in the benthic fauna community, will therefore also have a
large variability between sites.

Overloading of sites and accumulation of organic material in the form of waste
feed pellets and faeces can, besides the effects on the environment, be a cause of
stress, poor growth and disease in the farmed fish, with the associated spread of
infectious agents and need for medication. Organic material can therefore be influential
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for several types of environmental impact, even if the effect is greatest on the sedi-
ment under the cages.

2.2.3.1 Monitoring Benthic Impact

Parallel to the work of determining environmental objectives, a management sys-
tem was developed which mainly focused on monitoring and modelling the impact of
organic waste from fish farms. The system (MOM: Modelling — Ongrowing fish farms
— Monitoring) combines modelling of potential impact with monitoring benthic
impact and provides environmental quality standards (EQS, Ervik et al. 1997). The
amount of monitoring carried out depends on the extent of the environmental impact and
the EQS sets a limit for maximum allowable impact and makes it possible to dis-
tinguish between different impact levels. The monitoring programme of the MOM
system (Hansen et al. 2001) has been used to make a Norwegian standard:
“Environmental monitoring of marine fish farms NS-9410” (Norwegian Standards
Association 2000). Mandatory environmental monitoring is performed according to
NS-9410 as established in the Aquaculture Operation Regulations (Anon. 2004) and
the responsible authorities are the Fisheries Directorate and the County Governor’s
Department of Environment. The standard describes methods for measuring bottom
impacts from marine fish farms and gives detailed procedures on how environmental
impacts from individual fish farm sites shall be monitored and includes EQS. All
Norwegian standards are reviewed every 5 years and the Norwegian standard NS-
9410 is currently under review with a new version scheduled in 2007.

NS-9410 focuses on methods for determination of sediment conditions at and in
the vicinity of fish farms. Traditionally, monitoring of benthic impact at fish farm
sites has been faunal community analysis. This type of monitoring is maintained in
NS-9410, but mainly in the receiving water body, and at the site less time demanding
and expensive surveys are used. The scientific benefit of the more advanced faunal
community method was balanced against the advantage of a higher number of
samples and more frequent surveys. Furthermore, due to smaller sampling gear,
sediment samples can be retrieved from between net cages in compact net cage
groups. Threshold values for environmental impact are set such that fish farm sites
may be in use over a long period of time and aim to ensure favourable living conditions
for the farmed fish as well as to prevent unacceptable impact on the surrounding area.

Presently NS-9410 describes monitoring of organic waste but sampling for
medicines and chemicals in the sediment can conveniently be added.

2.2.3.2 NS-9410

The monitoring programme in NS-9410 includes three types of surveys (A, B and C
investigation). The A- and B-investigations survey the potential and actual impacts
on the sediment under and in the immediate vicinity of the fish farm. The C-investiga-
tion aims to obtain a picture of the impact on the receiving water body as a whole.
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Table 2.5 The relationship between degree of exploitation and level of monitoring. The more
severe the impact at the site, the higher the frequency of performing the A- and the B-investiga-
tions. Site condition 4 corresponds to overexploitation

Level of monitoring (frequency
of performing investigations)

Degree of exploitation/site condition A-investigation B-investigation

1 every 3 months every 2 years

2 every 2 months Annually

3 monthly every 6 months

4 (unacceptable) eventual extended B-investigation

Two terms are employed to adjust monitoring depending on the impact at the
site: the degree of exploitation and the level of monitoring. The degree of exploita-
tion is an expression of the amount of impact from the fish farm compared with the
holding capacity of the site. The site is overexploited if the holding capacity is
exceeded and the division between acceptable and unacceptable sedimentary condi-
tions is set as the highest level of accumulation within which burrowing bottom
fauna can survive in the sediment. The higher the degree of exploitation at a site,
the higher the level of monitoring that is required (Table 2.5).

The A-investigation consists of a simple measurement of sedimentation rate on
the sea floor under a fish farm, and can give information on high point-source load-
ing. The survey is easily done and is carried out by the fish-farmer himself. The
survey gives information on potential bottom loading and is particularly useful in
combination with the B-investigation. EQS are not used in the A-investigation.

The B-investigation comprises a simple trend monitoring of the bottom condi-
tions under a fish farm. Because the survey is repeated regularly, at intervals deter-
mined by the extent of the environmental impact, the development of the
environmental impact can be followed closely. At least ten grab samples are col-
lected at the site and both the average condition at the site and the conditions under
different parts of the fish farm are revealed. The B-investigation comprises three
groups of sediment parameters: (1) presence or absence of animals larger than
1 mm in the sediment, (2) pH and redox potential, and (3) qualitative determination
of outgassing, smell, consistency, colour of the sediment, grab volume and thick-
ness of the layer of deposits. All parameters are assigned points according to the
extent to which the sediment is affected by organic material. The points are added
and the higher the sum the more affected the sediment. Since many parameters are
used in concert, the survey is less sensitive to anomalies in individual parameters.
EQS have been established which divide the sediment condition into four catego-
ries equivalent to the four degrees of exploitation (Table 2.5).

The C-investigation is a survey of the bottom conditions at the fish farm and
outwards into the receiving water body. The main element is a survey of the bottom
faunal communities, carried out according to another Norwegian Standard: “Water
quality — Guidelines for quantitative investigations of sublittoral soft-bottom ben-
thic fauna in the marine environment NS-9423”, which describes guidelines for
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sampling and sample processing of macrofauna in soft sediments (Norwegian
Standards Association 1998). In addition, information is obtained on other parame-
ters that may be used to determine if organic material is of fish farm origin. The
pollution control authorities have defined threshold values for environmental qual-
ity of fjords and coastal waters (Molver et al. 1997), and these are applied to the
C-investigation in the receiving water body. However, specific threshold values are
provided in NS-9410 when the investigation is made close to the farm.

Both the B- and the C-investigations are carried out by private firms and
research institutions.

2.2.4 Models and Coastal Zone Planning

The use of models is not compulsory in environmental regulation of Norwegian
aquaculture, but models have been developed which may be helpful. In conjunction
with the development of the MOM monitoring programme, a model was made to
estimate the maximum production of fish that could be allowed at a site without
exceeding the holding capacity at the site (Stigebrandt et al. 2004). The model com-
prises four sub-models (a fish model, a water quality model, a dispersion model and
a benthic model) and is linked to a previously developed model on environmental
quality in fjords (Aure and Stigebrandt 1990). The sub-models can be altered indi-
vidually as new knowledge is acquired or as new management procedures or fish
species are introduced. The scope of the model system may also be expanded to
include other environmental effects of fish farming related to the use of chemicals
and medicines. The model was developed so it can be utilised by both environmental
administrators and fish farmers.

Additionally, a growth and advection model for pelagic sea lice copepods has
been developed (Asplin et al. 2004). The dispersion of sea lice in coastal waters and
fjords depends on the production of sea lice larvae, and thus is influenced by
farmed fish at various locations, and by the hydrography of the waters and currents,
which are in turn greatly influenced by the wind. The model is currently being
tested and so far the results of the model have compared well with observations in
a major fjord (Sognefjorden).

In the future, environmental impact is expected to gain increasing focus as the com-
petition for space and resources in the coastal zone grows. Sustainability and integration
with other coastal activities are therefore fundamental for the viability of the aquacul-
ture industry. In Norway, a system is under development that covers both the
planning and the operational phases of aquaculture, and which can ensure an efficient
use of areas available for aquaculture and can adjust the environmental impact of the
industry to the holding capacity of the area. Information on topography and hydrogra-
phy, as well as an overview of allocation of different uses and environmental status, will
be combined with simulation models to locate aquaculture activities and to adapt the
environmental impact to local and regional conditions. Monitoring will be an important
element, which will ensure that the holding capacity is not exceeded.
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2.3 Monitoring the Environmental Impacts
of Aquaculture in Malta

2.3.1 Introduction: Development of Aquaculture
Activities in Malta

Aquaculture on an industrial scale started in Malta around 1991, following initial
land- and sea-based experimental and pilot projects undertaken in the mid-1970s
and early 1980s. During the period 1991 to 2000, the activity mainly involved cul-
ture of sea bass (Dicentrarchus labrax) and sea bream (Sparus aurata) in offshore
cages located a few hundred metres or less from the shore. Production of these two
species increased steadily from around 100 tons in 1991 to 2000 tons in 1998
(Axiak et al. 1999). The offshore sea bass and sea bream farms, owned by some six
different operators (Schembri et al. 2002), were sited in eight localities, all of which
were relatively sheltered and supported extensive seagrass (Posidonia oceanica)
meadows. Water depth at the different fish farm sites ranged between 10m and
22m. On the other hand, land-based coastal aquaculture activities contributed only
2% (equivalent to an annual production of 50 tons of sea bream) to the total local
aquaculture production. However, the land based operations also included two
hatcheries for sea bream, one of which was located within the National Aquaculture
Centre and which at peak production was contributing up to 2.5 million sea bream
fry per year, most of which were exported to Europe (Axiak et al. 1999). In the late
1990s, strong competition from fish farms based on mainland Europe, and the high
operational costs incurred by local farms, particularly freight and levy charges
imposed on the exported product, led to a general decline in culture of sea bass and
sea bream, and the attention of some local fish farmers turned to the relatively new
and lucrative activity of tuna-farming (Schembri et al. 2002).

Tuna farming, also commonly referred to as “tuna penning”, is a relatively recent
but highly successful enterprise that was introduced to Europe in 1979 and adopted
on a large commercial scale in the 1990s. Tuna farming is classified as capture-based
aquaculture and differs from traditional aquaculture in that the farmed stock is
derived from catches taken from wild populations, while the captive tuna are fed
fresh fish (e.g., herring and mackerel) (Ottolenghi et al. 2004). In Europe, tuna pen-
ning has been (to date) restricted to the Mediterranean, where the main species
farmed is Thunnus thynnus, the Atlantic Bluefin Tuna. The intensity of tuna farming
has increased steadily in the Mediterranean over the last decade or so, reaching a
current total annual production of around 16,000 tons. However, information on the
influence of tuna farming on the marine environment, both outside and within
European coastal waters, is somewhat lacking and there is a dearth of published data
on the environmental impacts of the activity, while data on potential adverse effects
resulting from indirect activities, for example, the impacts of the baitfish fishery that
supplies the fresh feed for tuna, is unavailable. Moreover, in view of the large and
increased catch effort of tuna fishers to meet the farms’ demand, information on the
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potential adverse impact of tuna penning on wild stocks of Thunnus thynnus is
unavailable and this has placed the activity at the centre of much controversy and
debate, and harsh criticism has been levelled at it by national and international
environmental NGOs (e.g., the World Wide Fund for Nature; see WWF 2004).

The advent of tuna farming in Malta in 2000 raised concerns at the Malta
Environment and Planning Authority (MEPA — the local agency concerned with
environmental protection in Malta) and the public, mostly because of the potential
adverse impacts resulting from the large scale of operations of the projected tuna
farms. As a result, MEPA stipulated that tuna cages must be sited at least 1 km off-
shore, in waters having sufficiently strong water currents, and distant from benthic
habitats that have a high ecological value (e.g., seagrass meadows and maerl beds).
Furthermore, prior to granting tuna farm operators a development permit, MEPA
requested that appropriate surveys be carried out in offshore areas having the
required characteristics in order to determine the specific location of the cages. The
result was that all four tuna farms that started operations in the early 2000s were
sited in waters having a depth of around 50m, and had their cages located over a
“bare sand” habitat. When initiated locally in 2000, tuna farming had an annual
production of 300 tons that increased steadily to around 3000 tons in 2005, making
the country one of the largest current producers of farmed tuna in Europe. The three
farms that are currently operating are located off the northeastern coast of the island
of Malta (Fig. 2.2) at a distance of around 1 km from the shore, on a seabed consist-
ing mainly of bare soft sediment (muddy sand), and in waters characterised by
strong currents and having a depth of between 46 m and 55 m. Tuna penning activi-
ties usually start around July and extend to December/February, after which there
is a 4-6 month fallowing period.

Recently, the Fisheries Conservation and Control Division of the Ministry for
Rural Affairs and the Environment (responsible also for local aquaculture) lodged
an application with MEPA to designate an “Aquaculture Zone” located about 6 km
off the eastern coast of the island of Malta (Fig. 2.2). The zone covers an area of
some 9km? and is located in waters having depths of between 65 m and 105 m. The
aim is to locate future tuna penning installations in one offshore area that is distant
from land in order to minimise impacts on the coast and the shallow waters off it.
Following approval by MEPA, tuna penning operations within this zone started in
July 2006 in a sea area of 3km x 1.5km.

2.3.2 Environmental Monitoring of Sea Bass
and Sea Bream Farms

At around the same time that local aquaculture activities reached industrial produc-
tion levels, the central government set up a Planning Authority as the main regulatory
body for development, and this institution later merged with the then Environment
Protection Department and changed its name to the Malta Environment and Planning
Authority (MEPA) to become the local planning, development control and environmental
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Fig. 2.2 Map of the Maltese islands showing the location of the three currently operating tuna
farms (x) and the recently designated offshore aquaculture zone

protection agency. Since its establishment in 1992, MEPA, as its predecessors, was
granted the overall responsibility of processing aquaculture development proposals
and to oversee any required environmental monitoring of the activity. Consequently,
in 1994, the then Planning Authority issued a set of Policy and Design Guidelines for
Fish-farming (PDGF; see Planning Authority 1994). The “monitoring” chapter of the
guidelines required an environmental monitoring programme for each fish farm to
enable assessment of the impact of the activity on the environment. According to the
PDGEF, the environment monitoring programme should:

e measure changes, if any, in specific environmental attributes such as currents,
temperature, dissolved oxygen, and levels of nutrients and bacteria;

e monitor the state of benthic assemblages and habitats, and accumulation of
waste products in the vicinity of the farms;

e record material introduced in the environment by the fish farms (such as chemi-
cals and physical items forming part of the cage structures);

e record other inputs and impacts on the environment in the general area of the fish
farms, but which are not directly related to the fish-farming activities (e.g., dis-
charges from outfalls and other major sources of pollution, and fishing activities).

The guidelines also stated the specific physico-chemical and biological attributes to be
monitored, the frequency of data collection, and the number of sampling points, which
were to vary depending on the size and location of the respective fish farm (Table 2.6).
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Table 2.6 Details of specific attributes, sampling stations and frequency of the required envi-
ronmental monitoring programme for aquaculture activities in Malta, as required by the Malta
Environment and Planning Authority (source: Planning Authority, 1994)

Environmental attributes to be

monitored No of sampling stations Monitoring frequency
Currents (speed and direction) 1-2 stations at various depths Every 2 months
Water column: temperature; Several stations at various depths Every 2 months

salinity; dissolved oxygen;
turbidity; chlorophyll a;
nitrates; phosphates; ammo-
nia and total bacteria

Sediments: granulometric Several stations Every 6 months
properties; and organic
carbon and organic nitrogen

content
Benthos: benthic habitats and Mapping of all benthic Every 6 months
communities communities within the area

occupied by the cages and their
moorings, together with
collection of

samples at stations as necessary
to establish the species
composition of benthic
communities

To enable assessment of changes in the monitored environmental attributes after
initiation of the aquaculture activities, the guidelines required collection of baseline
data before the start of the operations, so that these may be used as a reference against
which to compare data collected during monitoring. Collection of baseline data
would form part of the Environment Impact Assessment (EIA) as a requirement for
the granting of a development permit. Furthermore, the guidelines specified that an
environmental monitoring report, including all raw data collected, should be presented
to MEPA and the Directorate of Veterinary Services. Submission of reports to the latter
agency would ensure that appropriate practices in relation to health management of
fish stock and product quality are in operation.

Environmental monitoring at sites supporting sea bass and sea bream farms was
initiated around 1994, however, this was sporadic and certainly did not satisfy
MEPA’s guidelines to the full (Schembri et al. 2002). In some cases, the required
baseline survey for a specific fish farm was made (as this could not be avoided
since it formed part of the development application process), but no monitoring was
undertaken following initiation of the fish-farming activities, while other farms
claimed to have carried out monitoring of water quality at their own laboratories.
Apparently, no data on currents has been collected at any of the fish farm sites. As
a result of the irregular and incomplete environmental monitoring for sea bass and
sea bream farms, the data available for these operations is scanty.
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Since all sea bass and sea bream farms were located in the vicinity of Posidonia
oceanica meadows, monitoring of benthic habitats and assemblages centred on
assessing the spatial distribution, coverage and state of health of the seagrass within
the area occupied by the cages and their moorings. This essentially consisted of
mapping surveys of the seabed to assess potential changes in the spatial distribution
and coverage of seagrass habitat resulting from the fish-farming activities.

In an attempt to fill gaps in knowledge of the environmental impacts of sea bass
and sea bream farms, a number of studies were undertaken by the University of
Malta, most of which formed part of undergraduate and postgraduate research
projects (e.g., Cassar 1994; Dimech et al. 2002). Some of these studies included col-
lecting data on environmental attributes that went beyond the minimum requirements
set by MEPA’s PDGF, for example, measurement of P. oceanica meadow and shoot
attributes (shoot density, mean number of leaves and leaf length per shoot, shoot
biomass and shoot epiphyte loading; see Cassar 1994; Dimech et al. 2002).

Overall, the results of environmental monitoring at sites used to farm sea bass
and sea bream indicated that seagrass meadows located directly below the fish
cages underwent severe regression or were completed decimated, and that the
effects of the aquaculture activities on the monitored seagrass attributes (shoot
density, mean leaf length, number of leaves per shoot, and epiphyte load) extended
a considerable distance (in the case of one farm, around 200 m; Dimech et al. 2002)
from the farm site. The results of a study aimed at assessing the impact of sea-based
fish cages (located in waters having a depth of 10m) on the decapod, mollusc and
echinoderm fauna associated with P. oceanica beds indicated the presence of three
distinct zones in the vicinity of the farm (Dimech et al. 2002):

(1) Zone 1, comprising the area occupied by the cages and an additional band of 30m
around the farm. The macrofaunal assemblages present within this zone were
characterised by a low species richness and the dominant trophic groups were grazers
and deposit feeders (decapods, polyplacophorans and gastropods), which exploit
the abundant epiphytes and deposited organic matter present close to the cages.

(i1) Zone 2, comprising the area located at a distance of between 30m and 90m
from the farm. This zone supported macrofaunal assemblages that had the
highest species richness and abundance, while the fauna was dominated by the
same trophic groups in Zone 1.

(iii) Zone 3, comprising the area located at distances exceeding 90 m from the farm.
This zone supported macrofaunal assemblages having species richness and
abundance values that were intermediate between those recorded from Zones 1
and 2, and in which the dominant trophic groups comprised grazers, deposit
feeders, suspension-feeders (mostly bivalves) and predators.

This “zoning” pattern, consisting of differences in the species composition and
structure of the benthic macrofaunal assemblages with increasing distance from the
farm site, is very similar to that recorded in the vicinity of offshore salmon farms
(e.g., Brown et al. 1987; Ye et al. 1991).
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2.3.3 Environmental Monitoring of Tuna Penning Activities

As part of the permit conditions issued by MEPA for tuna penning activities, the
farm operators were required to commission a comprehensive environmental moni-
toring programme to be carried out by independent consultants approved by
MEPA. Since the environmental characteristics at the tuna penning sites were very
different from those of the near-shore sites where sea bass and sea bream farms
were located, while the type and scale of operations were also very different, it was
immediately realised that MEPA’s environmental monitoring guidelines contained
in the 1994 PDGF could only be applied to tuna farms following modification.
Given the circumstances, in 2001 MEPA amended the 1994 PDGF such that the
revised guidelines stated that no aquaculture development would be considered in
areas less than 1 nautical mile from the shore, or in sites having a water depth less
than 50 m (give or take 5m) (Planning Authority 2001).

In granting development permits for tuna-penning activities, MEPA requested
that monitoring of tuna penning activities should include monitoring of: (1) sedi-
ment attributes; (2) benthic diversity; (3) the gross physical and biological charac-
teristics of the seabed below the tuna cages through underwater videographys;
(4) the state of seagrass beds and of biological characteristics at important dive
sites located in the vicinity of the farms using underwater mapping and videogra-
phy (in some cases, even if these were present at distances exceeding several hun-
dred metres from the tuna cages); and (5) water quality. The specific requirements
for environmental monitoring of aquaculture operations in the PDGF of 2001 are
given in Table 2.7. The environmental monitoring programmes for all tuna farms
were initiated in 2000 and are still ongoing.

Samples to monitor sediments and benthic diversity have been collected annu-
ally (since 2000) at each tuna farm from a number of stations located: (1) adjacent
to the tuna-pens, (2) at a distance of some 100 m from the tuna pens, and (3) at a
number of reference sites; the sampling programme being mainly based on a
Before-After-Control-Impacted (BACI) design (Borg and Schembri 2005). Using
this design, an adverse impact is deemed to have occurred if a significant change
(at the 0.05 level of significance) for one or more of the monitored attributes is
recorded between the baseline condition and that following the tuna penning activi-
ties. In the case of benthic diversity, this would be a significant decrease in the total
number of species and/or abundance of the selected indicator species.

Monitoring of the gross physical and biological characteristics of the seabed
below the tuna cages is being undertaken through surveys carried out by SCUBA
divers using direct observation and underwater videography. During initial surveys
of the seabed below the tuna cages, it was immediately realised that the main
impacts on the seabed resulted from the presence of large amounts of uneaten feed-fish
that accumulated on the seabed below the cages. However, the amount of feed-fish below
the cages varied greatly, even between cages within the same farm. It was therefore
considered appropriate to develop an index to enable an objective semi-quantitative
assessment of the amount of uneaten feed-fish present (Table 2.8).
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Table 2.7 Details of specific attributes to be monitored, sampling stations, and frequency of the
required environmental monitoring programme for aquaculture activities in Malta (source: Malta
Environment & Planning Authority 2001)

Environmental attributes to be
monitored

Number of sampling stations

Monitoring frequency

Water column: temperature; salin-
ity; dissolved oxygen; turbid-
ity; chlorophyll a; nitrates;
phosphates; ammonia; faecal
coliforms and total bacteria

Sediments: granulometric proper-
ties; and organic carbon and
organic nitrogen content

Benthos: species diversity; pho-
tographic/video evidence
regarding the state of the
seabed; mapping of benthic
communities; core samples
for faunal, granulometric and
sediment analysis as described
for sediments above; seagrass
morphological parameters
(e.g., shoot and leaf density,
shoot length, etc.) where
applicable

A sampling site underneath
each cage; Sampling at
points along a perimeter
around the cage site 25m
away from the cages;

At least two sampling points
100m away from the cage
site (according to the
direction of the prevailing
currents)

Sampling sites in areas that
are of ecological, com-
mercial, tourism, or
recreational interest (this
is to be decided on a site-
by-site basis)

Several stations within the
cage site

Mapping of all benthic com-
munities within the area
occupied by the cages and
their moorings, together
with collection of samples
at stations as necessary
to establish the species
composition of benthic
communities

Monthly, for as long as
the fish are kept in the
cages

Annually, in the same
month each year

Annually

Table 2.8 The “uneaten food index” devised by Borg & Schembri (2001) for the purpose of
quantifying and comparing the amount of dead uneaten feed-fish under the different tuna-pens

Index value

Description of amount of uneaten feed-fish present on the seabed

0 No uneaten feed-fish present

1 <1 uneaten feed-fish present per m* of seabed

2 >1 uneaten feed-fish present per m? of seabed, but the fish do not form a
continuous layer covering the seabed

3 >1 uneaten feed-fish present per m? of seabed. Fish form a single, uninterrupted
layer within at least a 1 m? area on the seabed.

4 >1 uneaten feed-fish present per m? of seabed. Fish form two or more uninter-

rupted layers on top of each other within at least a 1 m* area on the seabed.
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The general state of seagrass beds and habitats, including those at popular dive
sites, is being assessed through mapping surveys and underwater videography, car-
ried out by SCUBA divers. During the surveys, the divers record the state of health
and spatial extent of the main marine benthic habitats in the respective study area.
Potential changes in the state of the benthic habitats and their spatial distribution
are assessed by comparing maps of the situation recorded before initiation of the
tuna-penning activities with that after each monitoring session.

Monitoring of water quality consists of surveys of the same physico-chemical
and bacteriological attributes that have been monitored in the vicinity of sea bass
and sea bream farms. Samples of water for these surveys are being collected at
depths of 1 m and 5 m below the surface at several stations located in the immediate
vicinity of the tuna farms and at reference stations located at a distance from the
tuna cages.

Monitoring at the new offshore aquaculture zone (Fig. 2.2) commenced in June
2006 prior to the start of tuna penning activities there. The baseline survey for the
sediments and benthic diversity monitoring components was based on the same
design used at the other three tuna farms located closer to the coast, with samples
being collected remotely using a standard 0.1 m? Van Venn grab. However, because
of the deep waters that characterise the area, monitoring of the seabed using the
same underwater videography and SCUBA diving techniques that have been used
to date at the other tuna penning sites located in shallower waters, is not possible,
and it is planned to use remotely operated video cameras instead.

Overall, the results of the various monitoring components undertaken since 2000
for the three tuna farms located 1km offshore indicated that, where detected, the
main adverse impacts resulted from accumulation of large amounts of feed-fish on
the bottom under and in the vicinity of the cages. The results from the video surveys
carried out near the tuna pens indicated that, towards the end of each penning sea-
son (in autumn), considerable amounts of dead uneaten feed-fish were present on
the seabed directly below the tuna pens, and this resulted in alterations in the physical
and biological characteristics of the seabed under the cages. The recorded changes
in biological characteristics included the disappearance of certain megafaunal
species (e.g., the irregular sea urchin Spatangus purpureus and the crinoid Antedon
mediterranea) that prior to the start of the penning operations were characteristic
of the soft sediment habitat where the tuna pens are located, and the appearance of
high population densities of detritus-feeding and scavenging macroinvertebrates
(e.g., the ophiuroid Ophiura texturata and the crab Inachus sp., and the fish Gobius
sp.). Gross changes in physical characteristics of the seabed included the presence
of large quantities of fish bones and a few anthropogenic items originating from the
tuna farms. The video surveys also showed that the amount of feed-fish present
varied considerably between different tuna farms and between cages within the
same farm, with some cages only having a few fish beneath them and others having
multiple layers. Overall, a consistent pattern was evident where a decrease in the
amount of uneaten fish occurred only when tuna were no longer present in the pens
during the fallowing period. The remaining uneaten fish decompose slowly and,
where the uneaten fish are present in large numbers, form a continuous layer of
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decomposing organic material that continues to decay gradually. Sometimes, fol-
lowing storms and possibly due to strong bottom currents, this layer is admixed
with the underlying mobile sediment. In places where the decomposition process is
complete, the only remains are fish bones that eventually disperse in the sediment
leaving little or no trace of the original uneaten fish on the surface. Once the source
of the impact (periodic addition of new uneaten food) is removed, the slow recovery
to the original state is signalled by the reappearance of some of the megafaunal
species that formed part of the original benthic assemblage characterising the bare
muddy sand bottom over which the tuna pens are located (Borg and Schembri,
unpublished data).

The results of benthic diversity monitoring indicated that, at times, a signifi-
cant decrease in species richness, and in the abundance of the indicator mac-
robenthic species, occurred in the vicinity of particular tuna farms, but this effect
was mainly restricted to the area directly below the cages. Similarly, significantly
higher levels of organic carbon and/or organic nitrogen and/or significant changes
in mean sediment grain size were recorded in some of the monitoring sessions,
but the observed changes were again mainly restricted to the seabed area directly
below the cages.

The mapping and videographic surveys of important habitats and dive sites
located in the vicinity of the tuna farms did not detect any changes in the physical
and biological characteristics of the monitored sites. Likewise, the water quality
studies did not show any consistent trend in the levels of the monitored variables
that could be attributed to the tuna penning activities (Schembri et al. 2002). Lower
levels of oxygen, reduced water transparency, and elevated nutrient levels were at
times recorded at the tuna penning sites relative to the reference sites during the
farming season (July — December), however, the observed changes in the monitored
variables were sporadic and not statistically significant. Data collected in June 2006
from the new offshore aquaculture zone are still being analysed and consequently,
results from the monitoring programme for tuna farms located within this area are
not yet available.

2.3.4 Conclusions and Recommendations in Malta

Guidelines for environmental monitoring of aquaculture activities in Malta were
issued by the responsible local agencies relatively early during the period of initia-
tion and expansion of local fish-farming involving culture of sea bream and sea
bass. However, most fish farms failed to adhere to the environmental monitoring
requirements, at least on a regular basis, while it appears that enforcement was not
effective (Schembri et al. 2002). As a result, few monitoring data on the impact of
sea bream and sea bass aquaculture activities on the marine environment exist.
Where data are available, the results of benthic environmental monitoring indicated
an overall adverse impact on seagrass beds in the vicinity of sea bream and sea bass
cages. However, site characteristics such as the current regime, water depth and
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exposure, together with the size of the fish-farming operation and the farm management
programme at a specific locality, appear to be crucial in determining the magnitude
of the adverse impact. The results of the water quality monitoring programmes for
sea bream and sea bass farms did not indicate any large adverse changes in water
quality attributes resulting from the fish-farming activities.

There is currently only a low level of production of sea bream and sea bass in
Malta, as the attention of aquaculture operators is presently on tuna penning.
However, some operators still retain a permit to culture these species in addition to
penning tuna (Schembri et al. 2002), while it is likely that production of sea bream
and sea bass, as well as of additional species that are being introduced into aquac-
ulture in the Mediterranean, will increase in the future, depending on the vagaries
of the market for tuna and other species, and as new operators enter the field and
wild tuna stocks dwindle. The environmental impact of any new (non-tuna) farms
is not likely to be as severe as that of the early sea bream and sea bass farms since
it is unlikely that such farms will be allowed to locate inshore or close to sensitive
habitats, particularly since the technology for siting farms in deep water now exists,
and because the environmental impact monitoring requirements of aquaculture
projects are nowadays much more rigidly enforced.

Overall, the results of environmental monitoring of tuna penning operations dur-
ing the last 6 years (2000-2006) revealed a consistent pattern of a localised adverse
impact that mainly resulted from the uneaten feed-fish which accumulate on the
seabed during the tuna farming season (July to December). The amount of feed-fish
present decreases only when all the tuna have been harvested, following which, any
feed-fish remaining on the seabed continue to decompose slowly. These results are
characteristic of a “pulse disturbance” where the physical and biological character-
istics of the seabed are temporarily altered during the tuna penning season but
return back to more or less the pre-disturbance condition before the start of the next
tuna penning season. Nonetheless, repeated accumulation of feed-fish on the sea-
bed in the vicinity of the tuna pens may prevent complete recovery of the benthic
assemblages following each tuna penning season, potentially leading to a “press
disturbance” where environmental conditions become permanently altered.

The observed differences in the amount of feed-fish present on the seabed below
the cages indicate potential differences between different tuna farms and/or cages
within the same farm in: (1) feed management, or (2) the rate of food intake by the
tuna, or a combination of (1) and (2). It appears that the key to preventing this from
happening is to implement a rigorous feed-management strategy that includes:

o careful monitoring of the feeding behaviour of the tuna and stopping the supply
of food as soon as the tuna are satiated in order to avoid as much as possible
uneaten food ending up on the bottom; and

e removal of dead uneaten feed-fish from the bottom should inordinate amounts
accumulate below the cages either due to overfeeding or to accident.

On the other hand, the results of recent (2004—2005) monitoring surveys indicated
an overall large improvement in feed-management at local tuna farms. For example,
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values of the index for uneaten feed-fish (Table 2.8) recorded in 2005 averaged 1,
compared to values of between 3 and 4 recorded in 2001-2003. Furthermore, it
should be emphasised that all tuna farmers have, in general, adhered to the environ-
mental monitoring requirements, while one particular operator has even taken the
initiative of including details of the monitoring and results obtained on their web site
(e.g., http://www.ajdtuna.com/). The possibility of developing an alternative feed
source for tuna should be explored, as this could potentially reduce adverse impacts
on the seabed, while alleviating fishing pressure on wild stocks of feed fish.

While the accumulation of decomposing organic matter on the seabed is the key
source of marine benthic impact of the Maltese tuna farming operations, it is not
the only potential adverse factor. Mass deaths of tuna have occurred at least on two
separate occasions, however, it seems that the farm operators have taken remedial
action and recovered the carcasses from the seabed at the earliest opportunity; thus
during the 6 years of monitoring, tuna carcasses were only encountered near the
cages on two or three occasions, and then as single dead fish. The accidental intro-
duction of anthropogenic items, most of which are related to the tuna-penning
activities, is also of concern. This can be mitigated relatively easily by enforcing a
strict policy of not throwing anything into the sea and by implementing periodic
“clean-ups” of the seabed. Additional impacts result during feeding and harvesting
of the tuna, when entrails and oily slicks transported by surface currents have been
reported. These observations highlight the importance of guidelines for operational
procedures and mitigation measures to reduce adverse environmental effects on the
marine environment.
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Chapter 3
Aquaculture and Coastal Space Management
in Europe: An Ecological Perspective

Tim Dempster* and Pablo Sanchez-Jerez?

Abstract Coastal aquaculture is widespread in Europe and there is a need for
proper coastal space management among the different users of the coastal zone.
Integration of aquaculture into coastal space entails both siting installations in
physical space in relation to the existing network of coastal users, such as shipping,
fishing, recreational activities and other industry, and ensuring that the extent of
aquaculture does not lead to widespread changes to coastal ecosystems. Where the
competition for space is particularly intense, political decisions, which simultane-
ously seek to minimize both environmental impacts and user conflict, may be the
only mechanism to allocate space to new aquaculture installations. From an eco-
logical perspective, better integration of aquaculture into European coastal space
so that ecological carrying capacities are not exceeded requires knowledge-based
management of the interaction of ecological impacts of aquaculture with those
of other coastal users, particularly concerning nutrient loading, and modification
to biodiversity and species that are important to fisheries. Geographical informa-
tion systems (GIS) are proven tools for natural resource management and space
planning and are suggested to be used for planning aquaculture’s integration into
European coastal areas.

Keywords Farm siting, fish aggregation, marine protected area, wild fish

3.1 Coastal Aquaculture in Europe

Coastal aquaculture farms are ubiquitous in many European countries. Sea-cages
hold over 1 million tons of fish while hundreds of thousands of tons of mussels,
oysters and clams are grown on suspended ropes, racks or trays (FAO 2006). The
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culture of marine and anadromous fish in sea-cage farms is widespread in northern
Europe (e.g. Norway, Scotland, Ireland, Denmark, Faeroe Islands). Norway is pres-
ently the leading producer of fish; in 2004 over 600,000t of salmon and sea trout
were produced in 870 concessions, while 285 concessions farmed other species such
as cod, halibut and arctic char (Norwegian Fisheries Directorate 2005). The
Mediterranean Sea supports over 500 sea-cage farms producing more than 160000t
year~! of sea bream and sea bass in Greece, Spain, Italy, France, Turkey and numer-
ous other countries. Tuna ranching operations exist in eight countries in the
Mediterranean; approximately 225,000t year™' of small, wild caught pelagic fish are
used to fatten an initial biomass of 15,000t-20,000t of wild-caught tuna (Borg and
Schembri 2006). Extensive industries along the Atlantic coasts of Spain, Portugal
and France (Goulletquer and Le Moine 2002) and in other parts of Europe exist for
the culture of mussels, oysters and other shellfish. These occupy substantially
greater coastal space than sea-cage fish farms, which typically occupy 1-5ha per
installation. For example, the 125,000t of oysters and 20,000t of mussels stocked in
the Marennes—Oléron Bay region in France occupy 4,000ha of coastal space and
3,000 ha of nearby wetlands (Goulletquer and Le Moine 2002).

The European Union plans to expand aquaculture further, to increase seafood sup-
plies, create jobs and reduce the trade deficit of the EU in seafood products. As this
expansion occurs, finding suitable locations for aquaculture installations in coastal
areas, and managing the interaction of aquaculture with other users of the coastal
zone will become increasingly important (Stead et al. 2002). Here, we discuss the
concept of “competition for coastal space” as a combination of the competition for
physical space and the competing activities of different users for coastal space.

3.2 Interactions of Aquaculture with Other Users
of the Coastal Zone

There are two aspects to integrating the diverse array of aquaculture that exists
throughout Europe within coastal space and managing its interactions with other
users of the coastal zone: (1) planning of site allocation for aquaculture activities,
and (2) management of the interactions of installations, the environment and other
users once they have been set up. As the environmental effects of aquaculture will
interact with those of other activities, integrated management, where the uses and
environmental effects of all users of coastal activities are considered simultane-
ously, may reduce conflicts and minimise negative environmental effects.
Ecological requirements should dictate first and foremost the position and
extent of aquaculture in the coastal zone (Costa Pierce 2002; Guneroglu et al.
2005). Siting criteria should be based on “ecological carrying capacities” or the
ability of the ecosystem to absorb anthropogenic pressures with no major changes
to ecosystem functions and processes. A suite of environmental impacts caused
by coastal aquaculture must be incorporated into this process to determine how
habitat and biodiversity modification caused by aquaculture can best be managed
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and mitigated. A substantial body of knowledge exists on the environmental
impacts of aquaculture and this gives excellent insight for allocating aquaculture,
while ensuring least adverse impact. Information on the genetic effects of sea-
based aquaculture on wild populations through escapees (Naylor et al. 2005) and
cross breeding of wild and cultured organisms (Wier and Grant 2005), nutrient
loading (Karakassis et al. 2005), modification of benthic communities (Karakassis
et al. 2000), heavy metal and persistent organic pollutant contamination (deBruyn
et al. 2006; Mendiguchia et al. 2006; Sather et al. 20006), spreading of disease and
parasites (Bjgrn et al. 2001), impacts on seagrasses (Delgado et al. 1999; Ruiz
et al. 2001; Marba et al. 2006), impacts on farm-associated wild fish (Dempster
et al. 2002, 2006) and megafauna (Nash et al. 2000) and a range of other environ-
mental impacts must be considered to assess the suitability of new sites. Capture
of millions of tons of small pelagic fishes to make fish meal and fish oil for
aquaculture feeds (Tacon and Forster 2003) can be considered an “oceanic” impact
which requires fisheries management measures in addition to coastal zone man-
agement. Setting “carrying capacities” to determine the overall extent of aquacul-
ture in particular coastal regions is a challenging task, as for many of these
ecological effects, the level of information currently available is insufficient to
determine the extent of the effect.

Once ecological criteria are established, aquaculture can then search for suitable
space that minimizes conflict with the myriad of other users of coastal waters, such
as shipping, fishing, recreational activities and industry (Fig. 3.1). As aquaculture
is the “new kid on the block™ in terms of its use of space, in many coastal areas it
will struggle to obtain suitable sites that do not conflict with pre-existing users that
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Fig. 3.1 Positive and negative interactions concerning space and environmental impacts between
aquaculture and other coastal users
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may be more important to the economics of the region (Staresinic and Popovié¢
2004). In such instances, political decisions on the use of coastal space may be the
only way that aquaculture may gain access to coastal waters.

Once an aquaculture installation is in place, regulatory measures are required to
ensure that ongoing interactions between users of the coastal zone are ecologically
sustainable. Certain environmental and spatial interactions among users are likely
to vary over time or will not be evident until after a farm is established, such as
changes in water quality characteristics or how commercial and recreational fisher-
ies will interact with aquaculture activities (Dempster et al. 2005). Management
measures may therefore need to be location-specific and adaptive.

3.3 Competition for Physical Space Between Aquaculture,
Shipping, Tourism and Recreation

3.3.1 Shipping

Among the chief users of coastal waters is shipping, whether it is for commercial,
recreational or defence related purposes. While the use of coastal space by ships in
any particular area is relatively temporary, it nevertheless places considerable
restrictions on the placement of aquaculture installations. Commercial shipping
lanes and their immediate vicinity, together with military shipping areas, almost
completely exclude aquaculture due to the risks posed by surface-based structures
as navigational hazards. Numerous ships transport hazardous products, such as
chemical and petrol-derived products, which affect the coastal environment
adversely when accidental spillage occurs (Davis 1993) and pose environmental
and health risks to coastal aquaculture. For example, the break-up of the oil tanker
Prestige off the Galician coast of Spain in 2002 caused 9 million Euros of lost
mussel production in the year following the accident (Garza-Gil et al. 2005).
Recreational sailing and boating activities also challenge aquaculture for coastal
space, particularly in areas where both operate from local ports. Space in the
immediate sea areas surrounding ports is sought after by both aquaculture and rec-
reational boating activities due to ease of access. Most sea-cage fish farms along
the relatively featureless coastline of south-eastern Spain are sited less than 5km
from the coast and operate out of ports that are popular for recreational boating.

3.3.2 Tourism and Coastal Aesthetics

Coastal tourism is growing in popularity across Europe and as such, mariculture
and tourist uses will compete strongly for coastal space. For instance, countries that
border the Mediterranean are particularly popular tourist destinations. Of the
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world’s 689 million international tourists in 2001, one third travelled to Mediterranean
countries (World Tourism Organization 2002) and the largest concentrations of
these tourists visited coastal destinations. Both the coastal tourism and mariculture
industries require a marine environment of high quality to fulfil their business
objectives (Staresinic and Popovi¢ 2004).

In most countries throughout Europe, coastal tourism is an economic force many
times greater than mariculture. Staresinic and Popovi¢ (2004) compared the relative
contributions of tourism and mariculture to the economy of Greece, which has the
greatest production of maricultured fish of all Mediterranean countries and a sub-
stantial mussel industry. While mariculture was responsible for more than 6000 jobs
in 2002, the 14.2 million foreign tourists who visited Greece in 2002 generated
293,000 jobs (WTTC 2003). Where such a discrepancy in the overall value of the
industries to the economy exists, tourism, as the stronger competing force, may well
dictate access to coastal space. Sea bream and sea bass farmers along the south-
eastern Mediterranean coast of Spain state that interaction with tourism-oriented
local authorities is the greatest barrier to development of aquaculture in this region
and is their greatest concern for continuing existing operations in coastal areas.

Tourism developments and coastal aquaculture impact coastal areas through
physical developments, such as construction of hotels, marinas and hatcheries, and
deployment of sea-cages and mussels rafts. Further, both activities result in increased
nutrient and pollution levels from disposal of sewerage or fish farm wastes into
coastal waters (see Section 2.3 for discussion of this interaction). Competition
between tourism and mariculture over long-term access to a high-quality marine
environment has been documented in many European countries (Stephanou 1998;
Conides and Papaconstantinou 2001; Staresinic and Popovi¢ 2004).

Sea-cage fish farms or mussel rafts typically have large surface structures that
impact upon the aesthetics of seascapes viewed from the shore (Fig. 3.2). Land-
based facilities to support coastal aquaculture may also create conflict by alteration
of the coastal landscape, particularly where this occurs in ports or resorts, or near
tourist beaches. Tourism, driven by the desire to have extensive, uninterrupted
ocean views, may increasingly block development of aquaculture in particular areas
which may otherwise be suitable on this premise alone, or even force aquaculture
from particular regions of the coast. Staresinic and Popovi¢ (2004) outlined the
problem in Croatia, and the same may be true of many areas of the Mediterranean
that have a dense concentration of coastal tourism sites (e.g., the Balearic Islands;
Valencia 2006). In the Canary Islands, extensive use of the coastal zone by tourism
activities and the extremely narrow continental shelf that limit suitable depths in
which to moor aquaculture installations combine to make the competition for
coastal space particularly intense (Perez et al. 2005). Even in Norway, which has
the longest coastline of any European country, and the largest and most economi-
cally important aquaculture industry, placement of aquaculture sites is sometimes
considered in terms of the aesthetic impacts of installations. Movement from inner
fiord locations to more exposed coastal locations is an industry-wide trend for the
farming of salmonids and other species in sea cages (Sunde et al. 2003) and may in
part be due to the aesthetic impacts of installations.
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Fig. 3.2 Fish farms in the coastal seascape: a mixed sea bream (Sparus aurata) and sea bass
(Dicentrarchus labrax) farm off the Mediterranean coast of Spain (left) and an Atlantic salmon
(Salmo salar) farm in a Norwegian fiord (right)

3.4 Nutrient Loading in Coastal Areas — Interactions
Between Aquaculture and Other Activities

The European Community has a total shoreline of 90,000km. More than 20% of
the population is economically dependent on the coastal zone, which is intensively
used and settled by humans. Because of population pressure and economic devel-
opment, water quality is declining throughout coastal areas due to an increase in
nutrient loading, which can be attributed to several sources. Population increases
over the last two centuries in coastal cities has lead to increased discharges from
sewage treatment plants to the marine environment. Over the last 20 years, in addi-
tion to other anthropogenic pressures, marine aquaculture has expanded in many
European coastal areas, increasing pressure on marine ecosystems.

In addition to the more traditional, extensive aquaculture of mussels and
oysters, which use primary production from the marine ecosystem, intensive
production of fish within sea-cages is increasingly occupying more coastal
space. Sea-cage aquaculture in Europe produces mainly carnivorous species
(salmonids, sea bass, sea bream) because of market demands. Cage aquaculture
uses high protein pellets to feed these carnivorous species. The nutrients unas-
similated by the caged fish introduce a large source of nutrients to coastal areas.
For example, more than 800,000t of feed was used to produces the 600,000t of
salmonids in sea-cages in Norway in 2004 (Norwegian Fisheries Directorate
2005). Occasionally, nutrient inputs from aquaculture can exceed the assimila-
tive capacity of the local marine environment, leading to coastal eutrophication
(Naylor et al. 2000). Fish production can generate considerable amounts of
effluent, such as waste feed, faeces, medicinal substances, heavy metals and
persistent organic pollutants, which can pollute the marine environment with a
range of negative impacts varying in severity (Black 2001; Read and Fernandes
2003; Mendiguchia et al. 2006; Sather et al. 2006).
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Organic waste products from aquaculture can be particulate or dissolved.
Dissolved products include ammonia, phosphorus, dissolved organic carbon and
lipids. The environmental impact of these dissolved products depends on the rate
at which nutrients are diluted before being assimilated by the pelagic ecosystem
(Fig. 3.3). Particulate discharges from farms derive mainly from lost food and
faeces, which will sediment at different rates to the sea floor depending on local
current regimes (Sara et al. 2003) and re-sedimenting processes (Cromey et al.
2002). Particulate waste products settle to the bottom around fish farm at a scale of
tens to hundreds of metres (Karakassis et al. 2000) in areas with weak currents, but
can disperse over 1000m (Sara et al. 2003) where current flows are greater.
Differentiating between particulate and dissolved nutrients is important because
their relative effects on benthic and pelagic systems differ.

Nutrient loading from feeding will depend on (i) feed wastage, (ii) solubility of
nutrients from pellets and (iii) the rate of absorption by the cultured fish due to
digestibility (Islam 2005). These in turn will depend on the farmed species, stock-
ing density, and feeding regimen (Islam 2005). The amount of particulate matter
entering the system will largely depend on the level of uneaten food, which can
vary from 1 to 20% depending on the type of food, feeding strategy and stochastic
factors (e.g., weather conditions). Solubility of nutrients from dry pellets is low
because of technological advances in fish food production, and therefore leaching
rates from food pellets is relatively low (Fernandez-Jover et al. 2007a).

Uneaten food is a major contributor of N and P to the environment. However,
much of the uneaten food is removed by wild fish aggregated around fish farms
before it sinks to the bottom, therefore, loading of nutrients to the system is reduced
drastically (Vita et al. 2004). Lupatsch and Kissil (1998) studied the N and P budget
of sea bream and determined that more that 70% of the total amount of N and P in
feed was lost to the environment as waste. Islam (2005) calculated that between
68% —and 86% of the N consumed by fish was voided as dissolved N in the form
of urea and ammonia, assuming that 4% of the N was lost in faecal pellets. In total,
this amounted to approximately 32kg of ammonia for each ton of feed used.
Additionally, during the sedimentation of faecal pellets, N leaches rapidly into the
water column (Chen et al. 1999).
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While such nutrient inputs may have impacts at the local scale, the overall impact
of increased nutrient loading from aquaculture may be unnoticeable at a macro-
scale. Mediterranean aquaculture produces little detectable increase in nutrients in the
entire Mediterranean, compared to the input of nutrients from other anthropogenic
activities and from atmospheric and terrestrial sources (Karakassis et al. 2005).
Similarly, the input of nutrients from fish-based aquaculture along the Norwegian
coast represents only a small proportion of the overall nutrient budget of the coastal
ecosystem (Ervik and Aure 2006). At the local scale, some studies have indicated that
seasonal variation of nutrients can be more important that differences between impact
and control locations, indicating that farm activities do not always produce a detectable
increase of nutrients. Maldonado et al. (2005) found that neither surface nor bottom
waters at the fish farms showed abnormal concentrations of nitrite and nitrate relative
to controls. This result was unlikely to be the result of uptake by phytoplankton, as
chlorophyll a values under the fish cages were low relative to control sites. Ruiz et al.
(2001) found that the major differences in nitrate and nitrite concentrations along the
SE coast of the Iberian Peninsula were due to seasonal changes in the environment
rather than caused by fish-farming activities. Therefore, at a local scale, the probability
of individual fish farms at their current sizes affecting themselves and their immediate
environment is low (Pitta et al. 1998; Karakassis et al. 2005).

Urban development and human pressure in coastal areas can likewise affect aquac-
ulture. Anthropogenic nutrients from waste water and agriculture run off are responsible
for a large component of the nutrients that cause marine eutrophication (Costanzo et al.
2001). If sewage treatment for coastal cities is inadequate, the introduction to coastal
areas of insufficiently treated waters can have large adverse effects, especially during
summer when water temperatures are high. For example, eutrophication can affect fish
production directly by reducing dissolved oxygen (Page et al. 2005). Alternately,
decreases in primary production in coastal areas are also possible if freshwater runoff is
dramatically reduced, which may affect coastal oyster and mussel production. The
Marennes-Oléron Bay region in France is a major oyster and mussel production area.
A decrease in the amount of freshwater entering the bay, due to a fourfold increase in
the amount of irrigated land in the catchment area combined with greater water usage
on a per hectare basis, led to reduced nutrient supply to coastal culture sites of oysters
and mussels. This resulted in decreased survival rates of oyster and mussel spat which
require reduced salinity (see review by Goulletquer and Le Moine 2002).

Input of nutrients and pathogens from sewage to the marine environment can
reduce the health of cultured fish. Mortalities of cultured fish have resulted from
Vibrio harvey (Saeed 1995) infections. Streptococcus sp. infections have also
been responsible for mortality of wild mullet associated with aquaculture.
Streptococcus sp. could originate from terrestrial or aquatic sources, and the
associated increase in nutrient loading around aquaculture sites may allow indig-
enous Streptococcus sp. to flourish. However, streptococcal species typically
introduced by sewage are not pathogenic to fish (Gilbert et al. 2002). Important
human health concerns exist with regard to culture of shellfish in coastal waters,
since sewage contains pathogens which can contaminate shellfish and may be
passed on to the consumer; several diseases can be transmitted through human
ingestion of contaminated shellfish (Hill 2005).
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Recreational boating also impacts water quality (McGee and Loehr 2003).
Disposal of untreated sewage has been defined as the most significant problem
associated with recreational boating; significantly higher faecal coliform levels
exist in coastal waters where recreational boating activity is high (Davies and Cahill
2000). Discharge of sewage from boats lowers water quality, which represents a
problem in water bodies that undergo limited flushing or support shellfish beds
located nearby. Special wastewater treatment procedures should be necessary for
coastal tourist areas to limit the entry of effluent to the sea, while adequate planning
for different activities, such as recreational boating, should take into account the
water quality link to aquaculture.

From a regional point of view, the impacts associated with the development of tour-
ism and aquaculture on water quality, and existing impacts such as agriculture, will be
synergistic. The sum of the nutrients introduced from aquaculture, sewage, river dis-
charges and agricultural run-off (e.g., fertilisers) to the marine environment has the
potential to exceed the assimilative capacity of benthic and pelagic systems and cause
eutrophication. Carrying capacities vary regionally, for example, Ervik and Aure (2006)
state that modelling indicates that coastal sites in northern Norway have greater carrying
capacities than sites in the south. Planning for regional economic development of
coastal zones should therefore account for varying carrying capacities and set limits
of “acceptable change” of environmental conditions for aquaculture. Potential changes
of water quality will occur over different temporal and spatial scales. Therefore, it is
necessary to investigate, using remote sensing and other geospatial and long-term data
sources, coastal changes relating to coastal urban development, human demographic
trends in coastal areas, increases in aquaculture facilities and other sources of pollution
such as agriculture. Knowledge of these processes will enable tighter regulation of the
allowable limit of N and P added to water bodies and marine sediments.

Technological advances in real time measurement can help monitoring and
management of coastal water quality, particularly where many users simultane-
ously require high water quality yet reduce water quality through their activities.
For example, the EU project -lMARQ (5" EFP, No IST-2001-34039; www.imarq.
inf) developed a system for marine decision support, which aimed to simplify the
common Environmental Decision Support Systems (EDSS) that help users assess
the state of the marine ecosystem depending on different management regimes.
This kind of technological advance can be used to evaluate microbiological and
eutrophication risks related to aquaculture development.

3.5 Interactions of Wild Fish, Aquaculture and Fishing

3.5.1 Siting of Farms in Coastal Waters

Interactions of coastal aquaculture with fishing must be managed both before and
after installations are in place. Before allocation of new aquaculture sites, considera-
tion must be given to whether farms will displace fishers from existing fishing grounds
through physically restricting access to fishing. Information on the importance of a
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specific area to fishing lies in its relative contribution to the overall catch of a particu-
lar fishery and finer detailed information on the scale of hundreds of metres can be
obtained from the fishers themselves. Areas where catch rates are high, where catches
are economically or socially important, or where particularly important habitats for
juveniles of important fisheries species exist (e.g., seagrass meadows, macroalgal for-
ests) should be deemed unsuitable as sites for aquaculture to avoid conflict between
the fisheries and aquaculture sectors.

During farm placement, consideration must also be given to the proximity of the
site to areas that may be of particularly high importance to wild fish stocks, such as
known points of natural aggregation for feeding, spawning or migratory pathways
of anadromous fish. For salmonid aquaculture, two substantial environmental effects
are of concern: 1) escape of cultured fish and their subsequent mixing with wild
stocks (see review by Weir and Grant 2005); and 2) that the large numbers of cul-
tured fish held in coastal areas may increase parasite loads of their wild counterparts
(Bjorn et al. 2001; Morton et al. 2004; Krkosek et al. 2005). Presently, much is
known about the causes and environmental effects of escapes for salmonids (Naylor
et al. 2005), while comparatively little is known for other species such as sea bream,
sea bass and Atlantic cod (but see Moe et al. 2005). Inter-breeding and competitive
interactions of escapees with wild salmon within rivers may have detrimental effects
on wild populations. Likewise, high parasite loads on seaward-migrating salmon
smolts have been implicated as a potential cause of high mortality at sea and reduced
return of adults to rivers (Bjorn et al. 2001).

Assessment of the risk that escapees and other effects pose to wild populations
when placing farms has been suggested (Naylor et al. 2005; WWF 2005). Declaration
of the “national salmon fiords” throughout Norway in 2003 and the consequent
restriction on placing new fish farms in these areas is an example of considering
important wild fish stocks when locating farms (Sivertsen 2006). In response to
concerns regarding escapees and parasite loads of seaward-migrating smolts, partic-
ular rivers flowing into coastal fiords in Norway were regarded as of such high
importance to wild salmon populations that sea-cage salmonid farms were restricted
or removed from these fiords.

An emerging issue regarding escapes is that certain fish species are being raised to
sizes within sea-cages at which, if they become sexually mature, they are capable of
spawning. This requires the concept of escape from mariculture to be redefined to
include the escape of reproductive gametes into the environment. Jgrstad and van der
Meeren (2006) allowed 1000 gene tagged cod to spawn within a small fiord
system in Norway. Upon sampling larvae in the waters surrounding the farm, 25%
were traced back to caged parents. This indicates that if spawning occurs within com-
mercial cod farms where numbers of animals are far greater, the contribution of
“escaped” larvae to cod recruitment within fiords may be substantial. Spawning of sea
bream within sea-cages has also been observed in Greece (Dimitriou et al. 2007).
If breeding programmes shift the genetic diversity of aquacultured fish away from
wild stocks, the extent of spawning within sea cages and whether larvae subse-
quently survive and recruit into natural populations in significant numbers will
likely greatly affect siting of farms.
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Coastal aquaculture sites have also been suggested as having the potential to
disrupt the spawning of marine fish species if improperly placed, although little
evidence of this presently exists. Bjgrn et al. (2005) found that wild coastal
Atlantic cod (Gadus morhua) avoided the smell of salmon farms in tank-based
olfactory experiments, which suggests they may also avoid areas with farms.
Atlantic cod are known to have high fidelity to specific spawning grounds
(Wright et al. 2006). If farms deter fish from accessing spawning areas or impede
migratory pathways to spawning areas, the success of spawning may diminish.
Detailed information on fish movements in space and time is required to deter-
mine if some fish species avoid farm areas. If so, farms may best be placed away
from known spawning areas.

3.5.2. Effects of Existing Fish Farms on Wild Fish

Once sea-cages have been deployed, they will attract wild fish to their immediate
surrounds, which in turn are likely to attract fishers. Deciding on the appropriate
level of interaction between aggregations of wild fish and commercial and recrea-
tional fisheries requires knowledge of the species and overall biomass of the wild
fish aggregations through time, the extent to which they will be targeted by fishers,
and importantly, the existing management regime of the fishery and the overall
status of the wild fish stock.

Coastal aquaculture farms have considerable demographic effects on wild fish by
aggregating large numbers in their immediate vicinity. Early studies by Carss
(1990) in Scotland and Bjordal and Skar (1992) in southern Norway around marine
salmon farms indicated that saithe (Pollachius virens) aggregated at farms in con-
siderable numbers. Dempster et al. (2002, 2005) highlighted that Mediterranean
sea-cage fish farms attracted wild fish assemblages that had up to 30 different spe-
cies and estimated that the aggregation biomasses ranged between 10 and 40t at 5
of the 9 farms investigated (Dempster et al. 2004). Similarly large aggregations have
since been noted in Greece (Smith et al. 2003; Thetmeyer et al. 2003) and the
Canary Islands (Boyra et al. 2004; Tuya et al. 2005, Fig. 3.4). While mussel rafts in
the Mediterranean Sea (Brehmer et al. 2003) are also known to aggregate wild fish,
the majority of studies concerning demographic impacts of coastal aquaculture on
wild fish have focussed on aggregations around sea-cage farms.

3.5.3 Composition and Variability of Wild Fish Aggregations

Although zoogeographic differences in the species of fish that aggregate around
farms exists, pelagic planktivorous species dominate assemblages at most farms
and these fish opportunistically feed upon food pellets lost from cages. In warm
water areas, such as Mediterranean Spain and the Canary Islands, over 30 different
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Fig. 3.4 Aggregations of wild fish near the bottom (left) and the surface (right) of a coastal sea-
cage sea bream farm in the Canary Islands, Atlantic Ocean. (Photo courtesy of Arturo Boyra,
www.oceanografica.com)

species of wild fish aggregate at farms, although only 1 to 3 taxa (principally
Mugilidae, Trachurus mediterraneus, Sardinella aurita and Boops boops) dominate
the assemblages (Dempster et al. 2002; Boyra et al. 2004; Tuya et al. 2005;
Dempster et al. 2005). The sizes of aggregated planktivorous fish at farms in
Mediterranean Spain are large and most are likely to be adult (85% adult: Dempster
et al. 2002; 71% adult: Dempster et al. 2005). In cold-water areas, such as Scotland
and Norway, fewer species have been noted to associate with farms (Pollachius
virens; Carss 1990; Bjordal and Skar 1992), however, no extensive surveys of the
wild fish that are attracted to high-latitude farms have been undertaken to date.
Indirect evidence suggests that these fish are also predominantly adult, as a large
proportion of wild saithe tagged after capture from beneath a Norwegian salmon
farm migrated to offshore spawning grounds (Bjordal and Skar 1992).

Aggregations of demersal fish also occur beneath farms although aggregation
size varies greatly between locations; few demersal fish occur beneath farms in
Mediterranean Spain while large, multi-species aggregations occur under farms
in the Canary Islands (Dempster et al. 2005). Large abundances of sparids such as
Pagellus sp., large Chondrichthyid rays (8 species) and Heteroconger longissimus
have been observed at farms in the Canary Islands (Boyra et al. 2004; Tuya et al.
2005; Dempster et al. 2005). Large, carnivorous fish, such as Pomatomus saltator,
Coryphaena hippurus, and Sphyraena spp. aggregate around many farms
(Dempster et al. 2002; Dempster et al. 2005). P. saltator commonly occurs in
shoals of hundreds to thousands of individuals at farms along the south-east coast
of Spain (Dempster et al. 2002) and feeds mainly on wild Sardinella aurita around
the cages (Sanchez-Jerez et al. unpublished data).

Considerable spatial variability in wild fish abundance and biomass exists among
farms located along the same stretch of coastline (Dempster et al. 2002). Aggregations
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are temporally stable over the scale of several weeks to months, both in relative size
and species composition, indicating some degree of residency of wild fish at farms
(Dempster et al. 2002). However, large seasonal differences in the species composi-
tion and biomass of wild fish assemblages have been noted around farms in the
Spanish Mediterranean (Fernandez-Jover et al. 2007b; Valle et al. 2007), yet this
pattern is not consistent for all locations since such strong seasonal differences have
not been recorded from farms in the Canary Islands (Boyra et al. 2004).

3.5.4 Coastal Aquaculture Sites as Artificial Habitats

Coastal aquaculture sites may be considered as artificial ecosystems, where wild
fish are subject to ecological processes which differ greatly from their natural habi-
tats (Fig. 3.5). Both the size and persistence of aggregations of wild fish around
farms suggests they may have a variety of ecological and physiological effects.
These include modified diet, physiological condition, tissue fat content and fatty
acid composition, reproductive condition, parasite load, exposure to predation and
susceptibility to fishing pressure.

Diets of wild fish that are associated with farms are modified. Wild Trachurus
mediterraneus associated with two farms on the coast of Spain (Fernandez-Jover et al.
2007b), and Pollachius virens associated with a farm in Norway (Skog et al. 2003),
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Fig. 3.5 Schematic diagram of the artificial wild fish habitat in the vicinity of a coastal sea-cage
fish farm
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have both been shown to feed predominantly on lost feed from farms when in their
vicinity, compared to wild fish taken from control locations which fed mainly upon
fish and invertebrates. Fernandez-Jover et al. (2007b) demonstrated that the modi-
fied diet in farm-associated 7. Mediterraneus resulted in significantly higher body
condition and significantly different fatty acid composition in their tissues com-
pared to control fish that fed on natural diets. The higher body condition of farm-
associated fish may translate to greater production of reproductive products and
ultimately lead to improved spawning success, if egg quality is not adversely
affected by the modified fatty acid composition of the fish (Fernandez-Jover et al.
2007b). Similar physiological effects of consumption of large amounts of fish feed
appear to occur in saithe aggregated at farms. Their body form and liver size are
markedly different to their wild counterparts caught distant from farms (Skog et al.
2003; Dempster et al. unpublished data, Fig. 3.6).

Perhaps the greatest likely impact of aggregation of wild fish at farms is the
possible modification of natural population mortality rates through either greater
exposure to predators that also aggregate around farms and/or increased susceptibil-
ity to fishing. Currently, little information exists on the level of fishing pressure on
wild fish when they are aggregated around farms, although targeting of fish around
farms by commercial and recreational fishers has been observed frequently in the
Mediterranean Sea and appears to be increasing in intensity (Valle et al. 2007).
Modified levels of parasites and disease in wild fish may be a further potential
impact of such dense, temporally persistent aggregations present in close proximity
to large biomasses of caged fish (Dempster et al. 2002).

Fig. 3.6 Marked difference in morphology between saithe (Pollachius virens) of similar length
sampled from a control location (upper fish, 5kg) and in the vicinity of a fiord-based salmon farm
(bottom fish, 6.5kg) in Norway
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3.5.5 Wild Fish as “Natural Bio-filters” Beneath Sea-cage
Fish Farms

Food originating from fish farms is available to wild fish in two forms: as large
food pellets lost through the cage and as a “soup” of particulate organic matter
(POM) of broken pellets and faeces from caged fish. Through consumption of the
food available around farms, high abundances of wild fish may greatly influence
the dynamics of nutrient flows. Two caging experiments that excluded fish from
beneath farms showed that wild fish consumed a large proportion of the total sedi-
menting nutrients (Vita et al. 2004: 80%, Felsing et al. 2005: 40—-60%). The extent
to which waste food pellets and POM derived from a farm are consumed will
depend largely on the biomass of wild fish around cages and the species composi-
tion of the assemblages (Dempster et al. 2005).

Wild fish may assimilate nutrients lost through the cages and disperse particles
and nutrients that originate at farms. Mugil cephalus kept in experimental enclosures
on the bottom reduced the impact of sea-cages by mixing, oxygenating and re-
suspending sediments and enhancing effluent dispersal (Katz et al. 2002). The
abundant large Chondrichthyid rays beneath farms at the Canary Islands may play
a similar role (Dempster et al. 2005). To harness the ability of wild fish to act as
assimilators of wild feed and reduce the benthic impact of fish farms, Dempster
et al. (2005) suggested that the large aggregations of planktivorous and demersal
fish around farms could be protected from fishing.

3.5.6 Managing the Interactions of Aquaculture Sites
and Fishing

Management of fisheries concerning species that interact with aquaculture sites will
greatly affect the outcomes for wild fish populations. Allowing targeting of over-
exploited fish stocks around fish farms in areas where regulation exists through
gear or fishing time restrictions alone may add to overfishing. Such overfishing will
not appear in estimates of catch per unit effort, since the attractive nature of farms
to wild fish ensures that more fish will arrive to replace those caught. In this case,
fish farms will acts as “ecological traps”, as they have the ecological cues that fish
recognise in preferred habitats, yet their association with the farms diminishes their
rate of survival (Battin 2004). The Mediterranean Sea may be a good example of
where this could occur, as many of the species associated with farms are currently
assessed as fully exploited or over-exploited.

Where potential overfishing presents a problem, the best approach may be to
protect aggregations around farms. Sea-cage fish farms are incompatible with
MPAs designed to protect biodiversity, as assemblages shift away from those natu-
rally observed. However, they may be compatible with the aims of MPAs designed
to enhance fisheries (Dempster et al. 2006) as they concentrate large numbers of a
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variety of pelagic and demersal fish species which form a portion of the spawning
stock (Dempster et al. 2002; Boyra et al. 2004; Dempster et al. 2005; Tuya et al.
2005; Tuya et al. 2006). Sea-cage fish farms should thus be designated as “no-fishing
zones” and incorporated into the management of coastal areas along with MPA
zones to protect biodiversity. Small fishing exclusion zones of hundreds of metres
around aquaculture sites exist in some countries (e.g., south-eastern Spain,
Norway), principally to avoid damage to fish farm equipment through boat strike
or fishing gear entanglement. However, most European nations have no such
restrictions at present. The effectiveness of such small exclusion zones (less than
5 hectares) in protecting wild fish has never been tested; detailed individual-based
information on fish movements is required to assist effective management in
this regard.

Allowing targeting of particular fish species that are not over-exploited in
areas where fisheries management limits the overall amount of catch (such as
through total allowable catch (TAC) systems), may mean that aggregations at
aquaculture sites and fishing can interact without increasing the overall catch. In
this scenario, the fishery may benefit economically from the interaction through
spending less time searching for fish (thereby using less energy), less time fishing
(thereby increasing efficiency) and possibly greater consistency in catch levels (thereby
increasing profit). However, the level of by-catch of such fisheries and the quality of
their catch must be examined further.

A separate important interaction of aquaculture with wild fisheries concerns the
“ranching” of bluefin tuna (Thunnus thynnus) throughout the Mediterranean Sea
(Fig. 3.7). Ranching remains dependent upon fattening fish caught from the wild.
Tuna are fished from natural stocks by purse seine, transferred to sea-cages and
then fed with whole fish (e.g., mackerel) for up to six months to optimize their fat
content for the Japanese market (Gimenez and Sadnchez-Jerez 2006). This practice
affects tuna populations as adult spawning stocks are targeted for capture, which
may add to overfishing of Atlantic bluefin stocks. Several authors have argued for

Fig. 3.7 A bluefin tuna (Thunnus thynnus) of approximately 250kg harvested from a sea-cage
ranch off the Spanish Mediterranean coast (left) and approximately 25 tons of whole wild fish on
the deck of a fish farm boat on route to feed the caged tuna (right)
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either abolition of tuna farming or stronger management measures to better control
the practice TUCN 2004; Volpe 2005; Borg and Schembri 2006).

3.6 Competition Between Aquaculture and Biodiversity
Protection

The impacts of marine aquaculture on biodiversity are rarely positive (Beveridge
et al. 1994), and as such, installations have been described as competing for space
with future potential MPAs (www.wwf.org). Declaration of marine protected
areas (MPAs) in European coastal waters to preserve biodiversity will likely pre-
clude aquaculture activities that modify biodiversity. While the use of MPAs for
coastal management in Europe has so far been limited and most are relatively
small, the declaration of MPAs over extensive coastal areas elsewhere has
restricted availability of sites for aquaculture. For example, the zoning of the Great
Barrier Reef Marine Park in Australia in 2004 for biodiversity protection included
approximately 40% of the area of the park within protection zones that exclude
the establishment of aquaculture facilities (Fernandes et al. 2005).

For coastal areas where biodiversity is not or will not be protected through area
restrictions on aquaculture and other activities through the presence of MPAs,
which would concern the vast majority of European coastal space, constraints on
the level of biodiversity modification that aquaculture may cause to natural sys-
tems remain important. EC Directives relevant to marine aquaculture implicate the
integration of aquaculture management within the overall management strategy of
the coastal zone, through Integrated Coastal Zone Management (ICZM) and
requires Environmental Impact Assessments in licensing procedures for aquacul-
ture developments (Fernandes and Read 2001). The EC Water Framework and the
Species and Habitat Directives are the most important protocols for maintaining
the integrity of the marine ecosystem structure in relation to marine aquaculture
(Read and Fernandes 2003).

The Water Framework Directive places emphasis on ecological status, which is
defined as the quality of the structure and functioning of aquatic ecosystems associ-
ated with surface waters. Ecosystem quality will be maintained through the control
of water contamination through human activities such as aquaculture. In terms of
“biological” contaminants, such as genetically modified or selected individuals
from farmed stocks, the Water Framework Directive and the Habitat Directive aim
to protect existing levels of genetic variability and diversity in natural
populations.

The Species and Habitat Directive (92/43/EEC) promotes the protection of habi-
tats and species with a holistic approach, that concerns the integrity of ecosystem
characteristics and the protection of natural biodiversity. Hundreds of “Special Areas
of Conservation” (SAC) have been defined to protect European marine biodiversity.
A single management plan for each site is necessary and negative interactions of
aquaculture within these areas should be avoided. An important concept common to
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both EU Directives is the consideration of assimilative capacities of water bodies.
Carrying capacities of ecosystems should be modelled to estimate the acceptable
limit for aquaculture development near protected sites (see Jiang and Gibbs 2005)
for an example of such a model). Different international conventions (Convention for
the Protection of the Marine Environment of the North East Atlantic, the Helsinki
Convention for the Protection of the Marine Environment of the Baltic Sea Area and
the Barcelona Convention for the Protection of the Mediterranean Sea against
Pollution) propose good environmental management practice to limit pollution and
protect biodiversity (Davies 2001; Read and Fernandes 2003).

A precautionary approach to aquaculture in coastal areas should be considered
because of the risk of reducing biodiversity due to nutrient loading and elevated
levels of organic matter in bottom sediments and in the water column. This involves
standardising indicators of change and setting limits of acceptable modification to
environmental parameters. For biodiversity conservation of marine ecosystems, a
set of environmental quality standards should be set at the European level for the
various directives, and then adapted for regional environmental conditions. These
environmental quality standards will be a set of measurable parameters to
detect environmental impact and biodiversity change. In Norway, environmental
quality criteria for fiords and coastal waters were established in 1997 (Molver
et al. 1997; NSF 1998). These criteria are presented within a classification system
for impacts of nutrients, organic matter, micropollutants, and fecal bacteria, and
established water quality standards for various coastal uses. At present, the ECASA
project (Ecosystem Approach for Sustainable Aquaculture, www.ecasa.org.uk), is
attempting to identify, assess and develop indicators of the impact of aquaculture
on a European-wide basis.

Monitoring programmes are necessary to ensure effective regulation and promote
adaptive management of aquaculture in coastal areas (Carroll et al. 2001). At least
seasonally, monitoring of water and sediment conditions should be routinely carried
out by fish farms to ensure compliance with the Environmental Quality Standards.
Monitoring programmes are often conducted by farmers. Where this is the case,
auditing to determine the quality of self monitoring is required, particularly with
regard to the use of regulated substances (antibiotics, disinfectants).

Effluents from fish farms can have undesirable impacts on local marine commu-
nities; these would vary depending on the quantity and composition of substances
released, the temporal scale over which the release takes place, the assimilation
capacity of the water mass and the sensitivity of the communities. The spatial dis-
tribution of fish farm installations can have substantially different effects on marine
biodiversity according to habitat type. Less complex habitats, such as seabeds
dominated by soft sediments, are well known to be affected by fish farming.
Farming of salmonids, sea bass and sea bream produces anoxic conditions due to
the increased load of organic matter, which produces hypoxia and facilitates the
growth of specialized macrofauna which are tolerant to organic enrichment (Carroll
et al. 2001; Wildish and Pohle 2005) and the proliferation of benthic microalgae on
the seabed due to the benthic flux of nutrients (Karakassis et al. 1999). Changes to
the macrofauna are marked, and include increases to the abundance of opportunistic
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species, such as Capitella cf capitata. Western Mediterranean fish farms, located in
open areas, reduce the number of families of macrofauna and diversity compared
with control areas (Maldonado 2005). However, the spatial extent of these impacts
is limited. For Mediterranean fish farms, Karakassis et al. (2000) found a consistent
spatial pattern where the benthic community approaches its normal characteristics
at 25m from the core of the fish farm. Wildish and Pohle (2005) reviewed a range
of studies and found that most effects on the benthos were local or footprint-limited
(0.05-0.5km?), even though fish farm wastes may spread over a greater range from
the farm (e.g., up to 1km: Sara et al. 2003, 20006).

Regions where seagrass meadows are present are more susceptible to signifi-
cant changes in biodiversity than regions where sandy habitats prevail. Several
studies around the Mediterranean Sea show that fish farms affect seagrass mead-
ows, modifying habitat structure (content of organic matter on sediments) in the
surrounding meadows at a scale of hundreds of meters (Ruiz et al. 2001; Marba
et al. 2006). Changes to shoot morphology, shoot density, biomass, rhizome
growth, nutrient and soluble sugar concentrations are possible impacts of fish
farm activities near seagrass meadows (e.g., Dimech et al. 2002). Even after
several years of cessation of the impact, the decline of seagrasses continues
(Delgado et al. 1999). The results of a study on vertical growth of Posidonia
oceanica suggest that these effects begin soon after the initiation of farming
activities, hence suggesting a low resistance of seagrass meadows to fish farm
impacts (Marba et al. 2000).

Fish farm activities may also impact other types of seagrass meadows, as has
been recorded from Cymodocea nodosa meadows in the Canary Islands (Tuya
et al. 2005), which can lead to a cascading effect on seagrass-associated fauna.
Cymodocea nodosa seagrass meadows throughout the Canary Islands have been
degraded by fish farming. Some fish species are strongly associated to this
meadow, such as Diplodus annularis, Spondyliosoma cantharus or Mullus surmu-
letus (Tuya et al. 2005). In combination with the strong fishing pressure that exists
in the Canary Islands, degradation of C. nodosa meadows may accelerate the
reduction of these fish populations, increasing the problem of overfishing and
stock depletion.

To avoid impacting seagrass meadows, aquaculture facilities are deployed in
deeper waters and are recommended to be sited a minimum of 800 m from Posidonia
beds in the Mediterranean Sea (EU project MEDVEG: Effects of nutrient release
from Mediterranean fish farms on benthic vegetation in coastal ecosystems; www.
medveg.dk). A problem generated by shifting the spatial arrangement of farms in
the coastal zone is that other important biotic communities can be affected if man-
agement does not account for them. For example, mderl beds occur worldwide and
are formed by an accumulation of unattached calcareous red algae, growing in a
superficial living layer on sediments within the photic zone (Fig. 3.8, Barber4 et al.
2003). It is, as for Posidonia beds, a protected habitat under European legislation.
Decreases in water quality affect the survival of mderl beds; consequently, locating
aquaculture facilities on mderl grounds also entails negative consequences for
marine biodiversity.
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Fig. 3.8 A deepwater mderl bed off Columbretes Island off the south-eastern coast of Spain
showing the calcareous algae which dominate the benthic assemblage and a starfish Equinaster
sepositus (left) and a view of the mderl bed from 5m above the bottom showing the banding pat-
tern of sand and calcareous algae (right)

When fish farms are located relatively near the coast, the dissolved organic mat-
ter can affect intertidal communities. In the Canary Islands, Caulerpa racemosa
and Corallina elongata were observed at fish-farm impacted locations at higher
coverage rates than control locations (Boyra et al. 2004). Caulerpa racemosa is a
weedy species that exhibits fast growth, with high dispersion and a broad tolerance
to physiological conditions (Piazzi et al. 2005). Moderate nutrient increments
might favour the development of C. elongata (Diez et al. 1999), as this calcareous
red algae has been implicated as a pollution tolerant species, being associated with
several types of environmental stress. The high level of organic matter input,
caused by the waste products of fish farming activities, have been known to
encourage the development of filter-feeding and detritivorous animals (Brown
et al. 1990). The replacement of algae by filter-feeding animals can be considered
as an indication of severe ecological disturbance (Diez et al. 1999). Boyra et al.
(2004) found a significant increase of invertebrates such as Anemonia sulcata at
farm-impacted areas. The presence of the filter-feeding A. sulcata, a sea-anemone
that occurs frequently in areas with a high content of organic matter in the water,
supports the suggestion that fish farming activities cause disturbances to intertidal
areas around fish farms.

A variety of chemicals are also used in European marine aquaculture, includ-
ing disinfectants, antifoulants and veterinary medicines (Costello et al. 2001;
Read and Fernandes 2003). Some of the drug-impregnated food is ingested by
scavengers, and may diffuse into the water column or become incorporated into
sediments. The impacts of anti-microbial compounds can be summarised as
effects on non-target organisms, effects on sediment chemistry and processes, and
the development of resistance (Beveridge et al. 1997). The use of formaldehyde
for the treatment of ectoparasites can have deleterious effects on biota. During
summer, formaldehyde can be used frequently for fish bathing treatments and this
may affect both pelagic and benthic communities.
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3.7 Solutions for Development of Aquaculture
in the Coastal Zone

3.7.1 Effective Integration with Other Coastal Users

Effective “ecological” integration of aquaculture with other users of the coastal
area requires development and implementation of adequate regulatory systems,
including regulation of nutrient loading and adverse impacts on mobile and non-
mobile flora and fauna in the vicinity of farms. Stead et al. (2002) argue for more
effective Integrated Coastal Zone Management (ICZM) and better use of new
technologies, such as geographical information systems (GIS; see section 3.2), by
coastal planners and managers to achieve this. Integration into the social and eco-
nomic aspects of use of the coastal zone may require a different approach; one that
must be industry-led. Staresinic and Popovi¢ (2004) argue that aquaculture and
tourism have solid collaborative potential in certain areas, in particular regarding
the consumption of seafood by tourists. Strong leadership from within the indus-
tries that use the coastal zone is required to drive open collaboration on the use of
space and environmental issues between the two sectors.

Political decisions to create space for aquaculture in areas with suitable envi-
ronmental characteristics may be the only route to allocate space in areas where
user conflicts are too extensive to allow new sites for aquaculture. As an example,
we can present an initiative undertaken in the Murcia region of Spain, where the
local authority decided to produce a regional plan for aquaculture development.
After consulting with all involved sectors (tourism, environment, agriculture,
navy, transport) and asking them to produce spatial information of their coastal
uses and to indicate where aquaculture could subsequently develop, no unused
portion of coastal space was identified. Thereafter, the planning process stalled at
this stage for 2 years. Finally, new aquaculture farms were concentrated in an off-
shore area and only after considerable political support for a national aquaculture
development plan (IUCN 2004).

3.7.2 Move Offshore or Submerge

Offshore aquaculture has been touted as a solution to both increasing the produc-
tion of seafood and reducing the need for positioning aquaculture in coastal waters
(e.g., Marra 2005). While competition for offshore space is far reduced, the costs
of offshore aquaculture, both human and economic, are likely to be higher than
inshore operations and thus only very large farms may be feasible and competitive
(Ryan 2004). Until several technological and operational advances are made and
offshore aquaculture can compete economically with current inshore operations, in
the medium term (next 10-20 years), it is unlikely that a major proportion of the
aquaculture industry will move to truly offshore locations.



108 T. Dempster and P. Sanchez-Jerez

New Hampshire Open Ocean Aquaculture

stration Site

Fig. 3.9 Schematic diagram of the open ocean aquaculture demonstration site off New Hampshire,
USA (left) and a submersible cage being put in position at the same demonstration site (right)
(Reproduced by permission of the University of New Hampshire Open Ocean Aquaculture Project
(www.ooa.unh.edu))

The use of submersible sea-cages and shellfish installations may reduce con-
flicts with other uses of coastal space. Removal of surface structures eliminates the
aesthetic impact of aquaculture on coastal seascapes and the source of conflict with
coastal populations, while also reducing the extent to which they act as navigational
hazards. Submersible structures avoid the strong physical forcing at the ocean sur-
face caused by storms as most surface wave energy (95%) dissipates within the first
10m in the open sea. Thus, they may allow use of a range of offshore sites distant
from the coast and could also reduce the number of escapes of cultured fish, which
are principally due to storm damage (Naylor et al. 2005). At present, surface cage
technologies are cheap and dominate the marketplace. Submersible or semi-
submersible cages are currently used for the culture of sea bream (Sparus auratus)
in Italy (Refa-med leg tension cages), Pacific threadfin (Polydactylus sexfilis) in
Hawaii (SeaSpar cages) and cod (Gadus morhua) off New Hampshire (in Sea
Station cages, Fig. 3.9) (Ryan 2004). Widespread adoption of submerged cage
technology by industry, however, will require solutions to several technological and
operational obstacles. Further, it must be rigorously demonstrated that their use
does not diminish growth rates, food conversion ratios or the welfare of the cultured
fish in comparison to standard surface systems.

3.8 GIS and Methodology for Integrated Coastal Zone
Management

While development and implementation of ICZM policies is now an established
concept, the tools and methodologies for achieving such goals are still under
development (Henocque 2003). It is clear, however, that for coastal management
to be effective, policies must be based on informed decisions. This, in turn,
requires ready access to appropriate, reliable and up to date data and information
in a suitable form. Since much of this data is likely to have a spatial component,
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Wright and Bartlett (2000) suggested that geographical information systems (GIS)
are relevant to this task, and have the potential to contribute to coastal management
in a number of ways. In the case of aquaculture, the use of GIS not only provides
a visual inventory of the physical, biological and economical characteristics of the
environment, it also allows rational management without complex and time-
consuming manipulations. Despite this, the use of GIS to integrate aquaculture
into coastal space has been modest.

The Economics and Social Committee of the EU (2001/C155/05) recommend
that development of ICZM should integrate long-term changes, be an interactive
and dynamic process, and incorporate all factors to facilitate development plan-
ning. Monitoring should be done concomitantly with information transfer, and
facilitated by technologies such as remote sensing and GIS. Aquaculture should be
incorporated into ICZM at a European level though the Common Fisheries Policy,
where different activities such as fishing and aquaculture can be integrated for
sustainable development.

Geographical Information Systems are excellent tools for both monitoring and
management applications. GIS allows organisation of the existing users and inter-
actions in the coastal zone and can help integrate the development of future
activities in relation to the existing users, thereby reducing competition for space
and potentially limiting environmental impacts. GIS can be used to relate the
spatial variability of oceanographic and ecological processes to recognise spatial
patterns along a determined area. To model the particulate waste distribution
around aquaculture facilities, GIS can be used at a single location or a regional
scale. For example, Hassen and Prou (2001) used GIS procedures to assess nutri-
ent loading related to aquaculture activities along the Atlantic coast of France.
Modelling of input and distribution of wastes and discharges is a cost-effective
tool that can assist in predicting impacts and thereby aid decision-makers.
Particulate waste distribution models can be developed to predict the total partic-
ulate organic carbon lost from a fish farm as uneaten food and faecal material by
mass balance and can also estimate the distribution of particles (Gowen et al.
1989; Perez et al. 2002). Prediction of the distribution of carbon on sediments
using GIS reflected real sediment characteristics for farmed Atlantic salmon using
GIS combined with a spreadsheet (Pérez et al. 2002). Such models can be applied
to Environmental Impact Assessments (EIA), designing monitoring programmes,
site selection, continuing farm management and development of future scenarios
(GESAMP 1996; Pérez et al. 2002).

GIS systems can also organize and present spatial data in a way that allows
effective environmental management planning. For example, regulatory agencies
should decide the location of aquaculture facilities in coastal space, with detailed
knowledge of biophysical and socio-economic characteristics, to best integrate
aquaculture among other users. ICZM should be based on GIS to deal with the
complexity of interactions and the enormous quantity of data involved. Sources of
necessary data are extremely diverse, and include remote sensing data, field meas-
urements, meteorological data, and socio-economic parameters. Examples of siting
aquaculture based on decisions made using GIS exist for areas throughout Europe
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and elsewhere, including the Marennes-Oléron Bay region in France (Goulletquer
and Le Moine 2002), the Balk Sea (Guneroglu et al. 2005), the Canary Islands
(Pérez et al. 2005), the Moroccan coast (Arid et al. 2005), and Scotland (Ross et al.
1993; Nath et al. 2000).

Nath et al. (2000) reviewed existing case studies of the application of GIS
for spatial decision support in aquaculture. Basic steps for a GIS study comprise:
(1) identifying the project requirements, (2) formulation specifications, (3) developing
the analytical framework, (4) locating data sources, (5) organizing and manipulating
data for input, (6) analysing data, and (7) verifying outcomes and evaluating outputs.
Once an activity has been modelled and quantified, it will invariably have some
potential to conflict with other users of the space or resource. This calls for trade-off
decisions to be made so that different activities can coexist. These decisions typi-
cally require consideration of economic, environmental and social ramifications of
alternative space use practices. The “layers” of information taken into account for
selection of sites for potential aquaculture developments include environmental data
(water currents, habitats distribution, bathymetry, coastline, primary production),
restricted areas (marine protected areas, important areas for the protection of species,
sewage outfalls, navigation, ports) and potential user competition (fisheries grounds,
leisure zones, other fish and shellfish farms). Some GIS packages have included
decision support tools, for example, multi-objective land allocation (MOLA) and
multi-dimensional decision space (MDCHOICE) tools in IDRISI software (Nath
et al. 2000).

3.9 Conclusions

Integration of aquaculture into coastal space entails both siting installations in physical
space in relation to the existing network of coastal users, such as shipping, fishing,
recreational activities and other industry, and ensuring that the extent of aquaculture
does not lead to widespread changes to coastal ecosystems. As aquaculture is a recent
entrant into the competition for coastal space in many European countries, successful
integration into the social and economic aspects of coastal regions will require
management strategies that enable coexistence of users. Where the competition for
space is particularly intense, political decisions, which simultaneously seek to mini-
mize both environmental impacts and user conflict, may be the only mechanism to
allocate space to new aquaculture installations. From an ecological perspective, better
integration of aquaculture into European coastal space so that ecological carrying
capacities are not exceeded requires knowledge-based management of the interaction
of ecological impacts of aquaculture with those of other coastal users, particularly
concerning nutrient loading, and modification to biodiversity and species that are
important to fisheries. Geographical information systems (GIS) are proven tools for
natural resource management and space planning and should be used extensively
for planning aquaculture’s integration into European coastal areas.
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or other species. This chapter concentrates on the potentially detrimental genetic
aspects of these interactions, largely in the context of species cultured in Europe
but considering general principles, which have worldwide applicability. Most
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4.1 Introduction

As noted in earlier chapters, worldwide aquaculture production is increasing
rapidly and currently exceeds 45 million tonnes of marine and freshwater animals
and aquatic plants (FAO 2007). Since capture fisheries seem to have plateaued at
around 95 million tonnes and, as there is an ever-increasing demand for aquatic
food, the expansion of aquaculture is likely to continue. The western European
aquaculture industry produces a total of 1.6 million tonnes of fishery products a
year (FAO 2007). The European Union strongly endorses aquaculture, aiming to
reduce reliance on imported fish and shellfish products. Also, aquaculture plays a
significant role in creating employment opportunities in rural and coastal communi-
ties where job alternatives are often scarce.

New animal species are continuously being assessed in terms of their biological
and economic feasibility for culture, but there is a universal tendency to concentrate
development on relatively few optimal species (e.g., certain penaeid prawn, oyster,
cyprinid and salmonid fish species). The current chapter concentrates on marine
and anadromous animal species. The majority of production in this area is from
partial or whole life-cycle captive rearing for food, ornamental or medicinal
purposes (defined here as “farming”). Although, currently, a relatively smaller
proportion of total production comes from stocking/ranching programmes, this
source is predicted to increase rapidly in the future. Both of these types of
aquaculture can have detrimental genetic effects on wild populations, although, due
to the potential for increased interactions with wild animals, stocking or ranching
programmes may pose greater risks.

In finfish ranching, the juveniles are usually produced in hatcheries and then
released, whereas for most shellfish the seed (eggs or larvae) are initially col-
lected from the wild. The latter may then either undergo a period of intensive
cultivation (e.g., scallop and lobster) before being released or are transferred
directly to the ongrowing area (e.g., mussels). If there is ownership of the trans-
planted stock, then according to FAO definitions the activity is categorised as
aquaculture (e.g., mussel farming in The Netherlands). However, if there is a
socio-economic reason for the activity then it would probably be classed as fish-
eries management/stock enhancement (e.g., lobster stocking in United Kingdom
and Norway). The source of the broodstock and the final destination of the juve-
niles are obviously important when considering potential genetic effects on con-
specific indigenous populations.

Survival of ranched shellfish is relatively low and varies from 2% to 8% in
lobsters up to 30% in scallop. For this reason the cost of juveniles becomes a key
factor in deciding whether ranching or intensive culture is more economic. At the
moment, for example, mussel seed can be taken from the wild. This situation is
unlikely to continue and seed scarcity will force the industry to turn to hatcheries.
When this happens it will be more profitable to ongrow on longlines, where high
survival is guaranteed. However, such projections are somewhat academic regarding
the risk of contaminating wild populations with cultured genes. Bivalve molluscs
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are broadcast spawners and, providing the correct environmental cues of tempera-
ture and light are present, they will reproduce whether in cages or on the seabed.

Increased production of cultured strains greatly increases the potential for
huge escapes or deliberate introductions into the wild. Added to this, is the trend
in marine finfish culture to farm large piscivorous fish (e.g., cod, tunas), to use
bigger cages (both for performance and cost reasons) and to site these cages
further offshore (so as to rapidly dilute waste and unused food). The accidental
break up of one of these cages will result in the release of a very large number of
reared fish.

A major, yet rarely addressed, question is: “How detrimental is the present level
of culture to natural populations, where ecological, epidemiological or genetic
interactions occur in the wild, and additionally, will these problems increase as
production expands?”’

The generalised genetic issues for marine and anadromous animals are addressed
in the current chapter. The majority of previous work on interactions between wild
populations and conspecific reared strains has been on Atlantic salmon, Salmo
salar, an anadromous species where reared production, chiefly from sea cage
farming, now approaches 1.5 million tonnes. The findings of these investigations
may be summarised as follows:

e Cultured salmon are introduced inadvertently (as in farm escapes) or deliberately
(as in stocking/ranching) to the wild, where they can interact genetically with
natural populations (of the same or closely related species), either directly (by
interbreeding) or indirectly (by ecological competition or disease introduction).

e Cultured strains of salmon usually have lower Darwinian fitness in the wild,
compared with natural native populations.

e With direct effects, hybrid progeny of interbreeding may have reduced fitness
(resulting in reduced survival and overall productivity), whereas indirect effects
may drastically reduce the size of natural populations, exponentially increasing
genetic drift, and possibly leading to inbreeding depression and to loss of local
adaptation, where the latter occurs.

e Although hybridisation of Atlantic salmon with the close congener Salmo trutta
occurs at low levels in wild populations, the incidence of hybridisation can also
increase greatly following reared fish intrusions, leading to inter-specific hybrid
progeny of very low reproductive fitness.

e Indirect genetic effects, having an ecological basis, result from the fact that
reared salmon are usually better competitors in the short term (faster growing
and being more aggressive) than their wild relatives, but survive substantially
less well, leading to an overall loss of production per unit area of suitable
habitat.

e There are several examples of indirect effects involving diseases:

1. Furunculosis, the bacterial disease caused by Aeromonas salmonicida, was acci-
dentally introduced to Norway with farmed smolts and spread to wild salmon,
which were naive and highly susceptible to the disease, resulting in high
mortalities.
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2. The monogenetic trematode, Gyrodactylus salaris, was introduced to Norway
on infested salmon parr used in a stocking exercise. These parr came from the
Baltic area (a different genetic grouping-see below), where salmon are relatively
resistant, and this has led to massive mortality and drastic population reductions
in many Norwegian rivers.

Here, the likely severity of these effects in other major marine and anadromous fish
and invertebrate species, used in both contemporary and emerging aquaculture
ventures, is discussed with consideration being given to how differences in genetic
composition and life cycle in various species may influence these effects.
Consideration is then given to experiments that have investigated the extent of these
problems with different species and methods to reduce detrimental genetic effects
are discussed. Most examples are of eastern North Atlantic and Mediterranean
native species or of species introduced into these areas (e.g., Pacific oyster
Crassostrea gigas), but since ecological analogues occur in other areas it is felt that
the principles discussed will have a wider applicability. Recommendations are then
presented which, it is hoped, will be of particular interest to Governmental and
regional policy makers and to environmental managers.

4.2 Genetic Composition of Cultured Strains Compared
with their Wild Progenitors

4.2.1 Within Population Intra-Specific Comparisons

Reared (cultured) strains* often differ genetically from their wild progenitor popu-
lations*, both in levels of genetic variability (usually reduced) and in genetic com-
position (usually different from progenitors and often temporarily unstable between
reared cohorts). These effects have been demonstrated in numerous species over the
last three decades, using an array of molecular techniques (see Box 4.1).

Genetic variability is usually expressed as heterozygosity (proportion of hetero-
zygotes at a polymorphic gene locus) or as allelic richness (an estimate of the
number of alleles at a specific gene locus). The latter can be a more sensitive indica-
tor of loss of genetic variability and, is thus, more commonly invoked. However,
loss of genetic variability in terms of heterozygosity may result in poor growth and
performance. The most utilised measure of genetic composition is allele frequency
(the proportion of each allele at a specific polymorphic locus in a wild or reared
sample). One of the main causes of reduced genetic variability in reared strains is
the use of much smaller numbers of parents as broodstock than are common in wild

*In this chapter the term “wild population” is used for genetically-distinct statistically-defined
sub-specific groupings, usually reproductively isolated from one another. Reared groupings
derived from wild populations are referred to as “reared strains”.



4 Interactions of Wild and Reared Fish and Invertebrates 121

Box 4.1 Molecular genetic methods

The development of molecular techniques has been likened to the stocking of
a toolbox, with ever more powerful tools. The molecular methods used in
interaction studies began to be developed in the 1960s, when the allozyme
technique was first used. This method focuses on enzymes and other specific
proteins, which are the products of functional genes, and as such, is an
indirect genetic technique. It involves protein electrophoresis, usually on
starch gels, where products are separated on the basis of charge, and has
generally been superseded by techniques such as microsatellite analysis (see
below), which concentrate directly on genomic DNA. The latter techniques
show much more genetic variability (alleles per locus) both because of
intrinsic differences such as high mutation rate, but also because proteins are
affected by code redundancy and similarity in charge between products of
different genetic composition. In certain cases, however, the allozyme
technique is still useful, as with brown trout Salmo trutta in Spain where most
reared strains used in stocking are effectively fixed for a LDH-C" allele (or
the now more commonly used underlying nucleotide sequence (McMeel
et al. 2001)) which is almost absent in wild populations, since the former
originate from a northern European population grouping. Other allozyme loci
such as MEP-2" in Atlantic salmon Salmo salar are influenced by natural
selection and thus may have an important role in local adaptation, therefore
further investigation of either these enzymes or the genes that code for them,
should prove fruitful.

In the 1970s mitochondrial DNA, studied using restriction (specific-cutting)
enzymes, was added to the suite of methods. Restriction enzymes could not in
general be used with the nuclear genome, because its much greater size
resulted in so many fragments that the results were usually ambiguous or
uninterpretable. MtDNA, because of its haploid nature and greater propensity
to accumulate mutations, offered certain advantages, but it was not exploited in
the context of interactions until the polymerase chain reaction (PCR) was
developed in the 1980s. The PCR allows the localisation and amplification of
a specific segment of DNA, using primers (short segments of DNA which
define either end of the target fragment) and a DNA polymerase, to produce
millions of new duplicate copies in vitro. The PCR can be applied to nuclear or
mitochondrial DNA and has enabled sequencing of specific DNA fragments
and investigation of microsatellite and SNP variability (see below).
Microsatellites have become the “marker of choice” for interaction studies
because of their high variability and relatively high frequency throughout the
genome (one locus every 10,000bp). Box 4.1 Figure 1 shows a typical micros-
atellite locus from Atlantic salmon. Microsatellites, the loci currently used in
human forensics, consist of tandemly repeated arrays of two, three or four bases
(di-, tri- and tetranucleotides) of largely unknown function (most do not code for

(continued)
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Box 4.1 (continued)

proteins), which can be localised and amplified by PCR from tiny tissue sam-
ples. At variable (polymorphic) loci, the different alleles vary in repeat number,
with mutations increasing or decreasing the number of repeats. Most loci
appear to be “neutral” (not affected by natural selection) and so are ideal as
population markers. However, a minority of microsatellite loci are tightly
linked to functional genes and can be used as markers of these genes in
adaptational studies (see Box 4.2 on MHC). Using several polymorphic
microsatellites and appropriate statistics, an individual can be assigned to its
population or strain of origin. Progeny can also be assigned to parents and
thus microsatellites have high utility when dealing with interactions.

A more recently developed marker is the so-called single nucleotide
polymorphism (SNP), which usually consists of a point mutation at a given
site, commonly with just two alternative bases and thus alleles. SNPs are
much more common in the genome than microsatellites (at least one per
1,000 bp) and have the great advantage of transferability between laboratories,
so complex and expensive intercalibration is not required. In any species
where there has been considerable genome work using several individuals,
very large numbers of SNPs (and their exact genome location) will be known.
A number of different techniques can be used to identify alleles (nucleotide)
and genotypes. The only current problem with SNPs is that there is no sin-
gle/cheap technique for their detection. Once this is resolved they may sup-
plant microsatellites as the “marker of choice” though it is recognised that it
will be necessary to screen larger numbers of loci since most SNP loci are
bialleic (whereas microsatellites typically have over 10 alleles). With PCR, it
is possible to isolate large quantities of specific DNA fragments for sequenc-
ing. While initially very expensive, sequencing has now become a very rapid
and cheap process, in the wake of the human and other genome projects.
Thus, it may shortly be economical to identify large suites of SNPs for novel
species, rapidly.

DNA sequencing (using automated techniques and the di-dedoxy method
(Sanger et al. 1977), is also being increasingly used to investigate functional
genes (those coding for proteins) usually be isolating mRNA and producing
cDNA, using reverse transcriptase. Such functional genes, if polymorphic,
will be of great importance in future interactions studies, since captive
breeding will often change allele frequencies at these loci, potentially reducing
fitness in the wild.

Functional genomics are also starting to be applied to studies of reared
strains and wild populations. Using microarray technology to study multiple
gene expression, Roberge et al. (2006) have shown that many of the same
genes are up- or down regulated in entirely separate reared Atlantic salmon
strains compared with native wild populations, in both Norway and Canada.
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spawning populations. (However, it is recognised, that particular mating strategies
may substantially decrease effective number of parents.) Most aquatic animals
(especially those of commercial fisheries and aquaculture interest) have very high




124 T.E. Cross et al.

fecundity (from thousands of eggs per female in Atlantic salmon to millions per
female in cod) and, in the natural situation, mortality is very high (with only two
progeny needing to survive to reproduction, assuming equal sex ratio, to maintain a
stable population size). In the controlled and protected conditions of culture, mortal-
ity is usually reduced by one or more orders of magnitude, so a few parents can pro-
duce many progeny, often sufficient to entirely fill limited culture facilities. However,
such practises ignore the fact that genetic variability can be exponentially lost as
parental number decreases. In order to minimise such loss of variability or to keep it
within reasonable limits (less than 1% per generation), it is recommended that at least
50 individuals of each sex are utilised (assuming that the animals are not hermaphro-
ditic) (Cross and King 1983). In addition, departure from an equal sex ratio can
greatly increase rate of loss of variability and in this case a larger number of parents
should be used. Aside from genetic depletion and, in contrast to wild populations
where temporal stability in allele frequency between cohorts predominates, dif-
ferent year-classes of reared strains often demonstrate large differences in allele
frequencies.

4.2.1.1 Molecular Studies

Early allozyme studies on Atlantic salmon revealed reduced genetic variability and
inter-cohort differences in allelic composition, in ranched and farmed strains
compared to wild populations, in both European and North American studies (Cross
and King 1983; McElligott et al. 1987; Verspoor 1988; Cross and niChallanain
1991; Cross et al. 1993). More recent studies using microsatellite loci have
demonstrated similar effects (e.g., Norris et al. 1999). Many of the native marine
species that are currently farmed in Europe (such as cod, halibut, turbot, sea bass,
sea bream, lobster and scallop) also show similar differences from wild populations.
Stefansson et al. (2001), using several microsatellite loci, demonstrated these
effects in certain strains of halibut Hippoglossus hippoglossus but not in others, and
there were similar findings, in relation to reduced genetic variability, in turbot
Scophthalmus maximus (Coughlan et al. 1998). This reduction in genetic variability
can also be the case with non-native introduced aquaculture species, though here an
additional factor can be the small number of individuals in the initial introduction.
An example is the abalone species Haliotis discus hannei that is farmed in Ireland.
This species originates in Japan, and a comparison of wild Japanese individuals
with Irish broodstock shows substantial reduction in the number of alleles in the
latter group, at three microsatellite loci (Coughlan, Burnell and Cross-unpublished).
Since the mussel Mytilus edulis/galloprovincialis and flat oyster Ostrea edulis
farming industries in Europe have almost completely relied on wild-collected
“seed” (juveniles), up to the present, rather than hatchery intervention, there is
unlikely to be a similar problem with these species. However, in the case of
mussels, since a complex and extensive hybrid zone occurs along the western
European coastline from Portugal to the Faeroe Islands (Gosling 2003), there may
be fitness differences between individuals reared in different locations from their
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natal site. In Bantry Bay, Ireland there is a natural hybrid population of mussels
(Mytilus edulis/galloprovincialis) and the local aquaculture industry collects seed
both on ropes and from intertidal rock surfaces. A molecular ecology study, using
allozyme markers, has shown that the seed collected on suspended rope collectors
was mainly the Mytilus edulis type and those scraped off rocks were predominantly
Mpytilus galloprovincialis (Fischer 1995). However, when ropes originating from
both sources were tested just before harvest, the Mytilus galloprovincialis type
predominated. The reason would appear to be due to the latter morph’s stronger
byssal attachment, allowing it to survive better in longline culture. Approximately
2,000-3,000t of mussel are farmed within this bay yearly, and it is reasonable to
assume that the culture operations are exerting a continual selection pressure in
favour of M. galloprovincialis.

Another example occurs in the Netherlands, where wild mussel seed (Mytilus
edulis) are transferred from one area of the Dutch Waddensee to more productive
sites in the same region. A comparable industry occurs in Ireland where the seed is
dredged from offshore sites and relocated to coastal areas within the Irish Sea. Until
recently it was assumed that indigenous mussel populations in both countries were
not exposed to new genetic material, however, shortages of seed in the Dutch
Waddensee (due to conservation measures) have resulted in Dutch importations of
Irish mussel seed. Although previous studies have shown that Irish Sea mussels (the
new source of the Dutch imports) are Mytilus edulis and not affected by hybridisa-
tion with Mytilus galloprovincialis, the effects of introducing conspecifics from
another geographic region is not known. There is some circumstantial evidence that
even within the Irish Sea there may be adaptations of mussel populations to local
ecology. A recent attempt to restore a N.E. Ireland estuarine mussel fishery with
sub-tidal mussel seed from the southern Irish Sea was only partially successful,
where despite importing a total of 3,700t of mussels over 4 years, the restored stock
only reached about one fifth its original level (Burnell, unpublished data). It is
conceivable that the original estuarine population, which was removed to deepen a
shipping channel, was physiologically adapted to the fluctuating salinity of the
estuary. Hydrographic modelling has demonstrated the retention of larvae close to
the mouth of the estuary, which supports the hypothesis of a self-recruiting
population.

4.2.1.2 Breeding Programmes for Species Other than Salmonids

For cultured strains of European marine or anadromous species other than Atlantic
salmon, breeding programmes (where they exist), are at a much earlier stage. This
might be taken to indicate that there will be less genetic difference between wild
populations and reared strains (since they have been less generations in captivity and
therefore less accidental or deliberate anthropogenic selection has been applied).
Certain cultured species such as cod Gadus morhua and Atlantic halibut Hippoglossus
hippoglossus show substantially better survival of progeny following mass spawning



126 T.E. Cross et al.

situations, rather than when stripping and single-pair mating is used. However, it is
becoming clear that in mass-spawning situations, only a small proportion of the total
number of adults contribute to the resulting progeny, and of the parents that do con-
tribute, fewer still dominate in terms of overall reproductive success. Such results are
either due to failure to spawn by certain individuals, for physiological or behavioural
reasons, or because of differential survival of progeny of different parents, or from
some combination of these factors. It is obviously vital to quantify such effects. This
can be achieved by screening both putative parents and progeny for an appropriate
number of microsatellite DNA loci (Table 4.1), and then utilising a parental
identification programme (Jones and Ardren 2003). Whatever the exact reasons for
the failure of all potential parents to contribute progeny in mass spawning situations,
very low numbers of families are often being used to found strains when mass
spawning is utilised. This may be detrimental to the industry in the longer term
(because of inbreeding effects minimising performance), as well as meaning that any
reared animals that escape to, or are introduced into, the wild, will be substantially
less genetically variable than wild individuals. Low variability may have detrimental
fitness implications. There is evidence from many studies in a range of species that
shows a positive relationship existing between genetic variability and performance,
in terms of desired traits such as fast growth.

It should be noted that the vast majority of these studies have focussed on so-
called neutral loci (non-adaptive loci) rather than adaptive loci (with fitness
implications), which are generally less well understood. However, the assumption
is often made that reduction in genetic variability at neutral loci is indicative of
genome wide reduction in variability, which will therefore also affect variation at
adaptive genes (but see Beebee and Rowe 2004).

Local adaptation appears to occur in salmonids and foreign populations
perform less well than natives under natural conditions, when introduced into the
stream occupied by the latter in the juvenile freshwater stage. Such reduction in

Table 4.1 Numbers of surviving cod offspring (n = 57) in each of 49 possible families from a
mass spawning event in a mesocosm involving seven females (F1-7) and seven males (M1-7).
Progeny were sampled at 3 months-old and typed for four microsatellite loci, for which the brood-
stock had been previously screened. Parental assignment was carried out using the PAPA pro-
gramme (Duchesne et al. 2002). Also included in the table are the total numbers ascribed to each
dam (right hand column) and numbers per sire (bottom row). It can be seen that there is very un-
even contribution from each dam and sire both to individual families and in total. (Data from
Armitage, 2006)

Ml M2 M3 M4 M5 M6 M7 Total/dam

F1 2 13 1 24 40

F2 -

F3 2 3 1

F4 -

F5 3 1 7 11

F6 -

F7 -

Total/sire 7 17 1 32 57
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performance seems to occur even with salmon introduced as eggs from a nearby
river (McGinnity et al. 2004). It is presently unclear whether there are similar
local adaptational effects in other species, although this is likely to be the case,
and if there are, non-native translocated or reared strains may have lower
Darwinian fitness in the wild, compared with natural native populations (de Eyto
et al. 2007).

Different broodstock strategies apply to producing animals for farming or for
stocking. For farming, a closed cycle will usually be used and all life-stages will
be in captivity. Such activities may also have associated breeding programmes,
where the major goal will be faster growth, with other aspects such as delayed
sexual maturity, carcass quality and disease resistance also being included as
objectives (Gjedrem 1999). Thus, farm strains will diverge genetically from their
wild progenitors and this deliberate divergence will increase as generations in
the breeding programme progress. Recent microarray results from Roberge et al.
(2006) have demonstrated changes in gene expression over generations caused
by breeding programmes. In examinations of entirely separate Atlantic salmon
breeding programmes in Norway and eastern Canada, it was noted that many of
the same genes were up- or down regulated (genetic expression increased or
decreased) when these fish were compared with wild individuals from either
area. Such studies target the functional aspects of expressed genes, rather than
focussing on neutral loci as in many previous molecular studies.

It should be noted that incorporation of breeding programmes into production of
animals for sea farming is regarded an economic imperative by the industry, so it is
unlikely that any Government-initiated protection measure for wild populations will
suggest abandoning such activities because of potential detrimental effects for wild
animals. As alternatives, better containment of farmed fish or invertebrates will be
required and conservation or farm-free areas instigated to protect particularly
vulnerable wild populations.

Genetically Modified (GM) individuals, where the definition of GM used here
is intra- and/or interspecific transgenics (Devlin et al. 1994), will differ from wild
ancestors from the time the transgene is successfully incorporated. European Union
regulations currently prohibit the release of such organisms into the wild, and high
levels of containment are used when they are being developed. However,
transgenesis can greatly increase the growth potential of aquatic animal species
(Devlin et al. 1994), so there is likely to be aquaculture-industry pressure to use
such individuals in the future. If so, there will be the potential for escapes to the
wild. In western Canada, where the deliberate release of transgenic salmon to the
wild is prohibited, desk studies have been carried out to estimate the environmental
impact of escapes of GM Pacific salmon (Devlin et al. 2004).

4.2.1.3 Breeding for Stocking and Ranching

In the preparation of animals for stocking, a totally different breeding strategy is
utilised. Here, the imperative is to keep the strain as near wild as possible, to avoid
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any deliberate selection and to minimise the length of the period in culture (Cross
et al. 2007). However, domestication selection, an incompletely understood
phenomenon (see Bekkevold et al. 2006), still takes place even in very short periods
of culture and Reisenbichler et al. (2004) argue that it is impossible to totally avoid
genetic modification of animals being reared for stocking.

Breeding of strains for ranching (the preparation of juveniles for deliberate
release into the sea, for growth to harvest size in the wild then subsequent recapture,
usually in a commercial exercise) is a contentious area. Since recapture efforts are
rarely totally successful, some individuals will be free to interact with animals from
wild populations, and thus it might be wise to avoid or minimise anthropogenic
selection. However, economic forces may dictate otherwise. It has been shown with
Atlantic salmon ranching in Iceland that breeding for favourable traits (such as high
return-rate) is feasible, at least in the commercial context (Jonasson et al. 1997).

4.2.2 Between Population Intra-Specific Comparisons

Wild Atlantic salmon exhibit a highly defined population structure (Verspoor et al.
2007), probably resulting from disjunct geographical distribution of freshwater
spawning habitats, propensity for accurate natal homing and typically small
population size relative to many marine species (the latter meaning that genetic drift
has a much more profound effect in promoting structure). There are three major
population groupings (rivers in eastern North America, western Europe and around
the Baltic Sea respectively), but also a high degree of population structure at
regional, and between- and within-river catchment levels among these groupings
(Verspoor et al. 2007). Since there are also strong indications of local adaptation
even between nearby rivers (McGinnity et al. 2004), then the provenance and
particularly, the domestication history, of reared strains will be of major importance
in considering the potential implications of interactions.

Other native marine species that are currently farmed in Europe (cod, halibut,
turbot, sea bass, sea bream, lobster, scallop, mussels and flat oysters) differ from
Atlantic salmon in that genetic population (stock) structure is much less defined
and the extent of local adaptation has not been fully established (Waples 1998;
deWoody and Avise 2000; Conover et al. 2006). It is not clear whether the results
concerning population structure result from lower philopatry in these species or
from exponentially lower genetic drift, or from both-see Bekkevold et al. (2005).
Even though there are much smaller, though often statistically significant, genetic
differences between most groupings than in salmon, there is often evidence of
genetically different population groupings in large geographical areas and of differ-
ent spawning populations in more local areas, e.g., Atlantic cod (see review by
Imsland and Jonsdottir 2002) appear to differentiate into at least three major
groupings corresponding to the western North Atlantic, eastern North Atlantic and
Baltic respectively (O’Leary et al. 2007). In addition, there is also evidence of
differences between Arctic and coastal cod off Norway (Fevolden and Pogson
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1997) and of cod within the North Sea and English Channel in the eastern Atlantic
(Hutchinson et al. 2001) and off eastern Canada (Ruzzante et al. 1999). Although
presently unclear, these population groupings or local populations may be locally
adapted.

As mentioned earlier, there is evidence from Atlantic salmon of adaptational
differences between major population groupings. Bakke et al. (1990) demonstrated
that salmon from the Baltic are resistant to the monogenetic trematode Gyrodactylus
salaris, whereas western European salmon are highly susceptible to infestation,
which usually results in mortality. Thus, it is recommended that for Salmo salar,
there be no movement between major population groupings, at least for stocking
(movement of salmon for farming has taken place from Europe to North America,
but this is now strongly discouraged by relevant Governments). As a precautionary
approach, the same stricture should be applied to other cultured species (e.g., when
sea bass are moved from the Atlantic to the Mediterranean as broodstock, see
recommendations). Less effort has been applied to investigating population
structure in other species cultured in Europe than with salmon, cod and lobsters,
and further studies are urgently required.

4.2.3 Marine Translocated Species

The native population structure of species such as Pacific oyster, Crassostrea gigas
and Manila clam, Ruditapes philippinarum, translocated from other regions is not
relevant in the present context, except that it is important to know the provenance and
pre-translocation history of these reared strains (whether they were taken directly
from the wild, in what numbers and at what life stage; what pathogens occur in a par-
ticular area; whether a hatchery generation was used prior to translocation, etc.). It is
also important to know whether individuals originated from one or more natural pop-
ulations. If the latter (or if a new translocation is planned from a different wild popula-
tion) there may be problems with outbreeding depression, resulting in decreased
fitness of progeny of crosses between genetically different populations, which may
have performance implications in the area of introduction.

The Pacific oyster, Crassostrea gigas, is now farmed throughout the world with
an annual production of about 3.6 million tonnes. This ubiquitous species was
imported from Japan into British Columbia, Canada in the 1950s where it was
naturalised and from there it was moved to France in the 1970s where, once again
it established breeding populations (Gosling 2003). In 1964 Dutch oyster farmers
imported it from British Columbia to augment native Ostrea edulis stocks. This
introduction was carried out on the premise that these oysters would not reproduce
at the latitude of Dutch coastal waters. However by 1980s C. gigas was able to
extend naturalised populations from the Oosterschelde estuary to the Wadden Sea
area near Texel where it replaced native O. edulis and M. edulis on the intertidal
beds (Rajagopal et al. 2005). It is now posing both a severe ecological and economic
threat to native species and traditional fisheries, respectively, in this region.
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A similar situation is apparent with aquaculture of the Manila clam, Ruditapes
philippinarum. Approximately 2.75 million tonnes are cultured worldwide each
year, with 90% of the production in China. In several southern European sites
(where it has been introduced) it appears to be flourishing at the expense of local
clam species. This has been documented in the Italian lagoons (Mantovani et al.
2006), where it out competes the native Tapes decussate, and similarly, in Portugal
where it has been blamed for the demise of this species (Gosling 2003). The
problem with the spread of this exotic clam is that it may initially go unnoticed due
to its benthic habitat and its superficial similarity to other clam species, and presently
its range is expected to extend northwards.

4.3 Introduction to the Wild

Cultured strains can be introduced inadvertently to the wild, as in farm escapes, or
deliberately, from stocking or ranching exercises. While the mode of introduction
is different, the genetic consequences for wild conspecifics or other species with
which the reared animals interact are similar.

4.3.1 Cultured Strains Inadvertently Introduced to the Wild
(Farm Escapes—see Ferguson et al. 2007)

Farmed marine or anadromous species can escape from onshore tanks or sea cages
(pens) due to equipment failure or human error. Escapes from cages are more likely
(though direct escapes from tanks may also occur) and usually occur due to storm
damage, commonly in winter or from predator attack (e.g., seals). It is important to
note that escapes can occur at any life stage, and the age and season at which
animals escape can greatly influence their subsequent behaviour and survival (e.g.,
for salmon, Hansen (2006) and references therein). There is usually increased
mortality (over natural levels for that stage in the life-cycle) directly after escape,
as cultured animals must adapt to capturing wild food and avoiding predators. Also,
the ultimate impact of an escape incident will be strongly influenced by the life
stage involved. It is clear from consideration of the regime of natural mortality, that
a million immature juveniles will have a much lesser effect than the same number
of animals nearing maturity (assuming similar levels of increased post-escape
mortality at the different life stages).

Recapture of individuals subsequent to escape using various fishing methods is
difficult because little is known about post-escape behaviour. In the case of Atlantic
salmon, seine netting following a simulated escape (deliberate release) from
Norwegian sea cages was largely unsuccessful, because it appeared that escaped
fish aggregated deeper than the level fished (as shown by the use of sonar tags)
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(Oystein Skaala, Institute of Marine Research, Bergen, Norway-personal
communication). Another important factor for recovery measures is that there is
rapid reporting of the escape incident, before the escapes disperse (Jorstad et al.
2006). It was previously assumed that a direct escape of cultured animals was the
only inadvertent way of influencing wild populations but recent results have
highlighted other ways. Cod (Jorstad et al. 2006) and sea bass (Youngson et al.
2001) can spawn in cages and their fertilised eggs subsequently drift into the wild
(as shown with genetically marked individuals (Jorstad et al. (2006) for cod).
Another possibility is that disease organisms can be transferred from cultured to
wild animals without physical contact between the host animals (e.g., furunculosis
in salmon in Norway) with subsequent detrimental effects to wild populations
either ecologically or at a molecular level (see below). In several diseases of
shellfish, transmission of pathogens has occurred when movements of shellfish
between culture sites have taken place, e.g., Bonamia ostreae in the flat oyster
Ostrea edulis and Haplosporidium nelsoni and Perkinsus marinus in the eastern
oyster Crassostrea virginica. With Perkinsus marinus and Bonamia ostreae, trans-
mission of the parasite can occur from oyster to oyster, via the water column
(Andrews 1988; Culloty et al. 1999). Additionally, when Bonamia ostreae has been
introduced into an area, eradication of the disease has failed, as it appears that
Bonamia ostreae can be maintained in other benthic invertebrate species and later
infect relayed oysters, even after the area has been left fallow for a number of years
(Van Banning 1987).

4.3.2 Cultured Strains Deliberately Introduced to the Wild
(As in Stocking/Ranching)

Cultured strains are deliberately introduced to the wild in stocking/enhancement or
ranching exercises (referred to in Japan as “culture enhanced fisheries”). The
minimum requirement for reducing the risk of introducing foreign genetic material
to wild populations is to ensure that broodstock are from the same area as the
proposed release site. In Norway, the Institute of Marine Research (IMR) has been
releasing tagged juvenile lobsters (Homarus gammarus) around the islands of
Kvitsoy since 1990 (Agnalt et al. 1999, 2004), with returns of up to 8% at market
size (56 years after release). The juveniles in this case were obtained from wild
captured Kvitsoy “berried”-females, where the attached eggs were already
fertilised. The resulting larvae were hatchery reared through several moults before
being released into areas that had previously been identified as suitable nursery
sites. Some of these restocked lobsters are now sexually mature and IMR conducted
an experiment to investigate the performance of reared F, offspring against wild
lobster larvae from the same area (Jorstad et al. 2005). One of the main concerns
about interactions between wild populations and reared strains is that interbreeding
is likely to cause reduction in population fitness under natural conditions (as in
salmon, McGinnity et al. 2003). Alarmingly, the survival of the F, cultured lobster
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larvae was 40% lower than the natives, when grown under identical conditions in
the hatchery. It would appear that during the hatchery period of the reared parents
there had been artificial (though-inadvertent) selection pressure, which resulted in
reduced fitness of the reared progeny.

In Hokkaido, Japan, scallop seed (Patinopecten yessoensis) are settled on mid-
water collectors, half grown in suspended culture and then released locally onto the
seabed for final ongrowing. Stock enhancement has been carried out in this region
for over 30 years and now yields about 300,000t per year (Uki 2006). Because the
pelagic larvae are retained by local gyres and the juveniles usually remain within
0.5km of the release site, the area could be considered as an extensive marine farm
since reseeding areas are rotated annually and predators are removed by dredging.
As a result starfish (Asterias amurensis and Asterias pectinifera) and the sea urchin
Glyptocidaris crenularis have been almost eliminated from the ongrowing areas.
In many areas there is almost a monoculture of scallop on the seabed.

The situation in Europe is very different. Despite over 30 years of research and
technology transfer from Japan, scallop culture is still in its infancy with total
production of less than 1,000t. A small proportion of this is obtained from seabed
ranching. The most successful projects are in France (150-200t per annum),
Ireland (50-100t per annum) and Norway (50—100t per annum) (Shumway 2006).
In each case, the industry has been careful to use local broodstock for their hatchery
programme but, as has been demonstrated with lobster restocking, the hatchery part
of the process will inevitably induce some genetic selection with possible loss of
fitness in the F, and subsequent generations.

As mentioned above, a very different rearing strategy is generally employed for
enhancement exercises, than when producing animals for farming. While it is
generally assumed that such animals will have greater survival in the wild than farm
strains, this may in fact be more detrimental to wild populations, as will be
discussed below. Apart from genetic considerations, the success of stocking
exercises is crucially dependent on the strategy employed, viz. the number and life
stage of the animals used for stocking, the location/s and timing of where the
introductions take place, and whether the exercise is undertaken once or repeated
on a regular (annual) basis. As noted in Cross et al. (2007), there has been very little
detailed follow-up monitoring and it is generally presumed that the aim of stocking
is a larger self-sustaining “wild” population. However, this may not be possible
because of limits to environmental carrying capacity or because of environmental
constraints, such as the presence of dams on salmon rivers, which inundate natural
spawning areas (Cross et al. 2007). In these cases, the stocking will have to be
repeated on a regular basis and the exercise becomes, in effect, a type of ranching.
Unfortunately, not all returning adults from such an exercise will be caught in
terminal fisheries, so the potential for large numbers of ranched individuals to be
introduced into the wild is high and this situation will usually be maintained by
continued regular introductions, even if the reproductive fitness of reared animals
or their hybrid progeny is somewhat lower than “pure” wild individuals. While with
commercial ranching, the aim is to recover or capture all animals of marketable
size, this is probably never achieved so “ranched wanderers” or strays must be
considered as a potential threat to wild populations.
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4.4 Genetic Interactions with Wild Populations/Species

Direct and indirect genetic interactions are possible between reared and wild individ-
uals in nature. Direct interactions occur with the same or closely-related species by
interbreeding (producing intra-specific or inter-specific hybrids). Indirect genetic
interactions may occur where either ecological competition or disease introduction by
the reared strain (which may lead to modification of immune-response genes) causes
reduction in size of wild populations, leading to much reduced population size (and
effective population number, N ) and thus increased genetic drift, which can both
decrease genetic variability and alter genetic composition.

In shellfish populations where disease has substantially reduced population size,
breeding programmes to increase resistance have been undertaken with a view to
supplementing or replacing the wild stocks, e.g., for increased resistance to
Bonamia ostreae in Ostrea edulis (Naciri-Graven et al. 1998, 1999; Culloty et al.
2004), Haplosporidium nelsoni in Crassostrea virginica (Ford and Haskin 1987)
and Marteilia sydneyi and Bonamia roughleyi in the Sydney Rock oyster Saccostrea
glomerata (Nell and Perkins 2006). In a study of hatchery propagated populations
of the flat oyster with increased resistance to Bonamia ostreae, although heterozy-
gosity was still high in the resistant and control populations, the number of alleles
in the selected population was significantly reduced compared with the control
population, which appeared to be mostly due to a loss of rare alleles (Launey et al.
2001). As a result of this loss in variability a decrease in performance, for both
growth and survival, was predicted from the second generation onwards.

4.4.1 Direct Genetic Interactions

Reared animals may breed among themselves in the wild (assortative mating) but
it is likely they will also breed with wild conspecifics where these occur. In the case
of Atlantic salmon, it is clear that interbreeding takes place between reared and wild
fish, and F, hybrid offspring are produced. Subsequent generations have been
produced in the hatchery and then reintroduced into experimental situations in a
field experiment (F2 hybrids and parental x F1 backcrosses) (McGinnity et al.
2003). Early Norwegian experiments on genetic tagging in cod using an allozyme
locus, indicate that some interbreeding occurs between wild and ranched fish, when
the latter were released into fjords (Jorstad et al. 1994). These animals, which are
evidence of further introgression, have been rarely identified in unmanipulated
situations. The extent of interbreeding of reared and wild conspecifics (or assortative
mating of reared animals when introduced into the wild), needs to be quantified for
all aquaculture species with substantial production from farming, stocking or
ranching, although Youngson et al. (2001) suggest that there will be far less
introgression in sea bass and sea bream than in Atlantic salmon. Fleming et al.
(2000) have shown, with Atlantic salmon, that spawning success of farm fish is
considerably lower than wild fish, and that the success of farmed males is
particularly low. These results have been obtained from detailed observational work
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of sexually-mature individually-tagged wild and farm salmon in large freshwater
arenas with suitable spawning substrates. Such experiments are required with other
species and although it is recognised that they may be more difficult to set up, these
are being attempted with cod in Iceland (Gudrun Martinsdottir, Marine Research
Institute, Iceland- personal communication).

The presence of reared animals in nature also increases the propensity of
interspecific hybridisation with congenerics, certainly for reared Atlantic salmon
and wild brown trout, Salmo trutta (Youngson et al. 1993; Hindar and Balstad
1994). Whether this is the case with other European aquaculture species has not
been established but since inter-specific hybrids are rarely fully fertile, this could
result in another potential problem for wild populations when reared aquaculture
species enter the wild.

4.4.2 Indirect Genetic Interactions

Certain bivalve diseases have had major ecological consequences for native popula-
tions, for example, the overall European aquaculture production of flat oysters
Ostrea edulis fell from 29,595t in 1961 to 5,921t in 2000 due to epizootics caused
by Bonamia ostreae and a second protistan Marteilia refringens. Also, in the early
1970s, the Portuguese oyster (Crassostrea angulata) was dramatically depleted
within Europe by an iridovirus (Marteil 1976). It has been speculated that the
uncontrolled transfer of Crassostrea gigas introduced this iridovirus to Crassostrea
angulata, which was highly susceptible (Boudry et al. 1998).

Despite this evidence of ecological effects, there are relatively few examples
of indirect genetic interactions between cultured strains and wild populations,
primarily because this aspect has not been investigated in detail in species other
than Atlantic salmon. However, conditions undoubtedly exist where such
interactions are possible. For Atlantic salmon “common-garden” experiments
in Ireland (McGinnity et al. 2003), the farmed strain involved grew signifi-
cantly faster in freshwater than the wild population (presumably since the
farmed strain had been subject to several generations of selection for fast
growth). As substantially more of the wild population migrated downstream out
of the experimental stretch, competitive displacement of wild fish by farmed
was considered likely. Several other authors have cited examples of ecological
interactions in salmonids, e.g.,

o farmed salmon feeding on natural prey (Hislop and Webb 1992)

o potential for feeding competition at sea (Jonsson and Jonsson 2006)

o competition for mates (Fleming et al. 2000)

o competitive displacement of juveniles (McGinnity et al. 1997, 2003; in press)
o predator avoidance (Einum and Fleming 1997; Fleming and Einum 1997)

GM individuals for growth hormone, providing they survive, could act as super
competitors/predators, though it has been suggested that these individuals will have
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lower reproductive fitness. For other aquaculture species, there are undoubtedly
examples of major ecological effects of translocated species (see above in relation
to Crassostrea gigas and Ruditapes phillipinarum). However, whether this is also a
problem with native finfish and invertebrate aquaculture species other than salmon,
remains to be investigated. Effective population size (N ) of wild populations of
species such as cod is likely to be exponentially larger than for salmon (assuming
healthy populations that have not been severely reduced by overexploitation- but
see Hutchinson et al. (2003) concerning cod), but this has not been established for
all the major aquaculture species. Furthermore, current aquaculture production is
much lower than for salmon and it seems unlikely that N of wild populations of
these species will be reduced sufficiently to make genetic drift a major factor in
reducing variability or altering genetic composition. However, a very rapid rise in
production is anticipated and it should be noted that where wild conspecifics occur
and interbreeding is going on, it may be difficult to identify or distinguish indirect
from direct genetic effects.

Introduced diseases are a major concern in marine biology in general and can
have profound ecological effects in the present context (as mentioned earlier, there
are examples in salmon of the major effects of furunculosis and Gyrodactylus in
Norway). Translocated species or sub-species may be more likely to cause
damaging effects in this respect, since the diseases they carry are likely also to be
genetically different or exotic to local taxa. Exotic diseases may be carried by
introduced species, which have a relatively minor effect on their normal host, but
can have a serious impact on naive and often highly sensitive native species. In
Bonamia ostreae infection of the oyster Ostrea edulis, it appears that prior to initial
exposure, all naive oysters are susceptible to infection resulting in heavy mortalities
(Culloty et al. 2004). This has recently been demonstrated, with an extension of the
range of this parasite from North America into Canada (Marty et al. 2006), within
Europe to Scotland (http://www.scotland.gov.uk/News/Releases/2006/07/27154609),
and from Europe into Morocco (http://www.oie.int/eng/info/hebdo/AIS_43.HTM).
For Dermo disease in Crassostrea virginica (caused by Perkinsus marinus), the
pathogen is now ubiquitous along the Atlantic and Gulf coasts of the USA, having
recently extended its range to the Maryland portion of Chesapeake Bay and north-
ward along the Atlantic coast from New Jersey to Maine. In addition, it has been
found that different regions can possess unique assemblages of genetic strains of
the parasite (Reece et al. 2001). Furthermore, comparisons of clonal and parental
culture genotypes indicates that cultures initiated from a single oyster can be
polyclonal, showing that an individual can be infected with multiple strains, thus
making any control measures more difficult. Recently, in the study of bivalve dis-
eases, methods such as suppression subtractive hybridisation have been used to
look at gene expression in susceptible and resistant bivalves to such pathogens as
Perkinsus marinus in Crassotrea virginica and Crassostrea gigas (Tanguy et al.
2004) and to bacteria-challenged Crassotrea gigas (Gueguen et al. 2003), to deter-
mine the role of particular immune components in response to infection. One limi-
tation to investigating gene expression in invertebrates is that for a number of
species, the full complement of immune components has still to be determined.
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A more recently demonstrated indirect genetic effect appears to be mediated by
disease organisms, which can be transferred from reared to wild fish species. This
effect is observed in the Major Histocompatibility Complex (MHC) genes of wild
Salmo salar and Salmo trutta putatively challenged by diseases carried by reared
salmon (Box 4.2). Because of high-density rearing conditions, reared fish and
invertebrates often have much higher disease challenges and/or loads than their
wild conspecifics or congenerics, but these diseases can be controlled in captivity
using anti-bacterial compounds or vaccination. However, when such individuals
escape or are introduced into the wild, they may act as highly virulent carriers and
cause outbreaks of the disease in wild fish or invertebrates, with subsequent dem-
onstrateable effects at MHC genes (at least in salmonid fishes). The example
described in Box 4.2 constitutes another potentially damaging effect of aquaculture,
which should be investigated in other cultured species.

Box 4.2 MHC genes in interaction studies between reared strains and wild
populations of teleost fish

In teleost fish, MHC Class I and II loci are not physically linked (Sato et al.
2000) and thus can evolve independently (hence termed MH). Members of the
genus Salmo are found to possess single classical Class I (UBA) and 11 (DAA/
DAB) loci (Shum et al. 2001; Stet et al. 2002; Aoyagi et al. 2002; Grimholt
et al. 2002; Miller et al. 2006) greatly simplifying salmonid MHC studies.

Pathogen-driven balancing selection, with overdominance or heterozygote
advantage, is believed to underpin high levels of polymorphism observed in
MHC loci (Wegner et al. 2003). Challenge experiments in which domesticated
salmonid stocks were exposed to a number of pathogens (Langefors et al.
1998; Lohm et al. 2002; Arkush et al. 2002; Grimholt et al. 2003) uncovered
differential survival rates mediated primarily by MH heterozygosity and/or
overdominant selection.

Grimbholt et al. (2003) deliberately infected two distinct groups of post-smolt
S. salar with furunculosis bacteria and ISAV virus, respectively. MH genotyping
of mortalities and survivors demonstrated genotypic and allele effects, at class I
for ISAV challenge and at class II for furunculosis. Mass screening was
facilitated by the use of polymorphic VNTRs located in the 3’UTRs of the Sasa-
UBA and Sasa-DAA genes (Grimholt et al. 2002; Stet et al. 2002), which exhib-
ited simple linkage.

These findings led to an EU project (Salimpact) on MH genes in wild
S. salar and brown trout, Salmo trutta, populations, where diseases carried by
co-habiting, reared salmon were considered as challenge agents. Simultaneous
screening of several neutral loci, (unaffected by disease challenge), with the
MH-linked marker loci provided the opportunity to examine for selective
effects on the MH marker loci in a number of interaction situations in Ireland
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and Norway. In the Burrishoole river system in the west of Ireland, long-
standing ranching and nearby sea cage farming occur alongside native
salmonid populations.

Using archival scales, statistically significant changes in gene diversity
occurred at the MH class I marker over time in wild S. frutfa, but no changes
were observed at neutral microsatellite loci (Coughlan et al. 2006). In an
experimental natural stream in the same system, eyed eggs from native
salmon and salmon from a neighbouring river (derived from wild broodstock
and only retained in the hatchery until eyed egg stage) were introduced.
Significant selective effects were evident at MH class II after eight months in
freshwater, in the non-native population, but not in natives. No significant
results were observed in either group at the MH class I locus or at eight
neutral microsatellite loci (deEyto et al. 2007). Thus, it appears that variation
at MH loci may be a feature of local adaptation, as well as influencing
survival in native trout when challenged by diseases carried by reared salmon.
Therefore, reared salmon may negatively impact on wild salmonid popula-
tions, putatively via disease transmission, in addition to having direct and
other indirect genetic effects (McGinnity et al. 2003).

These data, demonstrating another way that aquaculture practices can
detrimentally effect wild salmonid populations, suggest that further studies of
such interactions in the context of fish immunity (e.g., MHC genes) and
disease prevalence are required. Similar, MHC-based studies in other teleost
species subjected to aquaculture are also advisable.

4.5 Consequences of Interactions

4.5.1 Direct Effects

Following direct interactions it is likely that hybrid progeny of interbreeding between
farm and wild strains, as well as “pure” parental types, will result. The proportions of
each of these types among first generation progeny will depend on the relative propor-
tion of wild and reared parents, the relative spawning success of each sex of each type
and, ultimately, the relative fitness of parental types and hybrids (with either type as
dam and sire). The various field experiments with Atlantic salmon in Ireland and
Norway have shown a trend for graduated spawning success and reproductive fitness;
highest in pure wild, intermediate values in hybrids and lowest in reared (Einum &
Fleming 1997; McGinnity et al. 1997, 2003; Fleming et al. 2000). Assuming that this
is a general trend in interactions between wild populations and reared strains of most
species, then following a single reared incursion, reared influence in the wild will
gradually decrease over generations albeit at the expense of reduced fitness in this
period. However it is recognised that incursions will usually be continuous, i.e., there
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will be regular injection of reared animals. Hindar et al. (2006) have modelled this
sort of situation, varying the parameters referred to above and shown a worrying
persistence of hybrids. Under this scenario, less introgressed animals than wild
individuals can occur per unit area at carrying capacity, so that productivity of the
system will decease. In addition, if hybrids come to predominate there may be a loss
of local adaptation. Since there are usually only a limited number of reared strains of
each species (for practical reasons, such as cost of rearing facilities incorporating
breeding programmes), the genetic variation which is endemic to wild populations
and which may indicate adaptive differences, will be lost.

The situation becomes more complicated in the F2 and subsequent generations. In
the F2 generation, for example, assuming random mating, several types of F2 hybrids
(depending on the sex of either type of parent and grandparent) and also of parental
backcrosses (F1 X wild or reared parent) are possible. In a series of field experiments
with Atlantic salmon, McGinnity et al. (2003) have demonstrated, that relative
survival acts as a quantitative trait, with lower survival correlated with higher
proportion of reared genes in the genome of hybrids and backcrosses (Fig. 4.1).
Assuming this pattern of reproductive fitness and also the variation in spawning
success demonstrated in Norway (Fleming et al. 2000), the most persistent reared
types in the wild in subsequent generations in other species, will be wild X F1 hybrid
backcrosses.
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Fig. 4.1 The relative lifetime fitness (egg to adult over two generations) compared to wild of the
progeny of farm and wild salmon and their hybrids with a measure of the proportion of “wild-parent”
genes in the genome of each group (indicated as percentages). The relative estimated lifetime success
ranged from 2% (farm) to 89% (BC1 wild) of that of wild salmon, the various hybrids having inter-
mediate levels of fitness, indicating additive genetic variation for survival. It is assumed here that
displaced parr captured in the Srahrevagh river trap have the same survival as parr of the same group
remaining in the experiment river, i.e., that the river is not at its parr carrying capacity and spare
habitat is available for displaced parr. Notes: bclw = F| hybrid X wild; fihyw = F, wild X farm
hybrid; fihyf = F, farm X wild hybrid; f2hy = F, hybrid; bc1f = F| hybrid X farm
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4.5.2 Indirect Effects

Presuming there is a drastic reduction the size of natural populations (and also of
N,), exponential increase in genetic drift may result in a loss of potentially adaptative
population structure, due to loss of alleles and alteration of allele frequencies. In
other cases it may be difficult to distinguish between direct and indirect effects of
interactions and it is conceivable that indirect effects may be masked by the
consequences of interbreeding. Because of this problem, together with a lack of
knowledge about functional genomics (e.g., immune response genes) in many
species and a poor understanding of long-term ecological implications, many of the
consequences of indirect interactions for wild populations are unknown.

4.6 Establishing the Severity of the Problems Caused
by Wild/Reared Interactions with Different Species

Two types of scenarios are recognised where the consequences of interaction
between wild and cultured individuals can be assessed, opportunist and experimental
situations.

4.6.1 Opportunist Situations

These are defined as situations where escapes or deliberate introductions have
already occurred, and the aim is to quantify the extent of the subsequent direct or
indirect interactions. In this case, a range of molecular markers (Box 4.1) are
investigated in the wild population/s and reared strain/s involved, searching for
marker loci either with completely different alleles or haplotypes in the wild and
reared groups (referred to as an absolute or qualitative marker), or at least loci
which show substantially different allele frequency differences (termed quantitative
markers). While a proportion of absolute markers can usually be found between
congeneric or more distantly related species, they are rare within species, unless
reared and wild individuals come from different major population groupings (but
see Clifford et al. 1998). Thus, in the conspecific case it is usually necessary to rely
on allele frequency differences at quantitative markers as defined above. With this
type of marker, the discriminatory power increases with the number of individual
loci or haplotypes included. Using a number of quantitative markers, individuals
can be assigned to one or other group although certain markers will be intrinsically
better when seeking high levels of discrimination. Microsatellite loci because of
their high mutation rate and high allele number are particularly useful in this
respect, as is the 5" end of the d-loop region of the mitochondrial genome. With
mtDNA, in addition to rapid mutation rate, there is a four times lower N_ (assuming
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equal sex ratio and fitness) than nuclear DNA because of its haploid nature, making
the mitochondrial genome more likely to be affected by genetic drift when population
size is reduced.

The greater the genetic difference between wild and reared morphs, the easier it
will be to establish good levels of discrimination. With Atlantic salmon, because of
the high level of population structure and also because of relatively low N, it is
usually easy to find discriminatory markers, even when the native population is used
to provide the progenitors of the reared strain (due to the use of limited broodstock
numbers which results in a reduction of genetic variation and alteration in genetic
composition). With other species cultured in Europe, e.g., cod (Hutchinson et al.
2001), lobsters (Triantaphyllidis et al. 2005), the relatively low levels of population
structure observed suggests that it may be much more difficult to find suitable
discriminatory markers. Genes coding for functional proteins (e.g., MHC-Box 4.2)
may be more useful as markers of short term effects than neutral genes, since fre-
quencies may be rapidly changed by the different selection regime experienced in
culture. Identification of hybrids in opportunist situations in species where the level
of discrimination between wild and reared morphs is very low, is not likely to be
easy or even feasible and some type of experimentation may be necessary (see
below). Modelling studies are urgently needed to determine the most appropriate
approach.

4.6.2 Experimental Situations

One of the simplest experimental approaches to investigating the fate of reared
individuals accidentally or deliberately introduced to the wild is by tagging.
Physical tagging has previously been used (e.g., Hansen (2006) investigating the
behaviour of farmed salmon in simulated escapes in Norway) but this method
cannot track offspring, which requires genetic tagging. In the latter approach, a rare
allele at a specific locus is chosen, and two heterozygotes (likely the only genotype
available containing the rare allele, assuming Mendelian autosomal inheritance) are
crossed to produce rare homozygotes (~25%) for release. “Rare” homozygotes
recovered from the wild will most likely be reared individuals, and heterozygotes
(at a frequency above “background”) will be F, offspring of wild X reared matings.
However, there are certain limitations with this method;

1. Unless many crosses of heterozygotes are undertaken ab initio, the marked
individuals may show extremely limited genetic variation, and detecting many
heterozygotes to use as parents will be difficult if the allele is rare.

2. There may be functional differences in the fitness of genetically marked and
unmarked individuals. To establish whether there is equivalent fitness in marked
and other reared individuals, tank experiments are often undertaken, where
growth and survival are compared. However, differences that might become
apparent in the much harsher conditions in the wild are unlikely to be observed
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under these circumstances (McGinnity et al. 1997) so that the growth and survival
of the marked fish may not accurately reflect the performance of the reared group,
in general.

However, the method has proved useful in tracking cod released for ranching in
Norwegian fjords (Jorstad et al. 1994) and more recently has been used to establish
that spawning of farmed cod in sea cages leads to the progeny of reared fish being
present adjacent to the cages which can disperse from these locations (Jorstad et al.
2006). Some combination of genetic tagging with robust statistical techniques for
individual assignment should provide increasingly powerful methods for tracking
reared individuals in the wild.

A more complicated and expensive, but ultimately far more informative, experimental
approach to investigating interactions is to set up “‘common-garden” experiments. These
have proved very useful in studying interactions in anadromous Atlantic salmon in
freshwater in Ireland (McGinnity et al. 2003), Norway (Fleming et al. 2000), Scotland
(Eric Verspoor, Freshwater Fisheries Services, Scottish Office, Pitlochry, Scotland-
personal communication) and Spain (Carlos deLeaniz, University of Wales Swansea,
Wales- personal communication), and in the marine phase (Box 4.3). Most of these
experiments were carried out in a single site, where the performance of natives and an
imported strain or population (and sometimes the hybrids between them) were
compared. While it is recognised that the most comprehensive results would be obtained
using a reciprocal design, this has not proved economically or practically possible in
most situations. These experiments combined field ecology with molecular genetics. In
Norway and Scotland different groups were batch marked using different allozyme
genotypes or mitochondrial haplotypes, while in other experiments, VNTR screening
of broodstock and parental assignment were used to identify progeny to family, which
were then accumulated into the different groups (McGinnity et al. 1997). The difficulties
associated with conducting such experiments in “open” wild situations with European
marine species are exponentially greater, in that a reasonably restricted area, where the
test groups of wild and reared individuals can be compared, is required. None-the-less,
it may be possible to design such experiments using isolated or semi-wild situations,
with some degree of genetic or non-genetic (e.g., oxytetracycline bath) batch marking
of reared larvae and also parental assignment. The high information content of the
results from such experiments (e.g., in relation to adaptive differences and individual
variation), certainly justify the extra time and expense involved in their design and
execution.

Evaluation of susceptibility of bivalve molluscs to various pathogens has been
carried out in a number of field trials and the relative susceptibility of Irish and
European population of Ostrea edulis to Bonamia ostreae has been evaluated by
relaying the oysters in areas where the parasite is endemic (Culloty et al. 2004).
Resistance of Crassostrea virginca of different heritage to Perkinsus marinus has
been evaluated by comparing, for example, North Carolina and Chesapeake Bay
oysters, using standard tray culture conditions, at several sites in both regions
(Brown et al. 2005a). Furthermore, nine groups of oysters consisting of five
regional strains and four hybrid strains were evaluated at three sites within
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Chesapeake Bay (Brown et al. 2005b). Results of both trials indicated that perform-
ance was related to level of resistance, salinity of water and virulence of Perkinsus
marinus.

Box 4.3 Burrishoole experiments

A two generation experiment was undertaken in the Srahrevagh river, a natu-
ral spawning tributary of the Burrishoole system, in western Ireland to
measure the relative lifetime reproductive success of the progeny of wild
salmon, escaped farmed salmon and their hybrids in the wild (McGinnity
et al. 1997, 2003). The experiment was conducted as a “common garden”
experiment in a natural river. Wild and farm salmon, and first and second
generation hybrids and backcrosses between them, were planted as eyed
eggs, thus removing the influence that hatchery rearing might have on per-
formance if the fish were introduced at a later life stage. The study was also
designed to eliminate behavioural differences between spawning adults and
to examine the effect of solely genetic differences on survival and perform-
ance. Offspring of farm and “hybrids” (i.e., all F, F, and BC1 groups)
showed reduced survival compared with wild salmon. The relative estimated
lifetime success ranged from 2% (farm) to 89% (BC1 wild) of that of wild
salmon, the various hybrids having intermediate levels of fitness, indicating
additive genetic variation for survival (see Fig 4.1). There was also clear
evidence of out-breeding depression in the F, hybrids. The progeny of farm
salmon grew faster as juveniles and displaced wild parr, which as a group
were significantly smaller. The offspring of farmed salmon showed a
reduced incidence of male parr maturity compared with native fish. The lat-
ter also showed a greater tendency to migrate as autumn pre-smolts. Growth
of hybrids were generally either intermediate or not significantly different
from the wild fish. Wild salmon primarily returned to fresh water after one
sea winter (1 SW), but farm and “hybrids” produced proportionally more 2
SW salmon. However, due to an overall reduced survival, this would result
in reduced recruitment despite increased 2SW fecundity. The experiment
showed that the interaction of farm with wild salmon results in lowered fit-
ness, with repeated escapes causing cumulative fitness depression and
potentially an extinction vortex in vulnerable populations.

An additional experiment has since been carried out in the Srahrevagh
river using the “common garden” approach. This study was a comparison of
the relative lifetime success and performance characteristics of communally
reared offspring of wild native Burrishoole, ranched native and non-native
salmon from the Owenmore River; a river that is in the same geographic area
as the Burrishoole (McGinnity et al. 2004).
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In this experiment, O+parr from the Owenmore river showed substantial
downstream migration, which was not shown by native and ranched parr.
This appears to have been an active migration rather than competitive dis-
placement and may reflect an adaptation to environmental or physiographic
conditions within the Owenmore River catchment, where the main nursery
habitat is downstream of the spawning area. There were no differences
between native and ranched in smolt output or adult return. Both of these
measures, however, were significantly lower for the non-native group.
A greater proportion of the non-native Atlantic salmon was taken in the
coastal drift nets compared to the return to the Burrishoole system, probably
as a result of the greater size of the non-native fish. The overall lifetime suc-
cess of the non-native group, from fertilized egg to returning adult, was some
35% of native and ranched. The ranched group showed a significantly greater
male parr maturity, a greater proportion of 1-year-old smolts, and differences
in sex ratio and timing of freshwater entry of returning adults compared to
natives, which may have fitness implications under specific conditions.

4.7 Methods to Reduce Such Effects

4.7.1 Induction of Sterility/Triploidy

Induction of sterility in reared strains of fish and invertebrates has been extensively
investigated in conjunction with the aquaculture industry, because in many species
both appearance and flesh quality deteriorates greatly at sexual maturity. In certain
species, such as gadoid and pleuronectid fish, males tend to mature younger and at
a much smaller size, leading to an interest in all female production. Sterility would
also be desirable in animals that might escape from rearing facilities or in
commercial ranching (although, obviously where the object of stocking is to
produce or enhance self-sustaining populations, sterility would not be desirable).
Sterility can be achieved directly by hormonal treatment although this is
recommended against in certain regions, and triploidy, induced by temperature or
pressure shock in fish or by chemical means in shellfish, is an alternative. In certain
fish species (e.g., salmonids) male triploids have a weak reproductive capability
and sex reversal has to be achieved in the female parent (converted to a so-called
pseudo male) by hormonal means. All-female production is possible in salmonids
because the female is the homogametic sex. Objections have been raised to sterile
fish production in salmon ranching since it is not clear whether the process will
inhibit freshwater migration. Furthermore, induction of triploidy seems to inhibit
some aspects of physiological performance, such as reduced tolerance of low
oxygen conditions. Since these conditions pertain in cage farming during sea louse
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treatments or at excessively high water temperatures, there is considerable industry
objection to the process.

Sex determination mechanisms are poorly known in other finfish species used in
aquaculture (but see Mank et al. 2006) and need further study before triploidy
should be attempted with all-female strains. Where used, the incorporation of
triploid induction into existing and future breeding programmes is also
recommended, so as to avoid lowered genetic variability in triploids. Early attempts
to induce triploidy in bivalve shellfish using chemicals like cytochalasin-B were
only partially successful and rarely produced 100% triploids. These methods are
not therefore reliable as a means of inducing sterility. However, using a proprietary,
patented, process, a USA company can now produce tetraploid brood stock. Males
are identified from select brood stock lines and sacrificed for their sperm. The
sperm from these tetraploid males is naturally diploid (2N), instead of haploid (1N)
as it would be from typical diploid males. The diploid sperm is then added to
haploid eggs from the customer’s normal diploid brood stock. No chemical or
pressure induction treatment is used. The resulting zygotes are genetically triploid,
with two sets of chromosomes contributed by the sperm and one set contributed by
the egg (Benoit et al. 2000).

4.8 Risk Analysis

Important questions must be raised with respect to species in which wild populations
are most at risk from incursions of reared conspecifics. Table 4.2 addresses some
of these questions. At present the numbers of marine and anadromous fish and
invertebrate species cultured in Europe, other than for salmon, flat oyster and
mussel is much lower than for wild populations. However, this is completely
opposite to the situation in salmon in the eastern North Atlantic, where cultured fish
outnumber wild conspecifics by more than two orders of magnitude.

The marine species that are currently farmed in Europe (such as cod, halibut,
turbot, sea bass, sea bream, lobster, scallop, mussels, native and Pacific oysters,
abalone and Manila clams) differ from Atlantic salmon in many important respects.
As noted above, census population sizes of native wild marine fish and invertebrates
are several orders of magnitude greater than salmonids and genetic population
(stock) structure appears to be much less well defined (Table 4.2). In addition, as
mentioned above, the extent of local adaptation for the majority of marine species
has not been established. Thus, from a genetic viewpoint the risk to wild populations
might be considered to be far less (but see Bekkevold et al. 2006). However, as
farmed production of some or all of these species is predicted to increase greatly,
with extensive ocean ranching being promoted in several quarters (Leber et al.
2004), and wild populations are steadily decreasing due to overfishing (Worm et al.
2006), the situation may change in the future. Furthermore, diseases, which are
likely to be much more of a problem under high density rearing conditions and yet
are usually controllable by medication in captivity, might become a severe problem
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for wild populations in areas where interactions occur. In this context the sea louse
Caligus elongatus may become a major threat because it can infect both wild and
farmed salmon and cod. A recently completed EU project (GENIMPACT (www.
genimpact.imr.no)) is considering the genetic aspects of cultured/wild interactions
in European cultured aquatic species.

It is concluded that the likely severity of detrimental effects on individual native
species depends on size and status of native populations, and extent and frequency
of introductions (and on genetic composition of cultured strains). Effects are most
severe where wild populations sizes were historically small and have been further
reduced by overfishing and increased natural mortality (e.g., salmon throughout
their range), and also where introductions are large and regular (annual) and where
cultured strains have undergone several generations of hatchery rearing and strong
artificial selection.

4.9 Recommendations

1. Governmental regulations in different countries should be reviewed to determine
whether these give adequate protection to wild populations potentially threatened
by direct and/or indirect interactions with reared fish or invertebrates.

2. For many species currently reared in Europe and elsewhere there is inadequate
knowledge of the genetic population structure. Detailed investigations are
urgently needed and also some earlier studies will need repeating as more
discriminatory molecular markers become available

3. It should be recognised that entirely different genetic principles are involved in
producing strains for farming under conditions of confinement throughout the
lifecycle, compared with strains for stocking/ranching (or indeed for farming in
the wild without confinement, e.g., for bivalve molluscs).

4. Tt is recognised that traditional genetic methods of strain improvement by
selection will continue, assisted by Marker Assisted Selection and other novel
molecular techniques. In contrast minimum genetic manipulation should be
applied to organisms to be used for stocking/ ranching.

5. Experiments are urgently required to learn more about domestication selection.

6. Cage/ tank outflow design should be matched to particular site conditions so as
to minimise escapes and potential for interactions.

7. While beyond the defined scope of the current review, it is recognised that there
is a vast and expanding production of marine algae, chiefly in Asia. Because
there is no containment involved in the culture methods, the potential for
introgression with wild populations must be considerable. It is recommended
that the effects of such interaction events be investigated.

8. The production of sterile strains should be considered (note that the production
of single-sex animals of several species is also desired by the aquaculture
industry). While this will ameliorate the genetic effects of direct interaction, it
will do almost nothing to avoid indirect effects.
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9. Genetically Modified (transgenic) animals should be prohibited from “open”
culture until further experiments are conducted.

10. Movement of animals for rearing between documented major population
groupings should be prohibited, e.g., eastern North America, western Europe
and rivers around the Baltic Sea for Atlantic salmon; western and eastern North
Atlantic and Baltic for cod; and Mediterranean and east Atlantic for sea bass.

11. Most experimental investigations of interactions to date have involved Atlantic
salmon. This species appears to be very different both in life history and
genetics from all of the other species cultured in Europe, so studies are needed
with some of these other species to investigate whether general principles can
be developed.

4.10 Conclusions

As noted at the beginning of this chapter it is anticipated that aquaculture will
continue to grow both for closed-cycle farming and for stocking/ranching. This
expanded production will mean that there is the potential for greater numbers of
reared fish and invertebrates to be inadvertently or deliberately introduced to the
wild, with the latter being potentially as detrimental as the former. Thus, the
problem of genetic interactions may increase, unless (i) measures are taken to avoid
escapes or ameliorate their effects, and (ii) more research is undertaken to quantify
and reduce the effect of deliberately released reared species. Another incompletely
researched area is whether it is possible to extrapolate from previous results, mostly
with Atlantic salmon, to other marine fish and invertebrate species. Most previous
studies have concentrated on direct genetic effects and used relative survival as a
surrogate for reproductive fitness. It is now clear from some of the case studies
reported here that indirect effects, mediated either pathologically (by diseases) or
ecologically, may have severe detrimental influence on wild conspecifics or other
native species in the natural environment. Since these indirect effects may be
masked by direct effects, it is important to devise experiments to unravel these
influences. Advances in molecular genetics, particularly in the area of genomics
and the study of adaptive genes, e.g., associated with disease resistance, should
greatly assist future investigations.
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Glossary

(terms listed in bold in explanations are themselves explained):

Adaptive loci loci influenced by natural selection, usually coding for proteins

Alleles DNA sequences occurring at a locus in diploid systems

Allozymes allelic forms of enzymes (determined by functional genes) and detected
by protein electrophoresis

Assortative mating non random mating, choosing a particular sub-set of a popula-
tion for mating

Breeding programme programme involving rearing and artificial selection for
desirable traits such as growth rate

Common garden experiment where two groups are tested in a common environ-
ment so focussing on genetic differences

Dam female parent

Diploid nuclear systems where one allele derives from the mother and one from the
father

Direct interactions involving interbreeding

DNA sequences nucleic acid (adenine, thymine, cytosine, guanine) arrangement

Electrophoresis protein or DNA separation method based on rate of migration in
an electric field

F1 and F2 hybrids first and second generation hybrids

Fitness Darwinian fitness, reproductive output

Functional genes DNA sequences coding for proteins or protein regulation

Genetic composition frequencies of alleles at each locus

Genetic drift chance alteration of allele frequencies between generations; much
greater in small populations

Genetic variability measures of numbers of allelic genes at each locus

Genome all the DNA of an individual including the functional genes

Haploid mitochondrial systems with only one maternally-derived DNA
sequence

Heterozygote individual with two different alleles at a locus

Heterozygosity proportion of diploid individuals in a sample that are
heterozygotes

Homozygote individual with two identical alleles at a locus

Hybrid cross between two forms or species

Indirect interactions not involving interbreeding

Individual assignment statistical technique using genotype to assess likely popu-
lation membership

Interspecific between species

Intraspecific within a species

Local adaptation where a population is optimally adapted to its particular area

Locus place on a pair of homologous chromosomes where two alleles occur in
diploid systems



154 T.E. Cross et al.

Mass spawning where several females and males are placed in a tank and allowed
to spawn randomly (opposite to single pair mating)

Marker assisted selection using molecular markers to enhance traditional breed-
ing programmes

MHC major histocompatibility complex; immune-response genes

Microarray plate with sequences of large numbers of functional genes applied, so
that the level of activity of each can be assessed

Microsatellite loci tandemly arrayed DNA repeats of two or more nucleotides as
used in human forensics

Mitochondria organelles in each cell with haploid genomes

Natal homing returning to the area of birth to reproduce (=philopatry)

Neutral loci loci unaffected by natural selection

Outbreeding reduction of fitness due to crossing of distinct populations or species,
due to break down of co-adapted genes complexes

Progenitor population ancestral population

Quantitative trait factor such as growth rate which is normally-distributed
amongst individuals of a population

Sex ratio number of females relative to males

Sire male parent

Stock fisheries term for a management unit, which may be a genetic population

Subtractive hybridisation technique to concentrate on genes with different levels
of activity in microarrays

Transgenic GM organism where there has been the introduction of a gene from
another species

Translocated movement of species or population outside its native area

Triploid organism with three sets of chromosomes instead of the normal two, usu-
ally with two female sets

VNTR variable number tandem repeat, microsatellite and minisatellite DNA
sequences
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rich in endemic species. The contribution of non-native species to the growth of the
global aquaculture industry and the economic benefits that it has brought to many
developing countries cannot be underestimated. However, minimizing the escapes
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5.1 Intentional Introduction of Non-Native Species
for Aquaculture

Global aquaculture production has reached 59.4 million tonnes per year, worth
US$70.3 billion accounting for almost 50% of world seafood production
(FAO 2006a). It has experienced average annual growth rates of 8.8% from 1950 to
2004 (FAO 2006b) and it exceeded wild capture fisheries in Asia in 2002 (FAO
2006a) (Fig. 5.1). In many regions of the world, non-native species have been inten-
tionally introduced for aquaculture purposes and have contributed significantly to
the expansion of the industry (Welcomme 1992; Dextrase and Cocarelli 2000) (Fig.
5.2). These species provide considerable economic and social benefits, particularly
in developing countries and are typically selected for production based upon: (a)
the perceived poor performance of available native species relative to
non-natives, including their slow growth rates, lower yield, reduced resistance
to disease, tolerance to overcrowding and hardiness to environmental fluctuations;
(b) proven production techniques that are readily transferred to new locations; and
(c) new commercial opportunities, specifically in developing regions, utilising pre-
established global markets (FAO 2006b).

The majority of intentional introductions have occurred in the last century for
stocking and aquaculture purposes (Holick 1984; Welcomme 1991; Minchin and
Rosenthal 2002; Goren and Galil 2005) and, with the current pace of technological
development, it is highly likely that further non-native species and their hybrids will
be trialled in countries outside their native range (Minchin and Rosenthal 2002).
At present, four non-native species are the focus of intensive aquaculture efforts on
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multiple continents; the Pacific white shrimp Penaeus vannemei, the Nile tilapia
Oreochromis niloticus, the Atlantic salmon Salmo salar, and the Pacific cupped
oyster Crassostrea gigas (FAO 2006b).

5.1.1 Non-Native Aquaculture Production in China

China has by far the greatest aquaculture industry, producing over 41.3 million
tonnes in 2004 and approximately 10% of the total production in 2005 consisted
of non-native species (FAO 2006a; Fig. 5.2). The importance of non-native
species to the rapid increase in China’s aquaculture production in the latter half
of the 20th century can not be underestimated. In 1959, China introduced rainbow
trout Oncorhynchus mykiss, an indigenous species of America, from North
Korea: the first of many aquatic species introductions. Over the next half a
century, more than one hundred aquatic species were introduced to China and
over 20% of them have been widely cultivated (Zhu 2000). These species include
83 finfish species, such as Oreochromis niloticus, Scophthalmus maximus,
Colossoma brachypomum and Micropterus salmoides; six crustacean species
such as Litopenaeus vannamei and Cherax quadricarinatus; fourteen mollusc
species such as Argopecten irradians and Ampullaria gigas; and nine species of
turtle and tortoise (Li 2005). Currently, over 10,000t are produced annually for
each of thirteen introduced aquaculture species in China (Li 2005).
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Tilapia was first introduced into China, either from Vietnam in the 1950s (Liu et al.
2000) or Africa in the 1970s (Zhu 2000), dependent on the source; this freshwater
finfish is now cultivated in all 29 provinces in China with an annual production of
805,000t (2003), which accounts for 60% of the world’s total production (Li 2005).
The bay scallop Argopecten irradians introduced from the United States in 1982 has
increased in production from less than 100,000t per year to an annual production of
more than 600,000t (Liu and Zhu 2006). The Yesso scallop Patinopecten (Mizuhopecten)
yessoensis, an indigenous species of Japan, Korea and Pacific Russia was introduced
to China in 1981 and in 15 years has become a major off-bottom mariculture species
at a shell-on production of 910,000t in 2004 (FAO 2006¢). This production is three
times the amount produced by Japan, the only other major producer of this species
(FAO 2006¢) and generates a total value of more than US$1 billion per year. The
Zhangzidao Fishery Cooperation Group in Dalian is the largest producer and supplies
90% of total Yesso scallop products in China. About 800 million spat of Yesso scallop
are produced annually by the hatcheries of the company, which seed the company’s
400km? seabed culture area.

Introductions of non-native species have also helped the industry in the face of
serious problems. The outbreak of virus disease in Chinese shrimp Penaeus
(Fennerpopenaeus) orientalis affected mariculture shrimp production in the early
1990s; however, the expanded farming of the Pacific white shrimp Penaeus vanna-
mei, the Japanese shrimp Penaeus japonicus and the Giant tiger shrimp Penaeus
monodon rapidly reversed the decline in shrimp production. The first commercial
shipment of disease resistant P. vannamei broodstock from the Americas to Asia was
from Hawaii to Taiwan Province of China in 1996, and from Hawaii to mainland
China in 1998 (Wyban 2002). In 2004, over 735,000t of P. vannamei were produced
in China, more than the rest of the world combined (Chen 2006; FAO 2006a).

5.1.2 Non-Native Aquaculture Production in Europe

Several non-native species have been in various forms of culture for over 2,000 years
in Europe. Perhaps the earliest species cultured was the Common carp Cyprinus
carpio in ponds in Eastern Europe, which originated from the Manchurian region of
China. However, it has only been since Victorian times that aquaculture in Europe
evolved and this was mainly out of concern over the depletion of existing fisheries
(Wilkins 1989). Early experiments on rearing native oysters Ostrea edulis to produce
settlements in ponds during the first few decades of the 1900s were occasionally
successful. However, it was stock movements of the native oyster from continental
Europe that were used to increase production. These were supplemented with
imports of the American oyster Crassostrea virginica to both Britain and Ireland.
This became a regular trade over about 40 years from the ~1880s. Such long distance
movements became possible with reduced journey times owing to the development
of steam transport (Minchin 2006). Intercontinental trade soon led to the movement
of other species including fertilised salmonid eggs, easily transported and managed
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in hatchery flow trays from the 1880s. Several species later became exchanged or
spread to different world regions which led to introductions of the Rainbow trout
Oncorhynchus mykiss, subsequently cultured in freshwater as well as in sea cages,
and Brook trout Salvelinus fontinalis and Lake trout S. namaycush for stocking
mountain lakes in Europe.

With increases in international trade, improved biological knowledge, produc-
tion of food for young stages, and increased technological developments, cultiva-
tion became practical. The hatchery techniques for bivalves developed by
Loosanoff and Davis (1963) in North America soon were utilised in Britain and
France from the 1960s and 1970s making it possible to raise several species. Not
all of the species imported and used in experimental trials were considered useful
(Utting and Spencer 1992). It was the Pacific oyster Crassostrea gigas and the
Manila clam Venerupis philippinarum that became widely used in culture through-
out much of northern Europe. Total production of C. gigas reached 122,000t in
2004 and 29% of all aquaculture production consisted of non-native species in
Europe by 2005 (FAO 2006a; Fig. 5.2). Other species that were intentionally intro-
duced but are in cultivation at comparatively small levels of production, are, for
example, the Japanese abalone Haliotus discus hannai in Ireland and the Japanese
shrimp Penaeus japonicus in Spain.

Some species arrived in Europe accidentally and have subsequently been utilised.
One of these, the red alga Asparagopsis armata, arrived in ~1940 and is now culti-
vated for the production of cosmetic products (Kraan and Barrington 2005).

5.1.3 Non-Native Species Production in Latin America
and the Caribbean

Countries in Latin America and the Caribbean have exhibited the greatest expansion
in their aquaculture industries compared to other regions, experiencing a 21.3% annual
growth rate since the 1950s, when aquaculture production was minimal (<7,000t)
(FAO 2006b). Substantial growth in aquaculture production began in the late 1970s,
primarily supported by shrimp and salmon production in three countries in South
America: Ecuador, Brazil and Chile. The development of the world shrimp market in
the 1970s and 80s saw considerable investment in these countries, particularly in
Ecuador, which concentrated on the native shrimp species Penaeus vannamei.

Brazil also concentrated its production efforts on shrimp and imported the non-
natives P. monodon and P. japonicus in the 1970s (FAO 2006a). The culture of the
non-native P. vannemei began to increase substantially in the early 1990s in Brazil
and this species is now the dominant shrimp species grown in the country with the
production of 76,000t in 2004. The non-native Common carp, Cyprinus carpio and
the various tilapia species, including the blue Oreochromis aureus, Mozambique
O. mossambicus, Nile O. niloticus and Wami O. urolepis imported to Brazil in the
1960s and 70s also comprise a large proportion of Brazil’s aquaculture production
with 114,248t produced in 2004 (FAO 2006a).
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In the late 1980s, Chile began to develop their salmon industry based on the
Atlantic salmon Salmo salar, which is native to the north-east Atlantic and had
been introduced to Chile in 1935 (FAO 2006a). Since 1990, this industry has exhib-
ited one of the highest average annual growth rates (31.4%) compared to other
countries’ aquaculture activities. The production of non-native salmonids had
reached over 550,000t by 2004 (Buschmann et al. 2006; FAO 2006a) and the
Chilean government plans to double the production output of this species by 2013
(Ridler et al. 2006).

In the Caribbean, the four main aquaculture producers are Belize, Costa Rica,
Cuba and Honduras. In Belize and Honduras, the non-native shrimp, P. vannemei is
the dominant aquaculture species, comprising 97% and 80% respectively of the total
aquaculture production in 2004 (FAO 2006a). In Costa Rica, 18,000t of the non-
native Nile tilapia were produced in 2004, comprising 73% of the total aquaculture
production for the country. In Cuba, the main aquaculture species is the non-native
Silver carp Hypophthalmichthys molitrix, which accounts for 54% of the aquaculture
production (FAO 2006a).

In 2005, over 74% of the annual production in Latin America and the Caribbean
was attributed to non-native species (FAO 2006a; Fig. 5.2), with an economic
value of US$3.9 billion in 2004, representing 75% of the total value of aquaculture
production in the region. This production is now concentrated on non-native
Pacific Whiteleg shrimp P. vannemei (in non-Pacific countries), Atlantic S. salar
and Coho salmon Oncorhynchus kisutch, Rainbow trout O. mykiss, Nile tilapia
Oreochromis niloticus and various carp species (Fig. 5.3).
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Fig. 5.3 Aquaculture production of non-native species (thousand tonnes) and value (billion US$)
in Latin America and the Caribbean in 2004 (FAO 2006a)
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5.1.4 New Zealand and Australia

Both New Zealand and Australia have significant and growing aquaculture industries
that rely on their “clean and green” image — many of the common Northern
Hemisphere diseases and parasites are absent from the aquaculture facilities in these
two countries, yet almost a quarter (22%) of their aquaculture production by weight
was based on non-native species in 2005 (FAO 2006a; Fig. 5.2).

5.1.4.1 New Zealand

New Zealand produces ~97,700t of aquaculture product per year worth
~US$217 million (~NZ$315 million), equating to approximately 20% of total
NZ fisheries production (NZAC 2006). Over 98% of New Zealand’s aquacul-
ture industry is based on three species: the endemic Greenshell mussel Perna
canaliculus, and two non-native species, the Pacific oyster Crassostrea gigas,
and the King (or Quinnat) salmon Oncorhynchus tshawytscha. Non-native
species however, represent 33.3% of New Zealand aquaculture product by
value (Table 5.1).

There are three species of salmon in New Zealand, all of which are non-native:
King or Chinook salmon O. tschawytscha introduced from the United States in
1907, Sockeye salmon O. nerka introduced from Canada in 1902, and Atlantic
salmon Salmo salar introduced in the 1960s (FAO 2006a). Only the King or
Chinook salmon (also known as “Quinnat’) are successfully farmed on a significant
scale in New Zealand. This is in contrast to the rest of the world where salmon
aquaculture is focused on the Atlantic salmon, except for some Chinook salmon in
Canada and Coho salmon in Chile.

King salmon are grown in sea cages in the marine environment and in freshwater
raceways throughout the South Island. There are about 29 salmon farms in New
Zealand covering a total of around 128 hectares (as of December 2005) producing
around 7,000 metric tonnes per annum. These 29 farms account for roughly half of
the worldwide farmed king salmon production.

The main Pacific oyster farming areas are located in sheltered bays and harbours
around the North Island. The farming method for Pacific oysters consists of wooden
racks to which the oysters are attached. The racks are anchored in the lower inter-
tidal region. There are about 236 Pacific oyster farms in New Zealand covering a
total of ~928 hectares (as of December 2005) and producing over 2,000t in 2004
(FAO 2006a).

5.1.4.2 Australia

Australia produces ~47.1 million tonnes of aquaculture product per year, worth
~US$480 million (~AU$610 million), equivalent to 30% of Australia’s total fisheries
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production. Approximately 60 species are under aquaculture production, of which
several are introduced from other regions of the world or from other regions of
Australia (see Table 5.1). While many of these species are for human consumption
(e.g., salmonids, oysters and prawns), aquaculture in Australia includes a variety of
products for other purposes.

Non-native species represent 43.3% of Australian aquaculture production by
value (in 2004-05). These non-native species include introduced salmonids
(Atlantic salmon, Salmo salar; Brown trout, Salmo trutta; Brook trout, Salvenlinus
fontinalis and Rainbow trout, O. mykiss), Pacific oysters, and freshwater crayfish
(yabbies: Cherax albidus; C. quadricarinatus) translocated from one Australian
state to another.

Atlantic salmon and rainbow, brown and brook trout are cultured commercially
in Australia. Tasmania is the major force in Australian production. Atlantic salmon
and ocean trout (rainbow trout) are grown in sea cages, trout are also grown in
freshwater dams and raceways where large supplies of cold, flowing water are read-
ily available. Sea cage culture contributes more than 60% of the total salmon and
trout production in Australia.

The Pacific oyster is extensively farmed in Tasmania and South Australia, and
comprises a minor component of the industry in New South Wales where several
native species are grown (Ostrea angasii, Sacostrea cucullata, and S. glomerata).
The farming method is similar to New Zealand where both wooden racks and stakes
are used. The blue mussel, Mytilus edulis, is commercially farmed in Victoria,
Tasmania, New South Wales, and Western Australia.

5.2 Unintentional Aquaculture Related Introductions
of Non-Native Species

Despite the apparent success in increased aquaculture production through the
use of non-native species, current practices can pose significant risks of unin-
tentional introductions from net pens or pond systems into freshwater and
marine systems. These introductions have been widely reported (Naylor et al.
2001; Nico et al. 2001; SAMS 2002) and are often associated with weather
events (e.g., flooding or hurricanes) or accidents of operation. It is estimated
that; up to 2 million farmed Atlantic salmon escape into the North Atlantic each
year (McGinnity et al. 2003), over 500,000 Atlantic salmon escaped from cages
between 1987 and 1997 on the west coast of North America (McKinnell and
Thomson 1997), up to 80% of adult salmon entering rivers in Norway were
escapees (Fiske and Lund 1999) and that the introduced Rainbow trout
Oncorhynchus mykiss now occupies over 51% of Slovenian territory (Povz and
Sumer 2005). Mass escapes of the Pacific white shrimp Penaeus vannemei have
also occurred in both the United States (Balboa et al. 1991; Wenner and Knott
1992; Howells 2001) and Thailand (Barnette et al. 2006).
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5.3 Ecological Consequences of Intentional
and Unintentional Introduction of Non-Native Species

The intentional and unintentional introduction of non-native cultured species
represents a “biological introduction”, which are human mediated movements of
organisms to regions where they did not evolve. Biological introductions are
widely recognised as a major threat to species diversity (CBD 1992; Worm et al.
2006) arising from habitat modification, changes in ecosystem functioning,
extinction of native fauna and flora, disease transfer and genetic effects such as
hybridisation with native congeners (Lovei 1997; Ruiz et al. 1997; D’ Antonio
et al. 2001; Jonsson and Jonsson 2006). Regions supporting high levels of
endemic species are particularly vulnerable to these introductions.

5.3.1 Habitat Modification

The accidental or intended introductions of exotic species can cause significant
changes to ecosystems (Ruesink et al. 2006). However, the response of natural
communities to the introduction of a non-native species is complex, and impacts
can have positive, negative or negligible, depending on the species, location,
age, or type of habitat considered (Neira et al. 2005; Gribben and Wright 2006).
To highlight the potential effects of introduced species on habitat structure, two
case-studies will be considered: the first in Willapa Bay, Washington USA
(Ruesink et al. 2006) and the second on the South African coast (Robinson
et al. 2005).

In Willapa Bay, USA the Pacific oyster Crassostrea gigas was introduced in 1928
for aquaculture purposes due to the overexploitation of the native oyster Ostreola
conchaphila (Ruesink et al. 2006) and is now the main oyster species cultivated.
The Pacific oyster naturally recruits to uncultivated regions of the bay and forms
dense intertidal hummocks of shell and live oysters (Ruesink et al. 2006). This
recruitment has also been observed in a number of other countries where C. gigas
has been introduced (Orensanz et al. 2002; Nehring 2003; Diederich et al. 2005).
The importation of C. gigas and the development of the oyster industry also
unintentionally brought the invasive smooth cordgrass Spartina alterniflora to
Willapa Bay in the form of packaging material for transplanted Crassostrea virgi-
nica in 1890 (Townsend 1893, 1896; Feist and Simenstad 2000).

Species that can change habitat structure and modify the local environment are
known as ecosystem engineers (Crooks 2002). C. gigas and S. alterniflora can
substantially re-engineer a habitat to provide biogenic structures which provide
substrate for fish, invertebrate and macroalgal recruitment and sediment accumula-
tion (Ruesink et al. 2006). The expansion of culture sites and biogenic reefs formed
by oysters can also cause significant changes in sediment porosity, bioturbation
activity and have an effect on biogeochemical cycling (Ruesink et al. 2006).
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In South Africa, the Mediterranean mussel Mytilus galloprovincialis was
accidentally introduced in ~1979 and is now grown commercially (Robinson
et al. 2005) with over 6,100t produced in 2005 (FAO 2006a). M. galloprovincia-
lis has become the dominant intertidal mussel along the west coast, where it has
considerably modified the natural community composition by dominating rock
surfaces (Robinson et al. 2005). M. galloprovincialis forms dense, multi-layered
structures and supports a higher biomass per m? than the single layered beds of
the indigenous mussels Choromytilus meridionalis and Aulacomya ater (Robinson
et al. 2005). The increased vertical range of M. galloprovincialis, due to a
greater dessication tolerance, higher fecundity and faster growth rates than the
native species (Van Erkom Schurink and Griffiths 1990, 1991; Hockey and van
Erkom Schurink 1992; Van Erkom Schurink and Griffiths 1992), has led to a
massive increase in non-native mussel biomass along the South African west
coast (Griffiths et al. 1992).

The introduction of certain non-native species to a region can considerably
modify the system, as shown by the introduction of C. gigas, S. alterniflora
and M. galloprovincialis. Predicting the impact that non-native species will
have on habitat structure and, as a consequence, existing food webs and com-
munity composition is inherently difficult. A greater understanding of how
these non-native “ecosystem engineers” alter energy flow, ecological proc-
esses, biogeochemical cycles and ecosystem function is critical in determining
the impact that these species will have on the ecosystem as a whole.

5.3.2 Changes in Ecosystem Functioning

Ecosystem services are a set of ecosystem functions that are useful to humans and
many are critical to our survival (climate regulation, air purification, pollination,
nutrient recycling) while others enhance it (aesthetics) (Kremen 2005). Ecosystem
functioning is intrinsically linked to biodiversity and changes in biodiversity and
community structure can cause drastic changes in ecosystem function and hence in
the provision of ecosystem services.

The majority of studies of ecosystem function have concentrated on biodiversity
loss due to extinctions; however, many biological invasions have resulted in a net
gain at the local or regional level (Sax and Gaines 2003). This causes a net increase
in diversity at the ecosystem level and an important consideration is how these
species additions affect ecosystem functioning (Stachowicz and Tilman 2005). Few
studies have been undertaken to specifically address this question, although it is clear
that invasive species can affect ecosystem structure and function (Stachowicz and
Tilman 2005). For example, Levin et al. (2006) showed that invasion by a Spartina
hybrid in San Francisco Bay (USA) shifted the system from an algae based to a
primarily detrital-based system. Furthermore, the Spartina hybrid canopy changed
the hydrodynamic regime causing drastic and multiple changes in the physical,
chemical and biological properties in the benthic system (Neira et al. 2006). These
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changes caused a reduction in survivorship of key taxa that supported higher trophic
levels, such as migratory shorebirds (Neira et al. 2006).

Tilapia has been used worldwide as an aquaculture species and has escaped in
many regions where they are cultured (Peterson et al. 2005). Tilapia can significantly
alter the ecosystem they invade, yet the impact is often hard to predict (Figueredo
and Giani 2005). For example, the Redbelly tilapia (Tilapia zilli) was accidentally
introduced into a power plant reservoir in North Carolina, where it reduced all
aquatic macrophytes through grazing, which coincided with a dramatic decline in
native fishes (Crutchfield 1995). The Common carp (Cyprinus carpio) has been
widely translocated around the world for aquaculture purposes and through uninten-
tional introductions is now a successful invader in parts of Europe, Asia, Africa,
North, Central and South America, Australia and Oceania (Lever 1996; FAO 2002).
Carp can reach high densities (1000 individuals ha™') and biomass (3144 kg ha™')
(Harris and Gehrke 1997) and this can result in reduced photosynthetic production
and visibility for visually feeding fish (Koehn 2004) through increasing the water
turbidity whilst feeding (Fletcher et al. 1985; King et al. 1997), a decline in the
abundance of aquatic plants (Fletcher et al. 1985; Roberts et al. 1995) and finally,
cause trophic cascades in shallow lakes (Khan et al. 2003).

5.3.3 Extinction of Native Flora and Fauna

There is no doubt that biological invasions are causing dramatic widespread
changes to communities and altering many ecological systems (Parker et al. 1999;
Ruiz et al. 1999; Levi and Francour 2004; Neira et al. 2005; Gribben and Wright
2006; Ruesink et al. 2006). However, many extinctions have been attributed to
biological invasions when there have been many other environmental factors
(eutrophication, habitat loss, land use changes, over grazing) which could have
played a key role in causing the decline of the native species (Gurevitch and Padilla
2004). Of the 762 species globally documented to have become extinct as a result
of human activities in the past few hundred years, < 2% list non-native species as
a cause (Gurevitch and Padilla 2004).

In many cases, species do not go “extinct”, but are lost from a large part of their
former range which greatly reduces and/or fragments the populations (Hobbs and
Mooney 1997). Non-native species have been identified as part of the problem and,
in combination with habitat loss, modification and degradation of the environment,
have lead to the loss of species in a particular region. For example, Fellers and
Drost (1993) resurveyed 16 historic sites and 34 other sites for the Cascade frog
Rana cascadae and only found two frogs at one site. The population extinction
was attributed to several factors, principally to the introduction of non-native
predatory fish, drought and habitat loss due to management activities (Hobbs and
Mooney 1997). The introduction of the Grass carp Catenopharyngodon idella, the
Bighead carp Aristichthys nobilis and the Taihu Lake noodlefish Neosalanx
taihuensis during the 1970s and 1980s to the southern provinces of Guangdong,
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Guangxi and Yunan from the Yangtze River system, has severely affected and has
contributed to the extinction of some local finfish species (Li and Xie 2002). The
Nile perch Lates niloticus was introduced into Lake Victoria in the 1960s appar-
ently causing the extinction of many cichlids species — viewed as the biggest
vertebrate extinction of the 20th century (Witte et al. 2000). However, Gurevitch
and Padilla (2004) suggest that development of the railroad in the 1920s caused
erosion and shoreline destruction (Verschuren et al. 2002) and urbanization during
the 1970s increased eutrophication and decreased lake transparency from 8 to
1.5m (Verschuren et al. 2002; Aloo 2003). Increased nutrient loading and anoxic
events resulting in fish kills are now common. The increase in nutrient loads, how-
ever, has favoured the non-native water hyacinth Eichhornia crassipes, which
alters nursery areas for juvenile fish (Witte et al. 2000).

Species in the marine environment are typically considered to have a lower risk
of extinction because of the large continuous habitats they occupy and the life his-
tory characteristics of many species that results in extensive dispersal potential
enabling the recolonisation and repopulation of impoverished areas (Gurevitch and
Padilla 2004). Caution should be taken, however, as this perception was derived
from experiences when marine populations were much larger than they are today
(Dulvy et al. 2003) and when the current rate of exploitation of marine species and
the level of associated by-catch of non-target species was significantly lower
(Worm et al. 2006). Unintentional introductions of non-native aquaculture species
are likely to increase with the rapid expansion of the aquaculture industry on a
global scale and there is an urgent need for more research into the role of non-native
species in pushing native species towards extinction and to evaluate their impact
relative to that of other factors (Gurevitch and Padilla 2004).

5.3.4 Disease Transfer

To be economically viable, cultivation of a species must normally take place at a
high density either within contained units (on account of the capital costs of the
equipment) or as bottom culture on shores (where space may be limited). Under
these conditions introduced pests, parasites and diseases are provided with increased
opportunities to thrive (Minchin and Rosenthal 2002).

There are many cases of stock movements introducing unwanted pests, para-
sites and diseases and some have had serious economic impacts on aquaculture
production, for example, oysters (Heral 1990), shrimp (Kinne 1984; Sindermann
1993) and fishes (Kinne 1984). For example, the trematode Gyrodactylus salaris
was carried with Atlantic salmon Salmo salar from Swedish hatcheries to Norway
(Johnsen and Jensen 1991) and resulted in serious salmon mortalities in the
recipient region.

Movements of harmful biota over larger distances, however, are more common.
For example, consignments of half-grown Pacific oysters have resulted in a large
suite of invertebrates being spread throughout the world (Gruet et al. 1976), with
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their uneven shells providing a large surface area for the attachment of cryptic
species. Biota may also reside in the mantle cavity, the gut or in various tissues.
During the early large-scale movements of oysters these associated species were
tolerated as a nuisance. However, with present knowledge and management such
releases are unlikely to be repeated on account of the wide range of microbiota and
syndromes that have been associated with such movements (Cheyney et al. 2000).

The movement of stock in seemingly small quantities can also have serious
consequences for native species. For example, the importation of Japanese eels
Anguilla japonica for cultivation trials in Europe released a rotund nematode that
in its final stage lodges in the visceral cavity near the air bladder and has caused
significant internal damage in other eel species such as the native freshwater eel
Anguilla anguilla (Kennedy and Fitch 1990). This nematode is easily dispersed by
copepods, and a wide range of paratenic hosts that include other fishes and insects.
The species has now become widely spread in Europe and the consequences for
the stock of the North Atlantic eel, already in decline, are unknown.

The spread of viral diseases through stock movements has been particularly
prevalent in Penaeid shrimp and has caused significant declines in production
(Subasinghe et al. 2000). Viruses may also be spread via other crustaceans, and
barnacles may even be capable of transmitting these to different countries as hull
fouling on ships. Pathogenic species may also be carried in the water and sediments
in the ballast tanks of ships and many species in commercial culture have been
found associated with hull fouling (Minchin and Gollasch 2002). No studies have
been undertaken on the potentially harmful biota carried on ships’ hulls although it
is suspected that the oyster disease Bonamia osteae was carried to different bays on
the hull of a barge (Howard 1994).

5.3.5 Genetic Impacts

Marine aquaculture species are increasingly being selected or modified with respect to
genetic traits linked to performance. Cross (2000) described the genetic improvement
of aquaculture species as an economic imperative and without it, the industry would
find it impossible to compete. For example, Coho salmon Oncorhynchus kisutch with
introduced growth hormone genes from Chinook salmon Oncorhynchus tshawytscha,
demonstrated much faster growth compared to the control group (Devlin et al. 1994).
Hybridization between the Yesso scallop Patinopecten (Mizuhopecten) yessoensis and
alocal species Chlamys farreri have also been undertaken to improve growth perform-
ance (Yang et al. 2004; Yu et al. 2006). In addition, Chinese researchers have recently
introduced a new batch of Yesso scallop broodstock from Russia (Meng 2006) in an
effort to reconstruct their genetic diversity (Li and Xue 2005). These experiments have
produced new strains of scallops and some individuals have already been put out to
sea for a pilot grow-out.

As aresult, a substantial fraction of genetic variation in aquaculture species resides
at a higher organisational level (among populations) than in natural populations
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where all variation resides below the family level (Youngson et al. 2001). Within
the population, genetic complexes will develop, often relating to the environment
in which the population has developed, constituting spatial, behavioural or tempo-
ral isolating mechanisms. Aquaculture practices of both inbreeding and selection
of individuals for specific traits magnifies the development of genetic complexes
in a population.

When aquaculture escapes breed with natural populations, hybridisation and
subsequent introgression can lead to a breakdown of the genetic complexes which
have developed, forcing a reduced fitness in the hybrid individuals (Skaala et al.
2006). This can lead to a decline in fitness and increased threat of extinction in the
now hybridised natural population (Mooney and Cleland 2001). Outbred large-
mouth bass Micropterus salmoides crossed from two distinct populations suffered
a reduction in fitness of approximately 14% relative to parental stocks (Goldberg
et al. 2005). F2 generation hybrids suffered higher mortality rates and increased
susceptibility to infectious disease. Collection and translocation between previ-
ously isolated stocks can have similar effects, which have been shown in stocks of
black-lipped pearl oyster, Pinctada margaritifera cumingii, in French Polynesia
(Arnaud-Haond et al. 2004). When large populations of invading species are
introduced, the threat to native species is unavoidable, however evidence suggests
that even when small populations of an invader are introduced (for example,
escaping aquaculture individuals) the native population is still threatened (Mooney
and Cleland 2001).

Hybridisation can be either inter- or intraspecific. Hybridisation between native
brown trout, Salmo trutta and Atlantic salmon, Salmo salar, in Europe is an
example of the former and female salmon escapees have been shown to hybridize
relatively freely with the brown trout (Youngson et al. 1993). Intraspecific hybridi-
sation would involve escape of a different strain of the species into a native
population (Cross 2000). This is likely, due to the modification of aquaculture
species with traits chosen for performance. Spawning success is lower for
cultured salmon than for wild fish (Fleming et al. 1996, 2000), even when
released to the wild as smolts (Jonsson et al. 1990). In Spain, where rivers have
been highly stocked with non-native trout S. trutta, 25% of native populations
had evidence of introgression by genes of hatchery origin (Almodévar et al.
2001). Evidence has also been found for the introgression of the Mediterranean
mussel, Mytilus galloprovincialis genes into native Australian populations
(Sanjuan et al. 1997).

5.3.6 Trans-Boundary Effects

Biological invasions, whether intentional or accidental, are by their very nature
not limited by geo-political boundaries. This is even more the case for marine
bioinvasions where oceanic currents and natural dispersal mechanisms can lead
to significant range expansions, following initial establishment, that transcend
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state and national boundaries. Examples include the escape and spread of the
macroalga Undaria pinnatifida from aquaculture facilities in Brittany, Atlantic
France (Pérez et al. 1984) across the English Channel to southern England and
along the coasts northwards to the Netherlands and southwards to Spain
(Fletcher and Manfredi 1995; Wallentinus 1999). Similarly, the expansion of the
European green crab, Carcinus maenas, along the West Coast of North America
following its initial accidental establishment in San Francisco Bay resulted in an
expansion from the state of California, to Oregon and Washington (Grosholz and
Ruiz 1995).

The Conference of Parties of the Convention on Biological Diversity (CBD
1992) in Decision VII/5, identified the need for regional and international collabo-
ration to address trans-boundary impacts of mariculture on biodiversity, such as
spread of disease and invasive alien species (paragraph 51), particularly where non-
native species are grown for mariculture purposes. Similarly, the FAO through the
Code of Conduct for Responsible Fishing (CCRF) (FAO 1995) and Technical
Guideline Number 5 (FAO 1997) has explicitly addressed aquaculture development
in relation to trans-boundary obligations. Article 9.1.2 of the CCREF identifies the
potential genetic impacts of introduced (alien) species through introgression and
competition with native stocks and Article 9.2.3 explicitly discusses the need for
consultation with neighbouring states when considering the introduction of alien
species into a trans-boundary system.

From an aquaculture perspective, trans-boundary effects include both the
intentional release of a species that has the ability to disperse across geo-political
boundaries and cause harm to a neighbouring coastal state, as well as, the opera-
tional or regulatory management failure to prevent or mitigate non-native species
escapes that may cause harm to a neighbouring coastal state.

5.3.7 Implications for Biodiversity Hotspots

Biodiversity hotspots are defined as those areas where “exceptional concentra-
tions of endemic species are experiencing exceptional loss of habitat” (Myers
et al. 2000; Orme et al. 2005). Of the top five regions identified as major global
hotspots for marine biodiversity (Roberts et al. 2002), two regions are major aqua-
culture producers; the Philippines and Indonesia with an annual production of
over 1.4 million tonnes. The Caribbean is ranked ninth (Roberts et al. 2002) and
this region has experienced an annual growth rate in aquaculture production of
21.3%, almost three times higher than the global production average of 8.8%
since the 1950s. Over 65% of the production in the Caribbean is due to introduced
species (FAO 2006b). Chile is identified in the top 25 terrestrial hotspots and has
experienced an annual increase in aquaculture production of 40.0% from 1980 to
2004 (FAO 2006a). From a conservation perspective, it could be argued that con-
cerns about aquaculture effects related to non-native species need to be primarily
focused on these areas.
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5.4 Future Directions

As the landings from capture fisheries stagnate (SOFIA 2004; Hilborn 2007), aqua-
culture is critical to the provision of global resources. The industry provides full
time employment for over 3.3 million people in China alone (De Silva 2000) and
many millions more could be employed either directly or indirectly in aquaculture
worldwide — provided there is wise environmental management. A sustainable
approach to coastal aquaculture is especially key given that 65% of humanity, 3.6
billion people, live within 150km of the coast and are dependent on ecosystem
based services (Cohen 1995; Sachs and Reid 2006) and that a number of major
aquaculture regions support biodiversity hotspots. Much of the future aquatic pro-
duction will be dependant on good water quality and how developments evolve that
might otherwise conflict with the space required for cultivation. The present ease
of transportation will allow for the movement of aquaculture species over large
distances rapidly enabling a wide range of species to become transferred.
Legislation and risk management in the movement of species is becoming recog-
nised as an important area in order to prevent undesired impacts, as a result of an
intended introduction.

5.4.1 Legislation for the Introduction of Non-Native Species
Jor Aquaculture Purposes and Management Strategies

The International Council for the Exploration of the Sea (ICES) Code of Practice
on Introductions and Transfers of Marine Organisms (ICES 2005a) and the
European Inland Fisheries Advisory Commission (EIFAC) Code of Practice for
Consideration of Introductions and Transfers of Marine and Freshwater Organisms
(Turner 1988), provided guidelines for the intentional introduction of non-native
species for aquaculture purposes. Furthermore, it has been recommended that the
new IUCN code of practice should be incorporated into national development strat-
egies (Hewitt et al. 2006). These codes aim to minimise negative impacts of non-
natives used in aquaculture on the recipient environments. Australia and New
Zealand are well advanced in the development of their national strategies; however,
it is recognised that these procedures take time to implement and there are circum-
stances where there is an urgent requirement to provide food for the vast popula-
tion, as in China or where there has been serious environmental degradation, as in
the case of deforestation in the Indo-Pacific (Coates 1995).

5.4.1.1 Australia and New Zealand

Australia has experienced a number of high profile invasions from a variety of
sectors resulting in serious environmental and economic impacts (Hewitt et al. in
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press). As a consequence of these invasions, Australia identified the need for a
coordinated approach across national and state agencies through the development
of a National System for the Prevention and Management of Marine Pest Incursions
(National System) to address all potential marine pest vectors underpinned by a
risk assessment framework and to specifically establish arrangements for preven-
tion, emergency preparedness and response, and ongoing management and control
(Hewitt et al. in press).

The National System is coordinated by the Department of Agriculture, Fisheries
and Forestry with all Australian States and the Northern Territory, marine indus-
tries (shipping, ports, fishing, aquaculture), conservation groups and researchers.
Australia’s biosecurity system is largely managed under the Quarantine Act
(1903). At present, biosecurity management of aquaculture is partitioned into:
quarantine activities associated with import standards, established by Biosecurity
Australia and implemented by the Australian Quarantine Inspection Service
(AQIS); and operational management at State and Territory levels. The importa-
tion of a new species for use as an aquaculture product must be assessed and
approved by Biosecurity Australia, with appropriate approvals by AQIS. Once
these approvals are in place, importation can proceed once approvals from the
State or Territory are provided. Under the current National System, it would
be unlikely that approvals for a new importation of a species for open water cul-
ture would proceed due to the obligations to prevent and minimise impacts of
non-native species in the marine environment. If approvals were given, the opera-
tor would be required to submit and have approved an Emergency Marine Pest
Plan that outlines options for action in the event of escape or other problems such
as a disease outbreak. Similarly, it is likely that ongoing monitoring would be
required with mandatory reporting to State and Territory authorities.

For the purposes of New Zealand’s regulatory requirements, non-native fish,
aquatic life or seaweeds approved for use in New Zealand must be in the exclusive
and continuous possession or control of the person undertaking the activity AND
must be able to be distinguished or kept separate from naturally occurring fish,
aquatic life or seaweeds.

Importation of plants and animals, including aquatic organisms for aquacul-
ture, is rigorously controlled by the New Zealand Environmental Risk Management
Authority (ERMA). Biosecurity arrangements restricting the importation and
quarantine of new species (that is species not occurring in the wild prior to 1996)
involves a thorough investigation of the potential risk of introducing this species
into New Zealand including the disease risk it presents. The ERMA makes deci-
sions on applications to introduce hazardous substances or new organisms,
including genetically modified organisms.

54.1.2 China

In China, before the issue of the Quarantine Act of Import and Export Organisms
(2004, People’s Congress) and the Aquaculture Seedling Management Procedures
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(2005, Chinese Ministry of Agriculture, MOA), the lack of management had
resulted in a somewhat chaotic situation in non-native species introductions, and
some species were introduced repeatedly. The Aquaculture Seedling Management
Procedures was enacted to deal with this situation and, for the first time the intro-
duction of broodstock, juveniles, larvae and fertilized eggs for aquaculture
(research or production) purposes is under government control. All aquaculture
seedlings are categorized by the MOA in collaboration with relevant branches of
the State Council, as (i) whose import and export are forbidden; (ii) whose import
and export rely on the approval of MOA; or (iii) whose import and export rely on
the approval of Provincial Fisheries Administrations. Among other requirements,
all applications for the import of aquaculture seedlings should contain a Safety
Impact Report (including environmental and biological impact and possible dis-
ease transfer) and a Certificate of Origin. These measures are inadequate, in that
there is still no integrated risk assessment system in China to prevent aquatic bio-
invasion, no legislation governing the early-warning, removal and control of intro-
duced species, and no ecological remediation and compensation liability measures
to combat bio-invasion.

In recent years, however, Chinese central government has strengthened legisla-
tive and administrative measures supervising aquatic species introduction, and
encouraging research efforts on risk assessment and the control of bio-invasions.
Guided by the above mentioned acts and a number of regulations, the National
Biosafety Office, affiliated with the State Environmental Protection Agency
(SEPA), the MOA along with its provincial level agencies and the General
Administration of Quality Supervision, Inspection and Quarantine of the People’s
Republic of China (AQSIQ) undertake the management of species introduction and
the inspection of pests, parasites and diseases carried by any imported organisms.
Strict inspection and risk assessment procedures have also been implemented on
import and export of genetically modified organisms (GMO).

5.4.2 Risk Evaluation and Management

Risk evaluation has become a useful management tool to assess the biological and
ecological aspects of ecosystems when using limited available data (i.e., managing
under uncertainty). For example, ecologically sustainable development seeks a
balance between the benefits and the costs (environment, economic, social) of an
activity. In many instances, the information necessary to determine benefits and
costs will be unknown and risk evaluation can aid the decision-making process.
In simple terms, risk analysis is used to determine how often an event may occur
(frequency) and what the consequences of such an event would be. Risk evaluations
can inform decisions before allowing the import of a new species (pre-border) or
before allowing release of a new species into the environment (post-border).

A standardised risk management process can be summarized in four steps: (1)
establishing the context; (2) identifying the risk; (3) assessing the risks (risk
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analysis and risk evaluation); and (4) and treating the risks (e.g., Australian and
New Zealand Standard Risk Management AS/NZ4360:2004). This is readily
applicable to assessing pre-border biosecurity risk (e.g., microalgae import
decision-tree; Campbell 2006b) and post-border biosecurity risk in the form of
organism impact assessments (Campbell 2005, 2006a).

In an aquaculture context, risk evaluation must assess: (1) the introduced species
being imported for commercial purposes (e.g., use of abalone, Haliotis rufescens
and H. discus hannai, in Chile); (2) the mechanism of transfer to determine hitch-
hikers including pathogens and parasites; and (3) the feed species (e.g., Thalassiosira
wiessfloggi is fed to rotifers that are then used as aquaculture feed) imported to
sustain both native and introduced aquaculture species.

Management of imported introduced species is typically controlled with the aid
of Import Health Standards (IHS), that operate as codified rule structures that iden-
tify how, when and where a specific “risk good” can be imported, and adhere to the
World Trade Organizations (WTO) related standards (Hewitt and Campbell 2007).
IHS seeks to minimise the risk and identify appropriate management options
(Orensanz et al. 2002; DAFF 2003; Pheloung 2003).

IHS’s are often underpinned by species specific risk analyses. A decision tree
model is one example of risk analysis where a series of simple yes/no questions
progresses the assessment through the process, indicating where importation should
be rejected, approved with or without stipulations (Fig. 5.4). The model can be
qualitative, semi-quantitative or quantitative (data input dependent). Each step is
assessed against a risk mitigation context (such as a management procedure) with
the endpoint derived by the questions asked at each step in the process. The
decision-tree applies the same set of criteria to all species, ensuring a consistent,
objective and verifiable manner to assess all import requests and invariably consid-
ers specific national and international obligations.

Countries can also apply the risk evaluation embedded in the ICES Code of
Practice (ICES 2005b), or develop more individualised importation processes
(e.g., Hewitt et al. 2006). For example, a generic importation model for aquacul-
ture species identifies risk as an integral component, followed by an economic
assessment of cost: benefit (Fig. 5.5). The model is initiated when a request to
import a non-indigenous species or non-indigenous genome occurs. Decision
makers undertake a risk evaluation that defines: unacceptable impacts, risk meth-
ods used and a-priori states the acceptable level of risk. The process is supervised
by a scientific review committee and produces contingency and action plans or
guidelines that deal with the accidental release of a non-indigenous species.

5.5 Concluding Remarks

Rapid increases in the production of non-native species and the associated risks
of unintentional introductions and pathogen and parasite transfers to native popu-
lations underscores the urgent need for concerted global action in advancing
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environmentally sound aquaculture practices. If aquaculture is to be sustainable
and the ecosystem safeguarded, particularly in regions of high endemism (i.e.,
biodiversity hotspots), effective controls on the introduction of non-native species
associated with production are needed. Species diversity has been linked to
increased robustness of systems to exploitation (Worm et al. 2006), making pro-
tection of biodiversity hotspots a clear priority (Webster et al. 2005). Existing
codes of practice and risk evaluation models serve as important guidelines and
should be carefully considered and actively promoted in planning non-native
aquaculture. The 10-year Global Conservation Fund or the 5-year Critical
Ecosystem Partnership Fund, which are aimed exclusively at hotspots (Brooks
et al. 2006) should be used to assist the regions of highest risk to adopt interna-
tional regulations and risk assessments for the introduction of non-native species
for aquaculture purposes.

It is evident that a multi-disciplinary approach is needed to draw together
experts, particularly from aquaculture, invasion biology, sociology and economics,
which till now have had relatively limited interaction. In addition, efforts should
be directed towards joint partnerships between countries and experts that have
pioneered aquaculture research and those which possess the greatest biodiversity
to improve growth rates, immunological resistance, product quality and market
availability for native cultured species and/ or to design more robust aquaculture
systems. Such action would either reduce the need to introduce non-native species
for aquaculture purposes or minimise the risk of escape.

Finally, efforts should be advanced to increase the profile of concerns sur-
rounding non-natives, in order to educate and involve a broad cross-section
(scientists, industry, managers and the public) and promote sustainable aquac-
ulture practices. This should include an international forum of experts and
countries prepared to aid development in developing countries, symposia and
workshops that engage a diverse community, ready access to the above codes of
practice and related information, and explore market identity for environmen-
tally sound products (Bartley and Minchin 1996).
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