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Preface

This review provides a synopsis of the results of research
on finfish cultivation funded by the Department for
Environment, Food and Rural Affairs (Defra) since 1990.

Government has actively promoted research into aspects
of finfish cultivation since the 1960s, recently through Defra
and formerly through the Ministry of Agriculture, Fisheries
and Food (MAFF). Commercial success of the UK trout
and salmon farming industries over the last two decades
has meant that there has been less need to develop these
sectors through investigations funded exclusively from the
public purse. Instead government research funds for this
area of work have been, in part, made available through
schemes set up to support collaborative investigations
in which the industrial partners have also contributed
resources. Wholly government funded research related
to salmonid farming has been mainly directed towards
developing various means of ensuring protection of fish
welfare, natural stocks and the environment.

Government sponsored research in marine finfish
cultivation in the 1970s led to advances that underpinned

the development of the industry. Defra has continued
to provide support to tackle aspects that have held back
the development of the marine finfish farming industry in
the UK. Priority has been given to investigations of the
potential of new species and the constraints that affect the
industry; these are the projects that make up most of this
review.

The review begins with an Introduction that provides an
overview of the development of marine finfish cultivation in
the UK and a brief summary of Defra policy for support of
R&D. Two sections follow that present the main findings
of individual projects. The achievements have been drawn
together to provide integrated accounts of the work. Part
1 deals with the technical constraints affecting marine fish
cultivation through practical aspects of the rearing cycle
and influences affecting the quality of the fish produced.
Part 2 addresses issues of sustainability: management of
water use, diet formulation, fish welfare and the quality of
the product. Information on uptake of the research and full
reference to published results are also provided.






Introduction

Overview of marine finfish cultivation in the
UK

It is now over 100 years since the first marine hatcheries
were built. In 1893 one was set up at Dunbar, on the
east coast of Scotland, and this was followed by another
at Piel, near Barrow in Lancashire in 1897 and one at Port
Erin on the Isle of Man in 1902. All aimed to bring about
a recovery of depleted wild stocks by the release of eggs
and larvae into the sea, the main target species being plaice
and flounder.

This was the start of marine finfish cultivation research
in the UK. Although these hatcheries failed to realise their
main aspiration and most had closed by the 1920s, they did
generate a wealth of knowledge about the early life stages
of these marine fish species. This provided a sound basis
for the revival of interest in marine finfish cultivation that
came in the 1960s and was stimulated by experimental
work in support of ecological programmes on fish larvae at
the MAFF Fisheries (now Cefas) Laboratory at Lowestoft,
in Suffolk. The research demonstrated that plaice larvae
could be successfully reared through all the larval stages
in aquaria. This led to the construction of a pilot-scale
hatchery alongside Liverpool University's Marine Biological
Station at Port Erin, where artefacts from the first marine
fish hatchery movement still remained. The attraction of
Port Erin was access to a plentiful supply of clean seawater
and captive stocks of mature plaice as a source of fertilized
eggs.

This development programme was led by a MAFF
scientist, but funded and staffed through the White Fish
Authority (WFA, later to become the Seafish Industry
Authority or SFIA). The work demonstrated that juvenile
plaice could be mass-produced in marine hatcheries; the
guestion then arose as to what use could be made of this
new-found ability. The idea of enhancing depleted wild
stocks was resurrected, but it was found that few reared
fish survived after liberation in the sea. Release into an
enclosed bay at Ardtoe on the west coast of Scotland met
with a similar result; the fish were lost through either poor
environmental conditions or predation by crabs.

By the 1970s detailed evaluations of technical and
economic issues led to a shift of focus towards the
development of intensive fish farming with an agreed
division of responsibilities between the main agencies
involved. The White Fish Authority were to concentrate on
developing on-growing methodology at their site adjacent
to the nuclear power station at Hunterston, Ayrshire
(utilising a warmed water effluent) with hatchery systems
at the Ardtoe site. MAFF took over the Port Erin facility

with the brief of refining hatchery techniques and extending
the methodology to other species such as Dover sole and
turbot.  Economic considerations clearly indicated that
market prices needed to be high to recover the costs of
farming and so the effort quickly focussed on these high
value species.

Rearing turbot larvae proved extremely challenging,
but once the bottleneck of juvenile supply was alleviated
the high growth rates, which young turbot achieved
on fish-based diets, encouraged commercial interests to
quickly become involved. In contrast, sole could readily
be reared through their larval stages, but on-growing
proved problematic because the available fish-based diets
were unsuitable; consequently there were no successful
commercial developments with sole at that time.

Both species require temperatures higher than those
commonly found around the British coast to achieve their
maximum growth rates. The availability of waste warm-
water effluent from power stations had been seen as a
means of providing near-optimal conditions throughout the
year, but for various reasons, this did not prove to be the
most appealing option to the commercial companies that
had become involved. Their preference was to locate their
activities in southern Europe where water of the desired
temperature could be obtained directly from the sea.

Commercial production of marine finfish really began
during the early 1980s and by the end of the century annual
production in Europe exceeded 100,000 tonnes. Sea
bass and sea bream made up more than 90% of this, but
production of turbot, mainly in Galicia, Spain, had reached a
level approximately equal to the supply from wild fisheries.

In the UK, the main focus had switched to cage farming
of salmon in the sheltered waters of the west coast of
Scotland, as well as to trout in the fresh waters of England,
Wales and Scotland. By the year 2003 production of
farmed salmon had risen to more than 160,000 tonnes a
year, appreciably increasing the availability of this quality
fish at an affordable price while bringing important socio-
economic benefits to the remote areas of Scotland.

Encouraged by the success of marine finfish farming
elsewhere in Europe, aspirations to develop a marine fish
farming industry in the UK have persisted and the search
for a species suited to our environment has continued.
Halibut, a high value cold-water species, was identified
as a promising candidate though it was recognised that,
because of its somewhat unusual life-history, rearing
techniques established for other species would require
considerable adaptation. In the first instance, the large size
of brood fish and their requirement for low temperatures
meant that specialist facilities were needed to house them



Figure 1. The SFIA
Marine Farming Unit site
at Ardtoe: from relatively
small beginnings (the top
photograph was taken in
1972) the Unit expanded
to provide extensive and
important facilities for halibut
and cod cultivation work
by the time of the bottom
photograph in 1999.

in order to secure a reliable source of eggs. The SFIA
Fish Cultivation Unit at Ardtoe was able to provide these
facilities and later, as the Seafish Marine Farming Unit,
became the focal point of the UK's effort with this species,
the research programme complementing work already
underway in Norway.

Meanwhile, global interest in assessing whether the
availability of reared fish could have a role in rehabilitating
declining stocks had been renewed by the developments
in hatchery technology and it was decided to evaluate
such potential using the Dover sole. There were valuable
fisheries for this species around the UK coast that were
coming under considerable pressure and though prospects
for intensive farming were hampered by feeding problems,
the species was one of the easiest to rear through its larval
stages in large numbers. The work on Dover sole was
largely undertaken at the MAFF/Cefas Laboratory at Conwy
in North Wales.

The very positive commercial developments that have
taken place over the last twenty years or so have not
been without their difficulties. The success of the salmon

industry in particular has raised important questions of
sustainability and potential impact of intensive aquaculture
systems on the environment. Throughout this period
government has addressed public concerns provoked
by the developing industry and has provided support for
technical studies. Defra has been the principal sponsoring
department with clear policy and scientific objectives that
are outlined below. The finfish cultivation research that has
been funded has largely been associated with addressing
constraints to the development of a marine farming industry
in the UK. In that respect new species and new techniques
have been considered priorities. Only limited work has
addressed further development of the established trout
industry in the last decade, except where there has been
active involvement of industrial partners or a perceived
need to protect the environment or welfare of the animals.

More of the marine finfish cultivation research
and development is now passing to the hands of the
established industry. Seafish supported direct research into
aquaculture at Ardtoe for over 30 years, the work focussing
on technology transfer that provided a bridge between



Figure 2. The MAFF
(subsequently Cefas)
Laboratory at Conwy, North
Wales in 1990. The buildings
and tanks, adjacent to the
River Conwy, were first
established in the early 1900s
for shellfish research and
gradually extended during
subsequent decades until
closure in December 1999.
From 1986 work on coastal
ecology and finfish stock-
enhancement studies with
Dover sole were included in
the Laboratory’s research
programmes.

academic research and industry application. Their work on
halibut and cod in recent years made a major contribution
to the development of the industry in the UK. Changes
in research priorities, however, meant that in February
2003 Seafish announced that direct funding of aquaculture
research and the management of the Marine Farming Unit
at Ardtoe no longer made the best use of their limited levy
resources. Efforts were made to ensure the research
facility was kept open and the Scottish Association for
Marine Science (SAMS) formed SAMS Ardtoe Ltd. to take
over its management and operation in November 2003.

Defra policy objectives and involvement with
industry

Defra has worked to encourage the development of
a diverse, competitive and sustainable finfish farming
industry. The intention has been to provide information that
enables producers to make informed business decisions
about establishing and developing fish farming operations:

There has always been consideration of future
development of the industry with an element of the
supported scientific research directed towards investigating
new fish species and cultivation techniques that show
promise. For example, Defra has commissioned research
to develop practical and cost effective techniques for
halibut broodstock management and hatchery operations.
Research has also been funded to address the major
technical constraints in hatchery operations for turbot, cod
and Dover sole.

In order that the fish farming industry is able to comply
with any forthcoming fish welfare codes, additional work

has focussed on providing information that will help refine
management techniques in order to increase production
efficiency without sacrificing fish welfare or product quality.

It is Defra policy to make available the results of the
research it funds, and final project reports are posted on
the Defra website at:

http://www2.defra.gov.uk/research/project_data/default.
asp .

To foster collaborative research, technology transfer and
the development of a competitive aquaculture industry,
a five-year LINK Aquaculture Programme was started in
1996. Defra and SEERAD predecessors (MAFF, Ministry
of Agriculture Fisheries and Food, and SOAEFD, Scottish
Office Agriculture, Environment and Fisheries Department),
along with NERC (National Environment Research Council)
played a significant role by providing up to 50% of the costs
of individual projects with the balance coming from industry.
Very often industry provided “in kind"” contributions through
access to the facilities and materials needed for the
research to take place. Delegates from various associations
that represent different parts of the industry contributed to
the panel that considered project applications and decided
which should be funded.

At present, research and development priorities are set in
consultation with the industry through the stakeholder forum
‘Committee for Aquaculture Research and Development’
(CARD). Defra, through the committee, has allocated
approximately £1 million of research funds over a 5 year
period to collaborative R&D with the aquaculture industry.
This programme follows on in the same vein as the LINK
programme, and provides a forum within which the industry
can publicise their research priorities.
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Part 1.1 Technical feasibility - the production cycle

1. Broodstock

Environmental control of halibut broodstock and rearing procedures for feeding larvae

Spawning of flatfish in captivity - sex pheromones and reproduction in flatfish

Details of the following projects are included in this section:
FC0102 Techniques for the cultivation of Dover sole (Cefas - Conwy)
FC0103 Development of cultivation techniques for halibut (SFIA - Ardtoe)
FC0104 Halibut egg and larval quality (SFIA - Ardtoe)
FC0107

(SFIA - Ardtoe)
FC0904 (FCO0113)

broodstocks (University of East Anglia, Norwich)

The provision of a reliable supply of fertilized eggs of good
quality is fundamental to finfish cultivation and yet the
factors that contribute to this are imperfectly understood.
Obtaining a captive broodstock of wild caught fish is
just the first step on a long road to achieving this end.
Natural spawning of broodstock fish held in captivity
may occur given suitable conditions and husbandry, but
for some species this is not the norm and provides an
unpredictable source of material on which to base a
commercial operation. For these species, viable gametes
(eggs and sperm) are handstripped from the broodstock

and artificial fertilisations carried out in-vitro. The quality
of gametes obtained this way varies considerably, but in
general continuity of supply of high quality material can be
ensured by careful management of the stripping schedules.
For species such as turbot (Scophthalmus maximus) and
Atlantic halibut (Hippoglossus hippoglossus) this is the
way that the farming industry operates. Dover sole (Solea
solea), on the other hand, is a particularly difficult species
to strip, but fortunately will spawn naturally in relatively
small tanks and fertilized eggs can then be collected from
the tank water.

Figure 1.1. Halibut broodstock:
an adult halibut being
manoeuvred on to a table placed
in a broodstock tank to allow
gametes to be collected by hand
stripping.




Initial work with a new species focuses on establishing
conditions necessary for an adequate supply of fertilized
eggs, but once that has been accomplished the centre of
attention of the research generally shifts to clarifying the
requirements of larvae and juveniles. The comparatively
large resources needed to replicate experimental
treatments of broodstock fish means that investigations
with broodstock have been carried out rarely and therefore
the work funded by Defra/MAFF has been a valuable
contribution to knowledge in this field.

Work undertaken since 1990 has been concerned
primarily with factors that affect the spawning of two
species, Atlantic halibut and Dover sole. Halibut was
considered to have the best immediate potential for the UK
marine farming industry, and research into the endocrine
control of reproduction in flatfish was applied to this species
in particular. Work with Dover sole was needed to support
more generic research on improving juvenile quality and
reducing dependence on live feeds in marine fish culture.
The research focussed on an evaluation of the effects of
various husbandry factors on egg production, but included
studies that sought to improve understanding of the
underlying endocrinological and behavioural mechanisms
involved in the control of reproduction.

1.1 Atlantic halibut

In the wild, Atlantic halibut spawn in cold water at very
great depths off the coasts of northern Atlantic countries
(from Norway, through Iceland to the eastern coast of
Canada). The spawning season is from February until April
and the females are batch-spawners, each releasing from
3 to 8 batches of eggs during the season.

In the 1980s work focussed on capturing wild broodstock
and establishing them in the experimental facilities at Ardtoe
and in commercial hatcheries. This was a major exercise
partly funded by the British Halibut Association (BHA) and
involved several different periods of collection; by the end
of the decade stocks of mature Atlantic halibut had been
set up with individuals captured off Iceland, Greenland,
Faeroe and Shetland. The first Atlantic halibut juveniles
were produced from their gametes in 1990. Defra then
funded work to investigate the best methods of maintaining
these broodstock (FC0103 and FC0104). This involved
determining holding conditions and diets that would support
good survival of adult fish and the production of plenty of
high quality gametes throughout the year.

As a result of the Defra funded project work, along
with data supplied by Norwegian researchers, it was
established that close temperature control of broodstock
holding tanks, particularly during the spawning season,
was essential for the production of fertile eggs. It was
shown that water temperature needed to be maintained
below 6.5°C, requiring the use of water chillers. In
a broodstock temperature experiment run over three
spawning seasons, conclusive differences were found
between the spawning performances of halibut receiving
chilled as opposed to ambient temperature seawater.
Both the total yield and the viability of eggs were improved
when water temperature was reduced year-round and
chilled to a constant 6°C during spawning.

It was also shown that the spawning season could be
greatly extended by manipulating the maturation cycle
using photoperiod control. It was found necessary to
retain stocks on an increasing photoperiod until day-
length reached 16 hours in order for spawning to proceed
normally.  Reliable egg production for more than six
months a year was initiated by establishing different
tanks of broodstock under ambient, delayed and advanced
(phase shifted) photoperiods.

As well as optimising egg production by manipulating
temperature and day length, the effect of other physical
parameters, such as flow rates and bottom substrata were
alsotested. Early work also established reliable protocols for
“stripping” eggs and sperm (milt) for subsequent artificial
fertilisation. It was recognised that social hierarchies
between individual halibut developed within tanks and that
these interactions needed careful management.

A separate experiment demonstrated that it was possible
to increase the stocking density of broodstock halibut from
2.5 kg m2 (3 pairs per tank) to >5 kg m? (6 pairs per tank),
without impairing the quantity or viability of eggs obtained.
No significant differences were seen between density
treatments in any of the recorded parameters relating to
spawning (timing of spawning, length of spawning season,
egg vield, egg quality, fertilisation rates). Fish held at the
higher density consumed approximately twice as much
food per unit weight as those in the low-density treatment
over the 21 month period of the experiment, yet they did
not increase in weight. Halibut held at the lower density
did increase in weight significantly, despite their lower food
intake. The finding that spawning performance was not
impaired in the high density treatment could be valuable in
terms of devising more cost-effective broodstock groupings
for commercial halibut production.



1.2 Dover sole

Dover sole spawn in the wild from March until May in
coastal waters around the UK. Natural spawnings of
captive Dover sole at the Cefas Conwy Laboratory occurred
over the same period, at water temperatures from about
9°C to 13°C. The fish were fed live, natural foods such as
worms or shellfish that ensured good broodstock condition
and reasonable egg quality, but even so spawning was

intermittent and batches of eggs were frequently poorly
fertilized (<50%). Attention was paid to the behaviour
of the fish to see if the tank environment affected the
spawning process.

Overnight video-recording of the broodstocks revealed that
Dover sole form pairs when spawning. During four nights,
six separate pairings were observed, all within 3 hours of
the start of the dark period. Initially the males were more

(a)

(b)

i)

(c)

i )

Figure 1.2. Dover sole pairing at spawning: diagrams (i) side view, (i) view from above. a) A small male (hatched) moves under the female
b) The pair swim towards the surface, heads close together, gonadal pores adjacent; c) The male under the female maintain a head-up
position near the surface; d) A frame from a video record looking down on a pair; the back of the female, and the anterior edge of the male,
are at the surface. Another darker fish rests on the floor of the tank at bottom left and a standpipe in the tank is visible top right.




active than the females and in turn approached individual
females resting on the tank floor. If a female was receptive
the male moved underneath her into a position where their
genital pores were adjacent. The pair then swam in unison
towards the water surface and there they remained together
for about a minute, maintaining a ‘head-up’ position just
beneath the surface. It was presumed that this intimate
behaviour was associated with release of eggs and sperm,
and the proximity of the fish ought to have ensured high
fertilisation rates. However, the relatively poor fertilisation
rates obtained in captivity indicate that the observed pre-
spawning behaviour and spawning were disrupted in some
way, probably by the tank conditions provided. Tank size,
stocking density and the presence of obstacles would
affect spatial relationships and could have been of particular
importance. No confirmation of this was obtained, but the
detailed description of spawning behaviour in this species
provided a sound basis for future investigations.

1.3 Sex pheromones and reproduction

It is not uncommon for marine fish to reproduce poorly
in captivity, the problem has affected all marine flatfish
species that have been investigated for potential cultivation
in the UK: plaice, turbot, halibut, as well as sole. Project
FC0904 was commissioned to assess whether this poor
reproductive performance could be explained by the release
of pheromones from maturing fish into the relatively small
water volume of a tank disrupting normal reproduction. The
research utilised plaice (Pleuronectes platessa) as a model
flatfish species and the expertise developed at the Cefas
Lowestoft Laboratory to detect and quantify levels of steroid
sex hormones in the fish and of pheromones released into
water.

Concentrations of reproductive hormones in the plasma of
plaice caught on North Sea spawning grounds were shown
to fall as much as one hundred fold following capture and
transfer to tanks in the laboratory. The consistency of the
milt also changed from being light and runny in sea-caught
fish, to being thick and viscous in captive fish. In an attempt
to understand the phenomenon, a number of experiments

were conducted to test if hormone concentrations in
male plaice in the laboratory would change if the fish
were exposed to various flow rates of clean sea water or
water from tanks holding males or females. None of the
experiments gave any indication that steroid levels in male
plaice were being suppressed by pheromones.

Following these results the emphasis of the work on
male plaice shifted towards understanding which hormones
were involved in regulating milt fluidity. Plaice were
treated with an implant containing gonadotrophin-releasing
hormone analogue (GnRHa). GnRHa is an analogue of the
natural hormone that triggers a cascade of reproductive
hormones in the body. GnRHa releases gonadotrophin
from the pituitary gland, which in turn stimulates steroid
production in the gonads. In implant studies, GnRHa is
released slowly from an implanted pellet and this can
maintain the hormone cascade over many days.

In captive male plaice, GnRHa treatment led to levels
of reproductive steroids and properties of milt that were
similar to those found in wild spawning fish. In turbot,
however, GnRHa had no significant effect on steroid
concentrations or on milt properties and so in the absence
of any measurable endpoints, work with turbot was
discontinued.

GnRHa trials with halibut proved particularly successful;
the concentrations of a hormone, 17a 20B dihydroxy-
progesterone were enhanced by GnRHa and, more
importantly, improved the quality of the sperm and the
fluidity of the milt. The most appropriate dose rate of
GnRHa was found to be 25 pg GnRHa kg™'. The technique
also proved useful for prolonging production of good quality
sperm at the end of the spawning season.

The work indicated that maintaining some species of
marine finfish in tanks leads to a down-regulation of the
hormone cascade and reproductive system. In some
species normal levels can be restored by treatment
with GnRHa, but the reasons why the concentrations
of reproductive steroids are suppressed were not
identified. The results did demonstrate that suppression
of reproductive hormones was probably not caused by the
accumulation of pheromones in tank water.



2. Larvae rearing

Details of the following projects are included in this section:

FC0102 Techniques for cultivation of Dover sole (Cefas - Conwy)

FC0103 Development of cultivation techniques for halibut (SFIA - Ardtoe)

FC0104 Halibut egg and larval quality (SFIA - Ardtoe)

FC0106 Digestive physiology of juvenile Dover sole (University of Wales, Bangor)

FC0107 Environmental control of halibut broodstock and rearing procedures for feeding larvae (SFIA -
Ardtoe)

FC0108 Further studies into the digestive physiology of juvenile sole (University of Wales, Bangor)

FC0905 (FCO715) Halibut egg and early larval rearing (SFIA - Ardtoe)

FC0913 (LINK - FIN22) Rearing protocols for Atlantic halibut larvae during transition from endogenous to
exogenous nutrition. (SFIA - Ardtoe)

2.1 Egg and yolk-sac larvae stages

As wellas developing methods of holding halibut broodstock,
work under FC0103 and FC0104 also established the
technical feasibility of fertilising halibut eggs, incubating
them and producing fry. In 1993 UK hatcheries produced
approximately 500 halibut fry, a major achievement at that
time. The number surviving through to the juvenile stage
however represented only a fraction of 1% of the eggs
fertilized. Despite advances, halibut fry losses during the
early life stages were very high, restricting the commercial
viability of the industry.

Research project FC0905 was commissioned specifically
to address these problems of persistent high mortality
rates, in UK hatcheries, during the egg and pre-feeding
larvae stages. In particular, the prolonged rearing phase of
the pelagic yolk-sac larva was typified by UK survival rates
of around 10% or lower, compared to reported average
survivals of circa 60% in Norway. The different conditions
prevailing at UK and Norwegian sites, indicated that inferior
ambient water quality (the physical and chemical attributes)
could have had a major bearing on the performance of UK
hatcheries. Also there was a tendency to recycle hatchery
water for purposes of temperature control in the UK and
this was thought to represent an additional water quality
challenge to the delicate early developmental stages.
Rearing experiments with eggs and yolk-sac larvae were
conducted on a pilot-commercial scale using animals and
facilities of the Seafish Marine Farming Unit, Ardtoe.

2.2 Tank configuration

Before this work was undertaken UK hatcheries had
employed a design of halibut egg incubator which used
seawater of 35.5%. salinity to maintain the buoyancy of the
eggs. The research showed that changing from 'elevated
salinity' to an 'upwelling' design, similar to the type used
in Norway, resulted in an increase in mean survival rate
from 56.0% to 76.8%. In this design a steady flow of
water at ambient salinity from the base of the tank kept
the eggs in suspension in the water column. It was found
that separation of viable fertilized eggs from unfertilized
eggs could be reliably achieved by salt dosing. The flow
of water to the eggs in the upwelling incubator would
be turned off and a layer of high salinity water (40%o)
introduced forming a saline ‘plug’ at the base of the
incubator. Dead eggs were not buoyant in the high salinity
water while viable eggs floated at the interface, so the bulk
of the high salinity water containing the dead eggs could
then be drained away. The upwelling flow would then be
restored to resuspend the viable eggs. Stocking density
could be safely increased to circa 800 eggs litre™! under this
configuration, compared to 210 eggs litre! previously. It
was also found that by reducing the diameter of the water
inlet from 100 mm to 15 mm the water inflow rate could be
reduced from 2 litre min” to less than 1 litre min™ without
the eggs settling out. A simple recycled water circuit,
without nitrification filter, was found to be satisfactory
for egg incubation; there was no advantage in using flow-



to-waste water for this developmental stage allowing
water chilling to be more cost-effective. The research
showed that if UK hatcheries adopted these relatively
straightforward procedural changes it would make a
considerable difference to the numbers of yolk-sac larvae
that survived.

At the outset of Project FC0905, occasional high
survival rates were obtained with the 400 litre tanks used
for rearing halibut yolk-sac larvae in the UK, however the
variability between runs was high and mean values were
much lower than the published figures from Norwegian
hatcheries. Accordingly, an important objective of the
project was to investigate whether rearing performance
could be improved by altering the physical configuration
of the tanks to more closely resemble the larger volume
Norwegian systems.

The work compared 400 litre tanks with 1150 litre
tanks. Under the initial 1150 litre tank configuration, the
mean survival rate of yolk-sac larvae to 220 degree-days
post-hatch was 13.4%. Following the success of studies
with the egg incubation tanks, it was found that successive
reductions in diameter of the water inlet from 100 mm
to 15 mm improved the upwelling flow in the tanks and
survival was increased. The best mean survival in a
replicated experimental series was 48.3%, for 1150 litre
tanks equipped with 15 mm inlets (n = 4 replicates). Even
with a reduced inlet size the 400 litre tanks performed less
well than the 1150 litre tanks in another series of replicated
comparisons, the mean survival rates being 18.3% and
34.1% respectively (n = 4 replicates). All tanks displayed
high inter-batch variability in survival, although this was
most pronounced in 400 litre tanks supplied with flow-to-
waste water.

It was found preferable to stock tanks with late-stage
embryos (pre-hatch) rather than newly hatched larvae
(mean survival rates for yolk-sac larvae of 41.9% and
28.1% respectively). There was no evidence for a negative
effect of egg stocking density on the survival of yolk-sac
larvae, for densities up to 25 litre™.

These technical advances in yolk-sac system design
were further developed under FC0913. The research
demonstrated that damage to larvae was reduced by
having a more stable salinity regime in the tanks during the
yolk-sac phase, together with a low salinity surface layer.
This layer reduced larval interaction with the water surface
and resulted in a more even distribution of larvae within
the tank. Damage to larval sensory systems, in particular
neuromasts (mechanoreceptors) was reduced, increasing
the number of larvae able to feed. An optimum transfer
protocol was developed (Annex 3), which specified the

Figure 2.1. A 1150 litre tank for halibut yolk-sac larvae: the
scale can be appreciated from the relative size of a fluorescent
lamp unit suspended from the ceiling, and visible about
halfway up the tank.

regime of temperature increase through the developmental
stages and its adoption reduced mortalities and deformities
recorded at the first-feeding stage.

2.3 Egg quality assessment

A valuable outcome of work was the development of
indicators of egg quality. For most fish species, blastomere
size and shape are uniform during normal cleavage.
However, abnormal blastomere morphology had been
observed in a range of studies and it was proposed
that abnormalities indicate low egg viability and could



provide a predictive tool for egg quality assessment. In
order to investigate the relationship between blastomere
morphology and fish egg survival more closely, incubation
experiments were carried out with eggs of Atlantic halibut.
This work was carried out under a NERC supported
studentship at the Institute of Aquaculture, University of
Stirling (IOA), using Defra-funded facilities and material.
Eggs were individually assessed at the 8-cell stage for
5 blastomere characteristics and incubated to hatch in
multiwell plates. For data pooled from 13 egg batches,
the mean score for each blastomere characteristic showed
a significant positive linear regression with the number of
eggs hatched. Multiple regression analysis, incorporating
all five blastomere characteristics, demonstrated a high
degree of correlation between the independent variables.
While the experimental procedure that was used for
halibut eggs would be too laborious for routine hatchery
application, the work clearly showed that subjective
observations of blastomere morphology provides a useful
early assessment of egg viability.

2.4 First-feeding

When FCO0107 began in 1993, the majority of farmed
halibut in the UK and elsewhere were reared with an
element of “natural” marine zooplankton in their diet.
Indeed, rearing methods that depended on the use of
harvested zooplankton formed the basis of Norwegian
halibut output at that time. The approach had been
pioneered by research biologists who took advantage
of the high seasonal plankton productivity encountered
in Norway. As Norwegian researchers transferred to
the commercial sector, the use of marine zooplankton
became central to large-scale halibut production in their
country. However, this zooplankton-dependent approach
contrasted with the prevailing “intensive” hatchery rearing
methods being used globally for the production of other
marine fish species. The limitations of zooplankton-usage,
such as the unpredictability of copepod productivity and
difficulty of maintaining good hygiene were appreciated by
UK operators who were experienced in intensive rearing
practices for turbot, Dover sole and plaice that involved the
production of live prey (rotifers, Brachionus sp. and brine
shrimp, Artemia sp.) within the hatchery. Accordingly, the
agreed goal was to develop a suitable intensive rearing
protocol for halibut juvenile production, while evaluating the
apparent nutritional advantages of marine zooplankton.
The nutritional superiority of marine copepods over
Artemia was evident from their biochemical composition
and this was borne out by results on metamorphosis

Figure 2.2. (a) Fertilized halibut eggs showing embryos during
early cleavage; most are at the eight cell stage. The individual
blastomeres of many embryos are not particularly regular in
size or shape, indicating these eggs were not good quality;

(b) halibut yolk sac larvae about a month after hatching.
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Figure 2.3. Rotifers and Artemia: cultured rotifers and larger
Artemia metanauplii. Some of the adult female rotifers are
carrying external parthenogenetic eggs.

traits and histological structure (gut, retina) of halibut.
However, copepod cultivation trials demonstrated the
difficulty of reliably producing sufficient quantities of
calanoid copepods as feed for halibut larvae without
resorting to low density fish culture in very large water
volumes. This finding reinforced the requirement to
establish a reliable Artemia-based production method
for halibut. The essential fatty acid composition of fish
larvae could be altered via different Artemia enrichments



and the efficacy of a range of enrichment methods was
evaluated in terms of larval rearing success. Experiments
were undertaken feeding enriched Artemia to the larvae in
different combinations for up to 40 or 60 days, however,
irrespective of diet, the metamorphosis characteristics of
the fish such as eye migration and pigment distribution
remained predominantly abnormal.

By 1998 more than 140,000 halibut juveniles were
produced in the UK, however variation in survival through
the critical early stages remained a significant bottleneck for
reliable commercial production. A particular problem was
successful transfer from the yolk-sac stage to exogenous
feeding, with high, apparently batch independent, variation
in the proportion of yolk-sac larvae able to initiate a first-
feeding response. For this reason the multidisciplinary,
LINK funded project, FC0913, was initiated with a range
of commercial and academic partners to investigate the
factors affecting successful commencement of first-feeding.

Figure 2.4. (a) Feeding halibut larvae, with partially digested
copepods visible in the gut. An Artemia metanauplius, also
used as a live food organism is visible on the extreme left of
the picture between two larvae. (b) Metamorphosing halibut
larva, at an early stage of metamorphosis showing a flattened
body, and the left hand eye just visible on the upper surface
(right hand side) of the head.

These included The British Marine Finfish Association
(BMFA), Scottish Association for Marine Science (SAMS)
Dunstaffnage, the University of Glasgow, as well as SFIA
Ardtoe.

As mentioned earlier, the study led to a successful
protocol that reduced damage (both due to injury and
pathogens) to larvae at the yolk-sac stage and during
the stress of transfer to feeding tanks, and maximised
the number of larvae able to feed. The first-feeding
stage was also studied, with particular emphasis on the
use of “green water” when planktonic microalgae were
added to encourage feeding. Three species of microalgae
(Nannochloropsis sp., Isochrysis sp. and Paviova lutheri)
were used in studies of the first-feeding stage. Larvae
fed and survived better when Nannochloropsis was used.
Higher algal densities than had been used in the past
produced better survival and growth. This did not appear to
result from a strong chemosensory stimulus effect, nor was
it a nutritional effect, but was likely to be due to the physical
presence of the algae (inert particles could be successfully
substituted for Nannochloropsis).

2.5 Stabilising the microbial environment

It was recognised that the variable egg hatch rates
and survivals during the different stages of the halibut
production cycle were likely to be influenced by the
microbes the developing eggs and larvae were exposed
to, as well as other physical and biological factors. Work,
initiated by the BMFA, was followed up under FC0913 and
showed that it was particular types of bacteria present,
rather than numbers present per se, that had a significant
effect on halibut larval survival.

It was shown that functionally similar bacteria colonised
the guts of first-feeding larvae, particularly Vibrio spp..
Vibrio splendidus, which apparently originated from the
live feed, was found proliferating within the guts of larvae
reared at three separate UK hatcheries. Genetically and
phenotypically similar V. salmonicida-like organisms were
also isolated from the guts of older animals from all
hatcheries surveyed, suggesting these organisms are well-
adapted to survival in the gut of halibut.

Rearing trials suggested that colonisation of the guts of
yolk-sac larvae by bacteria was a more random process.
In replicated trials, 400 litre yolk sac rearing tanks were
coupled to a recycle circuit and performance was compared
with tanks receiving a conventional flow-to-waste supply,
both with and without the addition of antibiotics. Mean
survival rates were highest in tanks receiving recycled
water (45%), or antibiotic-treated water (63%). Larvae
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Figure 2.5. Recycled water circuit: schematic representation of the
system designed to hold yolk sac halibut larvae in 400 litre tanks.
Figure taken from MAFF Research Contract FC0905, Final Project
Report, September 1998.

that had received antibiotics contained very low numbers
of gut-associated bacteria (<10 larva™), while those reared
in recycled water contained the highest numbers of
bacteria (6-7 x 10° larva™).  Prefeeding yolk-sac larvae,
under recycled water conditions, also had high numbers
of bacteria. It was shown that the gut flora of larvae in
the recycled water system was much more stable than
in the flow-to-waste system with comparable numbers
of genetically similar Pseudoalteromonas spp. isolated
from larvae reared under the recycled treatment regime in
temporally replicated trials. The implication is that rearing
larvae in recirculated water systems results in more stable
rearing conditions, both physically and microbiologically,
and leads to more predictable survivals overall.

Further work investigated the toxicity of more than
20 bacterial isolates originally isolated from halibut rearing
systems on yolk-sac larvae. It was shown that the majority
of these organisms were benign, with very little effect on

development or survival, even following exposure to large
numbers of these bacteria for more than 20 days (> 108 mI).
However the major pathogen V. anguillarum was shown to
be lethal to halibut larvae. Work was also initiated under
FC0913 to investigate the potential applications of probiotics
in Atlantic halibut larviculture. Bacteria isolated from halibut
and turbot rearing systems were screened in-vitro for
production of substances that inhibited the growth of potential
pathogens. Three candidate organisms from the in-vitro
screen, two Carnobacteria spp. and a Pseudoalteromonas
sp. were tested for their ability to protect Atlantic halibut yolk
sac larvae against an in-vivo challenge by V. anguillarum. It
was shown that these organisms were not able to protect
larvae under the conditions tested. Consequently it was
suggested that better success may be achieved using the
probiotic approach during the feeding stages, which offer
greater opportunity to introduce potential probionts into the
larval gut through their diet.



©
=
z
<
[11]
=
™

3. Weaning

(University of Wales, Bangor)

Details of the following projects are included in this section:
FC0106 Digestive physiology of juvenile Dover sole (University of Wales, Bangor)
FC0108 Further studies into the digestive physiology of juvenile sole (University of Wales, Bangor)

FC0910 (FC0123) Optimisation of formulated diets for marine fish larvae

FC0911 Optimisation of formulated diets for marine fish larvae (Cefas - Conwy)

In fish culture “weaning” is the term used for the phase
of the rearing process when the fish are transferred from
a diet of live food such as Artemia to an artificial, inert
diet. It is a critical stage when the mortalities can be high
if the conditions are not appropriate. Factors such as the
size, developmental stage and condition of the fish, the
composition and particle size of the diet, and tank hygiene
and water quality, all play a part in determining survival.
Weaning larval stages of marine fish has met with variable
success, but most species of marine fish can readily be
weaned after metamorphosis. The sole has been an
exception to this, partly because of its sensitivity to the
flavour of food, but perhaps also because it metamorphoses
at a relatively small size before its digestive system is fully
developed. Sole was chosen as the target species for this
work because of growing interest in the commercial farming
of this species and also because of its availability and the
ease with which its larvae could be reared.

3.1 Post metamorphosis rearing

Work on weaning to artificial diets was carried out with
metamorphosed Dover sole at the Cefas Conwy Laboratory
as part of project FCO106. The suitability of a range of
weaning diets of different composition was tested for
metamorphosed, 30 mm long fish; the most interesting
finding was a positive correlation between the proportion
of hydrolysed fishmeal in the diet and survival over the
weaning period. This suggested that diet digestibility, as
well as palatability, was of vital importance for the successful
weaning of juvenile sole.

For those groups of fish which had been successfully
weaned, an average growth rate of 25 mm month™ could
be achieved with some diets. This growth rate compared
favourably with an estimated maximum growth rate of

Figure 3.1. Dover sole juveniles: normally pigmented, fully
weaned fish.

30 mm month™ for sole fed live food. These growth
rates were similar to those of wild populations and were
maintained over a period of 18 months and survival was
100%.

The knowledge gained in project FC0106 contributed to
the design of novel feeds for Dover sole in a collaborative
project (FC0108) with the Norwegian Herring Oil and
Meal Research Institute (SSF). The company had
developed a novel agglomeration process that enabled high
concentrations of soluble protein to be included in small
diameter particles without loss of particle stability. VWeaning
trials were conducted with small post-metamorphosis sole
of 14 mm (42 mg) and results were very encouraging with
over 90% survival and growth equivalent to that obtained
with live food. This led directly to the production of first
commercially available diet on which juvenile sole could be
reliably weaned with minimal mortalities.



These agglomerated diets were not suitable for larval sole,
but their use allowed a considerable reduction in the size
at which post-metamorphosis juveniles could be weaned
and this substantially alleviated the requirement for live
food during rearing. The improvements that have been
made to weaning diets used to rear sole have enabled
further exploration of commercial rearing possibilities for
Solea solea and the related Solea senegalensis, but other
problems, such as relatively slow growth of S. solea and
outbreaks of disease amongst some stocks of reared
juvenile S. senegalensis, have discouraged industry from
pursuing anything more than pilot production of these
species for the time being.

3.2 Weaning during the larval stages

Work was also undertaken as part of project FCO106
to explore the suitability of microencapsulated diets for
larvae as a total replacement for live feed. At the time,
the marine fish-farming industry was very dependent on
commercial supplies of Artemia cysts from managed wild
populations. There had been recent shortfalls in the global
supply of Artemia cysts following the worst harvest on
record from the Great Salt Lakes, Utah, USA. In the long-
term, development of artificial diets for larvae would mean
that production of fish could be independent of an Artemia
supply. Initial work with microencapsulated diets (MED)
was not encouraging; sole larvae did not feed well on the
inert particles, and although staining the microparticles
red improved uptake, once ingested they passed along
the gut intact. It seemed that first-feeding sole larvae
were not producing enough digestive enzymes of the right
type. Published information indicated that the presence
of microalgae in the tank water would have a stimulatory
effect on digestive enzyme production and so the benefits
of the 'green water' technique were investigated with
sole. Addition of algae however did not improve larval sole
growth rates. It was concluded that first-feeding larvae
relied on enzymes present in live prey for digestion, and
were unable to digest artificial diets because the enzymes
were lacking.

The ability to synthesise endogenous digestive enzymes
such as trypsin developed quickly as the larvae grew. Ten
days after hatching they were able to produce digestive
enzymes after ingesting food. An interesting finding was
that this was a response to gut fullness rather than the
biochemical attributes of the diet. It was shown that
even inert polystyrene spheres would stimulate enzyme
production.

During these studies information gathered on growth, food
intake and oxygen consumption of a cohort of larvae revealed
changes in the digestive strategy during development. An
observed decrease in the daily weight-specific ration was
accompanied by an increase in gross assimilation efficiency;
this finding has important implications for the assessment
of digestibility and the required energetic content of an
artificial diet when a new one is being formulated.

The dependence of first feeding sole larvae on the
presence of digestive enzymes in their prey suggested
that larvae may be able to utilize artificial feed if digestive
enzymes could be incorporated in the formulation; project
FC0108 explored this hypothesis. Attempts to make
MED containing enzymes using spray-dried particles were
successful, but particle sizes larger than 100 um, which
were required for sole larvae, could not be formed without
entrapping microscopic air bubbles. After larvae ingested
the diet air accumulated in the gut and affected larval
buoyancy. Instead, particles were produced by a protein
cross-linking method that allowed the production of a wider
range of sizes and without the entrapment of air. The
stability of the protein cross-linked particles in water was
very good. Different mixtures of active digestive enzymes
(pancreatic proteases) were included in the formulation.
The protein cross-linking process was found to reduce the
activity of the enzymes by 60%, but this was considered
acceptable. These diets were ingested by first-feeding
larvae and particles that included enzymes were shown
to break down in the gut, however, feeding trials revealed
that they did not produce satisfactory growth. It appeared
that other differences between live food and microparticles,
such as shape, movement, smell and taste were important
in stimulating larvae to feed adequately.

3.2.1 Further studies

The development of commercial formulated feeds for
marine fish larvae had been changing rapidly during the
years immediately preceding the start of project FC0910.
The current status of larval diet production was reviewed
as part of the project and a selection of new experimental
diets that were being produced by commercial companies
were obtained for testing.

Diets from eight feed companies were tested against
live-feed controls in feeding trials carried out with sole
larvae at 10-days post-hatch (DPH). The diet formulations
gave high survival rates in all treatments, but live-feeds still
produced superior growth during the early developmental
stages. None of the artificial diets tested was shown to
be completely suitable as a replacement for live-feed at so



early a stage in larval development; a means of reducing
the quantities of Artemia needed during larval rearing was
an important goal of the work and so alternative approaches
were explored.

Further advances in the technology involved in the
preparation of inert microdiets of a size suitable for larvae
led to major breakthroughs in terms of increasing the
bioavailability of nutrients and the digestibility of the diets.
Examples of these new diets included high quality partially
buoyant diets for the sea bass/bream industry. Several of
these new commercial preparations were obtained and
tested.

The availability of these diets allowed comparison of
growth and survival of larvae weaned onto inert particulate
diets at different ages (14 and 49 DPH). The control
treatment (49 DPH) represented the standard hatchery
practice at the time. The inert diets used were a partially
buoyant particulate diet and a negatively buoyant weaning
diet. The partially buoyant diet was designed to remain
suspended in the water column so that the action of the
water current and aeration kept the particles available to
pelagic larvae. The results showed that weaning onto an
inert diet at 14 DPH reduced the growth and survival of sole
larvae compared to later weaning.

Although the earlier video trials had indicated that 14
DPH sole larvae would strike at inert feeds, evidence from
other work indicated that the larval gut structure was not
fully developed until 21 DPH. It therefore seemed likely
that larvae younger than 21 DPH still lacked sufficient
digestive enzymes necessary to break down these diets,
although partially buoyant inert diets stimulated appropriate
behavioural responses.

Further studies demonstrated that sole could be weaned
on to inert diets at 21 DPH, but also that there could be
disadvantages to this early weaning if inappropriate particle
sizes were used. Sole larvae aged 21 DPH were offered
either an SSF agglomerated feed (consisting of particles
100-300 um in diameter) or an experimental weaning
diet produced by INVE which was a distinct rod shaped
particle of about 400 um by 700 um (slightly larger than
enriched Artemia metanauplii). A further group of larvae
were weaned at 49 DPH onto a mixture of the two diets.
The trial was run from 21 DPH until 63 DPH; at 63 DPH,
once all groups were weaned, there were no significant
differences between treatments in terms of survival. The
growth results showed that there was no difference in size
between the sole weaned onto the agglomerated diet at 21
DPH or onto the mixture at 49DPH, however sole weaned
on to the rod shaped diet as larvae at 21 DPH showed a
significantly greater size variation than the other groups.

Although early weaning may be achieved if appropriate
diets are used, the use of inappropriate diets too early
could have serious implications in terms of commercial
juvenile production. The development of size variation
within cohorts increases the necessity to grade fish during
rearing, a stressful as well as time consuming operation.
Once such size variation is established it compromises the
ease of selection of diets with appropriate particle sizes and
that may lead to cannibalism in some species or at least
facilitate the establishment of dominance hierarchies.

Quantification of behavioural aspects of feeding
facilitates interpretation of comparative diet trials, providing
information on actual food intake rather than just what was
provided. Within studies FC0910 and FC0911 three video
techniques (transmitted light silhouette, reflected light
silhouette and dark field) were applied to allow feeding
behaviour of fish larvae to be recorded in different situations.
A new fluorescent spectrophotometric technique was also
developed to quantify ingestion of feed by incorporating
fluorescent tracer particles in the diet.

3.2.2 Alternative ways of reducing the use of
Artemia

Around the time that the project FC0911 began, new
culture techniques for live-feeds were being adopted by
the industry. These allowed maintenance of self-sustaining
populations of rotifers in hatcheries to be more reliable and
production to be increased 100-fold. In the past the small
size of rotifers and difficulty producing a consistent quality
product meant that rotifers were only considered suitable as
a live food for the earliest stages of fish larval development;
as soon as possible they would be followed by a long phase
of Artemia feeding. Improved rotifer production techniques
however enabled commercial practice to shift towards a
longer period of rotifer feeding, followed by a short Artemia
phase before weaning the fish. The project research work
therefore concentrated on assessing how best to wean fish
from Artemia to an inert diet as early as possible as a means
of reducing Artemia use.

Weaning trials demonstrated that it was possible to wean
the fish early and yet avoid increased size variability by 'co-
feeding' the inert diet with Artemia at the start of weaning.
Sole were weaned from Artemia onto inert particulate diets
either as larvae at 21 DPH, or as 56 DPH juveniles (a week
later than standard practice). Groups were also co-fed the
inert diet together with a diminishing amount of Artemia
from 21 DPH until 56 DPH, after which no more Artemia
was introduced. Sole fed only Artemia and those co-fed
the mixture of Artemia and inert diet did not differ in size
significantly. Sole weaned at 21 DPH showed significantly
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higher size variability than the other two treatments (Figure It would appear therefore that the use of a co-feeding

3.2). Final survival rates (at 75 DPH) were much higher for  regime would be a valuable option to help ensure production
those fish reared using the co-feeding regime than for those  of juvenile sole of consistent size range and quality while
sole weaned at 21 DPH (84% and ~55% respectively), reducing the total quantities of Artemia required during the
although it was close to 100% for fish weaned at 56 DPH. rearing cycle.




Part 1.2 Technical feasibility - quality

4. Morphology

The following project is addressed in this section:

(SFIA - Ardtoe)

FC0107 Environmental control of halibut broodstock and rearing procedures for feeding larvae

Abnormal metamorphosis, particularly with regard to
pigmentation patterns, characterised much of the early
flatfish rearing. The problems might occur intermittently,
but in general, with a species such as the turbot, the
frequency of occurrence lessened as husbandry practice
became more standardised. There had been little advance
in understanding the causes of the problem when the work
with halibut began.

Halibut larvae that successfully reached the live feeding
stage, but subsequently suffered high mortality rates,
often exhibited abnormal metamorphosis characteristics
such as incomplete pigmentation or pigmentation on both
ocular and blind sides (ambi-colouration) as well as partial
or failed eye migration. These traits were considered to be
exacerbated by conditions that prevailed in UK hatcheries
at the time; specifically these were relatively mild ambient
water temperatures for spawning and possible nutritional
deficiencies arising from the use of cultured live prey.

The effects of dietary and environmental factors on
the metamorphosis of halibut larvae were investigated
in a series of experiments within project FC0107.
Small-scale rearing systems were developed, enabling
replicated groups of halibut larvae to be maintained
under experimental conditions until the completion of
metamorphosis. Standardised morphological and
physiological criteria for assessing the quality of the larvae
were also established. These were objective indices to
record the extent of pigmentation or the position of the
eyes, for example. Dietary studies sought to refine the
techniques for preparation and presentation of Artemia,
and to nutritionally evaluate this prey species relative to
natural marine zooplankton. The research effort on marine
zooplankton was complemented by pa