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1 Executive Summary

To meet approved targets for increasing annual production of salmon in Scotland from 160,000 to

210,000 tonnes by 2020, a combination of existing and new methods is likely to be required.  One

strategy with considerable potential to reduce the on-growing period in marine net-pens is an

intermediate system between freshwater nurseries and marine net-pens. Stocking marine net-pens

with larger fish of 1 kg would reduce the grow-out period to harvest (at 4.5 kg) to less than 12

months, thereby allowing additional harvests from existing sites.  Assessment of literature and

feedback during industry consultation indicated that land-based recirculation aquaculture systems

(RAS) were the most promising intermediate system, with the industry and R&D in other countries

already moving in this direction.

A bio-economic model was developed that uses field-checked values for biological variables. The

model suggests that reducing the on-growing period in marine net-pens to less than 12 months is

possible. The best available data indicate that fish can be grown from 100 g to 1 kg in a RAS unit in

approximately 4½ months, and from 1 to 4.5 kg in marine net-pens in approximately 10 months.

This strategy would provide the opportunity for marine net-pens to produce two crops instead of

one within a two year window. Timings of stockings into and out of intermediate RAS systems are

also significant for minimising the on-growing period in marine net pens.

Figure 1: Modelled duration of salmon farming cycle in Scotland under two different seawater

growing scenarios. In both scenarios the freshwater (FW) phase is consistent, i.e. S0 smolt (80 g)

transferred to seawater in September. The lower “FW nursery to net-pen” scenario represents

current practice. The upper ““FW nursery to RAS to net-pen” scenario includes the intermediate RAS

system, growing fish from 80 g to 1 kg.
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The model (in the form of a spreadsheet for ease of use) is provided that allows industry and policy

makers to enter their own biological and economic data, that will vary with location, economy of

scale and infrastructure costs. A section in provided within the report that has worked examples for

using the spreadsheet.

The implications (benefits, disadvantages and hurdles) of adopting different scenarios for Scotland

are discussed in relation to logistics, biosecurity, regulation, health and welfare, environmental and

social issues. Development, planning and regulatory guidance documents provided by Scottish

Government offer clarity, but do not guarantee success in obtaining development consents in the

existing main farming areas which are often located in areas of outstanding natural beauty. Given

improved capacity and availability of well-boats, options may exist for developing RAS in less

sensitive areas where infrastructure already exists, such as the north and east coasts of Scotland, or

the north of England. Any presumption against development of salmon farms in these locations is

unlikely to apply, provided both RAS and fish transfer are secure.

Whilst capital investment appears significant for large new RAS, the actual footprint of land required

for these systems is not significant. Three large units, occupying a total space of approximately 7.5

hectares could each produce 3,300 tonnes of 1 kg post-smolt per annum, and would supply enough

fish for further on-growing in net-pens to increase harvest by 50,000 tonnes per annum. These

systems would need to be located in areas with access to 6m depth of water and access to HT

electricity lines. Indications are that an initial £40 to £70 million pounds investment would be

required for these systems but the financial benefit of the additional marine cage production could

be worth in the order of £55 million pounds per annum.
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3 Disclaimer

Whilst every effort has been made to present an accurate summary of information, Cefas and the

authors cannot be held responsible for inaccuracies or omissions. Readers interested in RAS and

other intermediate systems, their economics and performance are encouraged to conduct their own

investigations and/or seek specialist advice.

4 Introduction

The Scottish salmon farming industry is a major success story, producing high quality seafood for

international and local markets and has been highlighted as a model of success for other open ocean

aquaculture developments (Forster J & Corbin JS 2010).  The sector continues to grow. The most

recent published figures show production of 163,234 tonnes in 2013 (Munro et al, 2014). The

industry is now a major contributor to Scotland’s economy with an annual value of over £580 million

in 2011 and accounting for over 40% of total food export value

http://www.gov.scot/Topics/marine/Fish-Shellfish/FactsandFigures

Scottish salmon farming has undergone a series of technical advances during development since the

pioneering days of 1969, when salmon were first produced in marine systems in Loch Ailort on the

west coast of Scotland (Halwart, M., Soto, D., Arthur, J.R., 2007). Improvements have been made in

system technology and management as the sector has matured.  The Scottish Government has

aspirations for further strengthening the farmed salmon industry, with production to increase to

210,000 tonnes p.a. by 2020 (Marine Scotland 2014) which would require a 3 to 4% average annual

growth over the next 5 years. Over the last 6 years (2008-2014) growth in production has averaged

3% p.a. (Marine Harvest , 2014).

4.1 Context and rationale for the project

The marine production phase in the Scottish salmon industry is dominated by net-pen systems which

is attributed to the economics of the production. Capital investment and operating costs are lower

for net-pen systems than land-based production systems. Although advances in construction

materials and technology for mooring and feeding systems have enabled marine net-pens to evolve

and increase in size, the basic farm design has essentially remained the same: a system of multiple

net-pens (usually 10-12) with nets suspended in the water from floating collars, which are stocked
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with young fish (smolts produced in freshwater) for on-growing to harvest. The costs of production

(i.e. cost per kg weight produced at harvest) in these systems have declined markedly over time to a

point at which only relatively small gains are now being observed. Asche & Bjorndal (2011) describe

how production costs have reduced over time in Norway; they also highlight a plateau in gains

achieved through economies of scale, prior to the advent of very large units (>5,000 tonne

production capacity).

There is a perception that a major restriction to the continued development of Scottish salmon

farming is access to space for production in the marine environment: it is understood that it is

difficult to obtain authorisation for new net-pen sites, particularly within the semi-enclosed sea

lochs (fjords) off the west coast of Scotland where production is currently concentrated. Stakeholder

concerns about the granting of new permissions relate to the environmental pressures from net-

pens, i.e. the emission of nutrients and veterinary medicines, and control of disease with sea lice

being of particular concern (Jeffery et al, 2014). Over the last decade, only c. 16 new marine net pen

sites have been licenced. Much of the increase in production tonnage has therefore come from

additional consents on previously licensed sites - often incorporating consolidation of smaller

unused sites (Alex Adrian, Crown Estate, pers. comm.).  Given possible constraints on increasing

production from currently-licensed sites, a limit to production within the current system of

operation for Scottish salmon may be foreseen.

Marine phase production in net pen units, therefore, exhibits the characteristics of a system that,

whilst producing an aquaculture product efficiently under current regulatory and market conditions,

shows little scope for improving profit margins and increasing national production. Sustainable

development and growth of the sector may, therefore, require introduction of different production

technologies and processes in support of current industry standard practices. This project was

commissioned by SARF to investigate the potential to transfer some or all of the present marine

phase of production to land-based rearing systems. Other scenarios (e.g. moving production to more

exposed offshore locations) are considered separately by other projects funded by SARF and others.

Although the economics of marine land-based systems (pump-ashore (PAS) and recirculation

aquaculture systems (RAS)) may yet be unfavourable for producing fish from smolt through to

harvest in a traditional production scenario (e.g. Pinfold, 2014), a key strength of these systems is

the greater degree of environmental control.  Theoretically, that control should improve both

growth (as systems operate close to the optimal environmental parameters) and survival (as systems
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restrict the opportunity for pathogens to enter and cause disease). The bio-economic model for

land-based systems, therefore, differs to that for marine net-pen systems.

4.2 Project aims

This research project, commissioned by SARF as an “SP” (Special Project) investigation with the

Scottish Government and The Crown Estate as key interested parties, aimed to assess the potential

to reduce the time Atlantic salmon grown in Scotland spend in marine net-pens through use of land-

based systems. In commissioning the project, the SARF board was particularly interested in

investigating the combination of land-based and net-pen systems in a production cycle, and what

that may mean for the biological and economic efficiency of production of Atlantic salmon in

Scotland. A production model predicting the performance of Atlantic salmon smolts through land-

based systems, and in combination with net-pen systems, was developed using data retrieved from

the scientific literature and by consultation with the aquaculture industry. The implications of the

industry developing schedules for production using such scenarios are also presented which extend

beyond the bio-economics of the site performance through to environmental impact, fish health and

welfare, quality and accreditation, and practicalities and logistics of operating different approaches

to marine production.

4.3 Specific project objectives

1. Develop, through consultation, technical and economic models for production of Atlantic

salmon from the end of the freshwater nursery phase through to harvest;

2. Consider the implications of the different scenarios in Scotland;

3. Identify environmental and locational requirements for different systems;

4. Predict requirements for different systems for production of 210,000 tonnes p.a. using

different scenarios;

5. Deliver report and Excel-based model.

This report should be read in conjunction with the production model and user manual which are

downloadable from the SARF website (www.sarf.org.uk).
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5 Aquaculture systems and future available
options

5.1 Present systems

The typical production cycle for Scottish salmon takes about 2½ years.

Figure 2 Taken from Marine Harvest Salmon Farming Industry Handbook 2014

Eggs are stripped from gravid female brood-stock in the late autumn, fertilised, incubated in

freshwater and the fry hatch in early spring (March/April) (Marine Harvest, 2014). Photoperiod and

water temperature control are used to vary the length of time taken by the freshwater juveniles to
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reach the seawater transfer stage, i.e. smolt.  S0 (= S½) smolts are typically transferred to sea in the

autumn (within 12 months of ova inlay) while S1 smolts are transferred the following spring (more

than a year after hatching). Scottish salmon production is currently based upon transfer of smolt

from freshwater to marine net-pens at sizes of 70-130 g. The fish are then on-grown at sea to a

harvest weight of 4-5kg which typically takes 14-20 months, with fish harvested over an 8-10 month

period (Marine Harvest, 2014).

The freshwater sector has shown increasing control of the time taken to grow salmon in freshwater

prior to seawater transfer over the last four decades: by reducing production of S2 smolt, increasing

production of S1, and introducing production of S0 smolt. This sector is currently undergoing further

innovation by introducing recirculating aquaculture systems (RAS) (Franklin et al, 2012) to ensure

security of supply and improve control of freshwater production. The shift from conventional

systems to RAS is driven by restrictions i) in the availability of Scottish freshwater lochs for net-pen

production and ii) on increasing biomass in flow-through systems due to regulation of emissions.

Discussions with major Scottish salmon producers reveal that moving a significant proportion of

their freshwater production to modern RAS systems has increased the time period over which smolt

are available to stock into marine systems. Producers are maximising the throughput and efficiencies

of their RAS by removing cohorts throughout the year and either transferring them straight to

seawater net-pens or to intermediate freshwater net-pens.  Thus the systems are operating at close

to peak biomass for much of the time (which is most efficient for optimal RAS utilisation). One major

company reported to the project team that the only months they are now not stocking marine sites

are May-July, largely as a consequence of the increased flexibility arising from large scale RAS-based

smolt production.

Given the substantial investment in freshwater RAS to date by companies in Norway and Scotland, it

is logical to assume that the economics of producing juvenile fish (fry, parr and/or smolt) in such

systems are positive when viewed across a salmon aquaculture production business’s interests.  The

adoption of these technologies are a further step in maturation of the industry and a departure from

the historical ways of managing production across the life cycle of farmed Atlantic salmon.

5.2 Alternative systems

The industry and Scottish Government are keen to look at what other options may be available to

increase seawater productivity, or improve efficiency, perhaps in combination with the current

standard method of production.
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Firstly the industry has started to move into more exposed locations, outside the relatively sheltered

sea lochs within which it is still largely located. Recent developments in net-pen and servicing

technology have made production in such locations more feasible. Potentially significant advantages

of such sites are that benthic and other impacts may be reduced in these high energy locations, and

they are less likely to be located within migration routes for wild salmonids, reducing potential

transfer of pathogens (such as sea-lice) between farmed and wild salmon. A detailed analysis of the

potential to locate a greater proportion of Scottish marine salmon production to offshore sites is

currently being undertaken under other SARF funded projects and so will not be discussed further

within this document, except to note it shows significant potential.

Theoretically, a reduction in time spent in net-pens could be achieved in different ways:

1. Holding fish for a longer period in freshwater systems and transferring larger smolts to sea,

thereby reducing time to grow to harvest size;

2. Transferring smolts to sea as currently managed, but reducing the grow-out period in marine

net pens to 10-11 months, which would also reduce the harvest size;

3. Using alternative aquaculture systems to receive smolts for on-growing before subsequent

transfer at a larger weight to marine net pens.

Only options 1 and 3 would enable the industry to increase production tonnage with the current

numbers of licensed marine net-pen sites in Scotland.  In this study, option 3 is investigated. Option

1 has been discussed in previous studies (Franklin et al. 2012) (Auchterlonie et al. 2013).

There are several alternative aquaculture systems that could potentially be used for the

intermediate on-growing of smolt (from 100 g up to 1 kg), prior to stocking seawater net-pens with 1

kg post-smolt for on-growing to harvest within a 12-month period. Smoltification refers to

morphological and physiological changes that salmon go through when they become capable of

survival in seawater; however, post-smolt can be on-grown in either seawater or freshwater. The

alternative systems could therefore potentially use freshwater, salt water or various salinities in

between.

5.2.1 Recirculation Aquaculture Systems (RAS)

Land-based recirculation aquaculture systems (RAS) are largely self-contained systems in which

water is recycled and technology is used to remove wastes and maintain oxygen levels. The water

from the production units is circulated for treatment – removal of suspended solids (faeces and

food) by mechanical filtration, conversion of dissolved chemical wastes by biological filtration,
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dissolved gas exchange (reduction in carbon dioxide and increase in oxygen), sterilisation (to remove

pathogens and undesirable bacteria) and chemical buffering - before return to the production units.

Water is typically taken from clean sources (i.e. mains, spring or borehole for freshwater; clean sites

with low suspended solids loads for seawater) with 1.5%-10% of the system volume being replaced

per day. Discharge is typically not direct to natural water bodies, but via a settlement tank or lagoon

(or occasionally sewer for freshwater). As water is retained, heating may be cost-effective to

increase fish growth rate. RAS are being used as nurseries for salmonids, and for all stages of certain

food species.

Although RAS have been around for many years, the technology is still evolving, developing and

improving. The evolution of RAS has seen many failures of farms along the way (Jeffery et al. 2012)

and their financial viability has been questioned (Boulet et al. 2010).  However, with technological

improvements, reduction of capital costs, economies of scale and linkage with renewable energies,

RAS may still offer much promise for the future (Martins et al. 2010).  A recent study by Lux research

predicted that whilst RAS systems currently only contribute 4.5% of aquaculture production, this

could grow to over 40% by 2030 (Mutter, 2015).

Within the Scottish freshwater fish farming sector, recirculation technology has been used since the

1990s. (Munro & Gauld 1996) noted that a number of smolt producers had installed technologically

advanced RAS to enable manipulation of both photoperiod and temperature. More recently

confidence in RAS has been building, with at least three large smolt production units in Scotland

having been constructed (Fish Farmer, 2012). These have been built to consolidate existing smaller

sites and enable increased production at a time where it is difficult to obtain new abstraction

licences. Future demand for smolt is estimated to grow to 55 million by 2022 (Franklin et al. 2012),

14.5 million more than produced in 2013. As the Scottish industry expands, RAS may play a more

prominent role.

It has been estimated that whilst more than 90% of smolt production in NW Europe takes place in

traditional flow-through systems, many farmers are planning to turn to RAS (Bergheim et al. 2009).

Kristensen et al (2009) suggested that in the future RAS may contribute a substantial proportion of

Norwegian smolt production. In Norway, NOFIMA have just opened a state of the art RAS research

facility and acknowledge that RAS will be further implemented within the industry in the near future

(Fish Farmer, 2011). Previously, RAS have been used for production of high value species or life

stages and mostly for smaller fish (Bostock et al. 2010). Recently, the thinking has been that as RAS
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develop and become more efficient they may be used for larger fish.  This has led to research on the

feasibility of on-growing post-smolt up to 1 kg in different salinities and the success of transferring

these fish to sea (Terjesen, 2014), and proposals to develop RAS systems (Gaumet et al, 2013) that

are capable of on-growing much larger post-smolts that will enable a significant reduction in the

period required in marine net pens. At this stage it is unclear whether such systems can perform

sufficiently well to make the production of salmon from smolt intake through to harvest an

economic reality for the Scottish sector, although there have been investigations into this aspect of

marine RAS salmon production (Vinci and Summerfelt 2014).

5.2.2 Pump Ashore Systems (PAS)

Land-based pump-ashore systems (PAS) are a type of flow-through system and have been used for

marine phase salmon production in Scotland since at least the 1980s.  As a production unit, they

appear to have fallen out of favour during the late 1990s due to a relatively high cost of production

compared to net-pen systems.

Flow-through systems are constructed on land adjacent to natural water bodies from which water is

diverted or pumped (from groundwater, lakes or the sea). Flow-through land-based systems are

used to rear all sizes of fish (i.e. hatchery, nursery, on-growing and brood-stock sites) in tanks,

raceways or earth ponds. In 2013, the average volume of a salmon land-based farm in Scotland was

1,103 m3 for freshwater and 1,500 m3 for seawater (Munro et al. 2014) Stocking densities and

productivity are typically higher in land-based farms than net-pens (both freshwater and seawater)

due to the greater water exchange. Water may pass through one or more rearing units before

discharge into a water body (downstream if gravity-driven flow). Aeration and oxygenation systems

may be used to increase the oxygen content of the water.

Regulatory controls typically limit the volume abstracted and the concentrations of nutrients and

organic matter discharged (Bergheim and Brinker 2003). A variety of methods are used to reduce the

suspended solids load in the effluent (e.g. settlement ponds, centrifugal concentrators, filters) based

upon sedimentation and screening. Reduction in dissolved nutrients in effluents is more problematic

due to the high water volumes, although constructed wetlands or production of alternative crops

may provide options (Buschmann et al, 1994) (Webb et al, 2009). Chemotherapeutic treatments are

flushed directly into the effluent stream. Screens on the water intake and discharge channels

prevent escapees, but this function can be compromised by blockages or flooding.
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5.2.3 Partial recirculation and model farms

Partial-recirculation systems have been proposed as a means of increasing fish production from a

limited water resource (Summerfelt et al, 2004). They work by settling or filtering particles from the

flow exiting the culture tanks before pumping ≥80% back to the head of the system where dissolved

carbon dioxide stripping and oxygen supplementation takes place before the water is re-used.

Particle removal is usually achieved via a dual drain system within circular tanks: the tank flow is

adjusted to create a swirl separator effect where solids are concentrated at the base of tank and

removed via a bottom drain (to waste), while cleaner water for recirculation is taken from either

side or centre top outlets. The effectiveness of partial recirculation systems has been demonstrated

for smolt production in restoration / supplementation schemes (Summerfelt et al, 2009). Partial

recirculation systems can remove 80% of faecal matter and provide good water quality. Additional

advantages include improved mixing of incoming water and currents that optimise fish swimming

speeds. These systems reduce water requirements by 30–50% and increase production capacity

compared to flow-through tanks. The potential for new build farms to be able to produce more

smolt from less water has been recognised although retro-fitting to existing units in flow-through UK

trout farms is thought to be financially prohibitive (Franklin et al. 2012).

The Danish model trout farm concept was developed to reduce the intake of fresh water and reduce

the release of nutrients in response to tightening of abstraction and discharge regulations:

abstraction is limited to <50% of the water flow in the watercourse, and a settling basin to remove

particulate organic matter from effluent is compulsory. The model trout farm concept which

implements RAS technology (Varadi et al. 2009) involves a combination of biological filters, sludge

collectors, airlifts, filters and plant lagoons.  Studies have shown a very high efficiency of removal of

nutrients from the production water in the model trout farm. In particular, the specific discharge of

phosphorus and organic matter was significantly reduced compared to the average discharge from

Danish trout farms (Varadi et al. 2009). Today, more than 50% of Danish trout production comes

from model farms. A similar concept has been developed in Manitoba (Stevenson, 2011) in a

partnership which includes government and corporate participation.  In this case the model farm is

fully enclosed within a large barn previously used for horses and financial and performance data are

being collected for use in future developments. Although such farming systems might have niche

application in the UK, it is thought that the potential for implementation is limited Bassett, 2009, in

(Ellis et al, 2010).
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5.2.4 Floating contained systems

To reduce the impacts from open net-pens, various closed floating pen/tank projects are being

developed and trialled. All closed pen systems require water to be pumped in, rather than relying on

free movement of water as in open net-pen systems. Potential benefits associated with a closed

wall, controlled water supply and controlled discharge include:  capture of solid wastes, reduction

and control of nutrient and chemical discharges, increased control during medicine use,

containment of stock reducing the risk of escapees, and a physical barrier to pathogen ingress and

egress (reducing potential disease transfer). For floating pen systems, flexible membranes

(ClosedFishCage) and rigid material (AquaDome) are being trialled as pen walls; another concept is

large rigid walled floating tubes (Preline).

A floating tank system has been developed in Canada in which a neutrally buoyant fibreglass

composite tank (typically 24 m diameter by 7 m deep) is used from which waste water is pumped to

shore and the solids filtered before the water is returned to the lake.  A central drain collects faeces

and uneaten food which can be pumped ashore for use as fertilizer.  In the future, such floating

tanks may represent a half-way-house for smolt production, where capital costs lie between that of

a traditional pen system and a modern RAS. They may have potential as hatchery extensions (for

smolt on-growing) or as full on-growing units. AgriMarine, the producer of these systems, has

experienced various problems which have slowed progress at development sites in China, British

Columbia and Norway. However, the company has now received significant fresh investment and

hopes to put into practice the lessons learnt regarding husbandry advantages and structural loading

in the environment (Fiorillo, 2013).

In 2012 Marine Harvest Norway signed an agreement with AgriMarine to demonstrate the economic

benefits of the floating tank system for post-smolt production of fish up to 1 kg (Weston, 2013).

Subsequently, this type of system has been subject of research within Norway (Terjesen, 2014)

driven by concerns over sea lice problems, escapees and mortality rates for smolts when less than

100 g. The rationale for the research is that seawater would be taken from below the sea lice belt

and that control of effluent allows positioning in sheltered areas closer to the shoreline. Early

unpublished research indicates growth rates comparable to net pens, potential for very low

mortality at transfer (with careful handling), although there may be a tank size effect that affects

growth rates.
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6 Development of technical and economic
models

6.1 Scenarios for use with the model

Following our initial review of options for alternative systems to on-grow larger post-smolts, we

engaged in a consultation exercise with key industry players and academics at Scottish aquaculture

research institutes. The purpose was to gather feedback on an early version of the model, and the

potential of the various systems:

 RAS smolt units were the favoured way forward given recent progress and early results being

shown;

 although knowledge of floating contained systems was limited, there was general scepticism in

terms of suitability for Scotland, due to concerns about the ability to anchor and hold solid

structures in place in windy exposed lochs;

 standard flow through systems and PAS would still incur significant construction costs but not

reap the same benefits as RAS;

Partial recirculation and model trout farm concepts were disregarded for the purpose of this project

for similar reasons that the flow-through were not favoured, i.e. the costs of retrofitting to existing

farms. The focus of subsequent modelling was therefore RAS, with flow-through PAS as a back-up.

6.2 Use of the model

The objective of the modelling within this SARF project (SP008) was to assess scenarios for reducing

the time fish are on-grown in standard seawater net-pens by introducing an intermediate system

into the production cycle.  The chosen intermediate systems to be modelled - Recirculating

Aquaculture Systems (RAS) and land-based Pump Ashore (PAS) - were built into the model alongside

existing net pen culture to allow production scheduling in which one or both systems can be used in

conjunction with seawater net-pens. The user can specify various parameters, such as smolt weight,

desired harvest weight, and the maximum amount of time to be spent in net pens; the spreadsheet

can then be used to model production over a cycle that incorporates either intermediate system, in

order to achieve final harvest weight within a limited time period after finishing in seawater net-

pens.

Full instructions on how to use the model are found within the spreadsheet. In short, this involves

entering data into yellow cells whilst the macros are enabled and then clicking optimise.
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The top box on the main sheet allows the user to examine production schedules based on a desired

harvest weight. The model calculates how long fish will take to reach this weight under a variety of

different scenarios. This time takes into account estimated mortalities and the costs accrued in

producing fish of this harvest weight. The user can also specify the "maximum time in net pens"; this

parameter is required for the spreadsheet's main optimisation function (detailed below).

Temperature profiles can also be altered, as salmon growth rates are temperature-dependent.

Five production scenarios are available through the "model choice" dropdown, these are:

1. Recirculation system only.

2. Pump ashore only.

3. Net pen only.

4. Recirculation system to net pens.

5. Pump ashore to net pens.

For the first three systems, the harvest weight is used to determine the time taken to reach harvest

weight. Net pens (only) scenario assumes a 22 month production cycle. For the systems including an

intermediate stage the duration is set using the optimisation macro, but can be overridden by

entering a time (in days) in the field provided. To revert to the optimised default, enter "0". The top

right of the spreadsheet provides the main output of the model, including mortalities, costs and

timing details. Columns comparing the chosen model to the "net pen only" scenario are also

included. Highlighted in red are instances where the chosen model performs "worse" than the net

pen only model (i.e. where mortalities or costs are higher). The "refresh" button must be pressed to

update the "net pen only" values whenever parameters relating to this model are altered.

6.3 Biological model details

All the biological fields within the model come with default values which were assigned after

literature searches and liaison with the industry. However, all these fields can be over written with

values that fit with the user’s experience and data.

Feed Conversion Ratios are included but these do not affect the growth model, and are used only

for estimating costs. Two forms of mortality are accounted for in the model. The first is a

"movement-induced mortality" designed to represent mortalities during or following transport to a

new location. The second is a per annum mortality rate for each system. These determine the
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number of fish remaining at the end of each stage, and consequently impact the cost of feed and the

cost per smolt in the economic model.

Smolt production: The model contains no method for estimating pre-smolt growth or smolt weight

and the amount of time spent producing smolts must be entered manually. Default values are

provided based on feedback from industry. The number of eggs used should also be entered. Note

that increasing the number of eggs will increase the cost of feed, but not the cost of the facilities,

which must be entered manually, and scale according to the time spent in each system.

RAS systems. Salmon growth in the RAS is based on Specific Growth Rates (SGRs) obtained from a

commercial feed manufacturer’s tables (Skretting); these data provide growth rates which vary

according to temperature and fish weight. The user selects a temperature from the dropdown list,

and the model looks up the appropriate SGR(s) based on the initial weight of the fish, then uses this

to predict the amount of time required in RAS to produce fish of the desired harvest weight. These

values may be scaled by adjusting the Relative Growth Index (RGI); this is a scalar for the SGR, which

allows the growth model to be tailored to different sites. A value of 0.5 would result in the SGR being

halved at each timepoint. The SGR for RAS has been set to 1 by default after consultation with

industry sources.

Pump ashore and Net pens: Salmon growth in pump ashore and net pens is estimated using the

same table as described above for RAS, however, the temperature at a given time point is

determined by a Sine function (which can be customised by the user to reflect the maximum and

minimum temperatures in the system to be modelled). These values may be scaled by adjusting the

Relative Growth Index; the defaults are set to 0.95 for pump ashore, and 0.9 for net pens, in

accordance with industry data, but ideally the RGI should be adjusted according to the specific

system being modelled. After entering the relevant harvest weight, temperature and smolt

production parameters, adjust the RGI until the timeline matches the system being modelled.

Increasing the RGI will result in faster growth, and vice versa.

6.4 Economic model details

To enter the costs associated with the models, click the "Go to costs sheet" button above the

summary data on the main sheet. Both fixed and variable costs have blank fields which can be

populated with any costs. Defaults can also be overwritten with user’s own costs. The costs should,

ideally, be entered for a whole site, and consequently the final cost output by the model will not be
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linked to the number of eggs/fish being modelled (though in the main sheet the total costs will be

divided by the output number of fish to give a rough estimate of the cost per kg). If the “per kg” box

is checked then the user should enter known costs per kg for that stage; this may be desirable if the

user knows per kg costs for an existing system and wishes to estimate how much changes in the

production schedule will impact the costs. Formulae can, however, be entered into the cost sheet,

so it is possible to have costs which vary according to volume if such information becomes available.

Fixed costs are applied per year or part thereof spent in each system. If fish spend 367 days in

freshwater then 2 years of costs will apply. This is to reflect the fact that increasing the time each

cohort spend in a system may reduce the space available for subsequent cohorts (thereby increasing

the cost per fish). The number of cohorts can be entered on the main sheet; if “per cohort” is

checked then the fixed costs will be divided by this number, in order to provide a representative cost

per cohort.

Variable costs are applied pro rata. The cost per year should be entered and this will be scaled

according to the number of days fish spend in the system according to the model. As in the fixed

costs, per kg values may be entered if the “per kg” box is checked.

Transport costs are applied per movement, per kg of surviving fish and based on data provided by

industry. These will only apply for movements which will occur in the chosen model (for example if a

net pen only model has been selected on the main sheet, then any costs entered for RAS will not be

included in the totals presented.

Feed costs are applied based on the FCRs entered in the main input sheet. The cost per kg of feed

should be entered, and the total costs will vary according to the weight gain of fish in each system.

Again, these will only be applied to the systems included in the chosen model.
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7 Implications for different scenarios in
Scotland.

7.1 Logistical implications to industry practices

An increase in land based aquaculture facilities (RAS or PAS) for the production of larger post-smolts

to shorten the net-pen based stage could potentially have significant logistical implications (both

positive and negative) for the aquaculture industry in Scotland.

7.1.1 Post-smolt transportation and well-boat requirements

Whilst some freshwater hatcheries already have well-boat access, there are many that can only use

lorry or helicopter. This may work for the current practice of rearing smolts to 70–120 g for stocking

net-pens, but could become increasingly difficult and less economic as the fish became larger post-

smolts.  As the size of post-smolts increases, so will the number of movements required and hence

the costs of transportation. In addition, the on-growing of post smolts may require access to

saltwater rather than freshwater.  In order to reduce these costs, production units for larger post-

smolts would ideally be located within easy pumping or loading distance of a jetty suitable for a well-

boat with suitable access to clean seawater (and/or freshwater).

The larger capacity of well-boats (compared to road and helicopter transport) will minimise the time

taken and the number of movements required. Modern well boats also have the necessary life

support equipment to maintain the fish for longer journeys than by road or helicopter and make

necessary adjustments to temperature or water quality. However, whilst well-boats are becoming

larger, this also brings logistical problems in that they now need deeper water jetties to load and

unload and to discharge chemicals or waste-water. The problems associated with this were recently

highlighted at an Oceanology conference (Turnbull, 2014).

The above implications could mean that the Scottish salmon industry will need to invest in both

additional well-boats and infrastructure such as new jetties or pontoons or require Scottish

Government to upgrade and develop suitable ports and harbours. New well-boats capable of

carrying 4,000 tonnes typically cost £25 – 35 million and require a draught of 6m depth (Turnbull

2014).
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7.1.2 Post-smolt transportation and road haulier requirements

Should there be a significant future development of RAS or PAS (located close to jetties or harbours)

to produce larger post smolts, the requirement for road transportation to and from existing

hatcheries is likely to remain fairly stable. Any loss of road movements direct to jetties would likely

be replaced by delivery to the new on-growing facilities. It is unlikely that any future growth of the

industry in the above scenario will be hampered by the lack of availability of road transporters.

7.1.3 Post-smolt transportation and helicopter requirements

Production of larger post-smolts in RAS or PAS could potentially reduce the requirement for

helicopter transportation.  The economics and feasibility of using a helicopter to move larger fish to

marine net-pens would become unrealistic. However, this form of transport might still be applicable

in some situations such as isolated hatcheries.

7.1.4 Pumping and physical movement of fish

Well-boats are already equipped with fish pumps suitable for large fish. During dialogue with

transporters and farmers, it became apparent that many are already set up with pumps capable of

moving fish up to 200 g, e.g. 4 inch pumps for fish up to 100 g and 6 inch pumps for fish up to 200 g

(Marine Harvest hatchery, pers. comm). Some transporters already have 8 inch pumps (Migdale

Transport, pers. comm.), but if not already installed, only relatively small scale investment and

modifications would be needed. Nevertheless, some general concern was expressed that larger

smolts were softer and scaled badly, which would need to be considered for pumping and transport.

7.1.5 Transportation of feed costs

Depending on the site location, the cost of feed transportation could well be lower for land-based

aquaculture (RAS or PAS) than for marine net-pens (Boulet et al. 2010) as it removes additional

handling costs of loading and unloading onto feed barges.

7.1.6 Grading of post-smolts

Grading of fish on marine cages can be difficult during poor weather conditions. Discussions with ex-

salmon farm employees highlighted a likely increase in efficiency of grading of fish on land as

opposed to at the net-pens.  This would clearly reduce the risks of slippages and accidental escapees

during the process.

7.1.7 Access to production units

One significant logistical advantage of both RAS and PAS is that they are accessible all year around

with no restriction on access during stormy weather. This has advantages in terms of feeding and

growth, detection of problems and labour scheduling.
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7.1.8 Production scheduling

Discussions with producers indicated that major companies typically plan their production ahead on

a rolling 5 year programme. Implementation of alternate systems would entail significant

restructuring to accommodate the alternate production scenarios. In particular, production of

smolts from the hatcheries would have to be modified to ensure sufficient fish are produced through

the year to enable the additional RAS/PAS to operate efficiently. It is much more important in RAS or

PAS than in net pens to ensure that systems are running close to maximum operating efficiency at all

times because the relative daily fixed operating cost are so much higher. To maintain an

approximately constant maximal biomass, batches of fish must be stocked several times a year and

grown-on fish must be removed regularly. This in turn means a requirement for smolts to stock

these systems at more frequent intervals than usual for net-pens.

7.1.9 Control of production

RAS technologies (excluding PAS) would allow greater control of the hatchery environment, resulting

in a size and quality of smolt that can be more readily guaranteed and controlled.  RAS production

units allow greater control of the environment – especially the temperature.  For the new

generation of hatcheries, warm temperatures through the winter have allowed three batches of fish

to be produced p.a. whereas previously only two were  produced (Fish Farmer, 2012). A recent

model presented suggest four batches could be produced p.a. (Gaumet et al, 2013).

However, RAS do not come without their disadvantages. For example, the economic requirement to

run them close to maximum stocking density can mean that farms get to the point where fish have

to be moved to seawater net-pens urgently to avoid welfare or system problems. This could prove

problematic in unfavourable weather conditions, although the new generation of well-boats are

better able to cope with inclement weather.

Receiving net-pens would also need to be available to stock at these different times. With modern

marine management area agreements, including requirements to stock single year classes of fish

(See Section 7.2.6), ensuring that all the farms within an area were able to receive the outputs from

these intermediate systems at the same time would constitute a significant additional logistical

headache for operators. Modern salmon companies are extremely sophisticated in their operational

logistical setups and are used to dealing with a near constant output of fish from some of their

advanced RAS freshwater smolt units, so this may not be a significant challenge.
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7.1.10 Net cleaning opportunity in net pens

Stocking larger post-smolts into net-pens would reduce the need for smaller mesh sizes and could

possibly result in use of a single (larger) mesh size which may need less regular cleaning.  In addition,

the shorter net-pen window for on-growing would offer an earlier opportunity for removal and

cleaning at harvest. Nevertheless, the use of cleaner fish (wrasse and lumpfish) for biological control

of sea-lice might require fine meshed nets, and frequent cleaning to ensure that they are actively

feeding on lice rather than grazing the nets.

7.1.11 Lifespan of RAS and PAS systems

The longer average life of tanks and equipment (versus nets, boats) may allow for longer capital

depreciation periods. However, serious attention needs to be applied to building infrastructure for

marine species due to highly corrosive atmosphere that ensues when trying to maintain optimum

temperatures in a temperate / northern climate (Murray et al, 2014). However,  lower salinities

could be considered (Terjesen, 2014) which would reduce corrosion.

7.1.12 Disposal of solid wastes

Investors in RAS technology, even those with aquaculture experience have been cited as generally

knowing little about water quality control, sea water chemistry and waste management at the

industrial scale (Murray et al, 2014). While RAS farms enable operators to avoid any release of

particulate solid or dissolved nutrient waste into recipient waters, it is questionable how many

investors take this issue seriously or appreciate the costs of implementing waste management into

the production programme (Murray et al, 2014).  It  has also been suggested that it may be possible

for some types of system to sell the settled solid wastes as fertilizer and generate additional income

(Weston, 2013). However, other experience has shown that removal of solid wastes from

settlement tanks can incur significant costs (Jeffery et al. 2012). This may relate to whether the

system is freshwater or saltwater, with the salt in the latter being a problem for application to land

as fertlizer.

7.1.13 Management of RAS and PAS systems

Both RAS and PAS involve a greater level of complexity than net-pens with more to go wrong with

potentially catastrophic results.  This was confirmed  by a loss- adjuster for a prominent aquaculture

insurance under-writer with over 12 years international experience of RAS ventures producing a

wide range of fresh- and salt-water species (Murray et al, 2014). He observed that mechanical failure

and inadequate emergency back-up and alarm systems were the principle cause for concern.  The
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ability to sleep at night was mentioned by one consultee of this project which highlights the issue of

having someone on call or standby duty at all times for these systems.

7.1.14 Taints in the flesh

One frequently mentioned problem for RAS is that of “off flavours” and taints in fish caused by the

metabolites geosmin and 2-methylisoborneol (MIB). (Schrader et al. 2010) evaluated the potential

for low dose ozone to reduce the levels in culture water but found no benefit in the management of

off-flavours in trout fillets. Further research identified the presence of the organisms producing

these metabolites within RAS drum filters and heat exchangers - it was suggested that because

biocide use is problematic in RAS, then novel management solutions such as regular cleaning

schedules may need investigation. Recent freshwater RAS research has been looking at the potential

for bioremediation using snails (Summerfelt et al. 2014a). However, off flavours are not expected to

be a problem for fish initially grown in RAS, but then moved to open systems for on-growing before

harvest for consumption.

7.1.15 Skills required

Operating either RAS or PAS requires specialist skill sets. The position of the sites will most likely be

dictated by geographic / locational constraints rather than proximity to skilled labour. Consequently,

remote locations could potentially cause problems in recruiting staff with the correct skills and may

require in-house training.

7.2 Biosecurity and regulatory implications

Production of larger post-smolts by on-growing smolts in RAS and PAS could potentially have

significant implications for both biosecurity and regulation of such units.

7.2.1 Biosecurity of RAS

One of the frequently cited advantages of RAS technology is the improved level of biosecurity

provided for the farmer with the opportunity to reduce disease outbreaks and actually eliminate

some diseases altogether (Sturrock et al. 2008)(Varadi et al. 2009).  However, in a recent review of

RAS technology for the Highlands & Islands (Murray et al. 2014) many examples were provided

where parasites or pathogens had been introduced into RAS systems. (Jorgensen et al. 2009)

provides examples where parasites were introduced into RAS farms by fingerlings supplied from

traditional earth ponds. Once introduced, pathogens can be hard to control due to the difficulty and

reluctance to disinfect biological filters. (Murray et al, 2014) further highlighted that whilst optimum

conditions for fish culture can be created, inferior designs may inadvertently provide favourable

conditions for disease outbreaks or the reproduction of opportunistic pathogens. The introduction
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of pathogens, and difficulty to control, have been witnessed during the author’s experience as a

government fish health inspector (Jeffery et al. 2010).

The methods for preventing the introduction of these diseases and the pros on cons of doing so have

recently been presented (Vinci et al. 2014). One would hope that any modern RAS system

developed to on-grow post-smolt would only stock with smolts that had been reared in other

biosecure environments: it is a waste of investment to construct a RAS farm and then stock it with

fry from an unrelated supplier or non-biosecure source.

Despite the issues with parasites, experience with some commercial marine RAS farms has

demonstrated a significantly lower incidence of some of the most common causes of mass mortality

associated with culture of the same species in marine net-pens. RAS can therefore provide a

significant level of risk reduction provided the design has taken into account incoming water

treatment and biosecurity (Murray et al. 2014)

7.2.2 Biosecurity of PAS

Whilst implementing biosecurity in PAS might be more challenging than in RAS (e.g. due to pumping

in of large volumes of sea water; access for birds), PAS still provide an opportunity for easier and

better control of any pathogens than net-pens. PAS physically separate stocks from wild fish and

pumping inflow water and through sand filters reduces the risk of introduction of pathogens such as

sea-lice. In addition, the lack of bio-filtration means treating pathogens (once in the system) less

problematic than in RAS. Both RAS & PAS offer the potential to eliminate the release of parasites

into recipient waters.

7.2.3 Biosecurity risks associated with additional movements of fish

It has been often stated that biosecurity risks are elevated with increased introductions of fish and

increased movements. However, when this scenario was discussed with industry, consultees did not

think that an additional stage in the process, or stocking of pens with larger fish, automatically

increased disease risk. General thinking was that as long as good biosecurity and codes of practice

were followed throughout the process, then disease risks should not increase.  However, the use of

an intermediate stage between hatchery and net-pens introduces an extra stage of transfer which

could potentially increase the risk a stressful transfer. This might be partially mitigated if moving

from a RAS hatchery to a RAS on-growing unit due to control over water quality parameters.
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Furthermore, new constructions provide the opportunity to engineer systems that enable low stress

transfers to adjacent well-boats.

If biosecure on-growing units were developed close to the main net-pen growing areas, this could

potentially reduce risks of importing smolt from different sources outside the area. One of the main

reasons for the new Hjaltland RAS hatchery in Shetland is to provide a local source of smolts

produced in a sustainable and cost effective manner (Fish Farmer 2012).

Whether a switch to large RAS and PAS for on-growing post-smolts would increase movements of

fish needs to be considered. The trend for increasing size and capacity of well boats indicates that

they would be able to cope with delivering the same numbers of fish to net-pens even if the fish

were larger (0.5-1 kg) without having to do several more trips.  It has been suggested that batch size

should be designed to match well-boat capacity (Gaumet et al, 2013). However, the shorter net-pen

phase would mean more frequent stocking and increased well-boat movements. However, industry

did not consider this a problem if good biosecurity procedures were in place.

7.2.4 Biosecurity risk associated with increased movements by well-boats

The current use of well-boats to transfer smolts from shore based sites to net-pens, between net-

pens, and back to harvest facilities brings associated biosecurity risks. This can be the introduction of

infected water at loading or whilst passing through an area, or by contamination by pathogens left

behind from previous trips. In a review of biosecurity risks associated with the use of well-boats

(Woywood and Turnbull 2013) identified six critical control points for biosecurity risks, i.e.: 1) water

charge zones, 2) water discharge zones, 3) fish sanitary status, 4) fasting period before transport, 5)

water circulation system during transport (open or closed) and 6) efficacy of cleaning and

disinfection.  Perhaps the most obvious solution to mitigate against risks is to operate to a code of

good practice such as that operated by the Scottish Salmon Producers Organisation (SSPO 2010).

Should the development of large shore based units for on-growing of post-smolts take place (RAS or

PAS) with a resultant shortening of the net-pen phase, then any increase in biosecurity risk could be

mitigated against by following codes of good practice for well boat operation.  Ideally the shore-

based unit and well-boat operator should work together closely on the six critical points identified

(Woywood and Turnbull 2013) and government / industry should invest in the necessary

infrastructure to do this.
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7.2.5 Use of chemicals as part of biosecurity

One challenge for well-boat operators is the wells have to be disinfected after each trip and be

cleaned at regular intervals as part of good biosecurity.  Thus the increase in number of movements

by well-boats will increase the amount of chemicals used for disinfection and cleaning which have to

be discharged safely at an approved location.  This is currently an issue and again requires the

development of infrastructure for disposal at suitable shore-based locations (Turnbull, 2014).

However, the use of well-boats to treat fish (rather than using a tarpaulin around a net-pen) has

been shown to reduce the quantities of chemicals used and improve effectiveness of treatment

(Atlantic Canada Fish Farmers Association, 2011) This leads to better sustainability credentials and

access to a wider range of treatments which can help prevent the development of resistance.

7.2.6 Area management plans and single year-classes

Management Areas were established in January 2000 (Fisheries Research Services and Joint

Government Working Group on Infectious Salmon anaemia (ISA) 2000), based on separation

distances around active net-pen farms, taking into account tidal excursions and other

epidemiological risk factors. Farms with overlapping separation distances will usually be within the

same Management Area. Recommendations include that all sites within the same Management Area

follow an acceptable stocking strategy (Scottish Quality Salmon and Fisheries Research Services

2000), so fallowing within an Area is synchronised. Farmers are encouraged to look carefully at the

Areas before stocking sites. Stocking a previously unused site that may bridge Management Areas

should be avoided. Farmers should consider not re-stocking a site if it would create a "fire break"

and split one of the larger Management Areas into two smaller Areas. The maps of the presently

operated Management Areas are published on the Scottish Government website

http://www.scotland.gov.uk/Topics/marine/Fish-Shellfish/FHI/managementagreement.

Where a single operator controls all the marine licenses in a Management Area, they should be able

to plan for the increased complexity imposed by likely near constant output of 1 kg fish from

intermediate systems over the year. However, where more than one company is operating sites in a

Managed Area, then very detailed and complex negotiations will be needed to ensure operations

such as fallowing, stocking of single year-class fish and medicine treatments are properly

synchronised. This was identified as a significant issue by the companies consulted.

7.2.7 Regulatory implications for biomass of stocking net pens with 1 kg post-smolts

Under the current situation where smolts are stocked to marine net-pens at 70-130 g, there is an

initial period when the fish are small, particulate inputs are low, and the biological communities
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under the net-pens adjust accordingly.  If a switch occurred to stocking larger post-smolts, effects

might not appear initially but impacts over a longer (say 6 year period) may become evident due to

the greater initial carbon flux associated with the higher feed rate to larger fish, which could be a

challenge (D. Sinclair, SEPA, pers. comm.).  Conversations with SEPA suggested that the best

approach would be to trial the new stocking approach on a site with current good environmental

performance.

The existing modelling tool DEPOMOD assumes a maximum biomass for 3-4 months over the 22

month grow-out period. However, this modelling approach is questionable if harvesting occurs 10 –

12 months after stocking larger smolts of 1 kg.  The new version of DEPOMOD in development might

be able to deal better with the new strategy and produce good predictions of impact.  However,

adoption of a new stocking and grow-out practice might allow two fallowing periods of two months

over 24 months (if fish were stocked at 1 kg and harvested after 10 months) instead of the current

single fallowing period. The new DEPOMOD would need to consider that sites would reach

maximum biomass quicker and twice within a two year period.

A farmer trying the new net-pen grow-out approach would need to ensure a good biological

community under the net-pens, and that the benthos was monitored to determine if it was

impacted.  The solution for the industry would be to carry out more extensive programmes of

monitoring to get a clear picture of the effects that the new approach might have on the seabed

ecology of a site.  The costs of the monitoring could potentially be covered by savings in sea-lice

treatments or net cleaning costs. It is thought that at present, sea-lice treatments increase markedly

during the second year at sea (Andrea Warwick, Fish Health Inspectorate, pers. comm.).

7.2.8 Changes to licences if stocking net-pens with 1 kg fish

Current production regimes are not detailed within site licences. Therefore, if a site was to adopt the

new practice they need not apply for a change of licence. Nevertheless, discussions with SEPA

suggested that the route for an operator wanting to trial this approach at one or two sites would be

to contact SEPA to request to work within current licences but to implement monitoring at peak

biomass which would be every year rather than every other year (D. Sinclair, SEPA, pers. comm.). If

the new approach was shown to be causing problems, then a different licencing model may be

needed.
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7.2.9 Implications for locational guidelines criteria if stocking of net pens with 1kg fish

Under the locational guidelines criteria the current system of categorising areas as either 1 to 3 was

based on models of typical nutrient emissions from farms operating typical grow out periods.

Category 1 is where maximum biomass for an area has already been reached and further increases

are not permitted through to Category 3 where there are no restrictions within an area.    Having

already discussed the difficulties of a single operation switching to this model under area

management agreements, consideration would need to be given to what would happen if a whole

area wished to switch to this model.  Dialogue with Marine Scotland revealed that the implications

of doing this would need to be accounted for over the whole area and the most probable outcome

would be less permitted biomass in Category 1 areas (Matt Gubbins, Marine Scotland, pers. comm.)

7.2.10 Abstraction & Discharge Regulation for Land based systems

In the case of the construction of new intermediate systems on land for on-growing of larger post

smolt there are clearly significant differences between PAS & RAS in terms of abstraction and

discharge.  In the freshwater environment abstraction licences have become difficult to obtain as

Environmental legislation has become stronger. The amount of water required to run a RAS is

significantly less than a flow through which would be an advantage. However, for the marine

environment the abstraction issue is much less relevant than the discharge licence.

PAS systems would have to comply with standard discharge models that apply to all sorts of industry

such as distilleries, cheese factories, fish processors etc. There are clear guidelines that need to be

applied. Evidence would need to be applied and models used.  For RAS in freshwater systems the

collected solid waste can disposed to land as there are agricultural benefits and it may be considered

a virtuous thing to do. However, marine RAS is more complicated because of salt and problems

caused to the soil if applying to land. There are other options available for the discharge such as

discharge to sewer or down an outfall and guidance documents exist.  The use of this marine solids

waste is great in theory but often not so simple.  Lower volume high strength marine aquaculture

solids waste may be harder to handle from a SEPA perspective than high volume low strength.

There may well be ways of mitigating this by appropriate treatment methods combined with a long

outfall pipe to minimise issues and it was though possible that it could be made to work in one way

or another (D. Sinclair, SEPA, pers. comm.).

7.2.11 Water framework Directive (WFD) & Marine Strategy Framework Directive issues

The vast majority of Scottish aquaculture at present will be covered by WFD rather than MSFD. If

monitoring and trialling of a change to stocking net pens with 1 kg fish is successful and there

appears to be no ill effects then it is difficult to see that will affect any classification status under
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WFD.  The increase in biomass over a longer time frame may well be cancelled out by an additional 2

month fallow period and reduction of chemical usage in either net cleaning or sea lice treatments.

7.2.12 Sea lice inspections

Currently inspections for sea lice are being carried under the SSPO code of good practice (SSPO

2010) which is backed up by the legislation implemented by the Fish health Inspectorate under the

Scottish aquaculture & fisheries act 2007. This requires inspection and lice counts of at least 5 fish

per site, but it seems farms are doing more than this and checking at least 10 fish per net-pen

(Andrea Warwick, MSS Fish Health Inspectorate, pers. comm.).  In addition, certification bodies

check for compliance with the COGP.  It is hard to see that a change to stocking with 1 Kg post

smolts would have implications for the procedures or regulations of sea lice inspections.

7.2.13 Movement restrictions due to notifiable diseases

The prospect of a notifiable disease outbreak such as ISA or VHS is not a nice one for Industry and

can result in serious Implications for industry not just from loss of fish or stock to the disease but

also because of the implementation of disease control zones and movement restrictions.  If a system

was implemented whereby residence in net pens was reduced to 10 months then this automatically

lessons the likelihood that a particular batch of fish will encounter this situation.  In addition, there is

potential for a land based RAS site to go through the necessary stages (as per OIE guidelines) to

show that it is a distinct epidemiological area. This would then allow the site to continue moving fish

at an earlier stage than if part of the restricted area.  This might be of significance to RAS where they

often operate at maximum biomass and need to move stock off site quickly at regular intervals.

Another potential benefit would be the opportunity to locate these type of systems away from the

main aquaculture areas and thus ensure a secure stock of fish in the event of an outbreak and allow

sites to restock and be up and running in a shorter period after the all clear is given.

7.3 Health & Welfare implications

On-growing of post smolt in either RAS or PAS before transfer to nets pens, is likely to bring both

advantages and disadvantages in terms of health & welfare.   A Scottish Salmon Producers

Organisation report (SSPO, 2009) questioned the use of RAS, due to implications for fish health and

welfare when growing fish at high densities, and the high energy and carbon costs. Some of these

areas have recently been explored in research carried out in Norway between industry and Nofima

(Terjesen, 2014). Some of these areas are discussed in the following sections.
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7.3.1 Health and Welfare in RAS & PAS versus net pens

The quality and performance of salmonids grown in RAS has been a topic of recent research for the

last decade.  One researcher (D’Orbcastel et al. 2009) compared rainbow trout grown in a standard

flow-through system with an RAS designed after the Danish model farm. Whilst these were both

freshwater systems they found no significant differences in growth or performance, no significant

pathologies, nor an effect on survival, although there was an effect on caudal fin damage (but not

pectoral or dorsal fins). (Good et al. 2009) assessed fish health indicators of fish grown in high

feeding / low flushing conditions in comparison to those in lower feeding and higher flushing groups.

They found no effect on growth and excellent survival in both groups. Some clinical and subclinical

differences were observed between the groups, i.e. an increase in splenic and skin lesions and

greater fin erosion in the low water make up group.  In a similar experiment (Davidson et al. 2011)

found that RAS systems with near-zero water exchange rates increased deformities and decreased

survival. Accumulating potassium and nitrate nitrogen were separated as possible problems to be

evaluated further. Previously a link was indicated between high CO2 concentrations in smolt tanks

before transfer to sea and reduced growth in the early sea pen stages Rosten et al. (2007) In

(Bergheim et al. 2009). It is now reported that more than 30% of Norwegian smolt farms have

installed equipment for stripping CO2 to safe levels (Bergheim et al. 2009).

The performance of smolts in RAS may actually depend on the quality of individual RAS and their

operation. There is now evidence to indicate that growth rate increases progressively with oxygen

saturation up to at least 100% saturation. Furthermore, CO2 and NH3 levels may limit the growth of

Atlantic salmon when they exceed 10 mg L−1 and 0.012mg L−1, respec vely (Thorarensen and

Farrell 2011) They also provide evidence to indicate that salmon density up to at least 80 kg−1m3

does not limit the growth or survival of Atlantic salmon provided that water quality is maintained

within acceptable limits.  More recently, (Kolarevic et al. 2014) used 98% less water in an RAS system

than in a flow through system to produce Atlantic salmon smolts with similar performance and

significantly lower prevalence of fin damage and operculum shortage versus the more traditionally

FT-system produced smolts, provided that the optimal conditions regarding stable temperature,

tank conditions and water quality are met in FT-systems.  Additionally, further R&D integrated

performance and stress-related parameters and found that when water quality is kept optimum, a

recirculating aquaculture system does not induce welfare impairment for rainbow trout (Colson et

al. 2015).

Previously, suppressed growth or lack of growth after 1kg in size has been associated with RAS

systems. Recently, Norwegian research has shown that fish grown in RAS systems (Terjesen, 2014)

are affected by the scale (diameter) of the tanks.
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Whilst PAS systems could potentially suffer from some of the same issues as described above for

RAS the constant flow of pumped seawater should make them more comparable with net pens

although stocking densities are likely to be higher.

7.3.2 Smolt vigour on transfer to net pens

The point of transfer of smolts (or shortly afterwards) to sea based net pens is often one of the most

sensitive and difficult phases that often incurs the highest losses during the marine farming stage.

This can be up to 20% and can be compounded still further by reduced feed intake and growth rates.

The reasons and evidence for apparent vigour at sea were reviewed as part of a larger project

(Franklin et al. 2012). The anecdotal experience of Scottish farmers reported that RAS reared smolts

suffered a high mortality (25%) post transfer to SW pens. They also hinted that previous experience

of (familiarity with) rearing systems may play an important role in acclimation of fish to SW pens:

smolt reared in FW pens acclimate more successfully than fish reared in land-based systems.

Dialogue with transporters as part of this project also suggested that larger smolts (super smolts) are

somehow softer and damage more easily. Further anecdotal evidence was also discussed with

transporters that fish reared in RAS isolation may have increased vulnerability to pathogens after

transfer to sea.

In contrast,  it was suggested (Fish Farmer, 2011) that smolts produced in RAS appear to be more

robust when transferred to sea pens and have more predictable survival and growth rates.   This was

confirmed by experience in the Faroes, where all seven active smolt farms were turned from flow-

through farms into RAS due to poor performance during on-growing in SW pens. The mortality rate

in SW decreased from 20% to below 5% and the mean smolt size at delivery has increased from 50–

70 g to 140-170 g (Joensen, 2008),  In (Bergheim et al. 2009).

The robustness of RAS smolt may not reflect the system, but may reflect confounding of age as RAS

will be used to produce out of season S½ smolt. It was previously observed (Munro & Gauld 1996)

that S1 and S2 smolts were generally larger and more robust than their S½ and S1½ siblings whose

survival in SW was poorer and more variable.  In addition, more generally it has been shown that the

ability to minimise the stress at movement and maintain low cortisol levels in the fish equates to

better fish health and lower mortalities in the period after introduction

If future RAS & PAS were to supply larger fish to net pens of 1 kg it is difficult confirm conclusively

that this would result in less failed smolts and less problems of them being off the feed for longer.

However, It would appear from recent research carried out by Nofima (Terjesen, 2014) that this kind

of transfer of smolts can be very successful providing  virtually no mortality after transfer providing
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that special attention is paid to limited and careful handling of the fish. However, a sensitive size of

between 400 – 600g was indicated.  Furthermore, the same research projects have provided

evidence that rearing of post smolt in RAS at lower salinity of 12 ‰ combined with an exercise

regime provides the following benefits.

 Improved survival and growth

 Improved removal efficiency of ammonia and carbon dioxide removal in RAS

 Problems of early maturation do not occur in low salinity RAS units up to 1 kg.

7.3.3 Stocking density implications

The profitability of an RAS often hinges on the producer’s ability to achieve a high stocking density.

Salmon held in open net-pen sites tend to be held at approximately 15kg/m3  the densities possible

in RAS (due to increased control over water quality and oxygenation ) could range from 50 to

100kg/m3 (Standing Committee on Fisheries and Oceans 2013).  A feasibility study in Canada (Boulet

et al. 2010) showed that when average stocking density decreased from 50 kg /m3 to 30 kg /m3, RAS

income decreases from around $0.4 million to -$100,000. Furthermore, a decreased stocking density

also changed capital, energy and labour requirements within the model.

However, whilst financial considerations may force RAS systems to grow fish at higher densities,

Consideration would have to be given to conflicts with current densities set under accreditation

schemes.  For example certification of smolts grown under the RSPCA freedom foods requires a

maximum density of 50kg/m3 in RAS systems.  Other schemes such as the ‘Label Rouge’ requires fish

not to be transferred to a sea beyond a certain size and that fish spend a minimum amount of time

in the sea.

Although environmental lobby groups appear to be supporting RAS farming, it is clearly closer to

“factory farming” than net-pen based production with higher densities, and smaller volumes for fish

to swim in with less “natural” conditions.   However, whilst there may be some concern in some

sectors towards RAS aquaculture, it remains to be seen if a part way house for post smolt production

will be viewed in the same way as full RAS production and how consumers would respond to fish

that have spent part of their lives in RAS systems rather those that have spent most of their life in an

open net pen.

This subject area was briefly discussed in a report for the Highlands and islands (Murray  et al. 2014)

who concluded that whilst it might be tempting for both net-pen and RAS producers to seek to

promote the benefits of their technology and seek to obtain a premium price over the other, the
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reality may be that salmon sales overall would be damaged as consumers would more easily pick up

on the negative messages of both production methods.

7.3.4 Sea Lice prevention

Sea lice in salmon farming remains one of largest problems facing the industry (Costello, 2009).

One of the main suggestions behind the concept of moving to a model such as this is that there may

be benefits in reduction of sea lice problems through earlier or extra fallowing periods.  Consultation

with Industry revealed that earlier PAS salmon farms didn’t experience any problems with sea lice.

Possible reasons given included that the flows were much faster thus not allowing the lice to get a

hold, the intakes are taken from deeper water or that there never was a sea lice problem in that

vicinity.   The way that modern RAS operate with disinfection of inlet water with UV or Ozone and

fine mechanical filtration it would be very unlikely that sea lice would become an issue.  However,

whilst discussing these advantages with farms and operators they made the point that protection

against Amoebic gill disease (AGD) could be a key advantage of RAS but that PAS might still be

vulnerable. AGD was at one point estimated to cost the Industry £30m in a single year (Vass, 2013).

It has been suggested that lice problems are increased with longer grow-out periods and bigger

problems appear in the second year (Andrea Warwick, MSS Fish Health Inspectorate, pers. comm.)

and other scientific evidence supports this (Lees et al. 2008). Therefore shortening the grow-out

window could lead to an opportunity for reduction of problems and lice numbers. An additional

fallow period would provide opportunity to break the two year growing cycles.  However, on

discussion with Industry the responses were not conclusive with some agreeing and quoting that the

biggest problems occur in the first year before the fish reach the 1 kg size while others felt that most

of the problems happened when the fish were at a larger size. One comment from industry

expressed concern that having a greater overall biomass on the sites (over the period in the nets

pens) might lead to a hot house effect with greater levels of lice and pathogens.

The cost of treatments for sea lice should be considered as potentially significant with each typical

treatment for lice costing using SLICE costing approximately £800 per pen (pers comm, ex salmon

farm manager).  Clearly any use of Sea lice chemicals is likely to be un-necessary whilst post smolts

are on-growing in either PAS or RAS.

One potential benefit that was clearly identified during the consultation with the industry was the

fact that stocking net pens with 1 kg fish would give the opportunity to only use one size of net

mesh.  This could potentially reduce the amount of net maintenance and cleaning periods and
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increase flows through the net-pens. Using larger mesh obviously reduces any drag factors on the

net-pen and reduces the risk of catastrophic failure during storms.  This could potentially allow net-

pens to move further offshore and further away from perceived impacts on wild smolt runs.

7.3.5 Cleaner fish in Offshore nets pens

During consultation with industry one potentially significant implication for stocking net pens with

larger post smolts and the use of a single net sizes was revealed. Currently species such as ballan

wrasse and lump suckers are introduced as small fish whilst the salmon smolts are still small thus

allowing the cleaner fish to grow with the salmon.  This could potentially mean that the wrasse and

lump suckers would need to be grown onto larger sizes before introduction with 1 kg smolts which

would in turn increase the associated production costs.  One anecdotal comment mentioned was

that the lump suckers are only of use for a year before they either have to be restocked due to them

switching onto pelleted feed.

7.3.6 Treatments and vaccination implications

The move to production of 1 kg post smolts in RAS or PAS systems may offer protection against

many of the common disease problems encountered in net pen aquaculture but it should not be

discounted that different disease problems may be encountered in RAS & PAS.   However, a recent

research update of grow out of Atlantic salmon in five different RAS trials showed no evidence for

any significant health problems (Summerfelt et al. 2014a).  One experiment in Norway recently

suffered from losses of fish in a low salinity RAS due to yersiniosis (Terjesen, 2014) and subsequent

losses of fish on transfer to sea. However, it was reported that this has now been addressed by

better water treatment and biosecurity and that experience with RAS rearing have subsequently

been favourable.

The use of any treatments or antibiotics in RAS if required could be problematic due to the potential

effects on the biological filters.  A reduced dependency on antibiotics and therapeutants can

generate a marketing advantage of high quality ‘safe’ seafood (Murray et al, 2014).

In terms of vaccination of fish prior to stocking in RAS or PAS the discussions held with industry

suggested that the smolts would still need to be vaccinated prior to stocking into a PAS system and

this would be at the regular size.  These discussions questioned whether the same would be required

for an RAS and or whether the vaccination could take place before stocking to the sea.

One researcher consulted thought that an ideal situation would be one where the larger post smolts

could be vaccinated and treated to give complete coverage against major diseases and parasites

over the shorter on-growing period in net pens.  A similar suggestion was previously explored

(Franklin et al. 2012) whereby smolts produced in tank-based systems located near the sea could be
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given an initial prophylactic treatment with emamectin benzoate (Slice). The rationale being to offer

an early level of protection against sea lice. This approach was dismissed after discussion with

industry experts suggested it might not be of great use in practical terms. Use of any licensed

therapeutant should be carefully targeted at situations where there is clear need, in order to reduce

the risks of resistance development in parasite populations.

Clearly land based vaccination will be easier and more straightforward than working at sea.

Currently systems are set up for vaccination of smaller fish and it was thought that trying to

vaccinate larger fish would raise issues in terms of the speed and quality of vaccination e.g.

equipment being used, anesthetising issues and health problems associated with vaccinating fish

during smoltification.

Further communications with a fish vaccination company (Pers comm, Kathy Taylor, Salmovac)

suggests that fish would still be vaccinated at approximately 40 – 60g (or up to 100gs) before being

stocked into a marine RAS or PAS.  This is because the newer oil based vaccines would still provide

cover for the two year period in the intermediate system and then later at sea. It was thought that

any issues with double vaccination for Pancreas Disease would disappear with the imminent

introduction of a combined vaccine.   In addition, the implications of introducing this kind of

intermediate on-growing system for fish vaccination could actually be very favourable for

vaccination companies as it would provide a bigger window of opportunity with vaccination at any

time up to 100gs (Pers comm, Kathy Taylor, Salmovac) and presumably for each cohort that entered

the RAS.  This would significantly help with the seasonality of business, retaining trained teams and

provision of a quality service because of not having to do everything in a short window. There could

also be the possibility of vaccinating for other diseases whilst the fish are in the PAS or RAS system as

vaccinating at land based systems is possible whereas vaccinating at sea, is not.

7.3.7 Maintenance of optimal water quality conditions In RAS & PAS

RAS systems offer an opportunity for maintaining optimal and constant water quality conditions

which can also bring animal welfare gains (Murray et al. 2014) and it is recognised that stable

temperatures are preferred for fish production.  Optimum environmental conditions within RAS

promote excellent FCRs with some high value marine species achieving market size in 50% of time

taken in sea net-pens.

However, this maintenance requires a far greater understanding of the essential parameters by the

staff and would require additional training in the techniques available for monitoring and control.

Currently testing and monitoring kits are available for essential parameters such as temperature,

oxygen, pH, nitrite and ammonia but there is a growing awareness that as systems become more

intensive then a greater understanding maybe required for a much larger range of water pollutants
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derived from metabolic, bacterial and environmental sources (DTU Aqua 2013).  Understanding is

developing on the effects of accumulation of CO2 (Colt et al. 2012)(Ben-Asher et al. 2013) (Fivelstad

2013), Alkalinity (Summerfelt et al. 2014b) trace metals in systems (Kristensen et al 2009) and others

such as  Nitrate, Ortho-phosphates.

In Canada, one producer noted that changes in water quality due to uncontrolled plankton blooms

were the reason for them beginning to look at RAS technology (Standing Committee on Fisheries and

Oceans 2013). It has been suggested that some existing freshwater smolt systems might suffer from

wider temperature fluctuations than in net pens (Franklin et al. 2012) because the water

temperature in large bodies is much more stable on an hour to hour and day to day basis than the

temperature in flowing rivers and burns.  However, Industry pointed out that marine PAS could

actually benefit from more stable temperatures than net pens due to the intake of water being

positioned at depth.

7.3.8 Protection from predators and pests

Farms attract predatory animals (especially seals and sea birds) which can then be adversely

impacted by anti-predator measures adopted by farmers (e.g. deaths due to entanglement in anti-

predator nets). If post smolt were held and on-grown in either RAS or PAS for a significant period

until they were a larger size this would provide opportunity to reduce the impacts of pest and

predators on stock. This is because modern RAS exclude most predators likely to impact and stress

fish and protection is easier in PAS than in net pens.  Consultation with industry & researchers

revealed that the shorter period in the sea would reduce the risks over time such as the risk of seal

attack in the first year and that the larger size of the stock fish could well provide some additional

protection against birds. Although it was pointed out that most sites provide protection against bird

predation by the use of nets.

One recently highlighted area was the recent loss of around 300,000 young salmon due to jellyfish

stings at fish farm in Loch Duart (Siddons, 2014). These smaller fish would not have been lost had

they still been in an RAS or Pump ashore. However, further research would be required to see if the

larger fish in the net-pens would have been more resilient to the attack.

7.3.9 Access to sites during poor weather conditions

Where net pens are exposed to the winter storms this could theoretically lead to situations where

staff are unable to access the site to address a potential welfare situations or take action over

encroaching pollution incident.

7.4 Environmental costs & benefits
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Closed RAS are often perceived as having strong ‘green credentials’ (Little et al. 2008) as they

abstract little water from natural water bodies, produce minimal effluent, with readily managed

waste streams, reduce the potential environmental impacts from escapee and pathogen release.

RAS products are therefore often promoted as sustainable by environmental organisations, e.g.

Seafood Watch and Greenpeace.  Some of the environmental benefits from producing fish in RAS &

PAS have already been discussed under previous sections e.g. sea lice under health and welfare &

discharge of chemicals under biosecurity and regulatory issues. However, other areas remain to be

discussed.

7.4.1 Escapees & loss of stock

The potential effects on the environment of escapees from aquaculture are well documented,

studied and modelled (Hindar et al. 2006; Ford and Myers 2008) but conclusions are often disputed.

Escapees of non-indigenous species may alter the structure and functions of marine ecosystems by

habitat modification and competition for food and space with indigenous organisms; non-indigenous

species may outcompete indigenous species,  and reduce their abundance, biomass and spatial

distribution (ICES 2009; IUCN 2009a; UNEP/MAP/RAC/SPA 2011). Farmed indigenous species are

often  selectively bred for many generations and may therefore differ genetically to wild

populations; this raises concerns for the fitness and productivity of wild populations if interbreeding

with escapees occurs (Hindar et al. 2006).

However, escapees are equally undesirable for the aquaculture industry as they represent a financial

loss. The combination of environmental concerns and costs to industry led to the EU PREVENT

ESCAPE project.  This project estimated escapees lost European aquaculture as much as €47.5

million p.a. at point of first sale, and produced a set of recommendations and guidelines to reduce

both environmental impacts and financial losses (Fredheim et al. 2013).

RAS systems are usually designed in such a way that any escapes are going to be unlikely. One recent

example being the newly constructed RAS hatchery at Girlsta where environmental sustainability has

been further enhanced by it being fully enclosed thereby eliminating escapes (Fish Farmer 2012).

In addition, any strategy of building more PAS would also reduce the risks of escape in comparison to

net pens.  With regards to reducing escape numbers in marine net-pen culture; improvements have

already been implemented with the adoption of technical standards and specifications for pen

design, mooring systems and nets. In Norway (an EEA country and by far the biggest aquaculture

producer in Europe) there is a vision for zero escapes and the introduction of legislative standards

for aquaculture net-pens led to a significant reduction in escapees.
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Similar standards are almost finalised in Scotland following the development of best practice

protocols (Taylor and Kelly 2010), and an ISO standard is due across Europe. Codes should also

include regular inspection of facilities to check for early signs of chaffing or wear (SSPO 2010).

One technique being developed in Norway (by the North Atlantic salmon working group) to assess

the level of biological impact from escapees and genetic impacts has been the development of a

quality norm for Norwegian salmon populations which assesses not only the conservation limits and

harvest limits but also the genetic integrity of the salmon stocks(North Atlantic Salmon Working

Group 2014). This may provide a good practice model for other Member states.

Another area within marine net-pen farming with potential for escape is during farm management

practices such as grading or stock transfer. Codes of good practice at net pen operations can address

these by ensuring that employees have adequate training and are aware of correct procedures.  The

development of contingency plans in the case of an escape event has been suggested (IUCN 2007)

and can help deliver a rapid response to recapture and monitoring of the escapees.  However, when

these practices are carried out in RAS or PAS they are far less likely to result in escapees and the

likelihood of having to operate a contingency plan is minimal.

For some species there are options of using sterile or single sex stocks which, should they escape,

eliminate or reduce risks of interbreeding and genetic interactions with wild stocks.  For example,

producers of both rainbow trout and brown trout often use triploid or all female stocks.  Whilst

these techniques might not be currently applicable to all aquaculture species, new technology e.g.

the use of egg dips (Zohar et al, 2007)) is in development might provide an alternative.

In order to build trust and confidence in the industry, data and information from regulators on

aquaculture performance should be transparent and readily available to stakeholders.  This is an

area where Scotland is leading the way in demonstrating a spirit of openness and joined up

governance by presenting information on escapees on a public website.

The location of farms close to runs of wild fish often causes conflict between stakeholder groups due

to fears of increased sea-lice numbers and the potential for impact on populations of wild migratory

salmonids in the same location.  In order to minimise contact and interaction with concentrations of

wild fish, it may be possible to consolidate several smaller sites into a single larger one (with

increased production) that is located further offshore, away from narrow river entrances (Adrian A
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2014). This approach may be even more feasible for other sites if stocking with larger 1 kg fish and

larger net sizes became the norm. This strategy of stocking net-pens with larger post smolts could

result in less escapes due to their physical size and also might enable sites to be developed in more

exposed locations.  Because of the shorter net pen window it could reduce the risk of loss at sea for

each cohort.  However, the inherent risk of escapes might consequently increase due to the exposed

location and could result in an increased risk of larger biomass of larger fish escaping.

Despite RAS & PAS systems reducing the risks of escapees they still bring their own risks of

catastrophic loss of stock due to system failure. This can be the result of pump / generator failure,

electrical problems, blockages or sabotage. Unfortunately, examples of all these failures have

occurred in the past. The best assurances against this type of loss is to have reliable alarms and

backup systems in place accompanied by on call systems.

7.4.2 Discharge of Nutrients and associated impacts.

The effects of nutrient enrichment on benthic communities have been extensively documented in

field-based studies and key findings have been synthesised in a number of in depth reviews and

reports (AQUAETREAT 2007; McKindsey et al. 2011; COM 2012; Price and Morris 2013; Hadjimichael

et al. 2014).  Dissolved nutrient wastes from the farms can also contribute to eutrophication and

increased risk of algal blooms. In many regions, numerical models have been applied, to predict

nutrient concentrations and impacts on benthic communities based on nutrient loading and/or

hydrodynamics, or to help with site selection (Cromey et al. 2002; Gillibrand et al. 2002; Laurent et

al. 2006; Weise et al. 2009; Giles et al. 2009; Tett et al. 2011; Ferreira et al. 2013). Based on

extensive knowledge and understanding of the impacts of nutrient enrichment on benthic

communities, the industry has been able to develop a number of good practices to mitigate against

these impacts, such as biomass-limit modelling, fallowing, filtration and others (e.g. Macmillan et al.

2003; ASSG 2005; CRAB 2007; SSPO 2010; Taylor and Kelly 2010; Aquabest 2014; see also Troell et al.

2009). Many of these have been based on, or used to develop, guidance (COM 2006; IUCN 2007;

IUCN 2009a; IUCN 2009b; Karakassis and Angel 2008; Karakassis 2009; Karakassis and Sanchez Jerez

2011; Karakassis et al. 2013; Stelzenmüller et al. 2013). However, there is still a need to share

knowledge and further develop industry and regulatory good practice.

Despite all the extensive works carried out in this area the industry still has its critics over the

discharge of fish waste and nutrient enrichment.  Waste is far easier controlled in RAS or PAS with

many options of clean up technology now available and the lower levels of discharge from RAS

systems mean there is less of an environmental impact (Fish Farmer 2012). The many options

available for clean-up of waste from freshwater aquaculture production (e.g. drum filters) were
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discussed (Auchterlonie et al. 2013) and many of these remain options for marine RAS or PAS.  Many

examples are now emerging for the integration of RAS systems with production of secondary crops

(Buschmann et al 1994) (Webb et al 2009) that clean up the effluent.  Both RAS & PAS normally

equate to a better and more efficient use of feed which in turn reduces impact from excess waste or

nutrients.

7.4.3 Discharge of Vet Meds

Chemical and pharmaceutical use by fish farms can have adverse effects on other organisms and the

local ecology. A further advantage of marine RAs and PAs over net pens may be that use of

chemicals and medicines to treat fish may be reduced. The major problem affecting farmed Atlantic

salmon in Scotland and Norway is infection by sea lice (Boxaspen 2006) . Sea lice can affect the

growth, fecundity, and survival of their hosts because their feeding may cause skin lesions leading to

osmotic problems and secondary infections. If untreated, they can reach a level that is highly

detrimental to the host fish. Both wild and farmed salmonids can act as hosts to sea lice, and the

possible interaction and transmission of the parasite between farmed and wild fish is causing much

concern. The abundance of hosts available in farms can result in large sea lice production. Wild

anadromous fish in areas with salmon farms may experience severe sea lice infestations, in some

cases resulting in their premature return to freshwater or mortality at sea (Boxaspen, 2006b).

However, it should be remembered that sea lice on freshly sea  run fish and sea lice mortalities were

known before the development of modern salmon farming (Shepherd & Little, 2014). To control sea

lice, aquaculture operations typically use a range of ant parasitic medicines, and these may pose

some environmental risks if not applied carefully (Langford et al, 2014).

There is debate about the significance of the impact on wild fish populations of sea lice from farmed

fish (Bjørn et al. 2011; Jackson et al. 2013; Krkosek et al. 2013; 2014). However, to counter the

potential threat posed by sea lice to wild fish species, regulators and producers in Scotland and the

other main Atlantic salmon farming regions of Northern Europe have developed methods to control

their proliferation and minimise chances of transfer. These include development of area

management plans that regulate how the industry operates in particular zones, and development of

improved treatment programmes. The international goal for sea lice as stated by NASCO is for

100% of farms to have effective sea lice management such that there is no increase in sea lice

loads or lice-induced mortality of wild salmonids attributable to the farms

It is likely that fish reared in marine RAS and PAs will be at much lower risk of seal ice infection

than those reared in net-pens and therefore less chemical discharge will result. Producers who

have operated Atlantic salmon in pump ashore systems have noted that sea lice were much less
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of an issue than those reared in parallel net-pen systems within the same loch system. Even

though these systems draw in significant quantities of seawater, it is possible that this problems

might have been avoided by locating the inlets below the main seawater zone with sea lice.

The use of chemicals in well boats has previously been discussed in previous sections.  Clearly

chemicals are also used more other diseases and reasons with RAS and PAS systems.  However,

there are options for better control of discharge by the operator or by the regulators as

previously discussed in earlier sections.

7.4.4 Pathogen release

If pathogens appear within net-pens they may have originated from local environmental hosts

or been introduced via stockings.  If introduced via stocking then control of spread to the

environment and other host is often very difficult.  This is dependent on which pathogen is

being considered and its mode of transmission.  PAS, as per net pens usually has a constant

discharge to the environment but it may be feasible to mitigate against this risk by installation of

various technologies. However, with RAS there may be a significantly reduced risk as waste

water may be held in settlement tanks.

7.4.5 Carbon footprint & Life cycle analysis (LCA)

This is one area where RAS & PAS may not have the same environmental credentials as net pen

culture.  Life Cycle Assessment (LCA) has been used to quantify various environmental footprints of

aquaculture products [e.g. (Hall et al. 2011) (Henriksson et al 2012)]. Although differences in

methodology compromise comparisons between studies (Henriksson et al 2012) [findings relevant

to the UK suggest that:

 Aquaculture product footprints are comparable to those of fishery and farmed chicken

products, and lower than those of farmed pork and beef products (Hall et al. 2011)

(Ellingsen & Aanondsen  2006);

 Salmonid products from intensive UK aquaculture have smaller environmental footprints

than farmed finfish and crustacean products from other countries (Hall et al. 2011). Feed

is the major contributor to salmonid aquaculture footprints, accounting for regional

variation (Pelletier et al 2009), and it is noteworthy that organic feeds do not reduce

footprints (Pelletier & Tyedmers 2007);

However, (Ayer and Tyedmers 2009) observed that while the use of closed containment systems RAS

might reduce the pressure of pen-based systems on local environmental services, the increased

material and energy requirements of such systems creates other environmental challenges. (Jeffery
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et al. 2012) also noted that considering energy use is a major factor in RAS and that investors might

sensibly focus on securing a significant contribution to their energy supplies from sustainable

sources to prove their environmental credentials.  It has subsequently been pointed out that

Scotland might be strategically better placed than other areas to address this objective (Murray F et

al. 2014).   As RAS technology and system designs improve there will no doubt be a significant

reduction in energy usage per kilo of fish produced.  Consideration of access to suitable power

sources would need to be factored into the location of any new RAS & Potentially PAS.

The importance of certification should not be underestimated in the future development of the

industry. Both the Aquaculture Stewardship Council (ASC) and the Global salmon Initiative have

been implementing and negotiating standards for the requirement for production of smolts to be in

RAS rather than freshwater lochs.  However, it is difficult to see at this point that this could be

extended to fish up to 1 kg in weight.

7.4.6 Visual impact

The visual impact of net-pens needs to be considered against any impact there would be in building

new RAS or PAS systems.  This would need to pass through current planning systems either marine

or terrestrial. This is discussed in more detail in later sections.

7.5 Social implications

When considering any changes to production methodologies or techniques within the Scottish

Salmon Industry consideration must be given to any social implications such as employment, health

and safety or working conditions.

A recent report on the benefits of aquaculture to Scotland (Marine Scotland 2014) has highlighted

that the value of direct production alone is worth £550 million,  the Scottish supply chain in the

order of £800 million, and the total turnover in the UK economy in excess of £1 billion.  A large

percentage of this industry is located in rural coastal communities such as found in Argyll, Skye, the

Western isles and the Shetlands which are often described as fragile economic communities.  In

addition, it has now been recognised that the industry has also supported significant growth in low

income areas such as Lanarkshire in the central belt in terms of the supporting industry and fish

processing.  The aquaculture industry has also been recognised as a key industry within Scotland’s

wider food and drink strategy.
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The report surveyed a large sample of representative people from these areas and highlighted that

for them the most important thing the industry provided was human capital in terms of employment

and income.  Many of the larger employers recognise the social importance of their role in the areas

and initiated schemes such as Scottish Sea farms “Heart of the community” & Marine harvests “Q

marine”.

7.5.1 Implications for employment

If the Industry was to develop an approach of stocking net-pens with larger fish by on-growing larger

fish in land based systems (RAS or PAS) then the following issues need to be considered in terms of

employment; (assuming net-pen numbers and sizes were to stay the same).  Employment in pen-

based activity for smolt production is generally higher than for tanks as labour efficiencies are lower

in pen farms (Franklin et al. 2012). However, the productivity per person for net pens varies with the

scale of the operation. In 2013 the most efficient category was farms of 400 – 700 tonnes (Munro et

al 2013). It should be highlighted that this model doesn’t remove the need for labour at the marine

net-pens or associated site management buy may slightly reduce the requirements in terms of

activities such as reduced net cleaning and doubling of the fallowing times.  This potential loss of

labour could be more than cancelled out by an increase in production and the requirement for

additional labour at harvest and processing (harvesting each year instead of every other year).

The development of further large RAS for the smolt stages to 100g could potentially mean less

employment in freshwater lochs or flow through smolt units. However, the development of the RAS

hatchery at Gilrsta has reversed a decade of long decline of hatcheries on Shetland and has provided

skilled employment for a staff of nine (Fish Farmer 2012). The construction of any new RAS may also

be located in other fragile coastal communities that are away from traditional aquaculture areas and

provide a new careers and skilled employment although this could involve relocation of staff and

social implications. Employment and new opportunities may also be provided in the central belt for

suppliers of equipment or other areas for additional well boat construction.

With regards to seasonality of employment for coastal salmon production workers production has

approximately ten time more full time employees than part time (Munro et al 2013). It is thought

that a change to a different model is unlikely to affect this and if anything land based farms would

require a greater percentage of full time staff.

One of the first recommendations that came out of a Canadian review of closed containment

aquaculture (Standing Committee on Fisheries and Oceans 2013) was that the government should

study the social-economic impacts of a possible transition to closed containment technologies,
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including the resulting impacts on employment in rural and coastal communities. However, this

model is not about a transition to closed containment but rather using them as a method for

enabling increased production from marine net pens.

Finding experienced staff for flow through PAS should not be an issue. However, there may be a lack

of suitably experienced RAS managers and operators. Former net-pen or hatchery managers are not

necessarily sufficiently well qualified to operate commercial scale RAS post smolt farms without

minimum 6-10 months training on the job. Poor awareness in terms of the broad range of water

quality variables that require 24h in-line monitoring – especially in marine RAS. (Murray et al, 2014).

Discussions with companies suggested they did not see this a significant issue as they would be able

to recruit and train staff in the relevant expertise, even if this may take some time (>9 months or so).

Companies would clearly need to invest more in staff development though. There may also be some

issues in retaining and recruiting such staff in remote areas if these systems are located there,

although, again, this is by no means certain. Conversely, location of these systems in brown field

sites close to industrial centres in Scotland and conceivably the North of England may have an

advantage in access to pools of highly technically qualified labour.

7.5.2 Health and safety implications

Whilst the Industry may have made significant strides in terms of health and safety at sea it would

appear that working conditions and control of health and safety favours RAS or PAS mainly because

of protection from the elements and lower risks of drowning than at sea.  In a report by the HSE into

fatalities in farming, horticulture and fish farming over a ten year period (Health & Safety Executive

2014),  the third largest category was drowning and asphyxiation at 14%. Most of these 11 victims

had drowned during either harvesting, diving or travelling along fish farms on a boat. Two workers

were asphyxiated inside a compartment on a barge used for fish farming.

Lone working within an RAS or PAS would seem to be a much safer option.  However, as previously

discussed this model does not remove the need for labour at the net-pens but might reduce the

amount of time actually spent on them due to greater efficiencies in the production system.

In the past there have been occasions where incidents have occurred in well boats. Whilst

awareness and safety should have improved, it is not seen that stocking with larger fish would

increase these risks in any way.  However, they could potentially be reduced if less well boat

treatments are required.
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Diving and inspection of nets for repairs, moorings and mortality removal could be one area where

health & safety gains could be made.  This could be due to less mortality removal (highest

mortalities are with smaller smolts after stocking), less frequent inspections for damage by seals and

the opportunity to remove nest and check at an extra fallow period. Larger net mesh sizes may mean

less risks due to less requirement for cleaning. The development of the technical standards will also

contribute significantly to improving H&S due to less emergency repairs.

Other activities such as easier and safer grading of fish on shore also helps reduce H&S risks.

7.5.3 Working conditions

On the whole (for most of the year) working conditions in RAS or PAS will be easier and nicer than

those encountered on net pen sites.  When working in an insulated RAS system the temperature

would be fairly stable in order to optimise growth for smolts. This increased temperature of

approximately 14°C makes for nicer conditions during cold winter months and wind chill effects are

eliminated.  There are likely to be less days lost to the weather in either RAS or PAS which all helps

with overall production costs and being able to spend time attending to fish health and welfare.

In addition, the lesser impact of midges during summertime should not be underestimated on the

quality of life of employees.   However, RAS systems also come with drawbacks that can influence

the quality of life of employees. Operating an RAS means being on hand or on call 24/7, the

possibility of system failures was reported as a source of constant worry for operators (Jeffery et al.

2012) which in some cases affected social life.  This was backed up by one experienced

transportation company contacted as part of the project who said that he would prefer to be able to

sleep at night.
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8 Development and planning requirements

Overview of licensing and planning requirements

A number of different licenses and other permissions are typically required to operate a fish farm,

and an overview of the requirements is provided by Scottish Government at

http://www.scotland.gov.uk/Topics/marine/Fish-Shellfish/18716 with the Local Authorities being

the statutory planning authorities in the respective jurisdictions around the Scottish coast.

Licences must be obtained from different organisations that have responsibility for different aspects

of the licensing process, and Scottish Government advises applicants to discuss proposals with those

organisations informally before submitting proposals.  Thus, only a brief overview of each of these

areas of licensing are summarised here. Greater attention is paid to determining how the licensing

and planning requirements may affect the feasibility of the different scenarios modelled.

8.1 Marine licences

Where there is an obstruction or danger to navigation that is caused or is likely to result from the

development of a new fish farm, a Marine Licence is required for:

o the construction, alteration or improvement of any works

o the deposit of any object or materials or the removal of any object or materials

below the level of Mean High Water Springs

o A  Marine Licence is also required for discharge from a well boat.

Guidance on obtaining marine licenses can be found at

http://www.scotland.gov.uk/Topics/marine/Licensing/marine/guidance

8.2 Aquaculture business authorisation

In Scotland, The Aquatic Animal Health (Scotland) Regulations 2009 (2009 Regulations) implement

the Council Directive 2006/88/EC on animal health requirements for aquaculture animals and

products thereof, and on the prevention and control of certain diseases in aquatic animals. All

Aquaculture Production Businesses (APB's) need to authorise under these regulations, with the Fish

Health Inspectorate (FHI,) based at the Marine Scotland, Marine Laboratory in Aberdeen

undertaking the authorisations on behalf of the Scottish Government.

Guidance in this area is provided by The Scottish Government

http://www.scotland.gov.uk/Topics/marine/Fish-Shellfish/FHI/authorisation/apb.
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8.3 Crown Estate

An operator must apply for a lease for the right to occupy the site where the foreshore/seabed is

owned by The Crown Estate, and an overview of aquaculture leases may be found at:

http://www.thecrownestate.co.uk/coastal/aquaculture/working-with-us/aquaculture-leases/.

The Crown Estate charges rent to aquaculture producers at a rate per kilo of fish produced, with

rental agreements being review every 5 years (the last was held in 2012).  Clause 7.8 in the seabed

lease for marine aquaculture covers environmental care and refers to using “best endeavours to

avoid any unnecessary damage to, interference with, or destruction of wildlife, flora and fauna, and

their natural habitat whether on land or at sea”.

8.4 Discharge consents

Operators wishing to establish a fish farm in the sea around Scotland must apply for and be granted

a licence under the Water Environment (Controlled Activities) (Scotland) Regulations 2011 (CAR).

SEPA set limits on the amount of fish that can be held in the net-pens and thus the amount of food

used. SEPA also controls the amounts of medicines and other chemicals that are discharged. Further

information is provided at

http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture.as

8.5 Planning & Local authorities

Applications for new or large scale modifications to existing marine fish farms are made to the

Planning Department of the relevant local authority.  In relation to marine production of salmon, the

most relevant LAs are: Highland, Argyll and Bute, Orkney Islands, Shetland Islands, Western Islands

and North Ayrshire Councils (as an example, see http://www.cne-

siar.gov.uk/planningservice/mmfdev.asp for an overview of the planning requirements for a marine

fish farm development in the Western Isles).  LAs have Local Development Plans and other policy

documents that are directly relevant to planning for marine aquaculture. Following receipt of an

application, wide consultation will take place before the planning authority makes a decision on

whether or not to grant planning permission. Statutory consultees for fish farm development are:

SEPA, Marine Scotland Science, SNH and the local District Salmon Fisheries Board.

8.6 Environmental impact assessment (EIA)
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An Environmental Impact Assessment (EIA) is a procedure to systematically assess the likely

significant effects of a certain project and the options for preventing, reducing and, where possible,

offsetting any significant adverse effects. The EIA process ensures that the importance of predicted

impacts is properly understood by developers and regulators before a decision is made on

permitting the project.  Guidance on EIA is available on the Scottish government website.

http://www.gov.scot/Topics/Built-Environment/planning/Roles/Scottish-Government/Enviromental-

Assessment/EIA

8.7 Scotland’s Marine Atlas and the Development of the National Marine Plan

Scotland’s Marine Atlas, published by Scottish Government in 2011

(http://www.scotland.gov.uk/Publications/2011/03/16182005/0), is important in the context of

strategic development of the sector.  .  The Atlas provides a baseline of information for the

development of the national marine plan.  Pressures and impacts from aquaculture on both

Scotland’s economy and the Scottish marine environment are summarised, with a key theme in

relation to salmon production of achieving growth over the next five years and beyond.  The Atlas

refers to the possibility of much larger sites for marine net pen production as a next step in

development of the sector. However, the new National marine plan will identify new aquaculture

planning zones.  Land-based systems are not specifically referred to in the Atlas, although currently

operating sites are included in the data.

8.8 Conservation designations

At the present time, both the freshwater and marine phases of salmon production are largely

concentrated on the West Coast of Scotland (Argyll and Bute, the West Highlands and Islands of

Scotland), pristine areas of outstanding natural beauty.  A  large proportion of these areas are under

various conservation designations that can limit the range and types of permitted developments

(Scottish Government 2008). There are also a number of areas that are National designations,

including National Parks, National Scenic Areas, Sites of Special Scientific Interest and National

Nature Reserves.

8.8.1 International sites

These include sites International sites, in particular those designated as Special Areas of

Conservation (SACs) and Special Protection Areas (SPAs) that make up the Natura 2000 network of

protected areas. These include RAMSAR sites (http://www.ramsar.org/).
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It is particularly challenging to develop in areas of international sites. Any development plan or

proposal likely to have a significant effect on these sites which is not directly connected with or

necessary to their conservation management must be subject to an "appropriate assessment" of the

implications for the conservation objectives. Such plans or proposals may only be approved if the

competent authority has ascertained by means of an "appropriate assessment" that there will be no

adverse effect on the integrity of the site.

A derogation is available for authorities to approve plans or projects which could adversely affect

site integrity of a Natura site if:

• there are no alternative solutions;

• there are imperative reasons of overriding public interest, including those of a social or

economic nature; and compensatory measures are provided to ensure that the overall

coherence of the Natura network is protected.

If an authority wishes to use this derogation, Scottish Ministers must be notified. For sites hosting a

priority habitat or species (as defined in Article 1 of the Habitats Directive), prior consultation with

the European Commission via Scottish Ministers is required unless either the proposal is necessary

for public health or safety reasons or it will have beneficial consequences of primary importance to

the environment.

8.8.2 National designations

Wild land areas

In addition, a large proportion of the Highlands and Islands of Scotland are designated ‘wild land

areas’ http://www.snh.gov.uk/protecting-scotlands-nature/looking-after-landscapes/landscape-

policy-and-guidance/wild-land/mapping/.

Wild land areas are the most extensive areas of high wildness.  They are identified as nationally

important in Scottish Planning Policy, but are not a statutory designation. The areas were identified

following a consultation.  Descriptions for each of these areas are currently being prepared by SNH,

for publication in spring 2015. It is very likely that the 42 wild land areas so far identified(Scottish

National Heritage 2014a), that cover 19.1% of Scotland as a whole, would include areas within which

industry may wish to locate new PAS and/or RAS systems. Assuming there was a move towards

restructuring the industry to include more land-based intermediate production of salmon. However,

recent SNH advice to Scottish Government (Scottish National Heritage 2014b), emphasises SNH’s

view that wild land does not denote ‘no human management or development’, as suggested by
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some respondents who considered that such a label would restrict all future development options.

Scottish Planning Policy recognises that wild land areas are sensitive to development but also that

sensitively sited and located development can be accommodated within them whilst maintaining

their qualities. Guidance on these areas are provided

http://www.scotland.gov.uk/Topics/marine/Fish-Shellfish/18716/fish-farm

Although it is possible to locate aquaculture operations within protected areas, this obviously has to

be managed in such a way that any environmental impacts are greatly minimised. There has long

been a tension with development of the industry in the West Coast and islands of Scotland with

objections raised as to the impact of these operations, both visually and in terms of potential

discharge of nutrients, pathogens and chemicals into the associated aquatic environment.

8.9 Locational guidelines

8.9.1 Permitted biomass in different marine water bodies in Scotland

In Scotland the water bodies that support marine aquaculture are categorised on a scale of 1-3

(Scottish Government 2014a)(Scottish Government 2014b), based on their modelled environmental

sensitivity to nutrient enhancement and benthic impact (Gillibrand et al. 2002), with Category 1

areas deemed to be most sensitive to such impacts from marine aquaculture operations

In 2014 a maximum biomass of 275000 tonnes was consented by SEPA for the sea loch or similar

water bodies that support aquaculture modelled by MSS. Of this 15 lochs, representing 13.1% of

allowable maximum biomass were designated category 1 and 37 lochs, representing 42.1%

allowable maximum biomass, were designated as Category 2 sites (in terms of predicted levels of

nutrient enhancement and benthic impact, with category 1 being the most impacted). The

remainder were assessed as Category 3. As further development in any category 1 designated sea

loch is heavily discouraged, and further development in category 2 areas is also not recommended, it

is clear that a significant proportion of the presently licensed marine sites close to the coastline of

the West coast of Scotland and its islands are already maximally developed with current open net

pen systems.

8.9.2 Influence of the presumption against aquaculture development on North and East coasts of

Scotland

A ‘presumption against’ development on the North and East coasts has been in existence since 2007

(the National Marine Plan and SPP) to safeguard migratory fish species. It was originally agreed in
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2007 that this ‘presumption against’ precautionary approach would be maintained until there was

definitive scientific evidence regarding impacts on migratory fish. It has recently been reaffirmed in

Scottish Planning Policy (Section 250 (Scottish Government 2014c) and reiterated in the Aquaculture

Chapter of the National Marine Plan. As this definitive evidence does not currently exist, the

presumption against development still applies.  This presumption is thus still a major constraint on

the expansion of marine net-pen based aquaculture development in Scotland.

However, as it is a presumption against development (not a ban), and its purpose is to safeguard

migratory fish species, this would not be a barrier to the development of land closed systems and

marine RAS (Angela Robinson, Pers. Comm., Head of Aquaculture Planning Team, Marine Scotland).

Any proposed developments based in the water would, however, need to be considered individually,

taking relevant risks and the ‘presumption against’ approach into account.  All development would

ultimately be subject to a planning decision by the relevant local authority.
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9 Environmental and Locational
requirements for different systems

The requirements for siting a new PAS or RAS requires a combination of Environmental and

Locational factors many of which are essential and others that are desirable.  In a review of past

experience (Forster & Slaski 2010), the need for trade-offs is highlighted . There is rarely a ‘perfect

site’, however, if most essential factors are in place, they can often be made to work. The main

requirements for construction of either new RAS or PAS within the Scottish landscape are

summarised below.

9.1 Physical site requirements

The physical requirements for a successful and satisfactory location for a large scale marine PAS or a

RAS are likely to be somewhat similar.  Both need to have an adequate area of land, which should be

relatively flat and easy to develop. In addition, the location needs to be low enough and close

enough to water levels in order to reduce pumping head costs.  In Denmark, an additional

characteristic of model farms is low water pumping heights and, thus, moderate energy

consumption, compared to those typically observed in RAS. Lower pumping heights (typically 0.5-1.0

meters) decrease energy consumption, which can be as low as 1.0-2.0 kWh per kg growth

(Kankainen et al. 2014).

9.1.1 Site access requirements: water

Access to suitable water is perhaps the single most important factor in building a new fish farm

These units will need to be within close proximity to the coast to facilitate the drawing in of sea-

water for pump ashore systems and, on a more limited scale, make up water for RAS. The source of

water should be in an area with minimal risk of industrial or other pollution. Additionally, this is

compounded by the fact that major new marine RAS and PAS will likely need to be located close to

the shore to allow loading and unloading from well boats, as road transportation of larger post smolt

becomes increasingly expensive.  It is also important that the systems are located close to areas of

coastline that well boats can readily access and lay off within a 100 m or so of the facility, to receive

pumped fish. For this, the site should be in a reasonably sheltered, readily navigable area and should

also be deep enough at high tide to facilitate safe and secure docking of these vessels. Modern well

boats have increased in size and often require drafts of up to 6 metres (Turnbull 2014).
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Ideally, a marine site (particularly a PAS) will require access to seawater that can be drawn from

several meters depth. This will help to minimise temperature fluctuations over the year and help

ensure the stability of other parameters (e.g. suspended solids) and reduce the infiltration of

parasites, particularly sea lice copepods into the system.  For this reason PAS in particular, that draw

in and discharge large volumes of seawater, should be located away from migration routes for wild

sea trout/salmon.

If freshwater is required, there are very few consents available for water abstraction in Scotland, and

this may become more of an issue if there is increased competition for water from other sources

such as hydropower (Fish Farmer 2012).  This may be problematic for new freshwater flow through

fish farms but is not seen as an issue for marine abstraction.

9.1.2 Site access requirements: roads

Access to the farm by a road or track is also essential for the purpose of access by feed and other

deliveries, site employees, constructors, suppliers and others. It is also desirable that it is relatively

close to existing road links, and other infrastructure such as power.

9.2 Visual / Aesthetic requirements

With Scotland’s outstanding natural beauty it was hardly surprising that discussions with fish farming

operators made it clear that any approved construction of land based marine RAS or PAS systems in

greenfield sites on the West Coast or islands of Scotland (whether within conservation designated

areas or not) would almost certainly require significant undertakings to ensure the structures have

limited visual impact. This would mean, as much as is practical, ensuring facilities that;

• Do not interrupt the horizon (effectively requiring them to be single story structures in

the majority of cases).

• Are coloured to blend into the surroundings (e.g. by buildings and tanks being painted in

olive and/or brown hues).

• Where possible are screened by trees or other structures that may limit their visual

impact.

• Are ideally not located between roads and coastline

• Where possible, have hills or other backdrops to minimise their visual appearance. The

facility at Lochailort is one such example of a large RAS smolt production system that is

carefully blended with the surrounding environment.
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• Any development will have to be mindful that it does not impact on the valuable tourist

industry in these areas. Any constructions should, where possible, be in keeping with

existing developments in the areas

It is clear that, of these typical requirements, one of the most challenging would be how to avoid

constructing facilities that are not located between the coastline and roads. The road network in the

West Coast and Islands of Scotland of Scotland is relatively limited, with the main roads often

running besides the coast.  With the typically mountainous and hilly scenery on the West Coast and

Islands of Scotland, it should be less challenging to find sites that have back drops that will limit the

overall visual disruption. In many ways the visual impact of new RAS & PAS might be greater than

that of net pens.

Scenario

Environmental impact

Visual

(terrestrial )

Visual

(marine)

Medicines or

chemicals  release

Benthos Marine and

freshwater

Nutrient

enhancement

Hatchery to net pen 3 3 3 4 4

Hatchery to PAS to

net pens

4 2 2 3 3

Hatchery to RAS  to

net pens

4 2 2 2 2

Table 1 Differences in potential environmental impact of different production systems. Scales of

perceived impact were subjectively assigned on a scale of 1 (no, very limited impact) to 5 (high

impact). A distinction is drawn between how a different production system scenario may differ in its

overall visual impact with respect to the marine seascape and the terrestrial environment.

9.3 Infrastructure requirements

One of the most important requirements for the construction of a new RAS system is location

close to a source of reliable high-tension electricity – for which the network in the more rural parts

of West Scotland is somewhat limited.  Previously, a large RAS unit constructed in Wales

experienced problems with electricity supply and were reliant on back-up generators for significant

periods (Jeffery et al. 2012). In Scotland, there is the possibility of linking units with renewable

technologies that generate electricity.  However, these often require sophisticated repair and

maintenance services which make location in remote locations difficult (Forster & Slaski 2010).
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9.4 Access to services and repairs

In addition to the previous example many PAS fish farms would require access to other services such

as the supply of liquid oxygen. Sites for either PAS or RAS would need to be close enough to a

community of sufficient size to offer housing for staff, and in the case of staff with families, issues

such as schools and medical services would be important.  .

9.5 Geographical requirements

Industry experts are concerned about whether there are sufficient suitable locations for such units in

Scotland. Planning permission might be especially difficult, because the sizes of buildings required

for a modern large scale recirculation unit are unlikely to be in keeping with local authority

development plans in rural areas. When researching the consequences of removing freshwater net

pens in favour of RAS systems (Franklin et al. 2012) it was noted that the extent to which suitable

sites are available was very unclear.

Although this has yet to be tested via planning applications to relevant local authorities, it is likely

that none of these issues will be of major significance for aquaculture RAS systems that wish to

locate in brown field sites in industrial areas on the coast (particularly in industrial areas of East

Scotland). As is discussed previously, such locations may already have a reasonable degree of inbuilt

infrastructure, in terms of adequate high tension power supply, road networks and structures that

may support the unloading and loading of well boats on close proximity to the site.

This may pose challenge to operators looking to locate marine PAS systems in East Scotland as

seawater quality is not as good as off the west coast of Scotland, with seasonal variation in turbidity

and, in some industrial coastal areas, legacy pollution contaminants that may harm fish and

potentially cause residues issues in marketed fish. This may not be such an issue for high efficiency

marine RAS, as there is greater scope to clean and polish any water used to make up the systems

However, switching to brown field sites on the east coast could be politically sensitive (even for RAS

systems) and could reduce employment prospects in fragile coastal communities on the west coast.

9.6 Cost of obtaining site

It is perhaps stating the obvious, but the capital costs for purchase or rental of the land need to be

modest and sensible in order to make the project viable. Where the operator does not own the land,

the landowner also has to grant a lease for the area required
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10 Requirements for alternative systems to
increase production to 210,000 t.p.a. and
implications of the scenarios modelled.

Current production from the Scottish Salmon industry is around 160,000 t.p.a. (Munro et al, 2014).

The Scottish Government supports the industry’s target for sustainable growth of 210,000 t.p.a. by

2020, which represents an additional 50,000 t.p.a..  This section uses the bio-economic model

developed (see section 3.0) to model various different production scenarios and indicate the

potential investment and land requirements, and implications.

10.1 Results of modelling different production scenarios using the bio-economic model.

The model was used to predict how growing on-growing smolt to a standard harvest weight of 4.5 kg

under different scenarios would affect bio-economic performance. The scenarios modelled were:

1. RAS only: Smolts (80 / 100 g) transferred to marine RAS unit and on-grown within the RAS to

harvest (4.5 kg).

2. PAS only: Smolts (80 / 100 g) transferred to a PAS unit and on-grown within the PAS to harvest

(4.5 kg).

3. NP only: Smolts (80 / 100 g) transferred to marine net-pens (NP) and on-grown to harvest (4.5

kg), i.e. standard present practice of bulk of industry.

4. RAS + NP: Smolts (80 / 100 g) transferred to marine RAS and on-grown to 1 kg post-smolts; post-

smolts then transferred to net-pens for on-growing to harvest (4.5 kg).

5. PAS + NP: Smolts (80 / 100 g) transferred to a PAS unit and on-grown to 1 kg post-smolts; post-

smolts then transferred to net-pens for on-growing to harvest (4.5 kg).

These five on-growing scenarios were modelled separately. Further, to explore how the time/size at

which smolts are transferred from freshwater affects outcomes, each of the scenarios was modelled

using 80 g smolts transferred in October (S0) and 100 g smolts transferred in March (S1).

Table 3 presents the input values used to model the five different production scenarios. The water

temperatures in the net-pens and PAS systems followed the standard temperature profile for

seawater off the west coast of Scotland, while the RAS system was modelled to run at 14°C

continuously. Following discussions with industry, modelled growth rates within the marine grow-

out systems were based on the Skretting tabulated values for growth at particular size/ temperature

combinations, with the assumption that there will be marginally improved feed utilisation efficiency
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and relative growth rate in RAS compared to net-pens (10% modelled improvement in both these

parameters in RAS).

TABLE 2: INPUT VALUES USED TO MODEL THE FIVE DIFFERENT PRODUCTION SCENARIOS.

Maximum time in net-pens (months) Not constrained

Harvest weight (g) 4,500

Weight in intermediate system (g) 1,000

RAS temperature (°C) 14

PAS temperatures

Minimum (°C) 6

Maximum (°C) 14

Day of Year for minimum 60 (i.e. 1st March)

Net-pen

temperatures

Minimum (°C) 6

Maximum (°C) 14

Day of Year for minimum 60 (i.e. 1st March)

Starting Day of Year (DOY) 14

Size of smolt at transfer to SW 80  (S0) v 100 g (S1)

Days in FW prior to transfer to SW (S0) 270 (transferred 11 October Year 1)

Days in FW prior to transfer to SW (S1) 425 (transferred 14 March Year 2)

Feed conversion ratios

Freshwater 1.00

RAS 1.00

PAS 1.05

Net-pen 1.10

Mortalities

Per movement 2.9% per transfer

RAS 1.20% p.a.

PAS 6.86% p.a.

Net-pen 6.86% p.a.

Relative growth index (RGI)

RAS 1.0

PAS 0.95

Net-pen 0.9
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The results of the modelling of these scenarios are illustrated in Figure 3. Using the input values for

the parameters modelled, growth in the marine RAS was predicted to be much faster than in the

standard net-pen, e.g. for S0 stocking to grow from 80 g to 4.5 kg, 318 days in RAS v 506 days in net-

pens. There was also a significant reduction in rearing cycle length if fish were transferred to an

intermediate RAS system and grown to 1 kg prior to final on-growing in net-pens. There were also

significant differences between scenarios when fish were transferred to the marine RAS as S0 smolts

in October of year 1 or S1 smolts in March of year 2 which should be considered when maximising

efficiencies. Even if there are no differences in relative growth rate between different systems, when

particular size and temperature combinations are assumed, there are still advantages in terms of

shortening the overall growth cycle when salmon are head-started in marine RAS to 1 kg, prior to

transfer to net-pens. The overall time taken for S1 smolts transferred at 100 g (stocked after 425

days in freshwater) to get to harvest weight (4.5 kg) was modelled to be 494 days if they were

transferred straight to net-pens. This time is reduced to 439 days if they are reared in a marine RAS

to 1 kg prior to net-pen transfer. This is predicted to be only 431 days (126 days in RAS then 305 days

in net-pens) if assumed growth rate is considered to be 10% more efficient in RAS  (RGI = 1.0 as

opposed to 0.9, based on Skretting growth tables). These results demonstrate that the main factor

contributing to higher growth rate in marine RAS is the higher sustained temperature, which is in

addition to any efficiency gains in more controlled systems.

FIGURE 3: MODELLED TIME TO GROW FROM HATCHED EGG TO 4.5 KG IN FIVE DIFFERENT PRODUCTION

SYSTEMS. A: FOR SMOLTS TRANSFERRED INTO MARINE SYSTEMS AS S0 AT 80 G IN OCTOBER IN YEAR 1; B: FOR

SMOLTS TRANSFERRED INTO MARINE SYSTEMS AS S1 AT 100 G IN MARCH IN YEAR 2.

Jan 00 Mar 00 Jun 00 Sep 00 Dec 00 Mar 01 Jun 01 Sep 01 Dec 01 Mar 02 Jun 02

RAS

PAS

NP

RAS +NP

PAS +NP

A: S0 smolt based production

FW

RAS

PA

NP
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10.2 Potential to produce 210,000 t.p.a. by switching to stocking 1 kg post-smolt into marine net-

pens

Outputs from the model were used to predict requirements if the industry were to switch a

significant proportion of production to use of large on-grown post-smolts (summarised in Table 3).

The results were then used to calculate the likely additional resource requirements to support a

switch in production scheduling to either a complete change to stocking 1 kg post-smolts (entire

210,000 tonnes) or just the additional production (50,000 tonnes) over current levels.

Jan 00 Mar 00 Jun 00 Sep 00 Dec 00 Mar 01 Jun 01 Sep 01 Dec 01 Mar 02 Jun 02 Sep 02

RAS

PAS

NP

RAS +NP

PAS +NP

B: S1 smolt based production

FW

RAS

PA

NP
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TABLE 3. MODELLING A FUTURE PRODUCTION OF 210,000 T.P.A. USING THREE DIFFERENT SMOLT / POST-

SMOLT SCHEDULING STRATEGIES, EACH INVOLVING FINAL PRODUCTION IN MARINE CAGES. STRATEGY 1: 100%

USE OF POST- SMOLTS TRANSFERRED AT 1 KG TO MARINE CAGES FOR ON-GROWING TO 4.5 KG. STRATEGY 2:

PRESENT PRODUCTION OF 160,000 T.P.A. USING NET-PENS STOCKED WITH 100 G SMOLTS MAINTAINED, PLUS

ADDITIONAL 50,000 TONNES FROM POST-SMOLT TRANSFERRED TO NET-PENS AT 1 KG. SCENARIO 3: ENTIRE

PRODUCTION FROM SMOLT ON-GROWN IN NET-PENS FROM 100 G. INPUT VALUES FOR PARAMETERS

MODELLED WERE AS DESCRIBED IN TABLE 3, WITH SMOLTS TRANSFERRED AS S1.

Strategy modelled 1 2 3

% annual production derived from net-pens stocked with 1 kg

post-smolts

100% 23% 0%

Annual production (tonnes) derived from post-smolts transferred

at 1 kg from RAS

210,000 50,000 0

Annual production (tonnes) derived from smolts transferred at

100 g

0 160,000 210,00

0

Number of 1kg  smolts (in millions) required for stocking into

marine net-pens

53 12 0

Number of 100g smolts (in millions) required for stocking into

marine net-pens

41 53

Theoretical minimum total marine biomass consent required 210,000 250,000 263,00

0

Volume (m3) of RAS rearing tanks required‡ 363,000 84,000 0

Hectares of land required# 23.2 5.4 0

Estimated capital cost to construct additional marine RAS

capacity to on-grow smolts from 100 g to 1 kg prior to transfer to

marine cages§.

£190M £44M 0

 ‡ To estimate required marine RAS capacity, a conservative approach was taken with the
assumption that 2.9 cohorts could be taken from 100 g to 1 kg within a year with each cohort
transferred in turn into the net-pens before the next one was introduced into the RAS. Based on
an assumed maximum stocking density of 50 kg/m3, the total volume of RAS rearing tanks was
then calculated.

 #Total land area required was calculated from an average requirement of 0.64 m2 per m3 of
rearing tank volume for a typical modern RAS Atlantic salmon unit (Vinci and Summerfelt 2014).

 §Total capital cost of additional RAS construction based on estimated costs of constructing a
modern large RAS salmon unit to be 12.8 M USD per hectare (Vinci and Summerfelt 2014).
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It can be conservatively predicted that approximately 363,000 m3 of marine RAS rearing tank volume

would be required to support a complete change to this production scenario (i.e. all post-smolts

reared to 1 kg in RAS prior to marine net-pen transfer), while approximately 84,000 m3 marine RAS

tank capacity would be required if only the additional required production was to use this

alternative method (Table 4). In practice, it can be assumed that more than one cohort would be

stocked within a RAS at any one time, to ensure the units are continuously operating close to

maximum biomass for efficiency. Thus the total rearing tanks requirements, in terms of fixed volume

marine RAS capacity, may be much less to produce sufficient 1 kg post-smolts to satisfy the annual

production requirements.

The total land area required to support the additional marine RAS is estimated at 25 hectares if the

entire industry were to switch to stocking net-pens with post-smolts reared to 1 kg (Table 4).  Please

note that there is uncertainty in these figures as more efficient utilisation of RAS rearing tank

capacity would reduce the overall requirement. Equally, overall land requirement may increase due

to other aspects e.g. requiring additional land for site access, restrictions on locations adjacent to

other activities.

Based on discussions with industry and published data (Vinci and Summerfelt 2014), the capital

costs required to construct this additional marine RAS capacity were also estimated (Table 4). The

upfront capital investment in marine RAS (if the industry were to switch to entirely using 1 kg marine

RAS-reared post-smolts) was estimated at £190 million. This would equate to investment of

approximately £9.5 million p.a. to be set against overall sales revenues (assuming a straight line 20

year depreciation and excluding financing costs).

It should also be recognised that expanding salmon production using just conventional net-pen

technology would also require significant additional investment to obtain new marine net-pen

consents, and install and source additional infrastructure equipment. However, such investment

may well be much less than the equivalent investment required in RAS systems (Boulet et al. 2010).

The above figures use the best available data at the time of writing. However, other factors need to

be taken into account such as:

 The cost of land may well be higher in Scotland than that modelled in other countries.

 The UK rates for electricity are likely to be higher than US rates of 0.05 US $/kWh; (UK rates are

likely to be in the order of 0.156 £/kWh).
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 Because the new scenarios mean that the average biomass over the on-growing period in the

net-pens will be higher, areas chosen for implementation would most likely have to be located

within Category 2 or 3 areas that would allow for any increases in average biomass over time.

10.3 General conclusions

The following general conclusions were drawn from the modelling:

 It is likely that the overall time taken to rear salmon to 4.5 kg will be reduced if smolts are head-

started by growth to 1 kg in marine RAS prior to transfer to marine net-pens. For instance,

modelled standard S0 production using this combination showed this could be achieved within

684 days from hatch, versus 790 days using standard grow out of S0 smolts from 100 g to 4.5 kg

in net-pens (if the marine RAS is run at 14°C). This represents a saving of 106 days in the net-pen

stage.

 Salmon grown from 100 g to 1 kg in marine RAS at high constant temperature (14°C) would only

need to be in the facility for 4- 5--months before transfer to sea. In contrast, growth of salmon

from 100 g to 1 kg in net-pens typically takes close to a year. The implications are that there is

the opportunity to spread the relatively high annual costs of capital investment in RAS across

multiple cohorts, reducing the overall cost per kg of production. These potential efficiencies of

production will be compounded if multiple overlapping cohorts are reared together to ensure

the systems operate at close to maximum biomass continuously.

 To achieve a total production of 210,000 tonnes, and support a complete change from stocking

net-pens with 100 g smolt to 1 kg post-smolt, it was predicted that 360,000 m3 of marine RAS

tank capacity  would be need to be constructed. These RAS would require 25 hectares of land

(assuming maximum stocking density of 50 kg/ m3), and an investment of £190 million. These

are likely to be conservative estimates.

 Based on increasing existing production by 50,000 tonnes (perhaps a more feasible ambition in

the shorter term) through a partial change from stocking net-pens with 100 g smolt to 1 kg post-

smolt, 84,000 m3 of marine RAS tank capacity would be need to be constructed requiring 5.4

hectares of land (assuming maximum stocking density of 50 kg/ m3) and an investment of £44

million. These are likely to be conservative estimates.

To summarise (and provide macro-economic indications) increasing production from 160,000 to

210,000 t.p.a. using an intermediate RAS system with no additional new net-pen capacity would

mean:

 Production of 10,000 t.p.a. of 1 kg post smolts in land based RAS systems (equates to 10,000,000

post smolt)
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 New RAS systems, running four even cohorts within the system throughout the year.

 The on-growing period in a proportion (approx 30%) of existing marine net-pens reduced to less

than 12 months.

 Sites or areas operating this strategy producing 1 crop each year with a fallow period after each

crop instead of one crop every other year.

 The sites or areas that switch to this strategy are located with Category 2 or 3 areas that would

allow for any increases in average biomass over time.

 3 large RAS units as per (Vinci and Summerfelt 2014) totalling 80 – 120,000 m3 of rearing tanks

capable of producing approximately 3,300 tonnes per system.

 Total land area for 3 RAS units required of 5 – 10 Hectares

 Access to HT electricity lines and a minimum of 6 m depth of water for well-boats

 (Vinci and Summerfelt (2014) estimated production costs of £2.53 per kilo but UK costs may be

higher than this. Adaption of this economic model to fit the UK scenario and use of the bio-

economic model provided results in a cost per kilo of £3.34 at the cage side ( See worked

example in section 11)

 A total up-front investment of £40 to £70 million.

This investment would then need to be balanced against the fact that an extra 50,000 tonnes of

product would be delivered from existing net-pens with no extra licences required, or investment in

new cages and mooring systems.  The operating costs per kg of product from sites operating this

model may well be lower due to lower net maintenance, less sea-lice treatments and more efficient

management operations. The value of this additional product could then be crudely calculated as the

sales price per tonne -the cost of production per tonne x the annual tonnage = the financial benefit.

Sales price

(per tonne)

Cost of production

(tonne)

Margin per Tonne Annual tonnage Financial benefit

£3200 £2100 £1100 50,000 £55,000,000 p.a.

The model provides far more functionality than has been demonstrated within this section and

industry and policy makers are urged to enter their own biological and economic data.



Report Title Page 60 of 100

11 Worked example using the bio-economic
model provided

Two examples are provided below. In the first example the model is used simply to determine the

time required in RAS to produce a single cohort of 1kg post smolts from 100g smolts.

In the second example, changes are made to the input to include the cost of transport on to net

pens, and to estimate the total costs, mortalities and likely production output of such a system on a

per annum basis.

11.1 Step 1: Determine the amount of time required to grow 100g smolts to 1kg

In order to determine the amount of time required to produce 1kg post smolts from 100g smolts,

the model was first run as “RAS only”. Only the main input sheet is required to achieve this. The

yellow cells can all be amended to reflect the system of interest.

11.1.1 Model Input Parameters

The parameters required to determine the time required in RAS are:

 Harvest weight (1kg)
 Model choice (RAS only, from a dropdown menu)
 Starting Day of year (14 indicates the 14th of January). This will not affect the time

spent in RAS (as temperature is controlled artificially), but will alter the dates in the
output table.

 Hatching survival (enter “1” here as our input is 100g smolts rather than eggs)
 Days in freshwater smolt production system (enter “0” here as smolts are being

imported and not produced)
 Input smolt weight (100g). This determines the weight of smolts entering the RAS

system, and is used to calculate the time required for them to reach 1kg in weight
 Days spent here (0). This cell should be blank, or equal to zero. Entering anything

else in this cell will override the model’s estimates.
 Relative growth index (1). A figure of 1 suggests optimal growth, as would be

expected in RAS. Entering 0.5 would reduce the Specific Growth Rates (SGRs) used in
subsequent calculations to half of their default values.

 Temperature (14°C, from a dropdown menu). This value is used to look up the
relevant SGR from the Skretting tables described in the main report.

These inputs were entered as shown in Table 4 below
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TABLE 4: INPUT PARAMETERS FOR THE MODEL. THE HARVEST WEIGHT 1000G IS THE ONLY PARAMETER

REQUIRED IN THIS EXAMPLE.

Other parameters are available, and defaults have been suggested, for factors such as the start day

of production and the time spent in the freshwater production phase. Because the temperature in

RAS is controlled artificially, the start dates will have no impact on the amount of time required in

RAS to achieve fish of a particular weight.

11.1.2 Model output

To the right of the yellow cells, in columns D and E, some intermediate calculations are shown to

give quick indications of how the values entered will alter the model results. For example changing

the “smolt weight” above, will alter the “Input Weight” in under the RAS table (or the pump ashore

or net pen tables, depending on which model has been selected).

The main output, however, is given at the top right of the sheet (illustrated in Figure 4 below).

INPUT
Sea-time minimisation
Harvest weight (g) * 1000

Model choice
Model RAS only

Details
Freshwater production phase
Starting DOY 14
Hatching survival * 1
Days in smolt production system 0
Smolt weight 100

RAS
Days spent here (manual) *
Relative Growth Index (RGI) * 1
Temperature 14
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FIGURE 4: EXAMPLE OF MODEL OUTPUT FOR THE RAS ONLY SYSTEM DESCRIBED.

At the top is a simple Gantt chart which illustrated the amount of time spent in each system. The

first bar shows the amount of time that would be required for fish to reach 1kg in net pens, and the

second bar shows the reduced amount of time required to achieve the same growth in the chosen

system (RAS).

Beneath the chart are a series of tables describing the timing of transfer events in more detail.

As defined by our input parameters, the table confirms that fish enter the SW system (RAS) on the

14th of January. They then spend 127 days in an intermediate system (RAS). There are also rows

describing the time in net pens, though these are not relevant to the system described here.

Having determined that 127 days are required in RAS to produce post-smolts of the correct size

(1kg), this is now used to determine the costs associated with this system.

11.2 Step 2: Use the model to determine how many smolts are required to produce a minimum of

3,300 tonnes

In order to determine the number of smolts required to produce 3300 tonnes of 1kg fish, the model

was used to determine what proportion of fish would survive:



Report Title Page 63 of 100

 the transition to RAS,
 the 127 days spent in RAS, and
 subsequent transport to Net pens.

The model parameters described in the previous section were used, but the model was changed to

“RAS->Net pen”, and the time in RAS was manually set to 127 days.

The default mortality rates specified in the main sheet are as shown in the table below. The right

hand column summarises the number of movements, total mortalities resulting from transport and

the pro rata mortalities that occur in RAS over the 127 days period.

At the top right hand side of the sheet the total mortalities are calculated (illustrated below)

This indicates that 6.11% of smolts will not survive long enough to reach net pens, while the

remaining 93.89% will reach 1kg. In order to ensure that the 3,300 tonne production target is met,

the input number of smolts per year was set slightly higher than required, to 3,600,000. The model

predicts that this will produce approximately 3,380 tonnes of live 1kg post smolts.

11.3 Step 3: Use the model to determine the cost of operating this system

Now that the number of smolts required to meet the production target has been determined, the

model can be used to calculate the costs of the system required. In order use the model for the next

stage some best estimate indicative costs are required.

Indicative costs of a 3300 tonne RAS system for production of 1 Kg post smolt’s to edge of cage.

The following assumptions have been made.

 3,600,000 smolts will be stocked into the RAS at 100g per annum.
 Smolts to be stocked into RAS four times per year in evenly spaced 900,000 fish cohorts.

Mortalities
Per movement * 2.9% Number of movements 2

Morts following movements 5.72%
Rates per annum % Morts in FW 0.00%
PAS 6.86% % Morts in PAS 0.00%
RAS 1.20% % Morts in RAS 0.42%
Net Pen 6.86% % Morts in SW 0.00%

Summary RAS -> Net Pen
Mortalities 6.11%
Days in net pens 0
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 The figures are based on year 2 onwards.

A rough illustration of the production schedule is provided in FIGURE 5

FIGURE 5: A SIMPLIFIED ILLUSTRATION OF THE PRODUCTION SCENARIO REPRESENTING OVERLAPPING COHORTS

The model was primarily designed to produce figures on a “per cohort” basis. Two methods of

calculating the costs associated with the hypothetical system, using the model, are detailed below.

These two examples show the model can be used to determine

1. The costs of production for a single cohort
2. The costs of production for the whole system for a year (four cohorts)

11.4 Method 1: Using the model to determine the cost of producing a single cohort

All the biological parameters on the main input sheet remain the same as in the previous examples,

with the exception of the following cells.

This indicates that we will assess the total costs associated with growing a single cohort of 900,000

smolts to 1kg post smolts. The figure of 4 cohorts per year indicates that the costs we will enter are

the total costs of running a system which produces four such cohorts per year.

Cohorts per year *
RAS 4

Freshwater production phase
Input number of eggs 900,000
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11.4.1 Fixed costs

The costs can be entered in various formats; for example if fixed costs per kg per year were known

then the “per kg” box could be checked, and these figures could be entered.

In this case the financial data were available for the annual cost of running a 3,300 tonne system, so

this was entered directly.

11.4.2 Sources of fixed and variable costs obtained for entry to the model

The figures that follow are based on previous reviews of the economics of RAS systems. Primarily

(Vinci and Summerfelt 2014:VS hereafter) for a 3,300 metric tonnes per year system (HOG) but also

(Boulet et al. 2010: BA hereafter) for a 2,500 tonne system & (Dekhtyarev 2014: DE hereafter) for a

7,000 tonne system. Note that these reviews were all looking at using RAS for grow out to market

size. Table 5 below details the sources of the information used to parameterise the model, Table 6

contains Cefas estimates of capital expenditure for the 3300 tonne RAS system, and Table 7 contains

the estimates of operating expenditure that are required for the model.

TABLE 5: TABLE OF ASSUMPTIONS MADE IN CALCULATING COSTS FOR INPUT TO THE SPREADSHEET.

Total production will be approximately 3300 tonnes per annum of 1 kg fish after

mortalities

VS

Approximately 3,600,000 smolts will be stocked into RAS at 100g per annum

Price of food has been set at rates given by Skretting email 3.07.15

Input smolt price at 100g is 0.70p each BA

Smolts to be stocked into RAS four times per year in evenly spaced 900,000 fish cohorts

based on year 2 onwards 1

BA

UK Industrial electric prices are double that of USA figures, then adjusted to fit at 9.5%

of Opex

VS

No fish processing costs are included BA, DE

Maintenance & reinvestment set equal to depreciation VS

Labour (8% of OPEX) are reduced by 20% because no processing

Management proportion is set 3% assumed VS

Cost of capital (4%-10%), line of credit (2%), and insurance (3.6%), the UK cost of

financing is set at 3.5%.

BA, DE

These are best estimates for the purpose of the worked example. The figures in the tables 6 & 7

have consequently been adjusted in some areas to fit with the UK market.

1 See Figure 5.
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TABLE 6: CEFAS ESTIMATES OF UK CAPITAL EXPENDITURE FOR A 3300 TONNE RAS SYSTEM FOR THE

PRODUCTION OF 1KG SMOLTS BASED ON (VINCI AND SUMMERFELT 2014) (BOULET ET AL. 2010) &

(DEKHTYAREV 2014).

Capital Expenses CAPEX Estimated Cost

UK £ for one year

Items Estimated Cost UK £

for one year

Land purchase  (2 Ha) 2000000 UV sterilizer 1000000

Site preparation 250000 influent drumfilter 10000

Production tanks 40000m3 1000000 settling media 600000

Drum filter 900000 backup generator 100000

Biofilter media & basin 1500000 Fork lift 5000

Water pipe system 700000 feed storage 15000

Circulating pumps 700000 feeding system 90000

Source water pumps 5000 monitoring system 50000

Insulated Building 2000000 fish culture equipment 200000

ventilation heat exch 200000 Effluent treatment 1000000

Boiler 60000 Electrics 500000

heat exchanger 45000 Contingency 2000000

oxygen generator 400000 Total 15330000

Total Capex Est £15.3 Million

TABLE 7: CEFAS ESTIMATES OF UK OPERATING EXPENSES FOR A 3300 TONNE RAS SYSTEM FOR THE

PRODUCTION OF 1KG SMOLTS BASED ON (VINCI AND SUMMERFELT 2014)(BOULET ET AL. 2010)&

(DEKHTYAREV 2014).

Operating Expenses OPEX

(to be entered in model)

% OPEX Estimated Cost UK £

Fixed Costs

Depreciation & maintenance 11 1161160

Labour 8 844480

Management 3 316680

Cost of financing capital 3.5 369460

Variable costs

Oxygen 3 316680

Electric 9.5 1002820
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Bicarb 2 211120

Operating Expenses OPEX (to be calculated by model) % OPEX

Feed 38 Calculated separately within the model

depending on the biological parameters

Input smolts 22 Calculated separately

Transport - Calculated separately

Total 100

Indications from literature are that such a system could be built on 2 to 2.5 Hectares of land.

11.4.3 Entry of financial data into the model

On the costs sheet the figures above were entered under “fixed costs”, ensuring that the “per

cohort?” box was ticked. This means that model will divide the figures entered by the number of

cohorts passing through each system.

Note that oxygen, electric and bicarb are, economically speaking, variable costs. These have been

entered here because the costs per year are already known (figures entered under the variable

heading would be scaled according to the number of days spent in each system, which is useful for

comparing the costs of different productions timetables, but not required in this example).

The screenshot above also includes an example of formulae entered in the cost sheet. Financing,

capital and depreciation have been grouped together, so the cell contains the sum of these separate

values from Table 7. Under the title “smolts”, the price of £0.70 per smolt is multiplied by the

number of smolts entered on the main sheet, then by the number of cohorts (as we require a cost

per year), giving a result of £2,520,000. Note that if the time in RAS exceeds a year then this cost will

also (incorrectly) increase, so caution should be exercised when entering costs that are not explicitly

time variable.
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Updating these figures immediately produces output in a table to the right hand side (shown below).

This shows how the figures have been divided by the number of cohorts (4) so that the annual

operating costs are spread equally between the cohorts.

Note that these costs are also multiplied by the amount of time fish spend in each system, rounded

up to the nearest year. In this system the time spent in RAS is less than one year, so the figures are

multiplied by 1.

11.4.4 Variable costs

As described above, variable costs are not entered here as the annual cost of running the system

was already known

11.4.5 Transport costs

The model accepts transport costs per kg, then uses the number of survivors and mean weight of

individual fish present at the time of each movement to apply the costs accordingly. Quotes for the

costs of movements were obtained, and these were converted to per kg costs for entry to the

model.

Transport costs

Transport by road £0.27/kg/trip Based on lorry capacity of 20m3,

stocking density of 75kg/m3 and

an indicative cost per trip of £400

(one day)

Transport by well

boat

£0.21/kg/trip Based on well capacity of 1000m3,

stocking density of 37.5kg/m3 and

an indicative cost per trip of £8000

(one day)

Summary of costs Smolt production RAS PAS Net pens

Cost of financing
capital, depreciation
and maintenance £1,530,620.00
Labour £844,480.00
Management £316,680.00
Oxygen £316,680.00
Electric £1,002,820.00
Bicarb £211,120.00
Smolts £2,520,000.00
Total Fixed Costs £0.00 £6,742,400.00 £0.00 £0.00
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Transport by

helicopter

£1.86/kg/trip Based on capacity of 1m3, stocking

density of 350kg/m3 and an

indicative cost per trip of £650 (20

minutes)

For this example transport by well boat from RAS to net pens was applied at a rate of £0.21 per kg.

This was calculated, as described in the table above, based on well capacity of 1000m3, stocking

density of 37.5kg/m3 and an indicative cost per trip of £8000 (one day).£80001000 ∗ 37.5 = £0.21/
This figure was entered in the model as shown below. Note that this is the only transport cost

added, as transport to RAS will be included in the cost of buying the smolts.

Since the model predicts that 3,481,062 fish will reach the target weight of 1kg, 3,481,062kg of fish

will require transport to net pens. The model uses the figure of £0.21, and calculates the cost of

transport as follows.

Cost of transport = Cost per kg x Wt x nsRAS

Where Wt is the average fish weight at transfer, and nsRAS is the number of fish surviving RAS. Note

that the spreadsheet stores more decimal places than it displays for readability, so calculating this

manually may give a slightly different result.

11.4.6 Feed costs

Feed costs were obtained from Skretting (a commercial feed producer) as per table 8 .

TABLE 8: FEED COST ESTIMATES OBTAINED FROM SKRETTING

Transport (costs per Kg) Road Boats Helicopter Other
Hatchery -> RAS
Hatchery -> PAS
Hatchery -> Net Pen
RAS -> Net Pen £0.21
PAS -> Net Pen

Transport Road Boats Helicopter Other
Hatchery -> RAS £0.00 £0.00 £0.00 £0.00
Hatchery -> PAS £0.00 £0.00 £0.00 £0.00
Hatchery -> Net Pen £0.00 £0.00 £0.00 £0.00
RAS -> Net Pen £0.00 £727,940.96 £0.00 £0.00
PAS -> Net Pen £0.00 £0.00 £0.00 £0.00
Total Transport costs £0.00 £727,940.96 £0.00 £0.00
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System Cost per tonne

For hatchery production £1600

RAS production of fish from 100g to

1kg

£1175 (higher pigment regime & dietary cost)

On-growing feed for marine net pens 1kg to

4.5kg

£1100 (lower pigment regime)

These were used to enter the per kg cost of RAS feed as shown below (note that while Excel only

displays the cost in whole pence, the figure of £1.175 is used in the subsequent calculations within

the model).

The total cost of feed is calculated using the following equation:∗ ∆ ∗ ∗ 1.175
Where nRAS is the number of fish entering RAS, ∆ is the per-fish weight gain in RAS, the FCR is

taken from the main sheet, and 1.175 is the cost per kg described above. The total feed cost in RAS is

calculated as £951,750.00, as shown in the screenshot below.

11.4.7 Single cohort model results

The results for the single cohort model are shown in figure 6.The chart shows the relative amount of

time taken in the chosen system compared to the time that would be required in net pens. The

timetable below gives the dates used to generate this plot.

The next table shows the estimated mortalities that would occur in each system as a percentage.

Although extra mortalities occur in the RAS system due to transport (2.9%), based on the data

entered into the model we would expect the mortalities to be slightly lower overall, due to the

reduced per annum mortalities in the RAS system (1.2%) compared with net pens (6.86%).

Feed Cost per Kg
Smolt production
RAS £1.18
PAS
Net Pens

Feed Weight change (kg) FCR Cost per fish Total
Smolt production 0.10 1 £0.00 £0.00
RAS 0.90 1 £1.06 £951,750.00
PAS 0.00 1.05 £0.00 £0.00
Net Pens 0.00 1.1 £0.00 £0.00
Total Feed costs £951,750.00
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The table also compares the number of days required in net pens under the chosen model (zero),

with the current standard whereby all ongrowing occurs in net pens (approximately 211 days to

achieve a weight of 1kg).

The final table summarises the costs associated with each system. This summarises the more

detailed information on the costs sheet, showing that the total cost per 1kg fish, including smolt

purchase, transport and feed, would be £3.34. The total cost gives the cost per single cohort of

900,000 fish, which is £2,819,335.24. As we have exactly four cohorts per year, the annual cost

would be 4 x £2,819,335.24 = £11,277,340.96.

Note that the “difference in costs” column is coloured red as the costs in the chosen system exceed

those of the net pen only system; this is because no costs have been entered for the net pen system.



Report Title Page 72 of 100

FIGURE 6: MODEL RESULTS USING METHOD 1; THE TOTAL COST SPECIFIED REPRESENTS THE PER COHORT COST

OF A SYSTEM WHICH PRODUCES 4 COHORTS OF 1KG FISH FROM 100G SMOLTS PER YEAR.

11.5 Method 2: Using the model to determine the cost of the whole system

The model can also be used to determine the cost of the whole system. All the parameters on the

main input sheet remain the same as specified for method 1, with the exception of the following

cells.

This indicates that we will assess the total costs associated with growing a single cohort of 3,600,000

smolts to 1kg post smolts. While this is a simplification of the system being modelled (four staggered

cohorts per year), it allows the total cost of running the system to be considered, rather than dealing

with individual cohorts, and eliminating the need to scale the costs as in the previous example.

11.5.1 Full system model results

The results below illustrate that the costs per kg and per fish are £3.34, which is the same as we

obtained using method 1; this confirms that the two methods of entering the data are equivalent.

The total costs are exactly four times higher than the values returned in the previous example, which

is as we would expect when calculating the cost of four times as many smolts. The annual operating

cost is this time directly obtained from the model as £11,277,340.96.

Note that the model will not account for economies of scale, and is therefore reliant on the accuracy

and relevancy of the financial information available.

Cohorts per year *
RAS 1

Freshwater production phase
Input number of eggs 3600000
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FIGURE 7: MODEL RESULTS USING METHOD 2; THE TOTAL COST SPECIFIED REPRESENTS THE ANNUAL COST OF A

SYSTEM WHICH PRODUCES 4 COHORTS OF 1KG FISH FROM 100G SMOLTS PER YEAR.
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Discussion

To meet its target for sustainable growth in production to 210,000 t.p.a., the Scottish salmon

industry is likely to use a combination of methods and technologies. The stocking of marine net-pens

with larger smolts or post-smolts to shorten the growing window within net-pens has already

started within the Scottish, Norwegian, Icelandic and Faroese industries. Smolts of 130-200 g are

now frequently used (Furuset 2014) and in Iceland there are plans to use post-smolts of up to 600 g

(Ramsden 2014). Dalsgaard et al (2013) suggested that the Norwegian industry is now looking at

250-1000 g smolt or post-smolt produced in land-based systems for transfer to marine net pens.

Our review of the different systems available for on-growing salmon post-smolts (Section 2)

favoured enclosed RAS systems over flow-through, pump ashore, partial recirculation and model

farms. The literature findings were confirmed by industry and aquaculture R&D consultees.  With

regards to new designs for floating contained systems, the industry thought that Scotland was an

unlikely location and there would be technical problems in terms of mooring in exposed

environments. However, considerable investment is being made into the R&D of these systems and

they should not be dismissed as a future option.  There could be potential to locate these type of

systems in Category 1 areas, after discussion with regulators.

Whilst cost structures are fairly well known for the salmonid net-pen sector, similar economic details

for producing salmonids within land-based RAS systems are less well documented, and are currently

under research in many countries. In recent years much of the R&D emphasis has been on the

functionality and financial viability of RAS systems for on-growing fish through to final harvest

(Weston, 2013;Boulet et al. 2010). The concept of increasing the size of the post-smolts to 1 kg in

various intermediate systems before stocking to cages is currently being reviewed and researched by

both government research laboratories and commercial RAS suppliers and water treatment

companies (Iversen 2013) (Terjesen 2014) (Gaumet et al. 2013).

The economic data applicable to the development of this model will be influenced by many

elements such as location, economies of scale, service costs and planning requirements.

Consequently, the bio-economic model developed as part of this project is a tool that can take into

account variations in either biological or economic data and allow modelling based on the user’s

current knowledge. The model has been supplied with a guide (See Appendix 1) to help with queries.
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There will be many benefits and attractions of introducing an intermediate RAS stage for ongrowing

smolt, which include financial, environmental and social elements along with general industry

development. However, any change will be accompanied by implications, challenges and hurdles.

Earlier sections have reviewed the likely implications for the industry and the key ones are briefly

discussed below before discussing industry requirements, conclusions and recommendations.

11.6 Financial implications

In terms of financial implications the main benefits and hurdles would be:

11.6.1 Financial benefits

 Reducing the net-pen production cycle to a period of less than 12 months appears feasible from

the model and industry data. This would enable the production of additional biomass (a second

crop) from currently licensed sites and more efficient use of the current licensing regime which

is based on a c.21 month production cycle.

 Industry operating costs may be reduced for several areas within the net-pen stage, e.g. fewer

veterinary medicine treatments for sea-lice, amoebic gill disease, and other health issues, due to

a reduced infection pressure/duration of exposure to pathogens.

 The use of a single net size for the net-pen stages would deliver savings in operational time and

investment.

11.6.2 Financial hurdles

 RAS requires significant up-front investment for obtaining new sites and capital construction of

the RAS and supporting infrastructure such as additional piers and jetties needed to accompany

the land-based investment.

 The cost of a 1 kg post-smolt coming out of a RAS is still likely to be higher than if grown in a net-

pen, but this needs to be balanced against additional production from existing marine net-pen

facilities (and thus lower costs per unit of production)

11.7 Environmental implications

With reference to the environmental implications the main benefits and hurdles would be:
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11.7.1 Environmental benefits

 A net-pen cycle of less than a single year would facilitate coordination of farm management

activities with other marine stakeholder interests, e.g. potentially providing a greater spatial and

temporal separation from wild salmonid migrations;

 Increasing the overall production of industry by this means (rather than increasing new sites)

would reduce the environmental pressures (per tonne of fish produced) from emissions of

nutrients and discharge of veterinary medicines into the coastal environment.

 Literature and industry contacts suggest potential reductions of both escapees and mortality in

the stages up to 1 kg.

11.7.2 Hurdles to environmental benefits

 To implement the strategy would require considerable co-ordination and agreement over a

Management Area basis and may require a whole area to agree to switch at once.

 The effects of a whole area switching would be an increase in the average biomass held. This

could potentially lead to reductions in the permitted total biomass allowed to be held within

Category 1 areas.

 Development of a RAS unit would require very careful siting, planning and design to avoid an

increased visual impact on the environment in comparison to net-pens.

11.8 Industry development implications

With regard to industry development implications the main benefits and hurdles would be:

11.8.1 Industry development benefits

 The number of currently licensed sites available for salmon on-growing in Scotland is removed as

a constraint to the development of the sector in the short-term; reducing the production cycle

to <12 months theoretically permits single year-class production to be managed across all

licensed sites (rather than approximately half on an annual basis, which is the current situation);

 The risk attached to developing the sector in more exposed offshore locations in Scotland,

whether developed through policy or by the industry itself, may be managed over a longer

period of time, and hence is more likely to show success.

 The further development of experience within the RAS sector would enable Scotland/ UK to

become a leader in the field spreading knowledge and generating further opportunities in other

locations.

 Workers would be given the opportunity of working in a safer and more pleasant environment

for large parts of the year and may even provide opportunities for the physically disabled.
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 Vaccination teams will have a longer window of opportunity to vaccinate, and their employers

the chance to provide more job stability and security.

11.8.2 Industry development hurdles

 Any increase of costs per kg of fish produced could potentially make the Scottish industry less

competitive in relation to other major salmon producers.

 Intensification and higher stocking densities could potentially lead to problems for meeting

current standards for accreditation schemes and labels.

 New industry problems and mistakes may occur during development periods of any new model.

The above factors are not a comprehensive list of benefits and hurdles that would be faced by the

industry, but represent the most important economic, environmental, social and industry

development issues.

One of the major constraints for the new RAS approach would be identification of suitable land-

based sites for construction and then obtaining the required development consents within

Scotland’s landscape.  The Scottish approach to aquaculture has provided much help and

transparency in signposting and providing guidance on the legal requirements for new

developments.  However, this does not mean that obtaining permissions and consents will be swift

and easy, even for technology that is perceived as environmentally friendly.  Most members of the

public would quite rightly still wish for visual and environmental protection of areas of outstanding

natural beauty around Scotland’s coast.

Whilst the adoption of this model would have many economic and environmental benefits that

require testing and monitoring, it could also potentially require changes to locational guideline

criteria and consented biomass within certain areas. Also, but less likely, a new licensing model may

be needed due to the changes in the average biomasses over time.

To go down the RAS post-smolt route would require other investments in infrastructure, and fore-

thought about where such hubs should be located. The option to develop post-smolt production

hubs in locations away the traditional farming areas should not be ruled out. The ability of well-

boats to acclimatise and move large fish over increasing distances (whilst taking appropriate

biosecurity measures) opens up opportunities for new sites in locations where the existing

infrastructure is already in place such as the east coast of Scotland or northern England. The

presumption against more salmon farms in the North and East of Scotland is based on a perceived
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risk of damage to wild fisheries. This criticism does not to apply to secure RAS systems which are

favoured by opponents and detractors of the salmon industry.

Modelling and research shows that the actual footprint of these sites in terms of land area would be

relatively small to meet the increase in production that has been targeted.  It appears that three

large new RAS, each capable of producing 3,300 tonnes of 1 kg fish, would only require a total of 7.5

ha (Vinci and Summerfelt 2014).  The salmon farming industry have themselves expressed surprise

at the minimal footprint required (Furuset 2014) but point out the increase in investment required in

comparison to their current approach of investing in larger smolts of 130 g. RAS systems recently

built for the production of smolts have tended to be large farms (Bergheim et al. 2009). Gaumet et

al. (2013) suggest 0.26 ha as the area footprint of a 1,000 tonne RAS (although this is a compact

system with control rooms and feeding systems placed above biological filtration systems): this

would equate to only 2.6 ha for 10 systems to produce the required 10,000 tonnes of 1 kg fish.

The model’s biological data (checked by industry and supported by previously published data on

economics) suggests that the production cycle in net-pens can be reduced to less than 12 months.

Initial indications using the best available data indicate that smolt can be grown from 100 g to 1 kg in

an RAS unit in approximately 4.5 months, and then from 1 kg to 4.5 kg in a marine net-pen in

approximately 10 months.  This then provides opportunity for marine net-pens to produce two crops

instead of one within a two year window.  The modelling of input (stocking) times into either

intermediate RAS or marine net-pens in either autumn (S0) or spring (S1) also produces significant

differences in the overall length of the growth cycle and this warrants further modelling and

verification. It makes sense that by stocking (S0) in the autumn into RAS at 14°C, the fish continue to

grow at their fastest and are then ready for transfer to marine net-pens in the spring when the

ambient water is warming up, and so can continue optimal growth. However, the financial necessity

of running a RAS requires the system to run four cohorts of fish at once. This would mean that fish

would need to be removed from the RAS and stocked at 1 kg at different times of the year.  This

again requires further scrutiny to optimise and maximise production schedules.

The authors acknowledge difficulty in obtaining comprehensive economic data for RAS systems and

the limitation that this placed on the modelling. It was thought inappropriate to use economic data

that we were not fully confident in.  However, this is compensated for by enabling entry of any new

economic data that becomes available or industry’s own figures. Previous research that questioned

the financial viability of RAS systems (Boulet et al. 2010) did not take into account the value of
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producing two harvests instead of one from marine net-pen sites. The valuation of the extra tonnage

within section 10.3 provides a macro-economic indication of the value of this type of investment.

This value does not include any financial savings from reduced sea-lice or AGD treatments, gains in

efficiency, savings in manpower (e.g. via single net sizes) or environmental benefits which are often

difficult to value.  However, it does perhaps indicate the value per annum that could be delivered to

the Scottish industry if such an up-front investment was made and should stimulate use of the

model to further test these indications and predictions.

12 Conclusions and Recommendations

A bio-economic model was produced that shows the salmon production cycle in seawater pens can

be reduced to less than 12 months by the use of modern enclosed RAS systems as an intermediate

system. The authors are confident of the biological data but less so of the economic data, and hence

suggest the salmon industry to use its own economic and biological data to validate the findings

before making their own decisions on any future strategies.  Significant environmental, economic

and social benefits will accrue for the industry from adoption of this approach, but these have to be

balanced against other investment risks, logistical hurdles and changes in the type of environmental

impacts. Requirements in terms of the area or number of locations is not hugely significant, but

construction of land-based RAS sites in traditional farming areas would require significant

investment in infrastructure, take time for planning, construction and commissioning systems, and

staff-training in new technology.  Some of these hurdles may be removed by placing this technology

close to existing infrastructure with suitable water quality and site availability.  The following are

recommendations that follow from this project.

12.1 Recommendations for industry

 Use model with own biological and economic inputs to validate findings.

 Consider impacts on existing planning and scheduling operations and how this may be changed

to incorporate such a system. This should pay special attention to the timings of stockings into

and out of RAS systems in order to maximise growth in marine net-pens.

 Consider if increased well-boat capacity is available or can be made available for increased

stockings and harvests.

 Capital investment for RAS requires long term investment and so business plans need to plan

cost recovery over longer time scales (e.g. 20 years depreciation for RAS).
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 Identify potential vacant lots or sites across Scotland with suitable water depth and quality.

Liaise with planners over sites’ access/location

 Establish systems and procedures based on best available R&D to minimise stress and injury

during movement of larger fish.

 Consider recent R&D on tank scale effects and recent research when planning any new RAS

systems.

 Ensure that smolts can be supplied at the intervals required to stock systems with necessary

cohorts.

 Ensure new RAS are only stocked with smolts from biosecure hatcheries.

 Plan for a different schedule of vaccinations allowing improved quality of delivery and a larger

window of opportunity for teams.

 Model any changes in production costs for marine net-pens associated with adopting the new

strategy, e.g. the requirement for single net sizes, reduced sea lice treatments etc.

12.2 Recommendations for research

 Establish evidence to address anecdotal concerns of vulnerable stages at transfer (e.g. 400-600

g) for fish up to 1 kg.

 Further R&D into on-growing larger smolts in different salinities and the success rate of transfer

to sea at larger sizes including any issues with maturation.

 Assess possibilities and problems of using treatments in RAS if health problems arise (e.g. AGD).

 Review welfare issues when growing fish of 100-1000 g in RAS at stocking densities of c.80 kg m3.

 Establish best practice methods for disposal of settled solids for marine systems.

 Assess feasibility of alternative uses of solid wastes from marine RAS.

 Extend bio-economic model to include large marine-reared rainbow trout

12.3 Recommendations for policy makers and regulators

 Regulators need to manage differentially structured industry, with a changed nutrient emission

profile.

 In the longer term, policy makers could designate areas for single year production.

 Scottish Government or Local Authorities need to consider investing in improving infrastructure

for well-boats such as jetties in areas where any new RAS may be situated.

 Ensure that suitable discharge points are located around the coast with facilities for handling

waste (treatments, cleaning etc.)
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 Establish that the presumption against salmon farming on the north and east coasts of Scotland

should not apply to biosecure RAS.

 Clarify best practice for managing waste streams from RAS (saline).

 The Crown Estate rental charges are currently based on the amount of fish produced. This could

potentially double under this system. Consideration should be given for modification of charging

by area or time.

 Establish if certification limits for stocking density are valid for RAS, given recent R&D results.



Report Title Page 82 of 100

13 References

Adrian A (2014) Interactions management for mutual benefit. Sustainable Aquaculture
Workshop. April 2014, Dublin.

Aquabest (2014) Aquabest Recommendations: Developing responsible aquaculture in the
Baltic Sea Region. 32 pp.

AquaDome MSC Aqua AS - AquaDome®. http://www.mscaqua.no/en/index.html. Accessed
21 May 2015

AQUAETREAT (2007) Manual on effluent treatment in aquaculture: Science and Practice.
AQUAETREAT

Asche F, Bjorndal T (2011) The Economics of Salmon Aquaculture, 2nd ed. John Wiley &
Sons, Ltd.

ASSG (2005) Association of Scottish Shellfish Growers Code of Good Practice. 44 pp.

Atlantic Canada Fish Farmers Association (2011) Evaluation of Well Boat Technology for the
Treatment of Sea Lice.

Auchterlonie N, Ellis T, Jeffery K, Longshaw M (2013) SARF082 : Scottish Aquaculture ’ s
Utilisation of Environmental Resources.

Ayer NW, Tyedmers PH (2009) Assessing alternative aquaculture technologies: life cycle
assessment of salmonid culture systems in Canada. J Clean Prod 17:362–373. doi:
10.1016/j.jclepro.2008.08.002

Ben-Asher R, Seginer I, Mozes N, et al. (2013) Effects of sub-lethal CO2(aq) concentrations
on the performance of intensively reared gilthead seabream (Sparus aurata) in brackish
water: Flow-through experiments and full-scale RAS results. Aquac Eng 56:18–25. doi:
10.1016/j.aquaeng.2013.04.002

Bergheim a., Drengstig A, Ulgenes Y, Fivelstad S (2009) Production of Atlantic salmon
smolts in Europe—Current characteristics and future trends. Aquac Eng 41:46–52. doi:
10.1016/j.aquaeng.2009.04.004

Bergheim A, Brinker A (2003) Effluent treatment for flow through systems and European
Environmental Regulations. Aquac Eng 27:61–77. doi: 10.1016/S0144-8609(02)00041-
9

Bjørn P, Sivertsgård R, Finstad B, et al. (2011) Area protection may reduce salmon louse
infection risk to wild salmonids. Aquac Environ Interact 1:233–244. doi:
10.3354/aei00023

Bostock J, McAndrew B, Richards R, et al. (2010) Aquaculture: global status and trends.
Philos Trans R Soc London Biol Sci 365:2897–2912. doi: 10.1098/rstb.2010.0170

Boulet D, Struthers A, Gilbert E (2010) Feasibility Study of Closed-Containment Options for
the British Columbia Industry.



Report Title Page 83 of 100

Boxaspen K (2006) A review of the biology and genetics of sea lice. ICES J Mar Sci
63:1304–1316. doi: 10.1016/j.icesjms.2006.04.017

Buschmann et al (1994) Gracilaria chilensis outdoor tank cultivation in Chile: use of land-
based salmon culture effluents. Aquac Eng 13:283–300.

ClosedFishCage - Development of an innovative, cost-effective environmetally friendly
closed cage for sea-based fish farming. http://www.ist-
world.org/ProjectDetails.aspx?ProjectId=a52469482f7f44719513aaf48552e6a2.

Colson V, Sadoul B, Valotaire C, et al. (2015) Welfare assessment of rainbow trout reared in
a Recirculating Aquaculture System: Comparison with a Flow-Through System.
Aquaculture 436:151–159. doi: 10.1016/j.aquaculture.2014.10.047

Colt J, Watten B, Pfeiffer T (2012) Carbon dioxide stripping in aquaculture. Part 1:
Terminology and reporting. Aquac Eng 47:27–37. doi: 10.1016/j.aquaeng.2011.12.008

COM (2012) Guidance on Aquaculture and Natura 2000: Sustainable aquaculture activities
in the context of the Natura 2000 Network.

COM (2006) Guidance Document for the implementation of the European PRTR.

Costello MJ (2009) The global economic cost of sea lice to the salmonid farming industry. J
Fish Dis 32:115–8. doi: 10.1111/j.1365-2761.2008.01011.x

CRAB (2007) European Best Practice in Aquaculture Biofouling. Collective Research on
Aquaculture Biofouling (CRAB).

Cromey CJ, Nickell TD, Black KD (2002) DEPOMOD - modelling the deposition and
biological effects of waste solids from marine cage farms. Aquaculture 214:211–239.
doi: 10.1016/S0044-8486(02)00368-X

D’Orbcastel ER, Blancheton JP, Belaud A (2009) Water quality and rainbow trout
performance in a Danish Model Farm recirculating system: Comparison with a flow
through system. Aquac Eng 40:135–143. doi: 10.1016/j.aquaeng.2009.02.002

Dalsgaard J, Lund I, Thorarinsdottir R, et al. (2013) Farming different species in RAS in
Nordic countries: Current status and future perspectives. Aquac Eng 53:2–13. doi:
10.1016/j.aquaeng.2012.11.008

Davidson J, Good C, Welsh C, Summerfelt ST (2011) Abnormal swimming behavior and
increased deformities in rainbow trout Oncorhynchus mykiss cultured in low exchange
water recirculating aquaculture systems. Aquac Eng 45:109–117. doi:
10.1016/j.aquaeng.2011.08.005

Dekhtyarev V (2014) Comparison of Atlantic salmon net pen and recirculating aquaculture
systems : economical , technological and environmental issues.

DTU Aqua (2013) 2nd Workshop on Recirculating Aquaculture Systems Aalborg , Denmark ,
10-11 October 2013 Program and Abstracts 2 nd Workshop on Recirculating
Aquaculture Systems.



Report Title Page 84 of 100

Ellingsen H, Aanondsen SA (2006) Environmental impacts of wild caught cod and farmed
salmon – a comparison with chicken. Int, J LCA, 1:60–65.

Ellis et al (2010) Sustainable finfish aquaculture workshop. Finfish news 9 4–22.

Ferreira JG, Grant J, Verner-Jeffreys DW, Taylor NGH (2013) Modeling Frameworks for
Determination of Carrying Capacity for Aquaculture. In: Meyers RA (ed) Encycl.
Sustain. Sci. Technol. pp 1–32

Fiorillo J (2013) Canadian Salmon farmer: “we”re alive’. Fish farmer Int June.

Fish Farmer (2012) Hatching Plans. Fish farmer 19–22.

Fish Farmer (2011) Recirc Research. Fish farmer Jan – Feb 22–23.

Fisheries Research Services, Joint Government Working Group on Infectious Salmon
anaemia (ISA) (2000) Final Report of the Joint Government / Industry Working Group
on Infectious Salmon Anaemia ( ISA ) in Scotland. 142.

Fivelstad S (2013) Long-term carbon dioxide experiments with salmonids. Aquac Eng
53:40–48. doi: 10.1016/j.aquaeng.2012.11.006

Ford JS, Myers RA (2008) A global assessment of salmon aquaculture impacts on wild
salmonids. PLoS Biol 6:e33. doi: 10.1371/journal.pbio.0060033

Forster & Slaski (2010) Chapter 2. Review of past experience. Eval. Closed Contain.
Technol. Saltwater Salmon Aquac. pp 5–25

Forster J & Corbin JS (2010) What Can U.S. Open Ocean Aquaculture Learn From Salmon
Farming ? Mar Technol Soc 44:68–79.

Franklin P, Verspoor E, Slaski R (2012) Impacts of Open Pen Freshwater Aquaculture
Production on Wild Fisheries. Beaulieu, UK

Fredheim A, Jensen O, Dempster T (2013) Chapter 7: Recommendations and Guidelines for
the Design of Fish Farms, Management and Operation of Equipment. Prev. Escape
Proj. Compedium

Furuset (2014) On shore smolt production “low priority” for Marine Harvest. In: Intrafish.
http://www.intrafish.com/news/article1399784.ece. Accessed 20 May 2015

Gaumet F, Haegh M, Ulgenes Y & BA (2013) DESIGNING A SUSTAINABLE AND COST
EFFECTIVE RAS SYSTEM FOR PRODUCING 1 MILLION ATLANTIC SALMON
POST-SMOLT OF 1 KG PER YEAR : THE KALDNES ® RAS SOLUTION The Next
evolution in Salmon Industry. Aquac. Innov. Work. No. 6, Vancouver, Br. Columbia Oct.
27-28, 2014

Giles H, Broekhuizen N, Bryan KR, Pilditch CA (2009) Modelling the dispersal of biodeposits
from mussel farms: The importance of simulating biodeposit erosion and decay.
Aquaculture 291:168–178. doi: 10.1016/j.aquaculture.2009.03.010



Report Title Page 85 of 100

Gillibrand PA, Gubbins MJ, Greathead C, Davies IM (2002) Scottish Executive locational
guidelines for fish farming: predicted levels of nutrient enhancement and benthic
impact. Aberdeen, UK

Good et al (2009) The impact of water exchange rate on the health and performance of
rainbow trout Oncorhynchus mykiss in water recirculation aquaculture systems.
Aquaculture 294:80–85.

Hadjimichael M, Bruggeman A, Lange MA (2014) Tragedy of the few? A political ecology
perspective of the right to the sea: The Cyprus marine aquaculture sector. Mar Policy
49:12–19. doi: 10.1016/j.marpol.2014.04.003

Hall SJ, Delaporte A, Phillips MJ, et al. (2011) Blue Frontiers: Managing the environmental
costs of aquaculture. Penang, Malaysia

Halwart, M., Soto, D., Arthur JR (eds) (2007) FAO Fisheries Technical Paper No.498: Cage
aquaculture Regional reviews and global overview.

Health & Safety Executive (2014) Fatal injuries in farming , horticulture and fish farming in
Scotland from 2003 / 04 to 2013 / 14.

Henriksson et al (2012) Life cycle assessment of aquaculture systems – a review of
methodologies. Int, J LCA, 17:304–313.

Hindar K, Fleming I, Mcginnity P, Diserud O (2006) Genetic and ecological effects of salmon
farming on wild salmon: modelling from experimental results. ICES J Mar Sci 63:1234–
1247. doi: 10.1016/j.icesjms.2006.04.025

ICES (2009) Overview assessment of non-indigenous species in the OSPAR maritime area.

IUCN (2009a) Guide for the Sustainable Development of Mediterranean Aquaculture. 2: Site
Selection and Site Management. IUCN, Gland, Switzerland and Malaga, Spain

IUCN (2007) Guide for the Sustainable Development of Mediterranean Aquaculture. 1:
Interactions between Aquaculture and the Environment: Gland, Switzerland and
Malaga, Spain

IUCN (2009b) Guide for the Sustainable Development of Mediterranean Aquaculture. 3:
Aquaculture Responsible Practices and Certification. IUCN, Gland, Switzerland and
Malaga, Spain

Iversen (2013) New aquaculture revolultion? In: Nofima News.
http://nofima.no/en/nyhet/2013/08/new-aquaculture-revolution/. Accessed 20 May 2015

Jackson D, Cotter D, Newell J, et al. (2013) Impact of Lepeophtheirus salmonis infestations
on migrating Atlantic salmon, Salmo salar L., smolts at eight locations in Ireland with an
analysis of lice-induced marine mortality. J Fish Dis 36:273–281. doi: 10.1111/jfd.12054

Jeffery AK, Stinton N, Ellis T (2012) FES220: A review of the land- based, warm-water
recirculation fish farm sector in England and Wales.

Jeffery et al (2014) Background Information for Sustainable Aquaculture development,
addressing environmental protection in particular. Sub title: Sustainable Aquaculture in



Report Title Page 86 of 100

the context of the Water Framework Directive and the Marine Strategy framework
Directive.

Jeffery KR, Stone D, Feist SW, Verner-Jeffreys DW (2010) An outbreak of disease caused
by Francisella sp. in Nile tilapia Oreochromis niloticus at a recirculation fish farm in the
UK. Dis Aquat Organ 91:161–165. doi: 10.3354/dao02260

Jorgensen et al (2009) Parasite infections in recirculated rainbow trout (Oncorhynchus
mykiss) farms. Aquaculture 289:91–94.

Kankainen M, Nielsen P, Vielma J (2014) Economic feasibility tool for fish farming – case
study on the Danish model fish farm in Finnish production environment. Aquabest
project.

Karakassis I (2009) Aquaculture and the environment in the Mediterranean: thresholds,
sensitive habitats and environmental bottlenecks.

Karakassis I, Angel D (2008) Aquaculture and the environment in the Mediterranean:
available information and proposed steps forward.

Karakassis I, Papageorgiou N, Kalantzi I, et al. (2013) Adaptation of fish farming production
to the environmental characteristics of the receiving marine ecosystems: A proxy to
carrying capacity. Aquaculture 408-409:184–190. doi:
10.1016/j.aquaculture.2013.06.002

Karakassis I, Sanchez Jerez P (2011) Environmental Quality Standards for Mediterranean
Marine finfish farming based on the response of experts to a Delphi questionnaire.

Kolarevic J, Baeverfjord G, Takle H, et al. (2014) Performance and welfare of Atlantic
salmon smolt reared in recirculating or flow through aquaculture systems. Aquaculture
432:15–25. doi: 10.1016/j.aquaculture.2014.03.033

Kristensen et al (2009) Important influent-water quality parameters at freshwater production
sites in two salmon producing countries. Aquac Eng 41:53–59. doi:
10.1016/j.aquaeng.2009.06.009

Krkošek M, Revie CW, Finstad B, Todd CD (2014) Comment on Jackson et al. “Impact of
Lepeophtheirus salmonis infestations on migrating Atlantic salmon, Salmo salar L.,
smolts at eight locations in Ireland with an analysis of lice-induced marine mortality.” J
Fish Dis 37:415–7. doi: 10.1111/jfd.12157

Krkosek M, Revie CW, Gargan PG, et al. (2013) Impact of parasites on salmon recruitment
in the Northeast Atlantic Ocean. Proc R Soc Biol Sci 280:20122359. doi:
10.1098/rspb.2012.2359

Langford KH, Øxnevad S, Schøyen M, Thomas K V (2014) Do Antiparasitic Medicines Used
in Aquaculture Pose a Risk to the. Environ Sci Technol 48:7774–7780.

Laurent C, Tett P, Fernandes T, et al. (2006) A dynamic CSTT model for the effects of
added nutrients in Loch Creran, a shallow fjord. J Mar Syst 61:149–164. doi:
10.1016/j.jmarsys.2005.05.007



Report Title Page 87 of 100

Lees et al (2008) Changes in epidemiological patterns of sea lice infestation on farmed
Atlantic salmon , Salmo salar L ., in Scotland between 1996 and 2006 . J Fish Dis
31:259–268.

Little DC, Murray FJ, Azim E, et al. (2008) Options for producing a warm-water fish in the
UK: limits to “Green Growth”? Trends Food Sci Technol 19:255–264. doi:
10.1016/j.tifs.2007.12.003

Macmillan JR, Huddleston T, Woolley M, Fothergill K (2003) Best management practice
development to minimize environmental impact from large flow-through trout farms.
Aquaculture 226:91–99. doi: 10.1016/S0044-8486(03)00470-8

Marine Harvest (2014) Salmon Farming Industry Handbook 2014.

Marine Scotland (2014) An Assessment of the Benefits to Scotland of Aquaculture:
Research Summary.

Martins CIM, Eding EH, Verdegem MCJ, et al. (2010) New developments in recirculating
aquaculture systems in Europe: A perspective on environmental sustainability. Aquac
Eng 43:83–93. doi: 10.1016/j.aquaeng.2010.09.002

McKindsey CW, Archambault P, Callier MD, Olivier F (2011) Influence of suspended and off-
bottom mussel culture on the sea bottom and benthic habitats: a review. Can J Zool
89:622–646. doi: http://dx.doi.org/10.1139/z11-037

Munro & Gauld (1996) Scottish Fish farms annual production survey 1995.

Munro et al (2013) Scottish Fish Farm Production Survey 2012 Report SCOTTISH FISH
FARM PRODUCTION SURVEY 2012.

Munro LA, Warwick AL, Wallace I (2014) Scottish Fish Farm Production Survey 2013 .
Marine Science Scotland.

Murray F, Bostock J, Fletcher D (2014) Review of Recirculation Aquaculture System
Technologies and their Commercial Application.

Mutter R (2015) Study: 40% of aquaculture will be produced in RAS by 2030. In: Fish
Farming Int. http://fishfarminginternational.com. Accessed 1 Apr 2015

North Atlantic Salmon Working Group (2014) Quality norm for Norwegian salmon
populations.

Pelletier & Tyedmers (2007) Feeding farmed salmon: Is organic better? Aquaculture
272:399–416.

Pelletier et al (2009) Not all salmon are created equal: life cycle assessment (LCA) of global
salmon farming systems. Environ Sci Technol 43:8730–8736.

Pinfold G (2014) Closed-Containment Atlantic Salmon Operations in Nova Scotia.

Preline Preline Fishfarming System. http://www.preline.no/Default.aspx. Accessed 20 May
2015



Report Title Page 88 of 100

Price CS, Morris JA (2013) Marine Cage Culture & The Environment: Twenty-first Century
Science Informing a Sustainable Industry. NOAA Technical Memorandum MOS
NCCOS 164.

Ramsden (2014) Icelandic salmon startup seeks investment, target 25,000 tonnes. In:
UndercurrentNews. http://www.undercurrentnews.com/2014/12/03/icelandic-salmon-
startup-seeks-investment-targets-25000t/. Accessed 20 May 2015

Schrader KK, Davidson JW, Rimando AM, Summerfelt ST (2010) Evaluation of ozonation on
levels of the off-flavor compounds geosmin and 2-methylisoborneol in water and
rainbow trout Oncorhynchus mykiss from recirculating aquaculture systems. Aquac Eng
43:46–50. doi: 10.1016/j.aquaeng.2010.05.003

Scottish Government (2008) Fish Farms and Natural Heritage Designated Areas of
Scotland. 2008.

Scottish Government (2014a) Ministerial group on sustainable aquaculture capacity working
group (CWG)-project plan.

Scottish Government (2014b) Locational Guidelines for the Authorisation of Marine Fish
Farms in Scottish Waters. 27.

Scottish Government (2014c) Scottish Planning Policy. 77.

Scottish National Heritage (2014a) Wild land areas 2014. 64918.

Scottish National Heritage (2014b) SNH advice to Scottish Government 2014.pdf.

Scottish Quality Salmon, Fisheries Research Services (2000) A code of practice to avod and
minimise the effects of Infectious salmon Anaemia (ISA). 15.

Shepherd C, Little D (2014) Aquaculture: are the criticisms justified ? II – Aquaculture ’ s
environmental impact and use of resources , with special reference to farming Atlantic
salmon. World Agric 37–52.

Siddons T (2014) Jelly fish tragedy for Loch Duart. http://www.fishupdate.com/jelly-fish-
tragedy-for-loch-duart/. Accessed 11 Feb 2015

SSPO (2010) A Code of Good Practice for Scottish Finfish Aquaculture (CoGP).
http://www.thecodeofgoodpractice.co.uk/cogp/4-managing-and-protecting-the-
environment.

SSPO (2009) Scottish Salmon Producers annual report.

Standing Committee on Fisheries and Oceans (2013) Closed Containment Salmon
Aquaculture.

Stelzenmüller V, Schulze T, Gimpel A, et al. (2013) Guidance on a Better Integration of
Aquaculture, Fisheries, and other Activities in the Coastal Zone: From tools to practical
examples. Ireland



Report Title Page 89 of 100

Stevenson l (2011) Manitoba Model Fish Farm now operating. In: Manitoba Co-operator.
http://www.manitobacooperator.ca/2011/07/28/model-fish-farm-now-operating/.
Accessed 28 May 2015

Sturrock H, Newton R, Paffrath S, et al. (2008) Prospective Analysis of the Aquaculture
Sector in the EU. JRC European comission

Summerfelt et al (2004) A partial-reuse system for coldwater aquaculture. Aquac Eng
31:157–181.

Summerfelt et al (2009) Evaluation of partial water reuse systems used for Atlantic salmon
smolt production at the White River National Fish Hatchery. Aquac Eng 41:78–84. doi:
10.1016/j.aquaeng.2009.06.003

Summerfelt S, May T, Waldrop T, Good C (2014a) Grow-out and Depuration Research
Update. Aquac. Innov. Work. No. 6, Vancouver, Br. Columbia Oct. 27-28, 2014

Summerfelt ST, Zühlke A, Kolarevic J, et al. (2014b) Effects of alkalinity on ammonia
removal, carbon dioxide stripping, and system pH in semi-commercial scale water
recirculating aquaculture systems operated with moving bed bioreactors. Aquac Eng 1–
9. doi: 10.1016/j.aquaeng.2014.11.002

Taylor M, Kelly R (2010) Assessment Of Protocols And Development Of Best Practice
Contingency Guidance To Improve Stock Containment At Cage And Land-Based Sites.
SARF

Terjesen BF (2014) Nofima Atlantic Salmon in Closed- Containment Systems Research
Update. Aquac. Innov. Work. No. 6.Vancouver, Br. Columbia Oct. 27-28, 2014.

Tett P, Portilla E, Gillibrand P a, Inall M (2011) Carrying and assimilative capacities: the
ACExR-LESV model for sea-loch aquaculture. Aquac Res 42:51–67. doi:
10.1111/j.1365-2109.2010.02729.x

Thorarensen H, Farrell AP (2011) The biological requirements for post-smolt Atlantic salmon
in closed-containment systems. Aquaculture 312:1–14. doi:
10.1016/j.aquaculture.2010.11.043

Troell M, Joyce A, Chopin T, et al. (2009) Ecological engineering in aquaculture — Potential
for integrated multi-trophic aquaculture (IMTA) in marine offshore systems. Aquaculture
297:1–9. doi: 10.1016/j.aquaculture.2009.09.010

Turnbull J (2014) Wellboats moving over a billion farmed salmon every year.

UNEP/MAP/RAC/SPA (2011) Non-native Species in the Mediterranean: What, when, how
and why? Tunis, Tunisia

Varadi L, Bardocz T, Oberdieck A (2009) A handbook for Sustainable aquaculture.
SustainAqua

Vass S (2013) Gill disease to cost salmon industry £30m. In: Her. Scotl.
http://www.heraldscotland.com/business/markets-economy/gill-disease-to-cost-salmon-
farmers-30m.19956340. Accessed 12 May 2015



Report Title Page 90 of 100

Vinci B, Summerfelt S (2014) Basic Economics of Land-Based Water Recirculating
Aquaculture Systems. Aquac. Innov. Work. No. 6, Vancouver, Br. Columbia Oct. 27-28,
2014. pp 1–24

Vinci BJ, Good CM, Summerfelt ST (2014) Biosecurity Considerations in Water Recirculating
Aquaculture Systems Design. Aquac. Innov. Work. No. 6, Vancouver, Br. Columbia
Oct. 27-28, 2014

Webb et al (2009) Integrated hydroponics: growing samphire in waste-water from a marine
fish farm. Finfish news 7 9–12.

Weise AM, Cromey CJ, Callier MD, et al. (2009) Shellfish-DEPOMOD: Modelling the
biodeposition from suspended shellfish aquaculture and assessing benthic effects.
Aquaculture 288:239–253. doi: 10.1016/j.aquaculture.2008.12.001

Weston R (2013) Closed containment salmon aquaculture. Report of the Standing
Committee on fisheries and Oceans, House of Commons, Canada.

Woywood D, Turnbull JF (2013) Comparison of biosecurity measures in well boats used in
the Chilean , Scottish and Norwegian salmon farming industries Report to SARF. Rep
to SARF 1–5.

Zohar, Y. Gothilf Y, Wray S (2007) Inducing sterility in fish by disrupting the development of
the GnRH system. http://www.google.com/patents/US7194978.



Report Title Page 91 of 100

14 Acknowledgements

We are grateful to the following for input and advice during this project.

 For advice on regulatory aspects during the project Douglas Sinclair (SEPA), Matt Gubbins
(Marine Scotland), Andrea Warwick (Fish Health Inspectorate), Angela Robinson (SEERAD).

 For meeting us at their sites and providing feedback on the draft model and responding to
our questionnaires Alasdair Barge & David Patterson (Otter ferry), Iain McIntyre, Camilla
MacDonald & Kim (Scottish salmon), Jim Treasurer, Tim Attack & Ben Perry (Benchmark,
Ardtoe), Kenny Black (SAMS), Chris Reid & Dave McEwan (Marine harvest).

 For responding to phone requests for information on transportation costs and implications
of any changes as a result of the model Paul Armstrong Wilson (Solway Transport), Owen at
Cairndaw Hatchery (Marine Harvest), Migdale transport.

 To Jimmy Turnbull (Stirling University) & Iain Sutherland (Highlands and Islands Enterprise)
for input and responding to our emails.

 To other support industries such as Kathy Taylor (Salmovac), Jacob Bregneballe & Ramon
Perez (AKVA) and any others we might have missed.

Special thanks to Alex Adrian at the Crown estate and all on the SARF project board for input.



Report Title Page 92 of 100

15 Appendix 1 - The Model Guide

Contents
Introduction ..........................................................................................................................................92

Calculations per system ........................................................................................................................93

Smolt production ..............................................................................................................................93

Recirculating Aquaculture System (RAS) ..........................................................................................94

Pump Ashore (PA) .............................................................................................................................94

Net Pens............................................................................................................................................95

Mortalities.............................................................................................................................................95

In or following transport ...................................................................................................................95

Hatching survival...............................................................................................................................96

Per annum for each system ..............................................................................................................96

Production Optimisation.......................................................................................................................96

Purpose and usage............................................................................................................................96

How the optimal times are calculated..............................................................................................97

Economic model....................................................................................................................................97

Fixed costs.........................................................................................................................................98

Variable costs....................................................................................................................................98

Transport costs .................................................................................................................................99

Feed costs .........................................................................................................................................99

Parameterisation ..................................................................................................................................99

Growth, mortality, FCR and temperature sources ...........................................................................99

References ............................................................................................... Error! Bookmark not defined.

 Introduction

This document describes in detail the calculations performed in the Excel model. Within this
spreadsheet the user can define a harvest weight, and then choose one of five possible production
scenarios via a dropdown menu:
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For each of these models the user can alter default values such as temperatures, growth curves and
costs. Based on these values the spreadsheet calculates the time taken to reach a harvest weight
specified by the user, and provides a summary of the associated time and money required.

The primary purpose of the model was to compare theoretical production systems featuring
intermediate systems of Pump ashore (PA) or Recirculating Aquaculture Systems (RAS) prior to
ongrowing in net pens, with the current standard whereby smolts are transported directly to net
pens. Accordingly, the summary output from the model includes a comparison to this standard
model.

This document begins with a description of the various growth and mortality functions used in each
of the individual systems.

The model also features the ability to estimate the time required in an intermediate system based

on the harvest weight and net pen time constraints; this is detailed in the Production
Optimisation section.

The Economic model sections detail the various calculations performed by the spreadsheet in
order to summarise the costs associated with each system. The costs which can be entered include
fixed, variable, transport and feed costs, all of which adjust automatically depending on the amount
of time spent in each system.

The final section details the default parameters which have been included in the model, but which
can be altered by the user. This includes our best estimates of the costs associated with each system.

 Calculations per system

 Smolt production

 Growth

While growth of smolts is not modelled, user inputs of:

 Starting day of the year
 Number of eggs
 Hatching survival
 Hatching time
 Time spent in smolt production system
 Smolt weight, and
 Mortality per annum (post-hatching)
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are used to determine the day of the year on which fish enter either RAS, PA or net pens, as well as
the number of surviving fish. The output smolt weight is identical to the smolt weight entered by the
user.

 Time of entry to subsequent systems

For systems with a single ongrowing system (eg RAS, PA or net pens only), the date at which fish
enter the system is given by:Starting	DOY + Days	in	smolt	production	system
For each of these systems the amount of time spent is determined by the amount of time required
to reach the harvest weight, which is specified at the top of the sheet.

For setups with an intermediate system, the time spent in the intermediate system, and therefore
the time of the year at which fish enter net pens can either be entered manually or calculated using

the optimisation tool (see Production Optimisation).

 Recirculating Aquaculture System (RAS)

 Growth

Growth in RAS is determined using a specific growth rate (SGR), this being the rate of growth per
day, given as a percentage.

The SGR is obtained from a table (5) which details the SGR according to fish weight and temperature.
The user specifies a temperature using a dropdown menu, and values corresponding to this
temperature are used in the calculations.

For each timestep (one day), the input weight (Wt) and SGR are used to determine the weight at the
next timestep as follows:

W = W 	x	e
As the table has different SGRs for different fish weights, the SGR is updated at every timestep. 	
 Timing

The amount of time spent in RAS can be determined automatically. If the model selected is RAS only,
then the time is dependent on the harvest weight. If the model selected is RAS -> Net pens, then the

optimised time will be used (see Production Optimisation section). Alternatively, the user
can enter a value in the cell entitled “Days spent here (manual)”, and this value will override either
of these defaults. To revert from a manual to automatic value, simply enter 0 in this cell.

 Pump Ashore (PA)

 Growth

Growth in PA is calculated according to the same formula specified for RAS, however in this case the
SGR is not defined as a single parameter. For each day in the system, the weight is updated using an
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SGR which is looked up from a table (5). This allows the growth rate to vary according to fish size and
temperature. Temperature is assumed to vary according to a simple sine function; by default the
temperature is lowest at the start of March, but this can be overridden by altering the cell entitled
“day on which temp is lowest”. The maximum and minimum temperatures can also be changed by
the user, and these will instantly alter the growth predictions produced by the model.

While the underlying relationship between the SGR, temperature and fish weight cannot be altered
by the user, the SGR values can be scaled by altering the relative growth index (RGI). This acts as a
multiplier for the SGR values in the hidden table.

 Timing

The amount of time spent in PA can be determined automatically. If the model selected is PA only,
then the time is dependent on the harvest weight (the model will determine the time required to
reach a weight specified by the user). If the model selected is PA -> Net pens, then the optimised

time will be used (see Production Optimisation section). Alternatively, the user can enter
a value in the cell entitled “Days spent here (manual)”, and this value will override either of these
defaults. To revert from a manual to automatic value, simply enter 0 in this cell.

 Net Pens

 Growth

Growth in net pens is calculated in exactly the same manner as growth in PA, however the RGI and
temperature ranges can be altered independently to reflect differences between the systems.

 Timing

Regardless of which system was used prior to net pens, the time spent in net pens will be the time
required to produce fish of the user-specified harvest weight.

 Mortalities

Two forms of mortality are included in the model. Mortalities associated with transport, which
increase with the number of movements between sites, and per annum mortalities for each system,
which increase with the amount of time spent in each system. Each system can be assigned a specific
per annum mortality rate.

 During or following transport

The number of fish surviving each transport event is given byNumber	of	surviving	fish = Initial	number	of	fish	x	(1 − mortality	rate)
The proportion of fish lost due to all transport events combined is given by1 − 1 − mortality	rate 	 	
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 Hatching survival

The hatching survival rate is specified by the user and is multiplied by the number of eggs to give the
total number of eggs which successfully hatch. If fry or more advanced stages are purchased then set
this value to 1 to represent 100% survival.

 Per annum for each system

While separate mortality rates can be specified for each system, calculating the number of surviving
fish always follows the following formula:

Initial	number	x	 1 − mortality	per	annum 	 	
 Production Optimisation

 Purpose and usage

In order to optimise the production cycle, with a view to reducing the period in net pens, the user
enters the maximum time available in net pens at the top of the Main Input Sheet, amends any of
the figures in yellow cells relating to fish growth (such as RGIs, dates and the weight of smolts, all
detailed in earlier sections of this document) as appropriate, then clicks the “optimise” button.

This process returns the time required in an intermediate system of PAS or RAS to generate fish of a
sufficient weight that they will reach the required harvest weight in a limited amount of time.
Additional options allow the user to specify a maximum weight that individual fish can reach in each
intermediate system; if both the time (in net pens) and weight (reached in the intermediate system)
constraints cannot be met then the user will be prompted to choose which of these options to
override.

The output is shown under the button in the following form.

Minimum days required in PAS 258
Minimum days required in RAS 165

These values are subsequently used as the default amount of time in PAS or RAS when either of the
models featuring an intermediate system is selected using the dropdown menu. Alternatively the
time can be specified manually under the RAS and PA sections further down the sheet.
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 How the optimal times are calculated

In order to achieve the above functionality, increasingly large amounts of time are spent in each
intermediate system. The output weight and associated time are then used as inputs to the net pen
system. If the harvest weight is met or exceeded within the amount of time specified by the user,
then this time is output by the model. Otherwise the time spent in the intermediate system is
increased step by step until this criterion is met. The process is illustrated in the flow diagram below.

Figure 1: flow diagram depicting the method used to find the minimum time required in either intermediate system.

 Economic model

The model provides the ability to enter a variety of different types of cost for each system, via a
costs sheet which is separate from the main growth model sheet.

The purpose of the costs sheet is to give an idea of how costs are likely to change when fish spend
more or less time in each system. The model does not account for economies of scale, however all
costs can be altered by the user. It is important to note that the figures specified must be “per
annum”.

The total cost given on the main sheet is representative of bringing a single cohort to harvest weight,
but costs per kilogram and costs per smolt are also provided.

Note that:
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 By default the fixed and variable costs do not vary according to the number of fish (or their
weight). This may be useful if the user already knows how much a facility will cost to run
and maintain each year.

o Alternatively, if the “per kg” boxes are checked then the costs will be multiplied by
the number of surviving fish and their maximum (for fixed costs) or mean (for
variable costs).

 By default the model assumes that a single cohort is being modelled, however checking the
“per cohort” box will cause the input values to be divided by the number of cohorts.

 A number of “free” rows are present under fixed and variable costs to allow individual costs
to be added if necessary. The blue row to the left can be used to label these costs
accordingly.

 Fixed costs

Fixed costs can be specified for each system. The values entered should be representative of the
annual cost of running the facility which is required to produce the cohort.

These costs are charged “per year or part thereof”; this means that the duration in each system is
rounded up to the nearest year and them multiplied by the cost(s) entered by the user in the yellow
cell(s). This allows the model, by assigning a larger proportion of the fixed costs to the cohort, to
account for the fact that increasing the amount of time spent in any one system may negatively
impact the space remaining for successive cohorts. This may result in costs being considerably higher
when fish spend (for example) 25 months rather than 23 in any one system.

For example, take a PA facility which costs £2m to maintain per year. If this facility is capable of
holding two overlapping cohorts, each of which are held for two years, then the cost per cohort per
year is £1m. The figure of £1m would be entered into the Pump ashore column. On the right hand
side the model takes the amount of time spent in PA (according to the main sheet), rounds this up to
the nearest year, and multiplies the number of years by £1m. Alternatively the user may specify the
number of cohorts in the main sheet, then check the “per cohort” box, and enter £2m under costs;
both methods will produce the same result.

By checking the “per kg” box, the user can then enter a known cost per kg (the maximum weight
reached in a system, since this is most representative of capacity), and the costs will be linearly
scaled according to the number of surviving fish and the weight achieved in the system.

 Variable costs

Variable costs are calculated in much the same way as fixed costs, but without the rounding. For
example, if vets bills cost £1 per fish per year in a RAS system which contains 1m fish, then £1m
would be entered into the RAS column under variable costs. The model then adjusts this value
according to the amount of time spent in RAS, determined in the main sheet. If fish spent 6 months
in RAS then the vets bill in RAS would be estimated as £0.5m for the cohort.

By checking the “per kg” box, the user can then enter a known cost per kg (the average weight while
in a system, since this is most representative of the average cost per day), and the costs will also be
linearly scaled according to the number of surviving fish and the mean weight while in the system.
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 Transport costs

Any values entered should be the cost per kg per movement. The purpose of this section is to
provide some idea of how adding an extra fish movement may impact on the overall costs.  For
example if fish are currently moved to net pens from a smolt production facility weighing 100g each,
the transport costs would increase significantly if the same fish were instead transported to RAS, and
subsequently moved from RAS to net pens weighing 2kg each. Once again economies of scale are
not accounted for, however there is scope for the user to enter formulae if necessary.

 Feed costs

In addition to the FCR (feed conversion ratio) entered by the user in the main sheet, the cost per
kilogram is entered under the feed costs heading for each system.

The model estimates the feed cost for each system by multiplying together the feed cost, FCR, and
weight gain within the system.Cost	of	feed	per	fish	within	system = feed	cost	per	kg	x	FCR	x	weight	gain
This is then multiplied by the number of fish which entered the system. While not all of these fish

will necessarily survive, the initial number of fish, rather than the number of survivors, is used in
order to prevent underestimation of feed costs.

 Parameterisation

 Growth, mortality, FCR and temperature sources

The table below details the parameters used in the model. All values can be edited by the user
except the PA and net pen growth curves, which can only be scaled (using the RGI as described in
the PA growth section above).

Data/Parameter Value Source Notes
Growth
Net pen growth Variable 4
Net pen Relative
Growth Index (RGI)

0.9 5

Pump ashore growth As in net pens 4
RAS growth As in net pens 4 Constant

temperature
Pump ashore RGI 0.95 5
Hatching time (from
eyed eggs)

8 days 1

Time in smolt
production system

425 days 5

Smolt weight 100g 5
Mortalities
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Transport 2.9% after each
movement

1

Hatching survival 91% 1
RAS 1.2% per annum 1
Net pens 6.86% per annum 2 Based on 88%

survival after 21
months

Pump ashore 6.86% per annum Used net pen values
FCR
Smolt production 1 5
RAS 1 5
PA 1.05 5
Net pens 1.1 5
Temperature
Net pens 6-14°C 3
PAS 6-14°C Used net pen values
Minimum temp (Net
pens)

End of February

Minimum temp (PAS) End of February Used net pen values
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