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1 | INTRODUCTION

Frank Asche?3® |

Bard Misund® | Trine Thorvaldsen®

Abstract

Global aquaculture production has grown very rapidly in recent decades. This is
largely due to a number of innovations that has increased the control with the pro-
duction process and competitiveness. These innovations come in a number of
forms from radical new concepts to knowledge adaption from the terrestrial food
production system. While there exist a number of studies investigating the impact
of specific innovations, there are few studies that take a larger perspective on how
innovations over time impacts an aquaculture industry or the innovation system
that support these innovations. In this paper we review the innovation process in
Norwegian salmon aquaculture industry from its infancy in 1970 until present. Of
particular interest is the increasing complexity of the industry, and how most inno-
vations are conducted by suppliers and not the aquaculture producers themselves.
The insights are also of general interest in global aquaculture as salmon is among
the species with the most advanced production technologies, but also a species
where innovations are adapted to other species also in very different production

systems.
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to productivity growth and lower production costs are the main

drivers for this process.*>

Production growth in aquaculture during recent decades has been
remarkable, with global production increasing from 2.6 million metric
tons (mt) in 1970 to 87.5 million mt in 2020.* This has been achieved
with growth at the extensive margin as production has increased in
new countries and for new species, but also on the intensive margin
as new knowledge and technologies has led to more intensive produc-
tion practices often at a larger scale.? In fact, aquaculture production
is focused on relatively few species compared to wild fisheries land-
ings, with species like carp, oysters, salmon, shrimp and tilapia becom-
ing truly global species farmed at several continents.® Innovations,
including knowledge transfer and adoptions from agriculture, leading

There exist a number of studies investigating productivity growth
and technical inefficiency for various aquaculture species.? In recent
years, there has also been an emerging literature on who innovates
and who adopts new technologies. For instance, Bergesen and Tve-
teras® investigate where in the supply chain innovation activities take
place and distinguish between radical, process and product innova-
tions. They also find that most innovations are incremental. Kumar
et al.”® investigate the process of technology adoption and Asche e
et al.” compare salmon to chicken in terms of technology adoption.
However, there has been no attempts to provide a review of impor-
tant innovations for any aquaculture species over a longer time frame,
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allowing insights into how the technology and knowledge frontier
moves. This is important as continued innovations is essential for the
continued sustainable growth of aquaculture production® and
increased seafood consumption.!?

In this paper, we will shed light on innovation processes associ-
ated with key technologies in salmon aquaculture by providing a
review of the main innovations in Norwegian aquaculture from 1970.
Salmon is among the most successful aquaculture species in terms of
production growth, with a growth rate that is faster than the produc-
tion growth of aquaculture in aggregate, and it is globally the second
largest species by value after shrimp.2 Moreover, it is technologically
leading in a number of dimensions, from inputs via the production
process and through the supply chain.>*?12 Norway is the largest pro-
duction country with a production share of over 50% in most

1415 argue that in the case of agriculture, most innovations take

years.
place in a few countries and are spread globally from there, making
these innovations processes extremely important. Norwegian salmon
plays a somewhat similar role not only in salmon aquaculture, but for
aquaculture globally as knowledge and technology is adapted from
salmon to other species.® The review will focus on the introduction of
new knowledge and technology in the Norwegian salmon industry,
and not necessarily on the origin of the innovations. Many if not most
innovations are inspired by production practices in other biological
industries including other aquaculture industries, and the industry
would most likely not even have existed if not for the example set by
and the knowledge adapted from Danish and German trout farmers.t®

The innovation process in salmon aquaculture since the 1970s
has been complex with parallel processes in key technology area. This
will determine the structure of this paper after a section providing a
brief overview of the development of the industry. The discussion of
the innovations will then be conducted under the main categories
farming technology, fish health, breeding and genetics, feed, primary
processing and regulations, before a discussion with some concluding

remarks is provided.

2 | THE NORWEGIAN SALMON
AQUACULTURE INDUSTRY

In nature, the Atlantic salmon production cycle start with the spawn-
ing salmon in river and lakes all over the northern Atlantic in late
autumn. The eggs hatch in early spring, and the salmon lives the first
period of its life, from on up to 4 years in fresh water. When it reaches
a certain size, it goes through a process known as smoltification to
adapt to living in salt water, and it migrates out into the ocean with
the spring flood. Here it feeds for 1-4 years before it returns targeting
the river where it was born to spawn.” The common production pro-
cess in salmon aquaculture follows the same stages.'” The eggs are
hatched, the fingerlings are transferred into fresh-water tanks in land-
based facilities, and after the smoltification process, they are trans-
ferred to sea pens where they are fed until harvest.

Norwegian salmon aquaculture comprises two species, Atlantic
salmon (Salmo salar) and rainbow trout (Onchorynchus mykiss) and
started as a ‘backyard activity’ by fishermen in the 1950s with a num-
ber of different production concepts primarily inspired by the
European trout industry.®¢ Following the introduction of the sea pen
in 1970 the main production technology became increasingly standar-
dised, and the development of salmon aquaculture as an industry
started. However, production increased slowly. Quantity produced
reached 8000 mt in 1980, and was almost evenly divided between
salmon and trout.?” argue that it is first around 1980 salmon farming
became a commercial industry. As Norway is a small country with a
population of about 5 million, the domestic market was quickly satu-
rated, and the industry turned towards global markets, currently
exporting more than 95% of the production to more than
100 countries*®2° by a diverse group of companies.?

Figure 1 shows the production growth together with average real
export price and average production cost from 1985, the first year
which cost is available for. As one can see, production increases at a

rapid rate throughout the period. On average, the annual growth rate

120 1600
@ Price
100 e COSt 1400
e Quantity 1200
80
~ 1000
c
3] 5
< 2
¥ 60 800 o
o =]
z S
—
600
40
400
20
200
0 0

1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018

FIGURE 1
2020. Source: Ref. 25

Norwegian farmed production of Atlantic salmon and trout and real (2020 = 1) export price and production cost per kg 1985-
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for the period 1985-2020 is 12.5%, but the growth rate declined with
increased production, and was 4.1% for the period 2010-2020. Price
and production cost largely have a similar main trend. However, the
increasing gap indicate increasing profit margins in the industry during
the latter period.’®

Asche and Bjgrndal'”

suggest that the price and cost develop-
ment is caused by underlying productivity and demand growth. Until
about 2000 productivity growth dominates demand growth as price is
rapidly declining, and as such, a lower price is a main factor in convinc-
ing more consumers to buy salmon. Over time, increasing production
despite lower cost has mostly been profitable because productivity
growth reduced unit cost as much as the price declined, but there are
cycles as the cost did not always decline as fast as the price. This is
obvious in 1986 and 1990-1992, periods that are associated with sig-
nificant disease outbreaks.”

After 2000, production continued to increase, while the price and
unit cost stabilised, indicating a more mature industry. There are also
pronounced price spikes, a sign of standard commodity price cycles.?2
Increasingly, the literature is suggesting that one entered a third phase
around 2010 as access to new production locations got highly
restricted due to environmental concerns,?>2* leading to higher prices
as production growth is indirectly restricted not only in Norway, but
in all salmon producing countries due to similar challenges.* note that
the increase in production cost may partly be due to the disease chal-
lenges, but also because it is profitable to increase cost to be able to

produce a bit more within the regulations due to the high price.

3 | INNOVATIONS ACROSS THE VALUE
CHAIN IN THE NORWEGIAN AQUACULTURE
INDUSTRY

In this section, we provide a detailed account of the most important
innovations from breeding and input suppliers through the supply
chain to the market, and also discuss regulations as a separate cate-
gory. The regulatory systems have changed significantly since the
1970s facilitating and at times encouraging development in some
directions and hindering it in others. We also note that innovation and
technology adaption process in the Norwegian aquaculture industry
often have benefitted from interactive learning processes between
actors including the aquaculture firms, and suppliers involved in
breeding, feed production, vaccination and provision of technical

equipment as well as research institutions.?®

3.1 | Farming technology

Given the knowledge transfer from trout aquaculture, the most
unique aspect of salmon farming is the grow-out phase that occurs
after the fish is transferred to salt water and that allowed much larger
fish to be produced, and this is what most often is thought of as
salmon production even though the land-based juvenile phases that

will be discussed below is equally important." The first successful

salmon pen in Norway was deployed off the island of Hitra in 1970
by Ove and Sivert Grantvedt,?” most likely inspired by similar con-
structions in other aquaculture industries. The wood, styrofoam, and
recycled tires used to construct the frame of the pen was soon
replaced by plastic and steel, allowing for larger structures as the
building of the pens was transferred to specialised producers.

Figure 2 depicts the incremental changes in the dominant salmon
production technology since the inception of the industry. In the early
1970s pens had a diameter of about 5 to 10 m, were 4 m deep, and
could be accessed from land by a gang plank. Several different pen
constructions were developed as the fish farms grew larger. With
increasing size (and depth) the farms could not be accessed from land,
and feeding barges were added. The barges were used for personnel
and for storage (primarily for feed), and increasingly sophisticated
instruments for feeding the fish and tracking activity in the pens as
well as equipment to conduct maintenance of the farm were added. In
the 1980s and 1990s, integrated steel platforms were popular. As the
industry began to use localities more exposed to wind, waves and cur-
rents, equipment that could resist increased hydrodynamic forces
became imperative. Eventually, pens became too large for steel struc-
tures and from the early 2000s on large plastic rings were used as
floaters even though this is changing with the introduction of offshore
structures. Today a typical net pen is about 50 m in diameter and
reaches 40 m below the surface.?®

Many challenges facing aquaculture both increase production
cost giving private incentives to address the issue and environmental
externalities that mandated actions or led to the use of alternative
constructions or locations to avoid the issues.? This gives incentives
to innovation. For instance, the early small farms often operated at
locations with poor water quality and oxygenation that was exacer-
bated by the farms and provided incentives to move farms to more
exposed locations. More recently, moving farms to even more
exposed locations offshore are partly motivated by lower salmon lice
levels.

The sea pens are intimately related to some of the main chal-
lenges facing the industry, as challenges with the pens can lead to
environmental externalities. In particular, escapes are seen as one of
two main threats of salmon aquaculture to wild fish,2? and is largely
caused by rifts in the nets.*° In 2011 a report on economic crime,
identified fish escape as one of three main categories of fisheries
crime.®! As a result, throughout the 2000s, preventing escape became
a driver for technology development through the Norwegian Aquacul-
ture Escapes Commission (AEC), regulations and standards. In 2004
the Norwegian technical standard NS9415 was implemented. This
standard specified requirements for the design of feed barges,
floaters, net cages and mooring systems and led to several farms
replacing their existing equipment, which in turn reduced the number
of major escape incidents.>233

The other and currently the most important environmental chal-
lenge for the salmon industry is salmon lice, which indirectly limits the
industry's access to new licences and locations due to environmental
regulations.?#343% To address challenges related to salmon lice,

escapes and area use, fish farm technology is developing new
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FIGURE 2 The open net pen technology: Changes in dimension from 1970s to present. The illustrations show that: (1) in the early 1970s, the
average size of the net pens ranged from 5 to 10 m in diameter, and the frame were commonly made of wood; (2) in the 1980s the diameter size
increased to around 10-20 m, and farmers transitioned from wood to integrated steel platforms; (3) In the 1990s and 2000s the pen size reached
30 and 40 m respectively, and consequently became too large for steel structures, leading to a shift by salmon farmers to plastic ring; (4) the pen
size continued to increase over the years and at present, the average pen size has reached 50 m in diameter and the frame are commonly made of

plastics.

concepts in several directions; offshore farming, semi-enclosed sea
pens and land-based recycling aquaculture systems (RAS).3437% For
example, in 2017, the company SalMar began operating an innovative
exposed or offshore salmon farm concept: Ocean Farm 1. This pilot
facility is 68 m high and 110 m wide and is constructed in steel. It is
fitted with 20,000 sensors for monitoring and feeding up to 1.5 mil-
lion Atlantic salmon.3¢

As the industry has been growing, several organisational innova-
tions have fundamentally changed the industry structure. More spe-
cifically, the farming technology segment became increasingly
specialised leading to the emergence of specialised equipment
(e.g., fishnets), technology and services (e.g., maintenance and logis-
tics) suppliers.®® In particular, companies such as Akva Group, Scale
AQ and Fiizk have made significant contributions to the development
of farming technology and production practices, in collaboration with
fish farmers and researchers.

An increasing part of the production process is taking place on
land partly to increase production with the current licences and partly
to avoid the licences, but also giving more control with the production
process. In Denmark and the United States, there are plants where
the whole production cycle is on land.%’

In addition to the sea pens and platforms, different types of equip-
ment have been introduced to increase control and efficiency or to
save labour. The first important innovation was automatic feeders, and
as early as the 1990s there was discussion with respect to the effi-
ciency of manual versus automatic feeding.*° Increasingly advanced
systems for monitoring of the fish and the water column include sonar

and computer-vision technology, in which video from subsea cameras

and sensors are fed into computer-vision algorithms to gauge variables
such as fish size and sea-lice infestation.**

In the 2010s many of the traditionally labour-intensive mainte-
nance activities in the production processes have been outsourced to
independent companies, making each function more specialised.
Recently, the larger firms have started to move the control functions
on land to centralised locations that are monitoring feeding and the
fish at a number of locations.*?> As such, several tasks have been
moved away from the farms. Employees at the fish farms still super-
vise the condition of the farm and the fish, conduct lice counts and
participate in operations such as delousing.

3.2 | Juvenile production

Juvenile salmon production involves hatching eggs to produce first
fingerlings or frys and grow these to smolt. Initially, the juveniles were
reared in tanks only for the first few days after hatching as the smolt
mostly were kept in pens in freshwater lakes. In the 1970s transfer-
ring the entire process indoors in tanks offered a higher degree of
control.*>** The majority of the hatcheries and smolt production facil-
ities in Norway were built in the 1980s and were technologically
based on a so-called flow-through-system where water from a river is
led through the plant to provide highly oxygenated water.** Since the
mid-2000s most new plants as well as upgraded older plants use RAS
that are designed to significantly reduce the required water by recy-
cling it. Water recycling involves the removal of particles using

mechanical filters or sludge basins, carbon dioxide venting as well as
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removal of metabolites by biological filtration. The technology enables
a higher degree of control of critical growth factors such as tempera-
ture and water quality, and environmental risk factors such as escapes
and minimises spills of polluted water.*>4#

Over the years, the equipment used in juvenile production has
become more efficient, with higher speed (e.g. feeding and sorting
machines) and larger volumes. Furthermore, the sizes of tanks used in
the production have increased steadily, in turn contributing into mak-
ing the operations physically less demanding for the employees and
more careful handling of fish.**> Several notable innovations have
improved the juvenile production process such as the use of artificial
light to control and accelerate the smoltification process, an innova-
tion that allows for producing smolts throughout the year. The juve-
nile production process has also been significantly impacted by
several of the innovations to be discussed below as this is where vac-
cination takes place, and the breeding programmes have reduced the
production time from over 2 years to as little as 8 months for a smolt
of about 80 g.

Until the late 2000s, the smolt size was relatively stable at 80 to
100 g and most of the breeding gains in terms of faster growth was
taken out in terms a shorter production cycle on land. This made good
economic sense as the land-based smolt production is more capital
intensive than sea pens. In recent years the increased difficulties in
obtaining new licences have also impacted smolt production as com-
panies try to improve the utilisation of the existing licences by moving
parts of the production on land, a feature that is also beneficial in lim-
iting the impact of salmon lice. Many plants are now the producing
larger smolts (250-500 g), and the first stages of the salt-water pro-
duction process is also taking place in land-based tanks giving what is
referred to as post-smolts.*> These are now being produced at size up
to 1 kg, although this is (still) exceptional. As such, the smolt plants
have pioneered several aspects of land-based salmon farming and are
making the line between juvenile production and the grow-out phase
increasingly blurred.

The smolt producers also illustrate another important feature of
the salmon industry. The innovations at the smolt production stage by

25

Price
Cost
20 .
Quantity
o
S 15
€
wv
~
S
= 10
5
0
o o < o e} o o < [¥e)
D (2] D D D o o o o
(<)) ()] a [o2] (<)) o o o o
i i i i — o~ o~ o~ o~

input providers reduced the smolt input cost in the grow-out
phase.**¢ Figure 3 shows the juvenile production in the period
between 1990 and 2020 together with average real price and unit
cost. It is not accidental that this figure largely reflects Figure 1 with
rapidly increasing production, the price and cost decreasing rapidly
until the early 2000s, and thereafter starting to increase. However,
here the main reason for the increased production cost is a deliberate

decision in the form of producing larger smolts.

3.3 | Fish health

As all biological industries, salmon aquaculture is exposed to disease
due to the high biomass concentrated in a limited area. By the mid-
1980s, the industry was grappling with challenges related to high mor-
tality rates due to disease, and more specifically, infectious bacterial
and viral diseases such as cold water vibriosis, furunculosis, infectious
salmon anaemia (ISA), and Pancreatic necrosis (IPN). This in turn led to
an increase in the usage of antibiotics in the sector through the 1980s

that was even faster than the production growth,*”

causing significant
local pollution challenges. However, the control with the production
process that allows systematic R&D to be undertaken to enhance
growth also can be used to address challenges.* A new sub-discipline
of veterinarians, fish-veterinarians, was created leading to knowledge
that led to better hygienic and handling practices, and in the late
1980s several companies introduced oil-vaccines to protect against
vibriosis, and then multi-valent vaccinas that also protected against
furunculosis.

Due to the introduction of oil vaccines, the industry's antibiotics
consumptions were reduced by 99% around 1990.? The development
of vaccines has been one of the most crucial research-driven innova-
tions in the Norwegian aquaculture industry*® in that it enabled the
industry to prevent dramatic outbreaks of damaging diseases.

In addition to diseases, parasitic salmon lice infections have been
another major challenge for the industry.3°4*° A number of
approaches have also been developed to treat against salmon lice.>®
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FIGURE 3 Norwegian smolt production and real (2020 = 1) price and production cost per smolt, 1990-2020. Source: Ref. 25
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As is too often the case when treatment is the attempted solution to
a regularly occurring health issue, resistance start to develop.3#°1>2
As such, the industry is currently using a host of approaches including
chemical treatments, feed additives and cleaner fish. While feed addi-
tives and cleaner fish may have some prevention effect, effective pre-
vention remains elusive. The existent mix of approaches largely
controls the salmon lice levels at the farms at a significant cost, 43>
but as the impact on wild salmon stocks is regarded as unsustainable,
the largest cost is most likely the foregone growth caused by strict
regulations.*’ In fact, salmon lice levels are now the main indicator
being used in a ‘traffic light” system introduced in 2017 to determine
not only growth in production capacity, but also reduction.”>>*

In 2017, a new vaccine against IPN was introduced, and a DNA-
based vaccine for immunisation against ISA has for the first time been
approved for use in farmed fish in Norway. The industry is also cur-
rently exploring other innovative solutions such as the use of dip vac-
cines and nanoparticles. Overall, these innovations have made it
possible to maintain relatively healthy and high-quality fish stocks at
cost levels that is economically sustainable. This rapid development of
knowledge about fish health makes the aquaculture industry in gen-
eral and not only the salmon industry better prepared for new dis-
eases that are bound to show up. Still, the assessment that diseases
will be the most important challenge for aquaculture development

globally is likely to remain true.>®

3.4 | Breeding and genetics
Systematic breeding programmes select for specific traits in a popula-
tion that makes the organism more productive for a specific purpose.
This has been essential in terrestrial farming to make animals and
plants grow faster and bigger and adapt to specific environments.
Salmon was one of the first aquatic species where a systematic breed-
ing programme was developed, and the history of salmon breeding
can be traced back to the early 1970s. Professor Harald Skjervold is
credited for pioneering salmon breeding drawing on knowledge and
techniques developed for cattle breeding. A systematic breeding pro-
gramme was instigated with the creation of AKVAFORSK, a publicly
funded company, in 1971. To obtain a broad genetic base, AKVA-
FORSK collected fertilised eggs from 40 (out of about 400) Norwe-
gian rivers that had stocks of wild Atlantic salmon. Based on this, four
generations (i.e. the growth cycle for the breeding stock is 4 years)
were formed in order to provide stock for the farming industry.>®
Initially, the main focus of the breeding programme was improved
fish growth, and the breeding process has been highly successful in

fostering faster growth.>”

The freshwater phase has been shortened
from over 2 years to between 5 and 12 months, and also allow for a
continuous transfer of juvenile salmon (smolts) to the sea rather than
just a spring transfer as in the early decades of the industry or a spring
and a fall transfer as was common from the 1990s to the 2000s.*®
The sea phase has also been shortened from over 2 years to just over
a year while the average harvest size has increased.’”’ From the

1980s onward however, as the industry started to grapple with fish

diseases, one started to breed for more traits, and different companies
could select different weights. Selected traits included the salmon's
body shape, fillet colour, meat content, feed utilisation, fat distribution
and slaughter quality as well as resistance against different
diseases.>*~>8

Over the years, both the publicly funded and private breeding
companies have developed and established the most advanced breed-
ing systems for fish and shellfish worldwide®? although the pro-
grammes are more and more dominated by private companies.®® The
breeding programmes have contributed to increased growth and
thereby reduced production time, a higher salmon sexual maturation
age, better feed utilisation, lower mortality and improved fillet qual-
ity.*> This has been further bolstered by breeding activities focused
on diseases resistance.®® The combination of molecular technologies
into existing breeding programmes has significantly accelerated the

genetic improvement of some aquaculture species including salmon.®?

35 | Feed

Feed is the input factor with the highest cost share. As scale and pro-
duction efficiency improved feed cost share increased from around
25% to over 50% in the 2000s but is has declined to 45% in recent
years as other costs has increased, primarily due to disease challenges
and increased use of contractors.'* Given the high cost share the
potential value of innovations is largest for feed, it is not surprising
that some of the most important innovations have taken place within
the fish-feed segment, and also that this was one of the first inputs
where a sector of independent suppliers developed.* The first feeds
(after feeding trimmings and bycatch) were what was known as wet
pellets created at the farm using trimmings form wild fish processing
plants, using knowledge from production of fur-bearing animals such
as mink and fox.>? In 1982, the dry pellet was ‘invented’ or adapted
from animal feeds by the company Skretting, setting the stage for sys-
tematic research into the composition of the pellets.

Initially, nutritional knowledge for salmon was limited, as was the
physical behaviour of the pellets. The early pellets consisted of up to
80% fishmeal and fish oil as these contained the ‘natural feed’ of the
salmon bound together by wheat, and with the astaxanthin added to
obtain the salmon colour of the flesh.}”™

An early environmental challenge for the industry that also cre-
ated economic waste was the fact that uneaten feed was sinking
through the pens and amassed nutrients at the bottom bellow the
pens. By changing the physical composition of the pellets, the industry
was able to create slower sinking feed that reduced the pollution sig-
nificantly, and also improved the feed conversion ratio.*’

The industry's dependence on marine ingredients became both an
economic and environmental concern in the mid-1990s. The eco-
nomic concern was due to the fact that aquafeed became the main
use of fishmeal, potentially creating upward pressure on prices
thereby increasing cost.®® The environmental concern was the fear
that increased demand for fishmeal would lead to increased fishing

pressure and over-fishing of the small pelagic fish stocks that was the
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1.°4 However, improved nutritional knowl-

primary source for fish mea
edge was applied to substitute the marine ingredients mostly with
plant-based ingredients.®®> Today, marine ingredients only constitute
about 25% of the average salmon feed, as the aquafeed contain about
75% plant ingredients,®® and Ytrestgyl et al.®” argues that salmon
aquaculture is now a net contributor of marine protein.

There is a rapidly increasing knowledge about the nutritional
requirement which may further change the feed composition. For
instance, there are avenues of feed innovation using micro- and macro-
algae as well as insect meal as replacements for fish meal. Furthermore,
plant oil such as palm oil and rapeseed oil have emerged as interesting
candidates to replace fish oil. However, so far these ingredients do not

seem to be competitive on cost.®?

However, the main message is clear:
Salmon needs nutrients and not marine ingredients. With sufficient
nutritional knowledge, in the not to distant future the production of
salmon feed is likely to resemble the production of most animal feeds
where linear programming models are used to find the mix of ingredi-

ents that gives a feed of a given performance at the lowest cost.

3.6 | Primary fish processing

In the early days of the industry, the salmon were slaughtered at the
sea cage and thereafter brought ashore. With the growth of the
industry the slaughtering process became specialised and conducted
in processing plants constructed for this purpose. As a part of this pro-
cess the fish was transported to harvesting plant, kept in waiting
cages to starve a few days for quality purposes before they get
slaughtered. Early on, fish processing companies had to wait for
approximately 3 days for the fish to come of rigour to start the pro-
cessing. Improved knowledge facilitated pre-rigour filleting, which
entails slaughtering and filleting before the fish enters a state of stiff-
ness, often on the same day became prevalent. This process was
found to be advantageous both in terms of cost and fish quality, as
this substantially reduced the time to market (by 3-5 days).68 Alterna-
tively, as just-in-time logistic chains were developed, the fish went
through rigour on a truck, and secondary processing was conducted at
a plant closer to the consumer.

For animal welfare reasons there is a requirement that the salmon
is anesthetised before they are killed. Fish should die from blood loss
from the brain and this is practiced by cutting arteries in the gill
arches.®® Previously, there was a perception that the use of CO, dur-
ing anaesthesia was the most important reason for stressing fish and
shortly before death stiffness (rigour). As a result, the use of CO, was
banned in 2010 for fish welfare reasons. Handling of live fish in con-
nection with the slaughter process are believed to cause a stress for
the fish. Thus, it was imperative to find solutions that make the pro-
cesses as gentle as possible, both for animal welfare reasons and for
the product quality. Accordingly, in recent years, alternative methods
of anaesthesia have emerged in the industry. These include using elec-
trical currents, and blow to the head to make the fish unconscious.®®
Over time, the salmon harvesting and processing have increasingly

become more and more automated and robotised.®’

The harvesting plants have become larger, and despite the
increased production, fewer. This has increased the distance between
them, and a separate industry, well-boats have developed to transport
the salmon from the farm to the processing plant. Recently, vessels
with slaughtering facilities on board have also been introduced”® to
shorten the process and reduce land-based capital requirements. In
one controversial case, the Norwegian Gannet, the vessel is designed
to conduct the whole primary processing process and land the fish in
Denmark and the UK. This may be efficient, but is challenging the
social acceptance of the industry as it is removing jobs from coastal
communities.

At present, well boats are also being used to carry out lice treat-
ment along the edge of the cage.”* Well boats have rooms, tanks, or
‘wells’ where fresh seawater circulates, so that the fish can be trans-
ported live. The development of well boats and the technology for
transporting live fish in boats has followed the pace of the Norwegian
aquaculture industry in general. In the 1980s to 1990s, rebuilt fishing
boats with a capacity of 60 m® were used. At that time, a typical well-
boat carried 10-20 mt of fish and was usually no longer than
14.99 m. In the 2000s, typical well boats carried 100 mt of fish. In
recent years, the well boats have changed in size and used increas-
ingly newer and more sophisticated equipment. This includes methods
for loading and unloading fish, as well as for counting and sorting and
for monitoring and adjusting the water quality.”? In the year 2022, the
largest well boats can carry up to, and many have a length of
70-80 m. Thanks to the investments in the development of new tech-
nology for well boats, high-tech ships with up to 2600 m® of cargo
capacity (c. 1200 tonnes of fish), water treatment plants and purifica-
tion equipment are now being widely used in the industry.”? Larger
cargo volumes mean lower shipping costs per fish and hence cost
savings for both salmon farmers and the end buyers.

3.7 | Regulations
The governance system and regulations impact all aspects of the inno-
vation and technology adaption processes. However, the regulations
are in themselves highly important for the industries environmental
and economic sustainability,”® and they are recognised to be a main
barrier for the development of significant aquaculture production in
many developed countries®’# despite strong aspiration to grow.”>7%"
Hence, innovations that are relaxing regulatory constraints can be as
valuable as knowledge or technological innovations.*®

The Norwegian aquaculture industry has since its inception been
subject to numerous regulatory regimes.”” These are important as the
constraints of the regulatory system in themselves gives incentives to
innovate, as an innovation that relax a regulatory constraint is as valu-
able as genuine productivity growth for any company. In recent years,
the government has also been using the regulatory system actively to
incentivise innovations particularly with an objective of making the
industry more environmentally friendly.?3?* The most important fac-
tor is that a number of tools have been used to limit production

indirectly.
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The regulatory system was established in 1973 with several
objectives, where the most important was to support coastal commu-
nities and avoid over production.2¢°45? Over time, the importance of
environmental sustainability has increased and social objectives has
largely but not completely disappeared. Initially, ownership was
restricted to one farm with a cap on production volume regulated by
the net pen volume. This was originally set to 8000 m?, reduced to
5000 m® in 1975-1978 and down to 3000 m* in 1981, before later
being increased to 5000 m® in 1983, 8000 m? in 1985 and finally to
12,000 m® in 1988. From 1989 onwards the regulation was calculated
down to a depth of 5 m. Hence, farmers could increase production by
using deeper net pens, and naturally deeper pens were developed.””

Stricter enforcement of environmental regulation in the 1990s
led to the use of more exposed production sites, enabled by techno-
logical improvements in pen technology.”® Despite a moratorium on
new licensing rounds during the 1990s, production grew 4-5-fold,
driven by better production sites, improved pen technology, deeper
net pens, and vaccines.

In 1991, the ‘one farmer, one licence’ system was abolished, lead-
ing to a restructuring of the industry which is still ongoing.”® There
were no restrictions on the size of a farm, and the larger companies
quickly found out that operating more than one licence at a farm gave
scale economies. There exists no maximum size on a farm, although in
practice they are limited by the environmental carrying capacity of
any specific location. This is a licence required to operate at any
location.&°

The rapidly increased production in the 1980s led to a downward
pressure on price that caused trade tensions between Norwegian pro-
ducers and competing salmon farmers in the United States and
EU.81"8* To resolve the issues with the EU, Norway imposed self-
regulating measures to try to limit production growth. The most
important was feed quotas, putting a cap on the amount of feed that a
farmer could purchase annually, introduced in 1996. Salmon farmers
responded to the imperfect regulation by changing the composition of
feed.”” In 2005, a system of maximum allowable biomass (MAB)
regime, restricting the amount of biomass companies could have in
the farms to a maximum of 780 tons for most regions and 945 tons
for the northernmost production regions (due to less favourable water
temperatures). This system gives incentives to flatten the seasonal
cycle and increase production by harvesting smaller fish.8°

The increasing environmental challenge cause by salmon lice has
led to an increasing regulatory focus on this parasite.2*%¢ So-called
green licences were introduced in 2013 followed by development
licences in 2015 to promote the development of new technologies
and/or innovative solutions that could solve the environmental prob-
lems of the industry particularly pertinent to problems associated with
lice.24>477° The licensing scheme resulted in new delousing measures
and actions to be implemented by fish farmers. These include bio-
chemical as well as mechanical innovations, such as hydrogen perox-
ide baths, application of ‘hydro-licers’, or the use of cleaner fish.87:%8
In addition, in 2017 what is known as the traffic light system was intro-
duced. The objective of the system is to prevent lice-induced mortal-

ity for wild fish stocks and introduce 13 production areas along the

Norwegian coast where farmers are allowed to increase their MTB if
the salmon lice status is green and where all have to reduce their pro-
duction is it is red.”” The salmon lice challenges have motived innova-
tion into pre-emptive measures such as barrier technologies, for
example, snorkel cages and lice skirts, traps, filters, repellents, light
modification, electricity fences, ultrasound, vaccinations, breeding,
closed containment technology,®® and laser technology®’ as some
examples. It also incentivises new production concepts such as land-
based farming or large smolts outside of the traditional regulatory

system.374°

4 | DISCUSSION AND CONCLUSIONS

As in most aquaculture industries, the original Norwegian salmon
farmer was an entrepreneur, who was also a ‘Jack of All Trades’ in
that the farmer had to do everything involved from building the farm,
raise the fingerlings, mix the feed and harvest the fish. As the industry
grew, there has been a dynamic process of innovations that has
enhanced productivity and increased the control with the production
process. This has largely been conducted by new supplier industries,
where the specialised suppliers identified the growing industry as a
market, and competition between suppliers lead to innovations giving
better inputs at a lower cost.**3%¢ provide a good example of this
process for smolt production. However, similar processes took place
first for the main components such as the pens and the feed, and then
for an increasing number of more specialised functions. Today, there
are specialised suppliers for a wide range of equipment like sensors
and control systems as well services such as veterinary tests, net
cleaning and research. As such, an increasing part of the employment
associated with the industry is in different types of suppliers.

A common thread is that the size of everything has increased in
salmon aquaculture; the production, the fish, the pens, the farms, the
feed barges, the well-boats, the processing plants and the firms. This
suggest that innovations are also important for creating and allowing
economies of scale to be exploited. Innovations have generally been
scale-biased or scale-increasing, and through the value chain from
smolt production via sea transportation and grow-out farming to pri-
mary processing the optimal economic scale has increased. Not unex-
pectedly, many of the most radical innovations occurred early in the
history of the industry, and later innovations are mostly smaller pro-
cess or product innovations which in sum provides a powerful gradual
process. However, there still occur radical innovation as exemplified
by offshore and land-based farming. It is also interesting that public
incentives in combination with the regulatory system is facilitating
such innovations.

The innovations provide more technological opportunities for
salmon aquaculture than we have ever seen before. Innovations in
open and closed production systems from land-based or onshore to
offshore ocean allow for several new value chain configurations, as
depicted in Figure 4. These new production technologies have the
potential to both reduce firms' internal production costs, as well as

reduce the external costs of environmental emissions, diseases and
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Current production stages:

olt, onshore
Smolt, onshore

olt, onshore

FIGURE 4 Current and possible new configurations of farmed salmon production

salmon lice. As of now, no-one knows what is going to be the produc-
tion concepts used in salmon farming in the future, or even whether
there will be one dominating one or several parallel concepts used.
However, it is highly interesting that the basic production technology,
open sea pens, are being challenged, and that all the new concepts
increase the control with the production process and thereby the
potential for further innovation.

The innovation system that has helped create the salmon industry
has been rapidly growing with the industry. It consists of the aquaculture
companies themselves, the suppliers, research institutes and universi-
ties.”® provide survey data for 2015 which indicate that 12.9% of the
research is conducted at universities, 20.5% at research institutes and
56.5% in private companies. This is funded 61.1% by companies, 1.9%
from foreign countries and 37% from public sources. In 2015, the total
funding was 2.3 billion NOK. There are of course also other aspects of
the industry structure that is important. In particular,*® Asche et al.?*?
show that firms located in industry clusters are more productive.

In this paper, we have only discussed the production part of the
supply chain. However, as consumers in general only care about the
price they are paying, innovations in the supply chain are equally impor-
tant for the competitiveness of any industry. Asche and Smith*® argue
that the supply chain for salmon is highly competitive relatively to most
other seafood species, while Asche et al.”® show that the supply chains
for salmon is still lagging behind chicken in many dimensions. Hence,
there is still significant scope for innovations also down-streams in the
supply chain. This includes not only logistics and product development,
but also perceptions of the species. This is particularly important for
salmon since there is a number of issues with respect to its environmen-
tal sustainability that can at least partly be addressed by certification.”*
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ENDNOTES

2 Some recent examples for salmon include,33?° while Mitra et al.”*®” pro-
vide examples for other species.

b Atlantic salmon may spawn more than once, in which case it would
repeat the feeding cycles, but normally it does not.

¢ Brood stock is kept in separate locations to facilitate the egg and yolk
production for the next generation.

d A similar process took place in other countries and most notably in Scotland.
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¢ Asche and Bjgrndal” provide more detail about the growth of the indus-

try, while Landazuri-Tveteraas’® provide more information about the
trout. The regulatory system for the two species is identical, and it is the
same licence required to farm salmon or trout.””

f Several studies discuss aspects of the increased profitability of the
Norwegian salmon industry, including Asche et al.”>??71°1 With the
increased size of the industry, tools to address economic risk has also
been introduced, including futures markets.”%102

& A similar development has taken place for a number of other species
based on observed prices and production, for example, Nielsen et al.,*%%
although data series for cost over time do often not exist. One other
example where such data exist is U.S. catfish,'°* where most of the cost
reduction and therefore innovation took place in the 1970s, that is
before it occurred in salmon aquaculture.

P The land-based trout industry still largely produces portion sized fish at
around 0.5 kg,”> while a farmed salmon has an average harvest weight
around 5 kg.®®

' There are also studies that suggest that imperfect regulations can exacer-
bate environmental problems.8”

J Although there are competing users of areas in the coastal zone, access
to unexploited suitable natural environments is not necessarily a major
limiting factor for Norwegian aquaculture.10%10¢

K RAS is a rapidly developing technology adapted for a number of species
around the world including salmon.

' There are of course also economic considerations with respect to when
the salmon is harvested.®”1°® Oglend and Soini®> show that in recent
years average harvest weight has declined somewhat due the tightly
binding maximum total biomass regulation as this increase the average
growth rate.

™ In nature, the salmon obtain astaxanthin by eating crustaceans, and early
on the astaxanthin in the feed was extracted from wild shrimp. However,
this was quickly replaced by synthetically produced astaxanthin.

" A part of the challenge is complicated regulations with conflicting
jurisdictions,109 which in the worst examples create anti-commons
problems.211°

° It is worthwhile to note that there are also so strong incentives associ-
ated with the development licences that they may appear as develop-
ment subsidies.>*
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