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Abstract 

Expanding knowledge on sea lice erradciation methods is essential to maintaing fish welfare 

and profitiablety in salmon farming. Innovation is prevelant within mechanical and 

medicinal treatment, with millions of pounds sterling of investments into removal techniques 

such as the Thermolicer. A biological erradication alternative to medicinal and mechanical 

treatment is the use of cleanerfish, which has seen a considerable increase in interest over 

the past decade. The use of wrasse and lumpfish allow the removal of sea lice all year round, 

without the use of chemicals or mechanical treatments. In order for these cleanerfish to 

perform effectively, husbandry is key. Within the husbandry reqirements is the placement of 

habitats in salmon cages, to allow the cleanerfish to rest and shelter. Habitats currently used 

can be costly, and require manual labour efforts to be removed from salmon pens in order to 

dry biofoulants which could potentially be an unwanted food course for the cleanerfish. This 

study analysed preference of different materials from a recycled fish farm source, as well as 

colours, to develop a cost effective, easy to use, lumpfish hide for sea pen deployment. 

Preference trial results showed significantly more lumpfish were found on flat sheets of 

plastic than all other materials, and the colour black over all other colours. This was taken 

into account, and an easily folding lumpfish habitat was developed and placed into a salmon 

pen in Scotland. Lumpfish frequency of the end habitat was analysed using an attached 

GoPro, with lumpfish observed activly using the habitat over a 75 minute time frame. Large 

scale development of the habitat is now underway for use in Scotland.  
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1. Introduction 

With a rising human population and the subsequent need for sustainable protein sources, 

aquaculture is becoming an increasingly important industry worldwide (Little et al., 2016). 

Driven by large profit margins, salmonid aquaculture is responsible for approximately 7% 

of fish production worldwide (Aaen et al. 2015). However, the salmon farming industry 

faces a plethora of challenges in maintaining the welfare of their stock throughout the full 

cycle in order to reach the desirable weight for harvest. The largest biological challenge is 

the caligdae ectoparasite, Lepeoptheirus salmonis, which can cause significant external 

damage leading to the increased probability of secondary infection, osmoregulatory 

imbalance and related stress (Wootten et al., 1982). The subsequent husbandry practices in 

place to alleviate the success of this parasite results in a large financial commitments, with 

sea lice control measures costing the industry 700 million dollars globally in 2015 (Abolofia 

et al., 2017).  Additionally, the reduction in growth due to health impacts is predicted to 

result in a 16% reduction in production biomass, equating to 9% drop in farm profits 

(Abolofia et al., 2017).  

The drive to reduce the negative health effects associated with the parasite has caused the 

industry to develop innovative ideas to combat population outbreaks. For example, the 

Thermolicer and Hydrolicer cause sea lice displacement through increased water 

temperatures and pressures, with high removal success. However, there are associated high 

costs with sea lice eradication methods, as well as growth lost through starve days, time 

consuming practices, and manual labour needs. The use of cleanerfish as a biological 

grazing technique for sea lice removal has been a popular eradication method since 2010 

(Brooker et al. 2018). Two species are used in the salmon sector, wrasse (Labridae) and the 

lumpfish Cyclopterus lumpus. The species can reduce the need for antibiotic treatments and 

are less stressful for the farmed salmon in comparison to medicinal and mechanical 

treatments (Treasurer 2002). However, wrasse exhibit winter dormancy, proving ineffective 

delousers below 6˚C (Kelly et al. 2014), therefore increasing interest in the use of  C. 

lumpus, which can target the parasite across all seasons (Imsland et al. 2014; Powell et al. 

2017).  In a study by Imsland et al., (2014), using 6 cages (5x5x5) stocked with salmon and 

a lumpfish mix of 10%, there was up to 97% reduction of female lice over a 54 days, a 

significant reduction in comparison to the control cages with no lumpfish present. The 

effectiveness of C. lumpus has resulted in substantial hatchery growth in Scotland and 
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Norway, with 50 million lumpfish deployed in Norway in 2018 (Waatewik, 2018). Costing 

approximately £2 per lumpfish, there are large financial commitments connected to 

cleanerfish from hatchery production, sea pen deployment, and sea pen welfare (Powell et 

al. 2017). This drives an increase in cleanerfish research, innovation, and husbandry 

practices. However, with this rapid expansion of the new cleanerfish sector comes 

associated challenges, as the introduction of a new species means new Standard Operating 

Procedures to ensure husbandry protocols are met, and cleanerfish health is maintained 

throughout the salmon cycle. In order for effective sea lice removal, maintaining C. lumpus 

welfare is crucial. Health challenges occur at both the hatchery and sea pen stages, and 

certain pathogens still do not have effective vaccines, resulting in the potential for large 

scale mortalities (Brooker et al. 2018). There are still knowledge gaps in the basic biology 

of cleanerfish and the best practices which should be in place from hatchery to sea pen, and 

prolonged research is essential for the successful simultaneous domestication of the two 

species in salmon pens. Underwater cameras have been used to analyse lumpfish behaviour, 

concluding the species is more active during the day, and resting on structures during the 

night (Imsland et al, 2015). Enabling lumpfish to have areas to rest is an accepted method 

of reducing health deterioration in cleanerfish, with the placement of habitats in the salmon 

cages designed to mimic the lumpfish’s natural environment. These habitats, or hides, are 

often very expensive, made with plastic sheets which resemble kelp, which is often the 

habitat wrasse and lumpfish reside in their natural environment (Ingólfsson and 

Kristjánsson, 2002). Due to residing in a marine environment, growth can start to 

accumulate on these habitats, leading to the need to pull them out of the salmon cage to 

allow the material to dry and the marine growth to be removed. This results in manual labour 

and time associated costs with artificial kelp products.  

There are few published research papers analysing lumpfish habitat preferences in salmon 

farms, with a study by Imsland et al., (2015) analysing lumpfish substrate preference, 

concluding a preference for smooth plastic. An additional substrate study by Imsland et al., 

(2018) concluded that lumpfish adhered to PVC plastic during trials with increased water 

speed. The increased water speed rates in the Imsland et al., (2018) study highlighted the 

differing environments salmon farms are located, with varying tidal currents and exposure 

to storm surge. Lumpfish are placed into these environments after the more sheltered 

hatchery period of their life cycle. Therefore there needs to be focus on substrate 
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development in the open pen stage of the farmed lumpfish life cycle to ensure there is 

adequate shelter during increased water current speed and motion.  

Further insight into preference for differing plastic types could be crucial for developing the 

most effective habitat for lumpfish, and cost implications should be taken into account. One 

method which could be used to minimise costs is through upcycling of waste materials from 

the salmon farming industry. To ensure C. lumpus welfare is maximised, this project aims 

to develop an improved and cost efficient lumpfish hide for sea cage deployment.  

1.1 Research aims 
 

 To determine potential materials for lumpfish hides by using a cost-benefit analysis, 

incorporating material characteristics and previous results from Imsland et al. (2015).  

 To use recycled fish farm waste materials as a determining factor for material selection 

 To determine preferences for selected materials using lab and field trials. 

 To gain knowledge from Mowi (previously Marine Harvest, and Mowi will be used 

throughout this report) staff on the pros and cons from current hides in place to use in 

the development of the future habitat. 

 To develop the design for an improved and standardised eco-friendly, cost efficient 

lumpfish hide design for sea cage deployment by using trial results and cost-benefit 

analysis of materials. 

 

1.2 Research Questions 

 Which material is preferred by C. lumpus? 

 Which colour is preferred by C. lumpus? 

 How can laboratory results be utilised in developing a hide design for salmon farms? 

 

 

 

2. Literature Review 
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2.1 Aquaculture 

Aquaculture is a diverse industry involving the cultivation of a broad array of species, from 

kelp (Nilsen, 2018) to tuna (Buentello et al., 2016) (figure 1). With a rising human 

population and the subsequent need for sustainable protein sources, aquaculture is becoming 

an increasingly important industry worldwide (Little et al., 2016). It is predicted that by 

2026 world seafood consumption will reach 22kg per capita, and increase from 15kg in 1980 

(FAO 2018)  With reliance traditionally within wild caught fisheries, an increase in demand 

and plateauing of natural resources has but increased pressure on the aquaculture industry 

(figure 2). With this drive to fill a worldwide demand and the potential for large profit 

margins, the aquaculture sector is continuing to drive innovative techniques to improve 

practices and production efficiency, with aquaculture predicted to surpass capture fisheries 

in near future. In 2016, 171 million tonnes of fish was produced, with 90.9 million from 

fresh and marine capture fisheries, and 80 million from aquaculture production (FAO 2018). 

(Gentry et al., 2017) concluded that with aquaculture techniques, current wild caught fishery 

production could be matched using less than 0.015% of the ocean due to high density 

growing methods. Although there are environmental benefits such as higher biomass 

production in smaller areas, the industry also faces challenges. There are continued efforts 

to close the life cycle of species to remove the reliance on wild populations (Hora and 

Joyeux 2009), and reduce nutrient load into natural environments from food and faceal 

waste (Neto and Ostrensky, 2015).  

 

 

 

 

 

 

Figure 1. Left: Kelp farming example, taken from 

https://everwideningcircles.com/2018/07/04/kelp-farming/. Right tuna farming example, 

still taken from https://www.youtube.com/watch?v=0wSL8wx_ffU.  

 

https://everwideningcircles.com/2018/07/04/kelp-farming/
https://www.youtube.com/watch?v=0wSL8wx_ffU
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Figure 2. World capture fisheries and aquaculture production – excludes aquatic mammals, 

crocodiles, alligators and caimans, seaweeds and other aquatic plants. (FAO, 2016) 

The species with the highest harvest rates globally are the Pacific Oyster (Crassostrea gigas) 

and silver carp (Hypophthalmichthys molitrix) (FAO 2018) which are grown for human 

consumption. However, in addition to protein food sources, the cultivation of specific 

species can be used for a wide variety of niches, including the production of biofuel, nutrient 

extraction to reduce eutrophication, and use in cosmetics and drinks (Guo et al., 2013, Gren, 

Lindahl, and Lindqvist 2009; Spolaore et al., 2006). This shows the near infinite potential 

the sector has (Gentry et al., 2017).  

2.2 Salmon farming 

The most common farmed salmon species is Atlantic salmon (Salmo salar), reared from egg 

to harvestable size in approximately 2 years (FAO 2018) (figure 3). The species is 

anadromous, meaning it lives in both fresh and saltwater at different stages of its life. 

Meaning the aquaculture process also involves freshwater hatchery rearing before transport 

to cages in the marine environment. The cages used to grow the salmon are most commonly 

found in open marine environments, with free movement of water from inside and outside. 

This free movement of water allows external bacteria and parasites to enter the dense salmon 

population and can cause long term damage to the stock if there is no external intervention 

(Krkošek, 2017). Even with these challenges, in 2018 the largest salmon company in the 

world, Mowi made 3649.4 million euros turnover.  
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Figure 3. Mowi profit margin (eur million) in 2017. Taken from Mowi.com.  

The holistic salmon farming process is very complex with four main sections (figure 4). 

Parental flesh samples from female stock enable genotyping to select the most beneficial 

salmon stock traits (Harvey et al., 2018). The eggs are then fertilised with broodstock milt 

in order to get the desired genetic mix for a successful farmed salmon life cycle (Norris, 

2017). Fertilised eggs are incubated in freshwater tanks and hatch into alevin after 

approximately 500 – 650 degree days. Once the alevin weigh around 6g they are moved to 

allow growth into parr in larger tanks or open net cages in lochs or lakes. Salmon are 

anadromous, and once parr reach 60-80g they undergo a physiological change enabling 

them to survive in saltwater. The physiological change happens at a molecular stage, with 

the molecular ‘pump’ in the gills reversing to remove sodium instead of the cellular gradient 

allowing the movement of sodium into the cells (Fraser et al., 2011). The now named smolts 

are transferred to saltwater environments, most commonly open net cages, where they are 

grown to harvestable size of approximately 4.5 – 6.5kg. In 2016, 1.4 million tonnes of 

salmon were harvested worldwide, with the largest proportion from the market dominater, 

Mowi (figure 5).  
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Figure 4. Salmon farming steps  with brief descriptions, taken from mowi.com.  

 

 

 

 

 

 

 

 

 

 

Figure 5. Salmon harvests from industries largest companies. Taken from 

https://salmonbusiness.com/these-are-the-worlds-20-largest-salmon-producers/  

https://salmonbusiness.com/these-are-the-worlds-20-largest-salmon-producers/


9 

 

2.4 Sea lice 

The external environment salmon are grown in after the hatchery rearing process results in 

a plethora of challenges in maintaining the welfare of their stock throughout the full cycle 

in order to reach the desirable weight for harvest. Diseases such as Cardiomyopathy 

syndrome, pancreactic disease and bacterial kidney disease can wipe out entire salmon 

stocks but can be tackled with the use of antibiotics. A problem which cannot be resolved 

with a pharmaceutical approach however, is in prevention of sea lice outbreaks. The sea 

louse, specifically Lepeoptheirus salmonis, is a caligdae ectoparasite impacting the salmon 

farming industry at an alarming rate. The high biomass residing in salmon farm cages, in 

addition to favourable abiotic conditions, can result in a high abundance of L. salmonis and 

resultantly increased sea lice related mortalities. With a life cycle including free swimming, 

sessile and fecund developmental stages, this ectoparasite thrives in salmonid dense sea 

cages and impacts farmed and wild salmon on a broad ecological spectrum. Preventing these 

infestations as well as eradicating existing ones is a main focus for the salmon farming 

industry. Abolofia et al., (2017) estimated that sea lice related mortalities and prevention 

methods resulted in a cost of US$436m to the Norwegian fishing industry, and in 2016  

production costs for Mowi (the largest salmon farming company worldwide) went up 22.9% 

due to sea lice prevention costs. This highlights the economic impact these parasites are 

having. Prevention methods can include in-feed treatments (SLICE), hydrolicing, 

thermolicing, cleanerfish, and full-cage enclosures with medicinal input.  On an ecological 

level, some medicinal methods used to remove lice from salmon can have negative 

environmental implications (Burridge et al., 2010) and is an area with constant focus for 

new, innovative progression.  

2.4.1 Life cycle 

L. salmonis has a complex life cycle, with eight development stages defined in literature 

(Hamre et al., 2013, Schram, 1993) (figure 6 ), needing only a single host species throughout 

their ontogenesis. Each has ecological implications for the salmon farming industry and 

continued research into the life cycle of L. salmonis could lead to fundamental findings for 

eradication techniques.  
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Figure 6. Schematic representing life stages of Lepeophtheirus salmonis, adapted by Foras 

n Mara Marine Institute using findings by Schram (1993). 

The ontogenetic development of L. salmonis starts in the free swimming planktonic nauplii 

stages surviving on nutrients provided in the egg sack. A laboratory study conducted by 

Schram (1993) generated a mean length of 0.5mm (n=56) for the recently hatched larvae, 

described in literature as nauplius 1. It should be noted that this mean was generated using 

lab reared nauplius, which could have influenced morphology. The time taken for 

development into the second nauplius stage, of which Schram (1993) found to have a mean 

total length of 0.6mm (n=22), is highly dependent on abiotic factors. One factor with 

heightened focus being the impact of temperature (Stien et al., 2005) in figure 7. An overall 

conclusion from all temperature studies is the negative correlation with temperature increase 

and development time from nauplius 1 to the copoepodid stage (figure 8). This has large 

implications for salmon farms in warmer waters, such as Scotland, as infestation will occur 

more rapidly ultimately leading to the need for an increase in prevention methods which can 

directly impact the environment. However, caution should be taken with all laboratory 

conducted temperature experiments as unknown external factors, for example currents, 

cannot be replicated, and can have significant impacts on results. In addition, future climate 
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change projections could predict probability of lice infestations intensities in salmon 

farming areas.  

The copepodid stage is described as the ‘infectious stage’, as development into the copepod 

allows host detection and attachment. Schram (1993) found the free swimming copepodid 

to have a mean total length of 0.7mm and a width of 0.2mm wide (n=15). A distinctive 

feature in comparison to the nauplius stages is the defined rostrum of the copepodid (figure 

8). Clawed antennae are used for initial to attachment after host detection  (Bron et al., 

1993), and maxillipeds are then used to firmly grip the host (figure 8 (h)).  An important 

factor for current and future research is focused on the fact the nauplius and copepodid 

stages are free swimming (Brooks and Stucchi 2006, Penston et al., 2008,  Johnsen et al., 

2016) using phototaxis to move up and down during diel vertical migration, with no active 

means of swimming against currents. This enables L. salmonis to have a broad distribution 

range, which can be detrimental to the welfare of wild salmon and neighbouring farmed 

salmon.  

 

 

 

 

 

 

 

 

 

Figure 7. Summary of minimum development times of Lepeophtheirus salmonis at varying 

temperatures. Taken from Stien et al. (2005). 



12 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Adapted from Schram (1993). (a) Nauplius 1, (b) nauplius 2, (f,g) copepodid ; (f) 

dorsal, (g) lateral; (h) dorsal, attached copepodid. 

After attachment, the copepodid moults into the first chalimus stage. The only sessile stage 

of the life cycle, categorised by the frontal filament that secures the species onto the host 

(Hamre et al., 2013), with a well-developed mouth allowing the chalmius to directly feed 

on the host. Moulting then proceeds, with the second chalimus stage classified by having 

setae and sexual development. Whether there are four or two chalimus stages has been 

debated, as (Hamre et al., 2013) described that moulting does not necessarily define the 

stage-specific development, however, with reference to (Boxshall and Huys 1998),  if that 

moult includes changes in the antennular setae then that strongly suggests significant 

development has taken place. Again, these stages are highly temperature dependant and 

have been targeted during sea lice removal techniques. The moult into the pre adult phase 

now allows L. salmonis to move freely around the host, and although completion of the life 

cycle only needs a single host, Ritchie (1997) found that 63% of males and 53% of female 

lice transferred onto new hosts across a 4 day laboratory experiment. The ability and 

wiliness of L. salmonis transfer between fish has ecological implications for wild salmonid 

populations, an area under intense scrutiny for the salmon farming industry. With Krkošek 

et al., (2005) reporting that salmon farms can increase the chance of wild salmon lice 

infestation by 73 times.  
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L. salmonis are sexually dimorphic: females are larger than males (figure 9), which is a 

common trait amongst caligidae. The adult female stage is one of most concern for the fish 

farming industry because the species is highly fecund; after successful placement and 

attachment of the spermataphore, females can develop multiple egg strings with 

approximatly 150 – 500 eggs per egg string (Jones and Beamish, 2011, Ritchie, 1997). Large 

companies such as Mowi use the quantity of females per salmon (from a sample of 20 every 

7 days) to determine treatments with a regimented lice prevention procedure in place. In 

some countries, for example Norway, it is a regulation that female lice per fish must be less 

than 0.5, and if this cannot be maintained then entire stocks may have to be slaughtered. 

Therefore, adult female lice directly impact the quantity of potential ecologically damaging 

eradication treatments, which will be discussed further in the review.  In addition, it is 

hypothesised that gravid females release their eggs when under stress, for example during 

lice eradication procedures such as hydrolicing – leading to the possibility of increased 

nauplius release.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Adult L. salmonis stages. A = gravid female, B = female, C = male. Source: 

Wikipedia.  

 

A 
B 

C 
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2.4.2 Host damage 

The simple attachment of the sea lice through the clawed antennae and maximillpeds causes 

stress to the host, with consequent feeding being the main cause of pathology (Pike and 

Wadsworth 1999). The voracity of epidermal damage depends on the quantity of lice on the 

host and the development stage of the lice; large adult stages can graze larger areas of the 

host. Damage from feeding on the mucus, epithelial layers, blood and tissue, results in open 

lesions. In cases where there are large quantities of lice (sometimes 100’s on a single 

salmon), these lesions can expose cranial bone structure and the fish brain, as lice often 

aggregate on the head. Resultant deaths from these lesions can occur from osmoregulatory 

failure and secondary bacterial infection due to the loss of protection from microbial 

processes and tissue (Nolan et al., 1999). Disease outbreaks and high mortalities associated 

with L. salmonis are the largest problem facing the industry at present.  

2.4.3 Prevention methods 

There are a broad array of methods to reduce lice infestations in salmon sea cages, focusing 

on different stages of the life cycle which have been discussed. Some approaches target all 

life stages through full tarp enclosures with medicinal input, and will be the main focus of 

discussion for this section as these methods can directly impact the environment.  

One method of medicine use involves the placement of tarp to enclose the sea cage 

completely and allow desirable concentrations of paracitidies to be reached (figure 10). With 

this method, the paracitidies used include the organophosphates, hydrogen peroxide, and 

pyrethroids (Burridge et al., 2010). Treatments can last from 15 minutes to four hours, and 

once the treatment is over, the tarp is removed and all tarp contents are released into the 

environment. Medicinal treatments can have significant effects and success against lice 

removal, however due to the number of times these medicines have been used it has been 

suggested that resistance strains of sea lice are emerging, a new era of ‘super’ lice, and 

threatening the salmon industry on a new level (Aaen et al., 2015).  The release of these 

concerntrated chemicals into the pelagic environment can have significant effects on 

species, particularly invertebrates (Burridge et al., 2010). The negative implications for 

invertebrates, with focus on crustacea, is because the target species L. salmonis resides in 

the same phylum, resulting in the molecular interference from the chemicals are replicated 

in a broad array of species.  
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Figure 10. Schematic of the full cage enclosure procedure for medicinal input treatments. 

Source: http://www.botngaard.no.  

Pyrethroids 

The chemicals pyrethroid cypermethrin and deltamethrin, used in full-tarp treatments, 

removes all life stages of sea lice by disrupting nerve function through depolarisation of 

synapses from damage to sodium channels (Burridge et al., 2010, Miller and Adams, 1982). 

Rapid metabolism of pyrethroid reduces the risk of the chemical building up through the 

trophic levels, however once settled in the benthic substrate it can be desorbed and directly 

impact invertebrate benthic communities (Burridge et al., 2010). Methods used to analyse 

concentrations and impacts on crustacea involved placement of species at different depths 

and distances in relation to cages undergoing treatments and quantify mortalities. For 

example, research conducted by the Scottish Environmental Protection Agency (SEPA) in 

1998, that deployed the shrimp Craygon craygon in cages, and at control sites, and found 

that the only mortalities were those present at the cages undergoing pyrethroid treatments. 

In addition, effects are species specific, with no effect seen to mussels which had been 

placed inside and outside of cages (Burridge et al., 2010). A more recent study by Gebauer 

et al., (2017) which analysed the effects on larval stages, found that recently hatched M zoea 

larvae of the socioeconomically important Chilean Rock Crab, Metacarcinus edwardsii, all 

died after 30 minute exposure to pyrethroid cypermethrin under sub-lethal concentrations 

and exposure times suggested by manufacturers. However, what was not taken into 

consideration was the reduction in concentration and dispersal time once the tarp is removed 

during treatments, yet results highlight the effects this chemical can have on important larval 

stages. To the contrary, Willis et al., (2005) found no negative effects on zooplankton from 

cypermethrin, using prediction models of concentrations and dispersal patterns of 

cypermethrin post- treatments over a period of 31 months at a commercially active fish farm. 

Natural seasonal zooplankton changes were observed, however it is important to note that 

physiology of zooplankton was not analysed, only abundance, and the chemical could have 

been effecting plankton on a molecular level.  

http://www.botngaard.no/
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Organophosphates  

Organophosphates are neurotoxins used in full enclosure treatments include azamethiphos, 

dichlorvos (DDVP), trichlorfon and malathion. These chemicals target and inhibit the 

enzyme acetylcholinesterase (AChE), which breaks down acetylcholine; an important 

molecule that allows neuron transmission across synapses by triggering sodium ion release. 

The active agent most commonly used is azamethiphos and is used in the formula known as 

Salmosan. Reduction in the uses of the other organophospahtes, particularly DDVP is due 

to lice becoming resistance in some areas (Aaen et al., 2015).  Organophosphates maintain 

an aqueous state once entering the pelagic environment after treatments, and are unlikely to 

accumulate on benthic substrate (Burridge et al., 2010). Similar to pyrethroid, ecological 

implications of organophosphates are primarily for invertebrates. For example, (Burridge et 

al., 2008) studied the effect Salmonsan had on spawning and survival in the female 

American Lobster. Female lobsters in pre-ovigerous state were acclimated at 13˚C to 

stimulate vitellogenesis (yolk formation) and spawning 90-120 days later. There were 

significant mortalities when these lobsters were exposed to 10 μg/L of Salmonsan across 

four treatments, but three exposures or less did not harm lobsters or affect their spawning. 

This study emphasised that consistent exposure can harm the socioeconomic important 

American lobster and subsequent spawning potential, however the chances of frequent 

exposure on the same time frame as their experiments would be unknown and unlikely. The 

impact Salmosan has within the tarp when concentrations are high, to outside once the tarp 

has been removed, can have differing impacts, as each time a tarp is removed the Salmonsan 

concentrated water will be dispersed differently, making laboratory studies analysing post-

treatment effects of Salmosan difficult, as previously mentioned, it maintains an aqueous 

state and thus does not interfere with the benthic substrate. An unpublished report mentioned 

in (Burridge et al., 2010) review concluded that chlorophyll a abundance did not change 

before, during, and after full enclosure Salmosan treatments. Suggesting the pesticide does 

not interfere with primary producers; crucial organisms in maintaining trophic level 

stability.  

Hydrogen peroxide  

Although not the chemical of choice, due to increased resistance to organosphosphates 

hydrogen peroxide use is being used more frequently in the salmon farming industry 

(Burridge et al., 2010).  The main mechanism elicited by the strong oxidising agent is the 
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cause of paralysis due to formation of bubbles in the gut and blood that forcibly release the 

sea lice grip on the salmon (Bruno and Raynard 1994). The chemical formula of hydrogen 

peroxide is H₂0₂ and because of the strong oxidising potential, when reacting with water 

(H₂0) the compound breaks down into water and oxygen, meaning it is largely recognised 

that this chemical has minimal impacts on the environment (Burridge et al., 2010). A recent 

study analysing the effect hydrogen peroxide may have on the copepod Calanus 

finmarchicus in Norwegian waters found that 96hour exposure to H₂0₂ did not cause 

oxidative stress but carapace damage was observed. Concluding that even though no 

molecular interference occurred within C. finmarchicus, it highlights that non-target 

crustacea species in the tarp during H₂0₂ exposure that have permeable carapaces could be 

at greater risks. However, once the tarp is removed the reaction of hydrogen peroxide into 

water is rapid due to the increase of H₂0 molecules, meaning negative post treatment effects 

are not documented. It would seem therefore that this chemical would be ideal for the 

treatment of Atlantic salmon from an ecological perspective, however studies have shown 

that H₂0₂ can have adverse effects on salmon health through physiological and oxidative 

stress (Vera and Migaud 2016) and reduction in the protective mucus layers and prolonged 

damage to gills (Rantty et al., 2016).  In addition some populations of lice are becoming 

resistant to hydrogen peroxide (Helgesen et al., 2017)  

2.4.4 Removal Methods 

Freshwater 

Most salmonids, including the Atlantic salmon are an anadromous species, allowing them 

to survive in both fresh and saltwater. Sea lice however, cannot survive in low saline 

conditions (McLean et al., 1990), leading to the innovative sea lice removal method 

involving freshwater exposure (Powell et al., 2015). A current freshwater treatment boat is 

the Inter Caladonia, equipped with two holding tanks and the ability to desalinate saltwater 

using reverse osmosis technology (personal observation). The treatment process consists of 

crowding salmon in sea cages, and pumping salmon onto the boat and into the freshwater 

filled tanks (personal observation). In these tanks salmon are contained for several hours in 

conditions inhabitable for sea lice, causing dislodgement and death (Powell et al., 2015). 

Water is then filtered, sea lice removed, and salmon are pumped back into the sea cages. 

Unfortunately, if lumpfish are in use as a biological sea lice removal method, they cannot 

be separated when salmon are pumped onto the boat (personal observation). This has been 



18 

 

observed to lead to high lumpfish mortalities as lumpfish cannot easily be removed from 

inside the wells after treatments (personal observations), and cannot survive in very low ppt 

environments (Davenport, 1985). In addition, there is potential for sea lice to become 

resistant to lower saline conditions in the future (Hosteland, 2017). However, the freshwater 

treatment can be highly effective in lice removal and is viewed as a low stress method 

(Hjeltnes et al., 2017) 

Hydrolicer 

Sea lice are ectoparasites, attaching onto their salmon host with clawed antennae and 

maxillipeds (Pike and Wadsworth 1999). The hydrolicer (figure 11) targets this attachment, 

using powerful jets to dislodge lice from salmon. Pumped onto the treatment boat at 

approximately 40 tonne per hour, salmon enter the treatment area which contains several 

high pressure water jets (Holan et al., 2017). Salmon go through the pipes for a few seconds, 

and sea lice are forcibly removed by up to 98% (Holan et al., 2017, personal observation). 

The salmon then re-enter the sea cage, meanwhile the treatment water is filtered, and the sea 

lice are collected and killed (Holan et al., 2017). However, hydrolicing causes descaling 

which can last several weeks, and the new scales which grow can be a different colour, 

lowering the aesthetics of the salmon (personal observation). In addition, hydrolicing is a 

high stress treatment, which can affect the salmon short term (personal observation). 

Figure 11. Hydrolicer in action in Scotland. Image credit: Helen Conlon.  
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Thermolicer 

The thermolicer (figure 12) targets sea lice temperature tolerance, as sea lice have a 

temperature range of 4 – 18 degrees (Boxaspen, 2006). Salmon are crowded and enter a 

treatment loop for 25-30 seconds, which consists of water at a temperature between 30-34 

degrees depending on ambient sea temperature (Steinsvik, 2019). The salmon are able to 

survive in the higher temperatures and the sea lice become stressed and dislodge from their 

host. The treatment water is filtered, oxygenated and recirculated in the treatment loop to 

maintain the desired temperature (Steinsvik, 2019). To avoid the colder ambient water 

entering the system and affecting the temperature, salmon initially pass through a 

dewatering system (Steinsvik, 2019). This uses pressure changes between tanks to force 

salmon upwards, and then down into the treatment loop, whilst the cold ambient water is 

removed from the system (Steinsvik, 2019). This treatment method can be highly effective 

at removing sea lice and is recommended by the Norwegian Veterinary Institute. It is 

important to note that salmon are starved between 24-72 hours previous to freshwater, 

hydrolicer, and thermolicer treatments (personal observation). Meaning growth can be 

affected during the treatment process. 

Figure 12. Thermolicer in action in Scotland. Taken by Helen Conlon.  

Lasers 

A method which does not need salmon to be removed from the pen is a recognition software 

developed by ‘Stingray’. A camera system with advanced sea lice recognition software with 

targeted lasers is placed into the salmon pen (Stingray, 2019). The system can be moved 
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vertically and horizontally in the cage and when the camera identifies sea lice the laser 

targets the lice individual, killing it on impact (Stingray, 2019). As salmon scales are 

reflective, the salmon is unharmed. In addition, minimal impact to the salmon occurs, as the 

treatment is conducted inside the cage and no chemicals are used (Stingray, 2019). 

2.5 Use of cleanerfish in aquaculture 

In addition to the extensive list of sea lice eradication methods, there is also a biological 

method; the use of cleanerfish. With use dating back to the 1990s, cleanerfish have been an 

acknowledged pest control strategy for decades, and since 2010 cleanerfish are a widely 

adopted sea lice eradication method (Brooker et al., 2018).  Within salmon farming there 

are predominantly two cleanerfish which are used. Wrasse, Labridae, of which Ballen 

(Labrus bergylta), Corkwing (Symphodus melops), Goldsinny (Ctenolabrus rupestris), 

Rock Cook (Centrolabrus exoletus), and Cuckoo (Labrus mixtus) wrasse are utlised for 

cleanerfish use (figure 13), and lumpfish, Cyclopterus lumpus. The attraction to the use of 

cleanerfish is, if successful, the removal for the need of chemical use against sea lice, and 

the costs and manual labour associated with techniques such as the hydrolicer and 

thermolicer. Once the cleanerfish are deployed, and if husbandry standards are followed, it 

is predicted that they will remove sea lice across all seasons (Powell et al., 2017,  Imsland 

et al., 2014). Wrasse are known to hibernate during the colder winter months, reducing the 

effectiveness, and lumpfish can be more prone to bacterial infections during the warmer 

months of the year. Meaning a combination of the two is preferred for the best results 

(Powell et al. 2017).  

 

 

 

 

 

 

 



21 

 

 

 

 

 

 

 

 

Figure 13. Wild wrasse species captured for use as cleanerfish in salmon famring. Adapted 

from Mowi. 

Using Scotland as a case study, there have been great success stories with cleanerfish. A 

Mowi salmon farm in Scotland, reduced tarp and mechanical treatments from 37 in the 2017 

salmon cycle, to only four in the 2018-19 salmon cycle when cleanerfish were introduced 

(figure 14) (data taken from Mowi). Although other factors may have been a contributing 

cause to the successful cycle, the addition of cleanerfish has been widly accepted to have 

played a large part. In addition, Imsland et al., (2014) analysed the efficiay of lumpfish at 

10% and 15% stocking mix with 120 salmon in each of the 6 pens used. Results showed a 

significant reduction in sea lice in cages with both 10% and 15% mixes after 25 days (figure 

15).  
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Figure 14. Treatments and total lice levels, excluding caligus, from the Mowi fish farm in 

Scotland. ‘With Cleanerfish’ indicates the salmon cycle where cleanerfish were used, in 

comparison to the previous cycle where they were not. Adapted from Mowi data source. 

The future potential and positivity directed towards the use of cleanerfish is shown by the 

expansion of all current wrasse and lumpfish hatcheries in the UK, and Norway (Brooker et 

al., 2018). Lumpfish specifically have seen a significant increase in deployments in Norway, 

going from thousands to over 30 million from 2010 to 2016 (Norwegian Directorate of 

Fisheries 2015) (figure 16), and an increase from 30 – 50 million from 2017-2018 (Erlend 

Waatewik, 2018, The Norwegian Directory of Fisheries, 2017). Salmon farming companies 

invest large quantities in cleanerfish production, with the average price for lumpfish 

approxamitly £2.00 and £2.50 for each wild caught wrasse. The price is predicted to  

continue to increase (figure 16) due to high demands for the two species, and even though 

large investments are made in cleanerfish, if sea lice damage is reduced, profitability will 

increase as a result.  



23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Average number of sea lice (L. Salmonis) per salmon in sea cages with small (A) 

and large (B) lumpfish. Taken from Imsland et al (2014).  

Significantly more lumpfish are farmed than wrasse (figure 17), with a high proportion of 

wrasse used in salmon farming coming from wild capture (Leclercq et al., 2014). The greater 

deployment output in lumpfish (figure 18) is due to the shorter life cycle and quicker growth 

of C. lumpus making it an ideal hatchery species (Powell et al., 2017, Davenport, 1985). In 

Scotland, wild wrasse are targeted to allow for the desired numbers to be placed into the 

salmon farms across the country, as currently the hatcheries in Scotland can not produce 

enough for the demand. There are negatives to removing wrasse from the wild, as the 

phenotypes allowing capture will be selected, as well as the potential for size regulations in 

place targeting specific sexes due to sexual dimorphism in the labridae species (Halvorsen 

et al., 2017). Implications to removing a sex from the population will have clear implications 
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for the breeding success of the current and future populations. To combat the negatives 

surrounding wild caught wrasse, hatcheries in the UK and Norway are expanding with a 

future aim of completely removing the need for the introduction of wild caught wrasse to 

salmon pens (Brooker et al., 2018).   

 

 

 

 

 

 

 

 

Figure 16. Average price per fish (NOK) of both wrasse and lumpfish in Norway from 2012 

to 2015. Taken from (Powell et al., 2017).  

 

 

 

 

 

 

 

 

Figure 17. Number of farmed wrasse and lumpfish (x1000) in Norway from 2012 to 2015. 

Taken from (Powell et al., 2017).  
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Figure 18. Number of wrasse species and lumpfish deployed into Atlantic salmon and 

rainbow trout cages in Norway from 1998 to 2016. Inset pie chart shows percentage 

breakdown. Taken from (Powell et al., 2017).  

2.6 Lumpfish 

2.6.1 Distribution 

During ontogenic development C.lumpus can be found in a variety of habitats with the adult 

stage predominantly being solitary in deeper waters, up to several hundred metres deep 

(Kudryavtseva and Karamushko, 2002). During the reproductive season adults migrate to 

shallower waters, and subsequent hatchlings and juveniles inhabit shallower environments 

during these initial life stages (Davenport, 1985). These shallow water habitats and 

spawning grounds are found in the North Atlantic, spanning across a presumed 32,000km 

(Davenport, 1985) (figure 19). The most northerly point where lumpfish have been found is 

on the shores of Svalbard (Kudryavtseva and Karamushko, 2002), with the southernly 

distribution going as far as South Portugal (36°N), and sightings in the Mediterrean (Dulčić 

and Golani, 2006). The highest abundance of C.lumpus is found around Norway,  Iceland, 

the south of Greenland, and the Faroe Islands (Holst 1993). 
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Figure 19. Cyclopterus lumpus distribution map, with shaded areas showing shallower 

waters inhabited during spawning and initial life stages. Taken from (Powell et al, 2018).  

2.6.2 Biology and ecology 

C. lumpus is a bony fish from the Order Scorpaeniformes, and family Cyclopteridae, and 

the only species from the genus Cyclopterus. C. Lumpus have an anterially and posterially 

compressed body, scaleless skin, and a large suction disk (figure 20), giving the species a 

very unique and characteristic appearance (figure 20)(Davenport, 1985). When hatched, 

lumpfish are highly developed, with a functional mouth and digestive system (Timeyko, 

1986). C.lumpus have a long intenstine with several pyloric caecae allowing effcient 

digestion (Davenport, 1985). Ingólfsson et al., (2002), analysed juvenille lumpfish from 

floating seaweed clumps, finding that during ontogenisis diet can vary, with larvae relying 

initially on yolk sacks, and gradually moving on to prey such as crustacean larvae and 

halacarid mites. A more recent study by Vandendriessche et al., (2007), comfirmed these 

results, showing that prey size increases with lumpfish size during development, 

highlighting the opportunistic nature of the species.  In addtion, lumpfish have a broad 

temperature range between 20˚C and 0˚C (Davenport, 1985), and are easily reared and 

developed after 6 months, making them the perfect biological control for sea lice removal 

in salmon farms (Powell et al., 2017). 
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Figure 20. Lumpfish at a salmon farm in Scotland. Image credit: Helen Conlon.  
 

2.6.3 Habitat usage 

Lumpfish utilise their suction disk to attach onto subsrtates in order to rest (Ingólfsson and 

Kristjánsson 2002). Substrate can change with development, with kelp forrests being 

prefered in the first year after hatching, and adults being found in floating seaweed patches 

and pelagic environments (Ingólfsson and Kristjánsson 2002). Lumpfish use in aquaculture 

has led to the need for artifical habitats in sea cages to ensure their natural environment is 

replicated, and that the species can attach onto substrates to rest and shelter. This lead to a 

study by Imsland et al., 2015 to analyse lumpfish substrate preferences for concrete, 

polyethylene plastic, a car tyre, and stone. These substrates were placed into a sea cage with 

40 lumpfishs for 56 days, and frequency of lumpfish on each subsrtate was observed each 

day. Results showed a preference for the smooth plastic surfaces (figure 21) and highlighted 

the need for substrates in sea cages to benefit lumpfish welfare.  
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Figure 21. Mean ± SE proportional lumpfish substrate preferences. Significance represented with 
different letters. Taken from Imsland et al., (2015).  
 

2.6.4 Health challenges 

There are currently a plethora of health challenges facing lumpfish in salmon farms. The 

high biomass environment increases the chance for bacterial, viral, and parasitic infections 

and is a research focus for the industry (Brooker et al., 2018). The health challenges are 

driving the industry to improve husbandry and welfare standards, such as habitat 

development in pens.   

Waterborne bacterial pathogens are the largest challenge facing lumpfish survival rates in 

salmon farming (Brooker et al., 2018). Poor husbandry at both the hatchery and sea pen 

stages of the lumpfish life cycle can cause secondary infections from opportunistic 

pathogens (Brooker et al., 2018). This can include net handling, inadequate feeding, stress, 

and general poor husbandry standards.   

Common bacterial infections include the atypical bacterial agent Aeromonas salmonicida, 

of aytypical furunculosis. Infections of this disease most commonly occur during heightened 

temperatures over 13°C (Biering et al., 2016). This bacteria can cause significant population 

and economic loss as a vaccine is not currently available (Brooker et al., 2018). Infected 

individuals are chronically infected, with external ulcers, granulomas on internal organs, 

and fluid in the adominal cavity (Brooker et al., 2018)(figure 22). Vibriosis is caused by 

several bacterial agents; Vibrio anguillarum, V. ordalii and V. splendidus. Symptoms 

include, necrosis of interal organs, haemorrhages, ulcers, lesions, and enlarged caudal 

peduncles due to fluid retention (Brooker et al., 2018). The outbreak of Pasturellosis disease 
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from the Pasturella sp. has been increasing over the past few years, affecting all life stages 

from hatchery to sea pens. Symptoms can include external white spots on the skin, 

predominaently around the eye, skin lesions, and haemorrhages on the fin tips (figure 22) 

(Ellul et al., 2019). Vaccine development to prevent Pasturellosis is still in its primary 

development stages, with antigens still not included due to lack of protocols (Ellul et al., 

2019). A flavobacteria which can cause mass mortailities and chronic symptoms is the 

opportunitic pathogen Tenacibaculum sp. (Småge et al., 2016). Symptoms include lethagry, 

and external white skin lesions due to increased mucus production (Småge et al., 2016). 

In addition to pathogeneic disease, lumpfish are also susceptable to the common parascitic 

plankton Neoparamoeba perurans, the agent causing the common Amoebic Gill Disease 

(Brooker et al., 2018) which can also be detremental to salmon stocks (Mitchell and Rodger 

2011). The ameoba irritates gill filaments, leading to the over production of mucus and the 

subsequent reduction in gill efficacy. Symptoms include pale patches and increased mucus 

and plaques on the gills (figure 22) (Brooker et al., 2018).  

Figure 22. Internal and exteral symptoms of bacterial and parasitic diseases effecting C. 

Lumpus. (a) skin ulcer commonly seen with infection of atypical Aeromonas salmonicida; 

(b) granulomas in the kidney of a lumpfish, characteristic of atypical A. salmonicida; (e) 

fluid retenion in the caudal peduncle, chracteristic of Vibrio sp.; (f) white patches on the 

head and around the eye of lumpfish, common symtptom of Pasteurella sp.; (g) White marks 

and plaques on the gills of a lumpfish, symptomatic of amoebic gill disease. Image credits: 

C. Gutiérrez, L. Sheriff, G. Ramírez-Paredes. Adapted from (Brooker et al., 2018).  
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2.6.5 Artificial habitats 

Artificial structures have been created for centuries to be utilised in promoting fish welfare 

(Volpato et al., 2007), increasing fisheries catches (Seaman, 2013), and improving marine 

species abundance (Burt et al., 2009). However, with the introduction of human made 

structures into the marine environment comes the potential for polluting, and product failure 

due to environmental stressors and biota. For example, algal growth on artificial reefs 

aiming to promote coral growth and subsequent species abundance (Miller et al., 2009), and 

the failure of 161 artificial habitat structures in streams in Western Oregon and Washington 

due to floods (Frissell and Nawa 1992). In addition, bio-fouling is a natural successional 

occurrence in the marine environment, and in the case of many artificial structures can 

decrease efficacy, leading to the use of antifouling paints which can harm the environment 

(Evans et al., 2000, Salta et al., 2013). This highlights the need for a holistic consideration 

of the marine environment when designing artificial structures for marine deployment. 

2.6.6 Lumpfish habitats in salmon farming  

Maintaining C. lumpus welfare is crucial for adequate sea lice removal. One method of 

C.lumpus husbandry is the placement of manmade “habitats” designed to mimic the 

lumpfish’s natural environment into the salmon sea cages. These habitats, or hides, are often 

made with plastic barrels and fake kelp (sheets of plastic attached to rope)(figure 23). There 

are two main Norweigian companies which produce cleanerfish habitats, NorseAqua 

(https://norseaqua.com), and OK Marine (https://webshop.okmarine.no/). A NorseAqua 

design currently being used at some sites in Scotland is a combination of fake kelp and thin 

plastic sheeting often referred to as layflat (figure 24). The design comes pre-made with lead 

line for weighting down the plastic sheets, and ropes to tie on to the sea cage hand rail. In 

total, it costs £500 for each pre made kelp line, with the Standard Operating Procedures 

having 3 in a pen (two in the cage, and one out drying) highlighting the financial investments 

made in cleanerfish habitats. 

 

 

 

 

https://norseaqua.com/
https://webshop.okmarine.no/
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Figure 23. Examples of fake kelp used in salmon farming. Top left: fake kelp lines air drying. 

Top right: fake kelp and barrels air drying. Bottom left: NorseAqua design in place action 

in salmon pen. Bottom right: close up of fake kelp with lumpfish attached, highlight by red 

square.  Top image credit:Helen Conlon. Bottom image credit: Daniel Moller. 

 

 

 

 

 

 

 

Figure 24. .NorseAqua kelp design, with both fake kelp and layflat. Lead line and ropes also 

in place. Image credit: Helen Conlon. Skematic taken from NorseAqua.  
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As the habitats are made from artifical structures, they are prone to biofouling in the marine 

environment. Marine growth on the cleanerfish structures results in additional food sources 

for the cleanerfish, removing the necessity to include sea lice into their diet. Therefore, these 

cleanerfish habitats are removed regularly to allow air drying and removal of biofouling 

growth. This removal process can take time, and requires manual labour to pull the habitat 

out of the water, meaning a downside of using artifical structures. Future designs should 

therefore take this into consideration, and attempt to reduce, the time and manual labour 

assciated with cleanerfish habitats.  

A novel concept currently being trialled in Scotland is the use of real kelp for cleanerfish 

habitats (figure 25). This involves the collection of local kelp, and the attachment of 

holdfasts into net bags on rope (figure 25), to ensure secure attachment during exposed 

conditions in the salmon pens. These transplant projects are ongoing, and a collboration with 

the Scottish Asscociation of Marine Science (SAMS) will see the seeding of local 

reproductive material and follow on growth on rope at sea sites. This has a promising future, 

as it both reduces cost and removes the need for manual labour during removing of artifical 

hides for removal of biofoulants.  
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Figure 25. Real kelp line trials in Scotland. Top left: Helen Conlon with initial development 

of real kelp line. Top right: evidence of lumpfish utilising real kelp. Bottom: Real kelp line 

in salmon pen before being lowered into the water. Image credit: Helen Conlon.  

3. Methods  

3.1 Material selection 

Using recycled materials was a main aim of the project, therefore discussions with 

colleagues at Mowi led to contacting a recycling company, Highland Waste Recycling, 

based in Inverness, Scotland. A visit to Highland Waste Services on the 5th September 2018 

enabled selection of waste fish farm materials to be used in the lab trials (figure 26). 

Materials were selected if they were used in fish farming, and if they could withstand long 

term exposure in sea cages, therefore could be used to create a lumpfish hide. Once four 

materials had been selected and taken from the recycling centre (figure 27), further material 
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analysis was conducted using a cost-benefit analysis table (table 1). Materials were ranked 

out of 5 with 1 being the best. The ranking was determined to allow adequate separation of 

the materials for selection for the hatchery trials. This led to the final materials being 

selected for the lab trials, with scores being determined using my personal knowledge of the 

salmon farming industry and background information on each chosen plastic.  An additional 

material was chosen after discussions with the Otter Ferry hatchery staff, as a thin sheet of 

plastic was commonly used in the facilities which was communicated to be preferenced by 

the lumpfish. Therefore, the ‘drain pipe’ material selected was removed and replaced with 

this thin sheet of plastic for the material preference trials. Due to the quantity of feed pipe 

which is used and discarded in salmon farming, the feed pipe structure was altered to allow 

maximism utilisation of the surface area by cutting the pipes in half. This led to the final 

four materials for the trials: walkway, feed pipe, cut feed pipe, plastic sheet.  

 

 

 

 

 

 

 

 

 

Figure 26. Plastic waste products at Highland Waste Services, Inverness. Taken by Helen 

Conlon on 5.6.18.  
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Figure 27. Initially selected recycled materials for material perference trial. Top left: circle 

salmon cage walkway section. Top right: Square salmon cage walkway section. Bottom left: 

circle salmon cage under section. Bottom right: Salmon farm feed pipe. Image credit:Helen 

Conlon. 

 

Table 1. Material selection categories for substrate lab and field trials ranked from 1 to 5. 

Note: Material with lowest score ranked highest.  
Material Cost Durability Ease of 

Collection 

Toxicity to 

the 

Environment 

Surface 

Texture  

Surface 

area 

accessibility 

to lumpfish 

Total  

 Feed Pipe 1 1 1 1 1 3 8 

Plastic Sheet 4 1 2 1 1 1 10 

Walkway 1 1 2 1 1 1 7 

Drain pipe 1 1 4 1 3 2 12 
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Walkway 2.0 1 1 2 1 1 3 9 

 

Categories breakdown: 

 

Cost: total cost for 1m². 

Durability: lifespan in the marine environment. 

Ease of collection: ease of collecting the material from the original location.  

Toxicity to the environment: a combination of how many potentially toxic chemicals are 

present in the material, and how porous, and therefore susceptible to PCPs, the material is.  

Surface texture: how smooth the material is, as previous work by Imsland et al. (2014) 

concluded that lumpfish preference smooth surfaces. 

Surface area accessibility to lumpfish: Ease of getting to all surfaces of the materials 

structure.  

3.2 Material preference trials 

Selected materials were cut into a predetermined size of 250 cm² surface area. A weight was 

added to bottom section to ensure materials did not float in the tank, and a was rope attached 

to the top section allowing the material to be attached onto a wooden plank placed over the 

top of the tank. Before being placed into the tanks, materials were cleaned with Virkon for 

biohazard security. All four materials were placed into the tank to allow for active preference 

to be seen (figure 28 & 29). Materials were also placed equal distances from each other 

(20cm) and the location changed for each trial to ensure results were based on material not 

location preference. After 1 minute of placing the materials into the tank a count was taken 

on the number of lumpfish on each material. The next counts were taken at 6, 12, 24 and 48 

hours. Note: a count was taken after the materials had been in for 1 minute, and was 

classified as the 0 hours count.  There were three replicates of each material, allowing for 

three trials in three different tanks to be run at the same time. A different lumpfish population 

was used for each trial, with quantity and average size noted. This allowed a calculation of 

estimated maximum number of lumpfish per material taking into account lumpfish surface 

area and material surface area. These trials were repeated ten times in order to accurately 

statistically analyse data.  
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Figure 28. Material perference trial underway at Otter Ferry lumpfish hatchery. Image 

credit: Helen Conlon 

 

Figure 29. Three of the four materials used in prefrence trials. Left to right: cut feed pipes, 

walkway, and flat sheet of plastic. Image credits: Helen Conlon.  

 

 

3.3 Colour preference trials  

White, green, and blue coloured plastic sheets were cut into 200cm². Weights were added 

to the bottom section, and a rope to the top section allowing materials to be placed on a 

wooden plank over the top of the tank. All four coloured sheets were placed in the same 

tank to allow active preference to be noted (figure 29). After the materials had been placed 

in the tank for one minute, counts were taken on each, with the next counts taken at 0, 6, 12, 

24 and 48 hours. Note: a count was taken after the materials had been in for 1 minute, and 
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was classified as the 0 hours count. There were two replicate colour sheets, allowing for two 

trials to be running at the same time, with a total of five replicates carried out.  

 

 

 

 

 

Figure 29. Left: colour preference trial at Otter Ferry Hatchery. Right: black and white 

plastic sheets in colour preference trial. Image credit: Helen Conlon.  

3.4 Artificial habitat development  

After results determined the most preferenced material and colour, development started on 

the end artificial lumpfish habitat. Using knowledge from working in the industry and 

dialogue with collegues at Mowi a habitat was proposed which took into consideration the 

manual handling on site in combination with what results showed from the hatchery trials. 

As growth forms on the artificial habitats used for cleanerfish, for example biofilms and 

barnacles, habitats are taken out of the water to air dry and kill any organisms which have 

grown or attached themselves to the material. This means there is a manual labour element 

to lumpfish husbandry which is important to take into account. Therefore, the proposed 

design uses the structure in the centre of the salmon cage, termed the ‘hamster wheel’, for 

the drying stage after ropes are pulled which fold the habitat up to approximately half of the 

size. Initially there were two design ideas (figure 30).  
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Figure 30. Initial hide design proposals. Left: prototype 1. Right: Prototype 2.   

After discussions with work colleagues, and using personal insight from working as a 

salmon farm technician, proposal two was developed further. A prototype was created 

initially using the Otter Ferry hatchery workshop to determine pros and cons of the design 

through trial and error in order for the final product to be equipped for salmon farms. This 

initial prototype was shown to work colleagues who agreed that halving the walkway pipe 

and removing an inch of plastic would improve the product by reducing the weight. In 

addition, removing the rubber sheets connecting the plastic sheets and walkway, allowing 

the design to fold. This was due to the rivets used to connect them being a potential sharp 

point which could damage salmon. The plastic sheet and walkway were then connected 

using rope (figure 31), which lowered costs as well as removing any potential for harming 

salmon. Discarded 15mm chain used in the weighting system of salmon cages was recycled 

by attaching to the bottom of the prototype to ensure sinking in the salmon cage.  
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Figure 31. Lumpfish habitat development. Top left: plaining plastic strips off recycled 

walkways. Top right: Folded habitat. Bottom: stretched out habitat. Image credit:Helen 

Conlon.  

Once the folding mechanism was working, after changing rope length and position 14 times 

through trial and error, the final design was placed into the salmon cage. This was conducted 

using a small inflatable boat placed into the salmon cage (figure 32) to run ropes attached 

to the habitat from the middle of the cage back to the walkway. There was initially one rope 

to pull the habitat high out of the water, and one rope to fold the habitat completely out of 

the water. To prevent these two ropes from wrapping around each other, the rope pulling 

the design upwards was placed on the top corner and then through a pulley rig which was 

connected to rope going from the ‘hamster wheel’ to the walkway. The rope enabling the 

design to fold goes through the centre of the design and through a ring attached to the same 

rope going from the ‘hamster wheel’ to the walkway. Therefore, in order to remove the 

design, two ropes in total are pulled. However, after some bad weather hit the salmon farm, 

these two ropes twisted meaning the habitat would not fold. In order to fix this problem, the 

rope used to pull the habtat up was removed, and a float was placed on top of the hide (figure 

33). This allowed the weight to pull the habitat down, but the float meant it did not fold 
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underwater, it maintained its vertical shape. This adaptation worked very well and solved 

the rope tangling issue.  Once the habitat was in the cage and trial runs were over, a GoPro 

was placed onto the top of the design in order to gain insight on lumpfish coverage and 

usage (figure 34).  

 

 

 

 

 

 

 

 

Figure 32. Helen Conlon attaching end hide design to salmon pen top rope. Image credit: 

Yves Voinot. 

 

 

 

 

 

 

 

 

 

 

Figure 33. Attachement of float to hide. Image credit: Helen Conlon. 

3.4.1 Cost  

The only non-recycled elements of the end hide design were the sheets of plastic and float. 

Therefore the total cost was £28. In order to comply with SOPs within Mowi, approxamitly 
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eight of the habitats would need to be placed in the cage, with four out air drying. Therefore, 

the total cost per pen would be £336. This is approxamitely £1100 cheaper per pen than 

what some farms in Scotland are currently paying for cleanerfish habitats.  

3.4 Final design analysis  

Once the final design and folding mechanism was complete, a GoPro was placed on the top 

sheet of plastic facing downwards, and the final design placed back into the salmon pen. 

After two hours, the GoPro was retrieved and the 75 minute footage was analysed for habitat 

lumpfish usage (figure 34).  



43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Screenshots of GoPro footage of end hide design in salmon pen in Scotland. 

Image credit: Still taken from GoPro placed on habitat by Helen Conlon.  
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3.5 Statistics 

A Chi squared test was used to determine statistical significance across the mean data points 

in the 48 hour time series for both the material preference trial and colour preference trial.  

 

 

Where the ‘Oi’ is the observed frequency of type ‘I’ and Ei is the expected value of type ‘i’ 

(theoretical value). As there was no control group present due to analysing preference for 

new substrate types, the average lumpfish frequency for each time point was used for Ei. 

When analysing each material against another material, the highest mean value was used as 

the expected value ‘Ei’, and the other mean value used as the observed ‘Oi’. As two groups 

were compared the degrees of freedom =1, meaning to determine significance at p=0.05 

using the table of critical values, significance was determined if X² > 3.84.  
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4. Results 

4.1 Material preference trials 

The average frequency of lumpfish found on each material increases significantly between 

each count during the time series (figure 35), giving an upward trend. Although on average 

the number of lumpfish found on the ‘feed pipe cut in half’ and ‘walkway tube section’ was 

lower than the ‘flat sheet of plastic’, there is a steeper gradient between 12 and 48 hours, 

showing an increase in preference towards the end of the time series. From the initial count 

of lumpfish on the materials to the last check at 48 hours, the highest frequency of lumpfish 

are found on the ‘flat sheet of plastic’, with the largest increase in frequency seen between 

0-6 hours and a subsequent gradual increase between 6 and 48 hours. In addition, there is a 

statistically significant difference between the average frequency of lumpfish found on the 

thin sheet of plastic in comparison to all other materials between 6 and 24 hours (thin sheet 

vs cut feed pipe, 6 hours, 2=18.2, df=1, P<0.05, 12 hours, 2= 18.8, df=1, P<0.05, 24 hours, 

2= 11.1, thin sheet vs walkway, 6 hours, 2=6.6, df=1, P<0.05, 12 hours, 2= 7.6, df=1, 

P<0.05, 24 hours, 2= 9.4, thin sheet vs feed pipe tube, 6 hours, 2=18.6, df=1, P<0.05, 12 

hours, 2= 22.5, df=1, P<0.05, 24 hours, 2= 14.1).  The ‘feed pipe tubes’ and ‘feed pipe cut 

in half’ show a similar trend throughout the time series, with the ‘walkway tube section’ 

having a statistically significant higher frequency of lumpfish than the feed pipe materials 

between 6 and 12 hours (6 hours, 2= 4.4, df=1, P<0.05, 12 hours, 2= 5.9  df=1, P<0.05) 

and a similar mean lumpfish frequency to the feed pipe materials in the last 12 hours, 

showing no significant difference (24 hours, 2= 0.1 df=1, P>0.05, 48 hours, 2= 0.05 df=1, 

P>0.05). 
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Figure 35. Mean (±SE) lumpfish found at five differt time points across 48 hours on four 

different materials in the Otter Ferry hatchery trials. 

4.2 Colour preference trials 

An increase in lumpfish was seen on all colours at each time point over the 48 hour time 

period (figure 36). The black plastic sheet had more lumpfish attached on average than all 

other colours (figure 34), which was statistically significant at each time point (black vs 

white, 6 hours, 2=57.6, df=1, P<0.05, 12 hours, 2= 62.4, df=1, P<0.05, 24 hours, 2= 63.1, 

48 hours, 2=57.6, df=1, P<0.05, black vs blue, 6 hours, 2=55.7, df=1, P<0.05, 12 hours, 

2= 58.7, df=1, P<0.05, 24 hours, 2= 66.5, 48 hours, 2=40.3, df=1, P<0.05, black vs green, 

6 hours, 2=48.7, df=1, P<0.05, 12 hours, 2= 48.0, df=1, P<0.05, 24 hours, 2= 36.0, 48 

hours, 2=27.6, df=1, P<0.05), reaching maximum coverage at an average of 101(SE±1.8) 

lumpfish. The second maximum mean frequency was seen on the green plastic sheet, with 

48(SE±9.05) lumpfish present which is less than half of the average found on the black 

sheet, showing clear preference for the black colour.  
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Figure 36. Mean (±SE) lumpfish found at five differt time points across 48 hours on four 

different materials in the Otter Ferry hatchery trials. 

4.3 Field trial 

There is a general upward trend from the first lumpfish actively utilising the habitat at 9 

minutes, to the end of the footage where 11 lumpfish were noted (figure 37). On the day of 

analysis, 5125 lumpfish were recorded in the pen through the programme Aquafarmer, 

meaning 0.2% of the population utilised a proportion of the habitat after 75 minutes. It was 

estimated through an average size calculation using the Aquafarmer programme, that a 

maximum of 67 lumpfish could inhabit the space visible from the GoPro footage. Therefore, 

within the 75 minutes, 16% of the space was utilised. 

 

  

 

 

 

 

 

 

Figure 37. Number of lumpfish seen on the GoPro footage of the section of the end lumpfish 

habitat, across 75 minutes.  
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5. Discussion  

Prior to this study, there were few papers on lumpfish substrate preference, primarily 

researched by Imsland et al., (2015) and Imsland et al., (2018). The first study used 

distinctive material types and concluded a preference for smooth plastic over car tyres and 

concrete. The more recent 2018 paper changed water speed to assess if growth was effected 

by different plastic substrates present, determining that it did not. However, this paper 

highlighted that differing water speeds can be found in the exposed open pen salmon farm 

environments where farmed lumpfish used as cleanerfish reside post-hatchery stage. 

Through a combination of both in situ and ex situ data collection, this study built upon this 

initial substrate research, to further develop habitats for the salmon farming industry.  

Recycling fish farm feed pipe and walkway materials to develop sections of the end hide 

design reduced costs associated with lumpfish habitats. However, the thin sheet of plastic 

was not recycled, and added in after speaking with hatchery staff which stated that lumpfish 

preferred this type of plastic. This addition added to the end cost of the product, however 

lumpfish did prefer the thin sheet of plastic against all other recycled substrates,  therefore 

it was a positive addition to the hatchery trial section. Imsland et al., (2015) also used flat 

sections of plastic which attracted the higher concentration of lumpfish in comparison to the 

other substrates. The other substrates were not plastic however, meaning there cannot be 

direct comparison with this study. 

The significant difference between the frequency of lumpfish observed on the thin sheet of 

plastic and the feed pipe and walkway suggests the potential added shelter from a curved 

surface found on feed pipes and walkways adds no additional benefit to lumpfish when 

choosing where to rest. In the wild lumpfish are found on floating seaweed (Ingólfsson et 

al., 2002), which would not have curved sheltered sections. However, the environment 

found in the hatchery tanks and in a sea pen are significantly different, with sometimes very 

strong tidal currents and storm surge. In addition, lumpfish in the wild can search for areas 

with reduced current and storm surge. Therefore a curved surface could have more benefit 

in a sea pen environment than a hatchery tank.  

A significant increase in lumpfish was found on each material from 0-48 hours, showing an 

overall preference for each material over time, and a longer trial may have seen all materials 

reaching full lumpfish capacity after a certain time. The preference for the thin sheet of 
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plastic in the shorter time span could have been due to the Otter Ferry hatchery previously 

using thin sheets of black plastic as shelters before the trial began, which may have 

conditioned the behaviour of the lumpfish to already associate with the thin sheet of plastic, 

and therefore increase the frequency of lumpfish found on the material.  

Lumpfish showed a clear preference for the colour black over the other three colours in the 

second hatchery trial. There are no published papers describing the ability for lumpfish to 

distinguish between colours, highlighting the novelty of this particular trial. However, male 

lumpfish exhibit bright orange, purple, and red colouration during the spawning season 

(Davenport and Thorsteinsson, 1989), which suggests the ability for lumpfish to detect 

colour. However, there is no literature describing in detail the eye function in lumpfish, so 

a different stimulus could have influenced the lumpfish selecting the black sheet of plastic 

over all other colours. It should also be taken into account that colour changes with water 

depth due to the absorption of the different wavelengths, which could lead to irrelevance of 

the colour preference trial. However, habitats are most commonly placed between 2-10m in 

salmon pens, meaning, depending on water turbidity, colour could be retained within the 

pen, and therefore lumpfish could still be visually stimulated by the colour black and 

actively choose it over other colours  

A large focus of the habitat design was to reduce manual labour associated with current 

habitats in place, which after some alternations lead to a folding design with only one rope 

to pull the habitat out of the water for biofoul drying. Feedback from colleagues was 

positive, with Mowi wanting to further develop the product for large scale use.  

GoPro footage showed lumpfish actively using the end habitat design, with an overall 

increase over the 75minute clip, reaching a total 11 lumpfish observed at the end of the 

video clip. A longer trial would better analyse the usage of the end habitat, as hatchery trials 

showed the maximum lumpfish capacity was reached somewhere between 24 and 48 hours, 

and the GoPro footage was only 75 minutes. Research has also shown that lumpfish spend 

the majority of daylight hours foraging and utilise habitats more frequently during nocturnal 

hours (Imsland et al., 2014, Leclercq et al., 2018). GoPro footage was taken in the daylight 

due to ease of access to the salmon pen and lack of night vision cameras. Therefore, the time 

at which footage was taken may not have truly represented the frequency of lumpfish which 

used the habitat. 
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In addition, as the GoPro was only able to show a small section of the habitat, the total 

number of lumpfish utilising the habitat is unknown. Further research into ontogenetic shifts 

in habitat preference could provide additional insight into lumpfish behaviour during the 

salmon cycle, and could aid habitat development.  

This study has highlighted the knowledge gap in lumpfish habitat development and the need 

to further research in order to determine the best possible habitat for lumpfish in salmon 

pens. Crucially, it is important to take into account cage environment, ease of use, and cost 

of development. With the multitude of challenges facing the success rate of lumpfish, any 

advances that aid health improvements need to be explored. In addition, even though this 

study focused on using recycled plastic, future developments should focus on excluding the 

need for plastic all together. It is well known plastic pollution is an issue in the marine 

environment (Haward, 2018), and although the plastic used in lumpfish habitats is in a 

confined environment, microplastics may be released. Therefore, future trials using real kelp 

could be a very promising biological solution to lumpfish habitats, as costs are low, and 

plastic would not be placed into the marine environment. 
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5. Conclusion 

Hatchery trials concluded a significant increase in preference for plastic materials, with the 

largest abundance found on the thin sheet of plastic. A main focus of the project was to 

incorporate recycled fish farm materials, therefore a section of salmon pen walkway was 

combined with thin sheets of plastic for development of the lumpfish hide. Prototypes were 

developed and a folding design was chosen in order to make the product easy to use, 

reducing manual labour necessities related to cleanerfish welfare. The habitat was trialled 

and sections changed in order to combat difficulties found, such as the removal of a rope 

and replacement with a float to remove the possibility for rope tangling. A GoPro placed on 

the habitat showed lumpfish utilising the habitat over the 75 minute time frame. Further 

observations of lumpfish habitat utilisation is required to fully conclude habitat 

effectiveness with planned continued development for use on a larger scale in the salmon 

farming industry to further aid lumpfish health, and subsequent sea lice removal efficacy. 
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Appendix A 

Appendix 1. Material preference trial raw data 

 

  

 

 

 

 

 

 

  Material 1 (flat sheet of plastic) Material 2 (feed pipe tubes) 

  No. Lumpfish No. Lumpfish 

  9am 3pm 9pm 9am 9am 9am 3pm 9pm 9am 9am 

Trial 0 6 12 24 48 0 6 12 24 48 

1 3 43 70 99 97 7 22 34 52 73 

2 3 30 40 78 67 1 19 20 34 62 

3 22 68 72 73 84 13 22 35 39 55 

4 35 78 80 100 123 0 20 33 55 71 

5 0 43 79 61 91 12 27 23 61 66 

6 10 40 55 57 137 10 31 39 50 61 

7 3 70 75 93 107 6 33 39 64 68 

8 4 55 61 72 105 6 29 37 56 72 

9 6 95 97 102 75 0 29 41 39 49 

10 10 62 81 110 107 2 28 38 41 58 

Material 3 (walkway tube section) Material 4 (feed pipe cut in half)  

No. Lumpfish No. Lumpfish 

9am 3pm 9pm 9am 9am 9am 3pm 9pm 9am 9am 

0 6 12 24 48 0 6 12 24 48 

0 21 39 43 90 6 26 23 44 102 

9 37 40 49 94 6 18 33 51 92 

2 32 36 43 30 13 25 42 43 40 

33 44 57 80 80 13 20 35 57 78 

11 40 55 57 85 8 23 29 65 77 

4 54 71 94 69 7 69 56 84           88 

2 80 82 95 105 3 57 71 95           82 

3 39 52 61 90 4 28 40 75 82 
1 72 74 85 89 1 31 57 95 112 

1 29 56 72 89 3 22 61 89 112 
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Appendix 2. Colour preference raw data 

  Black White 

  No. Lumpfish No. Lumpfish 

  9am 3pm 9pm 9am 9am 9am 3pm 9pm 9am 9am 

Trial 0 6 12 24 48 0 6 12 24 48 

1 3 34 53 71 92 1 3 6 12 7 

2 16 81 82 89 102 0 0 3 0 0 

3 9 62 81 90 102 0 12 16 13 31 

4 101 105 105 105 105 0 8 21 48 65 

5 20 75 91 100 103 0 6 11 13 21 

6 12 48 82 99 103 1 2 7 10 13 

 

Blue Green 

No. Lumpfish No. Lumpfish 

9am 3pm 9pm 9am 9am 9am 3pm 9pm 9am 9am 

0 6 12 24 48 0 6 12 24 48 

1 0 7 16 14 0 23 26 30 48 

0 0 3 1 70 0 0 2 25 5 

0 3 10 9 33 0 10 30 50 61 

8 31 40 45 70 4 15 25 41 65 

1 3 6 3 21 2 9 14 27 51 

0 0 12 10 16 0 4 20 35 60 
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Appendix 3. Chi-square analysis 

 0.1 Hours 6 Hours  

 O E O-E O-E2 
O-
E2/E O E O-E O-E2 

O-
E2/E 

Black vs 
White 

0.333
333 

26.83
333 -26.5 

702.2
5 

26.17
081 

5.166
667 67.5 

-
62.33

33 
3885.

444 
57.56

214 

Black vs 
Blue 

1.666
667 

26.83
333 

-
25.16

67 
633.3

611 
23.60

352 
6.166

667 67.5 

-
61.33

33 
3761.

778 
55.73

004 

Black vs 
Green 1 

26.83
333 

-
25.83

33 
667.3

611 
24.87

06 
10.16

667 67.5 

-
57.33

33 
3287.

111 
48.69

794 

White 
vs Blue 

0.333
333 

1.666
667 

-
1.333

33 
1.777

779 
1.066

667 
5.166

667 
6.166

667 -1 1 
0.162

162 

White 
vs 
Green 

0.333
333 1 

-
0.666

67 
0.444

445 
0.444

445 
5.166

667 
10.16

667 -5 25 
2.459

016 

Green 
vs Blue  1 

1.666
667 

-
0.666

67 
0.444

444 
0.266

667 
6.166

667 
10.16

667 -4 16 
1.573

77 

 

12 Hours  24 Hours  

O E O-E O-E2 O-E2/E O E O-E O-E2 O-E2/E 

10.666
67 

82.333
33 

-
71.66

67 
5136.1

11 
62.381

92 16 
92.333

33 

-
76.33

33 
5826.7

78 
63.105

9 

13 
82.333

33 

-
69.33

33 
4807.1

11 
58.385

96 14 
92.333

33 

-
78.33

33 
6136.1

11 
66.456

08 

19.5 
82.333

33 

-
62.83

33 
3948.0

28 
47.951

75 
34.666

67 
92.333

33 

-
57.66

67 
3325.4

44 
36.015

64 

10.666
67 13 

-
2.333

33 
5.4444

44 
0.4188

03 14 16 -2 4 0.25 

10.666
67 19.5 

-
8.833

33 
78.027

78 
4.0014

25 16 
34.666

67 

-
18.66

67 
348.44

44 
10.051

28 

19.5 13 6.5 42.25 3.25 14 
34.666

67 

-
20.66

67 
427.11

11 
12.320

51 
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48 Hours  

O E O-E O-E2 O-E2/E 

22.83333 101.1667 -78.3333 6136.111 60.65349 

37.33333 101.1667 -63.8333 4074.694 40.27705 

48.33333 101.1667 -52.8333 2791.361 27.59171 

22.83333 37.33333 -14.5 210.25 5.631696 

22.83333 48.33333 -25.5 650.25 13.45345 

48.33333 37.33333 11 121 3.241071 

 

Field Trial 

There was limited footage from the habitat placed in the salmon cage due to limited 

availability from divers to gain footage, and when they did they unfortunately only took a 

photo which was a poor quality. The habitat will be monitored going forward and divers 

gave feedback that a large quantity of lumpfish were utilising the habitat, however more 

data needs to be collected in order to have a more accurate conclusion of habitat success.  
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