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ABSTRACT 

MORPHOLOGICAL DIET ANALYSIS OF THE LUMPFUSH (CYCLOPTERUS 

LUMPUS): A CLEANER FISH INSIDE NEWFOUNDLAND SALMON SEA CAGES 

Jessica Leanna Roy 

University of Guelph, 2021

Advisor(s): 

Dr. Elizabeth Grace Boulding  

The lumpfish (Cyclopterus lumpus) is a highly opportunistic cleaner fish used as a 

biological control in Atlantic salmon sea cages for an economically important 

ectoparasite, the salmon louse (Lepeophtherius salmonis). The objective of my 

research was to determine the relationship between lumpfish size and whole diet 

composition to assess which sizes of lumpfish would be more likely to consume salmon 

lice. Principal component analysis of morphologically-identified gut contents showed 

that PC3 was a contrast of salmon pellets and diurnally-migrating krill. MANCOVA found 

a significant relationship between PC3 scores and two covariates: body and stomach 

weight. In conclusion, larger lumpfish (>150g) with fuller stomachs consumed more 

salmon pellets, and fewer free-living invertebrates. My work suggests large lumpfish 

>150g may not be suitable as biological controls in salmonid aquaculture because of 

their preference for pellets being fed to the salmon over natural crustacean prey.  
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1 Chapter 1: General Introduction 

1.1 Introduction to Salmon Aquaculture 

Salmon aquaculture is a highly profitable industry with production reaching 

174,057 metric tons valued at $833 million USD in Canada alone (Yossa and Dumas, 

2016). The most demanding challenge facing the Canadian aquaculture industry is the 

management of the parasitic salmon louse (Lepeophtheirus salmonis), which is 

responsible for the economic loss of $7.5 million USD annually in Canada (Yossa and 

Dumas, 2016). The salmon louse has become a primary concern for both significant 

economic loss and animal welfare. 

Sea lice are naturally occurring marine copepod ectoparasites in the Caligidae  

(Pike, 1989). They act as vectors for viral and bacterial diseases as they erode 

epidermal and sub-epidermal layers through feeding activity during their copepodid life 

stages (Pike, 1989). The mobile adult form will then distribute themselves widely over 

the dorsal and central surfaces of the salmon, with the most extreme lesions often 

located on the head (Pike, 1989). The highest rates of sea lice infestation are usually 

seen in water temperatures ranging between 9°C - 14°C, expected during May to 

October in North Atlantic waters; however, sea lice are observed on marine life stages 

of salmonid fishes throughout the year (Pike, 1989). 

1.2 Sea Lice Control 

Several methods of sea lice control exist and have been used to mediate the 

infestation on farmed Atlantic salmon with varying degrees of success and risk to their 
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surrounding environment. Physical controls include the construction of barriers around 

sea cages; they may be designed to manipulate photoperiod, cage depth, and include 

electric fences (Hevrøy et al., 2003; Yossa and Dumas, 2016). There has been some 

success using thermal treatments wherein heated water is transported by barge and 

unloaded into a sea cage (Global Salmon Initiative 2020). Nutritional and chemical 

controls have been criticized for their extensive usage and decrease in effectiveness 

over time (Fisheries and Oceans Canada, 2018; Yossa and Dumas, 2016). Nutritional 

controls use immunostimulants in salmon feed; some have notably been recorded to 

successfully remove up to 25% of sea lice (Igboeli et al., 2014).  

Chemical controls are often viewed as controversial for their bath usage of 

chemotherapeutants and parasiticides. Chemicals like SLICE™ were once largely 

successful in the past, leading to their popular usage to remove sea lice (Igboeli et al., 

2014). However, heavy reliance on this drug led to an increase in tolerance by drug-

resistance sea lice, and ultimately the decline in the drugs’ effectiveness on salmon 

farms (Igboeli et al., 2014). Chemical controls like Salmosan ® WP50 have also been 

noted to negatively affect the larval growth stages of the American lobster (Homarus 

americanus) by weakening their exoskeleton (Fisheries and Oceans Canada 2020).  

The biological control of sea lice has been proposed and is currently implemented 

with the utilization of cleaner fish at the industrial level. The lumpfish (Cyclopterus 

lumpus) is a facultative cleaner that is regarded as one of the most effective species at 

removing sea lice within the aquaculture industry (Imsland et al., 2018). Cleaner fish 

have been used in European and Scandinavian aquaculture for several decades but 
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have only within the last 10 years been integrated within the Canadian aquaculture 

industry (Costa et al., 2016; Kelly Cove Salmon Ltd., 2014; Boyce et al. 2018). Imsland 

et al. (2014) tested the European lumpfish’s cleaning capacity using smaller 

experimental sized sea cages (5m x 5m x5m). Their research found by the end of their 

54 day study period; lumpfish were responsible for 93-97% of sea lice removal, and on 

the final day of sampling 28% of lumpfish had ingested sea lice.  

Previously, chemical and nutritional controls for sea lice have been relied upon 

heavily, leading to the evolution of chemical resistant sea lice (Urbina et al., 2019). 

Whereas lumpfish as a biological control have the unique ability to develop foraging 

techniques to overcome sea lice infestation as they may experience constant selection 

for the best foraging traits (Imsland et al., 2015). Provided the salmon cage environment 

is constructed to encourage cleaner-client interactions between the cleaner lumpfish 

and the client salmon, lumpfish may be the most sustainable method of controlling sea 

lice (Imsland et al., 2018). Therefore, it can be predicted that through understanding the 

foraging habits of lumpfish inside sea cages it may be used to aid in creating a sea cage 

environment that encourages cleaner-client interactions. 

Lumpfish (Cyclopterus lumpus) are native to the northern Atlantic, spanning from 

Canada’s east coast to Greenland and into Scandinavia with genetically distinct 

populations within each region (Pampoulie et al., 2014). Lumpfish have been observed 

to effectively clean in water temperatures colder than 9°C (Powell et al., 2018). The 

ideal size of a lumpfish for efficient cleaning ranges between 50g – 100g (Eliasen et al., 

2018). Because of their gulp feeding technique, the lumpfish’s mouth gape height and 
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width within these size ranges is ideal to consume sea lice. A smaller mouth gape would 

limit capability to consume sea lice, and a larger mouth gape would allow for a wider 

range of prey consumption. Therefore the body size of the lumpfish may influence their 

prey consumption and diet composition, where larger lumpfish greater than 100g will 

feed on a greater range of prey items because of their larger mouth gape height and 

width.  

Current research on cleaner fish has largely focused on tropical obligate cleaners. 

Several species of tropical wrasse act as cleaners that feed exclusively off 

ectoparasites attached to client fish (Francini-Filho and Sazima 2008). Comparatively 

the lumpfish is a cold water facultative cleaner that is also a highly opportunistic 

generalist feeder (Vandendriessche et al., 2007). Observations by Ingolfsson and 

Krisjansson (2002) found that wild lumpfish tend to ignore sessile, slow moving animals 

like gastropods, bivalves and ostracods. Juveniles in the Bay of Fundy (<55mm) are 

found within the top few centimeters of the water column where they feed primarily on 

near surface plankton, as they mature their diet shifts from copepods to amphipods 

(Daborn and Gregory, 1983). Eriksen et al. (2014) found that the diet of the European 

lumpfish population included consumption of crustaceans, ctenophores, jellyfish, and 

polychaetes which they identified using traditional morphological stomach content 

analysis.  

Imsland et al. (2015) suggested that lumpfish appear to switch their food 

preferences towards the item that was most readily available and easily obtained within 

their environment. Consequently, I expected that the macroinvertebrate species would 
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differ across the northern Atlantic, creating a novel environment within Eastern 

Canadian sea cages. Benthic macroinvertebrate larvae settle on to the sea cage netting 

whereas pelagic macroinvertebrates move through the sea cages (J. Roy. Pers. obs.), 

thereby providing the lumpfish inside with a wide range of potential prey.  

The most common method for diet analysis used for European lumpfish held in 

sea cages has been through traditional morphological analysis of stomach contents via 

euthanasia and removal of the stomach. The stomach contents are then visually 

identified down to the lowest taxonomic level with reference to species guides and 

dichotomous keys. Thus far there have been no studies performed on Canadian 

lumpfish in sea cages to determine their diet composition or lice cleaning efficacy. 

Which is important to consider as the environmental conditions surrounding Canadian 

sea cages may differ from European sea cages, thereby introducing new potential prey 

items and a novel environment surrounding Canadian sea cages.  

Over a two-year sampling period Eliasen et al. (2018) worked to determine 

cleaning efficacy of lumpfish in Faroese salmon farms by considering lumpfish size and 

cleaning seasonality where 5511 lumpfish stomachs were analyzed using morphological 

techniques. The stomach contents, when identifiable, were placed into the following 

categories: a) sea lice, b) lumpfish feed, c) salmon feed, d) organisms associated with 

biofouling, e) zooplankton, and f) other (Eliasen et al., 2018). Their results found a 

significant negative influence on cleaning efficacy when zooplankton were present, and 

a moderate positive influence on cleaning efficacy of sea lice when biofouling related 

organisms were present (Eliasen et al., 2018). Additionally, they indicated that the 
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presence of alternate prey does not exclusively decrease cleaning efficacy, but when 

zooplankton alternatives are present there is a tendency for lower sea lice cleaning 

activity (Eliasen et al., 2018). Their observations highly suggest seasonal variation in 

sea lice cleaning is influenced by macroinvertebrate presence. However, they do not 

identify what species are present and how abundant they are within their sampled 

stomachs. Regarding the effects of lumpfish size on cleaning abilities, they determined 

it played a minor role in cleaning efficacy but did significantly influence the proportion of 

empty stomachs collected when lumpfish were less than 50g. Ultimately, their study 

presents compelling evidence about the capacity of the lumpfish as an effective cleaner 

fish. 

Optimal foraging theory predicts how an animal will behave when searching for 

food. To maximize fitness, the animal develops a foraging strategy that provides the 

most nutritional benefit at the lowest energetic cost to maximize their net energy gained 

per day (Werner and Mittelbach, 1981). Concerning the lumpfish foraging strategy, prey 

availability inside a sea cage is dynamic and the food sources for a lumpfish would 

realistically range beyond sea lice and supplemental lumpfish feed. Sea cages offer an 

ideal location for several macroinvertebrate species to gather because of the excess 

nutrients in the water accumulated around salmon cages, and the increased abundance 

of hard substrate for settlement for macroinvertebrate larvae (Holmer 2010). In these 

conditions the lumpfish may possibly optimize their foraging strategy by consuming the 

most easily available prey items, which may not prioritize sea lice. The environmental 

constraints potentially limiting lumpfish cleaning efficacy may be attributed to sea cage 
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structure that may limit cleaner-client interactions. For sea lice to become a desirable 

prey source the time and effort required to consume them must be less than that of 

other cage dwelling macroinvertebrate species (Imsland et al., 2016a). 

Dietary analysis can now also be conducted using DNA-based techniques that do 

not rely on visual assessment of prey items. Several techniques exist and can be 

applied in tandem with morphological prey identification, such as the use of DNA 

barcoding done by Bartley et al. (2015) to increase food web resolution by increasing 

the number and frequency of identified prey species in fish stomach contents. 

Metabarcoding is another technique that offers the identification of species using 

generalist primers optimized for next generation sequencing to generate databases of 

species presence or absence (Pompanon et al., 2012). This offers the opportunity to 

use DNA barcoding to identify highly digested prey items that would otherwise be 

unidentifiable through morphological analysis alone (Hajibabaei et al., 2006). 

Metabarcoding would more accurately identify prey items to lower taxonomic levels and 

provide a detailed understanding of entire lumpfish diet inside sea cages. 

Metabarcoding has successfully been used in dietary studies, although this technique is 

limited in that it cannot quantify the biomass of a species present (Harms-Tuohy et al., 

2016a). In this early use of lumpfish in Canadian aquaculture it is important that we 

determine lumpfish cleaning efficacy, but it is equally valuable to know their full range of 

diet in sea cages to assess and refine cleaner fish deployment techniques.  

Morphological stomach analysis is an effective method for a visual understanding 

of dietary items that is accessible and has been used in both field and lab settings 
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(Werner and Hall, 1974). It offers a quick assessment of stomach contents that can be 

recorded into broad categories. Even so, the prey items cannot often be identified to 

taxonomic levels lower than the family level which can create some uncertainty for 

accurate identification (Bartley et al., 2016). Broad categories of family level identified 

prey species from European lumpfish should not be considered an accurate enough 

assessment of lumpfish diet overall. Invertebrate diversity across the northern Atlantic 

varies spatially, creating unique environments with differing potential prey (Clarke and 

Lidgard, 2000; Petraitis and Dudgeon, 2020). Lumpfish in eastern Canada will likely be 

feeding on different pelagic prey species inside salmon cages, creating a currently 

unknown influence on cleaning efficacy when used in Canadian aquaculture.  

The objective of my research was therefore to investigate and assess the 

relationship between diet composition and lumpfish size when deployed in Canadian 

Atlantic salmon sea cages. The goal was to use semi-quantitative principal component 

analysis of prey categories to assess the potential for cleaning activity by looking at the 

wild prey prevalence in the lumpfish’s diet relative to salmon pellets.  
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2 Chapter 2: Data Chapter 

2.1 Abstract 

The salmon louse (Lepeophtheirus salmonis) is a marine ectoparasite responsible 

for significant concern for animal welfare and economic loss to the salmonid 

aquaculture industry. The lumpfish (Cyclopterus lumpus) is a cold water facultative 

cleaner fish commonly used in salmon aquaculture as a biological control agent for the 

salmon louse. The objective of this research was to assess the relationship between 

whole diet composition and lumpfish size when deployed inside Canadian Atlantic 

salmon sea cages. The goal was tested by identifying all prey items using traditional 

morphological diet analysis and measuring both lumpfish body weight and stomach 

weight of native lumpfish deployed in Canadian salmon sea cages in Newfoundland. 

Principal component analysis was performed semi-quantitatively, the first five principal 

components (PC1-5) from an analysis performed semi-quantitatively, cumulatively 

accounted for 63% of variance in the data. A cos2 factor map determined the prey 

categories krill, caprellid spp., amphipods, and ctenophore/jellyfish had the greatest 

representation for PC1 and PC2. The PC1/PC2 biplot visualized a distinction between 

groupings of stomachs containing wild macroinvertebrate prey categories and groupings 

of stomachs containing salmon food pellets and supplemental lumpfish food pellets. 

MANCOVA analyses of PC1-PC5 with lumpfish weight and stomach weight as 

covariates found a significant relationship with PC3 where the most represented prey 

categories were salmon pellets, lumpfish pellets and other. This suggests that the 
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lumpfish sampled relied heavily on macroinvertebrates present in sea cages and 

supplemental feed rather than performing their role as cleaner fish. 

2.2 Introduction 

2.2.1 Salmon Aquaculture 

Salmon aquaculture is a highly profitable industry responsible for great economic 

value in many countries. In Canada, the yearly production of roughly 174,057 metric 

tons is valued at $833 million USD (Yossa and Dumas, 2016). However, the most 

detrimental challenge facing the Canadian aquaculture industry costing an economic 

loss of $7.5 million USD is the management of the parasitic salmon louse 

(Lepeophtheirus salmonis) (Yossa and Dumas, 2016). Sea lice are a naturally occurring 

marine copepod ectoparasite of the Caligidae that acts as a vector for viral and bacterial 

diseases on their host salmon and as a result are a concern for animal welfare and 

economic loss (Pike, 1989). 

2.2.2 Sea Lice Management 

There are several methods for sea lice management that have resulted in variable 

success; however some cases also pose a risk to their surrounding environment. 

Physical controls are the construction of barriers around sea cages; they may be 

designed to manipulate photoperiod, cage depth, electric fences, and thermal 

treatments that use hot water poured into the sea cages (Hevrøy et al., 2003; Yossa 

and Dumas, 2016, Global Salmon Initiative, 2020). Nutritional and chemical controls are 

controversial and have been criticized for their extensive usage and decrease of 

effectiveness over time (Fisheries and Oceans Canada, 2020; Yossa and Dumas, 
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2016). Nutritional controls use immunostimulants in salmon feed while chemical controls 

use chemotherapeutants and parasiticides through ‘bath usage’ in which the chemicals 

are poured into the water of the sea cage (Igboeli et al., 2014). SLICE™ is a chemical 

that initially was largely successful in sea lice removal, but heavy reliance eventually 

lead to an increase of tolerance by drug-resistant sea lice (Igboeli et al., 2014). 

Similarly, Salmosan ® WP50 has been linked to weakening the exoskeletons of larval 

growth stages of the American lobster (Homarus americanus) (Fisheries and Oceans 

Canada, 2020). The final method is the use of cleaner fish as biological controls, such 

as the lumpfish (Cyclopterus lumpus) and various wrasse species.  

2.2.3 Lumpfish as a biological control 

The lumpfish is the most widely used species of cleaner fish deployed in salmon 

aquaculture internationally and the current main species used in Canadian aquaculture. 

They are most effective cleaners in water temperatures lower than 9°C, as gulp feeders 

their mouth gape height and width limit their prey options, and lumpfish are recognized 

as highly opportunistic generalist feeders (Wainwright and Richard, 1995). Records 

from adult European lumpfish diet have included the consumption of crustaceans, 

ctenophores, jellyfish, and polychaetes (Eriksen et al. 2014). There is also some 

evidence to suggest lumpfish appear to switch their food preferences towards the item 

that is most readily available and easily obtained within their environment (Imsland et al. 

2015). The selection of prey therefore appears dependent on lumpfish mouth gape 

height and gape width and by extension total body size, suggesting that optimal 

foraging theories prediction of prey selection when prey is at low abundance, prey of 
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different sizes are eaten as encountered (Werner and Hall, 1974). Thus far, all dietary 

research concerning lumpfish deployed in sea cages has been done using the 

European population. 

2.2.4 Dietary assessment 

Traditional morphological stomach content analysis is the most common method 

of dietary analysis used, but requires the euthanasia of the fish to complete the stomach 

dissection and following procedures. The stomach contents are then identified down to 

the lowest taxonomic level visually with reference to species guides and dichotomous 

keys. It is a convenient method used to gain a visual understanding of diet in both the 

field and lab settings. The assessment of prey items are usually recorded in broad 

categories, as there is often difficulty in identifying lower than the family level which can 

create some uncertainty for accurate identification (Baker et al., 2014). The prey items 

may also be at various stages of digestion and missing key identifying characteristics 

that may no longer be visible (Baker et al., 2014). This must also be taken into account 

as the likelihood of accurate morphological identification will also be affected.  

Thus far lumpfish dietary studies have focused on the European population and 

largely on cleaning efficacy of sea lice with only broad categories for other prey items. 

Eliasen et al. (2018), used morphological stomach analysis to assess lice cleaning 

efficacy and the influence of lumpfish size on cleaning ability, they included broad 

categories for prey items found: a) sea lice, b) lumpfish feed, c) salmon feed, d) 

organisms associated with biofouling, e) zooplankton, and f) other. Their results had 

suggested seasonal variation in lice cleaning is influenced by macroinvertebrate 
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presence; however, they do not identify what species of macroinvertebrates are 

present. They also suggest that lumpfish size only had a minor influence on cleaning 

ability, but they did observe more empty stomachs in lumpfish smaller than 50g. Their 

study largely presents evidence for the high capacity of lumpfish as an effective cleaner 

fish. However, concerning Canadian aquaculture conditions there are likely to be 

differences in potential prey species of cage deployed lumpfish because of variable 

species spatial and temporal distributions across the northern Atlantic. Sea cages in 

eastern Canada represent a novel environment where we cannot yet predict diet or lice 

cleaning efficacy for lumpfish native to Canadian waters deployed to control lice on 

Atlantic salmon. 

My research uses morphological diet analysis to investigate the relationship 

between diet composition and size of lumpfish being used as biological control inside 

Canadian Atlantic salmon sea cages. The effect of lumpfish size and stomach fullness 

on diet was assessed using MANCOVA on principal component scores from a semi-

quantitative analysis of prey categories. Both lumpfish size and stomach fullness had a 

significant effect on the ratio of free living prey to salmon pellets that was consumed. 

2.3 Materials and Methods 

2.3.1 Field Sampling Location  

Sampling was conducted in southern Newfoundland in Hermitage Bay from 

August to September 2018 at salmon cages owned by the Cold Ocean Division of 

Cooke Aquaculture Inc. The salmon farm where all lumpfish sampling took place was in 

Olive Cove (47°40'06.6"N, 55°40'12.4"W). The 4 periscope sea cages sampled at were 
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of industrial size with a circumference of 45m and a depth of roughly 34m. Two different 

sea cage types were present at the site: netted and periscope sea cages. Netted sea 

cages have a net suspended over the top, held in place by a floating structure in the 

center of the cage. The periscope sea cages, sometimes called snorkel sea cages, 

have a barrier at 5m depth to keep the salmon away from warmer surface waters. The 

only opening to the surface is through a circular ‘snorkel’ or periscope inside the sea 

cage. The lumpfish in this study were collected only from the periscope sea cages 

because of ease of access, and because data was also being collected for a separate 

cleaner fish behavioral study. In the morning of each of the 26 sampling days 

oceanographic conditions were recorded: water temperature (surface, 5m, 10m, 15m), 

salinity (surface, 5m, 10m, 15m), Secchi depth, and sea surface conditions (Appendix 

1). 

A total of 84 lumpfish were caught using a broad range of collection methods. 

The simplest involved the use of a 5m long dip-net of 50cm diameter to collect lumpfish 

found at the surface of the sea cage between a depth of 0 – 4m. Technical SCUBA 

divers employed by the service provider Tay-Aus Diving Ltd. to clean out the salmon 

mortality pits at the bottom of the sea cages helped to collect lumpfish during their 

dives. The ascending divers randomly collected lumpfish at depths ranging from 0-32m 

depending on the conditions of their dive. The third used the salmon mortality pit water 

pumps in which a flexible tube is lowered into the salmon cage that reaches to the 

bottom at 32m. A pump was then used to suction the dead salmon to the surface for 

disposal. The mortality pit water pump did catch some lumpfish in its suction. The fourth 
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method used lumpfish traps that were made from buckets with weights that were tied to 

the side of the periscope sea cages to passively act as a rest stations for lumpfish at a 

depth of 15m. The final method of capture was performed by using the hoop net which 

was then lowered until it was visibly on the live camera feed. The net was then used to 

capture the lumpfish along the sides of the sea cage. For each individual lumpfish the 

method of capture, time of capture, date, and cage of origin were recorded (Appendix 

3). 

Voucher specimens of potential prey items consumed by lumpfish were collected 

around the sea cages. Several invertebrate species could readily be found at the water 

surface around the sea cages allowing for the easy collection of presumed krill species 

and ctenophore species. These voucher specimens were preserved in labelled Nalgene 

bottles with 95% ethanol. They were stored in a cooler with ice packs during transport 

and in a freezer for storage. 

Lice counts were documented weekly to determine the severity of sea lice 

infestation on the salmon. Employees of Cooke Aquaculture Inc. performed the counts 

by removing approximately 10 salmon from a cage and recording each louse and its life 

stage on a given salmon. The technique included inspecting the outer scales of the 

salmon, the fins, and inside the gills for sea lice. These employees were previously 

trained to perform these specialized counts as part of their work, and the data was then 

provided to us for research purposes. 
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2.3.2 Stomach removal for later eDNA processing 

To maintain, eDNA quality for future metabarcoding analysis (Roy et al. 

unpublished), all stomachs were dissected in the field following a strict protocol to 

decrease the potential for sample contamination. Stomachs were dissected out of the 

lumpfish in the field immediately following procurement from the sea cage. To begin 

processing, the dissection station was set up on a boat (30ft flat bottom skiff with gas 

powered motor) provided for our use around the sea cages by Cooke Aquaculture Inc. 

A makeshift platform was the designated site for dissections, and all materials were 

organized accordingly. The platform and a cutting board were sterilized using a bleach 

solution (10% bleach), and all dissection tools were soaked in a bath of the same 

solution for 10 minutes. DNA Grade water made by Fisher Bioreagents was used to 

rinse the tools.  

With approval from the University of Guelph Animal Care Committee, MS-222 

was used to euthanize the lumpfish before any dissection took place. MS-222 was 

measured using the following estimation method in the field. One-fifth of a 7.5L bucket 

was filled with saltwater, and 2cm of MS-222 powder was scooped onto the end of a 

scalpel that featured a ruler. Later measurements made in the lab to confirm mass of 

MS-222 using this method indicated that 2cm of MS-222 roughly equaled 0.44g. The 

final concentration of MS-222 was approximately x gL-1. The lumpfish were monitored 

while in the lethal bath to ensure anesthetization. If there was any doubt the fish were 

not yet euthanized, more MS-222 was added to the water with 1cm increments on the 

ruler. Depending on the size of the lumpfish, some required significantly more MS-222 
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than others. Five minutes were then waited to ensure the lumpfish were euthanized. 

Finally, a reaction test was performed on the lumpfish by squeezing the caudal 

peduncle to determine if there were any muscle contractions. Once determined the 

lumpfish had been euthanized, before dissection several morphological indices were 

measured: total length (mm), standard length (mm), and total weight (g ± 0.1g). Any 

physical defects were also noted, including the presence or absence of cataracts and 

caudal fin rot. These physical defects had been previously observed while working in a 

juvenile hatchery with captive bred lumpfish. 

The dissection of the lumpfish was performed under sterile conditions that 

allowed future eDNA analysis of the stomach contents. New sterile gloves and a 

disposable plastic plate were used for each individual fish during its dissection. All 

instruments were sterilized in a bleach bath for 10 minutes followed by a rinse in a DNA 

grade water bath and allowed to dry prior to each dissection. The dorsal side of the 

lumpfish was held upside down as scissors were used to cut from the urogenital pore 

rostrally, through the central sucker and pectoral girdle, and ending at the lower jaw. A 

skin flap was made by cutting dorsally along the margins of the operculum on the right 

side of the fish so as to expose the abdominal cavity when removed. The scissors were 

then bleached and rinsed in DNA grade water to reduce introducing contaminants from 

the skin surface of the fish to the gastrointestinal tract that will be removed for sampling 

purposes. The sex of the fish was determined by observing the gonads to be male (M), 

female (F), or unknown in cases where the individual may have been a juvenile (U). The 

color of the liver was also determined to be bright orange (BO), dark orange (DO), pale 
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orange (PO), and pale yellow (PY), as previous studies have indicated that liver color 

can correspond to diet composition in lumpfish (Eliasen et al., 2020). 

Sterilized scissors and forceps were used to excise the entirety of the digestive 

tract from the esophagus to the urogenital pore opening. Any extraneous organs 

connected to the stomach were removed. The intact stomach was then transferred into 

a 125mL wide mouth Nalgene bottle and submerged in 95% ethanol for storage and 

transport. Nalgene bottles were selected as the containers for the stomachs because 

they have a reliable seal that reduces the chances of leaking; they are easily packed for 

shipping, and can be easily obtained. In cases where the stomach was especially large, 

ethanol was pipetted using Pasteur pipettes into the stomach through the esophagus to 

ensure the preservation of all stomach contents. During transport the bottles were kept 

in a cooler with icepacks and in a freezer for storage. 

2.3.3  Stomach dissections in laboratory  

To reduce eDNA contamination during dissections the morphological 

identification of stomach content items was conducted in a laboratory that had never 

been previously used for extraction of animal DNA. The work bench was sterilized using 

two methods to prevent cross contamination between dissections. The first was a deep 

cleaning method performed once a week using a solution of water and 10% bleach to 

wipe down the work bench and surrounding surfaces then allowed to dry before 

repeating with DNA grade water in place of the bleach solution. The second method 

pertained to cleaning the workspace and microscopes between each dissection: the 
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workspace, microscopes, and scale were wiped using 95% ethanol, then wiped using 

eliminASE™, and finally once more wiped with DNA grade water. Between each step 

the ethanol, eliminASE™, and DNA grade water were allowed to dry. All dissection 

instruments including scissors and forceps were allowed to sit in a bleach bath for 10 

minutes and then thoroughly rinsed in a DNA grade water bath before use.  

To begin the dissection, a large weigh boat with diameter 15cm was used as a 

plate for the stomach. The stomach and any attached digestive system organs were 

removed from its bottle with forceps with an attempt made to keep the stomach intact. 

The whole digestive system was measured for its total wet weight using an analytical 

balance scale that measured up to ±0.01g. The intestines and any other attached 

organs were severed from the stomach and returned to the bottle with fresh ethanol, 

because any material found in the intestines would not be identifiable during 

conventional analysis. The weight of the isolated stomach was recorded, then carefully 

opened using scissors to avoid damaging the contents. Using a probe, all stomach 

content material was lightly scraped out onto the weigh boat. In a separate weigh boat, 

the weight of only the stomach lining was measured and recorded. The weight of only 

the stomach contents can now be calculated separately as a whole. 

2.3.4 Prey Identification  

Stomach content items were separated into the following categories: sea lice, 

shrimp, krill, ctenophore/jellyfish, benthic invertebrates, salmon pellets, lumpfish pellets, 

caprellid sp., amphipods, other, and unknown. The benthic invertebrates category was 
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meant to be broad for the technician during prey identification; however when I reviewed 

the samples, the only classified invertebrates recorded here were crab megalopae. The 

‘other’ category consisted of invertebrates or material that did not fit into the major 

named categories (hydroid, bryozoans, megalopae, nematodes, seaweed). The 

assignment of prey items under ctenophores/jellyfish was mainly used to represent a 

category of pelagic soft bodied organisms (ctenophores or cnidarians) that were 

identified around the sea cages and collected as voucher specimens. Each prey item 

was identified to the lowest possible taxonomic level. Similarly identified prey items 

were then counted, and an overall count of the number of items in each category was 

made. When possible a total weight for a prey category was measured. However, in 

some cases the prey items were too small to measure accurately on the scale so a 

minimum weight of 0.01g was recorded to indicate presence of the prey item. Pictures 

of samples were also taken through the microscope for later identification if required. 

Additionally, two number scales were made to aid in identification and to assess level of 

digestion. The level of identification confidence was ranked from 0 – 3, where 0 

represented no confidence in prey identification and 3 represented very strong 

confidence. The level of digestion was ranked on a scale of 0 – 3, where 0 had virtually 

no digestion present on the prey item and 3 indicated a nearly unidentifiable prey item. 

These ranking systems were developed because multiple technicians were responsible 

for the dissection of stomachs and identification of prey species. They are intended to 

be a method of keeping track of a technician’s progress and confidence in their work, 

and allowed me to check identifications they were not sure of. 
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First prey items were separated visually on the large weigh boat into similar 

presenting items using a Wild™ dissection microscope and sterile forceps. The samples 

were prevented from drying out by adding ethanol when needed. The species reference 

guides used include: Zooplankton of the Atlantic and Gulf Coasts: A Guide to Their 

Identification and Ecology (Johnson and Allen, 2012), A Guide to Marine Coastal 

Plankton and Marine Invertebrate Larvae (Smith, 1977), Keys to the Marine 

Invertebrates of Puget Sound, the San Juan Archipelago and Adjacent Regions 

(Kozloff, 1974), Shore Life Between Fundy Tides (Morton, 1991), and Guide To Marine 

Invertebrates: Alaska to Baja California (Gotshall, 1994). These reference guides were 

used to narrow down the identification to the lowest taxonomic level, and if required 

more research was done using electronic sources such as the Barcode of Life Data 

Systems (BOLD) for species reference images. Any additional notes were made during 

the dissection to record the level of digestion of prey categories, prey item color loss, 

etc. To bolster accuracy, counting of prey items was standardized by only counting the 

number of krill heads with or without a tail attached to indicate presence of one 

individual. 

Once the dissection and identification process were completed, all stomach 

contents were submerged in 95% ethanol in a fresh 125mL Nalgene bottle, which was 

then double bagged in zip top bags and stored in a chest freezer. 
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2.3.5 Statistical Analysis 

A general analysis of lumpfish morphological characteristics and diet range and 

diversity were performed: average length (mm), weight (g), stomach content weight (g), 

and percent frequency of prey categories from all stomachs (Figure 1). 

2.3.5.1 Variable Transformation using Principal Component Analysis  

A major focus for analyzing the data included the relationship between lumpfish 

size and diet. The data collected was multivariate in nature because there are many 

dependent variables (i.e. prey weight) that may be correlated with each other, so 

multivariate statistics were required. Principal component analysis (PCA) was selected 

to summarize and visualize the observations made during morphological analysis to 

describe the multiple inter-correlated semi-quantitative variables. Previously during the 

stomach dissection and prey identification process, the prey items had been weighed 

using a scale down to ±0.01g of their mass. In some cases it was possible to record an 

exact weight because of a high presence of the prey item or the larger size of the 

species or item present. However, in other cases the prey items could not be accurately 

measured for weight as they were either few in number or too small to be accurately 

measured on the analytical balance. Therefore, prey items that could not be accurately 

measured were given a default mass of 0.01g, as this was the lowest possible mass the 

balance could weigh. All calculations done using PCA should be considered semi-

quantitative only. 
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PCA was performed using R version i386 4.0.1 with the packages FactoMineR, 

ggplot2, Matrix, and factoextra. The number of principal components (PCs) to be 

considered depended on whether the calculated eigenvalues were above 1; therefore, 

all following analyses were performed up to principal component 5 which accounted for 

63% of the data’s cumulative variance (Table 1). When eigenvalues are above 1 it 

indicates that the PCs account for more variance than the original variables in the 

standardized data. Generally, the first and second PC will account for the most variance 

in the PCs, therefore the prey items with the greatest influence on the data should be in 

the first and second PCs (STHDA, 2020).  

The function fviz_pca_var() was used to assess the quality of representation of 

the variables on the factor map. A high cos2 indicates a good representation of the 

variable on the PC. Figure 2 compares the dimensions from PC1 to PC5. Similar to a 

correlation circle, the most positively correlated variables are grouped together and 

negatively correlated variables are positioned on the opposite quadrants. And 

furthermore, the distance between variables and the origin measures the quality of 

variable representation; where the further they are from the origin the better represented 

it is (STHDA, 2020). 

To determine the contributions of the variables to the PCs, a correlation matrix 

was made using the contrib function (Figure 3). Variables that are correlated with PC 1 

and PC 2 are considered the most important in explaining the variability in the dataset, 

whereas variables that do not correlate with any PC, or only with the last PCs, don’t 

provide much contribution. 



 

 

24 

 

A PCA biplot was made to visualize the distribution of individual stomach 

samples with the prey item variables using the function fviz_pca_biplot(). The biplot was 

constructed for PC 1 and PC 2, as those two PCs account for the largest variance in the 

data (Figure 4). Table 2 displays the eigenvector contributions of the original variables 

on the principal components.  

2.3.5.2 Multivariate analyses of Size Effects on Diet 

To investigate the influence of three covariates - lumpfish length, weight, and 

stomach weight – on diet composition, two separate Multivariate Analysis of Variances 

(MANCOVA) – using scores on PC1 through PC5 – were performed using IBM SPSS 

Statistics 26. For the first MANCOVA, lumpfish weight was used as the only covariate 

(Table 3, Table 4). The second MANCOVA used lumpfish weight and stomach weight 

as the covariates (Table 5, Table 6). The Pearson correlations were then calculated for 

the covariates to determine the correlation between the covariates: lumpfish weight (g), 

and stomach weight (g) (Table 7). 

The multivariate tests: Pillai’s Trace, Wilks’ Lambda, Hotelling’s Trace, and Roy’s 

Largest Root were used to assess significance in the MANCOVA. Pillai’s Trace is used 

as a test statistic in MANOVA and MANCOVA analyses, where a positive value ranging 

from 0 to 1 is calculated (Pillai, 1955). If the values are large, this means the effects are 

contributing more to the model (Pillai, 1955). Wilks’ Lambda is a similar test statistic to 

the Pillai’s Trace wherein it is reported in the results from a MANOVA and is 

comparable to the F-statistic in an ANOVA (Todorov and Filzmoser, 2010). The 
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significance is reported as a p-value, where small values under 0.05 indicate the 

rejection of the null hypothesis (Todorov and Filzmoser, 2010). Hotelling’s Trace is the 

comparable multivariate version of the t-test, allowing for the computation of 

significance with multiple parameters such as when running a MANOVA (Hotelling, 

1931). Finally, Roy’s Largest Root is a positive values multivariate test statistic that 

similar to Wilks’ Lambda and Pillai’s Trace, relies on eigenvalues (Johnstone and 

Nadler, 2017). It differs from the former two tests by placing a primary focus on the 

largest eigenvalues in a matrix (Johnstone and Nadler, 2017). Of the four tests outlined, 

Roy’s Largest Root is regarded to have the most statistical power when noncentrality is 

heavily concentrated in a single root (Johnstone and Nadler, 2017). Higher values for 

this statistic indicate increasing contributions by effects to the model, therefore larger 

values suggest the null hypothesis should be rejected (Johnstone and Nadler, 2017). 

Thus, Roy’s Largest Root was the multivariate test selected for determining significance 

in the data. 

2.3.5.3 Lice counts and oceanographic variables 

Changes in lice counts and oceanographic measurements over time were visualized 

using boxplots and scatter plots created with IBM SPSS Statistics 26 to assess sea lice 

infestation levels during this study. The number of gravid female and pre-adult sea lice 

counted on August 13, 2018 and August 20, 2018 on samples of salmon taken from 

each of the 8 sea cages in Olive Cove, Newfoundland were displayed in boxplots 

(Figure 5). A scatter plot was made to display sea water temperature at 0m, 5m, 10m, 



 

 

26 

 

and 15m in the sea cages over time (Figure 6). And a second scatter plot was made to 

display salinity in the sea cages at 0m, 5m, 10m, and 15m over time (Figure 7). 

2.4 Results 

2.4.1 General Analyses 

A total of 79 of the collected 84 lumpfish were used in the statistical analysis to 

assess diet variance and presence of sea lice. The 5 lumpfish not used in the analysis 

of this study were used to develop methodology used during the dissection and were 

possibly contaminated and could not be used in future eDNA analysis. The average 

total length of the lumpfish was 150mm and average weight was 155.01g. In the 79 

stomach samples, only 4 were empty with no visible prey material. The 4 empty 

stomachs were included in the statistical analysis. A general frequency of prey 

categories can be found in Figure 1, where the primary prey categories consumed were 

krill, caprellid spp., other, salmon pellets, and lumpfish pellets. When performing the 

dissections, sea lice were identified in 5 samples with very low observer confidence and 

high prey digestion in each case.  

2.4.2 Variable Transformation using Principal Component Analysis 

Principal component analysis allowed for semi-quantitative analysis of stomach 

contents. The eigenvalues showed that principal components (PC) 1 through 5, 

accounted for 63% of variance in the data (Table 1). 
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The Cos2 factor map showed that prey categories that were highly represented by 

PC1 and PC2 accounted for roughly 29% of variance in the data (Figure 2a). The prey 

categories with the highest Cos2 values were krill, caprellid spp., amphipods, and 

ctenophores/jellyfish. This suggests a good representation of the variables by the first 

two principal components. PC2 and PC3 accounted for 27% of variance with the most 

well represented prey categories were other, salmon pellets, lumpfish pellets, 

amphipods, and krill (Figure 2b). PC3 and PC4 accounted for 23.6% of variance with 

the categories of other, sea lice, lumpfish pellets, salmon pellets, and shrimp as most 

well represented (Figure 2c). And finally, PC4 and PC5 that accounted for 21.6% of 

variance and most well represented the prey categories for shrimp, benthic 

invertebrates, salmon pellets, lumpfish pellets, and sea lice (Figure 2d). Table 2 shows 

the linear combination coefficients of the original prey category variables on principal 

components which when multiplied by the value of the original variables for a particular 

fish then gives us the principal component scores used to build the biplots. 

The contribution of variables to the principal components was then displayed using 

a correlation matrix (Figure 3). The most important principal components are PC1 and 

PC2. The larger the value of contribution the more the prey category variable will 

contribute to that principal component. For PC1 the variables with the highest 

contributions are sea lice, krill, ctenophores/jellyfish, amphipods, and caprellid spp. 

whereas for PC2 the highest contributing variables are krill, ctenophores/jellyfish, 

salmon pellets, lumpfish pellets, amphipods, and caprellid spp. 
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Table 2 was visualized using a biplot (Figure 4). For PC1 scores, the prey 

categories with a large positive contribution were sea lice, krill, and caprellid spp. 

whereas those with the largest negative contribution were ctenophores/jellyfish and 

amphipods. For PC2 scores, the prey categories with the large positive contribution to 

included krill, ctenophores, amphipods and caprellid spp. whereas those with a large 

negative contribution to PC2 included salmon pellets (Table 2, Figure 4). 

PCA biplot illustrated the presence of prey categories per stomach sample on PC1 

and PC2 accounting for 29.1% of the cumulative variance in the data (Figure 4). Along 

PC1, in the negative quadrants the stomachs that contained amphipods and 

ctenophores/jellyfish were less likely to have krill, caprellid sp., benthic invertebrates 

and sea lice present. Comparably, in PC2 the stomachs with krill, caprellid spp., benthic 

invertebrates, amphipods, and ctenophore/jellyfish were not likely to have lumpfish and 

salmon pellets present. This indicates a distinction between natural prey items from the 

surrounding environment and supplemental feed in lumpfish stomach samples. 

2.4.3 Multivariate Analysis of Size Effects on Diet 

Lumpfish weight had a significant influence when assessing diet composition. A 

MANCOVA with fish weight as a covariate did not find any significant effect of weight 

using four different multivariate tests (Pillai’s Trace, Wilks’ Lambda, Hotelling’s Trace, 

and Roy’s Largest Root (Table 3)). Univariate tests (between subjects effects) showed a 

highly significant relationship between lumpfish weight and PC2 (Table 4, p-value = 

0.009). Figure 5 and Table 2 show that the prey categories with a large positive 
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contribution to PC2 scores included krill, ctenophore/jellyfish, amphipods, and caprellid 

spp. whereas those with a large negative contribution to PC2 included salmon pellets. 

This shows that lumpfish with larger body weights had significantly higher scores on 

PC2 because they consume a higher biomass of krill, ctenophore/jellyfish, amphipods, 

and caprellid spp. and a lower biomass of salmon pellets. 

When this MANCOVA was repeated with total length as the covariate, the results 

were not significant. Similarly, when the analysis was performed with both total length 

and weight there was no significant relationship between weight and PC2. Thereby 

suggesting that total length of a lumpfish does not strongly influence their choice in prey 

items. 

A third MANCOVA was used to assess the relationship between lumpfish total 

weight (g) and stomach weight (g). All four types of multivariate tests found a significant 

relationship present in the data, for lumpfish weight (p<0.002) and stomach weight 

(p<0.001) (Table 5). The univariate between-subject effects showed there was a 

significant relationship between stomach weight and PC1 (p = 0.023), PC3 (p<0.001), 

PC4 (p = 0.047), and PC5 (p = 0.050) (Table 6). And total lumpfish weight had a 

significant relationship with PC3 (p = 0.006) (Table 6). PC3 scores were positive for 

stomachs that contained a relatively large amount of salmon pellets or supplemental 

food for lumpfish and negative for stomachs that contained a relatively large amount of 

the “Other” category. This suggests that larger lumpfish ate more salmon pellets and/or 

supplemental food for lumpfish. The Pearson correlation between total lumpfish weight 

and stomach weight was found to be significant but the Pearson correlation value was 
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only 0.541, suggesting there was value in including both variables as covariates in the 

MANCOVA analysis (Table 7). 

2.4.4 Lice counts and oceanographic measurements 

Lice counts and oceanographic measurements were analyzed to see if there is 

any evidence that they affected lumpfish diet during the sampling period. The number of 

gravid female sea lice seemed to range between 0 to 8 per salmon. There were some 

differences in the mean among sea cages (Figure 5a), and the number of pre-adults 

ranged between 0 to 10 (Figure 5b). Suggesting that infestation during the period of 

sampling was relatively low. Temperature measurements taken at the surface, 5m, 

10m, and 15m depths showed the greatest decrease in temperature occurred between 

5m and 10m with fluctuation over time (Figure 6). Salinity (ppt) also experienced some 

fluctuations over time, but generally increased at greater depths (Figure 7).  

2.5 Discussion 

The objective of this study was to investigate the whole diet of the lumpfish inside 

sea cages, and second to determine the relationship between diet and lumpfish size 

when deployed inside Canadian Atlantic salmon cages. Although, no sea lice were 

confidently identified using morphological identification in these lumpfish stomachs, my 

unpublished eDNA data has confirmed the presence of salmon lice in several of them. A 

key finding of the morphological analysis revealed the importance of a diurnally-

migrating krill, pelagic ctenophore, and shrimp that were living in the sea cages. 

Additionally, morphological analysis revealed that a large proportion of stomachs 
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contained food pellets designed for salmon and for supplemental feeding of lumpfish. 

MANCOVA of PC3 scores revealed that larger lumpfish (>150g) with fuller stomach 

consumed more salmon and lumpfish pellets and fewer sea cage-dwelling 

macroinvertebrates. The macroinvertebrates that had the highest representation in the 

gut contents were krill, caprellid sp., amphipods, and ctenophores/jellyfish. Therefore, 

lumpfish with larger body weights consumed a significantly lower biomass of krill, 

ctenophore/jellyfish, caprellid amphipods and other amphipods and a higher biomass of 

salmon pellets. Furthermore, larger lumpfish with fuller stomachs consumed significantly 

more salmon and lumpfish pellets. Consequently, the results of this study suggest that 

lumpfish size did influence diet composition, where the largest lumpfish with the fullest 

stomachs were most likely to consume salmon and lumpfish pellets.  

The limited consumption of lice by the lumpfish sampled in my study could be due 

to their larger than ideal size.  My lumpfish had an average weight of 155.0g whereas 

previous studies have suggested that lumpfish between 50-100g are ideal for lice 

cleaning (Eliasen et al., 2018). Lumpfish smaller than 50g would not remain inside the 

sea cage because of their potential to get through the netting, and their mouth gape 

height and width would not be suitable for consuming adult sea lice. Similarly, lumpfish 

greater than 100g would likely stop preying on sea lice as they would be able to 

consume salmon feed with their larger mouth gape height and width, which would 

require less effort to reach their energetic requirements and have a larger potential prey 

range. The average lumpfish weight in this study was 155.0g, is considerably larger 

than the ideal size range and seems to further suggest that the diet of lumpfish outside 



 

 

32 

 

of the 50-100g range will be more reliant on supplemental feed and cage dwelling 

macroinvertebrates. As seen in Figure 3, the most commonly observed prey items were 

from the categories: caprellid spp, krill, salmon pellets, lumpfish pellets, and other. Sea 

lice were potentially present in five samples, but the identification was not reliable 

because of low identification confidence and presence of high digestion on the prey item 

and at least one was identified later as a crab megalopa (E.G. Boulding. pers. obs.). 

In order to assess cleaning activity potential there must be some record of sea lice 

presence, which may have been influenced by surrounding environmental sea water 

conditions. Lice counts of gravid and pre-adult sea lice on the salmon inside the cages 

were generally low counts for late summer (Figure 5a, Figure 5b). The average range of 

gravid females present on a salmon was 0 to 8 (Figure 5a), and pre-adults was 0 to 9 

(Figure 5b). The lower lice infestation might also be indicative of why the lumpfish 

sampled did not have the expected presence of sea lice in their gut contents. The 

average sea water temperatures inside the sea cages fluctuated over time during the 

period of sampling, but the most noticeable temperature thermocline seemed to be 

present between 10-15m of depth (Figure 6). Similarly, salinity (ppt) fluctuated with time 

during the sampling period, but generally the salinity increased with depth (Figure 7). In 

a stable water column, sea water density will increase at greater depths because of the 

lower water temperatures and higher salinity. The habitat selection behavior of the 

salmon may be influenced by these oceanographic changes, and similarly so would the 

behavior of the lumpfish. Since the lumpfish is a cold water cleaner, with physiologically 
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optimal temperatures of less than 9°C (Powell et al., 2018), it may be expected to avoid 

warm surface waters. 

2.5.1 Diet analysis 

Morphological diet analysis used in this study is a common method used when 

assessing whole diet, but this method has several limitations. Firstly, accuracy of 

identification is reliant on the state of digestion of the prey item present, which will 

depend on the residence time of the prey items within the gut. Residence time is how 

long a prey item of varying body morphology will remain present within the gut (Dam et 

al., 1991). Species with soft bodies will digest faster than species with hard 

exoskeletons (Harms-Tuohy et al., 2016a). In this study, the limitations of the 

morphological analysis made identification of digested prey items only possible to the 

Order and Family taxonomic ranks, with no confident identification to the Genus or 

Species levels meaning that only a broad assessment of the macroinvertebrates 

present can be made.  

Tools now exist to and clarify species identification by using DNA based 

methods, which would help to overcome some of the limitations of morphological diet 

analysis (Bartley et al., 2016; Hajibabaei et al., 2006). DNA metabarcoding is one 

method of determining the presence or absence of prey items in gut contents, allowing 

for a broad overview of entire diet but also (Dahl et al., 2017). The identification of prey 

species in the lumpfish stomachs of this study was largely successful in reaching the 

order and family levels. Prey species categories such as krill were easily identified, but 

were observed in many states of digestion, and were not confidently identified lower 
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than the family level. Other species such as caprellid spp. were also easily identified for 

their unique body form, but identification to the genus and species level was not 

possible from visual characteristics alone because of the lack of appendages and the 

records of many species in species guides. Other prey categories such as 

ctenophore/jellyfish were present and identified in the gut contents, but the gelatinous 

body form in various states of digestion were not identifiable past the level of phylum.  

My study showed that lumpfish were generalist feeders inside sea cages that 

preyed on benthic and pelagic prey. Previous studies assessing wild lumpfish diet have 

also described lumpfish to be highly opportunistic generalist feeders (Killen et al., 2007). 

Juvenile lumpfish from the Bay of Fundy feed on a wide range of surface plankton and 

eventually shift towards copepod and amphipod species (Daborn and Gregory, 1983). 

They also ignore sessile, slow-moving, and small animals such as ostracods, bivalves, 

gastropods, oligochaetes, polychaetes, and nematodes (Ingólfsson and Kristjánsson, 

2002).  

Lumpfish have been described as cold water facultative cleaners that have been 

actively used as biological controls for sea lice since the 1990s; however their 

propensity to perform cleaning activity is variable. Imsland et al. (2014a) found that 

lumpfish successfully removed sea lice from Atlantic salmon inside small study sea 

cages (5m x 5m x 5m) to levels equal to or lower than the lice counts at the beginning of 

the study. About 28% of the lumpfish caught on their last day of sampling had sea lice 

present in their gut contents. Another study performed by Imsland et al. (2014b) 

addressed cleaning activity in small sea cages but this time included more prey 
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categories: a) sea lice, b) supplemental feed fragments, c) crustacean species, d) 

hydrozoan species, e) Mytilus edulis, f) unidentified material or no contents found. They 

found that the most common item was supplemental feed fragments of salmon pellets 

and concluded that lumpfish are opportunistic feeders that are not restricted to a single 

food source if other sources are present. They did not assess the prey species further 

than the broad categories made. Their conclusions may have differed had they 

assessed prey identification to more specific taxonomic levels or had used larger 

production-sized sea cages. 

A larger morphological stomach analysis study performed by Eliasen et al. (2018) 

assessed the cleaning efficacy of lumpfish in Faroese salmon cages with attention to 

lumpfish size and seasonality. Their study took 5,511 lumpfish directly from industrial 

production sea cages over a two-year period. They used broad prey categories: a) sea 

lice, b) lumpfish feed, c) salmon feed, d) organisms associated with biofouling, e) 

zooplankton and f) other. Their primary focus was the presence of sea lice and all other 

prey categories remained broad without further analysis into which species comprised 

each category. Their results suggested the presence of that zooplankton had a negative 

influence on cleaning efficacy. This would suggest that when cage dwelling 

zooplanktons are present the lumpfish will feed on the prey that has less energetic cost 

to capture. Unfortunately, this study by Eliasen et al. (2018) did not identify prey items to 

the lowest possible taxonomic level as done in my study. 

The difference between my study and prior lumpfish diet studies (Eliasen et al., 

2018; Imsland et al., 2016b, 2015) is that although prey categories remained broad, the 
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identification of all prey items to the lowest taxonomic level was prioritized. This allowed 

me to more accurately assess the environmental conditions surrounding Canadian 

Atlantic sea cages to understand the macroinvertebrate diversity that may provide 

potential prey sources for the generalist feeding lumpfish. The presence of sea lice was 

highly considered, but sampling did not occur during a high lice infestation period. A low 

to moderate infestation of sea lice was recorded during this period of study. And my 

multivariate analyses suggested that lumpfish fed on cage dwelling invertebrates or 

supplemental pellets within sea cages which can be supported by optimal foraging 

theory (Werner and Hall, 1974) suggesting that the most energetically favorable per unit 

handling time prey was not sea lice. During this period of sampling the infestation rate of 

sea lice was low, so it was not energetically favorable to perform cleaning activity. By 

assessing the full range and diet of lumpfish when inside industrial salmon sea cages it 

may lead to a better understanding of how sea cages can be constructed to facilitate 

and encourage cleaner client interactions. The strengths of this study comes from 

gaining a more specific understanding of the full range of species being consumed by 

lumpfish, but it is limited by the sample size, residence time of prey items in the 

stomach contents (Harms-Tuohy et al., 2016), and the semi-quantitative nature of 

measuring biomass of gut contents. Morphological stomach content analysis is useful 

for a visual understanding of diet and can broadly present a basic understanding of 

species abundance but often will not allow for specific or reliable species identification.  

Notably, my unpublished preliminary metabarcoding data on the gut contents of 

lumpfish from this current study largely confirms the morphological analysis and often 



 

 

37 

 

allows the identification of prey items to the species level. The metabarcoding results 

from three lumpfish stomach samples largely confirmed the morphological identification 

of prey items present (Appendix 4, Appendix 5). Further statistical analysis on species 

presence in lumpfish gut contents is currently being performed on the sequence data for 

my remaining stomachs.   

2.5.2 Cleaner fish species 

The lumpfish and the cunner wrasse are the two native cleaner fish species to the 

Canadian east coast with the potential to be used as biological controls in Canadian 

Atlantic salmon aquaculture. Four wrasse species (family Labridae) – each presenting 

unique color patterns and morphological features (Blanco Gonzalez and de Boer, 2017) 

- have successfully been integrated into European aquaculture: Corkwing wrasse 

(Symphodus melops), Ballan wrasse (Labrus bergylta), Goldsinny wrasse (Ctenolabrus 

ruestris), and Rock Cook wrasse (Centrolabrus exoletus) have all been used in 

Norwegian salmon aquaculture since the 1990s (Skiftesvik et al., 2014). All four wrasse 

species used in Norwegian aquaculture have a native distribution along the Northeast 

Atlantic, where Norway is the most northern limit of their geographical range (Blanco 

Gonzalez and de Boer, 2017). The cunner wrasse (Tautogolabrus adspersus) is the 

only wrasse species native to Canada and has only recently begun its integration into 

Canadian salmon aquaculture as a cleaner fish (Mackinnon, 1995). However, cunner 

wrasses grow more slowly than lumpfish and so are more expensive to culture to the 

minimum size needed to be retained in production sea cages. And they have several 
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biological constraints that potentially limit their effectiveness for deployment in sea 

cages when compared to the lumpfish. 

These wrasses perform cleaning activity when temperatures are warmer than 

10°C and during daylight hours (Skiftesvik et al., 2015). However, when sea 

temperatures go below 6-8°C during winter periods, these species enter a 

hypometabolic state of stasis or dormancy (Blanco Gonzalez and de Boer, 2017). 

Therefore, wrasse species are more effectively used when sea water temperatures are 

above 10°C, which is opposite to the lumpfish that cleans most effectively when the 

temperature is below 10°C (Blanco Gonzalez and de Boer, 2017; Powell et al., 2018). 

Canadian aquaculture cannot rely only on the wrasse species used in Norwegian and 

European aquaculture because the only species native to the Canadian east coast is 

the cunner wrasse. At this time not much research has been performed on this species 

to investigate its cleaning behaviors and efficacy as a cleaner fish used in salmon 

aquaculture. However, it is similar to the European wrasse species in that it most 

effectively cleans at temperatures above 8-11°C, as it will experience a dormant state 

during winter periods when sea water temperatures are below 6-8°C (Mackinnon, 

1995). Suggesting that although the cunner may perform cleaning activity, when 

compared to the lumpfish it is at disadvantage because of lower sea water temperatures 

often observed in conditions where Canadian sea cages are built in the Atlantic. 

The recommended size range of cleaner wrasses used in Europe is dependent on 

their body length with recommendations of between 10 to 25cm, whereas the 

recommended size of lumpfish is dependent on body weight (Leclercq et al., 2014). The 
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cleaning efficacy of wrasses has been noted to be high when preying on adult sea lice, 

but limited in their removal of smaller chalimus stage lice (Leclercq et al., 2014). 

Stomach content analysis has found that a single Goldsinny wrasse can consume up to 

58 sea lice per day (Deady et al., 1995), possibly twice as many as a Ballan wrasse 

(Skiftesvik et al., 2013).  

Both lumpfish and wrasse species used as biological controls for sea lice in 

salmon aquaculture are considered facultative cleaners in that do not rely solely on 

specialized cleaning behavior in order to obtain their food. From an aquaculture 

perspective it would be beneficial to deploy both lumpfish and wrasse species together 

as they have ideal cleaning conditions that are opposites, lumpfish would suit the winter 

months and wrasse would suit the summer months. Lice infestation rates will fluctuate 

seasonally, suggesting that the facultative cleaning nature of both lumpfish and the 

wrasse species is ideal to use as a biological control as they will not be without a food 

source during periods of low infestation. During periods of high lice infestation, ideally 

these cleaner fish would feed primarily on sea lice. During low lice infestation periods 

these cleaner fish would find other prey sources such as cage dwelling 

macroinvertebrates and supplemental feed and not suffer from lack of sea lice as a 

primary prey source. As seen in the results of my study, with sea lice presence at lower 

abundance the primary prey items in lumpfish stomachs were krill, caprellid spp., 

ctenophore/jellyfish, and supplemental lumpfish and salmon pellets. 
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2.5.3 Learning from opportunistic and ambush feeders 

The red lionfish (Pterois volitans) are native to the Indo-Pacific, but were 

introduced to the Caribbean because of the aquarium trade in the 1970s (Côté et al., 

2013a). Since this species’ introduction to the Caribbean it has become an effective 

predator with no natural predator to moderate its population therefore successfully 

colonized Caribbean ecosystems without resistance (Côté et al., 2013b). Similar to 

lumpfish, the lionfish’s is a gulp feeding ambush feeder (through suction), so the only 

limitation on the prey items that it can consume is the gape height and gape width of its 

mouth. Also similar to lumpfish, lionfish are a highly competitive generalist and 

opportunistic mesopredator that consumes a broad range of fish and invertebrate 

species by exploiting an open niche (Dahl et al. 2017).  

Efforts to understand the diet of the invasive lionfish have used both morphological 

diet analysis and DNA barcoding of prey components to better understand their dietary 

range and assess their impact as an invasive species. Harms-Tuohy et al. (2016) 

attempted to use both methods of gut content analysis to assess the dietary range of 

invasive lionfish in Puerto Rico. As previously described, a limitation to morphological 

stomach analysis is the residence time of prey species and they found the gut contents 

of the lionfish used in their study were too far digested in order to successfully identify 

species. Thereby suggesting that the gut residence time of prey items for lionfish is 

short, allowing for faster digestion of prey items of various body compositions. They 

selected metabarcoding as the molecular method for diet assessment because 

generalist primers could be selected for tropical fish and invertebrates to broadly cover 
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the potential prey species of the lionfish. They were able to identify 39 fish from 16 

families using digested material and liquid from gut contents that would not have been 

useful for morphological stomach analysis. When applied to the dietary analysis of 

lumpfish inside sea cages metabarcoding could prove to be a highly influential tool. 

In the case of the invasive lionfish, by understanding the range of its diet 

conservation plans can be built to work towards mediating population growth and 

colonization expansion. So when considering the lumpfish inside sea cages it is vital 

that we understand the full range of their diet when deployed inside Atlantic salmon sea 

cages in order to most effectively facilitate cleaner-client interactions. The conditions 

inside Canadian sea cages will differ from European sea cages as the potential prey 

species of cage dwelling macroinvertebrates varies, thereby creating a novel 

environment for study in Canadian aquaculture. And comparably, like the lionfish 

occupying an open niche in the Caribbean, the lumpfish is also in similar conditions as a 

cleaner fish inside sea cages. To broadly assume that lumpfish will consume sea lice 

without understanding the trophic ecosystem surrounding and within sea cages ignores 

their biology as opportunistic generalist feeders. The most often observed prey items of 

lumpfish in this study were krill, caprellid spp., benthic invertebrates, amphipods, and 

species in the other categories.  

Further research should consider the ecosystems surrounding sea cages where 

lumpfish are deployed to build a more accurate assessment of cleaner fish 

effectiveness. For example, a major macroinvertebrate present in the diet assessment 

of the lumpfish in my study was a krill species that may have been performing diurnal 
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migration, a rhythmic movement through the water column where they move from 

deeper depths to the surface during darkness and return to deeper water before dawn 

(Godlewska and Klusek, 1987). Since lumpfish prefer colder water temperatures there 

may be a cross over event happening in the water column creating an optimal 

opportunity for feeding. If this is happening during prime feeding periods during the day 

for the lumpfish, it will most likely instead consume the readily available krill rather than 

perform sea lice cleaning. Similarly, pelagic macroinvertebrates like ctenophore or 

jellyfish species may periodically pass through the sea cages with the movement of the 

tide or other oceanographic conditions like downwelling or upwelling events. Therefore, 

assessing full lumpfish dietary range inside sea cages, and understanding the influence 

of environmental conditions such as natural prey prevalence and oceanographic 

conditions could be used in designing sea cages that create the most ideal conditions to 

facilitate cleaner-client interactions. 

2.6 Conclusion 

This study has focused on the diet of lumpfish and how it differs between fish of 

varied sized when deployed in Canadian Atlantic salmon aquaculture cages, which is an 

environment not well researched in literature. My research objective was to assess the 

relationship between lumpfish size and diet composition when inside Canadian Atlantic 

salmon sea cages. I found a clear distinction in groupings between lumpfish that 

consumed wild prey items and lumpfish that consumed supplemental feed. It was 

determined that lumpfish size had some influence on diet composition, where larger 
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lumpfish were more likely to consume supplemental lumpfish feed and salmon pellets. 

The influence of this study on Canadian aquaculture may lead to efforts to streamline 

sea cage operations to create a more cleaner-client friendly environment. Morphological 

stomach content analysis is a good tool to use for quick assessment of lumpfish diet on 

site to ensure operations are successful in cleaning activity.  

The next step to this research would be the integration of DNA based techniques 

with morphological stomach analysis. this would allow me to more confidently assess 

the diets of lumpfish living in sea cages, and also to concretely determine sea lice 

presence in gut contents. This would also allow me to perform environmental 

assessments, using eDNA around sea cages to compile an understanding of 

surrounding environmental conditions to make the most educated and effective 

decisions when deploying the lumpfish as a biological control.   
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3 Chapter 3: General Discussion 

Lumpfish are an important part of salmon aquaculture as the industry moves away 

from potentially detrimental methods of controlling the parasitic sea louse. They have a 

record of being a strong biological control for sea lice despite their status as highly 

opportunistic generalist feeders. They are a species that can reliably be used in 

Canadian aquaculture because it is native to the east coast and a cold water, facultative 

cleaner. Due to its large dietary breadth it does however require cage conditions to be 

favorable to encourage cleaner-client interactions. The ideal size range for cleaning 

activity also appears to have some influence on diet composition, as I found that the 

larger lumpfish seemed to prey primarily on natural prey items and supplemental feed. 

The more specific identification of prey species is will aid in making informed decisions 

on how best to use lumpfish inside sea cages. 

Optimal foraging theory suggests that an animal will adapt its foraging strategy to 

obtain the most nutrients for the lowest energetic cost in order to maximize the net 

energy gained (Werner and Mittelbach, 1981). The lumpfish is a strong example of a 

species that this theory can describe. There are many cases of species that are also 

opportunistic generalist feeders that have the potential to exploit unexplored niches and 

forage easily for food at a high level. Invasive species like the red lionfish (Pterois 

volitans and Pterois miles) are not cleaner fishes, but they are an example of a species 

that exploits an empty niche and dominates its environment as a highly competitive 

predator and is devastatingly influential as an invasive species in many novel habitats. 

This has led to a dramatic shift in native species abundance and biomass across the 
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Caribbean and has become a major conservation concern as the lionfish has invaded a 

wide range of ecosystems and has begun to pose a concern to fisheries and human 

health (Dahl et al. 2017). The lumpfish inside a sea cage is a novel environment 

comparable to the lionfish as an invasive species, in that optimal foraging theory 

predicts that the animal will feed on the most easily obtained prey item that has the least 

energetic requirement for capture. Both are gulp feeders, only limited by the size of their 

mouth gape height and width. And they both have no natural predators in their 

environment. The lumpfish is not competing with other species for resources inside the 

sea cage, and therefore has no limits on its potential for prey sources.  

By clearly understanding the ecosystems around sea cages and how 

macroinvertebrates interact with them, it may be possible to more effectively plan the 

structure of sea cages to encourage cleaner-client interactions. When the energetic 

costs for sea lice cleaning are less than what is required to feed on cage dwelling 

invertebrates, it is hypothesized that more lumpfish will feed on sea lice and therefore, 

both salmon welfare and the Canadian aquaculture industry will benefit.  

The use of lumpfish as a cleaner fish can be effectively done, as seen in prior 

studies by Eliasen et al. (2018). This study found evidence supporting strong potential 

for lumpfish cleaning in industrial sized sea cages, but still stated that there was some 

negative influence on cleaning activity when zooplankton was present in the diet. Other 

studies by Imsland et al. (2014) have assessed cleaning activity inside experimental 

sized sea cages and found that about 28% of lumpfish had been performing cleaning 

activity by the end of the study. The results of our study did not have strong sea lice 
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presence, but the large presence of macroinvertebrate species in the gut contents can 

support the potential for a negative influence on cleaning activity. 

 Since the lumpfish is not a robust fish, it requires rest stations to hold onto with 

their ventral sucker (Powell et al., 2018). They would not be able to perform cleaning 

activity on free swimming salmon easily, and therefore would turn to more easily 

obtained food sources. If a sea cage is structured internally to slow the speed of salmon 

swimming and also bring them closer to the lumpfish, it would encourage cleaner-client 

interactions.  

Additionally, based off the oceanographic measurements made in my study to 

record sea water temperature and salinity at depths of 0m, 5m, 10m, and 15m it can be 

hypothesized that lumpfish will tend to remain within a water temperature range of 10°C 

or colder. If lumpfish are found primarily at depths between 10-15m, then this is where 

efforts should be made to structure a sea cage to bring the salmon closer to the 

lumpfish so cleaning can occur. 

The assessment of the whole diet of lumpfish inside sea cages has also allowed for 

a greater understanding of what prey sources are available overall. Supplemental 

lumpfish feed is already used to ensure that lumpfish are receiving enough sustenance 

to survive within a sea cage as it is predicted that not all lumpfish will perform cleaning 

behavior (Imsland et al., 2014). Prey items such as krill were highly abundant in 

particular stomach samples, some containing more than 40 krill, meaning that this was 

a energetically cost effective prey source to obtain in place of sea lice. This species of 
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krill may perform a diurnal migration daily, and comparably the lumpfish may also 

migrate through the water column as upwelling and downwelling events cause sea 

water temperature shifts. The interaction between these species during migratory and 

oceanographic events may suggest a more complex inter-sea cage trophic system.  

Other organisms to consider are the caprellid spp. that attach to substrates and sea 

cage netting. If the sea cage does not have enough rest stations for the lumpfish, they 

had been observed on an underwater camera during this study to swim along the netted 

walls of the sea cage. Any pelagic floating macroinvertebrate species like 

ctenophore/jellyfish that float through the netting, or species that cling to the netting as a 

substrate would be easily obtained prey for the lumpfish. Without adequate hides or 

structure for the lumpfish, they were observed to swim alongside the perimeter of the 

netted sea cage separate from the rapidly swimming salmon. It appeared that the 

potential for cleaner-client interaction was low, therefore as the results of this study 

have found, the prey sources for the lumpfish were primarily ephemeral cage dwelling 

macroinvertebrates, lumpfish pellets, and salmon pellets. 

In conclusion, the conditions inside a sea cage are not static and the abundance of 

prey sources available to the lumpfish means that direct efforts must be made to 

encourage cleaner client interactions. The high diversity of species present around sea 

cages also suggests a more complex environment and must be further investigated to 

understand lumpfish behavior and diet to most effectively use them as cleaner fish. 
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Chapter 2: Tables and Figures 

Table 1: The eigenvalues calculated to determine how many principal components (PC) to use in 
further analysis. When the eigenvalue is >1 it indicates that the PCs account for more variance 
than accounted by one of the original variables in the standardized data and acts as a cutoff point 
for which PCs should be retained in the analysis. All analyses used up to PC5 which accounted 
for about 63% of the data. 

Principal Component Eigenvalue Variance Percent Cumulative 
Variance Percent 

PC1 1.4788373 14.788373 14.78837 

PC2 1.4315465 14.315465 29.10384 

PC3 1.2714424 12.714424 41.81826 

PC4 1.0898207 10.898207 52.71647 

PC5 1.0686419 10.686419 63.40289 

PC6 0.9784343 9.784343 73.18723 

PC7 0.8733412 8.733412 81.92064 

PC8 0.7070443 7.070443 88.99109 

PC9 0.6246542 6.246542 95.23763 

PC10 0.4762371 4.762371 100.00000 
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Table 2: The relative contribution of the original variables to each of the principal components. 
The larger the absolute value of contribution the more the prey category variable contributes 
positively or negatively to the score on the principal component of each stomach (Figure 3, Figure 
4). The signs and values of contributions indicate interpretation of the score on a principal 
component. 

Prey PC1 PC2 PC3 PC4 PC5 

Sea.Lice_g 0.409841 0.068354 0.366007 0.48653 0.084364 

Shrimp_g 0.086205 0.096139 -0.08165 -0.54273 0.493708 

Krill_g 0.478152 0.573834 0.012154 0.089455 -0.26621 

Ctenophore.Jellyfish_g -0.64025 0.46222 0.226576 0.077688 0.040982 

Salmon.Pellet_g -0.05853 -0.50444 0.446365 -0.41811 -0.2421 

Lumpfish.Pellet_g 0.112048 -0.33569 0.489285 0.415477 0.212945 

Amphipod_g -0.61476 0.46352 0.234957 0.095013 0.041013 

Caprellidae_g 0.486837 0.471418 0.000995 -0.18184 0.303029 

Benthic.Invertebrate_g 0.094577 0.152517 -0.09113 -0.101 -0.73442 

Other_g -0.15817 -0.21727 -0.75972 0.380505 0.091625 

Coefficients* within each eigenvector with absolute values greater than 0.4 are shown in 
bold font. 
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Table 3: Multivariate results from MANCOVA with lumpfish weight as only covariate. No 
multivariate test found any significance.  

Effect Value F Hypothesis df Error df Sig. 

Intercept 
Roy's Largest Root .095 1.387

b
 5.000 73.000 .239 

Weight.g 
Roy's Largest Root .115 1.677

b
 5.000 73.000 .151 

a. Design: Intercept + Weight.g 

b. Exact statistic 
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Table 4: Univariate results from MANCOVA with lumpfish weight as only covariate. *The only 
significance between lumpfish weight and a principal component was in PC2. 

Source  

Type III Sum of 

Squares df Mean Square F Sig. 

Weight.g Dim.1 .597 1 .597 .384 .538 

Dim.2 9.849 1 9.849 7.108 .009 

Dim.3 6.983E-5 1 6.983E-5 .000 .994 

Dim.4 .558 1 .558 .488 .487 

Dim.5 .640 1 .640 .567 .454 

Error Dim.1 119.838 77 1.556   

Dim.2 106.693 77 1.386   

Dim.3 102.326 77 1.329   

Dim.4 88.026 77 1.143   

Dim.5 86.833 77 1.128   

a. R Squared = .005 (Adjusted R Squared = -.008) 

b. R Squared = .085 (Adjusted R Squared = .073) 

c. R Squared = .000 (Adjusted R Squared = -.013) 

d. R Squared = .006 (Adjusted R Squared = -.007) 

e. R Squared = .007 (Adjusted R Squared = -.006) 
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Table 5: MANCOVA of PC1-PC5 with fish weight and stomach weight as the covariates . 

Effect Value F 

Hypothesis 

df Error df Sig. 

Intercept Roy's Largest 

Root 

.116 1.642b 5.000 71.000 .160 

Stomach.Weight.

g 

Roy's Largest 

Root 

.829 11.774b 5.000 71.000 .000 

Weight.g Roy's Largest 

Root 

.298 4.228b 5.000 71.000 .002 

a. Design: Intercept + Stomach.Weight.g + Weight.g 

b. Exact statistic 
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Table 6: Univariate results from MANCOVA with lumpfish weight and stomach weight as 
covariates on PC1 – PC5.  

Source 

Dependent 

Variable 

Type III 

Sum of 

Squares df 

Mean 

Square F Sig. 

Stomach.Weigh

t.g 

Dim.1 8.032 1 8.032 5.391 .023 

Dim.2 1.431 1 1.431 1.021 .316 

Dim.3 27.480 1 27.480 27.552 .000 

Dim.4 4.553 1 4.553 4.092 .047 

Dim.5 4.376 1 4.376 3.981 .050 

Weight.g Dim.1 4.815 1 4.815 3.232 .076 

Dim.2 4.027 1 4.027 2.872 .094 

Dim.3 8.060 1 8.060 8.081 .006 

Dim.4 3.143 1 3.143 2.825 .097 

Dim.5 .207 1 .207 .188 .666 

Error Dim.1 111.750 75 1.490   

Dim.2 105.141 75 1.402   

Dim.3 74.805 75 .997   

Dim.4 83.455 75 1.113   

Dim.5 82.448 75 1.099   

a. R Squared = .072 (Adjusted R Squared = .047) 

b. R Squared = .098 (Adjusted R Squared = .074) 

c. R Squared = .269 (Adjusted R Squared = .249) 

d. R Squared = .058 (Adjusted R Squared = .032) 

e. R Squared = .057 (Adjusted R Squared = .032) 
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Table 7: Pearson correlations between three potential covariates: lumpfish weight (g), total length 
(mm), and stomach weight (g). 

 

Weight.

g 

Stomach.W

eight.g Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 

Weight.g Pearson 

Correlation 

1 .541
**
 -.070 -.291

**
 .001 .079 -.086 

Sig. (2-tailed)  .000 .538 .009 .994 .487 .454 

N 79 78 79 79 79 79 79 

Stomach.Weigh

t.g 

Pearson 

Correlation 

.541
**
 1 .186 -.251

*
 .440

**
 -.154 -.235

*
 

Sig. (2-tailed) .000  .097 .024 .000 .170 .035 

N 78 81 81 81 81 81 81 

Dim.1 Pearson 

Correlation 

-.070 .186 1 .000 .000 .000 .000 

Sig. (2-tailed) .538 .097  1.000 1.000 1.000 1.000 

N 79 81 82 82 82 82 82 

Dim.2 Pearson 

Correlation 

-.291
**
 -.251

*
 .000 1 .000 .000 .000 

Sig. (2-tailed) .009 .024 1.000  1.000 1.000 1.000 

N 79 81 82 82 82 82 82 

Dim.3 Pearson 

Correlation 

.001 .440
**
 .000 .000 1 .000 .000 

Sig. (2-tailed) .994 .000 1.000 1.000  1.000 1.000 

N 79 81 82 82 82 82 82 

Dim.4 Pearson 

Correlation 

.079 -.154 .000 .000 .000 1 .000 

Sig. (2-tailed) .487 .170 1.000 1.000 1.000  1.000 

N 79 81 82 82 82 82 82 

Dim.5 Pearson 

Correlation 

-.086 -.235
*
 .000 .000 .000 .000 1 

Sig. (2-tailed) .454 .035 1.000 1.000 1.000 1.000  

N 79 81 82 82 82 82 82 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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Figure 1: The percent of prey categories present in 79 lumpfish (Cyclopterus lumpus) 
stomach samples identified through morphological diet analysis. A general percent 
frequency of prey categories found in 79 lumpfish stomach samples determined that of 
79 samples the most frequent prey items were from the categories of: Other (27%), 
Caprellidae (19%), Krill (12%), Salmon Pellets (12%), Lumpfish Pellets (8%), Amphipod 
sp. (5%), Benthic Invertebrates (5%), Shrimp (3%), Ctenophores/Jellyfish (3%), Sea Lice 
(1%), and 5% of samples were Empty. Notably the presence of sea lice in the samples 
occurred on 3 occasions, but each were identified as highly digested with very low 
confidence in identification (Appendix 4). 
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a) b)  

c) d)  

 

Figure 2: A color-coded cos2 factor map to visualize the contributions of the original 
variables to each of the five principal components. a) PC1 vs PC2, the most well 
represented variables with the highest cos2 values include krill, amphipods, 
ctenophore/jellyfish and Caprellidae. Prey category vectors closest to 45° also indicate 
strong representation on the principal component. The grouping of krill and Caprellidae 
in the positive region of PC1 and the grouping of amphipods and ctenophore/jellyfish in 
the negative region of PC1 indicate that stomachs with krill and Caprellidae present were 
less likely to have amphipods and ctenophore/jellyfish present, b) PC2 vs PC3, c) PC3 vs 
PC4, d) PC4 vs PC5. 
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Figure 3: Cos2 factor chart to visualize the contributions of the original prey category variables 
to each of the five principal components. 
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Figure 4: Biplot of scores on principal components 1 and 2 showing the distribution of 
individual lumpfish stomach samples. Vectors show contribution of the prey categories 
to each of the principal components, the vectors closest to 45° represent a prey category 
that is well represented in the data. Along PC1, in the positive region where krill, 
Caprellidae, benthic invertebrates, shrimp, sea lice, and lumpfish pellets are present it is 
suggested in the graph that these stomachs with these prey items present would most 
likely not have other amphipods species, ctenophore/jellyfish, other, and salmon pellets 
present. And along PC2, stomachs with amphipods, ctenophore/jellyfish, krill, 
Caprellidae, benthic invertebrates, shrimp, and sea lice were not likely to have salmon 
pellets, lumpfish pellets or prey from the other category present. There is a clear 
distinction between macroinvertebrate prey items in the positive region of PC2 opposing 
stomachs with lumpfish and salmon pellets present in the negative region of PC2. 
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5a)  

5b)  

Figure 5: A) a boxplot of gravid female sea lice counted by CAI staff on a sample of Atlantic 
salmon collected from inside the sea cages on August 13, 2018 and August 20, 2018, B) a 
boxplot of pre-adults sea lice counted on August 13, 2018 and August 20, 2018. 
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Figure 6: A scatter plot of sea water temperature inside the sea cages over time from August 12, 
2018 to September 2, 2018 at depths of 0m, 5m, 10m, and 15m. 
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Figure 7: A scatter plot of sea water salinity inside the sea cages over time from August 12, 
2018 to September 2, 2018 and at depths of 0m, 5m, 10m, and 15m. 
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APPENDICES 

Appendix 1: Cleaner fish capture field data sheet and oceanographic 
measurements 
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Appendix 2: Underwater Rotating Camera Device (URCA) 
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Appendix 3: Lumpfish collection datasheet 
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Appendix 4: Preliminary metabarcoding results 
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Appendix 5: Additional methodology 

Field Sampling 

Observations of lumpfish and salmon behavior were made using two methods. 

The first was an underwater camera deployment system that I built and called the 

Underwater Rotating Camera Apparatus (URCA) (See Appendix 2). A Delta analog 

underwater camera was lowered using URCA and using a handheld remote to 

maneuver four water pumps. The camera was faced towards the side of the sea cage to 

observe from a live camera feed screen to find lumpfish grouped along the side of the 

sea cage. In connection with a separate lumpfish behavioral study, an underwater drone 

called the Gladius Advanced Pro (www.chasing.com) was used to assess lumpfish 

behavior inside the sea cages stomach sampling had occurred in. From observations 

made in the field, lumpfish were observed to have a large gathering around the mortality 

pits. 

 

Sample evaporation of excess ethanol 

The ethanol needed to be fully evaporated to homogenize the samples. 

Therefore, in some cases where samples had a significant amount of ethanol present a 

method needed to be devised to reduce the amount of time spent evaporating in a fume 

hood in order to maintain eDNA integrity. Since the amount of ethanol present in each 

sample varied greatly, the amount of time to evaporate would also vary between a few 

http://www.chasing.com/


 

 

72 

 

hours to two weeks when tested on a few trial samples. The following method was 

determined to be the most successful.  

The samples were transferred into 50mL falcon tubes; in some cases, a single 

sample with all its ethanol required 1 – 4 separate tubes to ensure the entire sample 

was processed. The samples were centrifuged at 2400 G for two minutes and 

centrifuged a second time if floating particulates were still observed. The ethanol was 

then poured back into its originating Nalgene bottle and the pellets removed from the 

falcon tubes with a scoopula into a sterile urine cup (100mL).  

The final step for sample evaporation was to cover the urine cup container with a 

KimWipe™ secured in place with an elastic band. The samples were placed in a fume 

hood while being periodically (every 30 - 45 minutes) checked to ensure they were 

removed as promptly as possible to prevent over-drying. In some cases samples 

required overnight evaporation, however most samples dried within 3 – 15 hours.  

Homogenization using liquid nitrogen 

The use of liquid nitrogen with a mortar and pestle was selected as the ideal 

method to homogenize the samples because of their great range in size. Sample size 

varied greatly with contents weighing between 1g to 25g. Some methods, such as 

blender-homogenizers, would be ineffective at equally homogenizing smaller samples, 

as the potential for sample loss during blending may be high. Therefore, liquid nitrogen 

was selected as the most consistent sample homogenization method that would not 
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pose a limiting factor on sample size and was capable of homogenizing all samples to 

an equal degree.  

To begin homogenization all samples were assessed to ensure all ethanol had 

been evaporated. If the sample was still wet the homogenization would not produce the 

desired fine powder. Then following previous sanitation protocols the workbench and all 

equipment, including: forceps, mortars and pestles, and surrounding equipment was 

sterilized to prevent cross contamination. The cleaning of these surfaces and materials 

followed the three-step process of ethanol, eliminASE™, and DNA grade water. The 

mortars and pestles were also further dried using KimWipes™.  

Liquid nitrogen was then collected in a 4.5L dewar following all safety protocols 

from training sessions and as outlined from the Chemistry stores collection protocols. 

When working in the lab the appropriate personal protective equipment was used 

including: closed toe shows, insulated gloves, and goggles. Special care was taken 

during use of liquid nitrogen to ensure none was poured onto any clothing. In the lab, 

the liquid nitrogen was poured into a smaller dispensing 1L Thermos™. A mortar and 

pestle were selected that would best suit the sample being worked with, four sizes were 

available: 50mL, 145mL, 275mL, and 550mL. The mortar and pestle were then placed 

on a Styrofoam plate to insulate it from the counter surface. Liquid nitrogen was poured 

into the mortar with the pestle to cool them. Enough liquid nitrogen was poured into the 

mortar with the pestle until it began to collect and not evaporate, therefore indicating the 

correct temperature had been reached and homogenization could begin. 
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Then, while wearing sterile gloves and using sanitized forceps; the sample was 

removed from its urine container and scraped into the mortar. More liquid nitrogen was 

added to cool the sample for about 30 seconds to freeze and make it brittle. The sample 

was homogenized into a fine powder. Liquid nitrogen was added as required to ensure 

the sample remained cooled throughout the process. 

When the liquid nitrogen evaporated from the now homogenized sample, the 

mortar was allowed some time to warm to room temperature before being handled 

further. Sterile gloves were worn when handling the mortar and pestle. The powdered 

sample was then scraped out of the mortar using a scoopula, and placed into 1.5mL 

microcentrifuge tubes. Each tube had about 180 – 220 mg of sample in preparation for 

the future DNA extraction step. All samples with excess material were also placed into 

1.5mL centrifuge tube for storage with enough added 95% ethanol to wet all powder 

and submerge it. 

The process of washing the mortar and pestle was performed between each 

homogenization as required. The samples were either returned to a -25°C freezer for 

storage, or kept on the workbench while the DNA extraction was performed. 

DNA extraction 

The Qiagen Stool Kit™ manufacturers suggested protocol was followed with 

modified components to complete the DNA extractions to ensure the highest DNA 

concentrations at the end of the procedure. To begin, 1140µL of Buffer AL was pipetted 

into each sample and vortexed for 15 seconds or until all powdered sample was 
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suspended in the liquid. Next, 160µL of Proteinase K was added to each sample and 

vortexed again for 1 minute. The samples were then incubated overnight in an oven at 

56°C or for minimum period of 5 hours and a maximum period of overnight. 

Following the incubation, the samples were centrifuged at 14,000 RPM for one 

minute. The resulting supernatant was pipetted into two new 2mL microcentrifuge tubes 

separated into 700µL of sample in each. They were again centrifuged at 14,000 RPM 

for one minute, if any pelleted sample remained the process was repeated.   Next, 1000 

µL of inhibitEX buffer was added to each sample and centrifuged at 14,000 RPM 

immediately for one minute. Then the samples were allowed to sit at room temperature 

for one minute. Next the samples were centrifuged at 14,000 RPM for three minutes to 

allow for the pellet of sample particles and inhibitors to bind to the inhibitEX matrix. If 

there was not enough supernatant (>600 µL), the samples were centrifuged for an 

additional 3 minutes. Following this step, immediately the supernatant was pipetted into 

new 1.5 µL micro-centrifuge tubes, and the pellet was discarded. In the new tubes, the 

samples were centrifuged at 14,000 RPM for 3 minutes. Next, 600 µL of Buffer AL and 

600 µL of ethanol was added, and the samples were then vortexed for 15 seconds.  

The lids of each QIAamp spin column were labelled, and 600u µL of lysate was 

pipetted into it. Throughout this process it was ensured that the sample did not touch 

the rim of the spin column. The spin column and sample were centrifuged at 14,000 

RPM for 1 minute. If the lysate had not completed passed through the column, the 

process was repeated until the spin column was empty. The QIAamp spin column was 

placed in a new 2mL collection tube, and a second round of 600 µL lysate was 
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centrifuged. These steps were repeated until all lysate had gone through the spin 

column. 

Next, 500 µL of Buffer AW1 was placed into the spin column and centrifuged at 

14,000 RPM for one minute. The collection tube was then replaced and 500 µL of Buffer 

AW2 was pipetted into the spin column and centrifuged at 14,000 RPM for 3 minutes. 

Next, the QIAamp spin column was placed into a new 2mL collection tube, and 

centrifuged at 14,000 RPM at 1 minute without any buffer added. The QIAamp spin 

column was placed into a new labelled 1.5mL micro-centrifuge tube. And finally, 200 µL 

of Buffer ATE was pipetted directly onto the QIAamp membrane and allowed to sit for 1 

minute. The sample was centrifuged at 7,000 RPM for 2 minutes to elute DNA, and if 

required the samples were centrifuged for longer if elution buffer remained in the spin 

column. In order to store the extracted DNA, the samples were placed in a -20°C chest 

freezer. 

Quantification of DNA 

The quantification of double-stranded DNA extracted from the samples was 

performed using the Invitrogen™ Qubit ® 2.0 Fluorometer. The equipment required 

throughout this process included: 1000µL pipette, 10µL pipette, a falcon tube, tube rack, 

micro-centrifuge tube rack, and a 200µL pipette. To begin Broad Range quantification, a 

buffer/dye solution was made in a falcon tube where 19.9mL of buffer and 100µL of dye 

was used. Two standard microcentrifuge tubes were made with 190µL of buffer/dye mix 

and 10µL of the standard at room temperature. Next 190µL of buffer/dye solution was 
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pipetted into each sample microcentrifuge tube, to which 10µL of sample DNA was 

added to each tube. Once all microcentrifuge tubes were prepared, they were vortexed 

for 10 seconds to ensure they were properly mixed. Finally, the double-stranded DNA 

concentrations were measured using the Qubit ® 2.0 Fluorometer. 

 


