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Abstract 
 

Recently, salmon aquaculture companies in British Columbia, Canada, have experienced 

significant fish losses resulting in tens to hundreds of millions of dollars in damages due to gill 

disorders and mouth lesions. Hydroids, the colonial stage of some cnidarians, are the most likely 

problematic species. Field studies were conducted to examine biofoulant composition, gill 

health, and the interactions between water parameters, biofoulants, and gill health. In 2020, 

biofouling was observed at two fish farm sites in the Broughton Archipelago from April 20 to 

October 30 by suspending 30x30 cm net patches at five depths (1, 5, 10, 15, and 20 m).  Net 

patches remained in the water for 1-3 weeks between pen cleanings (via power washing). After 

collection, the biofoulants were identified and counted, with hydroids removed and weighed 

separately. In addition, tow samples were collected weekly to identify any free-swimming 

stinging-capable species. Biofoulant compositions were mainly composed of Mollusca (mostly 

Mytilus sp.) and Arthropods (mostly Harpacticoids), hydroids were mostly composed of Obelia 

sp., and tow samples were composed of mostly medusa-form Obelia sp. GLMMs were built to 

examine the relationships between the water parameters and the biofoulant species counts, 

hydroid biomass, and tow sample counts. Both sites saw nearly every parameter significantly 

associated with biofoulant counts, with the effects stronger at Wicklow Point. Similarly, nearly 

all parameters were associated with hydroid biomass, however the effects were stronger at 

Doctor Islets.  Only two (ammonia and nitrate levels) and one (ammonia) parameters were 

associated with the counts of sting-capable species in the tow samples from Doctor Islets and 

Wicklow Point, respectively. CLMMs were built to examine the relationships between gill 

health, biofoulant counts and biomass, and water parameters. Iron, nitrate levels, and pH were 

significantly associated with gill health at Doctor Islets, and temperature, pH, and dissolved 
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oxygen were significant at Wicklow Point. No biofoulant species counts or hydroid biomass 

from the net patches were associated with gill health, however, when the gill health scores were 

sampled after a net patch collection gill scores were significantly higher at both sites. At Doctor 

Islets, no stinging-capable species counts were associated with gill health and at Wicklow Point, 

counts of Sarsia sp., Bourgainvilla sp., Clytia gregaria, and Diphydae spp. were significantly 

associated with gill scores. Like the net patch samples, when gill scores were recorded after a 

tow collection, gill scores were significantly higher. 

 

  



v 
 

Table of Contents 

Supervisory Committee: ............................................................................................................... ii 

Abstract ......................................................................................................................................... iii 

Table of Contents .......................................................................................................................... v 

List of Tables ............................................................................................................................... viii 

List of Figures ............................................................................................................................. xiii 

List of Abbreviations ................................................................................................................... xv 

Acknowledgements .................................................................................................................... xvi 

Chapter 1: Introduction to biofouling in commercial aquaculture.................................................. 1 

1.1 Biofouling in aquaculture ...................................................................................................... 1 

1.1.1. Equipment damage ........................................................................................................ 2 

1.1.2. Injuries to animals ......................................................................................................... 3 

1.1.3. Examples of hydroid damages in non-finfish aquaculture ............................................ 4 

1.2. Mortality and diseases related to Cnidarians........................................................................ 6 

1.2.1. Hydroids and jellyfish in finfish aquaculture ................................................................ 6 

1.2.2. Jellyfish .......................................................................................................................... 6 

1.2.3. Hydroids ........................................................................................................................ 8 

1.3. Aquaculture in BC .............................................................................................................. 12 

1.4. Objectives and research questions...................................................................................... 12 

Chapter 2: Exploring the biofouling communities at two Atlantic salmon farms ........................ 14 

2.1. Introduction ........................................................................................................................ 14 

2.1.1 Abiotic factors affecting community compositions ...................................................... 15 

2.1.2. Biotic factors affecting community compositions ....................................................... 16 

2.2. Materials and Methods ....................................................................................................... 18 

2.2.1. Description of study sites ............................................................................................ 18 

2.2.2. Sampling of water parameters and nutrients ............................................................... 20 

2.2.3 Sampling of biofouling on net-patches and zooplankton tow samples ........................ 21 

2.2.3.1. Sample preservation .............................................................................................. 23 

2.2.3.2 Sample analysis ...................................................................................................... 25 

2.2.4. Statistical models ......................................................................................................... 26 

2.2.4.1 Biofoulant counts (excluding hydroids) on net patches and diversity indices ....... 27 

2.2.4.2. Hydroid species on net patches ............................................................................. 28 



vi 
 

2.2.4.3. Stinging-capable species in tow samples .............................................................. 29 

2.3. Results ................................................................................................................................ 29 

2.3.1. Environmental profiles ................................................................................................ 29 

2.3.2. Biofoulant composition ............................................................................................... 32 

2.3.2.1 Net patch compositions .......................................................................................... 32 

2.3.2.2. Diversity indices ................................................................................................... 36 

2.3.2.3. Hydroids on net patches ........................................................................................ 39 

2.3.2.4. Stinging-species in tow samples ........................................................................... 43 

2.3.3. Statistical model results ............................................................................................... 44 

2.3.3.1. Correlation of water parameters with biofoulant counts and diversity indices .... 44 

2.3.3.2. Correlation of water parameters with hydroid biomass on net-patches ................... 61 

2.3.3.3. Correlation of water parameters and stinging-capable species ................................ 67 

2.4. Discussion .......................................................................................................................... 70 

2.4.1 Biofoulant community on net patches and diversity indices ........................................ 70 

2.4.2 Hydroid growth on net patches ..................................................................................... 74 

2.4.3. Stinging-species in tow samples .................................................................................. 75 

2.4.4. Biofoulant counts and diversity indices with water parameters .................................. 77 

2.4.5. Hydroid biomass with water parameters ..................................................................... 80 

2.4.6. Stinging-capable species with water parameters ......................................................... 81 

2.5. Conclusion .......................................................................................................................... 81 

Chapter 3: Linking the environment to the gill health of Atlantic salmon ................................... 83 

3.1. Gill Health in Aquaculture ................................................................................................. 83 

3.1.1. Water parameters and gill health ................................................................................. 84 

3.1.2. Biofoulants and gill health ........................................................................................... 88 

3.2. Methods and materials ....................................................................................................... 90 

3.2.1. Gill health scoring ....................................................................................................... 90 

3.3.2. Statistical models ......................................................................................................... 91 

3.2.2.1. Environmental variables ....................................................................................... 93 

3.2.2.2. Biofoulant counts on net patches .......................................................................... 93 

3.3.2.3. Hydroids on net patches ........................................................................................ 94 

3.3.2.4. Stinging-capable species in tow samples .............................................................. 94 

3.3. Results ................................................................................................................................ 95 



vii 
 

3.3.1 Gill health score profiles ............................................................................................... 95 

3.3.2. Statistical model results ............................................................................................... 96 

3.3.2.1. Environmental parameters .................................................................................... 96 

3.3.2.2. Biofoulant counts on net patches ........................................................................ 100 

3.3.2.3. Hydroid species on net patches ........................................................................... 105 

3.3.2.4. Stinging-capable species in tow samples ............................................................ 106 

3.4. Discussion ......................................................................................................................... 111 

3.4.1. Gill health scores ........................................................................................................ 111 

3.4.2. Water parameters with gill scores ............................................................................... 111 

3.4.3. Biofoulant counts on net patches with gill health scores ............................................115 

3.4.4. Hydroid biomass on net patches with gill scores .......................................................116 

3.4.5. Stinging-capable species in tow samples with gill scores ..........................................117 

3.5. Conclusion ........................................................................................................................ 121 

Chapter 4: Conclusions, gaps in knowledge, and future directions ............................................ 124 

4.1. Summary .......................................................................................................................... 124 

4.2. Gaps in knowledge ........................................................................................................... 125 

4.3. Future directions ............................................................................................................... 126 

Literature Cited ........................................................................................................................... 128 

Appendices .................................................................................................................................. 148 

Appendix A ............................................................................................................................. 148  

 
 

 

 

 

 

 

 

 

 

 



viii 
 

List of Tables 
Table 2.1: Environmental profile ranges for Doctor Islets and Wicklow Point of temperature (˚C), 

dissolved oxygen (mgL-1), salinity (ppm), and pH. .......................................................... 30 
Table 2.2: Nutrient profile ranges for Doctor Islets and Wicklow Point of ammonia (NH3 [gL-1]), 

nitrates (NO-3 [gL-1]), phosphates (PO43 [gL-1]), silica (gL-1), and iron (gL-1). ............. 32 
Table 2.3: Regression summary of the models with the lowest AICc examining environmental 

parameters on net patch biofoulant counts for Doctor Islets and Wicklow Point. S.e. is the 
standard error and 95% is the confidence interval. ........................................................... 45 

Table 2.4: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on net patch biofoulant counts for 
Doctor Islets. The model with the lowest AICc used the terms: dissolved oxygen, iron, 
nitrate levels, pH, phosphate levels, salinity, silica, temperature, and depth which is a 5-
level factor representing each depth net patches were collected from (1, 5, 10, 15, and 20 
m). The column “Random” represents the presence (+) or absence ( ) of the random 
grouping effect. NEG.BINOMIAL and POISSON denote the testing of distributions with 
the full model.  In this model the negative binomial distribution was more appropriate. 47 

Table 2.5: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on net patch biofoulant counts for 
Wicklow Point. The model with the lowest AICc used the terms: dissolved oxygen, iron, 
ammonia, nitrate levels, pH, salinity, and depth which is a 5-level factor representing 
each depth net patches were collected from (1, 5, 10, 15, and 20 m). The column 
“Random” represents the presence (+) or absence ( ) of the random grouping effect. 
NEG.BINOMIAL and POISSON denote the testing of distributions with the full model.  
In this model the negative binomial distribution was more appropriate. .......................... 49 

Table 2.6: Regression summary of the models with the lowest AICc used to examine the 
environmental parameters on the species richness, total abundance, Shannon-Wiener 
diversity index, and Simpson index values calculated from the net patch biofoulant 
counts at Doctor Islets. S.e. is the standard error and 95% is the confidence interval. .... 51 

Table 2.7: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the species richness of the net-
patches at Doctor Islets. The model with the lowest AICc used only pH. The column 
“Random” represents the presence (+) or absence ( ) of the random grouping effect. ..... 52 

Table 2.8: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the total abundance of the net-
patches at Doctor Islets. The model with the lowest AICc used terms temperature, 
salinity, phosphate levels, silica, and depth. The column “Random” represents the 
presence (+) or absence ( ) of the random grouping effect. NEG.BINOMIAL and 
POISSON denote the testing of distributions with the full model.  In this model the 
negative binomial distribution was more appropriate.. ..................................................... 53 

Table 2.9: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the Shannon-Weiner diversity index 
of the net-patches at Doctor Islets. The model with the lowest AICc used terms: 



ix 
 

ammonia, nitrate levels, and depth. The column “Random” represents the presence (+) or 
absence ( ) of the random grouping effect. ....................................................................... 54  

Table 2.10: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the Simpson index of the net-
patches at Doctor Islets. The model with the lowest AICc used no continuous variables 
but did include the depth variable. The column “Random” represents the presence (+) or 
absence ( ) of the random grouping effect. ....................................................................... 55  

Table 2.11: Regression summary of the models used to examine the environmental parameters on 
the species richness, total abundance, Shannon-Wiener diversity index, and Simpson 
index values calculated from the net patch biofoulant counts at Wicklow Point. S.e. is the 
standard error and 95% is the confidence interval. ........................................................... 57 

Table 2.12: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the species richness of the net-
patches at Wicklow Point. The model with the lowest AICc used only phosphate levels. 
The column “Random” represents the presence (+) or absence ( ) of the random grouping 
effect. ................................................................................................................................ 58  

Table 2.13: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the total abundance of the net-
patches at Wicklow Point. The model with the lowest AICc used terms: salinity, 
ammonia, nitrate levels, phosphate levels, silica, iron, pH, and depth. The column 
“Random” represents the presence (+) or absence ( ) of the random grouping effect. 
NEG.BINOMIAL and POISSON denote the testing of distributions with the full model.  
In this model the negative binomial distribution was more appropriate. .......................... 59 

Table 2.14: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the Shannon-Wiener diversity 
index of the net-patches at Wicklow Point. The model with the lowest AICc used terms: 
temperature, dissolved oxygen, silica, and depth. The column “Random” represents the 
presence (+) or absence ( ) of the random grouping effect. .............................................. 60 

Table 2.15: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the Simpson index of the net-
patches at Wicklow Point. The model with the lowest AICc used terms: temperature, 
dissolved oxygen, silica, and depth. The column “Random” represents the presence (+) or 
absence ( ) of the random grouping effect. ....................................................................... 61  

Table 2.16: Regression summary of the models used to examine the environmental parameters on 
the hydroid biomass from the net patch biofoulant counts at Doctor Islets and Wicklow 
Point. S.e. is the standard error and 95% is the confidence interval. ................................ 63 

Table 2.17: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on hydroid biomass (g) on net patches 
for Doctor Islets. The model with the lowest AICc used terms: temperature, dissolved 
oxygen, salinity, ammonia, nitrate levels, phosphate levels, silica, iron, pH, and species 
which is a 4-level factor representing the four species groups (Obelia sp., Sarsia sp., 
Ectopleura sp., and Clytia sp.). The column “Random” represents the presence (+) or 
absence ( ) of the random grouping effect. ....................................................................... 65  



x 
 

Table 2.18: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on hydroid biomass (g) on net patches 
for Wicklow Point. The model with the lowest AICc used the terms species, which is a 4 
level factor representing the four species groups (Obelia sp., Sarsia sp., Ectopleura sp., 
and Clytia sp., and depth (1, 5, 10, 15, and 20 m). The column “Random” represents the 
presence (+) or absence ( ) of the random grouping effect. .............................................. 66 

Table 2.19: Regression summary of the models used to examine the environmental parameters on 
the counts of stinging-capable species in the tow samples at Doctor Islets and Wicklow 
Point. S.e. is the standard error and 95% is the confidence interval. ................................ 67 

Table 2.20: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the counts of stinging-capable 
species in the tow samples for Doctor Islets. The model with the lowest AICc used terms: 
ammonia, nitrate levels, temperature, dissolved oxygen, and the Event Day variable. The 
column “Random” represents the presence (+) or absence ( ) of the random grouping 
effect. NEG.BINOMIAL and POISSON denote the testing of distributions with the full 
model. In this model the negative binomial distribution was more appropriate. .............. 68  

Table 2.21: Model selection using a generalized linear mixed-effects model with a log link 
function to describe the effect of water parameters on the counts of stinging-capable 
species in the tow samples for Doctor Islets. The model with the lowest AICc used terms 
ammonia and the Event Day variable. The column “Random” represents the presence (+) 
or absence ( ) of the random grouping effect. NEG.BINOMIAL and POISSON denote the 
testing of distributions with the full model. In this model the negative binomial 
distribution was more appropriate. ................................................................................... 69 

Table 3.1: Damage criteria used to assign gill scores to farmed Atlantic salmon......................... 91 
Table 3.2: Regression summary for water parameters and gill health scores for Doctor Islets and 

Wicklow Point. Each intercept represents the tau cuts between each category of gill 
health score. S.e. is the standard error and 95% is the confidence interval. ..................... 98 

Table 3.3: Model selection using a cumulative link mixed-effects model with a logit link function 
to describe the effect of water parameters on the log-odds of recording gill health scores 
greater than 0 for Doctor Islets. The model with the lowest AICc used terms: iron, nitrate 
levels, pH, and the Event Day variable. The Random column represents the presence (+) 
or absence ( ) of the random grouping effect. ................................................................... 99 

Table 3.4: Model selection using a cumulative link mixed-effects model with a logit link function 
to describe the effect of water parameters on the log-odds of recording gill health scores 
greater than 0 for Wicklow Point. The model with the lowest AICc used terms: dissolved 
oxygen, pH, temperature, and the Event Day variable. The column Random represents 
the presence (+) or absence ( ) of the random grouping effect. ...................................... 100 

Table 3.5: Regression summary for net-patch biofoulant counts and gill health scores for Doctor 
Islets and Wicklow Point. Each intercept represents the tau cuts between each category of 
gill health score. S.e. is the standard error and 95% is the confidence interval. ............. 101 

Table 3.6: Model selection using a cumulative link mixed-effects model with a logit link function 
to describe the effects of biofoulant counts on the log-odds of recording gill health scores 
greater than 0 for Doctor Islets. The model with the lowest AICc used terms: depth, 



xi 
 

which is a five-leveled factor (1, 5, 10, 15, and 20 m), DeltaDay which is a three-leveled 
factor (‘before’, ‘on’, ‘after’) that indicates if the gill scores were recorded before, on, or 
after a sample collection, and Event Week. The column Random represents the presence 
(+) or absence ( ) of the random grouping effect. ........................................................... 103  

Table 3.7: Model selection using a cumulative link mixed-effects model with a logit link function 
to describe the effects of biofoulant counts on the log-odds of recording gill health scores 
greater than 0 for Wicklow Point. The model with the lowest AICc used terms: depth, 
which is a five-leveled factor (1, 5, 10, 15, and 20 m), DeltaDay which is a three-leveled 
factor (‘before’, ‘on’, ‘after’) that indicates if the gill scores were recorded before, on, or 
after a sample collection, biomass (in grams), and Event Week were included. The 
column Random represents the presence (+) or absence ( ) of the random grouping effect.
......................................................................................................................................... 104  

Table 3.8: Model selection using a cumulative link mixed-effects model with a logit link function 
to describe the effects of biomass of net-patch hydroids on the log-odds of recording gill 
health scores greater than 0 for Doctor Islets. The model with the lowest AICc used 
terms: DeltaDay which is a three-leveled factor (‘before’, ‘on’, ‘after’) that indicates if 
the gill scores were recorded before, on, or after a sample collection and Event Week. The 
column Random represents the presence (+) or absence ( ) of the random grouping effect.
......................................................................................................................................... 105  

Table 3.9: Model selection using a cumulative link mixed-effects model with a logit link function 
to describe the effects of biomass of net-patch hydroids on the log-odds of recording gill 
health scores greater than 0 for Wicklow Point The model with the lowest AICc used 
terms: DeltaDay which is a three-leveled factor (‘before’, ‘on’, ‘after’) that indicates if 
the gill scores were recorded before, on, or after a sample collection and Event Week. The 
column Random represents the presence (+) or absence ( ) of the random grouping effect.
......................................................................................................................................... 106  

Table 3.10: Regression summary for counts of stinging-capable species in tow samples and gill 
health scores for Doctor Islets and Wicklow Point. Each intercept represents the tau cuts 
between each category of gill health score. S.e. is the standard error and 95% is the 
confidence interval. ......................................................................................................... 107  

Table 3.11: Model selection using a cumulative link mixed-effects model with a logit link 
function to describe the effects of counts of stinging-capable species in tow samples on 
the log-odds of recording gill health scores greater than 0 for Doctor Islets. The model 
with the lowest AICc used terms: DeltaDay which is a three-leveled factor (‘before’, ‘on’, 
‘after’) that indicates if the gill scores were recorded before, on, or after a sample 
collection and Event Week. The column Random represents the presence (+) or absence ( 
) of the random grouping effect. ..................................................................................... 108 

Table 3.12: Model selection using a cumulative link mixed-effects model with a logit link 
function to describe the effects of counts of stinging-capable species in tow samples on 
the log-odds of recording gill health scores greater than 0 for Wicklow Point. The model 
with the lowest AICc used terms: Bourgainvilla, Clytia <10 mm, Diphydae, and Sarsia. In 
addition, Delta Day which is a three-leveled factor (‘before’, ‘on’, ‘after’) that indicates if 
the gill scores were recorded before, on, or after a sample collection and Event Week 



xii 
 

were included. The column Random represents the presence (+) or absence ( ) of the 
random grouping effect. ...................................................................................................110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

List of Figures 

Figure 2.1: Right: inset map of the Wicklow Point (●) and Doctor Islets (■) farm sites in the 
Broughton Archipelago.  Left: map of coastal British Columbia and Vancouver Island, the 
rectangle on the northern coast of Vancouver Island represents the inset. ....................... 20 

Figure 2.2 A&B: Satellite image (Google Maps) and net diagram (Sandra Hyunh) of Doctor 
Islets and Wicklow Point farms.  Orange denotes study pens; dark orange denotes 
dedicated fish health net, letters a-d represent a side of the pens, and the yellow highlight 
indicates which side the net patches were hung on a particular deployment (i.e., here is 
Wicklow Point deployment 1 and Doctor Islets deployment 3 as examples) ................... 22 

Figure 2.3: Net patch biofoulant collection and cleaning workflow to obtain biofoulant and 
hydroid wet weights (biomass in grams).  Hydroids are collected into a separate container 
for further processing. ....................................................................................................... 24  

Figure 2.4 A-D: Physical water variables: temperature (˚C), dissolved oxygen (mgL-1), salinity 
(ppm), and pH of Doctor Islets and Wicklow Point from April 18 to October 29, 2020. 
Points are individual measurements and lines are weekly averages. ................................ 30 

Figure 2.5 A-E: Nutrient water parameters: ammonia (gL-1), nitrate levels (gL-1), phosphate 
levels (gL-1), silica (gL-1), and iron(gL-1) of Doctor Islets and Wicklow Point from April 
18 to October 29, 2020...................................................................................................... 32  

Figure 2.6 A-B: Average species (grouped by phylum) composition of biofouling net patches by 
depth (1, 5, 10, 15, and 20 m) and sampling date for Doctor Islets (A) and Wicklow Point 
(B). .................................................................................................................................... 34  

Figure 2.7: Total count summaries of biofouling net patches by month of species (grouped by 
class) for Doctor Islets and Wicklow Point....................................................................... 36  

Figure 2.8 A-D: Diversity indices (species richness, total abundance, Shannon-Wiener diversity 
index, and Simpson index) by depth (1, 5, 10, 15, and 20 m) for each sampling date 
(denoted by a point) of biofouling counts on net patches for Doctor Islets. ..................... 37 

Figure 2.9 A-D: Diversity indices (species richness, total abundance, Shannon-Wiener diversity 
index, and Simpson index) by depth (1, 5, 10, 15, and 20 m) for each sampling date 
(denoted by a point) of biofouling counts on net patches for Wicklow Point. ................. 38 

Figure 2.10 A-B: Biomass (g) of hydroid species (grouped by genus) by depth (1, 5, 10, 15, and 
20 m) and sampling date for Doctor Islets (A) and Wicklow Point (B). .......................... 41 

Figure 2.11 A-B: Total biomass (g) of hydroids (grouped by genus) for each sampling date at 
Doctor Islets (A) and Wicklow Point (B). ........................................................................ 42 

Figure 2.12: Total count summaries of stinging-capable species in tow samples by month at 
Doctor Islets and Wicklow Point. ..................................................................................... 44 

Figure 3.1 A-B: Individual gill health severity scores (0 = no damage – 5 = severe damage) for 
Doctor Islets (A) and Wicklow Point (B).  Scores are jittered vertically to show density of 
each score for each sampling event.  Labelled marks on axis (e.g., D4, W6, etc.) denote 
dates of biofouling net-patch collection.  Note that the study period ends in late October, 
but gill scores were sampled until late December at both sites. ....................................... 96 

Figure 3.2: The predicted probability of each gill health score for each water parameter, iron, 
nitrate levels, and pH for Doctor Islets. Blue indicates no concern, yellow indicates 
caution, and orange/red indicates scores of concern. .......................................................113 



xiv 
 

Figure 3.3: The predicted probability of each gill health score for each water parameter, 
dissolved oxygen, pH, and temperature for Wicklow Point. Blue indicates no concern, 
yellow indicates caution, and orange/red indicates scores of concern. ............................114 

Figure 3.4: The predicted probabilities of each gill health score based on collection status of net 
patches constrained to the “Event Week”.  “Before” indicates the gill health scores were 
sample before the net patches were collected, “On” indicates the same day, and “After” 
indicates the gill scores were sampled after the tow samples were collected. .................116 

Figure 3.5: The predicted probability of each gill health score for each count of Clytia sp. (>10 
mm), Diphydae spp., and Sarsia spp. in tow samples for Wicklow Point. Bourgainvilla sp. 
is not shown due only having a maximum count of 1 individual. Blue indicates no 
concern, yellow indicates caution, and orange/red indicates scores of concern. .............119 

Figure 3.6: The predicted probabilities of each gill health score based on collection status of the 
tow samples constrained to the “Event Week”.  “Before” indicates the gill health scores 
were sample before the tow samples were collected, “On” indicates the same day, and 
“After” indicates the gill scores were sampled after the tow samples were collected. ... 120 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

List of Abbreviations 

AGD – Amoebic Gill Disease 
AICc – Small-sample corrected Akaike Information Criterion 
BC – British Columbia 
BKD – Bacterial Kidney Disease 
CGD – Complex Gill Disease 
CLMM – Cumulative Link Mixed Models 
CPG – Complex Proliferative Gill Disease 
GLM – Generalized Linear Models 
GLMM – Generalized Linear Mixed Models 
HABs – Harmful Algae Blooms 
iHNV – Infectious Hematopoietic Necrosis Virus 
iPN – Infectious Pancreatic Necrosis 
ISA – Infectious Salmon Anemia 
NPLD – Net Pen Liver Disease 
PGD – Proliferative Gill Disease 
SGPV – Salmon Gill Poxvirus 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



xvi 
 

Acknowledgements 
 

Thank you to the Federal Student Work Exchange Program (FSWEP) through Fisheries and Oceans 
Canada and Mowi Canada West for the financial support and planning for this amazing opportunity. 

I would also like to thank my committee members from UVic, Dr. Mark Flaherty, and Dr. Laura Cowen, 
for your guidance, support, and understanding of my year-long absence.  I would especially like to thank 
my committee member Dr. Chris Pearce for the many years of guidance and support you’ve provided in 
this project and past projects. 

Thank you to Bogdan Vornicu and Sandi Huynh from Mowi Canada West for your support was 
organizing the project, finding and setting up the warehouse lab, helping with the sample collections, 
processing, and going beyond expectations when answering my endless questions. 

Also, a thanks to the folks at the Middlepoint warehouse in Campbell River for their generous allowance 
of the improvised lab space and site access right at the beginning of the COVID outbreak. 

I am also extremely grateful for the support of my friends, family, and coworkers from UVic and the 
Pacific Biological Station. Especially to my partner, Angus Valleau for the countless and sleepless hours 
taking care of our newborn, now toddler, so I could work on this thesis, to Morgan Black for the many 
hours spent explaining ecological statistics to me, and to Raquel Greiter Loerzer for her companionship 
during the long lab hours. 

 



1 
 

1. Chapter 1 Introduction to biofouling in commercial aquaculture 

1.1 Biofouling in aquaculture 

 Global fisheries production, consisting of both aquaculture production and 

commercial fishing, plays a significant role in feeding the world’s ever-growing population. It is 

a fast-growing sector, with a global production in 2018 of 178.5 million tonnes, nearly 50 million 

tonnes more than predicted in 2009 (FAO, 2020, 2009). With this increased production comes an 

increased awareness of the environmental challenges the fisheries sector faces as technology and 

techniques progress towards the demand for sustainability. Biofouling is a costly and time-

consuming issue that can interfere with these demands, especially in marine finfish aquaculture 

(Bosch-Belmar et al., 2019).  

Biofouling can refer to anything biological that can foul the equipment or the surrounding 

environment. This includes macro-algae and other organic debris which can get caught and 

tangled on nets and immersed equipment, micro-algae blooms which can deprive fish of oxygen, 

and other factors such as increased ammonia and the accumulation of other waste products 

(Gormican, 1989). 

Most commonly, biofouling can cause damages to net-rearing pens via occlusion, 

increasing drag which can damage equipment, waste fuel in the case of commercial fishing, and 

prevent proper circulation leading to low-oxygen events in net-rearing pens (Bosch-Belmar et al., 

2020; Swift et al., 2006). In net-rearing pens, which are often submerged for weeks to months at 

a time, the issues of pathogen transfer and physical damage to fish via stinging or ingestion of 

hydroids are a major concern (Cornejo et al., 2020). In addition, net-rearing pens can act as an 

artificial reef by providing novel hard substrate and facilitate the invasion of nonindigenous 

species (Mineur et al., 2012; Simkanin et al., 2012). Costs incurred due to biofouling has been 



2 
 

estimated at one of Norway’s largest salmon farms to be about 2.2% of the production costs of 

individual sites, although this doesn’t include indirect costs such as net and equipment repairs or 

reduced growth due to impacts on fish. In addition, cleaning the nets is, at minimum, a labour-

intensive process (Bloecher and Floerl, 2021). 

Although most, if not almost the entirety of the literature regarding biofouling is 

regarding negative aspects, some positive aspects have been noted.  A study examining the 

predation of fouled mussels in the Baltic Sea found that individuals with fouling, and especially 

those with hydroid fouling, were significantly less likely to be predated upon by sea stars 

(Laudien and Wahl, 1999). Additionally, another study examining the effect of biofouling on fish 

farm nets on the cleaning efficacy of lumpfish found that some presence of fouling on the nets 

had a significant and positive influence on the prevalence of sea lice in their diets (Eliasen et al., 

2018). 

 

1.1.1. Equipment damage 

The two main methods in which biofouling causes problems in aquaculture are damaging 

the immersed infrastructure and harming the animals (Fitridge and Keough, 2013). Depending on 

factors such as size, shape, material, and current velocity, the panels of net-pens naturally change 

shape in the water. Fouling of the panels can amplify this natural change, which can cause 

problems due to wear and tear and thus an increased potential for escape incidents, and also 

cause problems with the fish due to decreased water exchange and volume (Swift et al., 2006). 

Cyclical fatigue damage to nets during cleaning and from the extra handling associated with 

frequent cleaning can drastically shorten the life span of the infrastructure (Cornejo et al., 2020; 

Fitridge et al., 2012). As an example, Tasmania’s Atlantic salmon (Salmo salar) farms are 
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severely affected by biofouling as during the summers the nets need to be removed every 5-8 

days to be cleaned (Hodson et al., 1997). Not only is this costly, labour-intensive, and damaging 

to the nets, but Hodson noted that the high frequency of cleaning also disrupted the feeding and 

behaviour of the Atlantic salmon which had a negative effect on the growth rates. 

 

 

1.1.2. Injuries to animals 

The deformation of nets caused by increased weight and drag on net-rearing pens can 

influence the fluid dynamics not only in the inside of the nets, but in the surrounding area as 

well. This can affect the transmission and dispersal of parasites and pathogens, potentially 

increasing loads by acting as a physical barrier (Cornejo et al., 2020; Øvrelid, 2017). Sea lice, 

which refers to several Northern hemisphere endemic members of the family Caligidae, is a 

common salmon-specific parasite that has been the focus of much research globally since a 1989 

outbreak in Ireland (Tully et al., 1993) and Norway (Birkeland, 1996), and locally since an 

outbreak in British Columbia in 2001 (Morton and Williams, 2003). It has been shown that a 

decrease in water flow can increase the chance of infection of sea lice, and possibly other 

parasites, due to the increased contact time between parasite and fish (Samsing et al., 2015).  

Biofouling organisms can function as hosts to various other parasites and pathogens, sea 

lice included. Some well-known pathogens include: Piscirickettsia salmonis which causes 

Salmon Rickettsial Septicemia (SRS), Renibacterium salmonarum which causes Bacterial 

Kidney Disease (BKD), Vibrio species which can cause bacterial septicemia, and net pen liver 

disease (NPLD) which is caused by the consumption of microcystins (Fitridge et al., 2012; 

Cornejo et al., 2020 and citations within). Other pathogens known to use biofouling shellfish as a 
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reservoir include Reovirus (or chum salmon virus), Japanese oyster virus, strains of infectious 

pancreatic necrosis (iPN), infectious hematopoietic necrosis virus (iHNV), and Neoparamoeba 

perurans which causes Amoebic Gill Disease (AGD) (Fitridge et al., 2012; Floerl et al., 2016). 

Some studied examples of parasites that use biofouling organisms as a host for part of their life 

cycles include Gilquinia squali, a metacestode that usually uses a crustacean host commonly 

found in fouling communities and can be harmful to farmed Chinook salmon (Oncorhynchus 

tshawytscha) in British Columbia (Fitridge et al., 2012). Another example is Cardiocola forsteri, 

a blood fluke that uses polychaetes as a host, which has negatively affected farmed Atlantic 

bluefin tuna (Thunnus thynnus) in Australia (Fitridge et al., 2012). 

Cornejo et al. (2020) showed that the fouling impact on current velocity from net-rearing 

pens is marked but tends to be vastly reduced or disappears altogether 500-1000 m from the farm 

location. However, it is unknown how this would apply to a site with a very strong water 

exchange, such as those described in Gustafson et al. (2007) in the Bay of Fundy area between 

New Brunswick and Maine, where reoccurrences and spread of infectious salmon anemia (ISA) 

have been linked to the extreme tidal activity. Finally, another point to consider is the presence of 

harmful algae blooms. These blooms can cause damage to net-reared fish by the release of 

toxins, irritation caused by mechanical damage, and asphyxiation caused by low dissolved 

oxygen (Whyte et al., 2001). It has been suggested that the presence of fouling organisms can 

enhance phytoplankton blooms by the release of nutrients into the water column via waste 

products (LeBlanc et al., 2002). 

 

1.1.3. Examples of hydroid damages in non-finfish aquaculture 

The most common taxa of biofouling organisms are Porifera (sponges), hydroids (life 
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stage of/or closely related to jellyfish), bryozoans (small encrusting organism), barnacles, 

polychaetes (marine worms), ascidians (tunicates), and macroalgae (Bosch-Belmar et al., 2019). 

The most affected organisms are finfish, oysters, and scallops (Fitridge and Keough, 2013). 

Hydroids are a sessile stage of life for most animals that belong to the class Hydrozoa, 

which are closely related to jellyfish. Most hydroids grow in colonies that can range from a few 

individuals to several thousand. Some hydroids are capable of reproducing both asexually 

through budding and sexually by the release of medusa, which is the free-swimming jellyfish 

stage (Piraino et al., 1996). The most common ways that hydroids can damage cultured shellfish 

is the tendency of colonies to grow on the lip regions of shellfish, which is especially a problem 

with scallops and oysters. This can smother or reduce the growth of the animals and due to the 

structure of hydroid colonies and provide a growing substrate for other harmful fouling 

organisms such as tunicates (Fitridge and Keough, 2013). The presence of hydroids can also 

damage the shells or be visually unappealing, further devaluing the product (Martell et al., 2018). 

Ectopleura crocea is a species of hydroid that has caused problems with mussel (Mytilus 

galloprovincialis) aquaculture in Australia. This loss has mostly come through the excessive 

cleaning and damage to animals and nets, and it has also been shown that E. crocea can eat the 

planktonic larval stages of M. galloprovincialis preventing resettlement (Fitridge and Keough, 

2013). Obelia species, a common genus of hydroids found world-wide in disturbed areas and 

fouling communities, have been the suggested cause of several mass mortalities in shellfish 

aquaculture, as well as causing water quality problems due to their capability of mass-production 

of medusae (Martell et al., 2018). Pennaria disticha, a small hydroid common in warmer waters 

around the world, is less of a problem in shellfish aquaculture, but contact with colonies growing 

on fouled lines in Turkey sent 9 people to the hospital with symptoms of painful and itchy 



6 
 

patches of skin (Tezcan and Sarp, 2013). Recently, fouling by hydroids has also been implicated 

in losses in kelp aquaculture via shading and thus reducing growth rates, physical damage via 

growth directly on the kelp blades, and nutrient competition (Visch et al., 2020). 

 

1.2. Mortality and diseases related to Cnidarians 

1.2.1. Hydroids and jellyfish in finfish aquaculture 

Hydroids are key pioneering components of fouling communities, often being the 

quickest to colonize bare surfaces, crowding out other species due to their high growth rates, and 

by the colonies themselves acting as a substrate for secondary colonizers (Martell et al., 2018). 

Warming oceans due to climate change is considered to be a contributing factor for recent 

jellyfish blooms and the increased rates of recruitment and survival of both invasive and native 

species (Bosch-Belmar et al., 2020).  

Many species of hydroids have the potential to do harm, but most scientific studies focus 

on members of the family Tubulariidae in the genus Ectopleura (Bosch-Belmar et al., 2019; 

Gansel et al., 2015; Martell et al., 2018). The reason Ectopleura has so much focus is because 

until recently, most studies on hydroid-related biofouling have taken place in the Mediterranean 

Sea and in Northern Europe, where Ectopleura is a common species. In a ‘data-dive’ literature 

review published by Bosch-Belmar et al. (2020), Aurelia species, Pelagia noctiluca, Cyanea 

capillata, Muggiaea atlantica, and Solmaris corona were among the top mentioned species in 

articles related to jellyfish interference with aquaculture activities globally, although many more 

species have been reported to cause problems. 

 

1.2.2. Jellyfish 
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Hydroids are a popular focus of biofouling research because they contribute directly to 

the other fouling issues (e.g., equipment damage, pathogen/parasite transfer, harm via direct 

contact, etc.), but it is worthwhile to note the damages that free-swimming medusa-stage jellyfish 

can cause as they are a global issue in finfish aquaculture. In recent years, reports of sudden mass 

mortalities of fish stock from Asia, Australia, North and South America, and Europe as a result of 

observed blooms of jellyfish have been on the rise (Bosch-Belmar et al., 2017; Palma et al., 

2007; Willcox et al., 2008).  

Some of the more frequently reported species that are known to cause harm to finfish in 

aquaculture are: Aurelia aurita or moon jelly, which is globally distributed and was responsible 

for a mass mortality event in Ireland (Baxter et al., 2011) and Pelagia noctiluca or mauve stinger 

is known for its painful sting in humans as well as being responsible for mass mortality events in 

Ireland and in the Mediterranean Sea (Baxter et al., 2011; Bosch-Belmar et al., 2017; Marcos-

López et al., 2016).  

Other frequently reported species are: Muggiaea atlantica, a small globally distributed 

siphonophore known for many harmful stinging events in the Mediterranean Sea and Northern 

Europe (Bosch-Belmar, 2017; Baxter et al., 2011), Solmaris corona, a microscopic species found 

in the Northern Atlantic that has been determined to contribute to mouth and gill irritations 

leading to mortalities in Ireland and Scotland (Bosch-Belmar et al., 2017), and Cyanea capillata, 

or the lion’s mane jellyfish. The Lion’s mane jellyfish is one of the largest known species of 

jellyfish and can be found in colder oceans, such as the northern Pacific and Atlantic oceans as 

well as in areas around southern Australia and New Zealand. Due to its size, the lion’s mane jelly 

is particularly vulnerable to breaking apart as currents and wave action push it through the mesh 

of net-rearing pens where small bits containing nematocytes can come into contact with fish, 
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causing skin and gill irritation (Powell et al., 2018). The lion’s mane jelly can also act as a vector 

for several aquaculture pathogens including Aeromonas salmoicida, and Vibrio species (Clinton 

et al., 2020). 

The most significant pathologies associated with exposure to jellyfish occur on the skin 

and gills. This is due to the discharge of cnidocytes, or stinging cells that contain venom, which 

is triggered by physical contact. (Mitchell et al., 2011). Some general symptoms of fish that have 

been exposed to jellyfish are lethargy, swimming close to the surface, excessive jumping, 

respiratory distress, abstaining from feeding, and mortalities. Closer examination of the gills can 

show mottling, discolouration, and damage or erosion of the gill rakers and operculum. In 

addition, skin and eye lesions are also commonly observed after contact (Rodger et al., 2011). 

Contact envenomation can also lead to a range of secondary infections including several gill 

related pathologies that jellyfish are frequently vectors of such as the bacterium Tenacibaculum 

maritimum (Ferguson et al., 2010), or Neoparamoeba perurans, a known causative of amoebic 

gill disease (AGD) (Downes et al., 2018). 

These damages can be particularly severe, as exampled with Cyanea capillata previous, 

because jellyfish can be pushed into net-rearing pens via currents and wave action, and as 

cnidocytes are activated by contact, even macerated pieces of jellyfish pushed through the mesh 

can pose a threat (Purcell et al., 2013; Rodger et al., 2011).  

 

1.2.3. Hydroids 

Hydroids can cause injuries to finfish in similar ways to jellyfish in the forms of skin 

lesions from contact envenomation, gill pathologies, and secondary infections (Baxter et al., 

2012; Bosch-Belmar et al., 2019). In addition, during in situ cleaning events hydroids can be 
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washed into the water column where they can be swallowed causing mouth injury and digestion 

issues (Baxter et al., 2012). In one example on an Atlantic salmon farm in Ireland, the salmon 

saw massive gill hemorrhaging due to contact with Ectopleura larynx, one of the most 

problematic hydroid species in Europe and the Mediterranean Sea. As further evidence that E. 

larynx was the culprit species, one severely affected salmon was found to have a piece of the 

colony lodged in its gills (Baxter et al., 2012). 

Hydroids are key pioneering components of fouling communities, often colonizing bare 

surfaces the quickest, and by acting as substrates for secondary colonizers such as tunicates 

(Martell et al., 2018). Hydroids are also suspected reservoirs for pathogens; the AGD causing 

amoeba, Neoparamoeba perurans, has been detected in Obelia and Ectopleura species present in 

biofouling on farms in Norway (Hellebø et al., 2017) and in Ireland (Floerl et al., 2016). Vibrio 

and Pseudomonas, two bacterial infections that have resulted in mass mortalities of farmed 

finfish, have also been detected in a species of Obelia present in biofouling on several farms in 

Scotland (Clinton et al., 2020).  

Several species of hydroids are of particular interest to biofouling research. Species from 

the genus Ectopleura contains several of these species of interest. One of the most common 

hydroid species studied in aquaculture, E. larynx, is found in the Northern Atlantic Ocean, the 

Mediterranean Sea, and Northern Europe. Other Ectopleura species are also commonly 

distributed in temperate waters in the Atlantic Ocean and both the North and South Pacific Ocean 

(Fofonoff et al., 2020). 

E. larynx has caused mortalities relating mostly to gill pathologies leading to secondary 

infections in Spain (Bosch-Belmar et al., 2017), Ireland (Baxter et al., 2011), and Norway 

(Fitridge and Keough, 2013; Gansel et al., 2015). The gill pathologies commonly observed after 
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exposure to E. larynx are gill hemorrhaging, necrosis, and epithelial sloughing. In addition, 

corneal clouding had also been observed after exposure (Baxter et al., 2012). Bosch-Belmar’s (et 

al., 2017) study correlated the appearance of the microscopic actinulae larvae (a free-swimming 

larval stage that can morph into either a medusa or hydroid colony, depending on the species) of 

E. larynx with fish mortality events at a farm site near Almeria, Spain. E. crocea is mostly a 

nuisance foulant species more of concern to shellfish aquaculture in Australia and New Zealand 

(Floerl et al., 2016; Sievers et al., 2019), but it has the potential to become harmful to finfish due 

its widespread distribution. 

The genus Obelia is distributed world-wide, only excluding the Arctic and Antarctic 

regions. Obelia species are mostly observed in the colonial hydroid stage, but also have the 

ability to release massive amounts of small medusa-stage jellyfish, each capable of releasing 

cnidocytes or stinging cells upon contact (Piraino et al., 1996). Obelia-caused damages to finfish 

aquaculture has been reported in the Mediterranean Sea (Bosch-Belmar et al., 2019, 2017; 

Martell et al., 2018), the Northeastern Pacific (Edwards et al., 2015; Gartner et al., 2016), the 

North Atlantic (Martell et al., 2018), and New Zealand (Floerl et al., 2016). 

Bosch-Belmar (et al., 2017) described a study in the Almerian Gulf off the coast of Spain 

in which European Sea Bass (Dicentrarchus labrax) suffered a mass mortality event with no 

evident causing agent (such as bacterial, viral, or parasitic pathogens) present. Clinical symptoms 

displayed were like those caused by jellyfish blooms on several finfish farms, as described by 

Rodger et al. (2011). A taxonomic analysis found Obelia longissima to be a consistent member of 

the fouling community and was found to occur at high concentrations during several of the 

mortality events. This study was unable to determine a significant relationship between O. 

longissima and mortality but suggests that O. longissima played a role in the increasing their 
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susceptibility to mortality inducing triggers. Recently, several Atlantic salmon farms in British 

Columbia have been experiencing similar issues – mortalities and gill, mouth, and digestive 

injuries commonly seen during hydroid and jellyfish blooms with no apparent causative agents. 

Analysis of the mesh of the net-rearing pens and the water column revealed high concentrations 

of Obelia species (J. Pudota, Mowi Canada West, pers. Comm). 

In addition to hydroids, sea anemones, a closely related class of animals that also contain 

cnidocytes or stinging cells within their tentacles, has demonstrated their capacity to harm finfish 

in aquaculture. The white-striped anemone (Anthothoe ablocincta), the brown-striped anemone 

(Haliplanella sp.), and members of the genus Bunodeopsis have caused sublethal ulcers on the 

skin of salmon species that have come into contact with them on farms in New Zealand (Floerl et 

al., 2016). In a recent study examining the biofouling communities on net-rearing pens in British 

Columbia, the plumose anemone (Metridium senile) was found in low densities. The plumose 

anemone is not known to have caused any harm, but its presence demonstrates the potential for 

larger sting-capable animals to contribute to biofouling communities (R. Greiter Loerzer, pers. 

comm.). 

Several other species of hydroids have been examined, but in general, information and 

data regarding injuries to finfish in aquaculture caused by hydroids is scarce. As Bosch-Belmar 

(et al., 2017) noted, there is a complete lack of information on the severity of injuries caused by 

different species of hydroids and jellyfish, as well as densities of blooms or colonies during 

injurious events. By far, most of the data collected about hydroids and finfish aquaculture 

biofouling is studying their ability to quickly colonize and grow on the mesh of net-rearing pens 

and other structures, which can cause a host of costly problems including compromised cage 

structure, occlusion of the net mesh which can decrease water exchange, decrease dissolved 
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oxygen, and facilitate parasite attachment rates (Cornejo et al., 2020; Fitridge et al., 2012; 

Samsing et al., 2015). 

 

 1.3. Aquaculture in BC 

Aquaculture production is an important part of Canada’s economy and British Columbia 

is Canada’s largest farmed salmon producing province. BC consistently ranks as the 4 th largest 

farmed Atlantic salmon producer in the world, producing over 84,000 tonnes worth nearly $700 

million in 2021 (Statistics Canada, 2021). 

In 2019, salmon aquaculture company Mowi Canada West in BC experienced significant 

fish losses resulting in tens to hundreds of millions of dollars in damages due to gill disorders 

and mouth lesions. Some of the potential causatives such as viruses, bacteria, parasites, and 

harmful algae blooms have been examined extensively and subsequently ruled out. With their 

stinging cells, hydrozoans are theorized to be the most likely problematic species. In previous 

European laboratory-based challenges, exposure to cleaning debris containing hydrozoans has 

been shown to cause gill disorders and mouth diseases similar to what was observed in BC 

(Mitchell and Rodger, 2011) and hydrozoans are a known constituent of the salmon farming 

biofouling community at Mowi Canada West farms (Jay Pudota, Mowi Canada West, pers. 

comm.). 

 

 1.4. Objectives and research questions 

My objective is to examine the hypothesis that in situ cleaning of nets may release matter 

and organic debris that can impact the gill and mouth health of farmed Atlantic salmon, 

specifically by identifying if correlations between environmental parameters, biofouling growth 
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on fish farm nets, free swimming stinging-capable species in the water column, and gill health 

scores exist.  To explore these relationships several methods will be applied and discussed in two 

parts.  The first part (Chapter 2) will focus on the interactions between the environmental 

parameters and the biofoulant and hydroid growth on the fish farm net pens, and the free-

swimming stinging-capable species collected from on-site tow samples. The question driving the 

methods of this chapter is: 

1) Are there correlations between the environmental variables and the biofouling community, 

including hydroid species, as well as the local free-swimming sting-capable species? 

  The second part (Chapter 3) will focus on the interactions between the gill health of the 

farmed Atlantic salmon, the environmental parameters, the biofoulant and hydroid growth on the 

net pens, and the stinging species collected from the tow samples.  The questions driving these 

methods are as follows: 

1) Are there correlations between environmental variables and gill health? 

2) Are there correlations between the biofouling community, including hydroid species, and 

local free-swimming sting-capable species and gill health? 

The results from these questions will be used to discuss the hypothesis and provide 

insight into possible mitigation or management strategies when specific variables or combination 

of variables are present. The implementation of a model that predicts what variables are harmful 

at certain levels could reduce direct (e.g., gill disorders) or indirect (e.g., reduced growth from 

stress of injury) losses of revenue. 
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Chapter 2 Exploring the biofouling communities at two Atlantic salmon farms 

2.1. Introduction 

 In finfish aquaculture, biofouling refers to the growth, accumulation, and clogging of nets 

by algae, animals, and other organic debris. Most damages to infrastructure caused by biofouling 

are net-mesh occlusion, which can increase the drag, damage equipment, and decrease water 

flow in the pens leading to low dissolved oxygen and the accumulation of waste products 

(Bosch-Belmar et al., 2020). In addition to physical damages, the issues of injuries caused by 

pathogen transfers or contact envenomation are of major concern (Cornejo et al., 2020). 

 The extra handling and cleaning associated with biofouling can lead to cyclical fatigue 

damage which can drastically reduce the lifespan of the equipment and is, at minimum, a costly 

and labour-intensive process (Cornejo, 2020; Fitridge et al, 2012). In addition, the fraying 

damage caused by cleaning increases the available surface area for new recruitment of 

biofoulants. This is of special concern in the case of hydroids, where some studies have shown 

that in situ power washing of Ectopleura larynx, a common hydroid responsible for fish and 

shellfish mortalities in Europe, induced the bursting of gonophores releasing the larval actinulae 

that then settled immediately on the clean nets in greater numbers (Carl et al., 2011; Guenther et 

al., 2010) 

 Many biofouling species of concern are cosmopolitan; however, the community 

composition of individual sites is dependant on abiotic and biotic factors that are unique to each 

area (Fitridge et al., 2012; Pica et al., 2019). Typical abiotic factors that drive community 

composition are seasonality and the associated light and temperature changes, nutrient 

availability, substrate, currents, and depth (Holloway and Keough, 2002; Howes et al., 2007). 

While some factors such as light, temperature, salinity, and currents are largely dependant on 
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geography; nutrient availability and substrate type can be heavily influenced by fish culturing 

activities. Excess feed, fecal material, and cleaning debris can all contribute to nutrient 

availability to the communities growing on the nets, which themselves can be made of a variety 

of substrate-providing materials (Cook et al., 2006). 

 

2.1.1 Abiotic factors affecting community compositions 

 Ocean temperatures have risen 0.88˚C (0.68˚C-1.01˚C) since 1850-1900 levels, and 

despite national pledges to reduce human emissions, global projections are reaching as high as a 

2-4˚C increase by the end of the century. This increase has already caused substantial losses and 

changes in coastal and open ocean ecosystems (IPCC, 2023; UNEP, 2022). Increasing ocean 

temperatures are facilitating the spread and survival of non-indigenous species, including those 

found in biofouling assemblages. As most of these non-indigenous species are from warmer 

waters, they are better able to survive, leading to out-competition of native biofoulant species 

(Bosch-Belmar et al., 2022; Kim and Micheli, 2013). 

 Changes in salinity can also be attributed to rising ocean temperatures via reduced or 

enhanced precipitation relative to evaporation. Decreases of salinity and increases of temperature 

can cause density stratifications and reduced winter mixing depths. This in turn can cause a 

reduction in available nutrients and dissolved oxygen (Dobretsov et al., 2019). 

 Dissolved oxygen is inversely and exponentially inversely related to temperature and 

salinity, respectively. As water temperatures increase the threshold for reaching 100% oxygen 

saturation decreases, resulting in lower dissolved oxygen levels. As salinity increases, dissolved 

oxygen decreases exponentially, additionally, typical saltwater environments can only hold 80% 

as much oxygen as freshwater of the same temperature. Atmospheric and hydrostatic pressure 
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also affect dissolved oxygen levels, increasing saturation with increasing pressure. In addition, 

dissolved oxygen levels can change throughout the day due to photosynthesis (Wetzel, 2001). 

 Anthropogenic atmospheric CO2 is the overwhelming cause of ocean acidification. The 

air-sea gas exchange has resulted in a decrease of 0.1 pH units in the past 200 years, with an 

expected decrease of 0.2-0.3 pH units by the end of the century (Feely et al., 2009). When CO2 

is absorbed by sea water it alters the calcium carbonate state, resulting in an increase in hydrogen 

ion concentration, lowering pH and reducing the amount of calcium carbonate available. This has 

significant effects on organisms that calcify, internal pH regulations of fish, growth rates, and 

photosynthesis (Dobretsov et al., 2019; Feely et al., 2009; Guinotte and Fabry, 2008). 

 Several studies have demonstrated that the community structures of biofoulants are 

significantly affected by various environmental parameters (Mangano et al., 2019; Mhaddolkar et 

al., 2019; Montalto et al., 2020; Nellis and Bourget, 1996), with some species, including 

hydroids, that can serve as indicators of environmental quality due to their sensitivity to changes 

in environmental parameters (Roveta et al., 2022). However, in the compositions and successions 

of hydroids specifically, temperature remains a key factor in their growth and phenology (Boero 

et al., 2016). 

 

2.1.2. Biotic factors affecting community compositions 

 The most common biotic factors that impact the ecological success of biofoulant 

communities are recruitment, predation, and competition pressures (Greene and Grizzle, 2007). 

Initial recruitment can be important in the structuring of later assemblages by enhancing both 

settlement by entrapment (e.g., larvae caught on stems or edges of sessile invertebrates) and by 

protection from predation due to the structure or chemical cues of established residents 
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(Holloway and Keough, 2002; Russ, 1980). However, initial recruitment can also impede later 

assemblages via restriction of flow, predation, being an unsuitable substrate, and overgrowth 

(Holloway and Keough, 2002). Recruitment and succession are unique to local ecologies, and it 

was noted by Greene and Grizzle (2007) that the successional pattern on suspended net-pens 

compared to benthic areas was substantially different in the same areas. This is especially 

important when examining predation as net-pens are suspended approximately 50-70 m from the 

seabed (B. Vornicu, Mowi Canada West, pers. comm.) and it would require non-swimming 

predators (e.g., sea stars) to have settled during larval stages as part of the biofouling community. 

Predation on biofoulant species often has a significant effect on biofoulant communities 

and this effect can both increase and decrease diversity. Intense and non-selective predation can 

decrease diversity by allowing only a few species capable of withstanding this pressure thrive, 

while selective removal of a few dominant species can prevent monopolization of space which 

results in a higher level of diversity (Russ, 1980). However very little information exists in 

relation to finfish farms, which can vary significantly from benthic communities. Some attempts 

have been made to utilize predation as a measure of biological biofoulant control on fish farms; 

lumpfish (Cyclopterus lumpus) (Eliasen et al., 2018) and California sea cucumber 

(Parastichopus californicus) (Fitridge et al., 2012) are examples that have shown some promise, 

although significant challenges remain. 

 Competition between biofoulant species is often intermingled with species succession 

and is closely associated with a multitude of other factors previously discussed as well as 

available food quality and available space (Brown et al., 2020). However, several studies have 

highlighted a common pattern of succession that is likely due in part to competition. Several 

studies from Norway and the Mediterranean Sea indicate that hydroids are among the earliest of 
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colonizers but are weak long-term competitors, and bivalves tend to be dominators of final stages 

of assemblages but usually take long immersion periods to reach that point (Bloecher et al., 

2013; Guenther et al., 2010; Martell et al., 2018). However, it is unlikely that biofouling 

communities on finfish farms will ever reach final stages of assemblages due to repetitive 

cleaning. Repetitive cleaning of nets essentially “resets” the community and keeps it at an early 

succession stage, which selects for early colonizers to dominate for longer than an untouched 

substrate (Guenther et al., 2010).   

Published data on the specifics of competition between biofoulant species is scarce and 

each locality will have its own unique assemblage, succession, and competition pressures 

dependant on the local abiotic and biotic factors. This chapter will examine the interactions 

between environmental parameters, biofoulant assemblages, hydroid growth, and stinging-

capable free-swimming species on two Atlantic salmon farms in the Broughton archipelago. 

 

2.2. Materials and Methods 

2.2.1. Description of study sites 

Mowi Canada West owns two Atlantic salmon farms (Doctor Islets and Wicklow Point) 

in the Broughton Archipelago, on the north-eastern coast of Vancouver Island, British Columbia, 

Canada. I chose these sites for study due to past fish mortalities, and in 2019 there was a 

progression of complex gill disease (CGD) at both sites through the first summer of rearing in 

saltwater that was likely caused by intense biofouling, including hydroid colonies of net-pens at 

Wicklow Point and, to a lesser extent, at Doctor Islets. For this study the sites were populated 

with S1 (first year) Atlantic salmon smolts in the weeks of April 20 and 27, 2020 at the Doctor 

Islets site and May 4, 11, and 18, 2020 at the Wicklow Point site. 
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Both sites are mainly influenced by the Knight Inlet and Queen Charlotte Strait, which is 

a remote and sparsely populated glacier valley created during the last ice age. It has been 

strongly suggested that there are three layers of flow in the Knight Inlet; an up-inlet flow around 

25-90 m, and a down-inlet flow above and below that. The up-inlet flow layer brings highly 

oxygenated water from the Queen Charlotte Strait through Fife Sound into Tribune Channel and 

Knight inlet, which is not only important for aquaculture sites, but plays an important role in the 

migration corridor of juvenile salmon from upper Knight Inlet (Foreman et al., 2006). In 

addition, these routes also have important implications for the transportation of various buoyant 

organism, including viruses, bacteria, and sea lice (Krkošek et al., 2005). 

 Wicklow Point (Figure 2.1) is located on the western side of the Broughton Archipelago, 

in Fife Sound on the south shore of Broughton Island. Wicklow Point has had historical 

exposures to jellyfish blooms and significant hydroid colonies (Obelia spp.) were regularly 

detected on the nets in 2019. The water current follows a specific pattern of flow during tidal 

exchange, with less influence coming from nearby channels, resulting in less water exchange and 

greater exposure time to the conditions circulating in the bay. Fish are exposed to harmful 

plankton and jellyfish in the water column for a longer period than the Doctor Islets site (B. 

Vornicu, Mowi Canada West pers. comm.). 
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Figure 0.1: Right: inset map of the Wicklow Point (●) and Doctor Islets (■) farm sites in the 

Broughton Archipelago.  Left: map of coastal British Columbia and Vancouver Island, the 

rectangle on the northern coast of Vancouver Island represents the inset. 

 

Doctor Islets (Figure 2.1) is in Knight Channel on the south shore of Gilford Island. 

There is a significant influx of glacial water resulting in low salinity and a considerable amount 

of runoff from the northern end of Knight Inlet. There were no significant amounts of hydroid 

colonies (Obelia spp.) identified on the fish nets during the summer of 2019 and harmful 

plankton and jellyfish presence in the water column were noticed for shorter periods of times and 

with less intensity than the Wicklow Point site (B. Vornicu, Mowi Canada West. pers. comm.). 

 

2.2.2. Sampling of water parameters and nutrients 

 Water quality was recorded in each pen at a depth of 5 m daily before feeding events. 

Temperature, salinity, and dissolved oxygen were measured using a YSI Pro 2030 probe. 

Ammonia, pH, and nitrate were taken using a YSI 6050000 Proplus Multiparameter Meter (YSI 



21 
 

Incorporated, Yellow Springs, Ohio, USA). Phosphate, silica, and iron were measured from 

water samples collected at a depth of 5 m and sent off-site to be processed using a LaMotte 

Smart 3 colorimeter (LaMotte Company, Chestertown, Maryland, USA) at the Mowi office in 

Campbell River. 

 

2.2.3 Sampling of biofouling on net-patches and zooplankton tow samples 

Biofouling was monitored in 5 net-pens at each site with one pen being designated for 

fish health (Figure 2.2A&B) that was monitored weekly (as per Mowi Canada West practice), 

starting with smolt stocking of the pens (April/May 2020) until the completion of the study 

(October 30, 2020). The fish were from the same brood stock origin, the same hatchery, of the 

same smolt quality (all S1 populations) and exposed to the same management practices.  

 

A
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Figure 0.2 A&B: Satellite image (Google Maps) and net diagram (Sandra Hyunh) of Doctor 

Islets and Wicklow Point farms.  Orange denotes study pens; dark orange denotes dedicated fish 

health net, letters a-d represent a side of the pens, and the yellow highlight indicates which side 

the net patches were hung on a particular deployment (i.e., here is Wicklow Point deployment 1 

and Doctor Islets deployment 3 as examples) 

 

Sample net patches consisting of 30x30 cm net pieces attached to metal frames were 

suspended on one side of each containment net at 1, 5, 10, 15, and 20 m from the surface by 

ropes to examine depth-stratified changes in biofouling community structure. They were 

extracted for biofouling analysis and replaced with clean net patches after each commercial 

cleaning event (approximately every 1-3 weeks). The net patches with their associated biofouling 

communities were transported on ice and brought live in individual bags filled with 20-µm 

filtered seawater on ice to Campbell River, BC for hydroid processing and sample preservation, 

before being fixed in 3.7% formalin and transported to the Pacific Biological Station in 

Nanaimo, BC for further biofouling community processing.  

Due to the constraints of the on-site processing abilities of the hydroids growing on the 

B
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net patches, the species were categorized into four genus groups (Obelia spp., Ectopleura spp., 

Sarsia spp., and Clytia spp.) based on several characteristics. Long smooth stalks with slender 

cups containing the hydroid polyp and the presence of ridges at the base of the cups and stalks 

were classified as Obelia spp. Clytia spp. were similar in appearance, but with the ridges 

covering more of the stems and distinctive ridged gonopores. Ectopleura spp. was characterized 

by large, fleshy pink polyps and thick stems. Knobby club-like polyps and larger knobby 

gonopore clumps were characterized as Sarsia spp. 

In addition, zooplankton samples were taken weekly from 30 m (the maximum net-depth 

to both sites) to the surface with a tow net (50 cm diameter x 200 cm length, 250 µm mesh) to 

identify and enumerate stinging plankton species. 

 

2.2.3.1. Sample preservation 

After being received at the facility in Campbell River, the net pieces and contents of the 

shipping bags were immediately placed individually in holding containers (17 x 25 x 25 cm, 5.61 

L) with lids and air stones and topped up with 40-µm filtered seawater. Each net was removed 

from its holding container and tapped gently to remove excess water. The total (net plus 

biofouling community) wet weight was recorded, and a photograph of the net patch taken before 

the net was transferred to a MgCl anaesthesia bath (300mL of MgCl crystals dissolved in 3 L of 

40-µm filtered seawater). The net patch remained in the bath for at least 3 minutes as per pre-

established protocol (R. Greiter-Loerzer, DFO, pers. comm.). Hydroids were removed from the 

net patch, identified to genus, and their wet weight recorded. All hydroids were collected into a 

separate container and fixed with 3.7% formalin. The water remaining in the holding container 

was filtered through a pre-weighed 250 µm sieve to collect anything that had fallen off the net 
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patch, and the sieve plus biofouling wet weight was recorded.  

After approximately 3 minutes in the MgCl solution, the net patch was gently shaken in 

the bath to dislodge any attached invertebrates and removed to a large bin to be rinsed. The bath 

water was filtered through a 40 µm sieve and added to the contents of the 250 µm sieve (see 

above). The MgCl bath water was periodically changed, depending on how much organic debris 

(e.g., algae, biofilms, etc.) was on the samples. The net was rinsed using a spray hose with fresh 

tap water and any remaining debris was removed by hand. The cleaned net was tapped gently in 

the bin to remove excess water and the clean net wet weight was recorded. This weight was 

subtracted from the net plus biofouling wet weight to give the wet weight of the foulants on the 

net. The wet weight of the foulants on the net was then added to the weight of the material 

collected from the holding container (sieve plus biofouling). To obtain the total wet weight of 

biofoulants the dry weight of the sieve (recorded first thing each morning before sample 

processing) was subtracted from this total (Figure 2.3). 

 

Figure 0.3: Net patch biofoulant collection and cleaning workflow to obtain biofoulant and 

hydroid wet weights (biomass in grams).  Hydroids are collected into a separate container for 

further processing. 
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The removed biofoulants were then collected into a 100 mL container. The samples were 

topped up to an appropriate level with filtered seawater and 37% formalin was added using a 

bulb pipet in an appropriate amount to dilute to 3.7% (e.g., 20 mL of sample + seawater and 2 

mL of formalin).  

 

2.2.3.2 Sample analysis 

To analyse the biofouling community structure of the net patches, the preserved contents 

of the containers were poured through a 60-µm sieve, collecting the formalin into a separate 

container to be re-added after processing, and the contents were rinsed with fresh water until 

most or all the formalin was removed. The amount of rinsing depended on how much organic 

debris (e.g., biofilm, algae, or other organic material) remained in the sample. The cleaned 

samples were poured into a Bogorov chamber and analyzed under a stereomicroscope with 

photographs taken of any remaining pieces of hydrozoans or anything else of note. All 

individuals were identified to the appropriate specificity and enumerated. When counting was 

completed, samples were poured through a 60-µm sieve again to remove excess fresh water and 

topped up to the appropriate amount of seawater before re-adding the formalin.  

The zooplankton tow samples were cleaned using the same method as the community 

structure analysis. Species were identified as either present or absent or were individually 

counted in the case of stinging plankton (i.e., jellyfish, hydroid heads, siphonophores, etc.). Non-

stinging species identified as present were not counted due to the lack of evidence that the 

commonly occurring free-swimming arthropods (mostly copepods or zoea) and other animals 

(i.e., polychaetes or chaetognaths) present in this study contribute to gill-health related issues 

directly (via contact) or indirectly (secondary vectors or disease). 
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In addition, a post hoc examination of the collected hydroids was done to identify any 

cryptic species growing on the net patch samples. 

 

2.2.4. Statistical models  

 All statistical analyses were implemented in R (R Core Team, 2021). I used generalized 

linear models (GLMs) and generalized linear mixed models (GLMMs) to examine the effects of 

the environmental parameters on net-biofoulant counts (grams of hydroid species) and stinging-

capable species present in tow samples (counts), using the glmmTMB and MASS packages 

(Brooks et al., 2017; Venables and Ripley, 2002). The basic structure of a GLM contains three 

parts: the linear predictor, the error structure, and the link function. 

𝜂௜ = 𝛼 + 𝛽ଵ𝑋௣௜ + ⋯ + 𝛽௣𝑋௣௜ 

Where ƞ is the linear predictor for each point i of some linear function of the explanatory 

variables 𝑋௣௜, intercept 𝛼, and slope 𝛽௣, from 1 to p explanatory variables. The appropriate error 

structure depends on the type of data of the response variable. In this case, the biofoulant count 

and tow sample count data use a negative binomial error structure and the mass of hydroids on 

net samples uses a normal or Gaussian distribution. The link function links the fitted values of 

the linear predictors to the scale of the original response variable. When using the normal 

distribution, the identity link is used, meaning predicted values are automatically converted on 

the original scale of the response variable. When using the negative binomial distribution, the log 

link is used to ensure the predicted counts are only positive (Buckley, 2015).  

GLMMs are like GLMs in basic structure, but they can further handle much more 

complex models involving both fixed and random predictor variables (hence mixed models). The 

main downside of GLMMs is their generality and how easy it can be to build an overly complex 
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model that still indicates plausibility. These models recognize that with groups of collected 

samples there will be variation within (σ2
within) and among (σ2

among) groups, with the total 

variation being the sum σ2
within + σ2

among = σ2
total. As such, the correlation between any two data 

points within the same group can be calculated as ρ = ට𝜎௔௠௢௡௚
ଶ /𝜎௧௢௧௔௟

ଶ . These values are the 

deviations from the mean of the population for each group and are called random effects (Kain et 

al., 2015). 

Highly correlated variables were identified using correlation plots and removed to 

prevent issues with collinearity in the models. Factor variables (e.g., depth) and random effects 

were tested for significance using likelihood ratio testing and further variable selection was done 

using small-sample corrected Akaike information criterion (AICc) for each of the sets of models 

for each site. A separate model was developed for each site due to the differences in geography, 

ecology, and because factors with 5 or less levels (i.e., only two sites were studied here) are not 

recommended to be used as a random predictor (Kain et al., 2015; Midway, 2022). All 

environmental data were scaled and centered to a mean of 0 to minimize the variation caused by 

differing measurement scales. 

 

2.2.4.1 Biofoulant counts (excluding hydroids) on net patches and diversity indices 

 I developed a GLMM to analyze the effect of environmental parameters on biofoulant 

species counts growing on each net patch for each site. To account for any variation across each 

sampling date, I created a grouping variable “Event Day” (starting at day 1 when the first nets 

were deployed) and this variable was used as a random effect where appropriate. For the Doctor 

Islets site, I used dissolved oxygen, iron, nitrate levels, pH, phosphate levels, salinity, silica, 

temperature, and depth (represented as a factor with levels 1, 5, 10, 15, and 20 m). For the 
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Wicklow Point model, I used dissolved oxygen, iron, nitrate levels, ammonia, salinity, and depth.  

To examine the trends of the diversity of the biofouling community on the net patches, 

the mean Shannon-Weiner index and mean (Gini) Simpson index were calculated for each depth 

of each sample collection date. The species richness (total number of species recorded each 

sample date) and total abundance (total individuals for each sample date) were also calculated for 

each depth and each sample date. The Shannon-Weiner diversity index considers species richness 

and total abundance to give a metric of species evenness in a sample, with higher values 

indicating more diversity (Keylock, 2005). The Simpson index (or Gini-Simpson index) is a 

dominance index that measures the probability that two randomly selected individuals in a 

sample will belong to different species, giving more weight to common or dominant species than 

the Shannon-Weiner index (Keylock, 2005). 

To examine the relationships between the environmental variables, I built a GLM(M) for 

each index at each site. For species richness at Doctor Islets, I used pH; at Wicklow Point I used 

phosphate levels. For total abundance at Doctor Islets, I used depth, phosphate levels, salinity, 

silica, and temperature. At Wicklow Point I used salinity, ammonia, nitrate levels, phosphate 

levels, silica, iron, pH, and depth. For the Shannon-Wiener index at Doctor Islets I used depth, 

ammonia, and nitrate levels; at Wicklow Point I used temperature, dissolved oxygen, silica, and 

depth. For the Simpson indices at Doctor Islets, the model with the lowest AICc suggested only 

depth, the Event Day variable, and no continuous variables.  At Wicklow Point I used 

temperature, dissolved oxygen, silica, and depth. 

 

2.2.4.2. Hydroid species on net patches 

To examine the effects of environment parameters on the biomass of hydroid species 
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(Obelia sp., Ectopleura sp., Sarsia sp., and Clytia sp.) growing on the net patches, I developed a 

GLM for the Doctor Islets site and a GLMM for the Wicklow Point site. I investigated 

continuous variables (dissolved oxygen, iron, ammonia, nitrate levels, pH, phosphate levels 

salinity, silica, and temperature) and one categorical variable (species: four levels of species 

identified) in the Doctor Islets model. For Wicklow Point, I used iron, ammonia, nitrate levels, 

pH, silica, and the species categorical variable. 

To examine if any interactions between Obelia spp. (the dominant species for the study 

period) and the other hydroids groups (Clytia spp., Ectopleura spp., and Sarsia spp.), a four-level 

factor was created for each species. This factor was tested in the same way that depth was tested, 

and when significant (which was true for both sites), used the intercept of Obelia spp. as the 

reference. 

 

2.2.4.3. Stinging-capable species in tow samples 

  To assess the effects of environmental parameters on the counts of stinging-capable 

plankton in the 30 m tow samples I developed a GLMM for both sites. For Doctor Islets 

ammonia, nitrate levels, and the Event Day variable were used. For Wicklow Point I used 

ammonia and the Event Day variable. 

 

2.3. Results 

2.3.1. Environmental profiles 

Average temperatures (Figure 2.4A) were higher at Doctor Islet than Wicklow Point with 

means of 10.5˚C and 9.66 ˚C, respectively and there was more daily variation at Doctor Islet than 

Wicklow Point. The dissolved oxygen readings decreased at both sites over the sampling season 
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(Figure 2.4B) and Wicklow Point had lower levels of dissolved oxygen on average with few 

exceptions (Table 2.1).  

 

Figure 0.4 A-D: Physical water variables: temperature (˚C), dissolved oxygen (mgL-1), salinity 

(ppm), and pH of Doctor Islets and Wicklow Point from April 18 to October 29, 2020. Points are 

individual measurements and lines are weekly averages. 

 

Table 0.1: Environmental profile ranges for Doctor Islets and Wicklow Point of temperature (˚C), 

dissolved oxygen (mgL-1), salinity (ppm), and pH. 

Site Temperature (˚C) Dissolved Oxygen (mgL-1) Salinity (ppm) pH 
Doctor Islets 8.4-14.1 5.1-13.3 9.6-28.5 7.5-8.37 
Wicklow Point 8.7-13.2 5.2-14.4 22.0-32.0 6.79-8.47 

 

 

Salinity levels were markedly more stable at Wicklow Point than those at Doctor Islets 

A

B

C

D
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(Figure 2.4C; Table 2.1). Salinity levels were lower in the warmer months at Doctor Islet, higher 

during the cooler months, and a series of higher than usual levels occurred late-July and August. 

The seasonal pattern of pH was similar at both sites for the duration of the sampling season with 

both sites experiencing a steady decrease (Figure 2.4D; Table 2.1). The average pH levels were 

7.84 at Doctor Islets and 7.32 at Wicklow Point. 

Ammonia levels were mostly low for both sites with a sharp drop after October (Figure 

2.5A; Table 2.2). The average levels were 0.126 gL-1 and 0.100 gL-1 at Doctor Islet and Wicklow 

Point, respectively. The nitrate levels for both sites remained generally stable until July before 

increasing at a steady rate for the rest of the season (Figure 2.5B; Table 2.2). Phosphate levels 

varied between the two sites until the end of August before dropping sharply at both sites to near-

zero and remaining there with little variation until the end of the sampling periods (Figure 2.5C; 

Table 2.2). Silica measurements at both sites saw some variation over the sampling season, with 

a stable average until mid-late September before the levels started to increase for the rest of the 

season (Figure 2.5D; Table 2.2). The levels of iron measured at both sites show no discernable 

patterns through the sampling season and varied widely; however, both Doctor Islet and 

Wicklow Point had several high and low measurements in common (Figure 2.5E; Table 2.2). The 

average value for Doctor Islet was 2.47 gL-1 and 2.59 gL-1 for Wicklow Point. 
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Figure 0.5 A-E: Nutrient water parameters: ammonia (gL-1), nitrate levels (gL-1), phosphate 

levels (gL-1), silica (gL-1), and iron(gL-1) of Doctor Islets and Wicklow Point from April 18 to 

October 29, 2020. 

 

Table 0.2: Nutrient profile ranges for Doctor Islets and Wicklow Point of ammonia (NH3 [gL-1]), 

nitrates (NO-3 [gL-1]), phosphates (PO43 [gL-1]), silica (gL-1), and iron (gL-1). 

Site Ammonia (gL-1) Nitrate (gL-1) Phosphate (gL-1) Silica (gL-1) Iron (gL-1) 
Doctor Islets 0.000-1.200 0.000-2.024 0.00-2.60 0.18-2.45 0.22-5.54 
Wicklow Point 0.000-1.212 0.000-2.948 0.00-3.02 0.00-2.55 0.22-5.03 

 

2.3.2. Biofoulant composition 

2.3.2.1 Net patch compositions 

Species composition on the net-samples deployed at Doctor Islets (Figure 2.6A) were 

A
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C
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largely dominated by Arthropoda and Mollusca, with most deployments showing a general 

increase in Arthropoda composition with depth. Species composition at Wicklow Point (Figure 

2.6B) was largely dominated by Arthropoda at almost all deployments and depths. Wicklow 

Point had a greater variety of species than Doctor Islets, but unlike Doctor Islets, there was no 

discernable pattern of composition by depth. 
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Figure 0.6 A-B: Average species (grouped by phylum) composition of biofouling net patches by 

depth (1, 5, 10, 15, and 20 m) and sampling date for Doctor Islets (A) and Wicklow Point (B). 

 

B
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To get a broader look at the compositions of the entire sampling seasons, I examined the 

monthly count summaries of the classes of species found on the net-samples. Doctor Islets 

(Figure 2.7) had large counts of bivalves (mostly Mytilus sp.) for most of the sampling season, 

tapering off in numbers near the end of the study (September-October). Maxillopoda (copepods, 

harpactacoids, etc.) and to a lesser extent, Malacostraca (crabs, shrimp, etc.) were both counted 

in larger numbers for the entire duration of the sampling season. Other classes that were common 

for the entire duration but in not usually more than a few dozen individuals were Thecostraca 

(barnacles), Ostracoda (seed shrimp), Gastropoda (snails), and Polychaeta and Nematoda (bristle 

and round worms). Wicklow Point (Figure 2.7) had similar compositions with high counts of 

Maxillopoda and Bivalvia that tapered off towards the end of the sampling season. Smaller, but 

consistent, counts of Ostracoda, Malacostraca, Gastropoda, Polychaeta, and Nematoda were 

seen, with no definite pattern to numbers of individuals across the months. 
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Figure 0.7: Total count summaries of biofouling net patches by month of species (grouped by 

class) for Doctor Islets and Wicklow Point. 

 

2.3.2.2. Diversity indices 

Figures 2.8 and 2.9 show the species richness (A), total abundance (B), mean Shannon-

Wiener index value (C), and mean Simpson index value (D) for each depth of each net patch 

sampling date. Some general trends are similar between the two sites; species richness gradually 

decreases through the study period with peak richness in late spring (May 22 and June 22 at 

Doctor Islets and Wicklow Point, respectively), and total abundance at each site also peaked in 

these samples before decreasing through the study period. All the diversity indices show more 
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variation between depths at Doctor Islets than at Wicklow Point. 

 

Figure 0.8 A-D: Diversity indices (species richness, total abundance, Shannon-Wiener diversity 

index, and Simpson index) by depth (1, 5, 10, 15, and 20 m) for each sampling date (denoted by 

a point) of biofouling counts on net patches for Doctor Islets. 
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Figure 0.9 A-D: Diversity indices (species richness, total abundance, Shannon-Wiener diversity 

index, and Simpson index) by depth (1, 5, 10, 15, and 20 m) for each sampling date (denoted by 

a point) of biofouling counts on net patches for Wicklow Point. 

 

At Doctor Islets there is a lot of variation of species richness between depths, with no 

gradient or pattern evident. Richness is highest at 1 m until August before it decreases and 

remains stable with the other depths until the end of the study period. The other depths (5, 10, 15, 

and 20 m) vary widely in richness between samples throughout the study period until August, 

before becoming more stable and gradually decreasing until the end of the study period. At 

Wicklow Point, there is an evident gradient in species richness, with more species at shallower 
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depths, with few exceptions. Richness is highest for all depths in June, before gradually 

decreasing. Species richness at 20 m is the exception, with higher richness near the beginning of 

the study, dipping to a low point in July, increasing again until August and then gradually 

decreasing until the end of the study. 

The total abundance at Doctor Islets is much higher at 1 m for more of the study period 

than any other depth by several tens of thousands of individuals. The total abundance of all 

depths drops sharply late-August and remains low for the rest of the study period. At Wicklow 

Point, there is a much more even gradient with depth. Similar to species richness, there was a 

peak in total abundance in June before gradually decreasing until the end of the study period. 

The Shannon-Wiener diversity index and Simpson index show nearly identical trends to 

each other at each depth, within each site. At Doctor Islets at 1 m, the indices started high, 

decreased until late July, and increased again until the end of the study period. The other depths 

for both indices followed an interesting gradient in that if the index value at 1 m was low, the 5 

m value was slightly higher etc. until the highest value, indicating highest evenness and the 

highest probability that any two individuals would be of two different species was usually from 

the 15 m or 20 m samples. This was true in the opposite direction as well, where when the 1 m 

sample value was high, the 5 m was slightly lower, etc. At Wicklow Point, for both the Shannon-

Wiener and Simpson indices, 1 m and 20 m had the highest values, periodically switching 

through the sampling period. The indices showed similar peaks at 5 m, 10 m, and 15 m and dips 

as the 20 m sample and generally in a gradient from 5 m to 15 m, with some exception to this 

variation. 

 

2.3.2.3. Hydroids on net patches 
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Obelia spp. complex was the most common species recorded on the net patches 

throughout the study period at both Doctor Islets (Figure 2.10A) and Wicklow Point (Figure 

2.10B), with no evident distribution pattern by depth or deployment date. Ectopleura spp. was 

only found at Doctor Islets (August 10 & 21, October 01 & 22), Clytia spp. was only found at 

Wicklow Point (July 31), and Sarsia spp. was found in small amounts at both sites (September-

October at Doctor Islets, and throughout July at Wicklow Point). 
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Figure 0.10 A-B: Biomass (g) of hydroid species (grouped by genus) by depth (1, 5, 10, 15, and 

20 m) and sampling date for Doctor Islets (A) and Wicklow Point (B). 

For the duration of the study Obelia species were dominant on the net patches at both 

sites, sometimes being the only species collected. Both sites had a peak in biomass during 

August and September. I collected more Obelia at Doctor Islets (Figure 2.11A), with a maximum 

mass of 9.904 g from a single net patch. In contrast, the maximum mass recorded at Wicklow 

Point (Figure 2.11B) was only 0.382 g. I collected Sarsia sp. at both sites in small amounts from 

September to November (maximum: 0.082 g Doctor Islets), and July-August (maximum: 0.045 g 

at Wicklow Point). Ectopleura sp. was only collected in small amounts at Doctor Islets from 

August to October with a maximum mass of 0.189 g, and Clytia sp. was only collected at 

Wicklow Point in a single sample in August with a mass of 0.021 g. 

B
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Figure 0.11 A-B: Total biomass (g) of hydroids (grouped by genus) for each sampling date at 

Doctor Islets (A) and Wicklow Point (B). 

A

B
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2.3.2.4. Stinging-species in tow samples 

In the count summary of the stinging-species in the tow samples for both Doctor Islets 

and Wicklow Point (Figure 2.12) I recorded Obelia species (usually free-swimming medusa 

form) as the most numerous stinging-capable species in the water column for several, but not all 

months. Other common species seen were Diphydae (usually Lensia sp. or Diphyes sp.) and 

Muggiaea species (both of class Siphonophora), and Clytia species, which were separated into 

diameter (>10 mm and <10 mm). Clytia sp. were separated into diameter for ease of counting 

and because I noticed that while the two sizes (arbitrarily decided at 10 mm due to the grid size 

of the Bogorov chamber used to examine and enumerate the samples) were often concurrent, 

when the species would bloom only one of the two sizes would be present in high numbers. At 

Doctor Islets I recorded a general trend of larger counts early (May-June) and late (October), and 

a general trend of larger counts early (May-June) for Wicklow Point, with fewer species and 

smaller counts near the end of the study. 
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Figure 0.12: Total count summaries of stinging-capable species in tow samples by month at 

Doctor Islets and Wicklow Point. 

 

2.3.3. Statistical model results 

2.3.3.1. Correlation of water parameters with biofoulant counts and diversity indices 

Correlation plots used to aid model selection for this section can be found in the appendix 

(Figures A2.1 and A2.2). For the Doctor Islets model each unit-increase of temperature, 

dissolved oxygen, salinity, and phosphate levels was associated with an increase of log-expected 

mean counts (Table 2.3). With each unit increase of nitrate levels, iron, and pH the mean counts 

were expected to decrease. Silica had the largest effect size of the positive correlations and iron 

had the largest effect size of the negative correlations. Depth was found to be a significant factor 

(Table 2.4) and with each increase in depth, the log of expected species counts decreased.  
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Table 0.3: Regression summary of the models with the lowest AICc examining environmental 

parameters on net patch biofoulant counts for Doctor Islets and Wicklow Point. S.e. is the 

standard error and 95% is the confidence interval.   

 

 

 

 

 

 

 



46 
 

Table 2.3: Continued. 
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Table 0.4: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on net patch biofoulant counts for Doctor Islets. The model with the lowest AICc used the terms: dissolved oxygen, iron, 

nitrate levels, pH, phosphate levels, salinity, silica, temperature, and depth which is a 5-level factor representing each depth net 

patches were collected from (1, 5, 10, 15, and 20 m). The column “Random” represents the presence (+) or absence ( ) of the random 

grouping effect. NEG.BINOMIAL and POISSON denote the testing of distributions with the full model.  In this model the negative 

binomial distribution was more appropriate. 
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For the Wicklow Point site model (Table 2.3) examining the counts of biofouling species, 

the log-expected mean counts on the sample nets increased with each unit-increase of salinity, 

nitrate levels, iron, and pH. The log-expected mean counts decreased with each increase of 

dissolved oxygen and ammonia. Of these variables, pH had the largest positive and total effect 

size and ammonia had the largest negative effect size. Depth was considered significant (Table 

2.5) and had a negative effect that increased in size with each depth. 
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Table 0.5: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on net patch biofoulant counts for Wicklow Point. The model with the lowest AICc used the terms: dissolved oxygen, iron, 

ammonia, nitrate levels, pH, salinity, and depth which is a 5-level factor representing each depth net patches were collected from (1, 5, 

10, 15, and 20 m). The column “Random” represents the presence (+) or absence ( ) of the random grouping effect. NEG.BINOMIAL 

and POISSON denote the testing of distributions with the full model.  In this model the negative binomial distribution was more 

appropriate. 
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In addition, the diversity indices of each net patch were examined in relation to water 

parameters.  At Doctor Islets (Table 2.6), only pH was associated with a log-expected increase in 

species richness. This model is also one of the few in which depth was not a significant variable 

(Table 2.7). Total abundance was positively associated with temperature, phosphate levels, 

salinity, and silica, with temperature having the largest effect size. Depth was tested to be 

significant to the model structure and was negatively associated with the abundance (Table 2.8). 

For the Shannon-Wiener index values ammonia and nitrate levels were positively associated with 

higher index values, and no parameters were negatively associated.  Depth was tested to be 

significant and had the largest effect sizes (Table 2.9). For the model examining the Simpson 

index values, none of the continuous variables were included in the selected model.  Depth was 

tested to be significant and was positively associated with Simpson index values (Table 2.10). 
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Table 0.6: Regression summary of the models with the lowest AICc used to examine the 

environmental parameters on the species richness, total abundance, Shannon-Wiener diversity 

index, and Simpson index values calculated from the net patch biofoulant counts at Doctor Islets. 

S.e. is the standard error and 95% is the confidence interval. 
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Table 0.7: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the species richness of the net-patches at Doctor Islets. The model with the lowest AICc used only pH. The column 

“Random” represents the presence (+) or absence ( ) of the random grouping effect. 
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Table 0.8: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the total abundance of the net-patches at Doctor Islets. The model with the lowest AICc used terms temperature, 

salinity, phosphate levels, silica, and depth. The column “Random” represents the presence (+) or absence ( ) of the random grouping 

effect. NEG.BINOMIAL and POISSON denote the testing of distributions with the full model.  In this model the negative binomial 

distribution was more appropriate. 
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Table 0.9: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the Shannon-Weiner diversity index of the net-patches at Doctor Islets. The model with the lowest AICc used terms: 

ammonia, nitrate levels, and depth. The column “Random” represents the presence (+) or absence ( ) of the random grouping effect. 
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Table 0.10: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the Simpson index of the net-patches at Doctor Islets. The model with the lowest AICc used no continuous variables but 

did include the depth variable. The column “Random” represents the presence (+) or absence ( ) of the random grouping effect. 
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For the Wicklow Point model (Table 2.11), only phosphate was (positively) associated 

with species richness and depth was not significant (Table 2.12). For total abundance ammonia, 

phosphate levels, and silica were positively associated with a log-expected increase in 

abundance, and salinity, nitrate levels, iron, and pH were negatively associated. Depth tested 

significant (Table 2.13), and each depth was negatively associated with the effect sizes increasing 

with each depth. Ammonia had the highest positive effect size, and the depths had the highest 

negative effect sizes. For the Shannon-Wiener index of the net patches, temperature was 

significantly associated with an increase in index values, and dissolved oxygen and silica were 

negatively associated.  Depth was significant (Table 2.14) and each depth except 20 m was 

negatively associated.  Of the negatively associated variables, most of the depths had the highest 

effect sizes.  Similarly, for the Simpson index, only temperature was positively associated, and 

dissolved oxygen and silica were negatively associated. Depth tested significant (Table 2.15), 

and each depth except 20 m was negatively associated. 



57 
 

Table 0.11: Regression summary of the models used to examine the environmental parameters on 

the species richness, total abundance, Shannon-Wiener diversity index, and Simpson index 

values calculated from the net patch biofoulant counts at Wicklow Point. S.e. is the standard 

error and 95% is the confidence interval. 
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Table 0.12: Model selection using a generalized linear mixed-effects model with a log link 

function to describe the effect of water parameters on the species richness of the net-patches at 

Wicklow Point. The model with the lowest AICc used only phosphate levels. The column 

“Random” represents the presence (+) or absence ( ) of the random grouping effect. 
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Table 0.13: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the total abundance of the net-patches at Wicklow Point. The model with the lowest AICc used terms: salinity, 

ammonia, nitrate levels, phosphate levels, silica, iron, pH, and depth. The column “Random” represents the presence (+) or absence ( ) 

of the random grouping effect. NEG.BINOMIAL and POISSON denote the testing of distributions with the full model.  In this model 

the negative binomial distribution was more appropriate. 
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Table 0.14: Model selection using a generalized linear mixed-effects model with a log link 

function to describe the effect of water parameters on the Shannon-Wiener diversity index of the 

net-patches at Wicklow Point. The model with the lowest AICc used terms: temperature, 

dissolved oxygen, silica, and depth. The column “Random” represents the presence (+) or 

absence ( ) of the random grouping effect. 
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Table 0.15: Model selection using a generalized linear mixed-effects model with a log link 

function to describe the effect of water parameters on the Simpson index of the net-patches at 

Wicklow Point. The model with the lowest AICc used terms: temperature, dissolved oxygen, 

silica, and depth. The column “Random” represents the presence (+) or absence ( ) of the random 

grouping effect. 

 

 

2.3.3.2. Correlation of water parameters with hydroid biomass on net-patches 

Correlation plots used to aid model selection for this section can be found in the appendix 

(Figures A2.1 and A2.2) and are the same as the correlation plots for the biofouling species 

counts. For the model examining the mass of hydroids (in grams) growing on the net-patches at 

Doctor Islets, I found temperature, nitrate levels, pH, and iron were positively associated, with 

iron having the largest effect size (Table 2.16). Dissolved oxygen, salinity, ammonia, phosphate 

levels and silica were negatively associated, with dissolved oxygen having the largest (and 

largest overall) effect size. The species variable is a factor with four levels with one species 
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(Obelia spp.) used as a reference species. The species variable was significant (Table 2.17), and 

it was found that with each increase in grams of Obelia spp., the grams of Sarsia sp. and 

Ectopleura sp. (Clytia sp. was not identified at Doctor Islets) were expected to decrease. 

 At Wicklow Point, I found that no continuous variables were associated with hydroid 

growth (Table 2.16). The species variable tested significant and of the individual hydroid genus, 

an increase of Obelia spp. was associated with a decrease in grams of Sarsia sp., and Clytia sp. 

(Ectopleura sp. was not identified at this site) (Table 2.18). In addition, the depth variable was 

tested to be significant and with each depth the grams of hydroids was expected to decrease. 
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Table 0.16: Regression summary of the models used to examine the environmental parameters on 

the hydroid biomass from the net patch biofoulant counts at Doctor Islets and Wicklow Point. 

S.e. is the standard error and 95% is the confidence interval. 
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Table 2.16: Continued. 
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Table 0.17: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on hydroid biomass (g) on net patches for Doctor Islets. The model with the lowest AICc used terms: temperature, 

dissolved oxygen, salinity, ammonia, nitrate levels, phosphate levels, silica, iron, pH, and species which is a 4-level factor representing 

the four species groups (Obelia sp., Sarsia sp., Ectopleura sp., and Clytia sp.). The column “Random” represents the presence (+) or 

absence ( ) of the random grouping effect. 
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Table 0.18: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on hydroid biomass (g) on net patches for Wicklow Point. The model with the lowest AICc used the terms species, which 

is a 4 level factor representing the four species groups (Obelia sp., Sarsia sp., Ectopleura sp., and Clytia sp., and depth (1, 5, 10, 15, 

and 20 m). The column “Random” represents the presence (+) or absence ( ) of the random grouping effect. 
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2.3.3.3. Correlation of water parameters and stinging-capable species 

Correlation plots used to aid model selection for this section can be found in the appendix 

(Figures A2.3 and A2.4). I found that for the tow samples from Doctor Islets, each unit-increase 

of ammonia and nitrate levels increased the log-expected counts of stinging-capable individuals 

with nitrate levels having the larger effect size (Table 2.19). No variables were significantly 

negatively associated with individual counts. The Event Day variable was significant (Table 

2.20) and explained a considerable amount of variation in this model. 

 For the Wicklow Point model each unit-increase in ammonia showed an increase in the 

log-expected individual counts of the stinging-capable species in tow samples (Table 2.19). No 

variables were associated with a decrease. Similar to Doctor Islets, the Event Day variable was 

significant (Table 2.21) and the variance between samples that were explained by the Event Day 

variable was large.  

 

Table 0.19: Regression summary of the models used to examine the environmental parameters on 

the counts of stinging-capable species in the tow samples at Doctor Islets and Wicklow Point. 

S.e. is the standard error and 95% is the confidence interval. 
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Table 0.20: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the counts of stinging-capable species in the tow samples for Doctor Islets. The model with the lowest AICc used terms: 

ammonia, nitrate levels, temperature, dissolved oxygen, and the Event Day variable. The column “Random” represents the presence 

(+) or absence ( ) of the random grouping effect. NEG.BINOMIAL and POISSON denote the testing of distributions with the full 

model. In this model the negative binomial distribution was more appropriate. 
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Table 0.21: Model selection using a generalized linear mixed-effects model with a log link function to describe the effect of water 

parameters on the counts of stinging-capable species in the tow samples for Doctor Islets. The model with the lowest AICc used terms 

ammonia and the Event Day variable. The column “Random” represents the presence (+) or absence ( ) of the random grouping effect. 

NEG.BINOMIAL and POISSON denote the testing of distributions with the full model. In this model the negative binomial 

distribution was more appropriate. 
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2.4. Discussion 

2.4.1 Biofoulant community on net patches and diversity indices 

 In finfish aquaculture, the growth of biofouling on net-pens and other structures can 

cause damages due to increased drag, reduced water flow leading to low dissolved oxygen and 

accumulation of waste, and potentially injure fish via stinging-species or transmission of diseases 

(Bosch-Belmar et al., 2020; Cornejo et al., 2020). The interactions of biofouling organisms and 

farmed fish have been studied extensively globally but have largely focused on stinging capable 

species such as Ectopleura larynx due to its involvement in several mass mortalities and other 

ongoing health issues in Europe and the Mediterranean Sea (Bosch-Belmar et al., 2019; Gansel 

et al., 2015; Martell et al., 2018). Studies examining how environmental parameters might affect 

counts of each individual species in a biofouling assemblage and the corresponding diversity 

indices are scarce, and to my knowledge, non-existent in British Columbia and the surrounding 

area. 

 Species composition varied widely depending on deployment date, site, and depth 

(Figure 2.6A-B). Arthropods (mostly Harpacticoids) and bivalves (mostly Mytilus sp. <10 mm) 

were the dominant species at both sites. Mytilus sp. dominated the compositions during late 

spring until late summer at Doctor Islets which roughly corresponds to when temperatures were 

above 10˚ C (to a max of 14.1˚ C) and salinity was below 25 ppt (Figure 2.4). Some studies have 

shown that optimal growing conditions for Mytilus sp. seem to be temperatures lower than 20˚ C 

and salinity around 20 ppt (Almada-villela, 1984; Almada-Villela et al., 1982); however, most 

studies focus on extreme values well beyond what was recorded at either site. In addition, the 

period where Mytilus sp. was dominant on the samples was during the “spatfall” season in which 

free-swimming larvae undergo metamorphosis into their sessile stage (FAO, 2003). This is likely 
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a major contributor to the large counts of small individuals (<10 mm) that were observed. 

 Descriptions or studies of the compositions of zooplankton assemblages in British 

Columbia is sparse. Tommasi (et al., 2013) described the seasonal and interannual variation in 

assemblages in the central-coast area of British Columbia; however, this assemblage was 

obtained via tow samples, which are considerably different from benthic or biofouling 

assemblages. Some other factors that could contribute to the compositions of each site that were 

not explicitly examined is tidal flow.  

Doctor Islets lies in Knight Inlet and is exposed to a greater amount of freshwater, as well 

as deeper upwelling currents from two sources: directly into Knight Inlet from the Queen 

Charlotte Strait and from Tribune Channel. Conversely, Wicklow Point is in a small bay in Fife 

Sound in between the mouth of Tribune Channel and the Queen Chalotte Strait.  It has much less 

freshwater input and a longer circulation time, leading to greater exposure to local conditions 

(Foreman et al., 2006; B. Vornicu, pers. comm.). 

 In addition to species composition, I examined several diversity indices (Shannon-Wiener 

index, Simpson index, species richness, and total abundance). It is important to look at more than 

just one measure of diversity (e.g., species richness is commonly the only measurement 

analyzed), especially when examining trends. Dominance, rarity, and identity of individual 

species play large parts in how communities and assemblages are structured and function over 

time (Hillebrand et al., 2018). As an example, Hillebrand states: the decline of a long-lived 

foundational species and the subsequent replacement with short lived “weedier” species doesn’t 

change the species richness, but changes the dominance, evenness, and foundational traits 

associated with the assemblage. This is especially evident when examining non-indigenous 

species which can invade and dominate or predate on local species, weakening species richness 
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or evenness by overshadowing or removing rarer species (Winfree et al., 2015). 

 The species richness was calculated by counting the total unique species that occurred on 

each net patch at each depth for a sampling date. After each sample collection, the net patches 

were replaced with clean ones, and as such the species richness values (and other index values) 

here represent a snapshot of what was in the water column during the 1–3-week immersion 

period. It is interesting to note that the species richness decreases at all depths over the study 

period at both sites (Figure 2.8A and 2.9A). A possible reason for the decreasing trend is 

seasonality. Spring is a common spawning time for many organisms, and as such the recruitment 

ability may be reduced in later months. In addition to seasonality, depth plays a part in species 

richness at both sites. At Doctor Islets, shallower depths (1 m and 5 m) usually had the highest 

richness, although this was much more varied at Doctor Islets than Wicklow Point. In contrast, at 

Wicklow Point, the species richness follows a gradient, from more richness at shallow depths to 

less at deeper depths, except for 20 m, which tended to have a higher richness index.  

 The total abundance is the total counts of all individuals of all species at each depth by 

sampling date. At Doctor Islets (Figure 2.8B), total abundance was lower at deeper depths, and 

all depths drop off sharply in individual counts in the August 21 sample and remain low for the 

remainder of the study period. Interestingly, this sharp drop in individual counts overlaps with a 

sharp drop in phosphate levels (Figure 2.5C). Phosphate is a key limiting nutrient in aquatic 

algae growth, which is a major food source for many biofoulant organisms, including Mytilus 

spat (Ngatia et al., 2019). The total abundance at Wicklow Point follows a defined gradient with 

much less variation than Doctor Islets (Figure 2.8B). There was a spring-time peak in individuals 

counted, but larger counts and more even spread at each depth indicates that Wicklow Point may 

have better water column mixing abilities or a more favourable set of environmental parameters 
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throughout.  

 The Shannon-Wiener index of diversity is a measurement of species evenness in a 

population, using both species richness and total abundance in its calculation. The higher the 

index value, the higher the diversity. The Simpson index is a calculation that gives the 

probability that any two individual species selected at random in a sample do not belong to the 

same species. It is more sensitive to changes in evenness of common species and less sensitive to 

changes in rare species. As both indices measure evenness in someway, they are intrinsically 

similar in trends. I found at Doctor Islets (Figure 2.8C&D) that at 1 m the evenness is higher in 

spring and fall, and low during summer. At lower depths I generally saw higher values if the 1 m 

value was low, and vice versa, with the inflection point being around 0.75 (Shannon-Wiener 

index) and 0.5 (Simpson index). This difference in the patterns between 1 m and the other depths 

can be explained by the trends seen in the species richness and especially the total abundance 

graphs. Since these indices measure evenness, the presence of large counts and the decreasing 

species richness indicated that the samples at 1 m were being dominated by a single species 

(Mytilus sp.). This was especially evident in the July and August samples, when evenness and the 

probability that two individuals are different were the lowest. At other depths, I saw that the 

evenness and diversity generally increased with deeper depths, although total abundance did not. 

This supports the idea that without the presence of a dominating species, other groups of species 

can be more evenly dispersed and contribute to these values.  

 At Wicklow Point (Figure 2.9C&D), I found that the Shannon-Wiener and Simpson index 

generally showed a gradient of high to low index values as depth increased, except for 20 m, 

which showed high, sometimes higher than 1 m, index values. Unlike Doctor Islets, the peak of 

species richness and total abundance corresponded to a peak in the Shannon-Wiener and 
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Simpson values. Figure 2.6B gives some insight – this peak (which occurred on June 22) saw a 

more varied composition at each depth than most of the other sampling dates and saw low 

compositions of Mollusca (mostly Mytilus sp.) which indicated that more species were able to 

settle and grow rather than be out-competed. Interestingly, the 20 m samples recorded higher 

species richness, Shannon-Wiener index, and Simpson indices. The phylum composition (Figure 

2.6B) of 20 m on the June 22 sample was similar to the other depths of that sample, which likely 

indicates that the higher index values were caused by a greater species-level variety and evenness 

of counts between species. 

 

2.4.2 Hydroid growth on net patches  

To gain a better understanding of what cryptic species were present at these sites, a post 

hoc examination of the collected hydroids with a more powerful microscope revealed several 

additional species. At Doctor Islets I identified six species: Obelia longissima, O. dichotoma (the 

latter being more common), Phialella sp., Sarsia sp., Ectopleura crocea, and Garvei sp. At 

Wicklow Point I identified seven species; O. longissima, O.dichotoma (in roughly equal 

amounts), Sarsia sp., Ectopleura crocea, Garvei sp., Clytia hemisphearica, and Plumularia 

lagenifera. 

 The compositions of hydroids growing on the net patches was largely the Obelia spp. 

group at both sites and at all depths, which was to be expected based on past observations (B. 

Vornicu, pers. comm.). Total amounts were much greater at Doctor Islets than Wicklow Point, 

which is contrary to observations in past years in which Wicklow Point experienced a greater 

mass growing on the net pens (B. Vornicu, pers. comm). Ectopleura spp. and Sarsia spp. 

appeared to prefer deeper depths at their respective sites, however, this may have more to do 
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with competition with Obelia sp. and other shallow biofoulers such as Mytlius sp. 

 Ectopleura spp. have been extensively studied in Europe in relation to the health of 

farmed fish, especially in context of gill pathologies and biofouling (Bosch-Belmar et al., 2017; 

Fitridge and Keough, 2013; Gansel et al., 2015; Mitchell et al., 2011). E. larynx is the most 

studied species; however, the range of the species is limited to the North Atlantic Ocean, 

Northern Europe, and the Mediterranean Sea (Fofonoff et al., 2020). Ectopleura crocea, which is 

the likely species identified in this study, is a common species in the North and South Pacific and 

is a common nuisance species in shellfish aquaculture in Australia (Fitridge and Keough, 2013). 

No evidence exists of it causing harm in finfish aquaculture, but the potential remains. 

 Obelia species are common and ubiquitous, save the Artic and Antarctic region, and 

mostly observed in the colonial hydroid stage in fouling communities (Piraino et al., 1996). 

Several species, including the two identified in this study, Obelia dichotoma and O. longissima, 

have been identified as causing injuries and mortalities in finfish aquaculture facilities in the 

Mediterranean Sea (Bosch-Belmar et al., 2019, 2017; Martell et al., 2018) the Northeastern 

Pacific (Edwards et al., 2015; Gartner et al., 2016), the North Atlantic (Martell et al., 2018), and 

New Zealand (Floerl et al., 2016). 

 No evidence exists that the other common species identified in this study, Sarsia spp. and 

Clytia hemisphaerica, pose any threat to fin or shellfish aquaculture. However, they are 

cnidarians with stinging-capable cnidocytes and as such the potential for harm remains, 

especially during net-cleaning events when power-washing debris can be blown into the water 

column. 

 

2.4.3. Stinging-species in tow samples 
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 A total of 15 genus and species of stinging-capable cnidarians and siphonophores were 

found during the study period, with 14 species found at Doctor Islets and 14 species at Wicklow 

Point. Figure 10A and B shows the summary of the counts for each month of each of these 

species, with some extra divisions for size (Clytia gregaria was separated into >10 mm and <10 

mm) and for life stage. Several of these species have been documented as harmful to the 

aquaculture industry.  

Muggiaea atlantica is a calycophoran siphonophore, which are a class of colonial 

cnidarian whose life cycle is characterized by alternating between polygastric (feeding) stage and 

eudoxid (sexual) stage (Mackie et al., 1987). Both stages can reproduce (asexually and sexually, 

respectively), increasing the potential for simultaneously blooming. Muggiaea species, including 

M. atlantica have implicated in several mass mortalities at fish farms in the Ireland and Scotland 

(Baxter et al., 2011; Fitridge and Keough, 2013; Purcell et al., 2013). 

In addition to a sessile hydroid stage, Obelia species also have a free-swimming medusa 

stage that has the potential to form harmful blooms. Both species identified in this study, O. 

dichotoma and O. longissima, have been among those implicit in several harmful bloom events, 

causing or being associated with mortalities in Atlantic salmon farms in Scotland and Ireland 

(Baxter et al., 2011; Kintner and Brierley, 2019) and in Sea Bass in Spain (Bosch-Belmar et al., 

2014). 

Other jellyfish that have been implicated in harmful events that have been identified in 

this study are Catablema sp., which was involved in several incidents of Atlantic salmon 

mortalities in Scotland (Purcell et al., 2007), and Phialella quadrata, which, in addition to 

typical stinging-related injuries and mortalities, has been shown to cause mortalities due to 

secondary transmission of the bacteria Tenacibaculum maritimum which causes Tenacibaculosis 
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in Irish fish farms (Baxter et al., 2011; Ferguson et al., 2010). 

Not implicit in fish farm mortalities, but species of note that were identified in this study 

are Proboscidactyla flaviccirata, Aqueorea victoria, and Sarsia tubulosa (among other Sarsia 

species). These species are commonly found around British Columbia and have been shown to 

predate on herring roe and larvae, which is an important fisheries industry (Purcell and Grover, 

1990). Finally, other species of class Diphydae (largely Lensia sp. and Diphyes sp. in this study), 

have no records of harm but are very similar to Muggiaea atlantica (also of class Diphydae) in 

appearance and stinging ability at all life-stages. 

 

2.4.4. Biofoulant counts and diversity indices with water parameters 

Comparing the results of the models for Doctor Islets and Wicklow Point show that each 

site is vastly different from each other in both effect size and directionality of each coefficient, 

which, in conjunction with the general rule to not use variables with less than five levels as a 

random effect (Kain et al., 2015; Midway, 2022), validates my decision to separate the models by 

site. Only salinity and depth shared a directional coefficient and the coefficients calculated for 

Wicklow Point are much higher. On this last point lies an issue with the Wicklow Point model 

(and a common issue with GLM(M)s), however, that may affect the prediction capabilities. In 

these GLM(M)s, the coefficients are reported in the log (link function) of the units of the 

response variable (count of species) indicating strength (effect) and directionality (negative or 

positive). To get the per-variable unit-increase in counts one must exponentiate the regression 

estimates. As an example, Doctor Islets reports that for each unit increase of temperature, the 

coefficient estimate is 0.978, and thus e0.978 = 2.66 times the expected counts per sample, when 

all other variables are held at a constant mean (Table 2.3). The model for Wicklow Point (and all 
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models) were selected for using AICc values, and the lowest value of the combinations of 

variables usually indicates the best fit for the data. In this case, the values of some of the 

estimates are relatively high which is likely due to collinearity-related errors remaining after 

variable and model selection. As an example, the pH estimate is 7.609, and thus e7.609 = 2016.26 

times the expected count per sample, which is possible, but unlikely due to the scaling and 

centering of the environmental variables. When pH was removed the estimates were similar in 

effect size to what had been expected; however, the AICc value increased by more than 19 

points, well over the general “rule-of-thumb” of ≤2 points and indicate that the pH-removed 

model combination is not appropriate (Burnham and Anderson, 2004).  

The variable with the largest effect size for the biofoulant counts at Doctor Islets was 

silica. We can see on Figure 2.5D that silica was higher in late-spring, lower and stable during 

the warmer months, before rising again to higher levels during September. Total abundance at 

Doctor Islets (Figure 2.8B) is also highest in late spring. Silica is an essential nutrient required 

for the cell wall structure of diatoms, a major primary producer and food source for many of the 

biofoulants counted on the net patches. Excluding depth, the variable with the largest negative 

effect size was iron. This is interesting in the context of diatom production, as iron limitation 

restricts diatom growth, among other functions (Greene et al., 1991). There is some use for the 

inclusion of iron in reverse osmosis membranes to prevent the formation of bio films 

(Armendáriz-Ontiveros et al., 2019); however, historically iron does not inhibit the growth rates 

of foulants. When the British Navy started using iron-hulled ships instead of wood, the ships 

became so fouled that by the mid-19th century they considered abandoning or selling the entire 

fleet (Field, 1981). 

At Wicklow Point, the variable with the largest (negative) effect size for biofouling 
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counts was ammonia. Ammonia is produced via excretion from fish and invertebrates, as well as 

the breakdown of fish feed and detritus. Ammonia levels at Wicklow Point were low for most of 

the sampling season, with a few instances of higher levels being recorded randomly through the 

study (Figure 2.5A). The toxicity of ammonia increases with lower pH levels and decreases with 

higher salinity (Miller et al., 1990; Sampaio et al., 2002), and Wicklow Point experienced a drop 

in pH in late August and early September (Figure 2.4D), whereas salinity was stable for the 

duration of the study (Figure 2.4C). During this time, all the diversity indices for Wicklow Point 

started to gradually decrease (and did for the rest of the study), but there are no sharp increases 

or decreases in any of the indices (Figure 2.9). Miller and Sampaio (1990;2002) both noted in 

their respectively studies that the effect of ammonia toxicity varies between species, but that 

fishes are more sensitive than invertebrates, generally. 

Similar trends exist between sites between the diversity index models (Figs 2.6, 2.11). 

The species richness models at both sites indicated that one (pH at Doctor Islets and phosphate 

levels at Wicklow Point) environmental variable was significant, whereas nearly all variables 

were associated with total abundance. At Doctor Islets, the environmental variables associated 

with the Shannon-Wiener and Simpson indices were fewer (ammonia and nitrate levels in the 

Shannon-Wiener index and none in the Simpson index) than at Wicklow Point, and the effect 

sizes were smaller, indicating that these variables might have less explanatory power than those 

at Wicklow Point.  However, this is opposite with the depth variables, with each depth at Doctor 

Islets having a larger effect size than at Wicklow Point. This can be visualized on Figures 2.8 and 

2.9, where I found that Wicklow Point experiences a more stable gradient of decreasing diversity 

with depth, versus the variation at Doctor Islets. Because depth has less explanatory power at 

Wicklow Point, this may indicate that the trends I saw in the biofoulant counts were better 
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explained by favourable water parameters, rather than a better mixing ability.   

Another variable that likely has some impact on the compositions of the tow samples, 

especially of free-swimming jellyfish and other buoyant zooplankton would be the currents of 

the area.  This has been discussed previously (section 2.4.1) and Krkošek et al. (2005) wrote an 

excellent article on the transmission dynamics of sea lice in this area. 

 

2.4.5. Hydroid biomass with water parameters 

All continuous variables measured for this study were associated with hydroid biomass at 

Doctor Islets, however, in contrast, none of these variables were associated with hydroid biomass 

at Wicklow Point. In addition, as another contrast, while depth was not significant at Doctor 

Islets, it was at Wicklow Point. Both sites indicated that the species variable was significant, and 

I found that the effect size at Doctor Islets was much larger than at Wicklow Point, which could 

indicate that the species variable at Doctor Islets had a much stronger explanatory power in the 

trends of the grams of hydroids collected. However, as Doctor Islets also had a much higher 

biomass of hydroids than Wicklow Point, it is possible that this is influencing the effect sizes. 

All species, when recorded, were impacted negatively with each increasing gram of 

Obelia spp. The effect sizes were higher at Doctor Islets; however, this might be because the 

total biomass recorded at this site was much higher (Fig 2.11A). Interactions between hydroids 

and other biofoulant species in succession has been studied (Bloecher et al., 2013; Guenther et 

al., 2010; Martell et al., 2018), but information on the interactions between hydroids species is 

sparse. Many factors may be at play as to why Obelia spp. dominate and out-compete other 

species, such as growth rate, recruitment ability, food availability, favourable water parameters, 

etc.  
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2.4.6. Stinging-capable species with water parameters 

In addition to biofouling growing on net patches, weekly tow samples were taken at each 

site to count and identify stinging-capable species present in the water column. Both sites were 

similar in that I only found one (Doctor Islets, ammonia) or two (Wicklow Point, ammonia and 

nitrate levels) variables that were considered associated with counts (Table 2.19). All 

zooplankton excrete ammonia and small amounts of nitrates and nitrites which can contribute 

significantly to the available nutrients for primary production. Jellyfish especially have been 

shown to contribute large percentages, with their presence often resulting in algal blooms. This 

effect was also noted to be exemplified in shallow, inshore, and coastal regions where fish farms 

are typically situated (Hubot et al., 2021; Jawed, 1973).  

While many factors may be involved in the distribution and abundance of jellyfish, in 

literature, temperature is considered to be the main driver. This is seen especially as the 

abundance, intensity and duration of blooms, and expansion of spatial distributions have 

increased in recent decades due to rising ocean temperatures (Purcell, 2005). In addition, the 

Event Day random variable was significant at both sites and the variance was large, indicating 

that much of the variation seen in the counts from sample-to-sample could be explained by 

seasonality, rather than the existing variables.  

 

2.5. Conclusion 

 Chapter 2 explored whether correlations exist between the environmental variables and 

the biofouling community. For the biofoulant species counts on the net-patches, the models 

indicated that most of the environmental variables examined were associated either positively or 
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negatively with an increase in the counts of each species, with silica and iron having the largest 

positive and negative effect sizes, respectively, at Doctor Islets and pH and ammonia having the 

largest positive and negative effect sizes, respectively, at Wicklow Point. 

 Four groups of hydroid species (Obelia spp., Sarsia spp., Ectopleura sp., and Clytia sp.) 

were identified growing on the net patches, with Ectopleura sp. only found at Doctor Islets and 

Clytia sp. only found at Wicklow Point. Obelia spp. was dominant at both sites for the duration 

of the study with no discernable pattern by depth or sampling date. Additionally, Obelia spp. was 

found in much greater amounts at Doctor Islets, contrary to previous years where the reverse was 

true. All environmental variables were associated with the grams of hydroids at Doctor Islets 

(iron and dissolved oxygen having the largest positive and negative effects, respectively), while 

none were associated at Wicklow Point. In addition, I examined species interactions between the 

four hydroid groups at both sites, and I found that at each site with each increase in grams of 

Obelia spp., the expected grams of all the other species decreased. 

 The models examining the environmental parameters and counts of the stinging-species 

in the tows indicated that ammonia at both sites, and nitrate levels at Doctor Islets all were 

positively associated with an increase in counts. 

 As such, correlations do exist between the various water parameters examined in this 

study and the biofouling community at these sites. However, correlation does not equal causation 

and given that the range of measured environmental variables were decidedly uneventful for the 

areas coupled with only a single year of data collection, it cannot be said for certain whether any 

of the variables were directly responsible for the associations found. 
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Chapter 3 Linking the environment to the gill health of Atlantic salmon 

3.1. Gill Health in Aquaculture 

In aquaculture settings, finfish are particularly vulnerable to external factors as their gills 

are in direct contact with the environment. Mechanical damage from algae and zooplankton 

blooms, water parameter fluctuations, and infectious organisms and diseases that target gill 

tissues are examples of these factors (Herrero et al., 2018). Gill disease in farmed salmon 

typically use seven types of “actiology-based” categories: amoebic gill disease (AGD), parasitic 

gill disease, viral gill disease, bacterial gill disease, zooplankton (usually cnidarian) associated 

gill disease, harmful algae gill disease, and chemical or toxin-associated gill disease (Rodger, 

2007). When more than one, or all, of these types are observed it is referred to as complex 

proliferative gill disease (CPG) or proliferative gill disease (PGD), with the usage of each term 

often overlapping (Boerlage et al., 2020). 

Some of the common or important pathogens and parasites that affect the gill health of 

Atlantic salmon are; Neoparamoeba peruruans, the amoeba responsible for AGD (Herrero et al., 

2018), Desmozoon lepeoptherii, a microsporidian parasite known to spread from sea lice, 

infecting several tissue types as well as gills (Freeman and Sommerville, 2009), Salmon gill 

poxvirus (SGPV), an important virus in Norwegian salmon farms (Gjessing et al., 2015), and 

bacterial infections of Candidatus Branchiomonas cisticola and Chlamydiae causing 

epitheliocystis of gill tissues (Toenshoff et al., 2012). 

Harmful algal bloom species (HABs), like diatoms Chaetoceros concavicorne and C. 

convolutus, have long spines that can cause irritation and mechanical damage to gills, triggering 

the production of mucus as an attempt to clear the gill filaments. This excess production can 

result in necrosis, hyperplasia, and respiratory dysfunction that can directly cause mortality or 
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increase the susceptibility to secondary infections (Rensel and Whyte, 2003). As well as 

mechanical damages, HABs can be toxin-producing, like the haptophyte Prymnesium parvum 

which produces a toxin that destroys the selective permeability of gills and has caused mass 

mortalities in Norway. In addition, Prymnesium parvum has been known to settle in biofilms on 

fish farm nets and structures (Johnsen et al., 2010). 

 

3.1.1. Water parameters and gill health 

In addition to providing a first line of defense against the immediate environment, gills 

are also involved in the osmotic, ionic, acid-base regulation, and nitrogenous waste excretion 

processes. The disruption of these processes via environmental changes can lead to increased 

susceptibility and facilitation of injury and infection (Cabillon and Lazado, 2019). 

Water temperature is widely studied in relation to fish, not only because of the relations 

to disease and immune response, but because of the associations with behaviour, growth, and 

reproduction. In addition to the direct affect on fish, temperature is also a driver of change in 

other physiochemical parameters (Cabillon and Lazado, 2019). Fish exposed to higher 

temperatures increase oxygen consumption which increases the production of reactive-oxygen 

species (ROS) as a by-product and can result in oxidative stress (Cao et al., 2017). As an 

example of this, Parihar et al. (1997) recorded elevated levels of superoxide dismutase (an 

oxidative stress marker) in the gills of Asian stinging catfish (Heteropneustes fossilis), which 

resulted in lower levels of an antioxidant involved in oxidative stress regulation. This interaction 

was also recorded in Antarctic fishes exposed to higher temperatures and suggests that the gills 

of many fishes are unable to upregulate antioxidants after a heat-stress event (Klein et al., 2017). 

In addition to direct effects on the metabolisms of fish, higher water temperatures have 
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been associated with an increase in severity of diseases especially AGD in Atlantic salmon. The 

first reports of this disease in areas often came when the water temperatures were reported as 

above average, suggesting temperature as either a trigger for the spread of AGD, or contributing 

to the increased susceptibility of the fish (Rozas-Serri, 2019). Also, a common treatment for 

AGD, sea lice, and several other ailments is hydrogen peroxide baths which are made toxic and 

possibly lethal when temperatures are over 13.5˚ C especially when fish are experiencing gill 

dysfunctions (Karlsbakk et al., 2013). 

Dissolved oxygen is important for most cellular functions in an organism and is a major 

limiting factor in aquaculture systems (Cabillon and Lazado, 2019). It can directly affect the 

development, growth, reproduction, and survival of fish, and is inversely related to water 

temperatures (e.g., as temperatures increase, the threshold for 100% saturation decreases) (Mota 

et al., 2020). 

Salmonids are generally adapted to cooler waters with high oxygen contents, and as such 

are especially vulnerable to low dissolved oxygen events (Krasnov et al., 2021). In a study, post-

smolts exposed to a cyclical low oxygen regime showed reduced appetite and growth, increased 

cortisol levels, and up to 5% mortality when compared to a control (Remen et al., 2012). In 

addition to the various immunological and physical effects, Atlantic salmon exposed to low 

dissolved oxygen levels and the AGD causing amoeba, Neoparamoeba perurans, showed an 

acceleration of the progression of the diseases as well as higher amoeba counts and fish mortality 

(Oldham et al., 2020). Bowden et al. (2022) also demonstrated that due to the increase in energy 

requirements when infected with AGD, Atlantic salmon smolts experience a decreased tolerance 

for low dissolved oxygen conditions. This has led to numerous fish farms to supersaturate the 

water inside the net-pens to improve growth, increased pathogen resistance, and increase 
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stocking density. However, a study by Person-Le Ruyet et al. (2002) was unable to determine the 

effectiveness of this strategy and poorly controlled supersaturation can result in gas bubble 

disease when the pressure of the gases becomes higher than ambient atmosphere (Espmark et al., 

2010). 

Interestingly, hypoxia induced gill adaptions can be seen in some species of carp (Matey 

et al., 2008; Sollid et al., 2003) in which the lamellae of the gills protrude, increasing surface 

area after hypoxia exposure, and completely recover to normoxia condition after a period of 

time. It has been theorized that this is an adaption for the migration and overwintering into ice-

covered ponds. This effect has also been recorded in reverse in some carp species, where the 

lamellae withdraw to decrease surface area in hyperoxia conditions (Tzaneva et al., 2011). In 

general, however, suboptimal levels of dissolved oxygen (both too high or too low) compromise 

mucosal barrier functions and induce molecular changes. This can directly result in mortality or 

result in an increased susceptibility to pathogens and infection (Cabillon and Lazado, 2019). 

Salmon, as part of their life history are anadromous and migrate from freshwater to 

saltwater. Subsequently they have a parr-smolt transformation that consists of behaviour, 

morphological, and physiological changes to enable the survival of this journey. One of the most 

important parts of this transformation is the increase in an ability for the ion regulation of 

seawater (Vargas-Chacoff et al., 2018). Gills play a crucial role in ion regulation via specialized 

cells called ionocytes. These cells are involved in chloride and sodium secretion and uptake, 

among other functions (Hiroi and McCormick, 2012). Some studies have shown that in salmon 

specifically, ionocytes have different distributions depending on the salinity of the water. In 

freshwater, ionocytes were distributed on both the gill filaments and lamellae, whereas in 

saltwater the ionocytes were enlarged on the filaments and completely absent on the lamellae 
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(Pelis et al., 2001). Another study showed that temperature can affect this process as well, 

especially during the smoltification process, reducing the ion regulation ability and causing the 

fish to be more sensitive to salinity changes (Vargas-Chacoff et al., 2018). 

Freshwater has become a standard to treat AGD since it was first used in Australia in the 

1980s, and relatively recently, has also become a large-scale treatment option for sea lice as well. 

Fish are typically held in freshwater with supersaturation levels of dissolved oxygen for 2-4 

hours with the expectation that the AGD-causing amoeba or sea lice will detach from the host 

fish (Powell et al., 2015). In this review by Powell (2015), it was noted that the combination of 

soft water and the addition of dissolved organic carbon sources were the most effective at 

treating AGD and provided the longest intervals between reinfection to treatment-required levels. 

Additionally, in another study examining the effects of differing salinity levels on the gill health 

of salmon infected with AGD, it was found that with increasing salinity, the probability of 

finding more severe gill injuries increased, whereas there were no significant relationships in the 

control AGD-negative fish (Jones and Price, 2022). 

Responses to CO2 in fish are highly variable, with some studies recording strongly 

negative effects, no effects, and even some positive effects, depending on the species, CO2 

concentration, and exposure time (Cattano et al., 2018). These responses can vary between 

populations, such as in populations with large spatial distributions (Frommel et al., 2012), and 

even between individuals in the same populations (Murray et al., 2014). Adult fish are better able 

to self-regulate CO2 by controlling the acid-base balance generally via bicarbonate buffering 

across the gills, but early life stages with larger surface area to volume ratios or underdeveloped 

bicarbonate buffering are not able to do so and thus are at the most risk (Frommel et al., 2012). 

In general, changes to CO2 are less of a problem to teleost fish than other marine 
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organisms, especially those that calcify such as bivalves or gastropods, but are of special concern 

in recirculating aquaculture systems or semi-closed systems. However, these systems primarily 

deal with pre-smolts and as such data on the effects of CO2 on adult Atlantic salmon specifically 

are lacking in some areas (Gil Martens et al., 2006). Some studies have shown that exposure to 

high CO2 and lower pH levels found that growth was stunted in Atlantic salmon, although 

exposures under certain temperature thresholds were found to be recoverable or not statistically 

significant (Fivelstad et al., 1998). Another study found that in adult Coho salmon 

(Onchorhyncus kisutch) exposure to medium and high levels of CO2 impaired the olfactory 

systems, making the fish less able to detect prey or avoid predator scents in lab settings, which 

has implications for other functions such as natal stream migration (Williams et al., 2019). Gil 

Martens et al. (2006) also showed that higher CO2 levels increases the toxicity of aluminum, 

which can cause hypertrophy and hyperplasia of the gill tissue. However, like most other water 

parameters, the impacts on Atlantic salmon seem to depend on life stage, production method, and 

other concurrent water parameters (Mota et al., 2020). 

 

3.1.2. Biofoulants and gill health 

 Hydroids and jellyfish, with their stinging capable cells (cnidocytes), are the primary 

species known to cause direct harm to animals in finfish aquaculture and have been extensively 

reviewed. Hydroids are key pioneering components of fouling communities, colonizing early and 

quickly, often crowding out or providing a secondary substrate for other foulants to settle 

(Martell et al., 2018). Rising ocean temperatures are a contributing factor for recent jellyfish 

blooms and the increased recruitment and survival of both native and invasive (Bosch-Belmar et 

al., 2020). 
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 Hydroids cause injuries via skin lesions from contact envenomation, gill pathologies, and 

secondary infections (Baxter et al., 2012). Fish in aquaculture settings are especially at risk 

during and after in situ cleaning events as hydroids and other biofoulants can be washed into the 

water column and potentially come into contact with fish skin, breathed through gills, or 

swallowed causing mouth and digestive injuries (Baxter et al., 2012).  

Species in the genus Ectopleura in the family Tubilariidae are the most common hydroid 

in scientific research due to a long history of biofoulant-aquaculture interactions in the 

Mediterranean Sea and Northern Europe (Bosch-Belmar et al., 2019; Gansel et al., 2015; Martell 

et al., 2018). Recently, however, more species such as Obelia, which have a cosmopolitan 

distribution, have been identified as potentially causing injuries, mortalities, or increasing 

susceptibility to secondary infections (Bosch-Belmar et al., 2019, 2017; Martell et al., 2018). 

 Like hydroids, jellyfish can harm fish via contact envenomation. Skin, gill, and mouth 

injuries are common, and several species have been implicit in mass mortalities in Asia, 

Australia, North and South America, and Europe (Bosch-Belmar et al., 2017; Palma et al., 2007; 

Wiox et al., 2008). Some of the more common problem species are Aurelia aurita, which is 

responsible for mass mortalities in Ireland (Baxter et al., 2011), Pelagica noctiluca, which is 

responsible for mass mortalities in Ireland and the Mediterranean Sea (Baxter et al., 2011; 

Bosch-Belmar et al., 2017; Marcos-López et al., 2016), and Muggiea atlantica, a small 

siphonophore responsible for many harmful stinging events in Europe and the Mediterranean Sea 

(Bosch-Belmar et al., 2017; Baxter et al., 2011). In addition to the bloom forming capabilities of 

jellyfish, large jellyfish such as Cyanea capillata are vulnerable to breaking apart due to wave 

action against the mesh of fish farm nets. These small pieces still contain stinging-capable 

cnidocytes that can potentially come into contact with the skin and gills of fish (Powell et al., 
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2018). Hydroids and jellyfish are also known vectors to a variety of pathogens that affect farmed 

fish, such as Tenacibaculum maritimum (Ferguson et al., 2010), Neoparamoeba peruruans, the 

causative organism of AGD (Downes et al., 2018; Hellebø et al., 2017), and Vibrio and 

Pseudomonas bacterial infections (Clinton et al., 2020). 

 There is scarce to no data in the literature that other species commonly found in 

biofouling assemblages are directly harmful to finfish, either before, during, or after in situ 

cleaning events. However, there is some interest in examining if species with the capability of 

producing sharp edges after in situ cleaning (e.g., Mytilus sp., which are a very common 

biofoulant species) are affecting the gills when debris is breathed in (S. Cross, pers. comm.). A 

study by Østevik (et al., 2021) saw an increase in gill health injuries and severity of injuries 

directly after in situ cleaning events, despite the absence of any hydroids, although it was short 

lived. This could possibly indicate that in situ cleaning events irritate gills at the very least, 

regardless of the presence of hydroids. 

As such, I aim to determine if any relationships exist between individual biofoulant species 

(hydroid and otherwise) and gill health severity scores at two Atlantic salmon farms off the coast 

of Vancouver Island, British Columbia. I also examine relationships between free swimming 

stinging capable species and gill health, as well as various water parameters. 

 

3.2. Methods and materials 

See Chapter 2 for a detailed explanation of the study sites and methods pertaining to the 

collection of environmental parameters and biofouling samples. 

3.2.1. Gill health scoring 

Both sites had one designated net pen (Figure 2.2A&B) that was monitored weekly for 
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fish health (as per Mowi Canada West . practice), starting with the population of the pens with 

hatchery reared S1 Atlantic salmon smolts until the completion of the study. We minimized 

variation in the fish health assessment by choosing fish that were from the same brood stock 

origin, the same hatchery, of the same smolt quality (all S1 populations) and exposed to the same 

management practices. Fish gill health was examined by single trained farm employee to 

minimize observational bias approximately weekly through non-lethal gill scoring on 20 

randomly sampled fish from the designated net pen and 1 or 2 other net-pens depending on the 

week at each site for the duration of the experimental period. Scores ranged from 0 (no damage) 

to 5 (severe damage) (Table 3.1) in accordance with standard operating procedures for Mowi 

salmon farms.  

 

Table 0.1: Damage criteria used to assign gill scores to farmed Atlantic salmon. 

Score Definition 
0 None - Mild lesions on one arch, some thickening of filaments 
1 Mild lesions and filament thickening on multiple arches, >75% healthy tissue 
2 Moderate lesions and filament thickening on multiple arches, >75% healthy tissue 
3 Moderate - severe lesions and filament thickening on multiple arches, 50-75% healthy tissue 
4 Severe lesions, filaments extensively thickened and shortened/necrotic, 25-50% healthy tissue 
5 Severe lesions, filaments thickened and shortened/necrotic on all arches, <25% healthy tissue 

 

3.3.2. Statistical models 

 To examine the response of fish gill health to the various explanatory factors I built 

statistical models using the Ordinal package in R (Christensen, 2018; R Core Team, 2021). This 

package enables the implementation of ordinal categorical variables as a response (i.e., gill 

health was scored from 0-5 in terms of severity [“no damage – severe damage”] rather than a 

continuous or integer value) by using cumulative link mixed models (CLMMs). These models 
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are also known as ordered regression models and proportional odds models. The main 

assumption for these models is that for each term, the slope between each pair of response levels 

is assumed to be the same, regardless of level. The basic cumulative link model defines 

cumulative probabilities as: 

𝛾௜௝ = 𝑃(𝑌௜ ≤ 𝑗) =  𝜋௜ଵ + ⋯ + 𝜋௜௝  

 Where Yi is the ordinal response variable in j = 1,..., J categories and follows a 

multinomial distribution with the parameter 𝜋. 𝜋௜௝ denotes the probability that the ith observation 

falls in the category j. Further, the models I built use the logit link function, of which the 

cumulative logits can be defined as: 

logit൫𝛾௜௝൯ = logit൫𝑃(𝑌௜ ≤ 𝑗)൯ = log
𝑃(𝑌௜ ≤ 𝑗)

1 − 𝑃(𝑌௜ ≤ 𝑗)
  𝑗 =  1, . . . , 𝐽  

 The cumulative logit model, therefore, is defined as: 

logit൫𝛾௜௝൯ = 𝜃௝ − 𝑥௜
்𝛽 

 Where xi are the explanatory variables for the ith observation and 𝛽 are the regression 

parameters. The parameters 𝜃௝  are each cumulative logit for each j with each having its own 

intercept. With 𝑥௜
்𝛽 being independent of j meaning 𝛽 has the same effect for each of the J-1 

cumulative logits (Christensen, 2018). 

Model variables were selected similarly to the models used in Chapter 2, where highly 

correlated variables were identified using correlation plots and removed to prevent issues with 

collinearity in the models, and further variable selection was done using small-sample corrected 

Akaike information criterion (AICc) for each set of models for each site. All environmental data 

has been scaled and centered to a mean of 0, and the species counts of the biofoulant net-patches 

were scaled, but not centered. This is to minimize the variance due to the differing scales of 
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measurements between each environmental predictor variable, and to reduce the effect of 

extremely large counts from the biofouling count predictors (Schielzeth, 2010). 

 

3.2.2.1. Environmental variables 

 I developed models to determine the effect of environmental variables on gill health 

severity scores at the Doctor Islets site. Variables included were iron, nitrate levels, pH, and the 

Event Day variable (as a random effect to examine the variance of all data recorded between 

each sampling date). For Wicklow Point, I used pH, temperature, dissolved oxygen and the Event 

Day variable in the model. As previously mentioned in Chapter 2, the Event Day variable is an 

integer value starting at 1 indicating the first day of the project when the first sample nets were 

deployed. 

 

3.2.2.2. Biofoulant counts on net patches 

 In the Doctor Islets model that I used to explore relationships between the biofoulant 

species counts on the net patches, I found that models containing no counts of any of the species 

were considered most appropriate.  The Doctor Islets model used the depth variable (a 5-leveled 

factor; 1, 5, 10, 15, and 20 m), the Event Week variable, and the Delta Day variable. Event Week 

was used as a random effect and is similar to the Event Day variable (numbered week starting at 

1 from first week of deployment), and Delta Day consists of three levels (“Before”, “On”, 

“After”) that signified if the gill health scores were recorded before, on the exact date, or after 

the biofoulant samples were collected with the time limit used to calculate this variable being 

constrained to the Event Week number. As an example: a net-sample was collected on July 

14/2020 (Event Week = 14) and during this week the gill scores were also recorded on July 
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14/2020 so the Delta Day for this set of scores would be “ON”. Another example would be for a 

net-patch collection on September 15/2020 (Event Week = 23) and during this week gill scores 

were recorded on September 18/2020 so the Delta Day for this set of scores would be “AFTER”. 

 Similar to Doctor Islets, the Wicklow Point model did not use any of the counts of the 

biofoulant species as variables.  I used depth, the Event Week variable, and the Delta Day 

variable. 

 

3.3.2.3. Hydroids on net patches 

 For both Doctor Islets and Wicklow Point, the models I developed to examine the 

relationship between the grams of any of four hydroid species groups (Obelia spp., Ectopleura 

spp., Clytia spp., and Sarsia spp.) did not include the mass of any hydroid species. Model 

selection for these models indicated only the Delta Day variable was appropriate, however, as 

these hydroid samples are collected from the biofoulant net patches, and thus share the same 

Delta Day variable and its influence on gill health, I determined a regression was unnecessary 

here. 

 

3.3.2.4. Stinging-capable species in tow samples 

To assess the effects of stinging-capable species identified in the tow samples from Doctor 

Islets on the gill health scores, I used only the Delta Day and Event Week variable as none of the 

species counts were appropriate for this model. For the Wicklow Point model, I used Clytia sp. 

(>10 mm), Diphydae sp., Sarsia sp., Bourgainvilla sp., and the Delta Day and Event Week 

variables.  
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3.3. Results 

3.3.1 Gill health score profiles  

Figures 3.1A-B show the individual scores given to each fish sampled for gill health at 

each sampling event from May-December 2020 (note that the net-patch study only ran until 

October 31). Scores range from 0 (no damage) to 5 (severe damage), with a maximum score of 4 

recorded for both sites, however, most of the scores were 0 or 1 for both sites. The highest scores 

were recorded at Doctor Islet in the July 21 and November 20 samples, and at Wicklow Point in 

the July 23, October 14, and October 26 samples. 

 

A
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Figure 0.1 A-B: Individual gill health severity scores (0 = no damage – 5 = severe damage) for 

Doctor Islets (A) and Wicklow Point (B).  Scores are jittered vertically to show density of each 

score for each sampling event.  Labelled marks on axis (e.g., D4, W6, etc.) denote dates of 

biofouling net-patch collection.  Note that the study period ends in late October, but gill scores 

were sampled until late December at both sites. 

 

3.3.2. Statistical model results 

3.3.2.1. Environmental parameters 

Correlation plots used to aid model selection for this section can be found in the appendix 

(Figures A3.1 and A3.2). The model selected for Doctor Islets indicated that for each unit 

increase of iron, nitrate levels, and pH, the cumulative probability or log-odds of a more severe 

health score decreased (the odds of finding scores higher than 0), with pH having the largest 

effect size (Table 3.2). No measurements were positively contributing to the cumulative 

B
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probability of a more severe health score being sampled. Depth was tested and found to be not 

significant (Table 3.3). For Wicklow Point, the model I selected (Table 3.4) indicated that for 

each unit increase in temperature the cumulative probability of a more severe health score 

increased, and for each unit increase in pH and dissolved oxygen the cumulative probability 

decreased, and for each unit increase in temperature the cumulative probability increased (Table 

3.2). Of the variables that negatively contributed to the model, dissolved oxygen had the larger 

effect size, and temperature had the largest total effect size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

Table 0.2: Regression summary for water parameters and gill health scores for Doctor Islets and 

Wicklow Point. Each intercept represents the tau cuts between each category of gill health score. 

S.e. is the standard error and 95% is the confidence interval. 
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Table 0.3: Model selection using a cumulative link mixed-effects model with a logit link function 

to describe the effect of water parameters on the log-odds of recording gill health scores greater 

than 0 for Doctor Islets. The model with the lowest AICc used terms: iron, nitrate levels, pH, and 

the Event Day variable. The Random column represents the presence (+) or absence ( ) of the 

random grouping effect.   
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Table 0.4: Model selection using a cumulative link mixed-effects model with a logit link function 

to describe the effect of water parameters on the log-odds of recording gill health scores greater 

than 0 for Wicklow Point. The model with the lowest AICc used terms: dissolved oxygen, pH, 

temperature, and the Event Day variable. The column Random represents the presence (+) or 

absence ( ) of the random grouping effect.   

 

  

3.3.2.2. Biofoulant counts on net patches 

Correlation plots used to aid model selection for this section can be found in the appendix 

(Figures A3.3. and A3.4). The model I selected for Doctor Islets indicated that none of the counts 

are positively or negatively associated with higher gill health scores. In comparison to health 

scores recorded “after” (in which the intercept is used as a reference) the biofoulant sampling, 

the health scores recorded from both “before” and “on” are associated with lower gill health 

scores (Table 3.5).  In addition, the biomass of the biofoulants (in grams) was tested and not 

found to be significant for this model (Table 3.6). 
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Table 0.5: Regression summary for net-patch biofoulant counts and gill health scores for Doctor 

Islets and Wicklow Point. Each intercept represents the tau cuts between each category of gill 

health score. S.e. is the standard error and 95% is the confidence interval. 
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Similar to Doctor Islets, no biofoulant counts were associated with higher gill health 

scores at Wicklow Point. In comparison to scores recorded “after” a sample collection, scores 

recorded “before” and “on” were negatively associated (Table 3.5). Biomass was tested and 

found to be significant (Table 3.7)  
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Table 0.6: Model selection using a cumulative link mixed-effects model with a logit link function to describe the effects of biofoulant 

counts on the log-odds of recording gill health scores greater than 0 for Doctor Islets. The model with the lowest AICc used terms: 

depth, which is a five-leveled factor (1, 5, 10, 15, and 20 m), DeltaDay which is a three-leveled factor (‘before’, ‘on’, ‘after’) that 

indicates if the gill scores were recorded before, on, or after a sample collection, and Event Week. The column Random represents the 

presence (+) or absence ( ) of the random grouping effect.   
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Table 0.7: Model selection using a cumulative link mixed-effects model with a logit link function to describe the effects of biofoulant 

counts on the log-odds of recording gill health scores greater than 0 for Wicklow Point. The model with the lowest AICc used terms: 

depth, which is a five-leveled factor (1, 5, 10, 15, and 20 m), DeltaDay which is a three-leveled factor (‘before’, ‘on’, ‘after’) that 

indicates if the gill scores were recorded before, on, or after a sample collection, biomass (in grams), and Event Week were included. 

The column Random represents the presence (+) or absence ( ) of the random grouping effect. 
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3.3.2.3. Hydroid species on net patches 

For both Doctor Islets and Wicklow Point, no measured variables were associated with an 

increase in the cumulative probability of recording a higher gill health score (Table 3.8, 3.9). 

Model selection included the terms Delta Day and the Event Week variables for both sites, 

however, because the hydroid samples were collected from the same net patches as the 

biofoulant count samples, the influences of these variables on gill health scores was the same and 

thus no regression was done. 

 

Table 0.8: Model selection using a cumulative link mixed-effects model with a logit link function 

to describe the effects of biomass of net-patch hydroids on the log-odds of recording gill health 

scores greater than 0 for Doctor Islets. The model with the lowest AICc used terms: DeltaDay 

which is a three-leveled factor (‘before’, ‘on’, ‘after’) that indicates if the gill scores were 

recorded before, on, or after a sample collection and Event Week. The column Random 

represents the presence (+) or absence ( ) of the random grouping effect. 
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Table 0.9: Model selection using a cumulative link mixed-effects model with a logit link function 

to describe the effects of biomass of net-patch hydroids on the log-odds of recording gill health 

scores greater than 0 for Wicklow Point The model with the lowest AICc used terms: DeltaDay 

which is a three-leveled factor (‘before’, ‘on’, ‘after’) that indicates if the gill scores were 

recorded before, on, or after a sample collection and Event Week. The column Random 

represents the presence (+) or absence ( ) of the random grouping effect. 

 

3.3.2.4. Stinging-capable species in tow samples 

Correlation plots used to aid model selection for this section can be found in the appendix 

(Figures A3.5 and A3.6). For Doctor Islets, I found that no counts of stinging-species collected in 

tows were associated with gill health scores (Table 3.10). The Delta Day variable tested 

significant (Table 3.11) and, in comparison to scores sampled “after” tow sample collection, I 

found that scores sampled “before” and “on” a tow sample collection were negatively associated.  
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Table 0.10: Regression summary for counts of stinging-capable species in tow samples and gill 

health scores for Doctor Islets and Wicklow Point. Each intercept represents the tau cuts between 

each category of gill health score. S.e. is the standard error and 95% is the confidence interval. 
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Table 0.11: Model selection using a cumulative link mixed-effects model with a logit link function to describe the effects of counts of 

stinging-capable species in tow samples on the log-odds of recording gill health scores greater than 0 for Doctor Islets. The model 

with the lowest AICc used terms: DeltaDay which is a three-leveled factor (‘before’, ‘on’, ‘after’) that indicates if the gill scores were 

recorded before, on, or after a sample collection and Event Week. The column Random represents the presence (+) or absence ( ) of 

the random grouping effect. 
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For Wicklow Point, with each increase in counts of Bourgainvilla sp., Clytia sp. (>10 

mm), and Diphydae spp. the cumulative probability of recording a higher gill score decreased, 

and for each count increase of Sarsia spp., the probability increased (Table 3.10). In addition, I 

tested the Delta Day variable and found it to be significant (Table 3.12). The Delta Day variable 

indicates that in comparison to health scores sampled “after” a tow sample collection, those 

scored “before” or “on” the same date indicated a lower probability of recording higher health 

scores.  
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Table 0.12: Model selection using a cumulative link mixed-effects model with a logit link function to describe the effects of counts of 

stinging-capable species in tow samples on the log-odds of recording gill health scores greater than 0 for Wicklow Point. The model 

with the lowest AICc used terms: Bourgainvilla, Clytia <10 mm, Diphydae, and Sarsia. In addition, Delta Day which is a three-leveled 

factor (‘before’, ‘on’, ‘after’) that indicates if the gill scores were recorded before, on, or after a sample collection and Event Week 

were included. The column Random represents the presence (+) or absence ( ) of the random grouping effect. 
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3.4. Discussion 

3.4.1. Gill health scores 

The gill health of farmed finfish, and salmonids especially, is a significant challenge for 

aquaculture globally (Rodger, 2007). Gills are especially vulnerable to external factors and are 

involved in many body processes beyond respiration. Gill disorders are the largest cause of 

marine aquaculture loss, both due to mortality, reduced growth rates, and treatment and disposal 

costs (Rodger, 2007). The causes of gill disorders can be broadly grouped into seven aetiologies 

of gill diseases: amoebic, parasites, viral, bacterial, zooplankton, algal, and chemical or toxin 

related. These can be observed singly or combined, which is referred to as proliferative or 

complex proliferative gill disease (PGD, CPG) with each term overlapping in use (Boerlage et 

al., 2020; Rodger, 2007). 

 Gills were non-lethally scored every week from one, two, or three nets, depending on the 

week. Some weeks were sampled more than three times if scores were higher than expected, or 

during treatments for issues unrelated to gill health. One net was designated the “fish health pen” 

which was sampled every week, and the other scores were sampled randomly from the study 

pens every two or three weeks. Figures 3.1A and B show the individual scores from each sample 

at each site and there are several similarities between Doctor Islets and Wicklow Point. Both sites 

largely recorded a score of 0 or 1, with only a few individuals scoring 2 or higher to a maximum 

score of 4 (Figure 3.1A-B), and both sites saw a peak in scores in early-August and early or late 

November at Doctor Islets and Wicklow Point, respectively.  

 

3.4.2. Water parameters with gill scores 

Variables pH, nitrate levels, and iron were negatively associated with the odds of finding 



112 
 

a score higher than 0 at Doctor Islets, with pH having the largest effect size (Table 3.4). There 

were no peaks or dips in pH levels recorded at Doctor Islets when the gill scores were high, but 

the pH steadily decreases over the season and the lowest levels were recorded right before higher 

gill scores were recorded (Figure 2.4D). This is speculation, however, because environmental 

parameter monitoring stopped at the end of October while gill health sampling continued until 

the end of December at both sites. Some studies have shown that exposure to low pH stunted 

growth in Atlantic salmon, although this seemed to be recoverable or not statistically significant 

within certain temperature thresholds (Fivelstad et al., 1998).  

For a better visualization, I created graphs to represent the predicted probability of each 

gill score for the span of measurements for each water parameter in the model for Doctor Islets 

(Figure 3.2). Typically, on these farm sites, a score of 3 or higher (orange/red) is considered 

cause for concern, with a score of 2 (yellow) cause for closer monitoring, and a score of 0 or 1 

(blue) considered non-issues (B. Vornicu, pers. comm.). The prediction graph for pH shows a 

relatively steep curve towards higher scores at lower pH values. However, in this study the 

probability of a score being recorded as 3 or higher is still very small.  

Iron measurements were sporadic during the study period at both sites, but during August 

when the gill scores were highest, iron levels were on the lower side of what was recorded. The 

prediction graph showed that scores tended to be higher as iron levels approached zero, but the 

probability of a score being in a concerning category was miniscule. The prediction graph for 

nitrate levels shows a similar distribution of probabilities as iron, with a trend towards higher 

probabilities as nitrate levels approached zero.  Nitrate levels were stable at Doctor Islets until 

the end of August when the levels start to increase for the rest of the season. The highest gill 

scores recorded for Doctor Islets were during August when nitrate levels were low, although as 
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with Iron, the probabilities of being in a concerning category was minimal at any nitrate 

measurement. 

 

Figure 0.2: The predicted probability of each gill health score for each water parameter, iron, 

nitrate levels, and pH for Doctor Islets. Blue indicates no concern, yellow indicates caution, and 

orange/red indicates scores of concern. 

 

At Wicklow Point, temperature had the largest effect size and was positively associated. 

On Figure 2.4A, we can see that temperatures recorded at Wicklow Point were within normal 

ranges, being higher in the summer and lower in spring and fall. No peaks or dips were observed 

during times when gill scores were high, and daily variation was minimal. On the prediction 

graphs (Figure 3.3) we see that there was a relatively large probability of a non-zero score being 

recorded (~60%) as temperatures increased, but, as with all the variables, the probability of a 

concerning score was very small. Dissolved oxygen was negatively associated with scores at 

Wicklow Point and on Figure 2.4B, we do see a general decrease through the study period. On 

the prediction graph we can see that gill health scores increase as dissolved oxygen decreases, 

but the probabilities are low in comparison to the other parameters. There was also effectively no 

probability that a score of 4 would be recorded at any of the oxygen concentration levels. 



114 
 

Salmonids are generally adapted to cool waters with a high oxygen content, and exposure to low 

levels can affect appetite, growth, increase cortisol levels, and interfere with immune responses 

(Krasnov et al., 2021; Oldham et al., 2020; Remen et al., 2012).  

 

Figure 0.3: The predicted probability of each gill health score for each water parameter, 

dissolved oxygen, pH, and temperature for Wicklow Point. Blue indicates no concern, yellow 

indicates caution, and orange/red indicates scores of concern. 

 

Like Doctor Islets, the pH at Wicklow Point was negatively associated with gill scores, 

and we do see on Figure 2.4D that pH decreases slightly over the season. The period where 

Wicklow Point experience several higher scores (August); however, the pH was stable and 

within a normal range. There was a dip in pH around September, and we can see on Figure 3.1B 

that not only was there an increased sampling effort, but there were also several individuals with 

gill scores of 3, indicating a cause for concern. This is supported by the prediction graph (Figure 

3.3) as we see that the probabilities of scores higher than 0 are highest when pH is around the 

values recorded during the dip (~7.25). 
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3.4.3. Biofoulant counts on net patches with gill health scores 

 Model selection was extensive and for both Doctor Islets and Wicklow Point (Table 3.3, 

3.4), but I eventually determined that no counts of any of the biofoulant species were associated 

with the gill health scores, positively or negatively. In addition, the total wet-weight biomass of 

the samples were tested as well and was only considered significant at Wicklow Point, however 

the effect size is so small it is negligible. This is similar to what I found for the depth variables at 

each site as well, in that the effect sizes are very small. This indicates that most of the 

explanatory power in the trends of the gill health scores lies with the Event Week random effect 

variable, and the Delta Day variable. 

 The Delta Day variable is a three-leveled factor that indicates when the gill health scores 

were sampled in relation to the net-patch collection. Generally, the fish net pens were cleaned via 

in situ power-washing on either the same day, or early the next day after the patches were 

collected (B. Vornicu, pers. comm.), but the gill health scoring followed a separate schedule and 

would often be sampled up to several days before or after a collection, and sometimes several 

times over consecutive days. Hence, I created the Delta Day variable by taking the difference in 

the sample collection dates and the gill score sampling dates for each week; if the difference was 

negative, the gill scores had been sampled “before” the collection, a zero indicated the gills were 

scored “on” the same date, and a positive number indicated the gills were scored “after” a 

collection. The coefficient generated by the model uses the intercept of “after” as a reference.  

Table 3.7 showed that at Doctor Islets the effect sizes were relatively large in comparison 

to the effects of the depth variable, and they were similar to each other, with the effect size of the 

“on” level being slightly larger. At Wicklow Point the “on” level was relatively large in 

comparison to the depth variable and was much larger than the “before” level. This is visualized 
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in Figure 3.4 which shows the probability calculated from these models of each gill score for 

each site based on collection status. Both sites showed that gill scores sampled after a net patch 

collection had a much higher probability of scoring higher in severity, with Doctor Islets having 

over a 50% probability of recording a score higher than 0. While none of the biofoulants were 

associated with the gill scores recorded in this study, Figure 3.4 supports the hypothesis of this 

thesis that in-situ power washing of net pens may be impacting the gill health of Atlantic salmon.  

 

 

Figure 0.4: The predicted probabilities of each gill health score based on collection status of net 

patches constrained to the “Event Week”.  “Before” indicates the gill health scores were sample 

before the net patches were collected, “On” indicates the same day, and “After” indicates the gill 

scores were sampled after the tow samples were collected. 

 

3.4.4. Hydroid biomass on net patches with gill scores 
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 The hydroid composition of the biofouling community has been involved in several 

harmful incidents in finfish aquaculture in the Mediterranean Sea and Northern Europe (Bosch-

Belmar et al., 2019; Gansel et al., 2015; Martell et al., 2018). The focus of most of these studies 

on members of the genus Ectopleura (Baxter et al., 2011; Bosch-Belmar et al., 2017; Fitridge 

and Keough, 2013) and Obelia (Bosch-Belmar et al., 2017; Floerl et al., 2016; Gartner et al., 

2016; Martell et al., 2018). In addition, large amounts of Obelia spp. hydroids were identified in 

the biofouling community on the net-pens of several Atlantic salmon farms in British Columbia 

during periods where fish experienced mortalities and gill and mouth injuries typical of contact 

envenomation (J. Pudota, pers. comm.). 

 The model selection results show that none of the hydroid species (Obelia spp., Sarsia 

sp., Ectopleura sp., and Clytia sp.) that occurred at each site were associated with the gill health 

scores (Table 3.8, 3.9). The Delta Day and Event Week variable has the same affect on gill scores 

as the biofoulant model because the biofoulants and hydroids were collected from the same net-

patches as detailed in the methods section of Chapter 2. Thus, a regression model was 

unnecessary. It is worth reiterating the Event Week variance (as it is in the biofoulant count 

models as well) is large and likely indicates that the majority of the variation across each 

sampling date could be contributed by the Event Week (representing the time of year) rather than 

the mass of hydroids present.  

 

3.4.5. Stinging-capable species in tow samples with gill scores 

 In addition to the challenges associated with hydroid growth in aquaculture settings, free-

swimming jellyfish also present an issue that comes with its own problems. Unlike hydroids, 

which are mainly of concern when cleaning the net-pens, jellyfish are capable of swimming or 



118 
 

being carried by currents into the nets where fish can suffer injuries related to contact 

envenomation such as skin gill and mouth injuries. Several species, including some identified in 

this study, have been implicit in mass mortalities globally (Bosch-Belmar et al.,2017; Bosch-

Belmar et al., 2019; Gansel et al., 2015; Martell et al., 2018).  

 For Doctor Islets, I determined that no counts of stinging-capable species from the tow 

samples were associated with gill health, however, for Wicklow Point, Bourgainvilla sp., Clytia 

gregaria >10 mm, Diphydae spp., and Sarsia spp. were all associated with gill scores. Sarsia 

spp. was positively associated, and the rest were negatively associated. Figure 3.5 and Table 3.10 

show that Bourgainvilla sp., Clytia gregaria, and Diphydae spp. are negatively associated with 

gill scores, meaning that in samples when more of these species are counted, gill health scores 

tend to be less severe. Bourgainvilla spp, Clytia gregaria, and Diphydae are not known nuisance 

species to aquaculture. It is possible that something these species are preying on affects the gill 

health of fish either directly or indirectly and as such, with each increase in individuals, the 

harmful zooplankton populations decrease. Another possibility is that they crowd out or are in 

some way allelopathic to other species which may have more ability to harm the gills of Atlantic 

salmon. 
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Figure 0.5: The predicted probability of each gill health score for each count of Clytia sp. (>10 

mm), Diphydae spp., and Sarsia spp. in tow samples for Wicklow Point. Bourgainvilla sp. is not 

shown due only having a maximum count of 1 individual. Blue indicates no concern, yellow 

indicates caution, and orange/red indicates scores of concern.  

 Sarsia sp. was only present in a few months (May, June, and August; Figure 2.12), and 

the prediction plot (Figure 3.6) shows that with each individual counted in a sample, the 

probability of a score greater than 0 increases sharply, at one point reaching a greater than 50% 

chance that a gill score will be greater than 0, and a greater than 10% chance that a gill score will 

be in the caution/concerning range (≥2). Like the other species Sarsia spp. are not known as 

either a hydroid or in the free-swimming medusa form to be a nuisance species to either fin or 

shellfish aquaculture, although Sarsia tubulosa, which was one of the Sarsia species I identified 

in this study, is known to prey on herring roe and larvae (Purcell and Grover, 1990). It is 

important to note, however, that no study to my knowledge has examined the ability of hydroids 

or jellyfish to harm Atlantic salmon in British Columbia which has its own unique geography, 

water chemistry, and ecology. All cnidarians have cnidocytes that are capable of stinging, and as 

such have the potential to cause harm. 

 Like the models for the net patch samples, the collection status of gill health scores based 

on tow sample collection was examined. I found that the predictions look similar to the 

biofoulant collection status graph (Figure 3.4) with gill scores collected after a tow sample 

predicted to have a greater probability of higher gill scores. 

 



120 
 

 

Figure 0.6: The predicted probabilities of each gill health score based on collection status of the 

tow samples constrained to the “Event Week”.  “Before” indicates the gill health scores were 

sample before the tow samples were collected, “On” indicates the same day, and “After” 

indicates the gill scores were sampled after the tow samples were collected. 

While this result was relatively clear for the net-patch study as it had been hypothesized 

that net cleaning was a potential cause for injuries to gill health, why gill scores would be 

predicted to be higher after a tow sample collection is not as clear as nothing is being disturbed 

or distributed into the water column. It’s entirely possible that several of the gill scores were 

sampled after blooms of stinging species, although we saw from Table 3.13 that Doctor Islets 

indicated no association with any of the stinging species. Another possible, and more probable, 

reason for this may be that these results are coincidental in the timing of when higher scores 

were recorded. This latter reason may be supported by the high variance in the Event Week 

variables at each site, indicating that much of the sample-to-sample variation is due to 
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seasonality. 

As with the biofoulant community in Chapter 2, there are other variables that I did not 

examine that may play a part in the gill health of the Atlantic salmon at these farms. One of these 

variables can be seen on Figure 3.1B, in which there was a long period in between sampling 

dates (W6 and W7) because of a net change. One can see from the figure that directly after the 

change (which occurred on August 14) there was a cluster of higher gill scores.  

An additional variable that had not been accounted for in the duration of the study was 

the effect of crowding during the grow-out season. Atlantic salmon are stocked as smolts 

weighing 100-250 grams and typically harvested after 2 years weighing approximate 3-6 kg 

("Salmon Farming Industry Handbook", 2023).  After 6 months, which was the duration of the 

study, the stocked smolts would have considerably less room to maneuver.  Several studies have 

examined the effects of high stocking densities, with results such as high densities having a 

significant impact on the survival rate of AGD affected salmon and high densities impairing 

immune system functions by chronically stressing the fish (Crosbie et al., 2010; Sundh et al., 

2019). 

 

3.5. Conclusion 

 The first question Chapter 3 sought to explore was the correlation between the water 

parameters and gill health. Several water parameters were significantly associated with higher 

gill scores at each site. At Doctor Islets, pH, nitrate levels, and iron were negatively and 

significantly associated with gill scores. At Wicklow Point, temperature was positively 

associated with gill scores, and dissolved oxygen and pH were negatively associated. As with 

Chapter 2, no individual parameters stood out as being atypical.  In addition, the gill health 
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scores for the duration of this study were unproblematic and the farms suffered no unusual 

illnesses or mortalities. 

 The second question dealt with how the biofouling community – the net-patch biofoulant 

counts, hydroid mass, and tow counts – were correlated with gill health. The net patch biofoulant 

count models revealed that no species in this study were significantly associated with the gill 

scores recorded. However, the Delta Day variable, created to predict the probability of a gill 

score when sampled before, on, or after a net sample collection (and thus a net-pen cleaning 

event) revealed that when gills were scored after a cleaning event, the probability of a higher gill 

score increased. This supports the hypothesis of this thesis that in situ cleaning of net-pens via 

power-washing may be impacting the gill health of Atlantic salmon. 

 The models built to examine the mass of hydroids on the net patches and the gill health 

scores revealed that none of the four species groups (Obelia sp., Sarsia sp., Ectopleura sp., and 

Clytia sp.) were significantly associated at either site. The random effect (Event Week) variance 

for these models was high, indicating that the variation in the data that these models examined 

was better explained by sample-to-sample variation than any of the hydroid species. 

 None of the stinging-capable species counted in the tow samples at Doctor Islets was 

associated with gill scores, however, four species were significantly associated with gill scores at 

Wicklow Point: Bourgainvilla spp., Clytia gregaria, and Diphydae were positively associated, 

and Sarsia spp. was negatively associated with gill scores. None of these species are considered 

a nuisance species to aquaculture, and it is interesting that three of the species are positively 

associated as this indicates that with the presence of more individuals, the probability of a higher 

gill score being recorded decreases. 

 Like the Delta Day variable for the net patch samples, the same variable was created for 
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the tow samples. This showed that, like the net-patch samples, when gills were scored after a tow 

sample was collected, the probability of a higher score increased. The reason for this is unclear 

as unlike the net-patch collection in which a cleaning event happens at around the same time, 

nothing is disturbed or distributed into the water column. The Event Week random effect for 

these models was high, which indicated that despite several species being significantly 

associated, a large part of the variation seen sample-to-sample is likely variance caused by 

seasonality, rather than anything direct. 

No parameter or biofoulant stood out in this study, and during the study period at these 

sites, the severity of the challenges was considered relatively unproblematic compared to the 

previous year class regarding proliferative gill disorders (PGD) (B. Vornicu, pers. comm.). The 

mortalities and injuries were much more numerous and severe in the previous year class, and as 

such the predictive power of these models for use in mitigation is limited. Continued sampling at 

these sites and others will increase our understanding of possible triggers or contributors to PGD 

in these areas, which can lead to better mitigation and management to reduce loss. 
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2. Chapter 4 Conclusions, gaps in knowledge, and future directions 

4.1. Summary 

 In Chapter 2, I explored the question of if any correlations existed between the 

environmental variables, the biofoulant species, and the free-swimming sting-capable species.  I 

found that most water parameters, with few exceptions, were associated with the individual 

counts of species of biofoulants on the net patches.  Silica had the largest effect size at Doctor 

Islets and ammonia had the largest effect size at Wicklow Point. Most water parameters were 

associated with grams of hydroids growing on the net patches, with fewer parameters associated 

at Wicklow Point.  Dissolved oxygen had the largest effect at Doctor Islets and nitrate levels had 

the largest effect at Wicklow Point. The effect sizes at Wicklow Point were much smaller than 

Doctor Islets, indicating they have less explanatory power to the trends in hydroid growth. Only 

ammonia and nitrate levels, and ammonia at Doctor Islets and Wicklow Point, respectively, were 

associated with the counts of stinging-capable species in the tow samples. The random effect 

used as a grouping variable to account for seasonality was large and likely accounted for much of 

the trends in the counts. 

 In Chapter 3, I explored the questions of if any correlations existed between 

environmental variables and gill health severity scores. In addition, I also explored if any 

correlations existed between the biofoulant species, free-swimming sting-capable species, and 

gill health severity scores. I found that only a few variables (three for each site) were associated 

with gill health. Temperature and pH had the largest effect sizes for Wicklow Point and Doctor 

Islets, respectively. I found that for both Doctor Islets and Wicklow Point, no counts of any of the 

biofoulant species recorded on the net patches, nor grams of any of the hydroid species collected 

were associated with gill health. The depth of each set of net patches were associated, but the 
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effect sizes for both sites were very small. The Delta Day variable, which indicated when in 

relation to a sample collection that gill health scores were taken, indicated that when gills were 

scored after a sample collection, the scores had a higher probability of scoring above 0.  This 

supports the hypothesis that in-situ power washing of nets may impact the gill health of Atlantic 

salmon. No stinging-capable species identified and counted in the tow samples at Doctor Islets 

were associated with gill health.  Four species, Bourgainvilla spp., Clytia gregaria, Diphydae 

spp., and Sarsia spp., were all associated (Sarsia spp. negatively, the rest positively) with gill 

health scores.  None of these species are known to aquaculture or literature as being harmful or a 

nuisance species. In addition, the Delta Day variable indicated a similar result as in the 

biofouling models, in which after a sample collection, there was a higher probability that a gill 

health score higher than 0 would be recorded.  The reason for this is not as obvious as nothing is 

disturbed or distributed during sampling, however the random effect used as a grouping variable 

to account for seasonality was relatively large and likely accounted for some of this result. 

 

4.2. Gaps in knowledge 

 Suggesting biofouling organisms as detrimental to aquaculture and the role of hydroids in 

the causation or aggravation of gill injuries in finfish aquaculture, Atlantic salmon frequently 

included, is not new. However, nearly all the literature comes from Northern Europe, the 

Mediterranean Sea, and Australia (Rodger2011, Fitridge 2012, Bloecher 2021). Hydroids are a 

common biofoulant on fish farms in British Columbia (J. Pudota), but next to no information 

exists on their local distributions, how environmental parameters affect growth and settlement 

rates, or how the hydroids may affect the health, gill or otherwise, of fish despite several of the 

species known to cause mortalities in Europe existing here (e.g., Obelia longissima and O. 
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dichotoma). This gap in knowledge is likely due to the lack of past incidents or the inability to 

recognize these incidents, however, I expect this will be addressed in the future as climate 

change continues to disturb the local environments.  

 In addition to hydroids there are a host of other species growing on fish farm nets, 

however, literature on the compositions of these communities is scarce globally, and I have been 

unable to find any study that examines individual count data. Instead, it seems that the only study 

I located that examined any sort of relationship between non-hydroid biofoulants and gill health 

used a rating system of “clean” to “heavy fouling” (Østevik, 2021). 

 

4.3. Future directions 

 There are many ways one could continue this project, especially in a way that address the 

gaps in knowledge I identified previously. Some of the areas of interest I have identified from 

literature and from this study would be in the development of a predictive model for use in 

monitoring and mitigation in situ. The identification of individual variables and their likelihood 

of contributing to or causing events in which higher gill health severity scores were recorded was 

a goal for this study and may have been possible with a multiyear study or more study sites. 

Unfortunately, although fortunately for the fish farms in this study, the severity of the challenges 

was considered unproblematic compared to the previous year regarding PGD. 

 Some other areas of this project I believe would benefit from more research would be in a 

closer examination of the hydroid species growing on the fish farm nets.  In this study, a post hoc 

examination of the hydroids collected revealed several cryptic species. There is no information 

on the differences in stinging-ability or strength of venom in hydroids, and as such is it 

impossible to know if this has any effect on gill (or other organ) health. In addition, similar to 
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Østevik et al. (2021), a study examining the delay in immune response would likely provide 

some valuable insight, especially if combined with a closer examination of the biofouling 

communities. In conclusion, continued monitoring at these sites will improve the understanding 

of the interactions of the environment, the biofoulant communities, and gill health, ultimately 

leading to better mitigation and management strategies. 
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4. Appendices 

Appendix A 

 

Figure A2.1: Correlation plot of the continuous variables used to supplement the model selection 

process for the models examining the effects of water parameters on biofouling counts and grams 

of hydroids collected from the net-patches for Doctor Islets. Correlation values greater than 

±0.60 were taken into consideration. 
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Figure A2.2: Correlation plot of the continuous variables used to supplement the model selection 

process for the models examining the effects of water parameters on biofouling counts and grams 

of hydroids collected from the net-patches for Wicklow Point. Correlation values greater than 

±0.60 were taken into consideration. 
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Figure A2.3: Correlation plot of the continuous variables used to supplement the model selection 

process for the models examining the effects of water parameters on the stinging-capable species 

in tow samples for Doctor Islets. Correlation values greater than ±0.60 were taken into 

consideration. 
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Figure A2.4: Correlation plot of the continuous variables used to supplement the model selection 

process for the models examining the effects of water parameters on the stinging-capable species 

in tow samples for Wicklow Point. Correlation values greater than ±0.60 were taken into 

consideration. 

 

 

 

 



152 
 

 

Figure A3.1: Correlation plot of the continuous variables used to supplement the model selection 

process for the models examining the effects of water parameters on the gill health scores for 

Doctor Islets. Correlation values greater than ±0.60 were taken into consideration. 
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Figure A3.2: Correlation plot of the continuous variables used to supplement the model selection 

process for the models examining the effects of water parameters on the gill health scores for 

Wicklow Point. Correlation values greater than ±0.60 were taken into consideration. 
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Figure A3.3: Correlation plot of the biofoulant species counts used to supplement the model 

selection process for the models examining the effects of biofoulant species counts on the gill 

health scores for Doctor Islets. Correlation values greater than ±0.60 were taken into 

consideration. 
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Figure A3.4: Correlation plot of the biofoulant species counts used to supplement the model 

selection process for the models examining the effects of biofoulant species counts on the gill 

health scores for Wicklow Point. Correlation values greater than ±0.60 were taken into 

consideration. 
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Figure A3.5: Correlation plot of the counts of stinging-capable species in the tow samples used to 

supplement the model selection process for the models examining the effects of stinging species 

counts in tow samples on the gill health scores for Doctor Islets. Correlation values greater than 

±0.60 were taken into consideration. 
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Figure A3.6: Correlation plot of the counts of stinging-capable species in the tow samples used to 

supplement the model selection process for the models examining the effects of stinging species 

counts in tow samples on the gill health scores for Wicklow Point. Correlation values greater 

than ±0.60 were taken into consideration. 

 

 


