From: Candy, John

Sent: Thursday, October 15, 2020 12:53 PM

To: Sullivan, Tarah

Subject: 30 min time slot for meeting next week with Carmel to discuss aquaculture issue

Hi Tarah

Lesley has asked to arrange a meeting including Carmel to discuss the possible emerging issues around mouth
rot disease (Tanachbaculum maritimun)
Is there a 30 min time slot next week that she is free that | can try and arrange a meeting with others?

The group requested for this call would include:

Carmel Lowe
Stewart Johnson
Zac Waddington
Kristi Miller
Lesley McDougall
myself

John Candy

Section Head

Molecular Genetics Laboratory
Pacific Biological Station
Nanaimo BC VIT 6N7

(250) 756-7036
John.candy@dfo-mpo.gc.ca
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From: MacDougall, Lesley

Sent: Wednesday, October 21, 2020 3:11 PM

To: Lowe, Carmel

Subject: Fwd: Shea paper

Attachments: Shea et al. 2020 (pathogen eDNA from salmon farms).pdf; ATTO0001.htm

Sent from my iPhone
Begin forwarded message:
From: Kristi
Date: October 21, 2020 at 9:16:52 AM PDT

To: "MacDougall, Lesley"
Subject: Shea paper

No information has been removed or severed from this page
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From: Webb, Allison

Sent: Wednesday, October 21, 2020 3:59 PM

To: Thomson, Andrew; Dostal, Alexandra; Struthers, Alistair; Parsons, Jay; Lowe,
Carmel; MacDougall, Lesley

Cc: Girouard, Louise; Waddington, Zac; Paylor, Adrienne

Subject: FW: DI Farm metrics report

Attachments: Discovery Islands Metrics FINAL 2020-10-15.pdf

Just FYI only. | thought that you might be interested in seeing this product. Our team has been working hard to
start producing more of this proactive info. | would like to see this for all areas on the coast. It is really good
work from my perspective that can be shared with FN and external partners rather than them going to our
public reporting website and needing to try to extract things. Thanks to our staff for this work. We have shared
with the DI FN for the licence renewals so that they have the best info that we can provide to them about the
farms in the claimed territories. With our improvements to our fish health database moving forward and
investments in our data team, we will be able to more easily produce this type of info that is accessible for those
external to DFO or even for colleagues within DFO.

Please feel free to share if this is of interest to other colleagues.

Thanks,
Allison

From: Waddington, Zac

Sent: Thursday, October 15, 2020 12:35 PM

To: Johansson, Todd

Cc: Newcomb, Reagan ; Webb, Allison ; Sitter, Laura ; Sandberg, Krista ; Blasco, Nathan ; Price, Derek ;
Manchester, Howie

Subject: DI Farm metrics report

Hi Todd,

We've got a final version of our DI farm metric comparison report for you to distribute in advance of our future
consultations/meetings. A big thanks to all the folks who helped pull this together. | hope this will provide the
context FNs may wish for.

Dr. Zac Waddington DVM, B.Env.Sc.(Hons)

Lead Veterinarian - Pacific Region

Fisheries and Oceans Canada | Péches et Océans Canada
Aquaculture Environmental Operations - Fish Health
Courtenay, British Columbia

Telephone | Téléphone: 250-703-0902

Fax | Télécopieur: 250-703-0921
Zac.Waddington@dfo-mpo.gc.ca
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Discovery Islands

2011-2019/2020 COMPLIANCE AND PERFORMANCE | MARINE FINFISH

Introduction

This report provides an overview of the environmental and fish health performance of marine finfish facilities in the
geographical region of the Discovery Islands, based on industry-submitted Conditions of Licence reports. The data
are summarized by year and compare the performance of facilities in the Discovery Islands to all other marine
finfish facilities operating in British Columbia waters.

For the purposes of this report, the Discovery Islands facilities are the 18 farms identified in the Discovery Islands
risk assessments and illustrated on the map (Figure 1). The two facilities culturing Chinook salmon (Yellow Island
and Doctor Bay) and three farms that are currently licensed but inactive (Dunsterville, Read Island and Young
Passage), and one decommissioned experimental Chinook farm (Middle Point Bay) are not included. Additionally,
two farms that are no longer licensed but were active since 2012 (Far Side and Frederick Arm) are included. The
farms producing Atlantic salmon in the Discovery Passage area are:

¢ Althorpe (MOWI Canada West)

e Barnes Bay (Grieg Seafood)

e Bickley Bay (MOWI Canada West)

e BrentIsland (Cermaqg Canada)

s Brougham Point (MOWI Canada West)

e Chancellor Channel (MOWI Canada West)

e Cyrus Rock (MOWI Canada West)

e Far Side (MOWI Canada West, no longer licensed)
e Frederick Arm (MOWI Canada West, no longer licensed)
e Hardwicke (MOWI Canada West)

¢ Lees Bay (MOWI Canada West)

e Okisollo (MOWI Canada West)

e Phillips Arm (MOWI Canada West)

« Razalsland (Cermaq Canada)

e Shaw Point (MOWI Canada West)

e Sonora Point (MOWI Canada West)

e Thurlow (MOWI Canada West)

« Venture Point (Cermaq Canada)

The Discovery Islands area is one of the main Atlantic salmon producing areas in BC with farms operated by MOWI
Canada West, Cermaq Canada and Grieg Seafood BC. This area is generally quite good and consistent year-to-year
with respect to environmental and fish health performance.

DFO conducts up to 120 randomized farm audits annually under the Fish Health Audit and Intelligence Program
(FHAIP). These audits ensure the veracity of industry reported data, and compliance with Conditions of Licence
(COL). DFO biologists and veterinarians collect samples to independently determine the fish health status of the
farm at the time of audit, and ensure that any disease is being identified, mitigated and reported correctly by
industry. Targeted audits have been added to the FHAIP in 2020 and are triggered at discretion of DFO biologists and
veterinarians. These audits may or may not occur with advance warning to the company/facility.

Additional public information on the regulation and compliance of the marine finfish industry in British Columbia
can be found through public reports on DFO’s Open Data Portal or the Pacific Region Aquaculture website (Appendix I).

|
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Figure 1, Marine fish farms in the Discovery Passage area (2020)
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Production

Figure 2: Annual production (harvest] from marine finfish farms in BC, by species, 2011-2019
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This graph shows the production farmed fish in the Discovery Islands (DI) compared to the rest of BC. The left
vertical axis shows the amount (weight) of fish harvested from each area by species(illustrated by the coloured
columns/bars). Annual production has ranged between 9000-23,000 tonnes between 2011-2019.

Alarge majority of production in the Discovery Islands is Atlantic salmon, and all facilities identified in the risk
assessments produce Atlantic salmon. There are two small facilities, Yellow Island and Doctor Bay, which produce
other species. Yellow Island is a very small facility, with its own hatchery on land, which focusses mainly on research
and harvests only small numbers of large Chinook salmon each year. Doctor Bay also produces small amounts of
Chinook salmon, and has historically cultured small numbers of sablefish (Anoplopoma fimbria). The production of
Chinook salmon and sablefish in the Discovery Islands is so small that it is difficult to display on the graph

t A
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Fish Health - Mortality

Figure 3: Mortality at Atlantic salmon facilities in BC, by area
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This graph shows the average percent monthly mortality in DI compared to other farming regions of BC. It also
shows the causes of death. Mortality rates in DI are generally less than 1% per month Farms in the DI typically
experience lower mortalities than other regions of BC. Generally water quality is good (few instances of low
dissolved oxygen events and harmful algal blooms) and disease is less frequent given the area and production
practices.

A production practice which is unique to the Discovery Islands is that salmon smolts are generally not entered into
any of the DI farms directly from freshwater hatcheries. This practice is in place due to the Myxozoan parasite Kudoa
thyrsites. Kudoa infects salmon (both farmed and wild) and creates intramuscular cysts without resulting disease or
compromise in the salmon host. However, post-mortem enzyme degradation of the cysts results in muscular
liquefaction and therefore significant fillet quality downgrades. This parasite is ubiquitous in BC marine waters, but
the degree of infection pressure seems much higher in the Discovery Islands. Industry has learned that by
introducing smolts to areas outside the DIs first, and then months later transferring those fish into DI farms results
in lower levels of infection, reducing subsequent cyst formation, and resulting in substantially fewer fillet
downgrades. The exact mechanism of this protective effect is unclear, and is the subject of ongoing research.

This production practice means that without smolt entries occurring in the DI there is very little of the early
mortality and production disease which often occur in the first months when smolts are at sea. The primary
production disease affecting farmed Atlantic salmon in BC is Mouthrot which is caused by the ubiquitous marine
bacteria Tenacibaculum maritimum. Mouthrot does not occur in Pacific salmon species, and only occurs in Atlantic
salmon within their first 6-8 months at sea. This disease is treated with in-feed antibiotics and is responsible for the
vast majority of antibiotic use in BC aquaculture.

Page | 4
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Mortality Events

Figure 4: Mortality events at marine finfish aguaculture facilities in BC, 2011-2019

12

e
o

o
cw

o
i

Number of Events per Active Facility
o
Oy

Q
(]

0.0

[l Q 2 o] 2 Q ey 8] 2 Q ey Q 2 Q 2 Q = o]
o m [ m @ as) o o o om @ o [ m @ faa) [ fas]
3 [ 3 B 3 e =3 e > e, = u— > L. = G > -
£ (=] [=} o Q o o [=] o €F [=} O o o o [=] o =]
52 — o — © —— o — [5] — © — 53 — O —— [5] —
2] ] & @ D @ @ @ 2 @ & @ & @ 2 8 B @
e o & i & o S © s v B % o s 2 s = o
2011 2012 2013 2014 2015 2016 2017
& Environmental @ Physiological = Mechanical + Predation mDisease @ Other/ Unknown

A Mortality Event occurs when the number (or “biomass”) of dead fish at a facility growing Atlantic or Pacific
salmon exceeds the thresholds outlined by conditions of licence for 24hrs (4,000kg or 2% inventory) or five days
(10,000kg or 5% inventory).

This graph shows the number of mortality events per active facility. Farms in the Discovery Islands typically
experience a similar rate of mortality events to other areas of BC.

The increase in Mortality Events in 2018 is attributed mainly to unfavourable environmental conditions, but also to
an increase in reporting due to increased compliance auditing efforts by DFO biologists beginning in 2016, which
enforced reporting requirements. In 2012 and 2013, there were no reported Mortality events in DI In 2011, 2014, 2015
there was a low number of mortality events reported and all were attributed to environmental conditions.

Mortality Events due to environmental factors are increased by the higher-than-normal presence of poor gill health
issues which predispose fish to die when water conditions are adverse, such as during low dissolved oxygen or
harmful algae bloom events.

Page | 5
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Table 1: Mortality events at marine finfish aquaculture facilities in BC, 2011-2019

21-Jun-11

Marine Harvest Canada Conville Bay Atlantic Salmon Algae bloom
30-Jun-11 Cermaq Canada Brent Island Atlantic Salmon Algae bloom
30-Jun-11 Marine Harvest Canada Far Side Atlantic Salmon Algae bloom
30-Jun-11 Marine Harvest Canada Frederick Arm Atlantic Salmon Algae bloom
04-lul-11 Marine Harvest Canada Brougham Point Atlantic Salmon Algae bloom
07-Jul-14 Cermaq Canada Brent Island Atlantic Salmon Low Dissolved Oxygen
16-Sep-14 Cermagq Canada Venture Point Atlantic Salmon Low Dissolved Oxygen
18-Sep-14 Cermaq Canada Brent Island Atlantic Salmon Low Dissolved Oxygen
23-Sep-14 Marine Harvest Canada Lees Bay Atlantic Salmon Algae bloom
16-Oct-14 Marine Harvest Canada Okisollo Atlantic Salmon Low Dissolved Oxygen
24-Jul-15 Marine Harvest Canada Lees Bay Atlantic Salmon Algae bloom
24-Jul-15 Marine Harvest Canada Phillips Arm Atlantic Salmon Algae bloom
24-Jul-15 Marine Harvest Canada Hardwicke Atlantic Salmon Algae bloom
3-Feb-16 Cermaq Canada Brent Island Atlantic Salmon Other - explain
11-Sep-16 Cermaq Canada Brent Island Atlantic Salmon Low Dissolved Oxygen
14-Sep-16 Grieg Seafood BC Barnes Bay Atlantic Salmon Low Dissolved Oxygen
26-Sep-16 Cermaq Canada Venture Point Atlantic Salmon Low Dissolved Oxygen
11-Oct-16 Marine Harvest Canada Okisollo Atlantic Salmon Low Dissolved Oxygen
24-Aug-17 Marine Harvest Canada Hardwicke Atlantic Salmon Algae bloom
31-Aug-17 Marine Harvest Canada Althorpe Atlantic Salmon Handling
8-Sep-17 Marine Harvest Canada Althorpe Atlantic Salmon Algae bloom
25-Sep-17 Marine Harvest Canada Hardwicke Atlantic Salmon Low Dissolved Oxygen
9-Mar-18 Cermaq Canada Raza Island Atlantic Salmon Algae bloom
1-Jun-18 Marine Harvest Canada Phillips Arm Atlantic Salmon Treatment
6-Jun-18 Grieg Seafood BC Barnes Bay Atlantic Salmon Non-infectious disease
6-Aug-18 Marine Harvest Canada Okisollo Atlantic Salmon Low Dissolved Oxygen
22-Aug-18 Cermaq Canada Venture Point Atlantic Salmon Low Dissolved Oxygen
28-Aug-18 Grieg Seafood BC Barnes Bay Atlantic Salmon Low Dissolved Oxygen
06-Sep-18 Cermaq Canada Brent Island Atlantic Salmon Handling
1-Oct-18 Cermaq Canada Venture Point Atlantic Salmon Low Dissolved Oxygen
8-Oct-18 Grieg Seafood BC Barnes Bay Atlantic Salmon Handling
9-Oct-18 Marine Harvest Canada Lees Bay Atlantic Salmon Treatment
19-Nov-18 Grieg Seafood BC Barnes Bay Atlantic Salmon Low Dissolved Oxygen
11-Jun-19 MOWI Canada West Sonora Point Atlantic Salmon Handling
27-Jun-19 MOW!I Canada West Phillips Arm Atlantic Salmon Handling
08-Jul-19 MOWI Canada West Sonora Point Atlantic Salmon Handling
12-Jul-19 MOWI Canada West Chancellor Channel Atlantic Salmon Handling
16-Jul-19 MOW!I Canada West Phillips Arm Atlantic Salmon Handling
31-Jul-19 MOWI Canada West Sonora Point Atlantic Salmon Handling
16-Aug-19 MOWI Canada West Althorpe Atlantic Salmon Low Dissolved Oxygen
19-Aug-19 MOW!I Canada West Chancellor Channel Atlantic Salmon Maturation
28-Aug-19 MOW!I Canada West Lees Bay Atlantic Salmon Low Dissolved Oxygen
2-Sep-19 MOWI Canada West Hardwicke Atlantic Salmon Low Dissolved Oxygen
30-Oct-19 MOWI Canada West Okisollo Atlantic Salmon Treatment

Page | 6
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Fish Health Events

Figure 5: Fish health events at marine finfish facilities in BC, 2016-2019
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A Fish Health Event(FHE) occurs when veterinary intervention is required due to a suspected or diagnosed disease at
a facility and mitigation is applied. Mitigation most often takes the form of antibiotic treatments, but could also be
any of: culling, accelerated harvest, quarantine, enhanced biosecurity, disease investigation or reducing stress. Fish
Health Events are sometimes, but not always, associated with a Mortality Event.

This graph shows the number of FHEs per active facility. Farms in the Discovery Islands typically experience a lower
rate of FHEs than in other areas in BC. There have been eight treatment events since 2016 and most of these were
attributed to mouthrot.

Table 2: Mc:rtahty events at marine finfish aquaculture facilities in BC 2()11 2019

Jan-16 Cermaq Canada Raza Island Atlantic Salmon Mouthrot

26-Jun-17 Grieg Seafood BC Barnes Bay Atlantic Salmon / Mouthrot \

Jul-17 Cermagq Canada Brent Island Atlantic Salmon / Mouthrot \
18-Oct-17 Marine Harvest Canada Okisollo Atlantic Salmon Furunculosis
04-Nov-17 Cermaq Canada Raza Island Atlantic Salmon Mouthrot
14-May-18 Marine Harvest Canada Shaw Point Atlantic Salmon Mouthrot
13-Apr-19 MOWI Canada West Shaw Point Atlantic Salmon \ Mouthrot /
01-Nov-19 Cermaq Canada Raza Island Atlantic Salmon Mouthrot

Page | 7
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Fish Health Audits

Figure 6: Fish health audits at marine finfish facilities in BC, 2011-2018
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DFO biologists and veterinarians conduct randomized routine audits of marine salmon farms. In 2020, targeted
audits were also added to the FHAIP which are triggered at the discretion of DFO veterinarians when there may be
elevated risk, or suspected/confirmed non-compliance. During these audits, all aspects of fish health and husbandry
are reviewed, as well as compliance with the conditions of licence and Health Management Plan (HMP). Samples of
moribund and/or recently dead fish are taken by DFO auditors on site and sent to a certified diagnostic laboratory for
analysis including: bacteriology, virology, PCR, and histopathology. Additional molecular diagnostics and special
staining (for histopathology) may be used at the discretion of the veterinarian and veterinary pathologist(s). DFO
veterinarians review the results of the diagnostic testing; along with the field notes on fish behavior and appearance,
recent mortality, handling and treatment events, and gross necropsy notes, to make a farm-level diagnosis.
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Figure 7: Fish health audits at marine finfish facilities in BC, 2012-2018
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This graph displays the farm-level diagnoses made by DFO veterinarians from 2012~ 2018. The bar charts on the top
half show data from all salmon farming regions in BC except for Discovery Islands. The bottom half shows the data
from Discovery Islands only.

The left axis lists the different diagnoses that have been made during this period. The light-blue bars indicate that
the diagnosis was not an infectious disease, and the dark blue bars indicate where an infectious disease was present.

In all areas of BC (including Discovery Islands), the majority of farm-level diagnoses are “open” or “no disease”. An
“open” diagnosis indicates that there is no know or obvious disease present. Between 2013 and 2014, a change in
reporting categories saw a change in language from “open” to “no disease”.
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Sea Lice

Figure B: Average abundance of motile L.salmonis sea lice at marine finfish aguaculture facilities in BC, 2011- 2020
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This graph shows the average monthly sea lice abundance in the Discovery Islands and in the rest of BC. The bold, black horizontal line indicates the
sea lice threshold as set out in the Conditions of Licence (i.e. 3 motile L. salmonis per fish). The coloured bars are grouped by sets of months, with the
bright green bars indicating the juvenile salmon outmigration period in the Discovery Islands, and the bright yellow bars indicating the outmigration
for the other farming regions of BC. Additional details on the abundance during the juvenile salmon outmigration period are shown in Figure 9.
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Figure 9: Average abundance of motile L.salmonis sea lice, during the juvenile salmon outmigration period, at marine finfish aguaculture facilities in BC,
2011- 202G
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This graph shows the average monthly sea lice abundance, during the juvenile salmon outmigration period, in the Discovery Islands and in the rest of
BC. The bold, black horizontal line indicates the sea lice threshold as set out in the Conditions of Licence (i.e. 3 motile L. salmonis per fish).

As a condition of licence (COL), all farms have been required to regularly sample and report sea lice numbers on farms. The licence also sets out a
threshold of three motile lice per fish as a precautionary management threshold to trigger mitigation and/or increased sampling/reporting

depending on the time of year. This licence requirement ensures that sea lice numbers are at their lowest during the outmigration period of wild
juvenile salmon (March 15t —June 30" annually).

DFO audits 50% of all active facilities during the outmigration period, and approximately 15% of active facilities per quarter during the remainder of
the year. These sea lice audits involve a comprehensive review of sea lice sampling technique, counting methodology and sea lice classification. DFO
auditor counts are compared to industry counts statistically to identify any error in the counting and classification methodology.

New licence conditions came into effect in March 2020 which increased sampling and reporting requirements around sea lice management on farms.
These changes were made with contributions and feedback from First Nations, non-government environmental groups, industry and stakeholders.
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With the new licence conditions, there is mandatory reporting of pre- and post-treatment sea lice numbers to allow DFO to monitor treatment

efficacy and thereby detect and mitigate emerging resistance to sea lice treatments. There is a requirement for all lice removed mechanically to be

captured, and the language of the licence has been improved to increase enforceability.

Farms in the Discovery Islands typically experience high lice infections in the fall as wild adult salmon return to spawn and carry with them high lice

loads. Generally DI farms have performed better than industry average for sea lice management during the critical outmigration period. The number
of facilities which have an exceedance, and the time spent in exceedance of the threshold are typically fewer and shorter than other farming areas.
The DI farms have not had widespread occurrence of SLICE resistance, which have been seen in other farming areas resulting in significant sea lice

management challenges. On the farms, sea lice mitigation efforts have generally resulted in reducing lice loads prior to the juvenile salmon
outmigration period.

Details on the mitigation treatments can be found in the Therapeutants section below.

Table 3: Sea Lice exceedances during juvenile salmon outmigration period at marine finfish aquaculture facilities in the Discovery islands, 2011-2019

June 2011

Marine Harvest Canada

hancellor Channel

40

1

March 2012 Marine Harvest Canada Hardwicke 9.2 1
April 2012 Marine Harvest Canada Brougham Point 5.9 1

April 2012 Marine Harvest Canada Okisollo 4.4 1

April 2012 Marine Harvest Canada Sonora Point 4.2 1

May 2012 Marine Harvest Canada Thurlow 4.9 1

May 2014 Marine Harvest Canada Sonora Point 3.5 2

March 2015 Marine Harvest Canada Hardwicke 10.1 2
March 2015 Marine Harvest Canada Lees Bay 15.8 1
June 2015 Cermag Canada Brent Island 49 1

April 2016 Marine Harvest Canada Okisollo 4.0 1
March 2019 MOW!I Canada West Hardwicke 7.9 2
March 2019 MOWI Canada West Shaw Point 57 3
June 2019 MOWI Canada West Chancellor Channel 3.1 1
March 2020 MOW!I Canada West Lees Bay 13.8 2
March 2020 MOW!I Canada West Shaw Point 20.9 4
April 2020 Grieg Seafood BC Barnes Bay 3.3 1
April 2020 Cermag Canada Brent Island 5.4 1
June 2020 MOWI Canada West Lees Bay 6.8 1
June 2020 MOWI Canada West Okisollo 7.0 1
June 2020 Cermag Canada Venture Point 3.2 1
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Sea Lice Audits

Figure 10: Fish health and sea lice treatment events and finfish aquaculture facilities in BC by area, 2013-2019
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During a sea lice audit, DFO auditors conduct a comprehensive review of sea lice sampling technique, counting
methodology and sea lice classification. Farm staff count sea lice on 10 fish from at least three pens (at least 30 fish
total), which is the minimum required for a “counting event” as defined in the licence. DFO auditors observe the
counting technique and lice identification, and conduct an independent count of 10 fish from each of the same pens.
DFO auditor counts are compared to industry counts statistically to identify any error in the counting and
classification methodology. If a deficiency in sampling technique, counting rigor, sea lice life stage or species ID is
identified, the company is issued a deficiency letter and this is deficiency is noted and checked for resolution at the

next audit. A repeated deficiency may be classified as a non-compliance, and referred to DFO Conservation and
Protection for possible prosecution.
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Fish Health and Sea Lice Treatments

Figure 11: Fish health and sea lice treatment events and finfish aguaculture facilities in BC by area, 2013-2019
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This graph shows the number of treatments per active facility in the Discovery Islands and in the rest of BC. A
tabular summary of the treatments in the Discovery Islands can be found below.

“Antibacterial” indicates a treatment with antibiotics for a specific reason (infection). Antibiotics are always
prescribed by a licensed veterinarian. Fish are usually medicated by adding the antibiotic to the fish food and feeding
it to the fish. The rate of antibacterial treatments is generally lower than in other regions, as farms in this area tend
to have much less Mouthrot due to the production practice of not stocking smolts into the area directly from the
hatchery.

“Hydrogen peroxide” refers to a sea lice bath treatment, where fish are taken from their sea pens and placed into a
large boat filled with a special type of hydrogen peroxide compound for a few hours. This kills the sea lice so they fall
off the fish. The fish are then placed back into their sea pens, and the lice are captured and composted in land-based
facilities. Hydrogen Peroxide treatments have been successfully utilized in the Discovery Islands since 2015. No
hydrogen peroxide treatments were applied in 2019.

“SLICE” refers to a medication given to fish that kills sea lice and prevents them from reattaching for some period of
time. Like antibiotic treatments, the medication is added to the fish feed. This medication can only be prescribed by a
licensed veterinarian.

“FW bath” refers to a sea lice bath treatment, where fish are taken from their sea pens and placed into a large boat
filled with freshwater for a few hours. This causes the sea lice to then fall off the fish. The fish are placed back into
their sea pens and the lice are captured and composted in a land-based facility. The use of freshwater baths were
first implemented in the Discovery Islands in 2019,
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“Hydrolicer” refers to a mechanical sea lice treatment, where fish are removed from their sea pens and travel
through a system on a boat that sprays pressurized water at the fish, and removes the lice. The fish are then placed

back into their sea pens and the lice are captured and composted in a land-based facility. Hydrolicer treatments are a

new method of sea lice mitigation in BC and were implemented in 2019. These treatments have been applied in the

Discovery Islands farms as a successful method of lice removal.

Many novel techniques (e.g. hydrolicer, hydrogen peroxide, freshwater) to manage sea lice have been implemented
in the Discovery Islands and elsewhere beginning in 2015. The adoption of alternative methods for sea lice control,

and their rotational use is part of an Integrated Pest Management approach which helps to prevent the development

of medication resistance and allows for improved control.

Table 4: Antibiotic and Sea Lice treatments in the Discovery Islands, 2013-2019

2013

SLICE©

Florfenicol

2014

SLICE©

Florfenicol

2015

SLICE©

Florfenicol

2016

SLICE©

Florfenicol

Hydrogen Peroxide

2017

SLICE ©

Florfenicol

Hydrogen Peroxide

2018

SLICE ©

Hydrogen Peroxide

2019

SLICE ©

Florfenicol

FW bath treatment

Hydrogen Peroxide

NiwiwooiwoaldbibinwWwik| OIW
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Benthic performance

Figure 12: Benthic performance and marine finfish facilities in BC, 2011-2018
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Conditions of Licence require industry to conduct monitoring of the sea floor at peak production to ensure that
thresholds for indication of harm are not exceeded. The presence of free sulphides in sediments are monitored for
soft bottom sites, and the presence of sulphide oxidizing bacteria (e.g. Beggiatoa sp.) and OPC (polychaetes) are
monitored for hard bottom sites. If thresholds are exceeded, the facility may not be stocked again until further
monitoring indicates that the sea floor has adequately recovered. Overall, benthic impact at farms has been
decreasing, likely due to better food conversion and digestibility of feed, decreased stocking densities, and moving
containment arrays further offshore in deeper water and faster currents.

Table 5: Benthic threshold exceedances at marine finfish aquaculture facilities in the Discovery Islands, 2011-2019

1 of 8 sediment sampling stations had chemical
28-Mar-11 |Marine Harvest Canadal Shaw Point | Soft Substrate changes to the seabed which require additional
monitoring
1 of 4 sediment sampling stations had chemical
28-Mar-13 |Marine Harvest Canada|Phillips Arm| Soft Substrate changes to the seabed which require additional

monitoring

Incidental Catch and Wild Mortalities

- L
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Figure 13: Incidental Catch and Wild Mortalities captured at finfish facilities in BC, 2013-2019
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“Incidental catch” are any wild fish that are captured as a result of aquaculture activities including harvest, transfer
or net removal. Licence holders are required to report both dead and released incidental catch, but only dead fish are
publicly reported.

Wild mortalities are any wild fish that died or were captured within an aquaculture facility, where the cause of death
or capture cannot be directly attributed to aquaculture activities. These are fish that are brought up in routine
mortality uplifts, or scooped out of pens when harvest or transfer activities are not being performed.

Licence holders are required to release all fish with least harm whenever possible. More than 70% of wild fish that
are captured in aquaculture facilities are released back into the surrounding environment without harm.

DFO conducts inspections of harvest and transfer events at farm sites on an opportunistic basis. In addition, in 2018
and 2019, inspections occurred at fish processing plants to observe wild fish presence. This work ensures mitigation
is followed at farms, and that wild fish are properly identified, recorded and reported to DFO.
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Marine Mammals

Figure 14: Marine mammal fatalities at marine finfish facilities in BC by species, 1990-2019

3.5

G
o

N
o

N
©

-
w1

by
[=]

Number of Interactions per Active Facility

o
4]

e — s

= [} il O oy O iy Q g (o] = (o] g O = Q = <y
[ m @© 28] [ m o m o o [ o @ o ] om ] om
2 5 3 5 3 5 3 5 3 s 3 s ] 5 ] 5 3 5

O @ L L]
8 I o % = o e @ = g = 4 = i & % 2 %

2011 2012 2013 2015 2016 2017 2018 2019
mCalifornia sea lion  mHarbour seal = Stellar sea lion  mHumpback whale = Unknown

Marine mammal deaths at marine fish farms have declined. Anti-predator netting, above water fencing and electric
wires are effective when properly employed and maintained. As marine mammal populations grow in BC, new
strategies to manage interactions with fish farms will be particularly important. These new technologies include
improved net materials, non-harmful acoustic tools, and olfactory deterrents.

This graph shows the number of marine mammal fatalities per active facility at farms in the Discovery Islands and in
other areas in BC.

The decrease in mortalities since 2012 coincides with the use of a new net material and with public reporting of
marine mammal kills. Recently, the marine finfish aquaculture industry adopted a no-kill policy and DFO has
retracted the authorization to dispatch pinnipeds.
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Table 6: Marine Mammal fatalities at marine finfish aquaculture facilities in the D

ery Islands, 2011-2019

1 accidental drowning

2012 Harbour seal
2014 Harbour seal 3 accidental drowning
Barnes Bay Grieg Seafood 2015 Harbour seal 3 accidental drowning
2016 California sea lion 1 authorized fatality
2018 California sea lion 1 accidental drowning
Bickley Bay Marine Harvest Canada 2011 Harbour seal 6 authorized fatalities
2011 Harbour seal 3 authorized fatalities
Brent Island Cermaq Canada - -
2012 Harbour seal 1 authorized fatality
Brougham Point Marine Harvest Canada 2012 Harbour seal 4 accidental drowning
Chancellor Channel Marine Harvest Canada 2011 Harbour seal 9 authorized fatalities
Far Side Marine Harvest Canada 2011 California sea lion 3 authorized fatalities
. ] California sea lion 2 authorized fatalities
Frederick Arm Marine Harvest Canada 2011 - -
Harbour seal 1 authorized fatality
California sea lion 1 authorized fatality
Hardwicke Marine Harvest Canada 2011 - -
Harbour seal 7 authorized fatality
. California sea lion 2 authorized fatalities
Lees Bay Marine Harvest Canada 2011 - —
Harbour seal 11 authorized fatalities
Okisollo Marine Harvest Canada 2015 Harbour seal 2 accidental drownings
Phillips Arm Marine Harvest Canada 2011 Harbour seal 11 authorized fatalities
Raza Island Mainstream Canada 2012 Harbour seal 1 authorized fatality
Sonora Point Marine Harvest Canada 2012 Harbour seal 2 accidental drowning
Thurlow Marine Harvest Canada 2012 Harbour seal 1 accidental drowning
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Escapes

Figure 15: Escapes of cultured salmon from marine finfish facilities in BC, 2011-2019

25000

20000

15000

10000

Number of Escaped fish

5000

0 -
> O > O > & > o > o > 0 > O = o > I
@ an) [ o [ o o m @ o (5] o0 O fan) [ fas) © o
> [ > Yo > Y > e > u— > L. > [T > Y o> Y
Q fe] [=] ‘2 jul [e] Q o [w] AJ [l o Q o [w] (o] [} [e]
o - 3 s o - a - 15 - o s o - o - 5 -
2 B 2 7 @ B @ B i B 2 B 2 @ @ F; @ @
= © - i = Y a 4 = o = © 8 @ = o a @
2011 2012 2013 2014 2015 2016 2017 2018 2019

mAtlantic = Pacific

This graph shows the number of escaped salmon in the Discovery Islands since 2011. There have been two significant
escape events of Chinook salmon in this area. The first occurred in 2012 at an experimental semi-closed
containment facility, Middle Bay, that capsized in a storm event. The second occurred during a transfer of fish from
a transport truck to a vessel at Discovery Harbour. Approximately 200-300 small fish spilled off the deck of the
transport vessel.

Technological improvements in containment material and anchoring systems along with more diligent inspections
and maintenance of infrastructure have decreased escape events from marine finfish facilities in BC. Additionally,
improvements and deployments of anti-predator technologies have reduced marine mammal interactions, which
can cause damage to infrastructure leading to escapes. DFO conducts opportunistic inspections of marine finfish
facilities to ensure compliance with conditions of licence aimed at preventing escapes including having and
complying with an Escape Prevention and Response Plan and review of net maintenance records.

Table 7: Escapes from marin
(T I

the Discovery Islands, 201

Extreme weather event,
equipment failure
13-Jan-13 Grieg Seafood n/a Coho salmon 250 live Equipment failure

15-Sept-17 Cermagq Canada Venture Point | Atlantic salmon 5 dead Equipment failure

12-Mar-12 |Agrimarine Industries| Middle Bay Chinook salmon | 2745 alive

Hole in net caused by
24-May-20 | MOW!I Canada West | Shaw Point Atlantic salmon | 1066 alive equipment; Unexplained

inventory discrepancy
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Health Management Plan (HMP) Compliance

Breakdown of Deficiencies

Category of Deficiency
& Carcass retrieval protocol or record keeping needs improvement
= Current licence was not posted at facility
= Disease contingency or Mass mortality information or records
needs improvement
m Fish handling, euthanasia protocol or records
m Footbaths or sanitizers needs improvement
# Husbandry or record keeping as per COL Appendix VIiI-A or

Vili-B needs improvement
# Lice protocol or lice records as per COL Appendix VI or VII-A

needs improvement
wMooring signage needs improvement
m Mortality assessment or classification needs improvement
= Nutritional or medicated feed protocel concerns
% Training documentation is not up-to-date
# Transfer records are not complete or up-to-date
m Visitor protoco! communication needs improvement
= \Water quality monitoring, equipment or record keeping needs

improvement
mWild fish mortality records need clarification

Figure 17: Fish Health Management Plan Inspections at Salmon Aquaculture 8ites in the Discovery Islands, 2011-2019

Breakdown of Deficiencies

Category of Deficiency

i# Carcass refrieval protocol or record keeping needs
improvement

2 Current licence was not posted at facility

= Disease contingency or Mass mortality information or records
needs improvement

@ Fish handling, euthanasia protocol or records

m Footbaths or sanitizers needs improvement

# Husbandry or record keeping as per COL Appendix VHI-A or
VIIi-B needs improvement

mLice protocol or lice records as per COL Appendix Vil or VII-A
needs improvement

mMooring signage needs improvement

m Mortality assessment or classification needs improvement

« Nutritional or medicated feed protocol concerns

# Training documentation is not up-to-date

@ Transfer records are not complete or up-to-date

= Visitor protocol communication needs improvement
Water quality monitoring, equipment or record keeping needs

improvement
mWiid fish mortality records need clarification
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The Health Management Plan (HMP) is a section of the licence which outlines broadly fish health management
principles and practices which are necessary to ensure optimal fish health and welfare. The Licence Holders (LHs)
are then required to develop and implement Standard Operating Procedures (SOPs) which will dictate how the
elements of the HMP are practically met by the LH on site. The LH may choose to meet a given condition of the HMP
in any way they choose provided which is reasonable and biologically sound. The SOPs are submitted to DFO
annually, along with any changes for review by fish health staff.

During a fish health audit, DFO biologists and veterinarians assess over 60 HMP elements using a standardized
checklist. This is in addition to many other aspects of fish health and husbandry which are part of the licence
conditions. Any deficiencies noted are recorded and relayed to site staff with an expectation for timely resolution.
Past HMP deficiencies are noted during future audits of that facility to ensure they have been resolved. A letter is
issued quarterly to each LH outlining the results of these HMP inspections. Any non-compliance with a licence
condition identified during an audit will be recorded and relayed to DFO veterinary staff. DFO veterinarians will
assess the risk posed by the non-compliance and determine if referral to Conservation and Protection branch for
possible prosecution is warranted. At minimum, a letter of non-compliance will be issued with a timeline provided
for resolving the non-compliance. These non-compliance letters are legally enforceable and inform the compliance
history of the facility and LH. This has significant implications for third party sustainability certifications, and any
request for production increases by the facility and/or LH.

No information has been removed or severed from this page
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Conclusion

The farms in the Discovery Islands are generally very well performing across almost every metric. The area appears
to be very conducive to growing fish well, with minimal inputs and interventions as are seen in some other growing
areas. The good fish health and sea lice management seen on the DI farms ensures that the risk of disease and pest
transfer to wild fish is minimized.

No information has been removed or severed from this page
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Appendix |

Marine Finfish Aquaculture Public Reporting in British Columbia

1. Aquaculture Activities Regulations (AAR) Drugs and Pesticides
https://open.canada.ca/data/en/dataset/288bodc/-16dc-43cc-80a4-2a45b1f03383

2. Monthly mortality by category, by facility (open data)
https://open.canada.ca/data/en/dataset/0a8c5505-ech3-4d8b-8120-462bd7def6bb

3. Quarterly Average mortality by category, by zone (figure)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/carcass-health-zone-sante/2017/index-eng.html

4. Fish Health monitoring activities, number of carcasses sampled
https://open.canada.ca/data/en/dataset/4dcQ5665-3d4s4-428c-bb26-12f981c57060

5. Fish health, sea lice and benthic audits (figures)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/mer-mar-audit-verif/index-eng.html

6. Fish health events, by facility, 2016-ongoing (open data)
https://open.canada.ca/data/en/dataset/deefd1d7-7184-44CT7-83%aa-ecodb9laady

7. Fish health events, 2016-ongoing (figures)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/health -events-sante/index-eng.html

8. Mortality events, by facility, 2011-ongoing (open data)
https://open.canada.ca/data/en/dataset/7fbb2662-391a-4df7-99b4-3343fa68fcg3

9. Mortality events, 2016-ongoing (figures)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/episodes-mort-events/index-eng.html

10. Fish Health audits, by facility, 2011-ongoing (open data)
https://open.canada.ca/data/en/dataset/6¢891715-317¢-4d4Ad-9fe8-eas25e01d9d2

11. Monthly sea lice abundance, by facility (open data)
https://open.canada.ca/data/en/dataset/3cafbe89-c98b-4b4s-88f1-504e8d28838d

12. DFO sea lice audits, by facility (open data)
https://open.canada.ca/data/en/dataset/5¢cfd93bd-b3ee-4bob-8816-33d388f6811d

13. Average sea lice abundance, by zone (graph)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/lice-ab-pou/index-eng.html

14,. Use of Antibacterials (graph)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/therapeut/index-enghtml#antibacterials

15. Use of Anti-lice Therapeutants (graph)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/therapeut/index-eng html#slice

16. DFO benthic audits, by facility (open data)
https://open.canada.ca/data/en/dataset/c1ansa0c-4ebo-4bs0-belf-0lace6H32527¢

17. Industry benthic monitoring, by facility (open data)
https://open.canada.ca/data/en/dataset/7e76fdc8-c36a-491a-9afb-4£9280c920e8
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18. Benthic performance (graph)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/benth/index-eng.html

19. Incidental catch, by facility (open data)
https://open.canada.ca/data/en/dataset/obfoscie-d2bo-4188-0053-08dc4a7a2b0?

20, Marine mammal fatalities, by year (graph)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/mar-mam/index-eng.html

21. Marine mammal interactions, by facility (open data)
https://open.canada.ca/data/en/dataset/a7b3fdfb-5917-4ca6-b29c-093e3f65d6ba

21, Escapes, by facility, 2011-ongoing (open data)
https://open.canada.ca/data/en/dataset/691dd994-4911-433d-b3b6-00349bagf2se

22. Escapes, by year (graph)
http://www.pac.dfo-mpo.gc.ca/aquaculture/reporting-rapports/escapes-evasions/index-eng.html

23. Atlantic Salmon Watch Program (open data)
https://open.canada.ca/data/en/dataset/f0299fb3-73b9-4977-bg6a-c83bd8/ebdcs

24. Salmon transfers, 2015-ongoing (open data)
https:/fopen.canada.ca/data/en/dataset/700fe200-7653-49e1-bg61-741dclead 24
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From:

Sent: Thursday, Octobe
To: Lowe auaders, Kristi; Price, Derek

Subject: Re: FW: Emerging issues around mouth rot disease (Tanachbaculum maritimun)
Attachments: Tenacibaculum in sockeye 2020 10 22.pptx

Hi all,
I'm not sure who is goin
over my modelling work (arrd-2
MS Teams doesn't work well for me, SO
the slides, assuming we get to this.
Thanks,

o to be in the call today, but here's the presentation I put together to quickly go
ouple other relevant results

via my phone and have everyone follow along in

On Fri, 16 Oct 2020 at 09:16, Lowe, Carmel <Carmel.Lowe@dfo-mpo.gc.ca> wrote:

Here’s the follow-up conversation to our short one yesterday, |

I’ve extended the invite to Derek since he’s our resident model and modeler, so he will likely get
more out of your presentation than I will.

Look forward to chatting next week.

Zac

From: Lowe, Carmel

Sent: Friday, October 16, 2020 9:07 AM

To: Lowe, Carmel; Candy, John; Johnson, Stewart; Waddington, Zac; Miller-Saunders, Kristi;
MacDougall, Lesley

Subject: Emerging issues around mouth rot disease (Tanachbaculum maritimun)

When: Thursday, October 22, 2020 2:30 PM-3:00 PM (UTC-08:00) Pacific Time (US & Canada).
Where: TEAMs

Join Microsoft Teams Meeting

+1 647-484-5913 Canada, Toronto (Toll)

Conference ID:

Local numbers | Reset PIN | Learn more about Teams | Meeting options s.16(2)(c)

s.19(1)
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Spatio-epidemiological modelling of
Tenacibaculum maritimum
iIn Fraser-River sockeye smolts

Strategic Salmon Health Initiative
October 22 2020

s.19(1)
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Migration (spatial) model
. ‘“advection diffusion” continuous-time model
. parameterised using data from:
1)Mission smolt trap
2)Kintama tracking studies of age-one smolts

3)Hakali juvenile salmon program

. *mortality rates uncertain*
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Infection (epidemiological) model

“SIS” model

external-source infection only

fit to Tenacibaculum maritimum qPCR detection-prevalence data
. samples from DFQO’s High-Seas and Strait-of-Georgia trawl surveys
(2008-2016)

parameters tuned during fit:
1)relative mortality of infected individuals
2)recovery rate
3)background infection rate
4)farm-origin infection rate
5)farm-origin agent “dispersal’
6)relative infection pressure from Discovery-Island farms
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agent prevalence
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Uncertainties....

« infection vs exposure
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Uncertainties....

« Infection vs exposure

« relative farm contributions

No information has been removed or severed from this page
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« infection vs exposure
. relative farm contributions

. mortality vs recovery

ncertainties....
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Population-level effects: Chinook

spring-summer prevalence

0.051

0.00+

-0.05

pathogen vs relative weight, effect size

45 10 05 0.0 0.5 1.0
pathogen vs age 2 marine survival, effect size

000052



From: Waddington, Zac

Sent: Wednesday, November 4, 2020 6:27 PM
To: Lowe, Carmel; Paylor, Adrienne; MacDougall, Lesley; Price, Derek; Parsons, Jay
Subject: RE: Mtg with BCSFA

Sure thing. I've added that below in red font.

Zac

From: Lowe, Carmel

Sent: Wednesday, November 4, 2020 1:55 PM

To: Waddington, Zac ; Paylor, Adrienne ; MacDougall, Lesley ; Price, Derek ; Parsons, Jay
Subject: RE: Mtg with BCSFA

Good point Zac — do you want to provide a sentence or two for that.

Carmel

From: Waddington, Zac <Zac.Waddington@dfo-mpo.gc.ca>

Sent: Wednesday, November 4, 2020 1:54 PM

To: Lowe, Carmel <Carmel.Lowe@dfo-mpo.gc.ca>; Paylor, Adrienne <Adrienne.Paylor@dfo-mpo.gc.ca>;
MacDougall, Lesley <Lesley.MacDougall@dfo-mpo.gc.ca>; Price, Derek <Derek.Price@dfo-mpo.gc.ca>; Parsons,
Jay <lay.Parsons@dfo-mpo.gc.ca>

Subject: RE: Mtg with BCSFA

The only material we discussed not referenced below is the recent and pending publications from KM’s lab and
co. Particularly around Tenacibaculum.

Not sure if this warrants inclusion.
Otherwise not edits from me,

Zac

From: Lowe, Carmel <Carmel.Lowe@dfo-mpo.gc.ca>

Sent: Wednesday, November 4, 2020 1:38 PM

To: Waddington, Zac <Zac.Waddington@dfo-mpo.gc.ca>; Paylor, Adrienne <Adrienne.Pavlior@dfo-mpo.gc.ca>;
MacDougall, Lesley <Lesley. MacDougall@dfo-mpo.gc.ca>; Price, Derek <Derek.Price @dfo-mpo.gc.ca>; Parsons,
Jay <Jay.Parsons@dfo-mpo.gc.ca>

Subject: Mtg with BCSFA

Proposed draft to Rebecca, Arran, Andy etc... let me know if you have any comments before end of day today ...

Hi all,
Just a quick update on our meeting with the BCSFA yesterday. There was a fairly big group on their side -

and a couple of others). We had good
representation from AMD (Zac Waddington, Derek Price, Adrienne Paylor) and Science (Lesley, Jay and I). Overall
it was a very productive discussion — and | believe fair to say it well received by both groups.
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Gary Marty provided a detailed overview of their proposed collaborative project. Importantly, it was confirmed
the project would be complimentary to, rather than duplicate, the work that Kristi and team have been doing in
SSHI. Zac/AMD reinforced the importance the study outcomes would have from an aquaculture management
perspective. acknowledged our contributions to the project to date — via the samples and asked for
our/Depts consideration of an additional $30K contribution to complete their processing. When questioned
about how else they saw us contributing they were straightforward in noting that they had all of the relevant
expertise required to complete the project and were seeking our commitment of collaboration more from an
‘optics’ perspective but also indicated they would welcome Derek’s or others contribution of expertise. and
Gary raised the G&M article in this context and  expressed appreciation for Arran’s letter to editor.)

The discussion then pivoted to potential collaborations on wild salmon health. We asked if they would be willing
to provide the samples and data they collect on wild fish to us for additional wild fish health analyses/studies.
They were very open to this - concurring that we should seek to maximize research value of every wild fish
sample —and even offered to collect additional wild salmon samples for us if desired. Both Science and AMD will
use this acknowledgement to plan more detailed collaborative research for discussion at follow-up mtgs.

Some recent and pending publications under the Strategic Salmon Health Initiative were also discussed. In
particular, the finding that infection with Tenacibaculum maritimum and/or Moritella viscosa in Chinook, Coho
and Sockeye juvenile salmon are associated with poor body condition and potentially indicative of poor health
outcomes and subsequent returns. This finding is of relevance to industry and aquaculture management given
the relatively frequency of Tenacibaculum and Moritella associated disease (mouth rot and winter ulcer
respectively) on farms, and a recent publication demonstrating elevated detections of these pathogens in water
collected outside active facilities.

The mtg ended with | suggesting we schedule regular exchanges/meetings — and there was support from all
participants for this and Zac agreed to resurrect a DFO-Industry advisory panel for this purpose.
Carmel

Carmel Lowe, Ph.D.

Regional Director Science | Directrice régionale des sciences

Fisheries and Oceans Canada | Péches et Océans Canada

Pacific Biological Station | Station bioclogique du Pacifique

3180 Hammond Bay Rd, Nanaimo, BC, Canada V9T 6N7

Carmel.Lowe@dfo-mpo.gc.ca

Telephone | Teléphone 250-756-7177

Facsimile | Télécopieur 250-729-8360

Government of Canada | Gouvernement du Canada
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From: MacDougall, Lesley

Sent: Thursday, November 12, 2020 3:42 PM

To: Lowe, Carmel; Webb, Allison

Subject: upcoming publications - SSHI Tenacibaculum

Attachments: ANNEX_A__MANUSCRIPT_RECORD_FORM_(MRF)_ et al 2020.docx;

submission - SCIENTIFIC REPORTS. pdf

Hi Carmel and Allison — we have submitted a Tab 7 today that (I hope) clarifies the chronology of pending SSHI
publications that are due in the next month or so.

To provide an earlier ‘heads — up’, the summary below details where Tenacibaculum results are expected, and
their (ballpark) chronology. (I will send a separate email for other SSHI publications expected in December that

don’t have Tenacibaculum as a focus)

Shea paper (ALREADY PUBLISHED)— on eDNA, noted that Tenacibaculum was the agent most closely
associated with active farms.

— paper on longitudinal farm samples (DECEMBER 2020) — shows Tenacibaculum is the agent
most associated with fish death (one of the results that will be noted; the paper is more broadly
focussed on distributions over time and between moribund and live sampled fish for all of the detected
agents in the longitudinal study). (MRF and manuscript are attached)

(no manuscript yet — publication next FY) — modelled association between Tenacibaculum risk
in sockeye and proximity to active salmon farms in Desolation sound. This paper and its modelling has
been discussed with Zac; is including treatment data for Mouth Rot in his models at Zac's
recommendation. For now he’s looking at sockeye alone and may do further papers with other spp — but
not right away.

Tenacibaculum association with survival and relative weight will come out in publications later (no
manuscripts yet, next FY — current timeline unknown). —sockeye; Art Bass — Chinook, coho.

- potential paper on detection of Tenacibaculum and relative weight of farmed salmon (in
very early planning stages;)

Lesley Macbougall

Division Managet, Aquatic Diagnostics, Genomics & Technology / Division des diagnostics, la génomique, de la technologie aquatique
Fisheries and Oceans Canada / Péches et Qcéans Canada

Pacific Biological Station / Station Biologique du Pacifique

Nanaimo, B.C. V9T 6N7

Contact via Teams or (250) 668-5849

Lesley. MacDousall@dfo-mpo.gce.ca
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Descriptive multi-agent epidemiology on four Atlantic salmon farms.
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The rapid expansion of salmon aquaculture has resulted in large, dense domesticated salmon populations that are host to a
diversity of infectious agents. Infectious-agent surveillance and monitoring are critical to disease management in this
context. Screening of farm hosts can yield insight into the standing stock of infections, from which disease can arise; can
reveal patterns of infection that differ between live fish and dead fish, difficult to collect from wild populations; and can
elucidate risks associated with transfer between wild and farmed populations. We report results from a multi-year
infectious-agent screening program of four farmed-salmon cohorts in British Columbia, Canada. We employed high-
throughput gPCR to assess presence and load of a total of 58 infective agents (viruses, bacteria, and eukaryotes) in 2986
Atlantic salmon. Our analysis reveals temporal trends in agent levels, correlations among agent levels within hosts, and
agent-associated mortality signatures. Multiple agents, most notably Tenacibaculum maritimum, displayed higher
prevalence or gene-copy intensity in dead and dying salmon than in live-sampled salmon. We also report detections of
several agents only recently shown to infect farmed salmon in BC (Atlantic salmon calicivirus, Cutthroat trout virus-2) as well
as detections of agents thought to be restricted to seawater in freshwater hatcheries (Kudoa thyrsites and Tenacibaculum
maritimum) and a freshwater agent (Flavobacterium psychrophilum) in the ocean. Our results provide information for farm
managers, regulators, and conservationists, and suggest further work to elucidate patterns of disease and the risk of
transmission between farmed and wild salmon.
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’PLAIN LANGUAGE SUMMARY:

and the risk of transmission between farmed and wild salmon.

The rapid expansion of salmon aquaculture has resulted in large, dense domesticated salmon populations that are host to a
diversity of infectious agents. Infectious-agent surveillance and monitoring are critical to disease management and can
reveal patterns of infection. Farmed Atlantic salmon were sampled throughout the life cycle of four farmed-salmon cohorts
in British Columbia, Canada. We employed high-throughput gPCR to assess presence and load of a total of 58 infective
agents (viruses, bacteria, and eukaryotes) in 2986 Atlantic salmon. Our analysis reveals temporal trends in agent levels,
correlations among agent levels within hosts, and agent-associated mortality signatures. Multiple agents, most notably the
bacteria Tenacibaculum maritimum, displayed higher prevalence or gene-copy intensity in dead and dying salmon than in
live-sampled salmon. Two new viruses not known to infect farmed salmon in BC were also reported. Our results provide
information for farm managers, regulators, and conservationists, and suggest further work to elucidate patterns of disease
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were detected only sporadically. Importantly the study identified several agents showing differential
prevalence/abundance in live- and dead-sampled fish, the most notable of which was Tenacibaculum maratimus, the

agent on farms may reduce opportunistic outbreaks of disease.

This study utilized regular sampling of live and moribund salmon collected over the ocean production cycle of four farms to
elucidate patterns of infection for 58 infective agents over time. Importantly, it showed that several marine-transmitted
agents were detected prior to smolt release from hatcheries, possibly introduced when fish were being pre-acclimated to
marine-source waters, something industry may not be aware of. Furthermore, many agents known to cause disease were
present within farm populations throughout the production cycle, well before disease manifestation occurred, and others

causative agent of mouthrot, which affected all farms sampled. Further mitigative actions to reduce prevalence of this

ANY GEOGRAPHICAL SCOPE/REGION and (if applicable) SPECIES (to include common names):
British Columbia; Atlantic salmon

RELEVANT TO PROGRAMS, PROJECTS, ACTS, INITIATIVES, ETC. (please identify):

salmon

Fisheries management, Strategic Salmon Health Initiative, Fish Health, Response to Cohen, climate change impacts on

ADDITIONAL INFORMATION OF IMPORTANCE:

between fish farms and wild salmon populations were a key research objective of the SSHI. Together they need to be
carefully reviewed and considered by managers
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Descriptive multi-agent epidemiology via molecular screening
on Atlantic salmon farms in the northeast Pacific Ocean

Running title:
Multi-agent epidemiology on salmon farms
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Abstract

Rapid expansion of salmon aquaculture has resulted in high-density populations
that host diverse infectious agents, for which surveillance and monitoring are
critical to disease management. Screening can reveal infection diversity from
which disease arises, differential patterns of infection in live and dead fish that are
difficult to collect in wild populations, and potential risks associated with agent
transmission between wild and farmed hosts. We report results from a multi-year
infectious-agent screening program of farmed salmon in British Columbia, Canada,
using quantitative PCR to assess presence and load of 58 infective agents (viruses,
bacteria, and eukaryotes) in 2931 Atlantic salmon (Salmo salar). Our analysis
reveals temporal trends, agent correlations within hosts, and agent-associated
mortality signatures. Multiple agents, most notably Tenacibaculum maritimum,
were elevated in dead and dying salmon. We also report detections of agents only
recently shown to infect farmed salmon in BC (Atlantic salmon calicivirus, Cutthroat
trout virus-2), detection in freshwater hatcheries of two marine agents (Kudoa
thyrsites and Tenacibaculum maritimum), and detection in the ocean of a
freshwater agent (Flavobacterium psychrophilum). Our results provide information
for farm managers, regulators, and conservationists, and enable further work to
explore patterns of multi-agent infection and farm/wild transmission risk.

Keywords
marine disease, aquaculture, salmon farming, Salmo salar, infective-agent
screening, Biomark™, high-throughput RT-PCR, next-generation sequencing
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Introduction

The recent rapid pace with which marine organisms have been domesticated ! has
elevated concern about diseases of cultured aquatic organisms 2. As with
agriculture before it 3, aquaculture alters disease dynamics through densification of
host populations and provision of novel transmission pathways, impacting both
cultured and wild species *. As global demand for seafood continues to grow, wild-
capture fishery production has plateaued *°, and disease threatens to halt the growth
of the aquaculture industry in some parts of the world ¢. Understanding infection
and disease patterns in aquaculture is critical for the industry, human food
production, and wild species alike.

Atlantic salmon (Sa/mo salar) aquaculture, increasing globally since the 1970s and
now dwarfing wild Atlantic salmon capture ’, has struggled with disease since its
inception & Several high-profile cases, among them those of parasitic sea lice,
infectious pancreatic necrosis virus, and infectious salmon anemia virus, have
impacted the industry and at times imperilled sympatric wild salmonids *!!, While
government disease regulations vary among jurisdictions, the salmon-farming
industry has become dominated by a few large companies that exploit economies of
scale '?, creating the potential for rapid improvements in disease management
through corporate policy. Thus, lessons learned in a given salmon-farming region
hold promise for other regions. Disease management in practice, however, does
not always realise this potential 13,

Studying infectious agents in an aquaculture setting is important for multiple
reasons.

First, effective disease management on salmon farms requires an understanding
not only of acute disease outbreaks but also of chronic disease and sub-clinical
infections involving potential disease agents. Such low-intensity infections may
create production challenges, without posing an overall risk to farmed or wild
population viability, but may also constitute standing populations from which more
virulent strains can evolve, as in the case of infectious salmon anemia virus .

Second, farm studies can yield valuable information about how infections play out
within populations. Although natural mortality in wild salmon is often upwards of
90% '°, marine predators, like many of their terrestrial counterparts ¢, preferentially
select parasitized and diseased prey 719, Mortality in wild fish is thus rarely
observable ® as dying fish either drop out of the water column or are quickly
consumed by predators. Open-net salmon farming, allowing free-flow of water with
the surrounding marine environment, offers the potential to understand disease
progression and associated mortality in a semi-natural setting but with an almost
complete absence of predators.

Third, farm studies promise insight into infectious agent exchange between wild and
farmed fish. The interface between wildlife and livestock presents a nexus for
shared 22! and emergent ?? infectious disease. In a wildlife/livestock disease
context, surveillance and monitoring for disease-agent presence, prevalence, and
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infection intensity are critical for disease management in both wildlife and livestock
2223 Relevant considerations include the speed with which farmed fish become
infected, infectious agents’ presence as acute or chronic infections, and
correspondence between infectious agents and seasonal patterns of wild-fish
migration.

While captive populations offer opportunities for improved understanding of
infection and disease, few studies have been undertaken to determine the infection
status of farm populations outside of mortality events or to determine the
differential patterns of infection between live and moribund fish. By focusing solely
on diagnostics of dying fish, we limit our understanding of infection progress and
resulting pathogen release, a precondition for subsequent infection, or the role of
co-infection in disease development. Moreover, if we are concerned about
biosecurity and the risk of pathogen exchange among farms and between farmed
and wild salmon, infection levels in the population as a whole, rather than solely in
dying fish, will provide a more accurate assessment of transmission risk.

We report findings from a multi-year, multi-infective-agent monitoring program 24,
focused on farmed Atlantic salmon in Pacific Canada. This work forms part of a
broader research effort using next-generation sequencing in pathogen discovery,
followed by high-throughput genetic screening techniques, )developed in parallel
and first reported for the human-health field #) to monitor infective agents in
multiple salmon populations 24, Here, we focus on results from a research-
directed screening program, conducted at regular intervals on four Atlantic salmon
farms throughout their production cycles. We characterise time series for dozens of
infective agents, identify agents associated with mortality, and provide information
for future epidemiological study.

Materials and Methods

Four cohorts of farmed Atlantic salmon (in BC's Fish Health Zones A3.2, A3.3, and
A3.4; Figure 1, Table 1) were sampled repeatedly throughout their marine
production cycles, from ocean entry to the onset of harvest. Both live individuals,
after euthanisation, and recently dead or dying individuals were sampled. Tissue
from each sampled fish was genetically assayed for 47 different infectious agents
(including viruses, bacteria, and metazoans; Table 2). After field sampling and
genetic workup, we fit descriptive statistical models to genetic prevalence and
intensity time series for individual agents. We modelled temporal trends, calculated
agent correlations and overall infection burdens, and looked for differences between
live and dead/dying fish.

Ethics statement

All work with animals was performed according to the Canadian Council on Animal
Care's (CCAC) Guide to the Care and Use of Experimental Animals, and project
protocols were approved by the federal department of Fisheries and Oceans Canada
(DFO) through its Pacific Region Animal Care Committee (Animal Use Protocol
Number: 13-008). Live-sampled fish were euthanised via overdose of tricaine
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methanesulfonate (Syndel laboratories Ltd., Nanaimo BC, Canada). All tissue
samples involved were collected under a Material Transfer Agreement between the
BC Salmon Farmers Association and Fisheries and Oceans Canada.

I S—
0 100 200 300 km

Figure 1. Atlantic salmon-farm locations (points) for the four cohorts from
which samples were collected for this study, in relation to Fisheries and
Oceans Canada’s Aquaculture Management Zones (2-1 through 3-5). For each
farm location, labelled x.y, x indicates a cohort of salmon (1 through 4) while y
indicates successive locations of that cohort: 0 - freshwater hatchery, 1 & 2
(in some cases) - sequential saltwater net-pen locations.

Data series
Infectious-agent data

Farm schedule and sample collection

Of the four farm cohorts in the study, two entered the ocean in the spring, and
another two entered in the fall (Table 1). Each of the two salmon-farming
companies involved, Cermaq and Marine Harvest (recently renamed MOWI) Canada,
granted access to one spring-entry and one fall-entry cohort. Two of the cohorts
were transferred between farm locations approximately halfway through their
respective production cycles (Table 1).

For each cohort, live fish were sampled at an approximate rate of 30 individuals
every two weeks for the first five months, and 20 individuals per month thereafter
until harvest. At each sampling visit, up to 20 dead or dying (moribund) fish from
across the farm site were also sampled. For each of the two fall-entry cohorts, fish
were also sampled in the respective hatcheries, with approximately 100 juvenile
fish sampled prior to vaccination, and approximately 100 sampled post vaccination.
Company veterinarians selected a single net pen per site visit from which to sample
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live fish, and rotated their selections to reduce handling stress among pens.
Industry constraints meant that dead and dying fish from certain mortality or
disease events were unavailable, in some cases resulting in reduced dead/dying
samples in months with elevated mortality.

Each sampled fish was euthanised if living and then dissected for gill, liver, kidney,
heart, and brain. Dissections were conducted with separate external and internal
tools (2 full sets) for each fish, and tools were not re-used during the sampling
events. Following their use, tools were treated to a regime of water, bleach, water,
ethanol, and flame. Fish were dissected using aseptic technique one fish at a time
into individual tubes or RNAIlater that were closed and sealed once tissue was
placed inside. Sampled tissues were held at 4°C overnight then stored at -80°C
until laboratory analysis. After each individual fish was dissected, the operating
theatre was completely broken down and waste removed from the dissection area.
The surfaces were wiped with bleach and then 70% ethanol and a new dissection
theatre assembled with fresh gloves, new outside and inside tools, and tubes. Full
dissection kits were assembled for each farm site, and following each site visit the
entire kit was sterilized.

Laboratory analysis

We used a Fluidigm BioMark™ HD microfluidics-based qPCR platform, developed
and validated for salmon infective-agent monitoring *#%*, to screen samples for viral,
bacterial, and eukaryotic agents known to infect and potentially cause disease in
salmon worldwide. The BioMark™ platform employs assays designed to assess
presence and concentration of specific targeted nucleic acid sequences, and is
sensitive to between one and three sequence copies per test volume %, The data
we report are estimates of the number of target gene copies per pL of nucleic-acid
solution, extracted from mixed-tissue homogenates and standardised to a fixed
total nucleic-acid concentration (see Supplemental Information). We did not
attempt to relate gene copies directly to infective-agent numbers, as such work was
outside the scope of our study.

Substantial measures were taken to maximise data quality. We used a house-
keeping gene assay to gauge sample quality and to ensure that nucleic acid
degradation had not occurred. Each assay for an infectious agent was run in
duplicate for each sample. Analytical sensitivity and specificity, and assay
repeatability of the BioMark™ platform have been previously evaluated %*.
Extraction (DNA and RNA) and analysis protocols are described elsewhere 2*2?® and
we provide details in the Supplementary Information. Critically, we ran a series of
negative controls to minimise false-positive results: negative extraction controls on
RNA extraction plates, negative cDNA controls and no RT controls for the cDNA
step, negative STA and no primer-STA controls for the specific target amplification
step, and a blank buffer at the time of chip loading. We did not apply a limit-of-
detection cutoff to the data we analysed, but we did discard results for which
duplicate tests run on the same sample disagreed with respect to presence of an
agent. We considered successful tests to be those without evidence of control cross
contamination, poor amplification curves, or low housekeeping gene signals, and we
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discarded results from unsuccessful tests, while retaining successful results for
other tests run on the same sample, as appropriate.

Laboratory screening occurred in two main phases. Initially, we screened 933
mixed-tissue samples for a suite of 47 agents (status “known"” in Tables 2 and 3).
Some of the corresponding results have been reported elsewhere ?’, In subsequent
screening, we omitted eleven of the initially known agents (Table 2), which
displayed very low prevalence or were not detected at all. In their place during the
second phase of screening, we tested for eleven additional viruses, which had not
been discovered at the time of the initial experimental design 2%2° (status “new" in
Table 3). Of these agents, two - Atlantic Salmon Calicivirus (ASCV) and a recently
sequenced variant of Cutthroat trout virus (CTV-2) - displayed high prevalence. To
fill in the time series and enable analysis, we re-assayed 215 mixed-tissue samples
for ASCV and CTV-2, and assayed a further 16 samples that had not previously had
mixed tissues successfully assayed (231 fill-in samples in total), using the Applied
Biosystems 7900HT platform. We chose these fill-in samples to maximise temporal
representation across farms, and we did not consider their status with respect to
other agents during selection.

Statistical analyses

We analysed agent data to assess how apparent infection patterns changed over
the course of a cohort's grow-out period, in relation to season, and between live and
dead fish. We further analysed multi-agent infectious burden and how agent levels
were correlated across hosts.

We note that agent data exhibit sampling bias, because disproportionately few
samples were available from high-mortality periods due to farm constraints, and we
did not known if, or how often, live fish were sampled from pens with elevated
mortality. As a result, we do not attempt to relate infectious-agent levels to on-
farm mortality levels.

Single-agent time series

To describe patterns in disease-agent time series from the four focal Atlantic-
salmon farm cohorts, we fit generalised additive models *° to single-agent data.
GAMs provide flexible functional forms able to capture epidemiological patterns akin
to those described by susceptible-infected-recovered (SIR) models, although they
do not share a mechanistic basis.

For each agent with sufficient detections, we fit models to prevalence and intensity
responses. We define agent prevalence as the proportion of successful tests with a
positive detection, and we define agent intensity as the number of gene copies (the
“load”) in a sample with a positive detection. First, we fit models of agent
prevalence to detection/non-detection data, assuming a binomial response and logit
(log-odds) link function. Second, for the samples in which we detected a focal
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agent, we fit models of average infection intensity to log-transformed copy-number
data, assuming a normal response and linear link function. We incorporated four
predictor components in our models: 1) a smooth function of the number of days
since ocean entry, parameterised with a cubic-spline basis and allowed to differ
among cohorts; 2) an additional smooth function of the number of days since ocean
entry to account for differences between live and dead/dying hosts, again
parameterised with a cubic-spline basis and allowed to differ among cohorts; 3) a
scalar effect for each cohort; and 4) a smooth term with a cyclic cubic-spline basis
to account for consistent seasonal patterns across cohorts. In this way, models
could capture nonlinear trends over time, allowing for different patterns between
live and dead/dying fish, and among farm cohorts. For the prevalence models, we
used ten knots in the smooth terms for components 1) and 2), and four knots in the
smooth terms for component 4). For the intensity models, we included identical
model components, except that we reduced the number of knots in 1) and 2) to
eight, aiming to avoid overly flexible models for use with reduced sample sizes after
omitting non-detections.

In initial agent-prevalence model fitting, GAM fits in regions of the data with all-zero
or all-one responses yielded accurate response predictions but unreasonably wide
confidence intervals. We therefore used probability-integral-transform (PIT) residual
bootstrapping to estimate confidence intervals 3.

We used the mgcv package *? in R ** to fit GAMs.

Relative infectious burden
In addition to the single-agent time series, we modelled temporal changes in
relative infectious burden (RIB), a summary measure of agent loads within a given
host 34, For a infective agents assayed in n individuals, normalised RIB for individual
iis:

Xjj

j=1 a’mf”kx[xkjj'
where x; is infection load (copy humber) of for agent j in individual i. RIB has been
used previously to investigate responses to infection in Chinook salmon 3* and coho

salmon **, and it has been characterised in juvenile sockeye salmon 3,

(1)

In calculating RIB, we restricted our dataset to agents for which we had screened in
both phases of testing and detected at least five times, plus ASCV and CTV-2, for
which we had filled in missing results from the first round of testing (see above).
This resulted in RIB calculations based on eighteen infective agents (Table S1).

Agent correlations
To assess general patterns of coinfection, we calculated pairwise Spearman rank
correlations between assayed copy numbers for pairs of infective agents, data
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permitting, and between assayed copy numbers and the approximate numbers of
house-keeping-gene copies per L. House-keeping-gene copy number is relevant
because degraded host tissue should have a lower number of these gene copies.
Because gPCR involves a theoretical doubling of target-DNA copies per cycle, two
raised to the power of the negative corresponding Ct value is approximately
proportional to the number of target-DNA copies in an assay. In this case, we

deemed use of 2", ignoring the efficiency of the PCR reaction, to be acceptable,
given our use of the measure to calculate a rank correlation.

Results
Data series

infectious-agent data

We successfully generated infectious-agent data for a total of 2931 samples: 2504
from Atlantic salmon farms in the marine environment and 427 from freshwater
hatcheries. Of the successfully assayed samples, 2407 were live-sampled fish,
while 524 were opportunistically sampled dead or dying fish (160 moribund, 364
recently dead “fresh silvers”). Of the succsessful hatchery samples, 24 were from
dead fish and four were from moribund fish. We initially screened each sample for
47 infectious agents. After screening 933 samples, we replaced assays for eleven
extremely rare agents (Table 2) with assays for novel viral variants ?22?°; hence we
screened for 58 total agents across the set of samples, but no single fish sample
was subjected to every assay. In follow-up screening, we also screened 231 mixed-
tissue samples (215 of the initial 933 samples and 16 samples that had not had
successful assays previously) for ASCV and CTV-2, the two highest prevalence novel
viruses. Overall freshwater agent prevalence ranged from 0 to 39% and overall
saltwater prevalence ranged from 0 to 91%, with agents prevalent in freshwater
often rare in saltwater, and vice versa (Table 3).

Statistical analyses

Single-agent time series
We note, given the potential bias in the sampling during periods of elevated
mortality, that sample trends may not be representative of farm cohorts as a whole.

In the case of agents for which we had sufficient data to fit descriptive models,
prevalence time series generally exhibited one of four patterns: 1) an ephemeral
spike around the time of ocean entry followed by decline (Candidatus
Branchiomonas cysticola, Flavobacterium psychrophilum [Figure 2A], Vibrio
anguillarum, Vibrio salmonicida); 2) low, chronic prevalence, often with an
ephemeral marine spike (Facilispora margolisi, Ichthyophthirius multifiliis, Putative
Narna-like virus, Parvicapsula kabatai, Candidatus Syngnamydia salmonis [Figure
2B], Putative totivirus); 3) repeatedly fluctuating, substantial prevalence in the
marine environment (CTV-2, Parvicapsula pseudobranchicola [Figure 2C],
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Tenacibaculum maritimum); or 4) presence at low levels in freshwater, with
increasing prevalence after ocean entry, often to 100% (ASCV, Kudoa thyrsites,
Paranucleospora theridion, Piscine orthoreovirus [PRV; Figure 2D]). Figure 2 shows
exemplar model fits, with all model fits provided in the Supplementary Information.

Patterns of agent intensity in the available samples were not as well characterised
as those for prevalence, in many cases due to sparse data. For many agents,
intensity varied by five or more orders of magnitude across individuals and through
time. General trends for well-represented agents were: decline in CTV-2 intensity
throughout marine residence (Figure 3A); increase and then decline for PRV (Figure
3B) and P. theridion, both agents that increased in prevalence over time; and
substantially elevated but declining intensity for T. maritimum in dead and dying
fish (Figure 3C). In many cases, agents for which prevalence plateaued appeared to
exhibit an intensity peak at around the time that prevalence approached its
maximum (ASCV, K. thyrsites, P. pseudobranchicola, P. theridion, PRV;
Supplementary Information).

Multiple agents showed differences in prevalence or intensity between live and
dead/dying fish. We considered models to show statistically significant differences
if the confidence region for one sample category’s trend failed to contain the other
category's trend for a given farm over a given time window. Prevalence of F.
psychrophilum in dead/dying fish was elevated in-hatchery (Figure 2A), with
intensity also elevated in-hatchery for cohort 4. Intensity of K. thyrsites was
elevated in dead/dying fish for cohorts 3 and 4 (Figure 3D). Prevalence of the
putative Narna-like virus was elevated in dead/dying fish in cohort 4, although
intensities remained around a single gene copy (Figure S9). In fact, the putative
Narna-like virus was particularly prevalent in dead samples (11.9%), compared to
dying (1.5%) and live (0.3%) samples. Prevalence of P. pseudobranchicola was
reduced in dead/dying fish in cohorts 3 and 4 (Figure 2C). Both prevalence and
intensity of PRV were elevated for dead/dying fish shortly after ocean entry in
cohort 1 (Figures 2D, 3B). Prevalence of T. maritimum was variously elevated in
dead/dying fish, across cohorts, and intensity was also elevated (Figures 3C, S16),
especially in the first year of ocean residence; the latter being perhaps the most
striking difference across all agent time series. Prevalence of C. Syngnamydia
salmonis in dead/dying fish was consistently elevated (Figure 2B), but did not meet
our criterion for significance. Both ASCV and CTV-2 displayed elevated prevalence
and intensity in dead/dying fish in cohort 3, just after ocean entry (CTV-2 intensity
was also elevated for cohort 1 just after ocean entry; Figures 3A, S2, S4).
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Figure 2. Prevalence of Flavobacterium psychrophilum (Fl_psy; A), salmon gill chlamydia
Candidatus Syngnamydia salmonis (C_S sal; B), Parvicapsula pseudobranchicola (Pa_pse; C),
and Piscine orthoreovirus (PRV; D) in farmed Atlantic salmon throughout four production
cycles. Grey circles show prevalence in live fish on each sampling date, and black X's show
prevalence in dead/dying fish (symbol areas proportional to sample sizes). Curves indicate
mean predictions from a generalised additive model; blue and red correspond to live and
dead/dying fish, respectively (shaded areas show 95% confidence regions). Left-hand grey
region indicates freshwater hatchery residence, grey regions on x-axis indicate period of
transfer to another site, and vertical dotted lines correspond to January 1.
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Figure 3. Agent intensity of Cutthroat trout virus-2 (CTV-2; A), Piscine orthoreovirus (PRV-1;
B), Tenacibaculum maritimum (Te_mar; C), and Kudoa thyrsites (Ku_thy; D) in farmed
Atlantic salmon throughout four production cycles. Grey circles represent live fish, and black
X's represent dead/dying fish. Curves indicate mean predictions from a generalised additive
model; blue and red correspond to live and dead/dying fish, respectively (shaded areas show
95% confidence regions). Left-hand grey region indicates freshwater hatchery residence,
grey regions on x-axis indicate period of transfer to another site, and vertical dotted lines
correspond to January 1. Horizontal grey line indicates limit of detection (yielding ~90%
true positive rate) for respective gPCR assay run in duplicate. Note log scale.
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We present comprehensive results for all infectious agents in the supplementary
information (Figures S1 through S20).

375 Relative infectious burden
Relative infectious burden (RIB) did not show consistent temporal trends across all
four sets of samples (Figure 4). RIB in fish sampled from spring-entry cohorts
declined after their first autumn at sea, while RIB in fish sampled from autumn-entry
cohorts generally increased after first winter at sea. Cohorts 3 and 4 both showed
380 higher levels of RIB in dead and dying fish prior to their first winter at sea.

cohort 1

cohort 2

- 10%10®%10% 107

infection intensity (copy number)
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0 6 12 18 O 6 12 18

‘months since ocean entry

Figure 4. Relative infectious burden (RIB; see main text) multi-agent infection
metric in farmed Atlantic salmon throughout four production cycles. Grey
circles represent live fish, and black X's represent dead/dying fish. Curves

385 indicate mean predictions from a generalised additive model; blue and red
correspond to live and dead/dying fish, respectively (shaded areas show 95%
confidence regions). Grey region indicates freshwater hatchery residence,
grey regions on x-axis indicate period of transfer to another site, and vertical
dotted lines correspond to January 1. Note log scale.

390 Agent correlations
Correlations between infective-agent copy number estimates across all samples
ranged from -0.39 (between P. theridion & C. Branchiomonas cysticola) to 0.65
(between PRV & ASCV). Most correlations were low, and 95% of correlations had an
absolute value less than 0.25 (Figure 5).
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Figure 5. Spearman rank correlations between infectious-agent intensities in
farmed Atlantic salmon in BC, Canada throughout four production cycles. See
supplementary information for agent abbreviations. Lower left of plot and
lower legend indicate correlation values. Upper right of plot and right legend
indicate statistical significance of the correlations.

Discussion

We used high-throughput gPCR to screen for 58 infective agents in four Atlantic
salmon farm cohorts from British Columbia throughout their production cycles. We
measured presence and copy number for target genetic sequences, characteristic
of specific viral, bacterial, and eukaryotic agents, including several recently
discovered viruses 2%, known or suspected to cause disease in salmon. These
agents displayed various temporal patterns of prevalence and intensity, with
several displaying elevated levels in dead and dying fish.

The data and analyses we have presented provide a unique look into the
epidemiology of farmed salmon populations, and wildlife/livestock diseases
generally. No past studies have had access to multiple farmed-salmon cohorts,
throughout their production cycles, with the capacity to molecularly screen for a
large suite of infectious agents. Other work has reported agent data for dead-
sampled fish collected in BC as part of Fisheries and Oceans Canada's farm audit
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program 3’, but such analyses lack the time-series nature of the results we have
presented. To our knowledge, no other studies have provided such detailed,
comprehensive information for infective agents in domestic or wild populations over
time. This study, therefore, presents a substantial step toward effectively
monitoring shared wildlife/livestock diseases, made possible by cutting-edge
technology, as predicted previously .

While our findings offer specific insight to salmon farmers, aquaculture managers,
and those concerned with the disease ecology of sympatric wild salmon, we caution
that results remain correlative, and relevant patterns (e.g. apparent mortality
sighatures) require further investigation. Unfortunately, a lack of regular testing of
dead and dying fish (collection was opportunistic, at farms’ discretion) resulted in
potential for associated patterns to be obscured. Due to this potential bias in the
sampling design, we are unable to draw conclusions related to farm-level mortality
rates, but several agents showed patterns of note, including elevated levels in dead
and dying fish.

Agent patterns

Perhaps the clearest single-agent pattern - the elevated load of T. maritimum in
dead and dying fish (Figure 3B) - matches generally accepted patterns in
aquaculture. Induced tenacibaculosis can be responsible for substantial on-farm
mortality worldwide *%, and mouthrot resulting from T. maritimum in the east Pacific
causes substantial losses *. In our study, mouthrot was noted during veterinarians’
sample processing for cohorts one, three, and four in the months after ocean entry.
We note that elevated levels in dead and dying fish could represent the bacterium'’s
acknowledged role as an opportunistic pathogen 32, rather than a direct cause of
mortality. We also note the positive correlations between T. maritimum load and
that of a number of different agents (Figure 5), consistent with the view that T.
maritimum may facilitate co-infections #°. Given its high overall prevalence in fish
(Table 3), secondary factors - such as co-infections - might exacerbate infection
with T. maritimum, playing a role in mortality.

K. thyrsites intensity was elevated in dead and dying fish for cohorts three and four,
around the time they were transferred to their final marine locations (Figure S8). In
both cases, the cohorts finished their production cycles in farms on the central east
coast of Vancouver Island (Figure 1), a region in which the risk of K. thyrsites
infection is acknowledged to be high **. This myxozoan parasite is economically
important due to post-mortem myoliquefaction seen in infected fish, but it is not
considered a pathogen *%, and it is unclear why higher gene-copy levels would be
observed in dead/dying fish. K. thyrsites may merely replicate faster in stressed
fish (in this case due to transport). Our surveillance of pathogens did not include
skeletal muscle tissue, where K. thyrsites spores develop, but it did include heart,
which can be infected by the parasite **. We note that K. thyrsites was correlated
with PRV, with both agents known to infect muscle tissue (although red blood cells
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are the primary infective tissue for PRV). Follow-up histopathological investigation
may provide some insight into K. thyrsites distribution and any associations with
pathology or patterns of co-infection.

PRV, which is the causative agent of Heart and Skeletal Muscle Inflammation (HSMI)
* and has recently generated controversy in BC 2%?745 shows several patterns of
note. PRV prevalence increased to near ubiquity over time (Figure 2D), concurrent
with an increase, peak, slight decline, and then stabilisation of intensity (Figure 3B).
Although our perspective is limited to sampled fish, with a noted potential for bias,
the observed PRV trends were consistent across all four cohorts, and the intensity
patterns are consistent with previously reported dissemination, peak replication,
and long-term persistence phases of the virus within hosts ?4°. Past findings
suggest that PRV may induce an antiviral response in hosts that can protect them
against certain co-infections *¢*’. Perhaps counter to the generality of this claim,
PRV and ASCV exhibited the strongest load correlation out of any we observed
across our data set (Figure 4). ASCV was originally isolated from salmon with HSMI,
and was initially thought to play a role in the disease *¢. Other work has found no
relationship between ASCV and PRV infections or HSMI #°, In the case of a related
baitfish calicivirus, however, there is evidence that viral co-infection is linked to
disease manifestation *°, so further work is needed to tease these relationships
apart. In general, dead and dying Atlantic salmon in our study did not show
elevated prevalence or intensity of PRV, except shortly after ocean entry in cohort
one (Figures 2D, 3B). This mortality signature corresponds to the onset of lesions
diagnostic of HSMI in cohort one, which subsequently spread to affect the majority
of that farm population for most of a year ?’.

The gill chlamydia bacterium, C. Syngnamydia salmonis, showed a consistent trend
towards elevated prevalence in dead and dying salmon (Figure 2B). Observed
intensity was low, however, often averaging approximately a single copy (Figure
S15). Sequencing has validated past detections of this agent on the Fluidigm
BioMark™, and has also revealed SNP diversity within the primer-binding region,
resulting in potential underdetection (Miller et al. unpublished). Given a putative
mortality signature and the lack of prior epidemiological study of this recently
discovered agent **?, we would suggest further work on C. Syngnamydia salmonis.

Ephemeral mortality signatures appeared for several agents. F. psychrophilum was
clearly elevated in dead and dying fish in-hatchery, although we only had access to
two hatchery cohorts and cannot draw general conclusions. Intensity of both the
ASCV and CTV-2 were elevated in sampled dead and dying fish from at least one
cohort shortly after ocean entry (Figures 3A,52). Both viruses were also present in-
hatchery. The previously reported Cutthroat trout virus appears to be apathogenic
>3 in trout, and has been detected in Atlantic salmon °*. Little is known about the
novel variant for which we screened, although in situ hybridisation has revealed
that infection can be systemic and extensive in the brain (Mordecai et al. 2020). As
for the ASCV, associated pathology was found to be likely due to PRV contamination
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48 Extremely limited information about these two viruses, paired with our findings,

warrants further investigation (e.g. with histopathology and in situ hybridisation) to
determine if either virus is linked with pathology. As both these viruses were
detected in Chinook salmon (Mordecai et al. 2020), and considering their high
prevalence in Atlantic salmon farms, the potential risk they pose to wild Pacific
salmon populations should be a priority for future research.

Infectious agent levels overall, as measured by relative infectious burden, showed a
clear trend in smolts coming out of freshwater hatcheries for cohorts three and four.
There, infectious burden was much higher (in one case 10 000 times higher) in dead
and dying fish than in live-sampled fish. While the effect dissipated once fish
entered the marine environment, it is clear that hatchery fish are dying with - or of
- elevated levels of infection. The patterns we observed likely reflect the transition
from freshwater to saltwater, with a coincident shift in infective-agent communities
5, Smoltification has also been associated with immune depression *¢, and elevated
infectious burden around the time of ocean entry may reflect this. Where we had
dead/dying hatchery samples, however, infectious burden was elevated weeks
before ocean entry, hinting at the potential for problems in-hatchery.

Agent idiosyncrasies
Several agents showed unexpected patterns, or patterns that may be connected to
their particular biology.

The putative Narna-like virus, a recently discovered agent °, showed elevated
prevalence in dead and dying fish (Figure S9). This pattern was mainly due to over-
representation in dead-sampled fish, as we detected the agent in 13.2% of dead
fish, 1.6% of moribund fish, and 0.4% of live-sampled fish in saltwater. Given that
Narnaviridae, of which the putative Narna-like virus is a member, is thought mainly
to infect fungi *’, this virus may be associated with a fungal decomposer. This is
speculative, however, and recent genomic evidence from across taxa suggests that
the Narnaviridae may be much more widespread than previously thought 2,

Counter to the common trend, P. pseudobranchicola tended to be less common in
dead and dying fish than in live-sampled fish (Figure 2C), with dead fish, in
particular, tending to exhibit the lowest levels (results not shown). P.
pseudobranchicola primarily infects the pseudobranch *9, a structure near the gills
involved in oxygenating blood in the eye. Infection also occurs in tissue collected
for this study, especially gill ¢°, and we speculate that loads in dead fish could be
reduced due to myxospore release or degradation of delicate gill tissue after host
death. Given that we did not sample the pseudobranch, it is likely that our data
underestimates the load of this organism.

The sampling environments (freshwater or marine) of several detections were
unexpected. In particular, we detected K. thyrsites and T. maritimum (Figure 3C) in
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freshwater hatcheries, although these agents are considered marine species %2, It
is possible that these hatcheries introduced saltwater in the weeks before ocean
transfer, to prepare smolts for release. We also detected F. psychrophilum,
considered a freshwater bacterium °3, in marine net pens (Figure 2A). The
bacterium is known to survive in brackish water ¢, however, and this is not the first
time it has been detected in a marine setting 37,

Broader connections

Not all infective agents cause disease, and even agents that do can be present long
before - or long after - clinical symptoms. Our work presents only a piece of the
puzzle in what is a multifaceted, complex scenario of shared wildlife/livestock
disease in salmon aguaculture. The controversy surrounding PRV in BC, as an
example, illustrates this complexity. While conventional lab challenges using PRV
from BC sources have failed to reproduce in BC fish the extent of HSMI lesions
observed on Norwegian farms *%¢, work related to our study has been able to
identify and shed light on HSMI, and related jaundice/anemia in Chinook salmon, in
BC salmon farms 2%2?’, While we saw a putative mortality signature in one cohort
during this study, the normal course of PRV infection was not always associated
with mortality (e.g. Figures 2D, 3B). More work will be required to elucidate the
nuances of PRV infection, factors that induce associated disease, and possible
resultant mortality. A fruitful place to start would be to carry out sampling and
diagnostics of dead and dying fish in farms and pens experiencing elevated
mortality.
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