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Abstract

An increase in infections with two species of sea lice occurred on farmed salmon farthest up an inlet in the
Broughton Island area of British Columbia during the winter of 2005/2006. The increase in the chalimus stage started
at the end of November 2005 at a rate of 0.03 lice/day for Lepeophtheirus salmonis and 0.015 lice/day for Caligus
clemensi. The increase in the infection started at a time of high salinity and low sea surface temperatures with very
few gravid sea lice detected on the farmed fish. The mobile stages increased in early January about one month after
the increase in the chalimus stage. Gravid lice increased in abundance about the time the farmed fish were treated
with SLICE® in early February. This pattern of an increase in infection in the winter was similar in two nearby farms.

In January of 2008 the three farms in the study area were either treated with SLICE® or the fish were harvested.
Despite the reduced capacity of the salmon farms to produce sea lice, the juvenile stages remained abundant on
sticklebacks (Gasterosteus aculeatus) around the farms in February and March of 2008. Sticklebacks were heavily
infected with sea lice but were not a host of gravid lice. Trawl studies in the vicinity of the farms did not find an
abundance of hosts except for sticklebacks. Some of the infection on the sticklebacks could originate from a low level
of gravid lice on the farmed fish in the study area. However, we speculated that a major source of the winter infection
on the sticklebacks could result from the transport of infectious stages in the deeper water that flows into the area
as a consequence of the estuarine circulation. The source of these lice and the lice in the 2005/2006 study could be
natural or from untreated fish farms farther down the inlet or both. Continued research is needed to understand the

biology and population ecology of both species of sea lice in order to manage their production.

Keywords: Salmon farms; Sea lice; Broughton Island area; Winter
infection; Estuarine circulation

Introduction

Salmon farming in British Columbia is an important and
controversial industry. It is important because the industry provides
direct full time employment to about 2800 people [1] and is valued at
$406.1 million (cultured value in Canadian dollars in 2008) [2] which
may be compared to a value of $20.3 million for the commercial wild
Pacific salmon industry (landed value in Canadian dollars in 2008) [2].
Salmon farming provides employment in coastal communities and
it reduces the pressure on Pacific salmon (Oncorhynchus spp.) stocks
at a time when a warming climate is complicating the management
of wild Pacific salmon stocks [3]. Salmon farming is also part of an
aquaculture industry around the world that is supplying an increasing
world demand for seafood. It is controversial for scientific reasons and
in some cases for ideological reasons. In British Columbia, one major
concern is production of sea lice on farmed Atlantic salmon (Salmo
salar) and the impact these sea lice may have on the abundance of
juvenile Pacific salmon. The area that is at the centre of the controversy
in British Columbia is the coastal region along the eastern margin of
Queen Charlotte Strait (Figure 1). These waterways were commonly
known as the Knight and Kingcome inlets area. Recently, because of
the controversy over salmon farming, the same area has been identified
in relation to the large, centrally located Broughton Island. Thus, the
waterways maybe referred to as the Broughton Archipelago or as the
Broughton Island area [4], as we do in this paper.

There are two naturally occurring species of sea lice in British
Columbia waters that most frequently infect salmon. The salmon
louse, Lepeophtheirus salmonis is the most common species found
on the farmed salmon but Caligus clemensi is also abundant [5,6].
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Lepeophtheirus salmonis is found on salmonids and recently, on three-
spine stickleback (Gasterosteus aculeatus) [7]. Caligus clemensi was first
described in 1964 where it was observed to cause “significant damage”
to juvenile pink salmon (O. gorbuscha)[8]. C. clemensi is found on a
number of coastal fishes and is not specific to salmonids. It has been
reported on 13 species of fish including salmonids, but the parasite,
apparently, may attach to any species of fish inhabiting coastal waters

(8].

In recent years there have been about 26 salmon farms in the
Broughton Island area and 14-17 among them may be active [9]. When
Atlantic salmon smolts are added to the farms (at an average size of
160 mm) they are free of sea lice, having come from freshwater rearing
tanks. Eventually these farmed salmon may become infected with
one or both of these species of sea lice. Once the sea lice mature on
the farmed salmon, the resulting copepodids are potentially available
to infect juvenile pink and chum (O. kefa) salmon and three-spine
stickleback.
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We studied the sea lice infection cycle on three key salmon farms in
the Broughton Island area as part of an effort to understand how these
farms can be managed to ensure that they are not contributing to the
sea lice-associated mortality of juvenile Pacific salmon in a way that
substantially reduces the size of a population beyond natural levels of
variation. The farms in our study are located at the junction of Knight
Inlet and Tribune Channel (Figure 1). There are no salmon farms
farther up the inlet. There is, however, a major source of juvenile Pacific
salmon about 37 km up the inlet from these farms. The Glendale River
and spawning channel (Figure 1) has been the major producer of pink
salmon in the area since the mid 1990s, accounting for up to 80-90%
of the total adult population returning to all rivers in the Broughton
Island area in even numbered years and 40-50% in odd numbered years
(Figure 2). A spawning channel is a series of artificial channels that are
designed to let large numbers of Pacific salmon spawn in an optimal
habitat, resulting in a large increase in the survival of eggs. Escapement
is the term used for adult salmon that escape the fishery to spawn in
their natal river. Thus, the salmon farms in our study are the first farms
that most juvenile pink salmon in the area encounter on their route to
the open ocean. Chum salmon also spawn in the Glendale River and
other rivers in the area. Chum salmon are abundant but estimates of
their abundances are not known as they spawn later in the year than
pink salmon and are difficult to count. The Glendale spawning channel
is closed after the desired number of pink salmon enters the channel,
maintaining the use of the channel for pink salmon.

In 2005, 2006 and 2007 we studied the infection cycle of sea lice
on one (Sargeaunt Pass) of the three farms (Figure 1). In the winter of
2007 and 2008 we conducted a study to determine how the farms in
this area became infected. During this winter study in 2008, the three
farms (Sargeaunt Pass, Humphrey Rock and Doctor Islets) were treated
with SLICE® (emamectin benzoate) or had the fish removed so that sea
lice production on the farmed salmon in February and March 2008 was
greatly reduced. SLICE® treatments reduce approximately 90% of the
parasitic stages of sea lice after about three weeks [10-12] when added
to the feed for a seven-day period. In this paper we document how the
winter infection developed and propose how the farmed fish could
become infected.

Methods
Hook and line fish sampling - sargeaunt pass fish farm

Atlantic salmon from net pens at Sargeaunt Pass were caught by
hook and line and sampled for sea lice. A total of 5 fish from 4 pens
were sampled biweekly from April 2005 to February 2007. All fish were
taken off the hook without handling and landed directly into individual
plastic totes where they were killed with a blow to the head. All fish
were lifted onto a measuring board from the inside of the mouth,
reducing the possibility of removing parasites from the specimen. Sea
lice enumeration was conducted on both sides of the fish in regions
(head, dorsal, ventral and tail) described from [13]. Each individual
fish was examined by a trained and experienced person using a 10x
magnifying glass, necessary to locate and remove the small copepodid
and chalimus stages. If sea lice were found, they were removed from the
fish and put into labelled scintillation vials containing 70% ethanol. The
tote was then examined for the presence of lice that may have detached
from the host. Any loose lice were stored in the same labelled vial. The
tote was then thoroughly cleaned. The preserved sea lice were brought
back to the laboratory where the species and stage of development
was determined by an expert using the criteria described by Kabata
[14,15] and Johnson and Albright [16]. Sea lice abundance was
calculated and expressed as the number of sea lice per individual fish. A
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second sample of fish was examined by the staff of the fish farm. Their
samples included 20 fish from the same four net pens, but the fish were
examined after being anaesthetized using Tricaine-S (MS222, Syndel
Labs) and returned to the net pen [5]. Fish were seined within the net
pen and individually dip-netted into a solution of Tricaine-S. Each fish
was then examined for sea lice by an employee of the fish farm that was
trained to detect and identify sea lice. Each fish was examined on all
sides in a white, shallow, water-filled tote. Magnification was not used,
and copepodids were not recorded. Chalimus stages were recorded, but
not separated by species and gravid C. clemensi were included in the
category for mobile C. clemensi.

Survey of sea lice on adjacent two fish farms by farm staff

Monitoring of sea lice on Atlantic salmon was conducted at two

T
6 British

Columbia

Klinaklini

/ River

Pacific
an

Glendale

./ River &
spawning
Humphrey Rock channel

Doctor Islets

126 30W
|

Figure 1: Study area and location of fish farms in the Broughton Island area of
British Columbia. The X indicates the location of the sill at Hoeya Head east of
the study area in Knight Inlet.
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Figure 2: The percentage of all pink salmon produced in all rivers in the
Broughton Island area that enter the Glendale River and spawning channel.
The very high percentages in some years indicate that most juvenile pink
salmon in the Broughton Island area originated from the Glendale River and
spawning channel in the previous year. Information for 1999 was unreliable.
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adjacent farms (Doctor Islets and Humphrey Rock) in the Broughton
Island area at the junction of Knight Inlet and Tribune Channel (Figure
1) from 2005 to 2007 approximately biweekly. Twenty fish from three
pens were caught individually and dip netted into an anaesthetic bath
of Tricaine-S. Loose sea lice in the totes were identified and added to
the total count of sea lice per sampled pen. Upon recovery, the fish were
returned to their original net pens. The protocol used by the industry
to monitor sea lice was similar to the well-established procedures
used in Ireland and Norway of 20 to 30 fish from two to four cages
[17,18]. An independent audit of the procedures found no significant
differences between the farm estimates and the audit estimates in 28 of
32 comparisons in 2004 and 2005 [5].

Salinity, temperature and current measurements

Prior to March 2006, temperature was measured at the Sargeaunt
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Pass farm using an Oxyguard Handy MK III meter and salinity
measurements were made using a VISTA A365 refractometer. Prior to
use, the refractometer was calibrated using freshwater to give a measure
of 0. Measurements of salinity and temperature were made at depths of
0-1, 5 and 10 meters off the side of the fish farm float house. After March
2006, the salinity and temperature measurements were made using a
digital YSI salinometer. A calibration check for the dissolved oxygen
was done once a week using a HACH Kit. Salinity measurements were
made at 0.5 m increments ranging from 0 to 14.5 meters. Current
meters [19] were installed near the junction of Tribune Channel and
Knight Inlet in the winter of 2007/2008.

Trawl surveys

Three trawl surveys using chartered commercial fishing vessels

Date Number of L. salmonis abundance by stages C. clemensi abundance by stages
Fish Sampled  Cope-podid |Chalimus Pre-adult | Adult* Gravid Chalimus Pre-adult | Adult* Gravid

April 14/05 17 0 0 0 0 0 0 0 0 0
May 5/05 20 0 0 0.20 0 0 0.15 0 0.15 0
May 19/05 20 0 0 0 0.05 0 0.15 0.05 0.10 0
June 2/05 20 0 0 0 0.05 0 0.15 0.05 0.25 0.05
June 16/05 20 0 0.05 0.05 0.05 0 0.40 0 0.20 0
June 28/05 20 0 0 0.05 0.05 0 0 0 0 0
July 14/05 20 0 0.05 0.05 0.05 0 0 0 0 0
July 26/05 40 0 0 0.03 0.03 0 0.03 0 0 0
Aug 11/05 20 0 0 0.05 0.05 0 0 0 0 0
Aug 25/05 20 0 0 0.05 0.05 0 0 0 0 0
Sept 8/05 20 0 0 0.05 0.05 0 0 0 0 0
Sept 22/05 20 0 0 0.05 0 0 0 0 0 0
Oct 6/05 40 0 0.03 0.08 0.05 0 0.05 0 0.10 0
Oct 18/05 20 0 0 0.10 0.10 0 0 0 0 0
Nov 3/05 20 0 0.05 0.10 0.30 0 0 0 0 0
Nov 17/05 20 0 0.05 0.10 0.40 0 0 0 0.05 0
Nov 30/05 20 0 0.05 0.10 0.25 0.05 0.05 0.05 0.10 0
Dec 15/05 17 0 0.12 0.10 0.10 0 0.50 0.06 0 0
Jan 5/06 20 0 0.80 0.05 0.55 0 0.20 0.15 0.20 0.15
Jan 11-12/06 20 0.10 1.55 0.45 0.55 0.15 0.25 0.20 0.50 0.25
Jan 31-Feb2/06 50 0 2.04 2.90 1.60 0.02 1.28 0.44 1.00 0.10
Feb 9/06 20 0.05 1.90 0.37 4.10 0.10 1.25 0.15 1.20 0.35
March 8/06 20 0 2.80 4.25 5.80 0.65 1.20 0.15 0.40 0.80
March 22/06 20 0 1.80 0.70 3.30 0.65 0.50 0 0.20 0.15
April 20/06 20 0 0 0.60 0.90 0.10 0.35 0 0.10 0
May 4/06 20 0 0 0.25 0 0 0.15 0 0.15 0
May 18/06 20 0 0 0 0.05 0 0.15 0.05 0.10 0
June 1/06 20 0 0 0.05 0.05 0.10 0.20 0 0 0.05
June 15/06 20 0 0 0 0.20 0.05 0.05 0 0 0
June 29/06 20 0 0.05 0.10 0.10 0.05 0 0 0 0
July 13/06 15 0 0 0 0 0 0 0 0 0
Aug 14/06 20 0 0 0.10 0 0.30 0 0 0 0
Sept 7/06 20 0 0 0.05 0.05 0 0 0 0 0
Oct 5/06 15 0 0.07 0.07 0.13 0 0.07 0 0 0
Nov 2/06 15 0 0.07 0.33 0.07 0.07 0.27 0 0 0
Dec 19/06 10 0 0 0.10 0.60 0 0.10 0 0 0
Jan 17/07 10 0 0.30 0.40 1.00 0.60 0.20 0.10 0.70 0.10
Feb 13/07 10 0 0.20 0.70 1.50 0.40 0.40 0 0.50 0.10

* Adult sea lice counts do not include counts of gravid individuals

Table 1A: Sampling dates, number of fish sampled and the observed abundances and stages of sea lice (L. salmonis and C. clemensi) at the Sargeaunt Pass farm.
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were conducted in the area of the three fish farms (Figure 1) to
determine if there were fish in the vicinity of the farms that might
be a source of sea lice in the winter. One survey was conducted in
November of 2007 and one survey in each of February and March of
2008. The modified trawl net and the fishing and sampling procedures
have been described in Beamish et al. [20]. The trawl has an average
opening of approximately 14 by 32 m under normal fishing conditions
with a cod end mesh of approximately 1.2 cm square mesh. Trawling
began at daybreak and continued until after dark. Deep, mid-water
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and shallow sets were made. Sets were made at night to ensure that fish
that may not be present in the daytime were sampled. All sets were 30
minutes in duration at a speed of 5 knots. Once the net was on board,
the contents of the cod end were emptied directly into plastic tubs.
Catches were carefully sorted by species and individuals were counted.
All fish were handled by the head, to minimize the loss of sea lice. A
sub-sample of each species was examined for the presence of sea lice
using a dissecting microscope. The overall condition of the fish was
noted and the location of the sea louse on the fish was identified using

L. salmonis & C. clemensi L. salmonis C. clemensi

Date Fish Sampled Chalimus* Pre-adult Adult Gravid Preadult, adult, gravid
May 24/05 60 0.03 0.03 0 0 0
June 11/05 60 0.27 0.07 0 0 0
Jul 14/05 80 0 0.03 0 0 0
Jul 26/05 80 0.03 0.01 0.01 0 0
Aug 11/05 80 0 0.01 0 0 0
Aug 25/05 80 0.01 0 0 0 0
Sept 8/05 80 0.01 0.03 0.03 0 0
Sept 22/05 80 0 0.03 0.04 0 0
Oct 6/05 80 0.06 0.05 0.03 0 0
Oct 18/05 80 0 0 0.03 0 0
Nov 5/05 80 0.04 0.05 0.09 0 0
Nov 17/05 80 0.04 0.03 0.06 0.01 0.01
Nov 30/05 80 0.04 0.04 0.05 0.03 0.14
Dec 29/05 80 0.13 0.06 0.13 0 0
Jan 11-14/06 80 1.44 0.10 0.26 0 0.09
Jan 26/06 80 2.21 0.69 0.30 0.11 0.45
Feb 7/06 80 1.00 1.28 1.20 0.06 0.11
Feb 24/06 80 3.09 2.73 4.95 0.25 0.48
March 3/06 80 2.20 2.84 2.96 0.20 0.50
March 10/06 80 1.30 1.14 4.55 0.55 0.63
March 17/06 80 1.39 1.23 240 0.45 0.09
April 22/06 80 0.03 0.14 0.19 0.05 0.01
April 28/06 60 0.08 0.08 0.07 0.02 0
May 5/06 80 0.11 0.01 0.13 0.06 0
May 18/06 80 0 0.04 0.09 0.03 0.01
June 1/06 80 0 0.01 0.08 0 0.03
June 8/06 80 0 0.01 0.05 0.03 0
June 15/06 80 0 0 0.01 0.01 0
June 29/06 80 0 0.03 0 0.10 0
July 13/06 80 0 0.03 0 0.05 0
July 27/06 80 0 0.01 0.01 0.01 0
Aug 4/06 80 0 0 0.03 0.03 0
Aug 26/06 80 0 0.03 0.01 0.03 0.01
Sept 21/06 60 0 0 0.02 0.05 0
Oct 5/06 60 0 0.02 0.03 0.03 0
Nov 2/06 60 0.02 0.13 0.03 0.03 0.02
Dec 2/06 60 0.05 0.13 0.35 0.10 0.15
Jan 17/07 40 0.70 0.20 0.33 0.33 0.03
Feb 12/07 40 0.68 0.20 0.60 0.50 0.18

*Chalimus stages included L. salmonis and C. clemensi.

Table 1B: The sampling dates, numbers of fish sampled, and observed abundances and stages of sea lice (L. salmonis and C. clemensi) sampled by the staff on the

Sargeaunt Pass farm.
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the same methodology as previously described for the farmed fish (i.e.
head, dorsal, ventral and tail). If catches were small, all individuals in
the catch were examined for presence or absence of sea lice. Any sea
lice that were found were removed from the fish and put into a vial
containing 70% ethanol. Following the completion of the set, each
plastic tub was examined for loose sea lice. Any sea lice were preserved
in a separate vial. Identification of the species and stages were made in
the laboratory.

Samples of sticklebacks were frozen for analysis of stomach contents
for later laboratory analysis. Once in the laboratory, sticklebacks were
thawed and their stomachs were removed and placed in 5% formalin
in vials. Stomach contents of individual fish were then identified using
a dissection microscope, by an expert trained to identify copepod life
stages and other species commonly found in plankton.

Results
Sargeaunt pass fish farm

We sampled the Sargeaunt Pass fish farm 38 times from April 14,
2005 to February 13, 2007 (Table 1A). There were also 39 sampling
dates in which the farm staff sampled for sea lice (Table 1B). Juvenile
Atlantic salmon (180mm) were added to all net pens in mid-April,
2005. A major increase in sea lice infection started about 8 months
later in December 2005 (Figure 3A-Figure 3C). The general pattern
of infection was similar between our observations (Figure 3A) and
the farm observations (Figure 3B). The abundance of all stages of L.
salmonis and C. clemensi increased from 0.9/fish in mid December
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Figure 3: Sargeaunt Pass farm (A) The abundance of all species and stages
of sea lice from our study (solid squares). B) The abundance of all species and
stages of sea lice from the observations of the farm staff (solid circles). C) The
combined abundance of all species of all stages of sea lice (Panels A and B)
(our study and farm staff estimates) compared to the temperature (thick black
line) and salinity (thin black line) readings in the net pen area. The vertical
dashed line on all panels indicates when the fish were treated with SLICE®.
Note that temperature and salinity have the identical scale.
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A. Chalimus abundance
L. salmonis
2 4 (our study)

Abundance

1 4 B. Chalimus abundance
C. clemensi
(our study)
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2005 2006 2007

Figure 4: Sargeaunt Pass farm A) The abundance of the chalimus stage for L.
salmonis from our study. B) The abundance of C. clemensi from our study. The
vertical dashed line indicates when the fish were treated with SLICE®. The *
indicates when a sample was taken but no sea lice were found. Arrows indicate
when gravid lice were first observed.

2005 to 12.0/fish in February 2006. Fish were first treated with SLICE®
on February 10, 2006 (Figure 3A-C) and sea lice abundance declined
rapidly to 1.1/fish by mid-April 2006. In 2005, the estimated number of
fish in all pens in the Sargeaunt Pass farm ranged from approximately
570,000 to 680,000. Estimates of the number of fish in all pens in 2006
from January to November ranged between 730,000 and 740,000. Fish
in the farm were harvested from December 2006 to April 2007 with
virtually no fish remaining by June 2007.

In 2005, surface salinity gradually increased from a minimum of
8%o in August to over 30%o in early December (Figure 3C; Note that
the scale for salinity and temperature is the same). Salinity remained
at this level through to about early May 2006. Sea surface temperature
(SST) ranged from approximately 6.1°C in the winter to 12.0°C in the
summer. The daily SST averaged 7.1°C (SD=0.52) from November 2006
through to early April 2007 with very little variation (Figure 3C).

Chalimus stages

The species of the chalimus stage of sea lice were identified and
recorded in our study but not in the farm staff study, as they combined
estimates for both species of sea lice. There were small, irregular
infections of the chalimus stage of L. salmonis from April 2005 through
to the end of November 2005 (Figure 4A). A major increase in the
abundance of the chalimus stage of L. salmonis started in late November
and reached maximum levels from mid-January to early March 2006.
There were very few chalimus stages of L. salmonis found on the farmed
salmon for the rest of the year. There was a small increase in mid-
January of 2007.

There was a small initial infection of C. clemensi in May and June
2005 shortly after the fish were added to the farm, which did not
persist (Figure 4B). A major infection of C. clemensi started at the end
of November and reached the highest abundances in February. The
abundances of chalimus stages of C. clemensi declined shortly after the
SLICE® treatment in early February and virtually disappeared from
about mid-June 2006 to early October 2006 (Figure 4B). There was a
small increase in abundance beginning in early November 2007 that
persisted into the winter as a small infection.

A linear regression fitted to the increasing abundance estimate late
in 2005 and early in 2006 indicated that the beginning of the infection
of the chalimus stage of both species started about November 25, 2005
(Figure 5A, Figure 5B). The rate of increase of the infection of the
chalimus stage of L. salmonis (0.03 lice/day) was about twice as fast as
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for C. clemensi (0.015 lice/day). The combined estimate of abundance
of the chalimus stage of both species was lower using the farm estimates
than our estimates (Figure 5C) and the rate of increase was slower as
indicated by the slopes of the regressions. If data from our study and the
farm staff data are combined for both species, the estimated time of the
increase in the infection of the chalimus stage started about December
5, 2007 and abundance increased at a rate of 0.03 chalimus per day
(Figure 5C).

Abundance of mobile stages

There were very small infections of the mobile stage of L. salmonis
from late April 2005 until the end of December 2005 (Figure 6A).
Mobile stages increased rapidly in abundance in late December, with
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C) The rate of increase of the chalimus stage for both species of sea lice using
the estimates from our study (long dashed line), the farm staff estimates (solid
line) and the combined estimates using all data (short dashed line).
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Figure 6: Sargeaunt Pass farm A) The abundance of the mobile stage of L.
salmonis from our study. B) The abundance of the mobile stage of C. clemensi
from our study. C) The abundance of the mobile stage of L. salmonis from the
farm staff study. The vertical dashed line indicates when the fish were treated
with SLICE®. The * indicates when a sample was taken but no sea lice were
found. Arrows indicate when gravid lice were first observed.

the largest abundances occurring at the end of February and early
March 2006, immediately after the SLICE® treatment in February.
Abundances remained low until January 2007 when they increased to
approximately one half of the levels observed in January and February
2006. There were very small abundances of C. clemensi immediately
after fish were added to the farm in the spring of 2005, but no infections
of mobile stages were observed until late in 2005 (Figure 6B). The
samples collected by the farm staff recorded the mobile stages of L.
salmonis separately, but combined mobile and gravid stages for C.
clemensi. The samples collected by the farm staff for mobile stages of L.
salmonis showed an increasing abundance trend, similar to the trend in
our sample (Figure 6C).

Our data indicated that the infection of mobile stages of L. salmonis
began to increase about December 22, 2005 at a rate of 0.09 mobile sea
lice per day (Figure 7A). The abundance estimates of the mobile stages
of L. salmonis from the farm staff data were lower than our observation
up to early February 2006, resulting in a slightly later date of January
7, 2006 for the beginning of the infection (Figure 7B). A combination
of both data series identified December 27, 2005 as the date of the
increasing abundance of the mobile state of L. salmonis (Figure 7B).
Because the counts of mobile C. clemensi in the farm staft data included
gravid C. clemensi, we used only the data in our sample to estimate
the date when the infection started to increase. The increase in the
abundance of the mobile stage of C. clemensi occurred about December
14, approximately 8 days earlier than L. salmonis (Figure 7C). The rate
of increase was 0.02 mobile sea lice per day.

Gravid stages

There were no gravid L. salmonis in our samples until the end
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of November 2005 (Figure 8A). On November 30 we recorded an
abundance of gravid L. salmonis of 0.05 and it was not until January
11, 2006 that we again detected gravid L. salmonis (an abundance of
0.15). We did not detect gravid C. clemensi until January 5, 2006 at an
abundance of 0.15 (Figure 8B). The farm sampling recorded gravid L.
salmonis on November 17 at an abundance of 0.01 (Figure 8C). The
abundance was 0.03 on November 30, but no gravid lice were detected
in the farm sample on December 29 or the January 11-14 samples
(Figure 8C). The largest abundances actually occurred after the SLICE®
treatment. Small numbers of gravid L. salmonis occurred throughout
2006 with a large increase in mid-January 2007 (Figure 8C). In general,
the abundance estimates of gravid L. salmonis from the farm staff data
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Figure 7: Sargeaunt Pass farm A) The rate of increase of the mobile stage
of L. salmonis using estimates from our study. B) The rate of increase of the
mobile stage of L. salmonis using the farm staff study (solid line) and the
combined estimates using all data (short dashed line). C) The rate of increase
of the mobile stage of C. clemensi using estimates from our study.
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Figure 8: Sargeaunt Pass farm A) The abundance of the gravid stage of L.
salmonis from our study. B) The abundance of the gravid stage of C. clemensi
from our study. C) The abundance of the gravid stage of L. salmonis (our study
and the farm staff study combined). The vertical dashed line indicates when the
fish were treated with SLICE®. The * indicates when a sample was taken but
no sea lice were found. Arrows indicate when gravid lice were first observed.
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Figure 9: Sargeaunt Pass farm. The rate of increase of the gravid stage of L.
salmonis (solid line) and C. clemensi (dashed line) from our study.

were similar to our estimates (Figure 8C). Gravid C. clemensi were rare
after March 2006 and none were found in 2006 after mid-May (Figure
8B). There was a small number found in mid-January 2007. A linear
regression fit to our samples indicated that the increase in gravid sea
lice of both species started about late November and that the rate of
increase was about four times faster for L. salmonis than for C. clemensi
(Figure 9).

Sea lice abundance on the Humphrey Rock and Doctor Islets
fish farms

All net pens in the Humphrey Rock fish farm were stocked in April
2003 and in March 2004. The abundance of all stage of both species of
sea lice on fish at the Humphrey Rock fish farm (Figure 10A) increased
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in each of the winters of 2003/2004, 2004/2005, and 2005/2006. In 2004,
the fish were not treated with SLICE® until mid-May after the abundance
of all stages of both species reached 23.0 lice/fish. Treatments of SLICE®
in the other years were in early February and abundances declined after
the treatment through to the next winter. There was an infection in the
spring of 2004, immediately after the juvenile salmon were added to the
net pens. Following this infection, there were two subsequent infections
in the winters of 2004/2005 and 2005/2006. Fish were harvested in May
2005 and new fish added in September 2005. There were approximately
590,000 fish prior to harvesting and 710,000 fish in the pens in 2005.
The abundances of gravid L. salmonis in October, November and
December 2005 were 0.27, 0.43 and 0.37, respectively.

Following the introduction of Atlantic salmon smolts at the Doctor
Islets fish farm in April 2004, there was an increase in infections in the
winter of 2004/2005 and late in the year in 2005 (Figure 10B). Fish were
harvested in December 2005 and January 2006. Juvenile fish were added
to the net pens in the summer of 2006, with a sea lice infection starting
to increase on these fish in the fall (Figure 10B). The number of fish
ranged between approximately 550,000 and 580,000 during the study
period in 2005. There were no gravid L. salmonis recorded in farmed
fish in April and May 2005. The abundances of gravid L. salmonis in
June, July, August, September, October and November 2005 were 0.07,
0.12, 0.42, 0.08, 0.45 and 0.88, respectively.

Fish farm treatments in the winter of 2008

The three farms in the study area were managed in early 2008
to reduce sea lice levels on all the farmed fish. Sargeaunt Pass and
Humphrey Rock were treated with SLICE® on January 8, 2008. There
were approximately 655,000 and 680,000 fish on the Sargeaunt Pass and
Humphrey Rock farms, respectively from January to the end of March
2008. The abundance of gravid lice of both species declined from 7 in
mid-January and mid-February 2008 to 0 in mid-March 2008 on the
Sargeaunt Pass farm. At the Humphrey Rock farm, the number of
gravid lice of both species declined from 10 in mid-January to 7 in mid-
February 2008 and 0 in mid-March 2008. On the Doctor Islets farm all
fish were harvested by the end of January.

Trawl study and sea lice on stickleback in the study area in
2007 and 2008

On November 9, 2007, one set was made in the vicinity of the three
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Figure 10: The abundance of all stages of both species of sea lice on fish at
the A) Humphrey Rock farm and B) Doctor Islets farm.
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Trip Date Nov 9, 2007 February March 25-27,
27-29, 2008 | 2008
Number of il 29 29
S
_ﬁ%tmber of sticklebacks 3,850 1,377 2,464
ﬁfp_tured
umber of sticklebacks 175 176 412
_%an%g]ggf sticklebacks 81 125 248
i d
. salmonis
copepodid 0 0 0
chalimus 7 83 109
pre-adult 1 0 5
adult 0 0 1
gravid 0 0 0
C. clemensi
copepodid 0 0 12
chalimus 80 146 395
pre-adult 11 0 1
adult 4 3 8
gravid 0 0 0
Total  sea 103 232 531
L lice

Table 2: Mid-water trawl stickleback catch data in the Knight Inlet / Tribune
Channel junction on November 9, 2007, February 27-29, 2008 and March 25-27,
2008.

salmon farms (Figure 1). There were approximately 3,850 sticklebacks
captured and 175 were examined for sea lice. There were 81 sticklebacks
with sea lice, with an incidence of 1.1, a prevalence of 46.3% and an
abundance of 0.6. Most (77.7%) were the chalimus stage of C. clemensi.
There were a small number (14.6%) of pre-adult and adult stages of
C. clemensi and a small number (7.8%) of chalimus and pre-adult L.
salmonis (Table 2).

On February 27-29, 2008, 29 sets were made that captured 2972
fish (Table 2) of which 1,377 sticklebacks were captured and 176 were
examined for sea lice. There were 125 sticklebacks that were infected
with a total of 232 sea lice of all stages of both species. This represented
a prevalence of 71.0%, an incidence of 1.9 and an abundance of 1.3 for
the combined species and stages of sea lice. There were 83 L. salmonis
and 149 C. clemensi. Most C. clemensi (N=146) were in the chalimus
stage, however, there were 3 adults observed. All of the L. salmonis
(N=83) were in the chalimus stage (Table 2).

In March 25-27, 2008, there were 29 sets that captured 3,457
fish. Included in the catch were 2,464 sticklebacks of which 412 were
examined for sea lice. There were 248 that were infected with sea lice.
The prevalence, intensity and abundance of all stages of both species of
sea lice were 60.2%, 2.1 and 1.3. There were 115 L. salmonis and 416 C.
clemensi. Most (94.8%) of the L. salmonis were in the chalimus stage;
however, there were 6 mobile stages including one adult. The stages of
C. clemensi were also mostly chalimus (95%) with12 copepodid stages
and 9 mobile stages including 8 adults (Table 2).

Stomach analysis

The contents of the stomachs of 30 sticklebacks were examined
from the November 2007 catch and 74 in March 2008. Most of the
stomach contents were copepods (Figure 11). There were relatively
small numbers of amphipods, decapods (March sample only) and
euphausiids. About one quarter of the contents was too digested to
identify. There were no sea lice nauplii in any of the stomachs.

Other species in the trawl survey

Catches of all species of fishes in the February and March 2008 trawl
surveys are listed in (Table 3). Stickleback were the most numerous fish
in the catch in both surveys. No Pacific salmon were captured in the
February or March surveys or in the single set on November 9, 2007.
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Figure 11: The stomach contents of 30 stickleback captured on 9 Nov 2007 in
Knight Inlet on a trawl survey.
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Figure 12: Vertical profile of the observed Knight Inlet average flow (relative to
surface) from September 2007 to March 2008.

Knight inlet currents

The east-west current in Knight Inlet was measured near the fish
farms at 5.5 m, 34.5 m, 60 m and 95 m from September 2007 until
March 2008. For most of the study, the flow at 5.5 m was out of the inlet
(Figure 12). At 34.5 m, beginning in early November most of the flow
is into the inlet at about <20 cm/s. At 60 m and 95 m, the currents are
weak (<10 cm/s) but mostly flowing into the inlet (Figure 12).

Discussion

The rapid increase in the infection of sea lice in our study began in
the winter. The pattern of infection was similar in our sample and in
the samples taken by the farm staff. The pattern of infection was also
similar among all three farms in the study area. This indicated that the
sampling methods adequately documented the timing and magnitude
of the infection. The increase in the infection started in late November
with an increase in the chalimus stage of both species at a surface salinity
of about 30%. The increase in the rate of infection of mobile stages
followed in about four weeks. The timing of the increase in gravid lice
was difficult to identify but appeared to start in January even though
the regression indicated an earlier date of increase. The regression fit
to the gravid lice data probably did not represent the dynamics of the
infection because of the small sample. Inspection of the data indicates
that it is likely that the infection of gravid lice occurred about four to
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five weeks after the increase in the mobile stages. The largest numbers of
gravid lice occurred at the time of the SLICE® treatment which quickly
resulted in substantially lower abundances of sea lice on the farmed
salmon. A similar pattern of increase in the abundance of all stages of
both species of sea lice was reported by Brooks [21] for the Sargeaunt
Pass and Humphrey Rock salmon farms in the late fall of 2003. Brooks
[21] reported that the typical generation time of L. salmonis in the study
area was 106 days at a typical spring temperature (Figure 3) and 32 days
at a typical summer temperature (Figure 3). He also cited the studies
of Pike and Wadsworth [13] to show that the reduced surface salinities
that are typical in the study area in the spring and summer (Figure 3)
would reduce the development of the copepodid stage of L. salmonis.
Saksida et al. [5] interpreted the decrease in the levels of lice on farmed
fish in the summer to indicate that a re-infection of lice from within
the farm was unlikely because of the duration of generation times at

Date Species Number caught
February 27-29, Blackmouth eelpout (Lycodapus 7
2008 fierasfer)

Bocaccio (Sebastes paucispinis) 4

Brown cat shark (Apristurus 3

brunneus)

Eelpouts (Family Zoarcidae) 58

Eulachon (Thaleichthys pacificus) 447
Kelp greenling (Hexagrammos
decagrammus)

Myctophids (Family Myctophidae) 6
Northern smoothtongue
(Leuroglossus schmidti)
Pacific hake (Merluccius productus) 1
Pacific herring (Clupea harengus
pallasi)

Pacific lamprey (Lampetra
tridentatus)

Pacific spiny lumpsucker
(Eumicrotremus orbis)

Quillback rockfish (Sebastes maliger) 1

Ratfish (Hydrolagus colliei) 61
Shiner Perch (Cymatogaster

144
aggregate)
Snailfish (Family Cyclopteridae) 203

Spiny dogfish (Squalus acanthias) 105
Starry flounder (Platichthys stellatus) 3
Three-spine Stickleback

(Gasterosteus aculeatus) 1,377
Whitebait smelt (Allosmerus
elongatus) 144
2”;(;;“ 2527, Eylachon 91
Kelp Greenling 9
Northern smoothtongue
Pacific herring 31
Soft sculpins (Gilbertidia sigalutes) 825
Starry flounder 14
Spiny dogfish 14
Three-spine stickleback 2,464
Whitebait smelt 9

Table 3: Catch of all species of fish captured in the February 27-29, 2008 and
March 25-27, 2008 surveys in Broughton Island area.
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the summer temperatures. There were low abundances of gravid lice
observed in some samples from the three farms in the study area,
indicating that it is possible that some of the lice contributing to the
increase in the infection in the winter of 2005-2006 originated from
farmed fish. However, because gravid sea lice were rarely found on
the farmed salmon prior to the increase in the rate of infection of the
chalimus stage, and there were very few gravid lice on the Sargeaunt
Pass farm, we suggest that the major source of the infection at the study
site in the winter of 2005-2006 was from outside of the farm area.

An increase in the abundance of mobile L. salmonis occurs in the
winter on farmed salmon in some areas in the eastern North Atlantic
[22-24]. This may indicate that in addition to a source of infection in
the winter, the ocean conditions are also important. The rapid increase
in the infection in the winter, therefore, appears to be a combination of
a consistent supply of infectious copepodids, cooler temperatures and
suitable ocean conditions.

The trawl survey in the winter of 2007 and 2008 did not catch
any Pacific salmon. It is most likely that there were very few Pacific
salmon in the sample area at the time of the trawl survey in February
and March of 2008 as the net and the fishing method readily catch all
sizes of Pacific salmon in other areas [20]. Low abundances of juvenile
Pacific salmon in this area at this time would be expected because only
chinook and coho salmon would be in this area at this time and their
abundances in this area have been very low in recent years. Catches
of species such as Pacific herring (Clupea harengus pallasi) known to
host C. clemensi [6] were also small. The trawl survey in the winter of
2007 and 2008 did capture relatively large numbers of sticklebacks that
were heavily infected with the juvenile stages of both species of sea lice.
In March, 2008, the combined prevalence of 60.2% occurred at a time
when there were no gravid sea lice in the samples from the salmon
in the farms in the area. These farms had been treated with SLICE®
in January 2008 which would greatly reduce the production of viable
sea lice after approximately three weeks post treatment [10-12]. It is
possible that even low levels of gravid lice on the farms contributed to
the lice levels observed on the sticklebacks, but it is also likely that the
infection on the sticklebacks in 2008 came from a source that was not
in the immediate vicinity of these three farms.

We hypothesize that the diurnal vertical migratory behaviour
displayed by the L. salmonis copepodid [25] provides an opportunity
for the larvae to be transported by the deeper estuarine flow moving up
the inlet. Brooks [21] and Brooks and Stucchi [26] noted that the strong
surface currents in the study area could carry sea lice nauplii away
from the farm sites, particularly in the spring and summer. However,
as identified in the studies of Costello [27,28] and Gillibrand and Willis
[29], deeper, counter currents can transport nauplii farther into an inlet.
Also, the presence of a sill within an inlet can bring the deeper currents
to the surface [30,31]. The circulation patterns in Knight Inlet have been
extensively studied and modelled [32-34]. The estuarine circulation in
response to the flows from the Klinaklini River at the head of the inlet
and from other rivers draining into the inlet (Figure 1) results in surface
flows down the inlet with deeper compensating flows up the inlet. The
deeper flows appear to transport water up Fife Sound and Tribune
Channel rather than from the mouth of Knight Inlet [34]. The current
monitoring in the winter of 2007/2008 confirmed the observations of
these previous studies that the general circulation in the winter in this
area is estuarine, resulting in surface water flowing out of the inlet past
the farms and the deeper water flowing into the inlet. As the deeper
water flows past the study area and up Knight Inlet, it encounters a sill
at Hoeya Head (Figure 1) that is 63 m below the surface. Studies have
shown [30,31,34] that the sill could cause the deeper water to come
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close to the surface where it would be transported back down the inlet
and past the three salmon farms in this study.

Thus, we speculate that a possible source of the chalimus stages
that infects both the salmon in the farms in the winter and the resident
sticklebacks could come from sources seaward of the study area.
The hosts of the sea lice that produce these juvenile stages of sea lice
could be wild or untreated farmed salmon farther down the inlet or
other sources. It is possible that some of the C. clemensi originated
from Pacific herring as Pacific herring are known to transport large
abundances of sea lice into coastal areas when they spawn [6]. Winter
is the expected time that Pacific herring migrate from offshore areas
into coastal areas to spawn [35] and herring are known to spawn in the
Fife Sound - Kingcome Inlet area [36]. Another possible source of the
infection on the farmed fish might be the chum salmon that spawn in
the Glendale River from mid October until early November. The timing
of the spawning migration of chum salmon out of the ocean and into
the Glendale River is not clear, but it is possible that few chum salmon
remain in the ocean past mid November. Temperatures in the inlet at
this time are about 7°C which indicates that the combined nauplii and
copepodid stages could survive for about two weeks [21,37]. Because
the increase in the chalimus stages started in late November 2006 and
continued to increase through to mid January 2007, the infections in
December and later in the winter would not be from the returning
chum salmon.

A difficulty with the speculation of a seaward source of the sea lice
that infect the farms in the study area is that we have been able to find
only very small numbers of nauplii or copepodids of either species in
our plankton samples collected in the winter in vertical hauls in and
around the net pens and along the shore line (R.]. Beamish, unpublished
data). However, the sticklebacks in the study area continually become
infected with both species. Although stickleback appear to be an
excellent host for the juvenile stages of sea lice of L. salmonis and C.
clemensi [7], adult sea lice were rarely found on stickleback. This
indicates that stickleback are an index of a fresh infection, but are not
a major host for gravid sea lice and a source of planktonic copepodids
which appear responsible for most of the infections on the farmed
salmon reported here. We do not have estimates of abundances of
sticklebacks, but their abundances in the study area, as estimated from
the ship’s echo-sounder, could be in the hundreds of thousands or even
millions of fish. It is possible that stickleback become infected when
they search for and feed on copepod nauplii as indicated by the diet of
the fish we examined. Despite our inability to identify how they became
infected, it appears that sticklebacks are an effective indicator of the
abundances and distribution of juvenile stages of sea lice. Thus, studies
of the feeding behaviour of sticklebacks may be an excellent method
of studying the population ecology of lice nauplii. If a substantial
number of lice originate from farms seaward of the study area, then the
treatment of these seaward farms could minimize the winter infection
in the study area. Research needs to continue to identify the sources of
lice in the winter as part of any strategy to manage sea lice production
on the farmed salmon and to protect juvenile Pacific salmon during
their migration offshore.
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