DRAFT

Detection and distribution of significant clusters of Sea Lice

(Lepeophthericus salmonis and Caligus sp.) infestation from

samples of juvenile salmon and stickleback in the Broughton
Archipelago, Knight Inlet, B.C. 2003-2006 using a spatial scan

statistic (SaTScanTM).
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Introduction

Epidemiological researchers and Public Health professionals are often required to
identify clusters, or areas of unusually high or low risk of infection, for further study or
possible intervention, or to understand the underlying factors so that public health efforts
can be focused on high risk areas. Similarly the outbreak of caligid ectoparasites
Lepeophthericus salmonis and Caligus sp. commonly known as sea lice can be viewed as
an infection and hence rates and occurrence of the outbreaks are subject to sampling and
analysis. One method (the spatial scan statistic) appropriate to the identification of
possible clusters of infestation is applied to infection rates of the salmon-specific caligid
ectoparasite Lepeophthericus salmonis on out migrating juvenile Chum Salmon
(Onchorhynchus keta) and Pink Salmon (Oncorhynchus gorbuscha) and resident
Stickleback (Gasterosteus aculaetus) extensively sampled in the Broughton Archipelago
and Knight Inlet of British Columbia by DFO (Department of Fisheries and Oceans
Canada) from 2003 (Hargreaves et al, 2004) through 2006.

The Broughton Archipelago in British Columbia is a center for salmon
aquaculture with 30+ sea farm sites located predominantly in the western portion of the
chain (Figure 1). The Broughton and Knight Inlet also support large wild stocks of Chum
(Onchorhynchus keta) and Pink Salmon (Oncorhynchus gorbuscha) which are important
for both First Nations and commercial fisheries. Sea lice frequently infest farm salmon
and numerous studies have linked sea lice infecting wild salmonids with the presence of
sea farms (Tully and Whelan 1993, Costelloe et al. 1996, Todd et al, 1997, Mackenzie et

al. 1998, Tully et al 1999, Bjorn et al, 2001, Bjorn and Finstad 2002, Marshall 2003,
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Mortan and Williams 2004, Mortan et a/. 2004, Mckibben and Hay 2004, Penston et a/
2004, Carr and Whoriskey 2004, Krkosek et al. 2004). Strong concerns had previously
been raised (e.g. Morton 2003; PFRCC 2003) about sea lice potentially originating from
the numerous commercial salmon aquaculture farms located in the Broughton directly
and negatively affecting sympatric wild populations of Chum (Onchorhynchus keta) and
Pink Salmon (Oncorhynchus gorbuscha). Indeed, commercial sea farms and subsequent
lice infestation have been implicated in the collapse of Pink Salmon (Oncorhynchus
gorbuscha) populations in the Broughton (Morton and Williams 2004, Morton et al.
2004).

In response to these concerns, on February 20, 2003 the Minister of Fisheries and
Oceans Canada announced DFO’s Pink Salmon Action Plan that focused on the
Broughton Archipelago that included two major components: A marine monitoring
program (MMP) whose objective was to obtain samples of juvenile pink salmon
(Oncorhynchus gorbuscha) from the marine areas throughout the Broughton during the
early sea life period to allow determination of the incidence and severity of infection by
sea lice by location and time, and secondly, to regularly monitor the abundance of
Juvenile pink salmon at many locations during the early sea life period, to obtain
additional information about the migration routes of juvenile pink salmon in the
Broughton. While focused on juvenile pink salmon and their infection by parasitic sea
lice (Calagid copepods), many other species of fish were also captured and sampled.
Juvenile chum salmon (Oncorhynchus keta) were frequently found together in the same
locations throughout the Broughton and were captured along with juvenile pink salmon

(Oncorhynchus gorbuscha). Juvenile pink and chum salmon also showed similar patterns

PalermoV & Hargreaves B Page 3 2005/04/23

\\svbcvanfp01\Cohen-Comm\Personal_Drives\Science\B
rent Hargreaves\Email_001\Sea Lice 2008\

CAN181615_0003



of infection by sea lice (Jones er al., 2004). Extensive data and analyses for both pink
and chum salmon are presented in Hargreaves et al (2004) and Jones et al (2004). Due to
the large volume of samples collected in the 2003-2006 MMP very few samples of other
fish species have been fully analyzed in the laboratory, however, results were included
for stickleback (Gasterosteus aculaetus) as high infection rates for this localized species
was noted in the 2003 samples (Hargreaves et al/, 2004).

The focus of this paper is to examine the distribution of infection rates of sea lice
over time and space on migrating juvenile Chum (Onchorhynchus keta) and Pink Salmon
(Oncorhynchus gorbuscha), and resident Stickleback (Gasterosteus aculaetus) using a
spatial scan statistic (SaTScan"™) (Kulldorff 2003, 2005).

Three primary questions are asked:

1) Are there statistically significant clusters of unusually high infection

rates of sea lice in the sampling data for juvenile chum and pink

salmon, and sticklebacks?

2) If significant clusters are found, how are they distributed in time and
space?
3) If significant clusters are found, is there an association between the

location of the significant clusters and locations of operational sea
farms?

Methods

Data Sampling
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Data used in this analysis was collected from the 2003-2006 MMP sampling
program. The sampling methodology in the MMP is extensively described in Hargreaves
et al. (2004) and is repeated here.

The overall scope of the DFO marine monitoring program in was designed to
ensure data on juvenile pink salmon infection by sea lice were obtained over a broad area
of the Broughton. Geographically, 106 sampling locations were selected. These sites
included locations where pinks were captured as far away as practical from the salmon
farms, locations where the pinks were in close proximity to salmon farms, and also,
locations where pinks subsequently migrate through after passing by one or more of the
salmon farms. To achieve these objectives, fish sampling was conducted at numerous
locations within the Broughton (where most of the salmon farms were located) and to
obtain samples as far away as practical from the salmon net pen sites, fish sampling was
also conducted in Knight Inlet (Figure 1).

Knight Inlet is approximately 68 nautical miles long and the Klinaklini River
enters the ocean at the head of Knight Inlet. This means that juvenile pink and chum
salmon that originate in the Klinaklini River enter the ocean about 47 nautical miles
distant from the nearest salmon farm (located at Sargeaunt Pass). This was the farthest
distance that juvenile pink and chum salmon could be sampled that subsequently must
eventually migrate past one or more of the salmon sea farms located in the Broughton.
Another major stock of pink salmon originates from Glendale Creek, which enters the
ocean about halfway along Knight Inlet (29 miles from the head of Knight Inlet), or about

17.5 nautical miles from the nearest salmon farm site at Sargeaunt Pass.
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The specific sampling locations where chosen based mainly on visual inspection
of the area by boat during the first week of March, 2003, combined with knowledge of
the behaviour and migration patterns of juvenile pink and chum salmon. Six of the
sampling locations that were chosen were also based on advice obtained from two local
residents (Alexandra Morton and Billy Proctor, pers. comm.) regarding good locations
for sampling juvenile pink and chum.

Each sampling location chosen for the MMP was carefully identified to ensure
consistency in the sampling that was repeated every week. The latitude and longitude of
each location was initially determined using Global Positioning System (GPS) marine
navigation equipment. These data were written on the field data sheets used to record the
fish catches and also entered into the vessel navigation course plotters using standard
commercial computer software (Nobeltec Visual Navigation Suite). This position
information was subsequently used each week to confirm the location for each sample
obtained using the purse seine fishing gear in open water, or a beach seine on the shore.
In addition, each location where samples were collected on the shore using beach seine
fishing gear was also physically marked with both red spray paint (on the rocks or trees),
and red flagging tape. While every attempt was made to collect fish samples at exactly
these same locations every week, the precise position of some sets varied a small amount
(typically less than 50 meters) from week to week. This was necessary because the
variations in tide height, water currents, weather conditions, and logs, kelp debris and
exposed rocks on some beaches made these locations temporarily very difficult to

sample.
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Some sampling locations were also subsequently eliminated, changed or added.
A few sampling locations initially chosen during the first two weeks in March were
subsequently eliminated. After the second week in March all of the sample locations in
Zone A (near the head of Knight Inlet) were eliminated. This decision was made because
too much sampling time was wasted by the purse seine vessel travelling from Port
McNeill to the head of Knight Inlet each week. Although the Boston Whaler that was
used for beach seining could travel much faster, the heavy sea conditions frequently
encountered in Knight Inlet made it impractical and often dangerous to send the Boston
Whaler too far ahead of the seine vessel. After the second week in March a few other
sampling locations in both the Broughton and Knight Inlet were moved to new locations
as close as possible (usually within 0.5 km) to the previous locations when it was found
that the original locations could not be sampled under most conditions (e.g. at all tide
heights). Some additional sampling locations were also added during April — June as the
fishing operations and fish sampling procedures gradually became more efficient, which
allowed more time for additional sets to be made each week.

To facilitate data analyses and comparison of results between different locations,
each sampling location was numbered and the study area was divided into 11 “Zones”
designated by the letters A through K (Figures 2 and 3). The location of the boundaries
between these Zones was somewhat arbitrary but consistent throughout the study. For
Knight Inlet the zone boundaries were chosen to divide the entire length of the Inlet into
five sub-areas of roughly equal length. For the Broughton the criteria for choosing the
Zone boundaries was based more on the location of natural physical divisions between

major reaches and channels of water.
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Samples of juvenile salmon and other fish were collected using two kinds of
fishing gear: purse seines and beach seines. Both types of fishing gear have commonly
been used for more than 50 years to sample juvenile salmon in scientific surveys. Seines
were chosen because in the authors previous experience both these fishing gears allow
more gentle capture and handling of juvenile salmon compared to some other gear types
(e.g. trawl gear, troll gear, and gillnets) (e.g. Hargreaves ef al. 1983, 1988). Seines also
minimize the loss of scales from juvenile salmon and were also expected to eliminate or
greatly reduce the loss of any attached sea lice.

Purse Seining

Purse seining is a standard fishing method employed typically in near-shore and
coastal areas that is commonly used to capture both juvenile and adult salmon, and many
other pelagic fish species (e.g. herring) in deeper water but it can also be a very effective
method for capturing juvenile salmon in coastal areas when these fish are located in
deeper water (e.g. depth > 5 m) but are also still relatively close to shore. Further, purse
seining has also been used successfully to capture both juvenile and adult salmon in the
open ocean (e.g. Hartt 1966, Pearcy and Fisher 1990).

For purse seining the fishing net is stored on a large hydraulically-rotated “drum”
(spool) near the stern of the fishing vessel. To capture fish in a “circle set” the fishing
vessel slowly moves forward in a circle pattern while the net is simultaneously unwound
off the drum. The vessel circles completely around and when it reaches the end of the net
that first entered the water, this end of the net is secured onto the side of the vessel. At
this stage the net has enclosed a large body of water within the circle of the net, but the

bottom of the net is still open. The open bottom of the net is then completely closed off

PalermoV & Hargreaves B Page 8 2005/04/28

\\svbcvanfp01\Cohen-Comm\Personal_Drives\Science\B
rent Hargreaves\Email_001\Sea Lice 2008\

CAN181615_0008



by using the hydraulic “purse winch” to gradually tighten a “purse line”, which is a free
running rope that passes through metal rings that are attached at frequent intervals near
the bottom edge of the net. After the bottom of the net is closed off the net is ideally
shaped like a cup or “purse” and hence the name “purse” seining. The net is then
gradually spooled back onto the net drum until only a small portion of the net (known as
the “bunt”) still remains in the water alongside the vessel. This procedure gradually
forces any fish caught inside the net to be crowded into a smaller and smaller amount of
water. Finally all of the fish are forced into the bunt of the net alongside the vessel, where
they can be easily brought aboard the vessel and retained (e.g. in commercial fisheries) or
a sample taken and the rest of the fish released (e.g. in research programs). All of the
purse seine sets completed in the MMP were “circle sets”. No shore line was used and the
nets were always “closed up” immediately after setting the net (i.e. the net was not held
open to allow time for more fish to swim into the net before it was closed).

Three different purse seine nets were used for the DFO MMP in 2003. During the
period from 2 March until 11 April the purse seine net used for sampling in the
Broughton was 585 feet long and 54 feet deep. The stretched mesh size of the web in the
lead section of this net was 3.2 cm (1.26 inches) and in the bunt section was 1.9 cm (0.75
inches). A liner panel of smaller mesh was attached inside the bunt section and had a
stretched mesh size of 0.63 cm (0.25 inch). This lead section of webbing this net was
older and the sewn seams in the bunt section of the net were weak and required frequent
repairs. The corks on this net also provided bouyancy that was marginal, particularly in
strong water currents. Therefore this net was replaced with another purse seine net on 13

April 2003. This replacement net was 183 meters (600 feet) long and 13 meters (42) feet
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deep. The stretched mesh size was 2.54 cms (1 inch) in the lead section and 1.3 cms (0.5
inches) in the bunt section. This net also had a bunt liner panel identical to the previous
net, with a stretched mesh size in the bunt of 0.63 mm (0.25 inches) that was attached to
the inside of the bunt. These two purse seine nets used in the Broughton were very
similar in length and depth, and the mesh of the bunt liners was identical. Therefore it is
our opinion that it is very unlikely that the small differences between these two purse
seine would have significantly affected the catches of juvenile pink or chum salmon.

A third net was used for all purse seine sampling that was conducted in Knight Inlet.
This net was 274 meters (900 feet) long and 16.5 meters (54 feet) deep. The stretched
mesh size of the web in the lead was 3.2 cm (1.25 inches) and in the bunt was 1.3 cm (0.5
inches). A liner panel of smaller mesh was also attached to the inside of the bunt of this
net, and had a stretched mesh size of 0.63 cm (0.25 inches).

*****(Was similar equipment used for 2004-2006 ?— Check with Brent).

Several different vessels were used for purse seining in the MMP. All of these
vessel masters had extensive (15-35 years) prior experience as skippers of purse seine
vessels, although none had actually previously fished for specifically to capture juvenile
salmon.

Beach Seining

Beach seining was the second type of fishing method used to obtain samples of
juvenile salmon and other fish species in the 2003 MMP. Beach seining is a sampling
method that is commonly used to capture juvenile salmon during the early sea life period,
soon after the young salmon enter the marine environment. During this period juvenile

pink and chum salmon are typically concentrated in the shallow water very close to shore
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and capturing them by beach seining can be very effective. In both the Broughton and
Knight Inlet, sampling with a beach seine was done by three or four people wearing chest
waders, and using small open boats. Two Boston Whaler “Montauk” boats (17.5 and 18
foot lengths), each powered by a single 70 or 90 horsepower outboard motor, were used
for most of the beach seining. An 18.5 foot long rigid-hull inflatable (Hurricane) was
also used during March and as a substitute vessel when one of the Boston Whalers broke
down.

To sample fish with the beach seine the net was loosely piled by hand into the bow
of the small boats. At each chosen location the operator of the boat steered the boat
slowly, bow first, into the shore until a second person could safely step ashore or into
shallow water. This second person pulled this first end of the net ashore and then held
fast this end of the net. The boat operator then slowly backed up the boat away from the
shore, first perpendicular from the shore and then parallel to the shore line. As the boat
moved along the beach the rest of the net come gradually came off the bow of the boat,
usually without any assistance required from the people in the boat. As the last part of the
net went into the water, the boat operator sharply turned the bow of the boat towards the
shore and then slowly steered the boat directly into the shore until the third person could
safely step ashore or into shallow water. This third person then pulled ashore the end of a
long rope that was attached to second end of the beach seine net. The boat was then free
of the net and was steered away from the net in the water. The third person then
commenced to pull on the long rope until the second end of the net came ashore. Both
people on the shore then slowly moved closer together along the shore while also

continuing to steadily pull on their end of the net. Once the two ends of the net were
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close together (about 6-10 feet apart) most of the net was gradually pulled in by hand and
piled on the shore or in very shallow water. During this operation both the cork line and
lead line were pulled simultaneously on each side of the net. This eventually crowded any
fish caught in the net into the centre “bunt” portion of the net which had the smaller size
mesh. As the last roughly 20- 30 feet of the net was pulled in to the shore the lead line
was pulled slightly faster than the cork line. This resulted finally in the last section of the
lead line coming out of the water while some of the net and cork line still remained in the
water. When done correctly this caused the net to form a bag in shallow water in which
all of the fish were retained and enclosed by the net, but the fish still remain fully
submersed in water. All of the fish captured could then be easily removed from the net
and then retained, sampled or released. After the catch was removed the net was
manually piled back onto the bow of the boat and was ready for the next fishing
operation.

It should be noted that the term “beach seine” may be a bit misleading. Sand or
small stone beaches are rare throughout most of the Broughton and Knight Inlet area.
With sufficient experience, skill and determination, however, it is possible to capture fish
using beach seines at locations that commonly would not even be recognized as a
“beach”, including rocky shores and in some cases very steep shores or even shear cliffs.
Many of the locations that were regularly sampled using beach seines in the MMP in
2003 in both the Broughton and Knight Inlet were of these more rugged types.

The nets used for beach seining in both the Broughton and in Knight Inlet were identical.
Each net was 46 meters (150 feet) long and 3.7 meters (12 feet) deep, and was

constructed of three 15.2 meter (50 foot) long panels sewn together. The web in the 15.2
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m long panels at each end of the net had a stretched mesh size of 1.27 cm (0.25 inch).
The middle 15.2 m long “bunt” panel of each net had a stretched web size of 0.64 cm
(0.25 inch). A lead-filled rope (“lead-line”” was attached to the bottom edge of the net.
Corks (99 total) were attached at regular intervals to a rope (“cork line”) attached to the
top edge of the net and provided sufficient buoyancy to float the entire net under all water
current and weather conditions.

The purse seine vessels served as support vessels for the beach seining in both the
Broughton and Knight Inlet. Each purse seine vessel had a skipper and a minimum of
three additional crew members. The crew of the purse seine also conducted the beach
seining. The routine for a typical day was for the skipper and all the crew to complete a
purse seine set. Once the catch from this set was processed, a minimum of three of the
crew members would immediately depart the purse seine vessel in the seine skiff (Boston
Whaler) to go do a beach seine set at a location on the shore as nearby as possible to that
purse seine location. Each beach seine set took about 30 minutes to complete and in the
interim the skipper steered the purse seine vessel to the next purse seine set location.
After the three man crew completed the beach seine set and processed the catch they
caught up to the purse seine vessel with the faster Boston Whaler, and then all carried on
to complete the next purse seine set. This pattern of alternating purse seine and beach
seine sets continued all day. The skipper and all of the crew all slept and ate aboard the
purse seine vessels. The purse seine vessels were totally self-sufficient for an entire week
in the field. These vessels were re-provisioned in Port McNeill every Sunday afternoon,
departed from Port McNeill every Monday morning, sampled all week in either the

Broughton or Knight Inlet all week, and then returned to Port McNeill every Friday
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evening. To maximize time available for sampling and minimize running time the purse
seine vessels typically anchored in local protected waters each night close to wherever
the last set beach or purse seine set of each day was made.

The purse seine vessels also served as support vessels for the beach seining in both
the Broughton and Knight Inlet. Each purse seine vessel had a skipper and a minimum of
three additional crew members. The crew of the purse seine also conducted the beach
seining. The routine for a typical day was for the skipper and all the crew to complete a
purse seine set. Once the catch from this set was processed, a minimum of three of the
crew members would immediately depart the purse seine vessel in the seine skiff (Boston
Whaler) to go do a beach seine set at a location on the shore as nearby as possible to the
purse seine location. In the interim the skipper steered the purse seine vessel to the next
purse seine set location. After the three man crew completed the beach seine set and
processed the catch they caught up to the purse seine vessel with the faster Boston
Whaler, and then all carried on to complete the next purse seine set. The skipper and all
of the crew all slept and ate aboard the purse seine vessels. The purse seine vessels were
re-provisioned in Port McNeil every Sunday and were otherwise self-sufficient for an
entire week in the field. To maximize time available for sampling and minimize running
time every day the purse seine vessels typically anchored in local protect waters each
night close to wherever the last set beach or purse seine set of each day was made.

****(Need to make a statement here to indicate that the same procedures apply to the

2004-2006 sample seasons- Check with Brent)
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While the above procedures were applied to all the sampling years, the start dates, end
dates, and time frames were different for each year (Table 1).

*##%(Do we need to explain why this was so? — check with Brent)

Processing of fish samples

During the first two weeks of the MMP (2 — 14 March) in 2003 captured with either
a beach seine or purse seine gear were examined for sea lice in the field. For sets in
which small numbers of fish were caught (e.g. less than about 300), all fish were
transferred using small fine mesh dip-nets directly from the bunt of the net into one or
more five-gallon white plastic buckets filled with fresh seawater. For beach seining these
buckets of fish were then loaded into the small boat used for beach seining and taken
back to the larger purse seine vessel for processing. The transit time required to transport
the fish in the buckets back to the purse seine vessels was typically five to ten minutes.
Small numbers of fish caught with the purse seines were handled in a similar way: when
the bunt of the purse seine net was alongside the vessel and mostly “dried up” all fish
were gently removed using a long-handled dip-net and transferred directly into one or
more five-gallon white plastic buckets. Once the fish were in these buckets they were
anaethetised in the buckets by adding 1 to 5 mls of trimetasulfate (MS222), depending on
the volume of seawater in each bucket. Each fish was then individually examined by
manually picking it up and visually inspecting both sides of the fish to identify the fish
species and count any sea lice that were visible on the fish. Some fish were also
examined for sea lice under a dissecting microscope. The fork length (for salmonids) or
total length (for non-salmonids) of each fish was then measured. During this process a

random sample (e.g. every 10th fish that was examined) of 30 fish of each species was
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retained by placing each fish in an individual plastic Whirl-Pak® or Zip-Lock® bag,
depending on the size of the fish. After removing the sample of 30 any remaining fish
were placed in additional plastic five-gallon buckets filled with fresh seawater until they
recovered from the anaesthesia and then released back into the ocean. The samples of fish
that were retained in plastic bags were labelled and immediately placed in a nine cubic
foot 120 volt A.C. chest freezer.

The procedures described above that were used to process the fish captured in the
MMP were substantially modified beginning in mid-March. By the end of the second
week of field sampling it became apparent that large catches of fish could not be fully
processed in the field without severely slowing down the sampling program. In addition,
during the first week of March the lead author invited Alexandra Morton to observe the
sampling protocol that was being used in the MMP. She expressed concerns that the
procedures that were being used to sorting, transport, handle and sample juvenile salmon
in the field might result in some motile sea lice being lost. As a result, this protocol of
measuring fish and examining them for sea lice in the field would be terminated. A new
procedure was implemented, for both beach seine and purse seine catches, in which fish
were placed into individual Whirl-Pak® or Zip-Lock® bags directly from the bunt of the
nets. Once the net had been dried up sufficiently to concentrate the fish in the bunt,
samples of up to 30 fish of each species were removed directly from the bunt, one fish at
atime. Each fish in the bunt was captured alive into an individual sample bag. Care was
taken to avoid or minimize handling each fish prior to capturing it into the individual
sample bag. The fish that were individually bagged were also chosen as randomly as

possible from the entire catch in the net. However, it should be recognized that this
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sampling procedure was not truly random (e.g. removing all fish caught one fish at a time
and retaining every 10™ fish), especially when catches were large. Capturing each fish
into an individual bag plastic bag typically resulted in a small amount of seawater also
being enclosed by the bag. To minimize the time required to freeze the fish each bag was
pricked several times with a sharp needle to allow the seawater to drain out of the bag.
The diameter of the needles was much smaller than the size of even the smallest motile
sea lice, to ensure no sea lice that might fall off the fish would be lost through the holes in
the bags. The non-motile stages of sea lice are smaller (down to microscopic size) but
are firmly attached to the fish with a strong filament. It was assumed that these younger
and smaller stages of sea lice would remain attached to the fish and therefore not be lost
through the holes in the bags.

The samples of fish that were retained in plastic bags were labelled and immediately
placed in a nine cubic foot 120 volt A.C. chest freezer aboard the purse seine vessels.
These samples remained in the freezers aboard the purse seine vessels until the end of
each week. On Friday each week the fish samples were transferred from the freezers on
the purse seine vessels into large “Coleman” coolers equipped with pre-frozen “freezer
packs”. These coolers were then taken by vehicle from Port McNeill to the DFO Pacific
Biological Station (PBS) in Nanaimo, B.C., where the fish samples were transferred from
the coolers into large plastic garbage bags and then stored in a walk-in freezer at —20
degrees Celsius.

The frozen fish samples that were stored in the freezer at the PBS were subsequently
individually examined in the fish health laboratory at PBS to confirm the species

identifications and the length measurements recorded in the field. Each fish was also
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examined visually and with a dissecting or compound microscope to count the number of
sea lice on each fish. Samples of sea lice were subsequently also examined
microscopically to identify the species and development stages of the sea lice. The
analysis of the fish samples and sea lice was initiated in March 2003 at the Pacific
Biological Station. Two or three people worked continuously full-time on this task every
week until the end of December 2003. By that time all of the juvenile pink and chum
salmon samples that were collected in the MMP in 2003 had been analyzed. However,
due to the very large number of juvenile pink and chum samples that were collected only
a small portion of the samples of other fish species, mainly three-spine stickleback and
Pacific herring) had also been analyzed by early March 2004.

When the total catches of fish from each set were small (e.g. less than 300 fish per
species), the samples of 30 fish per species were immediately bagged and then all of the
remaining fish from each set were identified by species, counted and released. When the
catches were larger (e.g. 300 - 500) typically one or two people bagged fish, while the
other person(s) simultaneously counted, identified and released fish from the bunt. For
very large catches (e.g. >500), fish were also removed from the bunt using dip-nets,
rather than individually. In these cases the total number of dip-nets of fish that were
removed was counted, and all the fish in several dip-nets were randomly chosen (e.g.
every fourth dip-net of fish if there were 12 dip-nets of fish in total) and all the fish
removed in the dip-net were placed in five gallon white buckets. After all of the fish in
the bunt had been removed, the fish in these buckets were individually counted and
identified. The total numbers of fish of each species that were originally captured in the

seine net was then estimated by multiplying the total number of dip-nets of fish that were
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removed from the bunt by the average number of fish of each species in the dip-net

samples that had been retained in the white buckets. In some cases the catches of herring

were very large and it was impractical to count every fish or even by dip-netting the fish
out of the bunt. In these cases the catch of herring by weight (tonnes) was estimated
visually by the purse seine vessel skipper, and this weight was subsequently converted to
number of fish by dividing the weight in tonnes by an estimated average weight per fish.
These protocols were used in subsequent sampling years.

Data Management

In the field the catch from each set of a beach seine or purse seine net was
recorded manually on a separate page of paper referred to as the “field data sheets”
(FDS). These FDS consisted of 8.5 by 11 inch water-proof paper that was pre-printed
with a data template that included blanks for the set location, time, date, and catches for
various common fish species. These FDS were collated aboard the purse seine vessels
each day and returned each week to the Pacific Biological Station (PBS) in Nanaimo,
B.C. each week along with the frozen fish samples.
At the PBS the data recorded on the field data sheets were manually entered into a
computer spreadsheet (MS Excel). Each week the updated spreadsheet was transmitted
by DFO internal email to a database manager at the DFO Institute of Ocean Sciences in
Sidney, B.C. The database manager added the new data each week to a relational
database and conducted various manual and automated checks to verify the accuracy and
quality of the data. For example, the data for the location of each beach seine and purse

seine was checked to ensure the GPS coordinates that were recorded in the field were
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actually within the boundaries of the study area and closely matched the actual
coordinates and name of the standard sampling locations.

After all the field work was completed and the data from both the field data sheets
and the analyses of fish samples at PBS had been loaded into the relational database at
10S (Institute of Ocean Science), the data were completely verified again by comparing
the data originally entered on the FDS and laboratory data sheets with the electronic data
in the relational database at IOS. Subsets of the data were transferred to an Access®

database for subsequent data extraction and analysis.

Data Adjustments and Corrections

The data verification procedures described above identified a variety of data errors.
In many cases these could be traced to human errors made in recording or transcribing
data. For example, the locations of some fishing sets were obviously incorrect (e.g.
entirely out of the sampling region, or up on land rather than in the water) and by
comparison with the coordinates for that standard sampling location these could be traced
back to simple errors made in recording the GPS coordinates. In other cases the time or
date of the set was obviously incorrect, when compared with bridge logs of the purse
seine vessels or the time sequence of other sets that were completed that same day.
These types of obvious errors were simply corrected in the final relational database, and
these corrections were also noted on the original field data sheets.

The original catch data from the field were also corrected and adjusted based on the
laboratory results. Juvenile chum salmon are easily distinguished from juvenile pink

salmon soon after these species enter the marine environment (e.g. by the highly visible
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“parr” marks (dark coloured vertical bands) on chum, and subsequently by the smaller
size of scales in pinks). As the fish grow older and larger, however, pink and chum can
become increasingly difficult to distinguish by using only the external characteristics.
Eventually additional internal features, such as the number and appearance of the gill
rakers, must frequently be examined to confirm the species identifications. Capturing
each fish alive into an individual plastic bag meant that these internal characteristics
could not be examined without removing the fish from the bag and handling them. In
this study this was not desirable because of the risk of losing sea lice from either the fish
or the sample bag. Therefore the species identifications in the field were done as best they
could with the fish remaining inside the plastic bag. It was recognized that this would
result in some errors in species identification, and therefore also some errors in the
original field catch data. To correct for these errors the final catch data in the relational
database were adjusted based on the species identifications that were later confirmed in
the analyses of the frozen fish samples in the laboratory at the PBS. For example,
assume that the original field catch data indicated that 200 chum and 200 pink were
caught in a particular beach or purse seine set, and that 30 fish of each species were
bagged and frozen. If the subsequent analyses of these frozen samples at PBS indicated
that 15 of these “pinks” were actually chum, then the original catch data were adjusted

proportionally to 300 chum and 100 pinks captured.
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Spatial Scan Statistic

The spatial scan statistic is a method to support the detection and inference for the
spatial clustering of disease (Kulldorff and Nagarwalla 1995, Kulldorff 1997). The test is
designed to detect variably sized clusters located anywhere in the study region (Kulldorff
1997). Kulldorff implemented the test statistic in SaTScan"™ software (Kulldorff 2005)
which can be used to analyze spatial, temporal, and space-time point sampling data. The
software is designed to: 1) evaluate reported spatial or space-time disease clusters and to
determine if they are statistically significant, 2) evaluate geographic surveillance of
disease to detect areas of significantly low or high rates, 3) to test whether a disease is
randomly distributed over space or over time or over space and time and 4) to facilitate
early detection of disease outbreaks through repeated time-periodic disease surveillance.

Although the spatial scan statistic was designed to investigate clusters in
epidemiological investigations, the implementation of the spatial scan statistic analysis in
SaTScan ™ has been used in a wide variety of fields. For example: (1) Infectious
Diseases (Cousens et al. 2001, Fevre et al. 2001, Chaput and Heimer 2002, Huillard
d'Aignaux et al. 2002, Mostashari et al. 2003, Sauders et al. 2003), (2) Cancer Research
(Hjalmars ef al. 1996, 1999, Kulldorff ez al. 1997, Imai 1998, VanEenwyk ef al. 1999,
Viel et al. 2000, Sheehan ef al. 2001, Gregorio ef al. 2001, Roche ef al. 2002, Jemal et
al. 2002, Michelozzi ef al. 2002, Thomas and Carlin 2003, Gregorio and Samociuk 2003,
Buntinx et al. 2003), (3) Pediatrics (Sankoh ez al. 2001, George ef al. 2001, Imai 1998,
Forand ef al. 2002), (4) Sclerosis (Walsh and Fenster 1997, Sabel ef al. 2003), (5) Lupus

(Walsh and DeChello 2001), (6) Diabetes (Green ef al. 2003), (7) Alcohol and Drug
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dependencies (Hanson and Wieczorek 2002), (8) Veterinary Medicine (Norstrom et al.
2000, Ward 2001, USDA 2001, Doherr ef al. 2001, Perez et al. 2002, Schwermer ef al.
2002, Enemark ef al. 2002, Ward 2002, Falconi ef al. 2002, Knuesel ef al. 2003), (9)
Wildlife Veterinary Medicine (Smith ef al. 2000, Berke ef al. 2002, Miller ez al. 2002,
Hoar et al. 2003, Olea-Popelka ef al. 2003), (10) Forestry (Coulston and Riitters 2003),
(11) Toxicology (Sudakin ef al. 2002), (12) Psychology (Margai and Henry 2003), (13)
Brain Imaging (Yoshida and Miyashita 2003), and (14) Criminology (Jefferis 1998,
Kaminski et al. 2000). We use the spatial scan statistic to evaluate our first two primary

questions as stated above.

Data input into SaTScan'™ is either dichotomous disease information such as in
case-control data or counts such as the number of cases among a population at risk in a
geographic area. The user can select either a binomial distribution (as would be
appropriate for case-control data) or a Poisson distribution (as would be appropriate for
count data). The program adjusts for the underlying heterogeneity of a background
population and for count data using the Poisson model, SaTScan™™ can adjust for any
number of categorical covariates as comparisons are often made between area and
therefore rates or risk estimates need to be adjusted for confounding variables. The

current version (5.1.3) of SaTScan™™

also allows a space-time permutation model
(Kulldorff 2003, 2004) that requires only case data, and information about the spatial
location and time for each case. The number of observed cases in a cluster is compared to

what would have been expected if the spatial and temporal locations of all cases were

independent of each other so that there is no space-time interaction.
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SaTScan"™ software and documentation are available for downloading free of
charge from the National Cancer Institute’s (NCI) web site (Kulldoff 2005). Currently,
SaTScan'™ is sponsored by the Statistical Research and Applications Branch with the
NCI Division for Cancer Control and Population Science’s Surveillance Research
Program.

Spatial scan statistics such as SaTScan' ™ have the unique ability to specifically
detect clusters and test their significance. Neither the cluster size nor the regions need to
be specifically defined in advance. The evaluation of clearly defined null and alternative
hypothesis follows from the derived test statistic which is based on a likelihood ratio and
not on an ad hoc procedure. Coultson and Riitters (2003) further point out that “the test is
valid regardless of the actual spatial pattern and the approach works with data at multiple

spatial scales”.

Details of the computation of the test statistic for the Bernoulli and Poisson
models are outlined in Kulldorff (1997) while the computational details of the
Permutation model is described in Kulldorff ef al. (2004). Briefly, for the Binomial and
Poisson models, there is a requirement that either a uniform population at risk is met
through out the study region, or that other “denominator” data that provides information
about the population at risk is available. For example, in epimediological research,
underlining census population numbers are useful denominator data that provide accurate
expected number of cases based on the underlying population (Kulldorff et al. 2004). Let

i represent an index of a set of units of interest that define a study area, then Si represents
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a geographic location for index 7, usually, the center of a geographic area. Let M;
represent the size of a population of interest in unit 7, and let N; represent the number of
individuals in the population M; that have some attribute of interest. An event is the
occurance of the attribute of interest. The objective of the scan statistic is to identify
clusters of the measured units (S7) for which the occurrence of the attribute of interest is
significantly more likely within the cluster than outside of the cluster.

The procedure to determine significant clusters begins with examining each
location (S7) in the study area. At each (Si) circular windows of different sizes are
imposed with the Si at the center of the windows. It is possible that a window may
contain different Si’s such that there may be n; measurement units and n, windows
imposed upon each unit. The total number of windows in the study area then equals n; *
ny. Each window potentially contains different sets of neighbouring units, and each is a
potential cluster. A likelihood ratio is then used to determine the significance of a
potential cluster. The number of events in each measurement unit (7) is assumed to be
Bernoulli and Poisson distributed ( Kulldoff 1997). The test statistic then for a specific
window w is defined by the likelihood ratio under the null hypothesis that rates of events
within the window is the same as rates of the events everywhere else (Kulldorff 1997,

Kulldorff er al.1997) and is calculated as:

[ Nei Neo ]
N. N
L N
( Mci} [ Mco ]
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where N and M refer to the number of events and population size respectively. The

subscripts ci and co refer to the totals of those variables over the measurement units

within (ci) and outside (co) of the window. M’ = Z;M . 1s the total population size in

the study area and N = ZI_N . 1s the total number of events in the study area. To set up a

one way test of the null hypothesis against the alternative that the rate of events is higher
within the window, the statistic L., is multiplied by an indicator function /. / has a value
of 1 if Nei/Mei > Neo/ Mg, and zero otherwise. The likelihood for a specific window w is

proportional to:

t
Nci t (N _NCi)

(N j (N -N )

B A 1

g (v - ) ©)

where 1 is the expected number of events witih the window under the null hypothesis that
the rate of events is the same across the study area. / is an indicator function that in this
case has a value of 1 if Ny > u and zero otherwise. The ratio’s Nei/u and (N' - Ngi ) / (N' -

u) are proportional to the ratios within and outside the window respectfully, and for fixed

N' and p, the likelihood increases with increased number of events in the window Ny .

For all windows w, the Ly’s are ranked and the corresponding window with the
highest maximum likelihood ratio (maxium L) is the primary or most likely cluster. The
other clusters are termed secondary clusters. The distribution of the primary L., cluster
and simulated P value are determined using Monte Carlo simulation that replicates the
analysis for a large number of random replications of the original data set under the null

hypothesis of complete randomness of clusters (Kulldorff 1997). The significance of the
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primary cluster Ly, is determined by comparing it’s value to the distribution of L for all
windows from the Monte Carlo simulation and if Ly, is greater than 95% of the values
form the simulation the cluster is considered significant at the 5% level. The significance
of secondary clusters is determined in the same way however, Kulldorff (1997) points out
that the values of these estimates are to be considered approximate and conservative.

The procedure is extended to three dimensions by the use of cylinders for
scanning rather than windows. The height of the cylinder represents time while the base
of the cylinder represents the space. The scanning proceeds by allowing the base and
height to vary continuously as the scan progresses through space and time. The

calculation of the likelihood ratio or the significance test is not changed.

For the space-time permutation model a slightly different approach is needed
(Kulldorff et al.2004). A requirement of nearly all scan statistics is the necessity of either
a uniform population at risk, a control group, or some other denominator data the
provides information about the population at risk (Kulldorff e a/.2004). The scanning
under this model utilizes a very large collection of cylinders to define the scanning
window with each window being a possible candidate for an outbreak or cluster. As with
the other models, the base of the cylinder represents the special location while the height
of the cylinder represents time. The time scale is set by the user and in the case of the sea
lice data, it is weekly (7 days). The computation of the primary cluster is based solely on
the calculations based on case data. The computation is done as follows (Kulldorff et
al.2004). Suppose that there are event or case counts C for s locations during time t such

that there are a set of Cg. Then the total number of observed cases is:
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c=>>7cC, 3)

hence, the expected number of cases i can be calculated as:

w{e)(ze)(ze) 0

which is the proportion of all cases that occurred in area s times the total number of cases
during time t. The expected number of cases for a particular cylinder A is the summation

of all pg over all the time periods within that cylinder:

My { Zugj )

(s.0e4
Kulldorft er al.(2004) show that if we let Ca be the observed number of cases in the
cylinder then when p4 is small compared to the total number of observed cases C, then
Ca is approximately Poisson distributed with mean p, when there is no space-time
interactions. This approximation leads to a Poisson likelihood as a measure that cylinder

A contains a cluster. This is calculated as:

L - [C_} (C ~C jm) ©
! Hay C-p,

Kulldorff e al.(2004) state that “this is the observed divided by the expected to the power

of the observed inside the cylinder, multiplied by the observed divided bye the expected
to the power of the observed outside the cylinder. The cylinder with the maximum
likelihood constitutes the space-time cluster of cases that is least likely to be a chance

occurrence, and hence, the primary candidate for a true outbreak.”
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Evaluation of statistical significance is done using Monte Carlo hypothesis testing
as stated earlier, however, as there is no denominator data to adjust the case data, the
dates and time of the cases are randomly recombined while ensuring that the marginals of
the spatial and temporal components are unchanged. (See Kulldorff ez al.(2004) for

details).

Recently, the space-time permutation model has been used for the syndromic
surveillance for outbreaks of West Nile Virus (WNV) (Mostashari ef a/.2003) where
mosquitoes collected from set traps in New York city where examined for NWV. As the
traps were fixed as to location, it was assumed that trapping effort was consistent among
the traps. In this type of study, it is important that trapping effort is consistent (Kulldorff
pers. comm.). We believe that the set sampling locations and consistent methodology
used for sea lice data collected in the Broughton Archipelago ensured that the effort was
similar among locations. The catch per unit effort and catch effort for the Broughton and
Knight Inlet data show remarkable consistency lending support to the view that the data
from each sampling location is consistent with minimal location bias (Hargreaves et al
2004).

Data for each species was extracted from the database for each year and converted to dbf
file formats for input into SaTScan™™ . For each species and year, a typical file set
includes: a location or Co-ordinate file that contains the identifier, name, and latitude,
longitude for each of the sample sites used in that year, and a Case File that contains the
location identifier for each sample and the number of fish examined in the sample and the

number of fish infected with sea lice in that sample. As the analysis was done using the
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Permutation model, a Control file (for the Bernoulli model) and a Population file (for the

Poisson model ) were not needed.

Distance Analysis

As part of the overall examination of sea lice infection rates, we plotted for each
sample week within a sample year, the abundance of lice (lice/fish) for each sea lice life
stage for Chum and Pink salmon and for stickleback, for each sample location landward
for specific sea farms. These specific farms were active fish farms that were
geographically determined to be the first farm that migrating salmon fry would encounter
as they moved from their natal streams toward the sea. The first farm (site 25) was
located in Sargeaunt’s Pass, Tribune Channel and the second farm (site 5) was located in
the Sutlej Channel of Kingcome inlet. For each farm location, the distance was set as 0
and the distance in kilometres to each sample location within 30 kilometres landward and
seaward for site 5 and 90 kilometres landward and 30 kilometres seaward for farm site 25
was measured using direct minimum line over water from the specific fish farm to the
closest sample site first and then to subsequent sample sites. The abundance of lice,
measured as lice/fish for each life stage was plotted against these normalized distances
from the two specific sea farm sites. The pattern of lice abundance and proximity to
significant clusters from the spatial analysis over the normalized distance was then
examined.

Where significant clusters occurred, we also examined where possible, the lice

abundance records for the nearest active fish farm.
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Results
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