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ABSTRACT: The Muchalat Inlet, British Columbia, is among the most westerly points at which
aquaculture is practiced in Canada. In this paper, we summarise data from over 18 000 wild fish
sampled at 16 sites over an 8 yr period, between 2004 and 2011. The most prevalent wild species
was chum salmon Oncorhynchus keta (82.4 %), followed by Chinook O. tshawytscha (10 %) and
coho O. kisutch (4.3 %). However, inter-annual and seasonal variation was evident, and smaller
numbers of other Pacific salmon and stickleback species were sporadically observed. A high per-
centage of wild salmon (~95 %) had no sea lice parasites present, with less than 1% of the fish
hosting a mobile-stage sea louse. Of the data for which sea lice species were recorded, just over
96 % of samples were identified as Lepeophtheirus salmonis. Logistic regression models assessed
the association between the presence of lice and a range of independent variables. These models
indicated a significant degree of spatial variation, much of which could be explained in terms of
salinity levels. There were also important variations through time, both over the season within a
year and across years. In addition, coho salmon were significantly more likely (odds ratio = 1.65;
95% CI =1.20-2.3) to be infected than chum salmon. The protective effect of low salinity was most
clearly seen at values lower than 15 psu, although this was dependent on fish species.
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INTRODUCTION

Ectoparasitic copepods belonging to the family
Caligidae, commonly referred to as ‘sea lice', are
endemic in many marine environments and infest
both wild and farmed fish (Costello 2006, Revie et al.
2009). When considering salmonid hosts, the 2 cope-
pod genera that are of primary interest are Lepeo-
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phtheirus and Caligus. In the Northern Atlantic
Ocean, infestation with L. salmonisis a serious health
concern affecting farmed Atlantic salmon Salmo
salarL. (Lees et al. 2008a, Jansen et al. 2012, Jones et
al. 2012), with a number of articles reporting impacts
on wild Atlantic salmon (KrkosSek et al. 2013) and sea
trout (Tully et al. 1999, Middlemas et al. 2013).
Although C. elongatus also affects farmed Atlantic
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salmon (Revie et al. 2002), the levels of infestation are
typically lower and appear to be more easily con-
trolled. By contrast, in Chile, the main copepod of
concern is C. rogercressyi (Kristoffersen et al. 2013).
In British Columbia (BC), Canada, both L. salmonis
and Caligus spp., in particular C. clemensi, have
been reported to infest farmed (Marty et al. 2010)
and wild (Jones et al. 2006) hosts. However, the spe-
cies of L. salmonis that occurs in the Pacific Ocean off
BC genetically differs from that found in the Atlantic
Ocean (Yazawa et al. 2008, Skern-Mauritzen et al.
2014). It is not clear to what extent this may be
responsible for the much lower levels of infestations
typically seen in Atlantic salmon farms in BC (Marty
et al. 2010) or for the fact that sea lice resistance to
the in-feed therapeutant emamectin benzoate has
not thus far become a concern in this region (Saksida
et al. 2010), in stark contrast to the situation in the
North Atlantic farming regions (Lees et al. 2008b,
Espedal et al. 2013, Jones et al. 2013). An association
between levels of sea lice infestation on Atlantic
salmon farms and those seen on out-migrating juve-
nile Pacific salmonids has been consistently reported
(Krkosek et al. 2009, Marty et al. 2010), but the extent
to which this may affect the robustness of the wild
populations remains a matter of scientific dispute
(Krkosek et al. 2011).

Muchalat Inlet, on the west coast of Vancouver
Island, BC, is 55 km long with a maximum depth of
380 m, and is primarily influenced by the Gold River,
which drains a 1010 km? watershed. Flow from the
Gold River is bimodal, with heavy, but highly vari-
able, winter precipitation and a later May-June flow
attributed to melt water, as is common along the BC
coast (e.g. see the river discharge summary reported
for the Broughton Archipelago by Stucchi et al.
2011). Here we report on 8 consecutive years of sam-
pling to assess sea lice infestation rates on juvenile
salmonid and stickleback species captured in the
Muchalat Inlet between 2004 and 2011. This study
was undertaken to coincide with the commencement
of finfish aquaculture in Muchalat Inlet and concerns
that finfish aquaculture could impact sea lice infesta-
tion levels on wild juvenile salmonids (Butterworth et
al. 2008). Initial site selection and sampling proce-
dures were established by staff from Fisheries and
Oceans Canada (DFO) in 2004. Subsequently, site
selection and sample timings were occasionally
altered, in consultation with DFO scientists, and sam-
pling activities were carried out by Mainstream Bio-
logical Consulting on behalf of Grieg Seafood BC
Ltd., the aquaculture company which operates the
sites in this area. The first finfish aquaculture site

approved in Muchalat Inlet had been recently
stocked prior to the 2004 sampling period. Two addi-
tional sites became active during the 2005 and 2006
sampling periods, respectively. Between 2007 and
2011, 4 active finfish sites were operational during
the annual sampling periods; in all cases, these sites
were stocked with Atlantic salmon.

While the situation regarding sea lice infestation
both on salmon farms and in wild juvenile stocks has
been the subject of relatively extensive research in
other parts of BC (Butterworth et al. 2008, Beamish et
al. 2009, Gottesfeld et al. 2009, Saksida et al. 2011), in
particular in the Broughton Archipelago (Jones &
Hargreaves 2007, Marty et al. 2010, Patanasatienkul
et al. 2013, Rogers et al. 2013), to date little has been
published relating to the west side of Vancouver Is-
land, and nothing, to our knowledge, has been pub-
lished regarding the Muchalat Inlet. As will be shown,
not only do the sea lice infestation dynamics appear to
be very different from those reported in other regions
of BC, the structure of wild Pacific salmon species
present in the area is also somewhat different. Within
the Muchalat Inlet samples, few, if any, pink salmon
Oncorhynchus gorbuscha were observed, in stark
contrast to the Broughton Archipelago (Patanasa-
tienkul et al. 2013) or more northern areas of salmon
farming in BC (Saksida et al. 2011), where pink
salmon are common and indeed tend to dominate in
many years. In addition to presenting for the first time
a comprehensive breakdown of the numbers, sizes
and timing of salmonid species migrating through the
Muchalat Inlet, we also built a statistical model that
helps elucidate the factors associated with sea lice in-
festation levels on these wild hosts.

Chum salmon O. keta begin out-migration from
around early March as soon as they emerge from the
gravel, at which point they are around 30-40 mm in
length. They migrate downstream, usually at night
and in the river systems draining into Muchalat Inlet,
and will typically be out in the ocean within a few
days. In contrast, Chinook salmon O. tshawytscha,
after emerging from the gravel at a similar size, will
spend 30 to 90 d in the stream or estuary before start-
ing their out-migration. The case for coho salmon
O. kisutch is quite different in that these fish will
spend an entire year in the river before migrating.
Their growth in fresh water is relatively slow, but as
a result of this additional river time, they will typi-
cally be twice as large when they do migrate, any
time from the spring freshet through June (Groot &
Margolis 1991).

Here we provide spatial and temporal descriptive
summaries of both the samples collected over the
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8 yr period, as well as the levels of sea lice infesta-
tions observed. The modelling of spatial elements is
relatively broad-scale and considers effects in terms
of 4 zonal components in addition to salinity levels
at the specific sampling site. No hydrodynamic
flows or specific geo-location information are incor-
porated, nor are the sea lice loads that existed at
active salmon farms in the area explicitly incorpo-
rated in the statistical modelling. It is our intention
to explore the potential role of farm-origin sea lice,
with the use of more finely-scaled spatial data in
future studies; however, we believe that it is impor-
tant to first describe the broad spatio-temporal pat-
terns and variability in levels of sea lice infestation
which had not been previously documented for this
region.

MATERIALS AND METHODS
Salmon sampling

Weekly beach seine sampling was conducted to
collect fish samples for sea lice analysis at sites in the
Muchalat Inlet, BC (Fig. 1), between March and June
from 2004 to 2011 (6 sites in 2004, 8 sites in 2005 and
2006, 16 sites in 2007 and 2008, 11 sites since 2009;
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Table 1). Sampling protocols were developed in con-
sultation with the DFO. Briefly, a 45 m long by 3.7 m
deep beach seine net was deployed in a consistent
manner by a 3-person crew to collect fish in near-
shore sites. The net consisted of 3 sections (each 15 m
long): a centre bunt from which the fish were eventu-
ally retrieved consisting of 6 mm diamond mesh, and
2 side panels (wings) constructed from 12 mm mesh.
The sites were selected so as to provide reasonable
spatial coverage as well as proximity to finfish aqua-
culture sites in the area. Thirty fish from each host
species (salmonids and sticklebacks) or all fish for a
given species (when less than 30 were captured)
were collected at each of the sites during weekly
sampling. In practice, this maximum threshold was
primarily of relevance for the case of chum salmon
and was invoked in just under one-third of all sam-
pling events; as far as all other species were con-
cerned, more than 30 individuals of these species
were caught in less than 0.5% of all the sampling
events. Water quality measurements including sea-
water temperature and salinity were also recorded at
the surface for each site (0.2 m). Sampled fish were
individually packed into re-sealable bags, labelled
with site number and date, and then placed into a
portable freezer, kept at around -18°C, for transfer to
a laboratory.

Fig. 1. Shore locations of the 16 sampling sites (pink circles: W1-W16) in 4 demarcated zones (A-D) within the Muchalat Inlet
in British Columbia, Canada; the west of the inlet opens to the Pacific Ocean. Black squares: locations of 5 aquaculture
sites in the region active at various points over the period 2004 to 2011
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Table 1. Matrix indicating which of the 16 sites in Muchalat Inlet, British Columbia, Canada, was sampled in each of the
8 years covered by the study. ID labels match those shown in Fig. 1

Site ID Zone 2004 2005 2006 2007 2008 2009 2010 2011
Zuciarte Channel W1 D X X X X X X X X
Concepcion Point South W2 D X X X X X
Hanna Channel W3 D X X X X X
Clerke Peninsula W4 D X X

East Mooyah Bay W5 C X X X X X X X X
Silverado Creek W6 C X X X X X X X X
Ous Point W7 C X X X X X X X X
Mooyah Bay W38 C X X X X X

North Gore Island W9 B X X X X X X X X
Williamson Passage W10 B X X X X X
McCurdy Creek W11 A X X X X X X X
Houston River W12 A X X X X X X X
Muchalat North W13 A X X X X X
Jacklah River W14 A X X

Guaquina Point W15 A X X

Black Creek W16 A X X

Laboratory assessment

In the laboratory, the frozen fish were thawed,
counted and identified to host species by DFO-
trained staff. They were then scanned under a
stereoscopic dissection microscope for the presence
of sea lice. At the beginning of the study, the sea lice
were only identified as being in the non-motile or
motile stages of their life history. Non-motile lice
were registered as ‘chalimus’ and were not identified
to genus. Motile lice (pre-adults and adults) were
identified as either Lepeophtheirus sp. or Caligus sp.;
in addition, these motile lice were identified as male
or female specimens. From 2007, the sea lice identifi-
cation methodology was revised, identifying the spe-
cies and detailed developmental stage of every louse
(i.e. non-mobile lice were staged as copepodid or
chalimus I to IV, based on the generally accepted
morphological definition in effect at that time, and
also identified to species). Individual fish speci-
mens were measured, with length being recorded to
the nearest millimetre (fork length for salmonids,
total length for non-salmonids), while weight was
recorded to the nearest tenth of a gram.

Descriptive statistics

A breakdown by species of the overall numbers of
fish caught, together with their physical characteris-
tics (summary statistics for length and weight) was
carried out. In addition, an assessment of the rela-
tive contribution of the 5 wild host species, broken

down by year, was made. This indicated that only 3
salmonid species (chum, Chinook and coho) were
consistently observed, and for these host species a
detailed annual summary of sea lice infestation (pre-
valence) by zone of capture (see Fig. 1 for zones) was
carried out. An assessment as to how the size of the
sampled fish varied across these 3 species was also
made, using locally weighted scatterplot smoothing
curves to show the relationship of fish length (mm) to
the week of sampling.

Prevalence modelling

A mixed effects logistic regression modelling
approach (Hosmer & Lemeshow 2004) was used to
assess the association between the presence of lice
and a range of independent variables. An initial uni-
variable screening was carried out (p < 0.20) to iden-
tify candidate variables, which were then included in
the full multivariable (p < 0.05) random effects logis-
tic regression, where site was specified as the ran-
dom effect to account for the repeated measures
taken within sites. Two models were constructed: in
the first, the 3 main salmonid species were consid-
ered, while in the second model, only data associated
with chum salmon samples were considered (these
comprised ~85% of the data from the first model).
The following predictors were explored in the analy-
ses: zone, year, month, fish species (in the first model
only: chum, Chinook and coho), fish length and
weight, as well as the environmental parameters sea-
water temperature and salinity. For salinity, a spline
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effect was included which expanded the variable
to account for values greater than 15 psu and
those below this value as 2 distinct estimates. The
variable fish length, included only in the second
model, was also included as a quadratic polynomial
term for the chum salmon samples. All statistical
summaries and analyses were carried out using Stata
13.0. The map was generated using QGIS (QGIS
Development Team 2009) with freely available on-
line datasets (http://geogratis.cgdi.gc.ca, Natural
Resources Canada).

RESULTS

A map was created of the Muchalat Inlet region in
which the sea lice surveillance took place (Fig. 1) and
used to illustrate the 16 sites (W1-W16) at which the
sampling of wild fish was carried out. Five Atlantic
salmon farm sites are also present in the area, and
while data from these farms were not directly
included in the current study, their locations are
shown on the map for completeness. In addition, the
map indicates the 4 zones that were used to provide
spatial categories over which the data were sum-
marised and assessed. The delineation of these zones
was based on detailed local knowledge, but also
largely reflected the number of freshwater rivers/
creeks draining into different parts of the inlet (from
many in Zone A to almost none in Zone D). All data
from sampling carried out over the period 2004 to
2011 were available. As the objective was to target
wild juvenile salmonids, capture events took place
from the beginning of March until around the end of
June in each year. Table 1 indicates which of the sites
were targeted for sampling in each year. The number
of sites rose from 6 in 2004, up to 16 in 2007 and 2008,
before falling back to 11 during the final 3 yr. This
variation across years reflects an evolving protocol
which attempted to balance sampling effort with the
ability to provide a comprehensive picture of sea lice
infestation across the region. In general, for each site
included in a year, sampling was attempted on a
weekly basis. Coverage tended to be a little more
sporadic at the start of the sampling season (first 2 wk
in March) and towards the end (after mid-June).
Each zone used in the statistical comparisons was
represented by at least 1 sampling site in each of the
years considered, with the exception of 2004 where
no sites from Zone A were included among the sam-
pled locations. The mean and range of values associ-
ated with the seawater salinity and temperature
across all sampling events, by zone, are given in

Table 2. Zone A was typically associated with sites
that were less saline (mean of 7.5 psu), whereas Zone
D had the most saline conditions. There was less vari-
ability across zones when considering seawater tem-
perature, although Zone A appeared to be slightly
cooler (mean of 9.3°C), likely due to the effects of
increased snow-melt entering the eastern end of the
system during the sampled months.

On average, just over 2300 fish were sampled each
year, though not unexpectedly, this tended to vary ac-
cording to the number of sites targeted (Fig. 2). Of the
18 747 fish examined, 82.4% were chum salmon,
10.1 % were Chinook salmon, and 4.3 % were identi-
fied as coho salmon (Table 3). There was some varia-
tion in the proportions of these 3 main species, with
Chinook, for example, accounting for just under 5%
in 2 years (2006, 2009) to just over 25 % in 2004. Less
than 2% of the fish examined were sockeye salmon
Oncorhynchus nerka, a number somewhat exagger-
ated by a single year, 2005, where sockeye comprised
11.4 % of the samples; in other years, the percentage
of sockeye salmon rarely exceeded 0.5%. In some
samples, three-spined sticklebacks Gasterosteus ac-
uleatus were identified; these varied over the years,
but overall accounted for just under 1.5% of the sam-
ples (Table 3). Due to the low abundance of these
species, as well as the sporadic appearance of the
sockeye salmon, only the 3 main salmonid species
that accounted for around 97 % of all samples (i.e.
chum, Chinook and coho) were included in the statis-
tical analyses which follow. Before leaving these ~600
fish (i.e. the sockeye and stickleback samples) a few
descriptive notes may be in order. Of the 336 sockeye
sampled, just over half were captured in 2005. Of

Table 2. Statistical summary of salinity and seawater tem-

perature data from 16 locations in Muchalat Inlet, British

Columbia, Canada, by zone (A, B, C and D; see Fig. 1) over
the duration of the study (2004 to 2011)

Zone n Range Mean —— Percentiles —
25 50 75

Salinity (psu)

A 341 0.2-27.1 7.5 2.9 55 11.2
B 161 2.5-27.5 154 10.8 154 201
C 313 1.3-28.8 14.7 9.6 147 199
D 231 3.5-30.0 17.8 13.3 1725 235
Total 1046 0.2-30.0 13.2 6.9 132 189
Temperature (°C)

A 345 2.6-18.0 9.3 6.8 9.0 11.7
B 163 3.8-15.7 9.6 7.5 9.7 12.0
C 316 4.4-17.5 102 8.0 9.9 127
D 234 4.8-16.7 9.7 7.5 9.6 12.0
Total 1058 2.6-18.0 9.7 7.4 9.5 121
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Fig. 2. Sampling distribution indicating the proportion of each fish species
(chum Oncorhynchus keta, Chinook O. tshawytscha, coho O. kisutch and
sockeye salmon O. nerka, and three-spined stickleback Gasterosteus
aculeatus) caught in a particular year. The total number of fish sampled in

The remainder of the analysis considers
only the 3 main species of Pacific sal-
monids observed (N = 18 156). While it is
clear that chum were the dominant spe-
cies observed throughout the study
period (Fig. 2, Table 4), this dominance
was most pronounced in the early part of
the season, with chum typically repre-
senting over 90 % of all fish in March and
April. By June, chum typically repre-
sented only around half of the fish ob-
served, while Chinook and coho were
present at around 4 times their overall
average proportions (data not shown).
Fig. 3 shows that, unsurprisingly, the
mean size of fish sampled increased as
the season progressed. This increase is
less obvious, particularly for coho salmon,
in the early part of the season, possibly
due to small sample sizes, but the larger

that year is indicated at the top of each bar

Table 3. Summary of fish weight and length by various

species (chum Oncorhynchus keta, Chinook O. tshawyt-

scha, coho O. kisutch and sockeye salmon O. nerka, and

three-spined stickleback Gasterosteus aculeatus) caught
between 2004 and 2011

Species n Range Mean —— Percentiles——
25 50 75

Weight (g)

Chum 15455 0.1-23.3 0.8 0.4 0.5 0.7

Chinook 1891 0.3-24.7 2.7 0.7 1.1 2.9

Coho 810 0.2-57.7 9.2 4.9 7.4 11.3

Sockeye 336
Stickleback 255

Length (mm)

0.7-15.7 3.8 2.1 3.0 4.5
0.1-54 2.3 1.0 2.5 3.2

Chum 15455 25-125 41 37 39 43
Chinook 1891 30-123 54 41 46 61
Coho 810 28-164 83 74 84 95

Sockeye 336
Stickleback 255

40-109 69 61 67 76
23-77 57 48 62 66

those 171 fish, 69 (28.8%) had at least 1 sea louse
present on them, the highest annual prevalence level
for any species, in any year. In comparison, among
the 165 sockeye sampled over the other 7 years, only
1 fish was found to have a single sea louse. Of the 255
sticklebacks sampled over the entire period, 38 had a
sea lice infestation. Prevalence was highest, at just
over 20%, in 2004 and 2005, and decreased there-
after, although from 2009 onwards, very few stickle-
backs were identified in the samples.

lengths become very evident with fish of

all species by the end of the sampling

period. As would be expected, weight is
highly correlated with fish length (with a mean rho of
0.9, see Table 6). In general, coho are significantly
larger than the other 2 species, ranging from around
7 g in March up to around 14 g in June. At the oppo-
site end of the size scale are the chum, which grow
from around 0.5 g up to 2.5 g between March and
June; Chinook follow a similar monthly pattern to
chum but are on average almost twice their weight at
each time point.

The presence of lice across the 3 main wild fish
species, broken down by year, is indicated in detail in
Table 4 and is summarised in Table 5 by the number
of fish that were infested with sea lice in either the
attached (non-motile) or motile stages. The first thing
that is evident is that most of the wild salmonids did
not have any infestation, and that where infestation
did occur, it was more likely to be with a louse at an
attached stage (3.8%) than with a motile louse
(0.65%). On average over the 8 yr, the proportion of
motile lice was about 15 % of all lice observed. While
the overall proportion of motile to attached lice was
broadly similar across years, this proportion tended
to rise from just 5% of all infestations in March to
around 15% in May, before jumping steeply to
account for around half of all infestations in June
(data not shown). Another fairly obvious point from
Table 5 is that a combination of fish having no infes-
tation together with those having just a single louse
accounts for the vast majority of all sampled fish, viz.
99.2% and 99.9 % for the attached and motile stages,
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tions (96.5 %) were putatively due to Lepeophtheirus
salmonis. As a consequence, while the logistic
regression model noted below specifies the presence
of any louse as its outcome variable, in practice, the
nature of the observed data means that the model is
largely exploring factors associated with the pres-
ence of attached L. salmonis stages on chum, Chi-
nook and coho salmon.

As part of the model-building process, it is im-
portant to know which, if any, variables might be
strongly correlated. The matrix shown in Table 6
indicates that strong positive correlation values are
seen when considering length and weight, as well as
between month and seawater temperature, both of
which would be expected. There is also a moderate
negative correlation between month and salinity,
likely due to the fact that a large amount of snow-
melt places additional fresh water into the system in
the later months. Moderate positive correlations also
exist between month and the fish size variables
(length and weight), again something that is not
unexpected since fish will grow as the season pro-
gresses, and this trend was consistent across fish spe-
cies. Based on these correlations, weight was exclu-
ded from the model with preference given to length.
Seawater temperature was also excluded, as it was
highly correlated with month of the year. The posi-
tive correlation between fish length and month was
confounded by the fact that Chinook and coho (the
larger species) were more likely to be observed later
in the season. For this reason, only month was en-
tered into the full logistic regression model which
included all 3 fish species. In the model which con-
sidered only chum salmon, such confounding was not
an issue, and so both length and month could be con-
sidered as candidate variables in the model.

The results of the final multivariable mixed effects
model for the 3 main fish species are shown in
Table 7, where the outcome was a fish with any louse
infestation and the sampling site was modelled as a
random effect. The model indicates that the like-
lihood of a fish being infested with a louse was sig-

Table 6. Correlation matrices among month (Mar-Jul = 3-7), weight (g),
length (mm), salinity (psu) and temperature (°C)

Table 7. Final multivariable mixed effects model showing

variables associated with prevalence of sea lice in wild juve-

nile salmonids (chum Oncorhynchus keta, Chinook O. tsha-

wytscha and coho salmon O. kisutch, N = 17 052) captured at

16 sites in the Muchalat Inlet, British Columbia, Canada,

over the period 2004 to 2011. OR: odds ratio; ICC: intra-class
correlation coefficient

Variable OR 95% CI p
Fixed effects
Intercept 0.003 0.001, 0.008 <0.001
Region 0.011
A Baseline
B 3.479 0.847, 14.287 0.084
C 2.967 0.920, 9.571 0.069
D 7.544 2.308, 24.652 0.001
Year <0.001
2004 Baseline
2005 2.617 1.782, 3.843 <0.001
2006 2.227 1.478, 3.355 <0.001
2007 0.463 0.285, 0.754 0.002
2008 1.249 0.817, 1.910 0.305
2009 1.230 0.812, 1.864 0.328
2010 1.444 0.957, 2.180 0.080
2011 0.632 0.401, 0.998 0.049
Fish species 0.009
Chum Baseline
Chinook 1.212 0.869, 1.692 0.258
Coho 1.651 1.196, 2.279 0.002
Month 0.006
March Baseline
April 1.051 0.858, 1.287 0.633
May 1.329 1.056, 1.674 0.015
June 1.709 1.204, 2.427 0.003
Salinity <0.001
Salinity <15 psu 1.089 1.055, 1.123 <0.001
Salinity >15 psu 0.995 0.971, 1.019 0.686
Random effects
Level SD SE ICC
Site 0.793 0.203 0.160

nificantly higher (odds ratio, OR = 7.5, p = 0.001) in
Zone D as compared to Zone A. Year of observation
was a significant (p < 0.001) factor in the model. In 2
years (2005 and 2006), significantly higher preva-
lence values were seen than in the baseline year
(2004), while in 2007 and 2011, the
prevalence was significantly lower. In
terms of fish species, coho tended to

] ] be significantly more likely (OR = 1.7,

Month %Vmélﬁth%t SIL’ecletSh(N= 157 ?391 - p = 0.002) to be infested than chum

on e9 °ng A Smp- salmon. For month of the year, preva-

Month 1.00 lence was lowest at the start of the sea-

Weight 0.37 1.00 son, with May and June having signif-

Length 0.46 0.90 1.00 icantly (p < 0.016) higher prevalence

Salinity —0.33 -0.07 0.1 1.00 values than in March. Salinity also had
Temperature 0.76 0.37 0.46 0.05 1.00 i T Y .

an impact on the likelihood of being
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infested, although this factor requires a little more
attention when it comes to appropriate interpreta-
tion. At salinity values of <15 psu, the risk of having a
sea louse increased significantly as salinity increased
(OR = 1.09; 95% CI: 1.06 to 1.12). For example, the
risk of detecting a sea louse on a fish was approxi-
mately 9% higher when salinity was 15 psu than
when it was 14 psu, or similarly, the risk was approx-
imately 2.34 times greater when salinity was 15 psu
compared to 5 psu. However, no significantly
increased risk of being infested with a sea louse was
observed for salinity values in sampling sites with
reported values >15 psu (p = 0.686).

The intra-class correlation coefficient (ICC), de-
rived from the remaining variance that is unex-
plained by the model predictors, estimates the pro-
portion of the total leftover variance that is explained
by including sampling sites as a random effect.
Therefore, the ICC partitions within-site and be-
tween-site variance. Given the variability in the
number and locations of sampling sites over the 8 yr
period, it was particularly important to select a model
structure that could attempt to capture this poten-
tially important clustering. When both salinity and
region were removed from the model reported in
Table 7, the ICC was 0.41 (model not shown), indi-
cating that sampling sites explain approximately
41 % of the variance, even after accounting for years,
months and fish species. As seen in Table 7, when
salinity and region were included in the model, the
ICC decreased to 0.16, indicating that both salinity
and region explain a large portion of the site-specific
variability. More specifically, when only region was
removed from the model, the ICC was 0.28, while
when only salinity was removed, the ICC was
0.22 (models not shown), indicating that region
explains a good portion of the site-specific variability,
but not as much as the more finely spatially-scaled
salinity variable.

Because chum salmon constituted around 85 % of
the data included in the multivariable model des-
cribed above, we decided that it would be useful to
carry out some additional analyses using only this
subset of the samples. In particular, the inclusion of
only 1 fish species could help clarify some of the
interactions between month, fish size and species.
The results for a similar multivariable mixed effects
logistic model, but for only the chum samples, are
shown in the Appendix (Table Al). Once again, the
outcome variable was a chum sample with any louse
infestation, and site was modelled as a random effect.
These results are broadly in line with those found for
the full model that included the 3 main fish species.

However, in this case a quadratic polynomial fish
length term provided a better fit than simply using
month. The risk of having a sea louse infestation
increased significantly as the length of the chum
increased (OR =1.22; 95% CI: 1.20 to 1.24). However,
as length increased, the risk of having a sea louse
was progressively less dramatic (squared-term OR =
0.996; 95% CI: 0.996 to 0.997). Care must be taken
where comparing odds ratios between the 2 models,
but it is interesting to note that the salinity effect is
slightly stronger for the low salinity segment and
much closer to being a significant effect for the
higher salinity segment (Bricknell et al. 2006, Suther-
land et al. 2012).

DISCUSSION

This communication represents the first attempt to
provide quantitative insights into the nature of sea
lice infestations on wild salmonids in this geographical
region of BC. Repeated sampling at spatially repre-
sentative locations in the Muchalat Inlet throughout
the out-migration period over 8 consecutive years re-
sulted in a robust data set to underpin these insights.
One immediate observation is that the distribution of
wild salmonid species appears to be very different
from that seen in other regions of BC, with the
absence of pink salmon being of particular note. In
contrast, a study of the Kitasoo region (Saksida et al.
2011), slightly farther north on the BC coast, reported
that an average of around 78 % of the fish sampled
over a 4 yr period were pink salmon. In the Broughton
Archipelago, the dominant wild Pacific salmonid spe-
cies were pink and chum salmon (Patanasatienkul et
al. 2013). While the proportions varied over time, in
only 1 year (2004) over a decade of observations did
pink salmon fail to represent at least 40 % of the total
wild population sampled. However, in terms of sea
lice across host species, the Broughton study indicated
similar levels of infestation (Patanasatienkul et al.
2013), with chum exhibiting slightly higher levels in
many years. In the case of the Kitasoo study (Saksida
etal. 2011), chum exhibited significantly lower preva-
lence levels but only for Caligus clemensi. Consider-
ing the 3 species present in Muchalat, sea lice infesta-
tion levels are not significantly different on chum and
Chinook. While coho salmon did tend to have signi-
ficantly more sea lice than did chum, this result must
be treated with caution. First, coho represent a very
small proportion of the total fish sampled. Second,
due to some issues of co-linearity, it was not possible
to include both length and month in the main model,
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so part of the apparent ‘coho’ effect may in fact be due
to the fact that these fish were significantly larger
than the other 2 species. Finally, the migration behav-
iour of coho differs significantly from chum or Chi-
nook, and it has been suggested that coho can exhibit
elevated infestation levels due to the fact that these
larger fish are preying on smaller chum or Chinook al-
ready infected with sea lice, which migrate during the
predation event (Peacock et al. 2014). In summary, it
seems unlikely that differences in the distribution of
wild salmon species seen in the Muchalat Inlet is the
key explanatory factor for explaining the relatively
low sea lice infestation levels reported in this study,
but it is important to remember these differences
when comparing outcomes to those reported from
other areas of BC.

An additional difference to other BC-focused studies
was the fact that the sea lice that were identified to
species were almost all Lepeophtheirus salmonis.
While sea lice species identification was limited dur-
ing the first 3 yr of this study, it is clear that the vast
majority (>95%) of sea lice found on wild salmon in
Muchalat were L. salmonis. A similar dominance of
this species is also typical of infestations seen on the
farmed fish in this area, in contrast to the more mixed
observations that often include Caligus species from
farms reporting in other areas of BC (e.g. DFO 2014).
The exact proportions seen on wild salmonids in other
BC studies is not always reported, but the Kitasoo
study mentioned above indicated similar levels of
L. salmonis and C. clemensi on chum salmon (Saksida
et al. 2011). Probably the most extensive exploration
of sea lice species distribution in BC is that reported
from a decade of data collected in the Broughton Ar-
chipelago (Patanasatienkul et al. 2013) as part of the
Broughton Archipelago Monitoring Plan initiative
(www.bamp.ca). For 4 of the 10 years reported in that
study, the proportions of each sea louse species were
roughly equal, and in one year (2011), C. clemensi
clearly dominated. While L. salmonis was the domi-
nant sea louse species in the other 5 years, only in one
of these (2004) did the extent of its dominance even
begin to approach that seen in the Muchalat samples.
It is known that some Caligus species tolerate low lev-
els of salinity less well than is the case for L. salmonis
(Landsberg et al. 1991), and thus salinity may be
having a particularly strong effect in controlling C.
clemensiin the Muchalat Inlet. In this context it is also
worth noting that species identification of sea lice,
particularly those in the early stages of development,
can be prone to error (McBeath et al. 2006), and if re-
sources permitted, it would be useful to cross-validate
a sub-sample using molecular techniques.

It has been well established that the levels of sea
lice typically found both on farmed fish and wild
salmonids along the coast of BC are relatively low in
comparison to those seen, for example, in the North
Atlantic (Heuch et al. 2009, 2011, Jansen et al. 2012).
However, even given that fact, the sea lice infestation
rates on juvenile salmonids in the Muchalat Inlet
between 2004 and 2011 were lower than previous
studies have reported for other parts of BC, such as
the Broughton Archipelago (Patanasatienkul et al.
2013), where prevalence values were typically 15 to
30%. A study in the Kitasoo region reported that the
prevalence levels of L. salmonis ranged from 2 to 9 %,
‘'which is lower than levels published for other areas
without salmon farms' (Saksida et al. 2011, p. 193).
However, the Kitasoo study indicated that the major-
ity of sea lice observed were in the motile stage, so
the most appropriate comparative figure from the
current study would be the ~0.7% prevalence of
motile sea lice. This is clearly a very low level, even
by the standards of BC. While it should be acknowl-
edged that the capture methods used can result in
the loss of some sea lice and that the smaller stages
can be more difficult to observe subsequent to the
freeze/thaw process, it is also the case that many of
the studies carried out within BC over the past
decade have adhered to similar protocols and in
many cases have been managed by the same con-
tract research service (i.e. Mainstream Biological
Consulting).

We do not understand the full set of reasons for this
result, but it would appear that low salinity levels
play an important role (Bricknell et al. 2006). Salinity
is generally low across this region, and even in Zone
D, the conditions are far from ‘ideal’ for sea lice.
Within our model, entering the specific site-level
salinity effect reduced the ICC. The impact of salinity
on site-specific variability of sea lice infestation was
larger than that achieved by considering only re-
gional effects. This makes sense, as there were mul-
tiple sites within a zone, with varying levels of salin-
ity that could individually influence the presence of
sea lice. Additionally, there is likely a natural pro-
gression in the salinity gradient within zones, as the
fish move away from freshwater sources, as well as
among zones, as fish move toward the ocean. It
seems intuitive that as fish pass through the zones
(from A to D), they will spend more time exposed to
potential infection and also progress towards waters
with higher salinity that are more favourable to sur-
vival of sea lice (Heuch 1995). The fact that our salin-
ity measurements were taken at a single depth may
also have led to an under-estimation of the effect of
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this factor, which will vary within the water column
and as the overall depths change in the various chan-
nels used by the migrating fish. However, juvenile
salmonids tend to inhabit the first metre or so of the
water column (Peacock et al. 2014).

Despite the fact that the statistical model quanti-
tatively accounts for the confounding effects of time
exposed (months) and salinity, there is still a signi-
ficant regional effect, with a much stronger impact
from being sampled in Zone D compared to Zone A
(OR = 7.5). To determine the potential effect within
and between the zones and along the salinity gra-
dient, more finely scaled spatiotemporal analyses
will be required. It may also be the case that the
logistic approach used here, which only effectively
models the prevalence of sea lice, should be supple-
mented by alternate analyses; other studies of sea
lice infestation adopted a 2-part model, with one
part relating to presence/absence and the other to
estimates of abundance in cases of infestation (Kris-
toffersen et al. 2013, Rees et al. 2015). Also, given
that the prevalence levels observed were at such
low levels, it may be that a zero-inflated negative
binomial modelling framework would be more
appropriate. Moreover, aquaculture sites are pres-
ent throughout the 4 zones, and these could be an
additional source of unmeasured influence on the
presence of sea lice, as they were not included in
the current study. While sea lice on salmon farms
can exhibit a ‘spill-over' effect into wild populations
(Tully et al. 1999, Marty et al. 2010, Middlemas et
al. 2013, Peacock et al. 2013), it is not clear to what
extent such an effect might be detectable here. For
the duration of the study period each year (March to
June), sea lice levels did not exceed the regulatory
threshold of 3 motiles fish™! at any farm site and on
average tended to be <1 motile sea louse per farm
in any given year (summary values can be found on
the DFO site: www.pac.dfo-mpo.gc.ca/aquacult-
ure/reporting-rapports/lice-pou-eng.html). Never-
theless, in future studies of this area, it would be
interesting to explore interactions between farmed
and wild salmon to ascertain the impacts, in both
directions, on sea lice population dynamics.

While a number of differences from other regions
in BC have been noted above, some trends appear to
be similar. The proportion of motile sea lice that were
observed on wild salmonids increased significantly
over the season, as has been reported in other studies
(Patanasatienkul et al. 2013, 2015). In addition, there
was significant annual variation in the levels of sea
lice observed, again a common theme of other stud-
ies in BC (Saksida et al. 2011, Patanasatienkul et al.

2013). It is not clear why 2005 and 2006, in particular,
were associated with such an elevated risk of sea
louse infestation, but once again it may be that more
finely-grained spatio-temporal modelling will help
uncover key drivers in these processes (Brooks 2005,
Stucchi et al. 2011).

While limited comment has been made on the
‘minor’ host species encountered in this study, one
unusual result was noted. In 2005, the level of sea lice
infestation on sockeye salmon was around 29% (N =
171), while over all of the other years, only 1 of the
165 sockeye samples examined was found to have a
sea louse present. We are not able to provide an
explanation as to why this might have been the case,
other than that 2005 was also the year of highest
infestation risk to other salmon species. The data
illustrate the importance of taking care not to draw
conclusions from small and potentially unrepresenta-
tive samples. Had our sampling been confined to
2005, a very skewed and unrealistic picture of sea
lice infestation on sockeye salmon would have
emerged. As other studies of this wild species have
indicated annual variation with some significant sea
lice infestations (Price et al. 2011), there are clearly
circumstances under which levels can become ele-
vated, and it may be important to better understand
the drivers of such events. In addition, the infestation
levels seen on sticklebacks tended to be higher than
was the case for the Pacific salmonids sampled in this
study, with an annual median of around 12 %, but the
overall numbers sampled were too low to make gen-
eral assertions or comparisons to other studies which
have reported on sticklebacks in other areas of BC
(Jones et al. 2006).

Despite these caveats as to the generalizability of
our findings, for the main host and parasite species
observed, we believe the trends and associations to
be robust as they are based on a series of spatially
repeated sampling events over 8 yr. We trust that
these results are of interest in and of themselves, but
also that they illustrate the value of careful long-term
and consistent monitoring to gain a clearer under-
standing of the interactions in complex ecological
community structures such as those that exist in
these aquatic environments.
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Appendix

Table A1l. Mixed effect logistic model showing association be-

tween lice prevalence on chum salmon Oncorhynchus keta

by region, year and key continuous variables (n = 14 498).
OR: odds ratio; ICC: intra-class correlation coefficient

Variable OR 95% CI P
Fixed effects
Intercept 20.22 x 107 (8.28, 49.40) x 10™* <0.001
Region 0.020
A Baseline
B 1.941 0.765, 4.925 0.163
C 1.331 0.610, 2.904 0.472
D 3.298 1.478, 7.361 0.004
Year <0.001
2004 Baseline
2005 4.754 2.503, 9.032 <0.001
2006 3.446 1.790, 6.635 <0.001
2007 0.850 0.419, 1.726 0.654
2008 1.958 1.017, 3.769 0.044
2009 2.913 1.510, 5.619 0.001
2010 1.410 0.723, 2.748 0.313
2011 0.683 0.344, 1.358 0.277
Salinity <0.001
Salinity <15 psu 1.100 1.061, 1.141 <0.001
Salinity >15 psu 1.027 1.000, 1.055 0.050
Length <0.001
Length (mm) 1.220 1.196, 1.243 <0.001
Length? (mm) 0.996 0.996, 0.997 <0.001
Random effects
Level SD SE ICC
Site 0.476 0.154 0.064
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