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Monitoring and potential control of sea lice using
an LED-based light trap

Inigo Novales Flamarique, Christina Gulbransen, Moira Galbraith, and
Dario Stucchi

Abstract: Sea lice are ectoparasitic copepods that threaten salmon farming aquaculture and the viability of wild salmon
populations. To control infestations on farmed salmon, several chemotherapeutants have been developed. but these are in-
vasive (often causing fish stress and loss in production), costly, may induce parasite resistance over time, and their impact
on the environment is a major social concern. Here, we show that a light-emitting diode (LED)-based light trap can be
used to monitor sea lice presence on fish and in the water. The performance of the light trap was tested in experimental
tanks and in the ocean. Plankton net tows were also performed to compare catches with those from light traps. The light
trap caught ~70% of salmon lice larval stages loaded onto a tank and ~24% of the adults. It also acted as a delousing
agent by removing ~8% of adult salmon lice infective on Chinook salmon (Oncorhynchus tshawytscha) smolts in tank ex-
periments. In the ocean, the light trap caught 21 sea lice (10 Lepeophtheirus salmonis and 11 Caligus clemensi), compris-
ing free-swimming and attached stages, while plankton net tows failed to capture any. We conclude that light traps
constitute an effective, noninvasive, environmentally friendly method to monitor sea lice.

Résume : Les poux de mer sont des copépodes ectoparasites qui menacent 1I’aquaculture d’élevage du saumon et la viabi-
lité des populations sauvages de saumons. On a mis au point plusieurs produits chimiques thérapeutiques pour controler
les infestations chez les saumons d’élevage, mais ces substances sont perturbatrices (causant souvent du stress chez les
poissons et provoquant une perte de production) et coliteuses; de plus, elles peuvent entrainer avec le temps une résistance
du parasite et leur impact sur I’environnement constitue un sujet de sérieuse préoccupation sociale. Nous démontrons ici
qu’on peut utiliser un piége lumineux comportant une diode électroluminescente (LED) pour surveiller la présence des
poux de mer sur les poissons et dans I’eau. Nous avons testé la performance du piege lumineux dans des bassins expéri-
mentaux et dans la mer. Nous avons aussi effectué des traits de filets a plancton pour en comparer les captures a celles
des pieges lumineux. Le piege lumineux a capturé ~70% des larves et ~24% des adultes de poux du saumon introduits
dans un bassin. Il a aussi servi d’agent d’épouillage en retirant ~8% des adultes de poux du saumon parasitant les saumo-
neaux de saumons chinook (Oncorhyvnchus tshawyvischa) lors des expériences dans les bassins. En mer, le picge lumineux
a récolté 21 poux de mer (10 Lepeoptheirus salmonis et 11 Caligus clemensi), a la fois des stades libres et fixés, alors que
le filet a plancton n'en a capturé aucun. Nous en concluons que I'utilisation de piéges lumineux constitue une méthode ef-

ficace, non perturbatrice et respectueuse de I'environnement pour surveiller les poux de mer.

[Traduit par la Rédaction]

Introduction

Sea lice comprise a large number of ectoparasitic cope-
pods that associate with a variety of vertebrate and inverte-
brate hosts in the marine environment (Pike and Wadsworth
1999; Costello 2006). Of these, the salmon louse, Lepeoph-
theirus salmonis, has received the most research attention
because of its potential to cause extensive mortality in both
farmed and wild salmonid fishes (Johnson et al. 2004; Cost-
ello 2006). Following settlement on a host, the salmon louse
will feed on the skin components such as the mucus and
blood (Pike and Wadsworth 1999). The resulting skin le-

sions, if sufficiently severe, can lead the host to osmotic im-
balance and to a compromised immune system, increasing
vulnerability to secondary infections (Pike and Wadsworth
1999; Mustafa et al. 2001; Wagner et al. 2008). Although
the host may not die, the stress created by the infection
often leads to morbidity, which reduces foraging effort and
may increase the animal’s wvulnerability to predators
(Wagner et al. 2003; Webster et al. 2007). In farmed sal-
mon, the morbidity results in reduced growth rate, incurring
substantial financial losses in revenue to the industry (Mus-
tafa et al. 2001).
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In addition to the damage created to the salmon farming
industry, infestations of sea lice are major threats to the via-
bility of wild salmonid populations (Tully et al. 1999;
McVicar 2004; Krkosek et al. 2007a) and are of potential
concern to other species, like the Pacific herring (Clupea
pallasii) (Morton et al. 2008). The free-swimming stages of
sea lice are found in highest densities close to salmon farms
(Costelloe et al. 1998; Penston et al. 2004, 2008), and their
abundance can be correlated with the farms® production
cycles (McKibben and Hay 2004: Penston et al. 2008).
Mathematical models of salmon infestation dynamics in the
Broughton Archipelago of British Columbia (Canada) have
shown that sea lice from salmon farms constitute the main
source of infections onto small juvenile wild salmon mi-
grants (Krkosek et al. 2005, 2006, 2007a). This infestation
pressure was historically absent in coastal waters because
the young salmon migrate at a time (March—May) when
adult salmon, the major carrier of offshore sea lice into
coastal waters (Boxshall and Defaye 1993; Beamish et al.
2005), are seldom present (Groot and Margolis 1991; Krko-
sek et al. 2006, 20075h). Thus, salmon farms have broken the
temporal barrier of juvenile wild salmon exposure to sea lice
by acting as year-round sea lice reservoirs (Morton et al.
2004, 2005; Morton and Routledge 20035), potentially threat-
ening the survival of affected wild salmon populations
(Krkosek et al. 2006, 2007a, 2008).

The problems with sea lice epidemics have led to the de-
velopment of various chemical and pharmacological treat-
ments (Boxshall and Defaye 1993; Pike and Wadsworth
1999; McVicar 2004). Many of these treatments can induce
stress on the fish, have a long withdrawal period, and the
environmental effects are a major social concern (Pike and
Wadsworth 1999; Naylor et al. 2003). In addition, sea lice
can develop resistance to treatments, requiring a multiplicity
of expensive Interventions to mitigate the problem (Davies
and Rodger 2000; Mustafa et al. 2001). As a result, the use
of environmentally friendly methods to prevent infestations
(e.g., site fallowing, development of vaccines, screening for
resistant fish strains, freshwater or land-based aquaculture)
has received increasing support from the scientific commun-
ity and monitoring agencies (Boxshall and Defaye 1993;
MacKinnon 1997; Naylor et al. 2003). Present-day salmon
farming operations are overwhelmingly ocean-based, yet
there 1s a lack of noninvasive, environmentally friendly
methods to monitor sea lice presence on fish or in the water
to help detect the onset of infestations at an early stage.
Such methods could allow for preventive action, such as re-
location of fish to another site by transport in fresh water to
remove the sea lice.

Here, we describe the use of a light-emitting diode
(LED)-based light trap in capturing sea lice in tanks and in
the ocean. The experiments are based on laboratory and
field results demonstrating sensitivity of parasitic copepods
to light (e.g., Novales Flamarique et al. 2000; Mikheev et
al. 2003; Yoshizawa and Nogami 2008) and capture of sal-
mon louse nauplii and copepodids using a halogen light
source equipped with an air lift system (Pahl et al. 1999,
2000). Visual behaviour experiments carried out in the labo-
ratory with salmon lice showed that nauplii were attracted to
lights turning off, copepodids to lights turning on, and adults
to lights turning on and off (Novales Flamarique et al. 2000;
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see also Bron et al. 1993 for copepodid behaviour). The
strength of the response increased with light intensity, and
sensitivity to light was equivalent to that of their salmonid
hosts (absolute perception threshold of copepodids
~10'3 photons-m~2-s~!; Novales Flamarique et al. 1992; No-
vales Flamarique and Hawryshyn 1993, 1997). Based on
these results, we hypothesized that a light trap with modu-
lated intensity output could capture the free-swimming and
attached stages of the salmon louse. A second hypothesis
pertained to the use of a light trap as a delousing agent. Ac-
cording to this hypothesis, the light trap was expected to re-
move sea lice from infected fish.

This research had three goals: (i) assess the capture effi-
ciency of the light trap for various flashing protocols and
durations in a tank loaded with either larval salmon lice or
detached adult females, (i7) determine whether the light trap
could attract and capture adult female salmon lice in a tank
in the presence of salmon, and (iii) test whether the light
trap could capture sea lice in the ocean. If the light trap
was efficient at capturing sea lice, we expected significantly
higher catches by a functional (operative) light trap vs. an
identical one that was not operational (control) when per-
forming parallel deployments. To assess whether the light
trap performance in the ocean was commensurate with sea
lice levels present, we conducted plankton net tows at de-
ployment sites as a comparative sampling method.

Materials and methods

Source of salmon lice and maintenance of cultures

Gravid female salmon lice (L. salmonis) were obtained
daily from wild adult salmon caught by fishermen at the
Tyee Resort Fishing Lodge (Bamfield, British Columbia,
Canada) in August—September 2005. The live salmon lice
(Fig. 1) were transported in ocean water to the Bamfield
Marine Sciences Centre. Here, the egg strings were removed
from the females and placed in four 10 L flasks supplied
continuously with 12 "C filtered ocean water (100 jum mesh
size filter). The flasks were equipped with large aperture
spouts covered with the same 100 pm filter netting to pre-
vent escape of larvae. The netting was replaced twice every
day to prevent clogging, as large numbers of larvae started
to hatch on the same day that new egg strings were ac-
quired. The larvae appeared healthy, and individual batches
lasted over 1 week, indicating high quality of egg strings
and (or) rearing conditions. The females (devoid of egg
strings) were placed in two 20 L aquaria containing ocean
water supplied via the same flow-through system. Salmon
lice at various stages (Fig. 1) were obtained from this cul-
ture system for the tank experiments. New lice were used in
each experimental trial.

Light trap and tank characteristics

The light trap was designed around a hollow polyvinyl
chloride (PVC) cylindrical capture chamber, 55 c¢m high
and 27.5 cm in diameter, with a removable top housing four
LEDs (white light emission LEDs, LXHL-MWI1C, Philips
Lumileds), which provided downward illumination
(Fig. 2a). The LEDs and an electronic control unit, which
controlled the intensity, duration, and onset of each diode’s
emission, were powered by a 12 V, 17 A-h sealed lead acid
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Fig. 1. Photomicrographs showing the sea lice (Lepeophtheirus salmonis) stages used in tank experiments. (a) Adult female salmon louse
with egg strings (arrows). () Nauplius (bottom side) showing characteristic lipid sac (circular structure) and lack of mouth parts.

(c) Nauplius (upper side) showing typical banding pattern (see Schram 2004). {(d) Copepodid with characteristic pointed rostrum.

(e, f) Nauplii (¢) and mixture of nauplii (black arrows) and copepodids (white arrows) (f) caught by the light trap. Magnification bar in

panel (a) represents 7.3 mm (a), 0.082 mm (b), 0.13 mm (c). 0.09 mm (d), and 0.38 mm (e, f).

battery (Polar Batteries). The bottom end of the capture
chamber consisted of a removable cone lined with 100 um
mesh netting, whose top was equipped with a removable
metal grid (to select for the animals being caught, e.g., zoo-
plankton or larger animals like fish) and a lid, connected to
a metal rod, that could be closed remotely by release of an
external pin (Fig. 2a). At the end of a given deployment and
prior to retrieving the light trap from the water, the lid was

closed by pulling on a rope that dislodged the pin, resulting
in the capture of the amimals that were present in the light
trap. At the surface, the catch was carefully washed off the
cone netting and from the inside of the chamber with fil-
tered sea water into a collection bucket. Random samples of
the live catch were analyzed with a light microscope in the
field and in the laboratory for presence of sea lice. The
catch was then filtered through 100 pm netting and the fil-
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Fig. 2. Schematic diagrams of (a) the light trap capture module and
(b) the disposition of light traps inside the tank viewed from above.
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tered content washed into a glass vial with 100% ethanol for
long-term storage. A detailed inspection for sea lice was car-
ried out in the laboratory at the Institute of Ocean Sciences
or at Simon Fraser University (Burnaby, British Columbia).
The tank trials consisted of submerging two identical light
traps at equidistant locations from the centre of a ~5800 L
tank (2.43 m diameter x 1.25 m height; Fig. 2b). The bot-
tom of each light trap was suspended alt approximately
80 ¢m from the bottom of the tank. The tank was sur-
rounded by semidark cloth whose light transmission pro-
duced a diffuse spectral background with intensity (6.2 x
1016 photons:m~2-s7!) resembling that at crepuscular periods
in the upper layers (1-3 m) of the ocean (see Novales Fla-
marique and Hawryshyn 1997; Novales Flamarique and Har-
osi 2000; Novales Flamarique et al. 2000). The light trap
intensity, 80 c¢cm from the bottom of the capture chamber,
was 4.3 x 1020 photons-m2-s~! (the intensity was kept the
same throughout the study)., and the spectral range was
400-740 nm (see Novales Flamarique et al. 2007 for the
LED emission spectrum). Light measurements were ac-
quired with a USB-2000 spectroradiometer equipped with a
600 pm diameter light guide and cosine collector under the
control of OO Irradiance software (Ocean Optics, Florida).
Both the intensity and spectrum characteristics of the light
trap emission were within the visual sensitivity range of the
salmon louse (Novales Flamarique et al. 2000). Light trap
capture efficiency trials were carried out by loading the
tank with a given concentration of salmon lice, alone or
with fish (details below). At the end of each trial, the tank
was drained and its surfaces power-washed to remove any
residual lice; the tank was then filled and loaded with new
animals for the ensuing trial.

Tank experiments with detached salmon lice

To test the ability of the light trap to capture salmon lice,
deployments (n = 8 replicates per treatment) were carried
out in a tank loaded with these parasites, and the capture ef-
ficiency was assessed after 2 h for the following light flash
frequencies: 0 (always on), 90 s on : 90 s off, 90 s on :
30 s off, and 90 s on : 15 s off. In addition, 8 h deployments
were also carried out for the 0 frequency condition to test
whether capture changed significantly from 2 h deploy-
ments. In all cases. deployments involved two identical light
traps (a functional one, with LEDs operative, and a control,
with no light emission). For each series ol experiments, the
two light traps were alternated in themr role (operative vs.
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control) to account for any differences in experimental de-
sign (e.g., small differences in relative position of each light
trap in the tank).

Prior to immersion of the light traps, the tank was loaded
with a known concentration of larvae (2 per I; ratio ~2:1
nauplii II to copepodid) or adult female lice (0.13 per 1).
The larval concentrations used in this study were about four
times those reported 1in some areas of coastal Scotland
(~500-m~*) by Penston et al. (2004). Larval loads were esti-
mated by averaging the number of nauplii and copepodids in
ten consecutive 20 mL water samples taken randomly from
a homogeneous flask culture and computing the required
volume to arrive at the desired concentration inside the
tank. Adult concentrations were obtained by loading individ-
ual salmon lice females (390 per trial). At the end ol each
trial, the hce captured by each light trap were counted. In
the case of larvae, this involved washing the light trap with
[1ltered ocean water and collecting the salmon lice in a
bucket. The water was then refiltered through a 100 pum net
and the catch washed into a glass cylinder. If larval count
exceeded 500, the concentration was estimated by counting
the number of larvae in ten 20 mL water samples of the
swirled (homogeneous) culture. Larvae were counted with
replacement at 40x magnification using a shide grid on the
microscope stage. We did not compute mortality of salmon
lice during the experiments, as we did not expect 1t to be
significant because of the high quality of the culture and
rearing conditions. The hght trap efficiencies reported are
therefore conservative estimates, should there have been
any mortality during the experiments.

The use of female salmon lice only for experiments with
non-larval stages (as opposed to both females and males)
merely reflects the fact that we collected only females with
strings from wild salmon. Our observations on adult salmon
lice swimming behaviour have not indicated differences be-
tween the sexes.

Tank experiments with salmon lice and fish

The aim of this series of experiments was Lo assess
whether detached adult female salmon lice would enter the
light trap despite the presence of host fish and whether the
light trap could act as a delousing agent by capturing salmon
lice previously loaded onto fish. Two types of experiments
were carried out. In the first type (n = 3), the tank was
loaded with 25 Chinook salmon (Oncorhynchus tshawyt-
scha) smolts and 175 detached adult female salmon lice in
the presence of two light traps (operative and control) de-
ployed as per the experiments without fish (see previous
section). The operatuve light trap was programmed to flash
intermittently 90 s on : 30 s off for 2 h (based on the analy-
sis of results from the previous section). At the end of each
trial, the numbers of lice in each light trap were counted and
the tank drained and prepared for the next trial as explained
previously. In the second type of experiment (n = 3), Chi-
nook salmon smolts (n = 15) were infected with 10 adult fe-
male lice each and monitored 1in aquaria for 30 min (to
ensure that no lice-shedding took place), after which they
were released into the tank. Two light traps (one operative
(90 s on : 30 s off light cycle) and a control) were then de-
ployed 1n the tank for 2 h as per previous experiments. The
number of salmon lice on the fish, inside the light traps, and
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Fig. 3. Maps showing the research locations for light trap deployments and net plankton tows in Clayoquot Sound and the Broughton Ar-
chipelago (British Columbia, Canada). (a) Location of Vancouver Island within North America. (b) Location of both research areas (rectan-
gles) in relation to Vancouver Island and major cities (squares), as well as the location of the Bamfield Marine Science Centre.

(c, d) Enlargement of the study areas in Clayoquot Sound (c) and the Broughton Archipelago (d). Solid circles indicate the specific sites of
deployments (light traps and plankton net tows). The scale bars on the bottom left of maps (b—d) correspond to 47 km (k). 2.6 km (c), and

3.6 km (d).
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The Chinook smolts used in these experiments had average
weight and total length + standard deviation (SD) of 41 +
54 g and 16 = 4.8 cm, respectively. Each trial used naive
fish.

Statistical analyses

For a given treatment (deployment type), capture efficien-
cies from the control (nonfunctional) light traps were sub-
tracted from the corresponding operative ones. These
numbers were compared between treatments by Student’s ¢
test or one-way analysis of variance (ANOVA). Capture re-
sults (n = &) for the 2 and 8 h treatments with a light trap
continuously on (zero flash frequency condition) were com-
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pared by Student’s r test for both larval and adult salmon
lice independently. The 2 h treatments were analyzed by
one-way ANOVA followed by a Tukey’s grouping test with
a = 0.05 (this analysis encompassed all trials together, for
both larval stages and adults). Catches from control light
traps were independently analyzed by one-way ANOVA
with o = 0.05.

Light trap testing in the ocean and comparison with
catches from plankton net tows

To investigate whether the light trap could capture sea
lice in the ocean, we deployed it at various locations in
Clayoquot Sound and in the Broughton Archipelago (British
Columbia, Canada: Fig. 3) and carried out simultaneous
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plankton net tows. Deployments in Clayoquot Sound took
place during October 2005, while those in the Broughton
Archipelago were conducted in April-June 2006, 2007. The
net tows were carried out at the same sites and on the same
dates as light trap deployments (Clayoquot Sound) or in
very close proximity (within 0.5 km) of light trap deploy-
ments on the same dates (Broughton Archipelago). Although
light trap and plankton tow catches could only be compared
qualitatively, we consider the light trap to be a highly effi-
cient capturing device if the number of sea lice caught is
several times the number captured in standard plankton
tows in the vicinity of ideal sea louse habitat (as per our
sampling locations and protocol).

Six light traps were deployed at a depth of 1-3 m near
salmon farms (with individual net pen dimensions: 30 m x
30 m x 20 m; ocean bottom depth: 40—60 m), inside an ex-
perimental net pen (dimensions: 4 m x 4 m x 2 m; ocean
bottom depth: 10-15 m) with infected juvenile pink salmon
(Oncorhynchus gorbuscha) (Fox Island, Broughton Archipe-
lago), and at non-farm locations (ocean bottom depth: 30—
60 m). To improve the chances of catching sea lice, which
exhibit diel vertical migrations (Heuch et al. 1993), we de-
ployed the light traps for one complete tidal cycle starting
at ~1500 h and ending at ~0800 h the next morning. Light
traps are particularly efficient under mesopic and scotopic
conditions, when the light trap’s emission contrasts most
against the (low) background illumination. The LED lights
were continuously on during deployments, as we primarily
aimed to catch the larval stages of sea lice. We used labora-
tory space on the boat (e.g., on the Canadian Coast Guard’s
CCGS Vector) or on farm platforms to retrieve the catch,
carry out preliminary microscopy examinations, preserve
the animals for long-term storage, and redeploy the light
traps. Similar observations and storage procedures were car-
ried out on catches originating from the plankton net tows.

We used a Scientific Committee on Oceanographic Re-
search plankton net (0.5 m mouth, 2 m length, and 200 mm
mesh size) with flow meter to conduct horizontal and verti-
cal net tows. Horizontal tows involved dragging the net in
undulating fashion (between the surface and 1 m) on the
nearshore side, upstream into the observed current, at 0.5-
| m-s~! for approximately 2 km. This method was employed
In an attempt to maximize potential sea lice encounter on
the assumption that the larvae would be distributed in the
upper I m layer of the ocean (see McKibben and Hay
2004) and near shore (as this 1s where schools of infected
juvenile wild salmon have been observed: Morton et al.
2004; Krkosek et al. 2005). Vertical net tows to 50 m were
carried out in selected areas to access any potential sea lice
that could be dwelling deeper in the water column, as these
may be attracted to the light traps but would not be sampled
by the horizontal surface tows. It should be noted that ge-
netic analyses of the Pacific salmon louse have shown it to
be markedly different from its Atlantic counterpart, and this
may explain alterations in physiology (e.g., osmoregulatory
capacity, see Yazawa et al. 2008). Thus, we had no a priori
indication that the sea lice pursued would exhibit the same
behaviours as those reported for corresponding Adtlantic
morphs. In total, 40 net tows (~4400 m? of water filtered
through the net) and 34 light trap deployments were carried
out. Taxonomic identification of sea lice was performed fol-
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Fig. 4. Average light trap catches (+ standard deviation) in the tank
for (a) larval stages and (b) adult females, expressed as a percen-
tage of the load. Above each bar graph are the lighting conditions
of the operative light trap (ON) and the control light trap (OFF, no
LED emission). The following nomenclature applies to the lighting
regimes: 100%, ON (light on all the time); 100%, OFF (light off all
the time, control); 90/90, 90/30, 90/15 are the cycling flashing re-
gimes for the operative (ON) light trap corresponding to

90 s on : 90 s off, 90 s on : 30 s off, and 90 s on : 15 s off, respec-
tively. The amount of time (2 or 8 h) for each type of deployment
1s also indicated. Statistically similar treatments (p > 0.05) share the
same letter (top of bar graph). The control light trap (OFF)
averages are shown for illustrative purpose; they were subtracted
from the corresponding functional light trap (ON) values prior to
statistical analyses.
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Schram 2004; Galbraith 2005).

Results

Success of light trap in capturing salmon lice in tanks
The light trap was successful at capturing the larval and
adult stages of the salmon louse used in the study (Fig. 4).
The larval stages were a mixture of nauplii and copepodids
(Figs. le, 1f), as these varied in developmental stage within
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a culture flask. Nauplii comprised ~60%—95% of all catches,
which mirrored the range in the culture flasks.

The larval stages were primarily attracted to a light that
was on all the time (F = 62.48, p < 0.0001; Fig. 4a). When
the light cycled between 90 s on and 15 s off (2 h, 90/15,
ON), lice capture was statistically similar to that when the
light was permanently on (2 h, 100%, ON; Fig. 4a). If the
off part of the cycle was increased by 15 s (2 h, 90/30,
ON), capture was significantly lower compared with the
2 h, 90/15. ON condition. A further increase of 60 s in the
off cycle (2 h, 90/90, ON) led to a precipitous decline in
capture efficiency (Fig. 4a). It the light trap was kept con-
tinuously on for 8 h (8 h, 100%, ON), the capture efficiency
increased significantly over the corresponding 2 h condition
(t = -3.93, p = 0.0018), resulting in an average capture of
70%. In all experiments, the control light trap, with the light
permanently off but otherwise operative, captured a minute
number of salmon lice (<0.07%; see OFF results, Fig. 4a).

When similar experiments were carried out with adult fe-
male salmon lice, the results were very different (Fig. 4b).
Adult female salmon lice were primarily attracted to a flash-
ing light, and the highest average catches (~24% of the load)
were obtained when the off part of the cycle approximated
the on portion (see 90/90, ON; Fig. 4b). Capture was statisti-
cally similar, however, when the oft part of the cycle was re-
duced by 60 s (2 h, 90/30, ON) but significantly lower when
the off part of the cycle was reduced to 15 s (2 h, 90/15, ON;
Fig. 4b). Capture efficiency for the latter condition was sim-
ilar to that for a continuously operating light trap, whether
for 2 h (2 h, 100%, ON) or 8 h (8 h, 100%, ON). Capture
efficiency for the 8 h condition (8 h, 100%, ON) was signifi-
cantly greater than that for the 2 h condition (2 h, 100%,
ON) (r = -9.71, p < 0.0001). Compared with the catches of
larval stages with the hight permanently on (in the range
~52%—-84% of the load). adult captures with a flashing light
were less than half. The control light traps for all treatments
(encompassing larval and adult salmon lice trials) had stats-
tically the same low capture efficiency (p > 0.03).

Delousing properties of the light trap

In experiments where 175 adult salmon lice were loaded
into the tank in the presence of 25 Chinook smolts and a
90 s on : 30 s off flashing light trap for 2 h, capture by the
light trap was 20% of the load (Fig. 5). By comparison, on
average 0% of the salmon lice were attached to the fish at
the end of the 2 h exposure, with a small fraction of fish
carrying large individual loads (15-20; Fig. 5). The remain-
ing lice (~30%) were on the floor or the walls of the tank.

When similar experiments were carried out with three sets
of 15 smolts preloaded with 10 adult lice per fish, the light
trap retrieved on average 8% of the load (12 = 2.65 lice),
85% remained on the fish (127 + 4.58 lice), and the remain-
der (7%, 11 = 2.64 lice) were on the floor or the walls of the
tank.

Light trap capture of sea lice in the ocean

In total, the light trap caught 21 sea lice: 10 L. salmonis
and 11 Caligus clemensii. These were distributed as follows:
3 adults, 2 naupli, and 1 copepodid L. salmonis in Dawley
Passage (Clayoquot Sound); 3 adult, 3 subadult, and 2 chali-
mus C. clemensii near the Burdwood Islands (Broughton Ar-
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Fig. 5. Average number of salmon lice on three sets of 25 Chinook
salmon smolts released into the tank in the presence of 175 de-
tached adult female salmon lice and two light traps (operative and
control: the operative light trap flashing 90 s on : 30 s off) for 2 h.
The salmon lice caught by each light trap (operative, ON) and con-
trol (OFF) are indicated at the top of the panel. Each distribution is
depicted by its own pattern bar.
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scales); 2 adult and 1 subadult C. clemensii in Fife Sound
(Broughton Archipelago); and 4 subadult L. salmonis near
Fox Island (Broughton Archipelago). In contrast, no sea lice
were caught with the plankton net tows.

Discussion

The light trap as a tool to monitor sea lice in nature

Light traps have long been used by researchers to charac-
terize fish and zooplankton communities in both freshwater
ecosystems and in the ocean (Kawaguchi et al. 1986; Doh-
erty 1987). Laboratory experiments with lobster larvae
(Pahl et al. 1999) suggested that a light trap with permanent
emission and equipped with an air lift system located at the
entrance to the capture chamber could be used to catch pho-
topositive zooplankton larvae like those of the salmon louse
(Bron et al. 1993). Salmon lice larvae were indeed success-
fully caught using such a trap, equipped with a halogen light
source, deployed at night in Atlantic salmon net pens off the
coast of Maine, USA (Pahl et al. 2000). Unfortunately, the
lack of control light traps in these studies precluded an un-
equivocal conclusion that 1t was the light emission, and not
the air Iift system, that was responsible for the catch (as
drifting zooplankton could easily be trapped by the action
of the air lift system). Nonetheless, these pioneering studies
suggested a role for light traps in monitoring, and potentially
controlling, sea lice numbers (Pahl et al. 2000). With this in
mind, and based on detailed studies of salmon louse vision
(Novales Flamarique et al. 2000), we designed a new LED-
based light trap with flashing capabilities to improve capture
of all stages of sea lice.
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The enclosure tests demonstrated that salmon louse larvae
were highly attracted to a continuous light source (catches
~70% of the load), whereas the adults preferred a flashing
light source and were less likely to enter the light trap
(catches ~24% of the load). In the ocean, however, the light
trap caught primarily the non-larval stages, suggesting that
free-swimming larvae were less abundant than attached
stages during our sampling times. In the Broughton Archipe-
lago, plankton net tows have only caught sea lice larvae (11
individuals) in the early spring (March—April) despite 4
years of effort (M. Galbraith, unpublished data). By mid-
April, juvenile wild salmon migrants are observed to be
heavily infected with salmon lice (Morton et al. 2004; Krko-
Sek et al. 2005), and the larvae are no longer found in plank-
ton net tows (this study). The three larvae caught in
Clayoquot Sound may have been the result of a potential
seasonal increase in sea lice due to the return of adult wild
salmon 1n the fall.

The prominent capture of nauplii by a light trap with un-
interrupted emission suggests that the long-term response to
continuous light is opposite to the immediate response fol-
lowing dark adaptation previously reported (Novales Fla-
marique et al. 2000). Alternatively, the nauplii used by
Novales Flamarique et al. (2000) may have been at an ear-
ler developmental stage (I), whereas the ones used here
(predominantly stage II) already exhibited the visual behav-
iour of the copepodid, the next stage of development. What-
ever the case, larval catches under continuous illumination
were consistent with reported catches 1n salmon net pens
(Pahl et al. 2000, though the physical factor responsible for
the catches in this study is debatable, as explained previ-
ously) and with the overall migration of sea lice to surface
waters during the day (Heuch et al. 1995), when ambient il-
lumination is highest.

Our experiments also showed that despite preference for a
flashing light, female adult salmon lice were also drawn to a
continuous source of illumination. The tank trials further 1l-
lustrated that the light trap captured a percentage of adult
lice even 1f these were originally attached to hosts. Such a
finding was corroborated by results in the ocean, where the
majority of deployments took place in close proximity of
farms, at least one of which (an experimental sea lice farm
near Fox Island) had juvenile pink salmon infected with sal-
mon lice. It has been previously observed in tanks (but see
also Saksida et al. 2007 for comments on sea lice displace-
ments in nature) that attached sea lice will move among host
fish (Ritchie 1997; Hull et al. 1998), suggesting the possibil-
ity that some lice detached from their hosts to enter the light
trap. The alternative is that motile sea lice that could not
find a new host after detachment (despite the large numbers
of fish present in the net pens) were attracted to the light
trap. Either way, the light trap acted as a delousing agent.

Our results demonstrate that light traps could be used to
monitor sea lice on fish and in the water column. The work
ol Pahl and collaborators indicated that abundance of larvae
(copepodids) on sampled fish was similar to larval abun-
dance determined by use of their hght trap (Pahl et al
2000). This, 1n turn, suggested that larval abundance in the
water column was closely related to settlement numbers on
the fish (Pahl et al. 2000). Light traps could therefore be de-
ployed to monitor the number of sea lice larvae in the water
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as an indicator of infection levels. If sea lice densities de-
rived from hight trap catches attained a given threshold
(e.g., much less than eight, as this was the average number
on fish when chemotherapeutic treatment was initiated in
British Columbia (Saksida et al. 2007) during years when
infestations occurred on juvenile wild salmon (Morton et al.
2004; Orr 2007)), alternative corrective action could be
undertaken by transporting the fish in freshwater to another
location. The trigger for corrective action is a complex deci-
sion that varies with jurisdiction, but given that five motile
salmon lice per small juvenile pink salmon could collapse
populations of this species (Krkosek et al. 20075), it would
be prudent from a conservation perspective to take correc-
tive action when the light trap captures five larvae. In our
experience, short-term exposure (in the order of hours) of
large juvenile (smolt) Pacific salmon of various species to
fresh water had no effect on subsequent food consumption
and growth. Since Atlantic salmon (Salmo salar) can natu-
rally spawn multiple times throughout life, alternating in the
process from salt- to fresh-water residency, we expect that
short-term transport of farmed fish in fresh water would
have little effect on their long-term physiology and growth.

The light trap as a sea lice sampling tool has several ad-
vantages over sea lice counts on fish or plankton net tows
(which are the two methods presently used to sample for
sea lice). First, the light trap eliminates fish handling and
the associated stress to the animals, which often leads to po-
tential losses in production (Mustafa et al. 2001). Second, in
contrast with plankton net tows, the light trap does not re-
quire time-consuming and expensive operation of boats.
Third, the light trap can be deployed in areas where it is ex-
tremely difficult or impossible to carry out plankton net
tows (e.g., next to floats, in net pens, along intricate shore-
line), adding another appealing feature as a research tool.
Fourth, because the light trap catches live animals, sea lice
nauplii and copepodids can be more readily distinguished
from other zooplankton larvae based on colouration (Schram
2004) instead of the more intricate morphological criteria
(Galbraith 2005) required to identify fixed specimens (which
readily lose their colour). Plankton net tows also produce
live catches, but these often include phytoplankton content
requiring tedious sorting of the catch (especially during the
spring bloom) before zooplankton analysis can proceed. Al-
ternatively, light trap catches could be processed by real-
time polymerase chain reaction (PCR) using species-specific
gene markers to expedite the identification and quantifica-
tion process (McBeath et al. 20006).

Cost analysis of light traps versus other procedures

To assess whether the use of light traps could be finan-
cially worthwhile in salmonid production operations, it 1s in-
structive to perform a basic analysis of costs incurred with
these devices and compare them with those incurred via al-
ternative sea lice prevention methods. We have therefore
calculated the average cost per net pen per production cycle
(i.e., salmon growth for 2 years in salt water) due to sea lice
infections in the case of (i) a farm that takes no action, (ii) a
farm that uses light traps operating at 72% (delousing) effi-
ciency, (iii) a farm that uses light traps operating at 8% effi-
ciency, (iv) a farm that treats with emamectin (Slice) once
per production cycle, (v) a farm that treats with Shice once
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Table 1. Net pen costs associated with sea lice infection per production cycle for a salmon farm that undergoes
one of the following treatments: no treatment (NT), deploys light traps performing at 72% capture

efficiency (LT(72%)), deploys light traps performing at 8% capture efficiency (LT(8%)), treated with Slice (8),
treated with Slice and deploys light traps performing at 72% capture efficiency (S+LT(72%)), or treated with
Slice and deploys light traps performing at 8% capture efficiency (S+LT(8%)).

Treatment
Loss factor NT LT(72%) LT(8%) S S+LT(72%) S+LT(8%)
Reduced growth 0.2 0.056 0.184 0.12 0.032 0.11
Reduced feed CR (%) 5 1.4 4.6 2.9 0.81 2.7
Downgrade (%) I 0.28 0.92 0.58 0.16 0.53
Secondary diseases (%) 1 0.28 0.92 0.58 0.16 0.53
Cost of above factors per net pen per production cycle (CANS)
Reduced growth 72000 20160 66 240 43240 11520 39 600
Reduced feed CR 11250 3150 10350 6525 | 823 60735
Downgrade 1800 504 | 656 | 044 288 956
Secondary diseases 14 400 4032 3248 8352 2304 7648
Procedural costs per net pen per production cycle (average over first three cycles) (CAN$%)
I 0 2487 2487 0 2487 2437
LT + salaries (operation) 0 28 201 28 201 0 28 201 28 201
Slice treatment 0 0 0 18000 18 000 18 000
Total costs per net pen per production cycle (CANS$)
Total (no LT salaries) 99 450 30333 93081 77161 36152 74766
Total (with LT salaries) 99 450 56047 119695 77161 62136 100480

Note: Calculations are based on deployment of five light traps (LT) per net pen. Slice treatment is assumed to occur once
during the production cycle. The nonprocedural cost factors considered were as follows: reduced growth (in terms of loss of
weight per fish, kg-fish™), reduced feed conversion ratio (CR) (requiring added feed to produce a marketable fish), downgrade
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of fish meat from premium to standard, and fish losses produced by secondary infections,

per production cycle and uses light traps operating at 72%
efficiency, and (vi) a farm that treats with Slice once per
production cycle and uses light traps operating at 8% elli-
ciency. The choice of light trap capture efliciencies was
based on our results from tank trials where ~70% of larval
stages were caught and 8% of female adults on fish were
caught. The 72% efficiency assumes removal of 70% of
larval stages from the water and 8% of the remainder (pre-
sumed attached to fish); thus, the efficiency factor 1s 0.7 +
(0.3)(0.08) ~ 0.72 or 72%. The other efficiency considered
(8%) was the lowest found in our tank studies, when captur-
ing attached adults. In this case, we proceeded conserva-
tively and applied this efficiency factor to all stages.

Our cost analysis (all currency i1s in Canadian dollars) i1s
based on that published by Mustafa et al. (2001) for sea lice
costs to the aquaculture industry in eastern Canada. These
authors identified four major costs incurred through sea lice
infections: () reduced growth of salmon (at a loss of 200
g-fish™1), (ii) reduced feed conversion rate (requiring 5%
more feed at a cost of $1.25-kg~! of feed), (iii) downgrading
of salmon product from premium to standard, at a cost of
$1-kg~! of fish, and (iv) secondary diseases emanating from
lice infection, resulting in a loss of 1% of total fish har-
vested. These factors, unaltered, guide the calculations for
the nontreated farm (Table 1).

Our analysis also produces new cost factors for the vari-
ous treatments, which arise by multuplying those above (see
Mustafa et al. 2001) by efficiency coefficients pertinent to
each treatment. In the case of light treatments, for instance,
we assume that the costs will be reduced by the capture effi-
ciency factor of the light trap. This 1s based on the results of

Pahl et al. (2000), who showed that the number ol sea lice
on fish (and therefore, we assume. the infection pressure,
ensuing damage, and costs to the culturist) was directly pro-
portional to the number of sea lice larvae in the water (and
assessed by light trap capture). Thus, the use of a light trap
with 72% efficiency would lower the cost factor due to re-
duced salmon growth by 0.2 ke-fish~! — 0.2 kg-fish=1(0.72) =
0.056 kg-fish~!. In the case of Slice, Saksida et al. (2007)
showed that treatment with this neurotoxin was eflfective
for a maximum of 5 months. Thus, 1n our analysis we
used 1 — 5/12 ~ 0.38 to calculate the reduced factors as-
sociated with this treatment (Table 1). When both Slice
and light traps are combined, the reduced cost factors are
obtained by applying the light trap efficiency factor to the
portion of the production cycle when Slice i1s ineffective.
For instance, the new factor associated with reduced sal-
mon growth when Slice and a 72% ellicient light trap are
combined becomes 0.2 kg-fish-'(0.58)(1 — 0.72) ~ 0.032.

The calculations leading to the costs presented in Table |
further assumed typical net pen dimensions of 30 m X
30 m x 20 m (volume: 18000 mY), fish stocking density of
10 ke-m—, market fish size of 4 kg, and the sale of salmon
for $8-kg~!. For instance, the cost due to reduced growth per
net pen in a nontreated farm per production cycle would be
18000 m3(10 kg-m=3)(1 fish-4 kg 1)(0.2 kg-fish-1)($8-kg!) =
$72000. For the same net pen, the cost due to reduced
feed conversion would be 18000 m3¥10 kg-m=)(0.05)
($1.25-kg=") = $11250; the cost due to product downgrade
would be 18000 m10 kg-m=)(0.01) ($1:kg™") = $1800;
and the cost due to secondary infection losses would be
18000 m3*(10 kg:-m=)(0.01)($8-kg™") = $14 400.
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There are additional intrinsic costs to Slice treatment and
(or) the operation of light traps. Slice treatment is estimated
at $0.10 kg! of fish (Bright and Dionne 2005). Our proto-
type light trap costs $1200 to manufacture. Given the di-
mensions of the cone of light emitted, a maximum of five
light traps need be deployed per net pen for a cost of $6000
per net pen (or $2000 per production cycle). The light trap
is powered by a battery that costs $92, and each light trap
has four LEDs that cost $20 each. Both components (battery
and LEDs) last 5-6 years, for a cost of 5[92 + 4(20)] = $860
(or $287 per production cycle). In our estimates, we have
also included $200 for miscellancous repairs per production
cycle. The operation of our light trap 1s sell-evident, requir-
ing no training costs. The remaining cost for light trap oper-
ation would be labour (for aquaculture operations that could
not incorporate light trap retrieval and redeployment as part
of the operating crew’s work load). Given that the battery
can power the four LEDs for >48 h at half the intensity
used in this study (which would be sufficient for attracting
sea lice within the net pen dimensions considered here, see
below), we estimate that the total cost of one extra person to
operate five light traps per production cycle would be
$50000-year'(9 h-35 h-week=')(2 years-cycle™!) = $25714.
This calculation is based on retrieval and redeployment of
each light trap in 36 min (which is a conservative estimate,
since the task can be completed in 30 min) and deployments
lasting on average 2 days (three deployments per week).
Thus, the total cost with and without the extra salary for de-
ploying five light traps per production cycle would be
$28 201 and $2487, respectively.

Our light trap-related cost estimates are based on deploy-
ment of five units per net pen. Given the dimensions of the
light trap, we can calculate an exit cone of light of 28",
Thus, this cone will be 5 m wide at 20 m depth. For a
30 m x 30 m net pen with a converging bottom (as is nor-
mally the case, resulting in less than 25 m x 25 m cross-
section at 20 m depth), five light traps will expand a strip
of cross section 5 m wide. Although such a strip of light
will not cover the total cross sectional area of the net pen at
any depth, only a maximum of five light traps need be con-
sidered for deployment because (i) fish and sea lice (at-
tached and free-swimming) move within the net pen and
will 1nevitably encounter one of the light cones, and
(i) horizontally scattered hight 80 ¢m from the bottom of
the capture chamber will travel ~51 m in any radial direc-
tion before 1t becomes invisible to a salmon louse. (This 1s
based on an extinction coefficient of 0.3 m~!, a scattered
horizontal light intensity that 1s one-quarter of the downwel-
ling light (see Novales Flamarique et al. 1992; Novales Fla-
marique and Hawryshyn 1993), and assuming an emission
that 1s half the intensity of that used in this study.) All our
laboratory and field trials indicate that such a light environ-
ment will draw sea lice to the light traps, especially at night.
In fact, a single light trap positioned in the centre of the net
pen with a downwelling light emission 10 times that used
in this study (~10'> photons-m~2-s~!) would be visible to a
salmon louse anywhere within the net pen at night (as-
suming the previous extinction factor and ratio of sidewel-
ling to downwelling light). This makes our cost analysis for
the light trap (which is based on deployment of five units)
excessive in terms of necessary costs. When deploying light
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traps 1 salmon farms, care should be taken to place them
strategically to minimize the number of units necessary and
to refrain from attracting sea lice from beyond the net pens.
In this regard, vertical light penetration appears to be the
most forgiving dimension in that nauplii and copepodids are
commonly found close to the surface, well within ~20 m
depth (1.e.. within the depth limit of most commercial net
pens: Heuch et al. 1995).

Table 1 shows that deployment of hght traps with 72%
capture efficiency i1s the most effective single treatment of
all considered, decreasing costs by $69 117 (including the
extra worker’s salary) and $43 303 (without such salary) per
net pen per production cycle compared with the nontreated
condition. The savings, when including the extra worker’s
salary, are approximately twice those achieved by Slice
treatment ($22 289). Treatment with an 8% efficient light
trap results in reduced costs (when compared with the non-
treated condition) only if the worker’s salary is not included
in the calculations. In this case, the culturist would save
$5469 per net pen per production cycle.

Our analysis of reduced costs using light traps of different
capture efficiencies suggests that these devices should be
implemented into sea lice monitoring—prevention programs
in farms and in ecologically sensitive areas. Given the as-
sumption that efficiencies measured In tank experiments
will transfer to deployments in nature (an assumption that is
qualitatively congruent with the difference in catch between
light traps and plankton tows obtained in this study), our
conservative analysis (see also Mustafa et al. 2001) indicates
that light traps constitute a cost-efficient, noninvasive, envi-
ronmentally friendly method to monitor sea lice 1n nature.

Acknowledgements

We are thankful to James Shoults (Stmon Fraser Univer-
sity (SFU) Machine Shop) and John Van Der Est (SFU
Electronics Shop) for assistance with the construction of the
light trap, Janet O’Brien and Geoflfrey Greaves (owners ol
Tyee Resort) for allowing us to remove sea lice from their
daily catches of wild salmon, David Groves (co-owner ol
Sea Springs Hatchery) for donating the Chinook salmon
smolts, the Bamfield Marine Sciences Centre for permitting
our tank studies, the Canadian Coast Guard and the British
Columbia (BC) Ministry of the Environment for the use of
research vessels, and Creative Salmon and Mainstream Can-
ada for the use of farm sites and (or) related resources. All
experimental procedures were approved by the Animal Care
Committee at the Bamfield Marine Sciences Centre, which
abides by the guidelines set out by the Canadian Council
for Animal Care. This research was funded with the follow-
ing grants to INF: Natural Sciences and Engineering Re-
search Council of Canada (NSERC) Idea-to-Innovation
Prototype Development grant (12IPJ301728-03), BC Innova-
tion Council Aquaculture Intiative grant (BCARDC Aqua-
culture Project AE03.04-04), BC Advanced Systems
Institute Technology Prototype grant (21-170162), and a
SFU — University Industry Liaison Office (UILO) Prototype
Fund. Partial funds from a BC Pacific Salmon Forum grant
to DS, MG, and INF also supported this research. Enquiries
about opportunities for commercial development of the light
trap should be addressed to the UILO at Simon Fraser Uni-
versity (email: uillo@sfu.ca).

Published by NRC Research Press



Novales Flamarigue et al.

References

Beamish, R.J., Neville, C.M., Sweeting, R.M., and Ambers, N.
2005. Sea lice on adult Pacific salmon in the coastal waters of
central British Columbia, Canada. Fish. Res. 76(2); 195-208.
doi: 10.1016/). fishres.2005.06.007.

Boxshall, D.A., and Defaye, D. 1993. Pathogens of wild and
farmed fish: sea lice. Ellis Horwood, New York.

Bright, D.A., and Dionne, 5. 2005. Use of emamectin benzoate in
the Canadian finfish aquaculture industry: a review ol environ-
mental fate and effects. UMA Engineering Litd.. Victoria, B.C.

Bron, J.E., Sommerville, C., and Rae, G.H. 1993. Aspects of the
behaviour of copepodid larvae of the salmon louse, Le-
peophtheirus salmonis (Krayer 1837). In Pathogens of wild and
farmed fish: sea lice. Edited by G.A. Boxshall and D. Defaye.
Ellis Horwood, New York. pp. 125-142.

Costello, M.J. 2006. Ecology of sea lice parasitic on farmed and
wild fish. Trends Parasitol. 22(10): 475-483. doi:10.1016/].pt.
2006.08.006. PMID:16920027.

Costelloe, M., Costelloe, J.., O'Donohoe, G., Coghlan, N.J., Oonk,
M., and Van der Heijden, D. 1998. Planktonic distribution of
sea lice larvae. Lepeophtheirus salmonis, in Killary Harbour,
west coast of Ireland. J. Mar. Biol. Assoc. UK. 78(03): 853—
&874. doi:10.1017/50025315400044 830,

Davies, I.M., and Rodger, G.K. 2000. A review of the use of iver-
mectin as a treatment for sea lice [Lepeophtheirus salmonis
(Krpyer) and Calingus elongatus Nordmann] infestation in
farmed Adtlantic salmon (Salmo salar L.). Aquacult. Res.
31(11): 869-883. doi:10.1046/5.1365-2109.2000.00510.x.

Doherty, P.J. 1987. Light-traps: selective but useful devices for
quantifying the distributions and abundances of larval fishes.
Bull. Mar. Sci. 41: 423-43].

Galbraith, M. 2005. Identification of larval stages of Caligus clem-
ensi and Lepeophtheirus salmonis from the Broughton Archipe-
lago. Can. Tech. Rep. Fish. Aguat. Sci. 2548.

Groot, C., and Margolis, L. 1991. Pacific salmon life histories.
UBC Press, Vancouver, B.C.

Heuch, P.A., Parsons, A., and Boxaspen, K. 1995, Diel vertical mi-
gration: a possible host-finding mechanism in salmon louse (Le-
peophtheirus salmonis) copepodids. Can. J. Fish. Aquat. Sci. 52:
681-689. doi:10.1139/195-069.

Hull, M.QQ., Pike, A.W., Mordue, A.J., and Rae, G.H. 1998, Pat-
terns of pair formation and mating in an ectoparasitic caligid co-
pepod Lepeophtheirus salmonis (Krgyer 1837): implications for
its sensory and mating biology. Philos. Trans. R. Soc. B Biol.
Sci. 353(1369): 753-764. doi:10.1098/rstb.1998.0241.

Johnson, 5.C., and Albright, L.J. 1991. The developmental stages
of Lepeophtheirus salmonis (Krayer, 1837) (Copepoda: Caligi-
dae). Can. J. Zool. 69(4): 929-950. doi:10.1139/291-138.

Johnson, §.C., Treasurer, J.W., Bravo, S., Nagasawa, K., and Ka-
bata, Z. 2004. A review of the impacts of parasitic copepods on
marine aquaculture. Zool. Stud. 43: 8-19.

Kawaguchi, K., Matsuda, O., Ishikawa, S.. and Naito. Y. 1986. A
light trap to collect krill and other micronektonic and planktonic
animals under the Antarctic coastal fast ice. Polar Biol. 6(1):
37-42. doi:10.1007/BF00446238.

Krkosek, M., Lewis, M.A., and Volpe, J.P. 2005. Transmission dy-
namics of parasitic sea lice from farmed to wild salmon. Proc.
R. Soc. Lond. B Biol. Sci. 272(1564): 689-696. doi:10.1098/
rspb.2004.3027.

Krkosek, M., Lewis, M.A., Morton, A., Frazer, L.N., and Volpe,
J.P. 2006, Epizootics of wild fish induced by farm fish. Proc.
Natl. Acad. Sci. U.S.A. 100: 567-571.

Krkosek, M., Ford, J.S., Morton, A., Lele, S., Myers, R.A., and Le-
wis, MLA. 2007a. Declining wild salmon populations in relation

1381

to parasites from farm salmon. Science (Washington., D.C.),
J18(5857): 1772-1775. doi:10.1126/science.1148744. PMID:
18079401,

Krkosek, M., Gottesfeld, A.. Proctor, B., Rolston, D., Carr-Harris,
C., and Lewis, M.A. 2007b. Effects of host migration, diversity
and aquaculture on sea lice threats to Pacific salmon popula-
tions. Proc. R. Soc. B Biol. Sci. 274(1629): 3141-3149. doi:10.
1098/rspb.2007.1122.

Krkosek, M.. Ford, 1.S., Morton., A.. Lele, S.. and Lewis, M.A.
2008. Sea lice and pink salmon declines: a response to Brooks
and Jones. Rev. Fish. Sci. 16(4): 413-420. doi:10.1080/
10641260802013692.

MacKinnon, B.M. 1997. Sea lice: a review. World Aquaculture,
28: 5-10.

McBeath, A.J.A., Penston, M.J., Snow, M., Cook, P.F., Bricknell,
[.LR., and Cunningham, C.O. 2006. Development and application
of real-time PCR for specific detection of Lepeophtheirus sal-
monis and Caligus elongatus larvae in Scottish plankton sam-
ples. Dis. Aquat. Organ. 73(2): 141-150. doi:10.3354/
dao073141. PMID:17260833.

McKibben, M.A., and Hay, D.W. 2004. Distributions of planktonic
sea lice larvae Lepeophtheirus salmonis in the inter-tidal zone in
Loch Torrindon, western Scotland in relation to salmon farm
production cycles. Aquacult. Res. 35(8): 742-750. doi:10.1111/
1.1365-2109.2004.01096.x.

McVicar, A.H. 2004. Management actions in relation to the contro-
versy about salmon lice infections in fish farms as a hazard to
wild salmonid populations. Aquacult. Res. 35(8): 751-758.
doi:10.1111/5.1365-2109.2004.01097 .x.

Mikheev, V.N., Pasternak, A.F., and Valtonen, E.T. 2003. How do
fish ectoparasites Argulus spp. (Crustacea: Branchiura) match
with their hosts at the behavioural and ecological scales? Zh.
Obshch. Biol. 64(3): 238-247. PMID:12815941.

Morton, A., and Routledge, R. 2005. Mortality rates for juvenile
pink and chum salmon (Oncorhynchus gorbuscha and keta) in-
fested with sea lice (Lepeophtheirus salmonis) in the Broughton
Archipelago. Alask. Fish. Res. Bull. 11: 146-152.

Morton, A., Routledge, R., Peet, C., and Ladwig, A. 2004. Sea lice
(Lepeophtheirus salmonis) infection rates on juvenile pink (On-
corhynchus gorbuscha) and chum (Oncorhynchus keta) salmon
in the nearshore marine environment of British Columbia, Ca-
nada. Can. J. Fish. Aqguat. Sci. 61(2): 147-157. doi:10.1139/f04-
016.

Morton, A., Routledge, R., and Williams, R. 2005. Temporal pat-
tern of sea lice infestation on wild Pacific salmon in relation to
the fallowing of Atlantic salmon farms. N. Am. J. Fish. Manage.
25(3): 811-821. doi:10.1577/M04-149.1.

Morton, A., Routledge, R., and Krkosek, M. 2008. Sea louse infes-
tation in wild juvenile salmon and Pacific herring associated
with fish farms off the east-central coast of Vancouver Island,
British Columbia. N. Am. J. Fish. Manage. 28(2): 523-532.
doi:10.1577/M0O7-042.1.

Mustafa. A., Rankaduwa, W., and Campbell, P. 2001. Estimating
the cost of sea lice to salmon aquaculture in eastern Canada.
Can. Vet. J. 41: 54-56.

Naylor, R.L., Eagle, J., and Smith, W.L. 2003. Salmon aquaculture
in the Pacific Northwest: a global industry with local impacts.
Environment, 45: 18-39,

Novales Flamarique, 1., and Harosi, F.I. 2000. Photoreceptors, vi-
sual pigments, and ellipsosomes in the killifish, Fundulus het-
eroclitus: a microspectrophotometric and histological study. Vis.
Neurosci. 17(3): 403-420. doi:10.1017/50952523800173080.
PMID:10910108.

Novales Flamarique, .. and Hawryshyn, C.W. 1993, Spectral char-

Published by NRC Research Press



1382

acteristics of salmonid migratory routes from southern Vancou-
ver Island (British Columbia). Can. J. Fish. Aquat. Sci. 50(8):
1706-1716. doi:10.1139/f93-192.

Novales Flamarique, l., and Hawryshyn, C.W. 1997, Is the use of
underwater polarized light by fish restricted to crepuscular time
periods? Vision Res. 37(8): 975-989. doi:10.1016/50042-
6989(96)00236-2. PMID:9196717.

Novales Flamarique, 1., Hendry, A., and Hawryshyn, C.W. 1992,
The photic environment of a salmonid nursery lake. J. Exp.
Biol. 169: 121-141.

Novales Flamarique, 1., Browman, H.l., Bélanger, M., and Boxas-
pen, K. 2000. Ontogenetic changes in visual sensitivity of the
parasitic salmon louse Lepeophtheirus salmonis. 1. Exp. Biol.
203(Pt 11): 1649-1657. PMID: 10804 155.

Novales Flamarique, 1., Mueller, G.A., Cheng, C.L., and Figiel,
C.R. 2007. Communication using eye roll reflective signaling.
Proc. R. Soc. Lond. B Biol. Sci. 274(1611): 877-882. doi:10.
1098/rspb.2006.0246.

Orr, C. 2007. Estimated sea louse egg production from Marine Har-
vest Canada farmed Atlantic salmon in the Broughton Archipe-
lago, British Columbia, 2003-2004. N. Am. J. Fish. Manage.
27(1): 187-197. doi:10.1577/M06-043.1.

Pahl, B.C., Cole, D.G., and Bayer, R.C. 1999, Sea lice control I:
description of a low maintenance photochemical device for use
as an alternate control of sea lice, Lepeophtheirus salmonis, in
marine aquaculture. J. Appl. Aquacult. 9(1): 85-96. doi:10.
1300/1028v09n01_08.

Pahl, B.C., Cole, D.G., and Bayer, R.C. 2000. Sea lice control 1I:
evaluations of a photochemical device as an alternate sea lice
control strategy. J. Appl. Aquacult. 9(3): 75-88. doi:10.1300/
JO28v(9n03_07,

Penston, M.J., McKibben, M.A., Hay, D.W., and Gillibrand, P.A.
2004. Observations on open-water densities of sea lice larvae in
l.och Shieldaig, western Scotland. Aquacult. Res. 35(8): 793-
805. doi:10.1111/5.1365-2109.2004.01102.x.

Penston, M.J., Millar, C.P., Zuur, A., and Davies, .M. 2008. Spa-
tial and temporal distribution of Lepeophtheirus salmonis
(Krpyer) larvae in a sea loch containing Atlantic salmon, Salmo
salar L., farms on the north-west coast of Scotland. J. Fish Dis.
31(5): 361-371. doi:10.1111/j.1365-2761.2008.00915.x. PMID:
18355179.

Pike, A.W., and Wadsworth, S.L. 1999, Sealice on salmonids: their

Can. J. Fish. Aguat. Sci. Vol. 66, 2009

biology and control. Adv. Parasitol. 44: 233-337. doi:10.1016/
S0065-308X(08)60233-X. PMID: 10563397,

Ritchie, G. 1997. The host transfer ability of Lepeophtheirus sal-
monis (Copepoda: Caligidae) from farmed Atlantic salmon,
Salmo salar L. J. Fish Dis. 2002): 153-157. doi:10.1046/.1365-
2761.1997.00285 .x.

Saksida, S., Constantine, J., Karreman, G.A., and Donald, A. 2007.
Evaluation of sea lice abundance levels on farmed Atlantic sal-
mon (Salmo salar L.) located in the Broughton Archipelago of
British Columbia from 2003 to 2005. Aquacult. Res. 38(3):
219-231. doi:10.1111/.1365-2109.2007.01651.x.

Schram, T.A. 2004. Practical identification of pelagic sea lice lar-
vae. J. Mar. Assoc. UK. 84(1): 103-110. doi:10.1017/
S0025315404008963h.

Tully, O., Gargan, P., Poole, W.R., and Whelan, K.F. 1999. Spatial
and temporal variation in the infestation of sea trout (Salmo
trutta L.) by the caligid copepod Lepeophtheirus salmonis
(Kragyer) in relation to sources of infection in Ireland. Parasitol-
ogy, 119(1): 41-51. doi:10.1017/5003118209900445X. PMID:
10446703.

Wagner, G.N., McKinley, R., Bjgrn, P., and Finstad, B. 2003. Phy-
siological impact of sea lice on swimming performance of
Atlantic salmon. J. Fish Biol. 62(5): 1000-1009. doi:10.1046/].
1095-8649.2003.00091 .x.

Wagner, G.N., Fast, M.D., and Johnson, S.C. 2008. Physiology and
immunology of Lepeophtheirus salmonis infections of salmo-
nids. Trends Parasitol. 24(4): 176-183. doi:10.1016/).pt.2007.12.
010. PMID:18329341.

Webster, 5.J., Dill, L.M., and Butterworth, K. 2007. The effect of
sea lice infestation on the salinity preference and energetic ex-
penditure of juvenile pink salmon (Oncorhynchus gorbuscha).
Can. J. Fish. Aquat. Sci. 64(4): 672-680. doi:10.1139/F07-043,

Yazawa, R., Yasuike, M., Leong, J., von Schalburg, K.R., Cooper,
G.A.. Beetz-Sargent, M., Robb, A.. Davidson, W.S., Jones,
S.R.M., and Koop, B.F. 2008. EST and mitochondrial DNA se-
quences support a distinct Pacific form of salmon louse, Le-
peophtheirus  salmonis. Mar. Biotechnol. 10(6): 741-749.
doi:10.1007/s10126-008-9112-y. PMID:18574633.

Yoshizawa, K., and Nogami, S. 2008. The first report of phototaxis
of fish ectoparasite, Argulus japonicus. Res. Vet. Sci. 85(1):
128—130. doi:10.1016/j.rvsc.2007.09.007. PMID:17949763.

Published by NRC Research Press



