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Early development of resistance to the salmon louse,
Lepeophtheirus salmonis (Kroyer), in juvenile pink salmon,
Oncorhynchus gorbuscha (Walbaum)

S Jones, E Kim and W Bennett
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Abstract

This study examined the effect of fish weight on
the susceptibility of post-emergent pink salmon to
Lepeophiheirus salmonis (Kroyer). Three trials were
conducted, each with two stocks of pink salmon,
Oncorhynchus  gorbuscha (Walbaum), at starting
weights of ¢ 0.3, 0.7 and 2.4 g, respectively. In
each trial, duplicate tanks of fish were exposed to
0, 25 (only in Trial 1), 50 or 100 copepodids per
fish. Mortality in Trial 1 was . 37%, regardless of
stock following exposures to 50 or 100 cope-
podids. Mortalities occurred up to 26 days after
exposure, and more than 80% of the lice on the
dead fish were chalimus stages. Infections with
adult or preadult lice were observed on ¢ 35% of
fish surviving to 37 days after exposure. Mortality
was 5% in Trial 2 and thete was no mortality in
Trial 3. The abundance of L. salmonis was lower
in Tral 3 compared with Trials 1 or 2. Histo-
logical changes in the skin coincident with fish
growth included a thickening of the epidermis,
infiltration of the dermis with fibroblasts by the
end of Trial 1 and the first evidence of scales by
the end of Trial 2; scales were evident throughout
Trial 3. These results showed that the previously
reported innate resistance to L. salmonis displayed
by pink salmon develops in fish heavier than
0.3 g and appears to be functional by 0.7 g. This
resistance coincided with changes to the epidermis
and dermis, including the formation of scales.
The present results indicate that elevated risk
associated  with L. salmonis infection among
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migrating post-emergent pink salmon may occur
during a relatively brief period before the fish
reaches 0.7 g.
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Introduction

The salmon louse, Lepeophtheirus salmonis (Kroyer),
is a parasite of marine salmonids in the northern
hemisphere and is found on the skin and occasion-
ally on the gills and within the buccal cavity. The
life cycle includes three planktonic stages (two
nauplii and an infective copepodid) and eight
parasitic stages (the copepodid, four chalimus, two
preadult and one adult). Salmon lice cause damage
to the host at the site of attachment by feeding on
host cells and blood (Johnson, Treasurer, Bravo,
Nagasawa & Kabata 2004). Secretion of bioactive
salivary compounds, including proteases and pro-
staglandins (Fast, Burka, Johnson & Ross 2003;
Fast, Ross, Craft, Locke, Mackinnon & Johnson
2004; Fast, Johnson, Eddy, Pinto & Ross 2007),
may further promote disease. Disease associated
with L. salmonis has been reported in farmed
Atlantic salmon, Salmo salar L. (Johnson et al.
2004), and less frequently in wild salmon (Johnson,
Blaylock, Elphink & Hyatt 1996). While mortality
during laboratory infections of Atlantic salmon and
sea trout, S. trutta L., has been associated with the
larger and motile preadult and adult stages (Bjorn
& Finstad 1998; Finstad, Bjern, Grimnes &
Hvidsten 2000), clinical signs have also been
associated with the earlier developmental stages.
The physiological consequences of infection include
a stress response, immunological dysfunction and
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an inability to osmoregulate resulting in changes to
blood electrolytes and anaemia (Grimnes & Jakob-
sen 1996; Bjorn & Finstad 1997; Bowers, Mustafa,
Speare, Conboy, Brimacombe, Sims & Burka 2000;
Wagner, McKinley, Bjorn & Finstad 2003).

Laboratory studies have shown that the pattern of
L. salmonis infection on Pacific salmon, Oncorhyn-
chus spp., differs from that observed on salmon of
the genus Salmo (Johnson & Albright 1992a;
Johnson 1993; Fast, Ross, Mustafa, Sims, Johnson,
Conboy, Speare, Johnson & Burka 2002), in a way
that suggests Pacific salmon possess an elevated
resistance to the parasite. In addition, this innate
resistance varies among Oncorhynchus spp. Thus,
coho salmon, O. kisutch (Walbaum), are more
resistant than Chinook salmon, O. #hawytscha
(Walbaum) (Johnson & Albright 1992a). Similarly,
pink salmon, O. gorbuscha (Walbaum), reject the
parasite more quickly than chum salmon, O. keta
(Walbaum), allowing the former to avoid clinical
signs of disease (Jones, Kim & Dawe 2006; Jones,
Fast, Johnson & Groman 2007). The mechanisms
by which juvenile Oncorhynchus spp. avoid the
consequences of severe L. salmonis infection are not
well understood, but appear to be associated with
inflammation at the site of attachment and the local
and systemic elaboration of proinflammatory cyto-
kines (Johnson & Albright 1992a; Fast, Ross,
Muise & Johnson 2006; Jones et al. 2006, 2007;
Jones, Fast & Johnson 2008). The more susceptible
Atlantic salmon does not develop an inflammatory
reaction at the site of infection. Furthermore, coho
salmon injected with hydrocortisone fail to develop
this reaction and L. salmonis infections are more
sevete on cortisol-injected salmon (Johnson &
Albright 1992b).

Litde is known about the effect of host size on
resistance to L. salmonis. Apparently healthy adult
pink salmon maintain heavy burdens of salmon lice
as they migrate into coastal waters prior to spawn-
ing (Beamish, Neville, Sweeting 8 Ambers 2005;
Beamish, Neville, Sweeting, Jones, Ambers, Gor-
don, Hunter & MacDonald 2007). Similarly, no
mortality was reported among 3- and 20-g pink
salmon following laboratory exposure to as many as
735 copepodids per fish (Jones e al. 2006, 2007,
2008). Following emergence from the gravel, pink
salmon fry of ¢ 300 mg migrate directly to an
estuarine environment (Heard 1991) and acquire
infections with L. salmonis shortly after entry into
sea water (Morton ez al. 2004; Jones & Hargreaves
2007). However, the consequences of lice infections

on salmon during this early marine phase are poorly
understood. The purpose of the present study was
to evaluate the effects of body size and the severity
of the copepodid challenge on post-emergent pink
salmon fry.

Materials and methods
Collection and maintenance of salmon

Pink salmon were obtained in April 2007 as fry from
two stocks: the Quinsam River, Campbell River,
British Columbia (BC) and the Glendale River, on
the central coast of BC. The Quinsam fry were
reared in hatchery trays, whereas the Glendale fry
wete collected from in-river rotary screw traps and
wete derived from a naturally spawned, gravel-reared
population. The fry were transported in oxygenated
ambient fresh water to the Pacific Biological Station
(PBS) where they were maintained in 400-L stock
tanks supplied with a flow-through mixture of
dechlorinated fresh water and sand-filtered sea
water. Salinity and temperature were monitored
daily using a refractometer and digital thermometer,
respectively. No pathogenic bacteria or viruses were
detected in a routine health screen of 30 fish from
each stock, and fish were monitored twice daily for
mortality. The salmon were fed a crumble (0 and 1)
ration (Ewos, Canada Ltd., Surtey, BC, Canada) at
an average daily rate of 1.2% body weight. The mean
weight was determined weekly.

Collection and culture of Lepeophtheirus
salmonis

Gravid female lice were collected from Atlantic
salmon following harvest from commercial net pens
near Vancouver Island. The lice were transported in
ice-cold sea water to the PBS where groups of
dissected egg strings were placed into 3-L beakers
containing acrated sea water with a mean salinity of
32.5%,. The sea water was filtered to 1 pm and
ultraviolet irradiated prior to use. The beakers were
incubated in a bath of flowing sea water with an
average temperatute of 8.9 °C. Following evidence
of hatching, three 5-mL samples were collected
daily from each beaker and the number of nauplii
and copepodids was determined by direct micro-
scopic examination. An inoculum containing a
known number of copepodids was prepared by
pooling the contents of the beakers when the
number of copepodids was greatest, typically by day
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7 or 8 of incubation. Separate inocula wete
prepared from new batches of eggs for each of the
three consecutive trials.

Experimental design

Three exposure trials, each including Quinsam and
Glendale stock pink salmon, were initiated with fish
weighing ¢. 0.3 g (Trial 1), 0.7 g (Trial 2) and 2.4 g
(Trial 3). For 7 days prior to exposure, the salmon
were acclimatized to sea water with salinity and
temperature as described above. Exposure trials were
conducted in 33-L tanks at a density of 20 fish per
tank. In Trial 1, copepodid densities of 0, 25, 50 and
100 per fish were used, whereas in Trials 2 and 3,
densities of 0, 50 and 100 per fish were used.
Duplicate tanks were used for each exposure density.
To initiate the exposure, water flow was stopped and
the fish were sedated by dissolving 0.07 mg L™"
metomidate HCl (Syndel, Qualicum Beach, BC,
Canada) in the tank water. The water volume in
each tank was reduced t 3 or 4 L, supplemental
acration provided and the required number of
copepodids was added. Water flow was resumed
after 2 h. Exposures to copepodids were conducted
in darkness and thereafter, the daily photoperiod
was maintained at 12 h light and 12 h dark. The
unexposed controls were treated the same way with
the exception that a volume of sea water alone, equal
to that of the copepodid inoculum, was added to the
tank during the sedated exposure. A mean temper-
ature of 8.9 °C (range, 7.7-9.6 °C) and a mean
salinity of 32.5%, (range, 28-349%,,) was maintained
throughout all three trials.

Following exposure, fish were fed and examined
twice daily for mortality. At six and 12 days post-
exposure (dpe), all fish were sedated and five were
randomly removed from each tank and killed in an
overdose of MS-222 (Syndel). Length, weight and
salmon lice number for each fish were measured and
the developmental stage of all lice was determined
by microscopic examination. Each fish was bisected
immediately anterior to the dorsal fin and the
anterior portion flash frozen in liquid nitrogen for
gene expression studies, to be reported elsewhere.
The posterior portion was fixed in 10% neutral
buffered formalin. At 14 dpe, fish in the duplicate
tanks were consolidated into a single tank per
treatment and monitored as before until the end of
the trial 36 dpe (37 dpe in Trial 1), at which time
fish were killed in MS-222 and sampled as
described above.

Histological examination

The fixed samples were sectioned at 5 pm, mounted
on glass slides and stained with haematoxylin and
eosin (H & E). Five to 15 transverse serial sections
from the same site anterior to the anal fin and
postetior to the dorsal fin were obtained from ten
fish per treatment. Stained sections were examined
using an Axio Imager Al compound microscope
and digital images were obtained using the AxioCam
MRc (Carl Zeiss, Canada Ltd., Toronto, ON,
Canada). Changes to the skin associated with scale
development and the attachment of salmon lice at or
near the lateral line were documented.

Statistical analysis

Prevalence, mean abundance and mean intensity
wete calculated according to Bush, Lafferty, Lotz &
Shostak (1997). Cumulative mortality was calcu-
lated as a percentage of the population that died
before the first (# = 40), second (# = 30) and third
(n = 20) sample days. The significance of differences
in mean salmon weight was compared using
2-sample #tests. The Kruskal-Wallis test was used
to test the significance of differences in mean inten-
sity (or abundance) of L. salmonis. Chi-squared tests
were used to test for the significance of differences in
mortality, in the prevalence of L. salmonis and in the
proportion of parasite developmental stages. In all
the cases, P < 0.05 was considered significant.

Results
Trial 1

Mean weights (£SE) at the onset of the trial were
0.31 £+ 0.01 g (range, 0.16-0.59 g) for Quinsam
salmon and 0.25 + 0.01 g (range, 0.12-0.49 g) for
Glendale salmon (P < 0.01). At 37 dpe, Quinsam
salmon exposed to 100 copepodids weighed less
(P =0.02) than unexposed salmon (Table 1). At
the end of the trial 37 dpe, Quinsam salmon
(1.29 £ 0.04 g) continued to weigh more than
Glendale salmon (0.99 £+ 0.03 g) (P < 0.01).
Salmon lice were observed on Quinsam and
Glendale salmon following exposures to 25, 50 or
100 copepodids per fish (Table 1). At neither 6 nor
12 dpe was there a significant difference among
exposure levels in the prevalence of L. salmonis on
Quinsam salmon. However, at both days, the
prevalence was lower on Glendale salmon exposed
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Table 1 Infection with Lepeophtheirus salmonis on Quinsam and Glendale River pink salmon, following laboratory exposure at four

copepodid densities (Trial 1)

Stock Day?® Density® I Weight9 (g) Prev. (%) Intensity® (range) Mortality" (%)
Quinsam 6 0 10 0.57 £ 0.04 0 0 -
25 10 0.52 + 0.03 80.0 1.4 ab (1-2) -
50 10 0.47 + 0.04 90.0 3.4 (1-7) -
100 10 0.53 + 0.04 100.0 4.3 (2-7) 1/40 (2.5)
12 0 10 0.63 + 0.03 0 0 -
25 10 0.63 + 0.04 70.0 1.4 ab (1-2) -
50 10 0.65 + 0.05 90.0 3.7 (1-6) -
100 10 0.56 + 0.02 100.0 4.7 (1-15) 1/29 (3.3)
37 0 10 1.33 £ 0.08 0 0 -
25 19 1.35 + 0.06 0 0 1/20 (5.0)
50 13 1.37 + 0.08 231 2.0(1-3) 7/20 (35.0)
100 12 1.05 + 0.08 ¢ 41.7 2.0 (1-3) 6/18 (33.3)
Glendale 6 0 10 0.40 £ 0.04 0 0 1/40 (2.5)
25 10 0.35 + 0.02 60.0b 22 b (1-4) -
50 10 0.30 + 0.04 90.0 3.3(1-6) -
100 10 0.33 + 0.03 100.0 4.9 (1-8) 1/40 (2.5)
12 0 10 0.42 £ 0.05 0 0 -
25 10 0.48 + 0.01 60.0 b 28 b (1-5) -
50 10 0.39 + 0.02 90.0 2.4 b (1-6) 3/30 (10.0)
100 10 0.49 + 0.02 100.0 6.3 (1-11) 3/29 (10.3)
37 0 10 1.00 +£ 0.04 0 0 -
25 18 1.07 + 0.08 27.8 1.4 (1-2) 2/20 (10.0)
50 12 0.88 + 0.06 50.0 1.2(1-2) 5/17 (29.4)
100 1 0.98 + 0.08 36.4 1.3 (1-2) 5/16 (31.3)

Prev. = prevalence.

“Days after exposure, "copepodids per fish, “sample size,

d

“mean weight at sampling (£SE), superscript indicates significantly different from 0 exposure,

“mean intensity, 'cumulative mortality within 0-6, 7-12 and 13-37 day intervals: i.e. number dead/population size at the beginning of interval (per cent).

Online: a = significantly different from 50 copepodids per fish, b = significantly different from 100 copepodids per fish, ¢ = significantly different from 0

copepodids per fish.

to 25 compared with 100 copepodids (P = 0.03 in
both cases) (Table 1). At no exposure level was
there a significant difference in the prevalence of
L. salmonis between Quinsam and Glendale River
pink salmon at 6, 12 or 37 dpe.

At 6 and 12 dpe, the mean intensity was higher
among salmon exposed to 100 compared with 25
copepodids, both for Quinsam (2 = 0.00 and 0.01,
respectively) and Glendale salmon (2= 0.01 and
0.03, respectively) (Table 1). At these times, the
intensity of lice on Quinsam salmon exposed to 50
copepodids was higher than on fish exposed to 25
copepodids (P =0.00 and 0.01, respectively).
Compared with Quinsam salmon, the intensity on
Glendale salmon was higher at 12 dpe in fish
exposed to 25 copepodids (P = 0.05) and lower at
37 dpe in fish exposed to 50 copepodids (£ = 0.04).
No copepods were observed on unexposed control
salmon. Only copepodids were observed at 6 dpe,
and chalimus I and II predominated at 12 dpe
(Table 4). Differences in the proportion of devel-
opmental stages between stocks were not significant
(P < 0.05).

During the trial, a total of 36 salmon died, 16
from the Quinsam and 20 from the Glendale stocks.

4

One Quinsam salmon died during each of the first
two intervals (0-6 and 7-12 dpe) (Table 1). During
the third interval (13-37 dpe), mortality was higher
in fish exposed to 50 or 100 copepodids compared
with those exposed to 25 copepodids (P = 0.02 in
both cases) (Table 1). A total of two Glendale
salmon died during the first interval, one following
exposure to 100 copepodids and one unexposed
control. During the second interval, six salmon died
and there was no difference in mortality between
those exposed to 50 or 100 copepodids (2 < 0.01).
Overall mortality during the second interval was
higher among exposed Glendale compared with
exposed Quinsam salmon (2 = 0.05). During the
third interval, there was no difference in mortality
among  Glendale salmon  exposure  groups
(P > 0.10) and there was no difference in mortality
between stocks (P = 0.85). The total cumulative
mortality among Quinsam and Glendale salmon
was ¢ 37% following exposure to 50 or 100
copepodids per fish and 7.5% following exposute
to 25 copepodids per fish (Fig. 1). No mortalities
occurred after 26 dpe in either stock, and 80.9% of
lice on dead fish were the chalimus IV stage or
earlier. Preadult (10.3%) and adult (89.7%) lice
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Figure 1 Mortality among Quinsam River and Glendale River
pink salmon, following laboratory exposures to four densities of
Lepeophtheirus salmonis (Trial 1).

were observed on 32% of the 25 surviving Quinsam
salmon (50 and 100 exposure groups) and on 37%
of the 41 surviving Glendale salmon (25, 50 and
100 exposure groups) (Table 4).

Trial 2

Mean weights at the onset of the trial were
0.71 & 0.02 g (0.31-1.39 g) for Quinsam salmon
and 0.69 £0.02 g (0.36-1.06 g) for Glendale
salmon (P = 0.36). At 12 dpe, Glendale salmon
exposed to 100 copepodids weighed less than
unexposed salmon (P = 0.04) (Table 2). At 36
dpe, Quinsam salmon exposed to 100 copepodids
weighed less than unexposed salmon (2 = 0.05). At
the end of the trial 36 dpe, Glendale salmon
(2.66 £ 0.09 g) weighed more than Quinsam
salmon (2.42 £ 0.08 g) (P = 0.05).

Salmon lice were observed following exposutes to
50 or 100 copepodids per fish. At 6 dpe, there was
no significant difference in prevalence of lice

between those exposed to 50 or 100 copepodids,
regardless of stock (Table 2). At 12 and 36 dpe, the
prevalence was lower on Quinsam salmon exposed
to 50 compared with 100 copepodids (P = 0.01
and 0.02, respectively). On Glendale salmon, there
was no significant difference in prevalence between
the 50 and 100 copepodid exposure groups at 12 or
36 dpe. The prevalence on Quinsam salmon was
lower than that on Glendale salmon 12 days after
exposure to 50 copepodids (P = 0.03).

At 6 dpe, the intensity was lower on Quinsam
salmon exposed to 50 compared with 100 cope-
podids (2 = 0.01) (Table 2). However, there were
no other significant differences in intensity because
of exposure level, regardless of time or stock, nor
were there differences in intensity between stocks.
No lice were observed on unexposed control
salmon.

The pattern of parasite development was very
similar to that described in Trial 1 and there were
no differences in the proportion of developmental
stages (P < 0.05) between stocks (Table 4).

Two fish died during the 36-day trial, represent-
ing a cumulative mortality of ¢. 5% in both stocks
(Table 2). The dead fish were infected with 13
(eight chalimus IIT and five chalimus IV) and zero
lice, respectively. No unexposed controls died.

Trial 3

Mean weights at the onset of the trial were
2.46 £ 0.06 g (1.16-4.82 g) for Quinsam salmon
and 2.37 £ 0.04 g (1.45-3.50 g) for Glendale
salmon (2= 0.18). At 36 dpe, Quinsam salmon
exposed to 100 copepodids weighed more than
unexposed salmon (P = 0.01) (Table 3). At the end
of the trial 36 dpe, the weight of Quinsam salmon
(5.75 £ 0.18 g was not significantly different
from that of Glendale salmon (5.45 £ 0.16 g)
(P=022).

Salmon lice were observed on salmon following
exposutes to 50 and 100 copepodids per fish. At 6
dpe, the prevalence was lower on Quinsam and
Glendale salmon exposed to 50 compared with 100
copepodids (2 = 0.00 in both cases) (Table 3). By
36 dpe, one louse was observed on one fish in each
of the exposure groups in both stocks. Differences
in prevalence between stocks were not significant.
No lice were observed on control salmon.

At 6 and 12 dpe, the intensity was lower on
Glendale salmon exposed to 50 compared with 100
copepodids (P = 0.03 and 0.05, respectively). The
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Table 2 Infection with Lepeophtheirus salmonis on Quinsam and Glendale pink salmon, following laboratory exposure at three

copepodid densities (Trial 2)

Stock Day?® Density® I Weight9 (g) Prev. (%) Intensity® (range) Mortality" (%)
Quinsam 6 0 10 0.92 +£ 0.04 0 0 -
50 10 0.97 + 0.07 90.0 1.6 (1-5) -
100 10 0.95 + 0.05 100.0 4.1 a(1-8) -b
12 0 10 1.19 +£ 0.09 0 0 -
50 10 1.10 £ 0.07 30.0 1.7 (1-2) -
100 10 1.30 £ 0.07 90.0a 2.6 (1-4) -
36 0 20 272 + 015 0 0 -
50 20 225+ 011 5.0 1.0 (-) -
100 17 2.30 + 012 ¢ 35.3a 1.3(1-3) 1/18 (5.6)
Glendale 6 0 10 1.08 + 0.06 0 0 -
50 10 1.04 + 0.06 80.0 3.0 (1-10) -
100 10 0.88 + 0.08 100.0 3.0 (1-5) -
12 0 10 1.22 + 0.06 0 0 -
50 10 1.37 £ 012 80.0 1.9 (1-3) -
100 10 1.03 + 0.06 ¢ 60.0 2.5(1-4) -
36 0 20 279 £ 017 0 0 -
50 19 2.82 + 0.15 21.1 1.0(9) 1/20 (5.0)
100 20 237 £ 014 35.0 1.3 (1-2) -

Prev. = prevalence.

*Days after exposure, "copepodids per fish, “sample size, “mean weight at sampling (+SE), superscript indicates significantly different from 0 exposure,
“mean intensity, ‘cumulative mortality within 0-G, 7-12 and 13-37 day intervals: i.e. number dead/population size at the beginning of interval (per cent).
Online: a = significantly different from 50 copepodids per fish, b = two fish died on day of exposure, ¢ = significantly different from 0 copepodids per fish.

Table 3 Infection with Lepeophtheirus salmonis on Quinsam and Glendale River pink salmon, following laboratory exposure at three

copepodid densities (Trial 3)

Stock Day® Density® n° Weight? (g) Prev. (%) Intensity® (range) Mortality” (%)

Quinsam 6 0 10 2.69 £ 0.18 0 0 -
50 10 289 + 0.12 20.0 1.5 (1-2) -
100 10 2,70 £ 017 90.0a 2.7 (1-4) -
12 0 10 3.31 £ 020 0 0 -
50 10 3.64 + 0.30 30.0 1.0 (-) -
100 10 285+ 0.16 50.0 1.2 (1-2) -

36 0 19 513 +£0.28 0 0 -b
50 20 5.89 + 0.32 5.0 1.0 (-) -

100 19 6.23+031c¢ 5.3 1.0(-) -b
Glendale 6 0 10 2.86 £ 0.24 0 0 -
50 10 2.46 + 0.16 30.0 1.0 (-) -
100 10 229 +0.16 100.0 a 2.8 a(1-8) -
12 0 10 3.17 £ 0.20 0 0 -
50 10 3.23 + 0.21 20.0 1.0 (-) -
100 10 277 £ 0.25 40.0 2.8 a(2-4) -
36 0 20 535+ 025 0 0 -
50 20 572 +0.27 5.0 1.0(-) -
100 20 528 + 0.29 5.0 1.0(-) -

Prev. = prevalence.

*Days after exposure, bcnpepndids per fish, “sample size, “mean weight at sampling (£SE), superscript indicates significantly different from 0 exposure,
“mean intensity, ‘cumulative mortality within 06, 7-12 and 13-37 day intervals: i.e. number dead/population size at the beginning of interval (per cent).
Online: a = significantly different from 50 copepodids per fish, b = one fish jumped from a tank in each group, ¢ = significantly different from 0

copepodids per fish.

intensity on Quinsam salmon was lower than that
on Glendale salmon 12 days after exposure to 100
copepodids (P = 0.02) (Table 3).

The pattern of parasite development was very
similar to that observed in Trials 1 and 2 (Table 4)
and no mortalities were observed.

Comparisons between trials

Mean weight at the time of exposure, parasite
abundance 6 days following exposure to 100 cope-
podids and cumulative mortality during the
third sample interval following exposure to 100
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Table 4 Developmental stages of Lepeophtheirus salmonis, following laboratory exposures of pink salmon from Quinsam and Glendale

River stocks

Stage
Total

Trial® Day® Stock Co Il 1] v PAd Ad lice
1 6 Q 85 85
G 92 92

12 Q 2 49 39 90

G 0 66 36 102

37 Q 1 19 20

G 3 16 19

2 6 Q 54 1 55
G 54 54

12 Q 4 22 2 28

G 4 24 2 30

36 Q 3 6 9

G 8 5 13

3 6 Q 27 27
G 30 1 31

12 Q 2 7 9

G 5 8 13

36 Q 1 1 2

G 2 2

Q = Quinsam, G = Glendale, Co = copepodids, I-IV = chalimus 1-4, PAd = preadult, Ad = adult.

“All copepodid densities combined, "days afrer exposure.

Table 5 Summary of the abundance of Lepeaphtheirus salmonis,
weight and mortality of Quinsam and Glendale River pink
salmon after exposure to 100 copepodids per fish

Trial ~ Stock Weight® Abundance®  Mortality®

1 Quinsam 0.31 £ 0.09 43+06 6/18 (33.3)
Glendale 0.25 +£ 0.07 49+ 06 5/16 (31.2)

2 Quinsam 0.71 £0.20 41+09 1/18 (5.6)
Glendale 0.69 +£ 017 30+£05 0/20

3 Quinsam 2.46 + 0.65 24 +04 0/20
Glendale 2.37 £0.39 28 £ 0.7 0/20

“At onser of trial, "6 days after exposure, “berween 13 days afrer exposure
and end of the trial. Number dead/population size at beginning of interval

(%).

copepodids are summarized for each trial in
Table 5. Within each trial, there were no significant
differences between stocks in either louse abun-
dance or fish mortality. The combined mortality
that occurred during the third interval was lower in
Trials 2 and 3 compared with Trial 1 (P < 0.01 in
both cases). The abundance of lice in both stocks
combined was lower in Trial 3 compared with
Trial 1 (P < 0.01).

Histological assessment of salmon skin

Unless specified to the contrary, the following
observations refer to the area of skin immediately
adjacent to the lateral line and were not associated

with attached L. salmonis. In Trial 1 at 6 dpe, the
epidermis was three to five cells thick, the dermis
was uniformly eosinophilic and fibroblasts were
generally absent (Fig. 2a). The hypodermis was of
variable thickness and contained a loose network of
pale-staining fibres and chromatophores. By 12
dpe, fibroblast infiltration into the dermis, which
lacked differentiation into strata, was observed in
most specimens. At this time, however, fibroblast
infiltration into the dermis of the dorsal and ventral
surfaces was not evident. By 37 dpe, the epidermis
was approximately nine to 15 cells thick and the
dermis had differentiated into fibrous strata con-
taining fibroblasts (Fig. 2b). In Trial 2, at 6 dpe,
the structure of the skin was similar to that
described for 37 dpe in Trial 1. By 12 dpe, the
dermis had further differentiated and scales were
observed in six out of ten samples examined
(Fig. 2c). Scales were consistently obsetved by 36
dpe in Ttial 2 and in all samples observed in Trial
3. Very few histological sections of skin with
associated L. salmonis were observed.

Discussion

The key finding of this study was the identification
of a relationship between increased body weight,
reduced parasite abundance and reduced mortality
resulting from the exposure of post-emergent pink
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Figure 2 Skin of pink salmon. (a) Skin sample from a 0.48-g
fish showing thin epidermis and poorly differentiated dermis
(long arrow). Short arrow indicates hypodermis. (b) Skin sample
from a 1.03-g fish showing fibroblasts within thickened dermis
that is partly differentiated into strata (long arrow). Short arrow
indicates hypodermis. Epidermis is well developed. () Skin
sample from a 3.32-g fish showing scales (arrowheads) along
superficial margin of dermis (H & E stain, bar = 50 pm for all
images).

salmon to L. salmonis. Mortality associated with
exposure to 100 copepodids per fish was lower in
pink salmon exposed at 0.7 g compared with those
exposed at 0.3 g. Similarly, the abundance of
L. salmonis copepodids was lower in pink salmon
exposed at 2.4 g compared with those exposed at
0.7 g. The trials reported here used a method of
exposing salmon to copepodids that was described
carlier for use on pink and chum salmon ranging
from ¢ 3 to 20 g (Jones er al. 2006, 2007, 2008).
A consistent feature of the carlier work was the
absence of mortality, weight loss and reduction in
haematocrit among pink salmon exposed to L. sal-
monis copepodids (Jones er al. 2007). Furthermore,
the abundance of L. salmonis on the pink salmon
was consistently lower than on concurrently
exposed and size-matched chum salmon. Unlike
the pink salmon, the exposed juvenile chum salmon
weighed less, had reduced haematocrits and pro-

duced a transient spike in serum cortisol following
exposure (Jones ez al. 2007). Thus, the pattern of
parasite rejection and salmon survival reported here
for pink salmon in Trials 2 and 3 was similar to the
carlier studies and supports the view that juvenile
pink salmon possess an innate resistance to L. sal-
monis that develops in fish heavier than 0.3 g and
appears to be functional by 0.7 g.

The identity of the mechanism of resistance to
L. salmonis that develops in post-emergent pink
salmon is not known. There was no evidence in the
present study of the inflammatory lesions previ-
ously described at the sites of salmon lice attach-
ment among several Oncorbynchus spp. (Johnson &
Albright 1992a; Fast et al. 2002; Jones et al. 2007),
and thought to be a mechanism of salmon lice
rejection. The inability to detect similar lesions in
the present study may have been because of the
relatively low level of exposure used compared with
the 735 copepodids per fish used eatlier (Jones
et al. 2007). The expression of proinflammatory
genes in the skin and head kidney or in pools of
liver—head kidney from juvenile pink salmon
following exposure to L. salmonis copepodids
(Jones e al. 2007, 2008), provided additional
support for the inflammaton hypothesis. Tissues
collected in the present study will be examined for
evidence of inflammatory pathways associated with
the development of resistance. Resistance to L. sal-
monis may also be coupled to the development of
structural complexity within the skin of post-
emergent pink salmon. While the most striking
feature evident in histology was the development of
scales, scale formation was preceded by changes in
the dermis including infiltration with fibroblasts
and a differentiation into fibrous strata. There was
a concurrent thickening of the epidermis. Evidence
of dermal fibroblast infiltration was also observed
in 2006 Quinsam pink salmon at a mean weight of
1.4 g and scales were completely formed at a mean
weight of 2.7 g (W. Bennett, unpublished obser-
vations). Thus, the advent of resistance to L. sal-
monis generally coincided with the additional
physical bartier afforded by scales. However, the
cessation of mortality by day 26 in Trial 1 and the
absence of mortality ecarly in Trial 2 when scales
were not yet evident indicated that the immature
pink salmon skin elicits a mechanism of salmon
louse rejection independent of the presence of
recognizable scales. The enhanced resistance to
L. salmonis observed in 0.7 g pink salmon agtees
with the onset of immunocompetence reported for
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this species between 0.5 and 1.0 g (Johnson, Flynn
& Amend 1982).

This study describes the first evidence for mor-
tality among post-emergent pink salmon juveniles
following laboratory exposure to L. salmonis cope-
podids. Pink salmon below a weight threshold that
occurs between 0.3 and 0.7 g were more susceptible
to the parasite. Pink salmon of ¢ 3.0 g retain the
ability to resist infection despite feed deprivation
(Jones er al. 2008). The similarity in the pattern of
size-associated resistance between two stocks of pink
salmon further suggested that this phenomenon was
species specific. The increased mortality among
exposed Glendale salmon during the second inter-
val, rather than indicating a stock-specific suscepti-
bility, however, was probably because of the smaller
size in Trial 1. In addition to mortality, exposure to
100 copepodids was associated with lower weights in
Trials 1 and 2 and with increased weight in Trial 3.
The pattern of mortality described here was unlike
that reported earlier during laboratory exposures of
Atlantic salmon ot sea trout (Bjorn & Finstad 1998;
Finstad ez @/ 2000; Fast et al 2002). In those
studies, mortality coincided with parasite develop-
ment to the preadult and adult stages, and was
thought to be related to more aggressive feeding
behaviour of the larger parasites, and possibly to the
sectetion of bioactive substances by the parasite (Fast
et al. 2007). In contrast, §1% of lice recovered from
dead pink salmon in the present study had devel-
oped no further than the chalimus IV stage,
suggesting that the mortality was related to factors
distinct from those associated with L. salmonis on
Salmo spp. It was interesting to observe that the
majority of 0.3 g salmon in both stocks survived
exposure to copepodids and that infections with
motile lice were observed on many of the survivors.
Further research is required to elucidate the mech-
anisms of mortality associated with immature
L. salmonis on pink salmon.

The rationale for understanding the effects of
L. salmonis on juvenile pink salmon stems from
concerns that infections derived from farmed
Adlantic salmon in British Columbia are deleterious
to wild stocks of pink salmon. Laboratory research
indicates that pink salmon (Jones ez /. 2006, 2007,
2008), unlike Atlantic salmon and sea trout, are
remarkably tolerant and suffer no mortality as a
result of the L. salmonis infection. In the present
study, this tolerance was shown to be present in
post-emergent pink salmon by 0.7 g. In nature,
pink salmon display daily growth rates between

3.5% and 7.6% following entry into the marine
environment at ¢. 0.3 g (reviewed by Heard 1991).
Therefore, the present study identifies a window of
susceptibility, defined by temperature and the
availability of forage, which in turn define growth
rate, during which exposure of post-emergent pink
salmon to L. salmonis has the potential to result in
mortality. Farm-based management to minimize
levels of L. salmonis during periods when susceptible
salmon are migrating in adjacent waters is currently
practiced in British Columbia (Saksida, Constan-
tine, Karreman & Donald 2007). The present
results indicate that elevated risk associated with
L. salmonis infection among post-emergent pink
salmon may occur during a relatively brief period

before the fish reach 0.7 g.
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