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ABSTRACT: Atlantic salmon Salmo salar L. artificially infected with salmon lice Lepeophtheirus salmo-
nis (Kreyer 1837) recovered from detrimental physiological changes and skin damage induced by
preadult lice as the parasites matured. Growth rates of Atlantic salmon remained unaffected by lice
infection, but food consumption decreased with increasing feeding and movement of the lice prior to
and post-mating, correlating with the appearance of head erosions and detrimental changes in physio-
logical integrity. Food consumption of the fish increased as the lice moulted to the adult stage and
gravid female lice settled in a posterior location on the fish, subsequently reducing the impact of infec-
tion and allowing recovery of the skin damage. However, the impact of preadults was limited, as the
decrease in food consumption of fish at 21 d post-infection had no effect on either the specific growth
rate or condition factor of the fish. Furthermore, the intensity of lice infections at each of the sample
days was not correlated with food consumption, specific growth rate or any of the haematological or
physiological parameters measured, either before or after infection, indicating that lice intensity was
independent of social dominance/subordinance. This work has provided the first evidence that infected
fish can recover from the detrimental changes caused by lice infection, even when they are still infected
with lice. If fish can survive the preadult stage of lice, then the mortal impact of lice infections is greatly

reduced.
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INTRODUCTION

During the last 10 yr, the populations of both wild
Atlantic salmon Salmo salar L. and sea trout Salmo
trutta L. in the north Atlantic have fallen (Anonymous
1991, Berland 1993). Furthermore, at the end of the
1980s, an unpredicted sharp decline in the sea trout
runs in Scotland coincided with the almost complete
collapse of the sea trout stocks in western Ireland
(Anonymous 1991) and a decrease in Atlantic salmon
runs in Norway (Berland 1993). The cause of this phe-
nonomen is currently unknown but the main feature of
the salmonid stock decline is the early return to the
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rivers of emaciated sea trout heavily infected with
juvenile salmon lice Lepeophtheirus salmonis (Kreyer,
1837) (Anonymous 1991). As farmed Atlantic salmon
production expanded, the levels of lice on the farms
rose dramatically, instigating debate as to whether lice
from salmon farms causes mortality of wild fish or lice
infections of wild salmonids are a secondary attribute
to a multifactorial problem (Anonymous 1991). Little
direct evidence exists to support either hypothesis and
there is limited information available to help to under-
stand the effects of lice in their host.

Much of the published information on lice infections
in salmonids relies on observations of the gross pathol-
ogy caused by the parasite, particularly on Atlantic
salmon. In addition, some data exist on the physiologi-
cal changes induced by artificially infected Atlantic



90 Dis Aquat Org 35: 89-99, 1999

salmon which suggest that pre-adult lice cause physio-
logical changes in the host leading to osmoregulatory
failure and mortality (Grimnes & Jakobsen 1996).
However, there are no published data on either the
skin damage or physiological impact caused by the
attached or adult stages of lice on naturally or experi-
mentally infected salmonids, both of which may lead to
osmoregulatory failure.

This study aimed to determine how, and to what
extent, lice infections cause mortality of Atlantic
salmon and the physiological consequences of and
changes in feeding behaviour resulting from lice infec-
tions. Osmoregulation relies on plasma osmolality and
electrolyte concentrations being maintained within
relatively narrow limits, and variations from this in
lice-infected fish may lead to decreased growth/
appetite in the long term. Tank experiments princi-
pally have provided information on feeding behaviour
of cultured fish species (Jergensen & Jobling 1990,
1992, McCarthy et al. 1993a, b). The present study
determined if there was a causal link between the
physiological effects and food consumption in lice-
infected sea trout and attempted to relate physiological
changes in infected Atlantic salmon to parasite-stage
specific pathology.

MATERIALS AND METHODS

Maintenance of fish. Atlantic salmon post-smolts,
derived from mixed parentage Scottish farmed stocks
were held in circular tanks (1 m diameter, 400 1 with a
continual flow of aerated seawater). The experiment
was carried out in duplicate (Replicate 1, n = 40 and
Replicate 2, n = 80), using identical experimental pro-
tocols. Replicate 1 gave a preliminary data set and the
experiment was repeated in duplicate in Replicate 2 in
order to give a total of 3 sets of data for each manipula-
tion. Both groups of fish in the replicate experiments
were maintained under natural photoperiod and ambi-
ent seawater temperature (13.9 to 16.0°C) and salinity
(32 %o).

After an acclimation period of 3 wk, the fish were
anaesthetised (0.1 g 17%) (MS-222, Sigma), measured
for fork length (mm), wet weighed (g) and randomly
divided into 4 tanks (Replicate 1) or 8 tanks (Repli-
cate 2). The fish were identified by a code of alcian
blue marks on the ventral surface (Johnstone 1981)
and fed a repelleted commercial smolt pellet diet
{McCarthy et al. 1993a) at 0.5% body weight d-! for
2 h, between 09:00 and 11:00 h using 24 h clock belt
feeders throughout the experiment.

Two mortalities in Replicate 1 occurred before infec-
tion with lice. In Replicate 2, mortalities occurred in 2
of the groups of fish at an early stage in the study and

therefore these groups were excluded from the rest of
the experiment.

Measurement of individual iood consumption. The
individual food consumption for each fish in 4 tanks
(Replicate 1) or 6 tanks (Replicate 2) was monitored on
3 occasions prior to infection using a modification of
the radiographic technique described by Talbot & Hig-
gins (1983). On the day that individual food consump-
tion was measured, the fish were fed a repelleted diet
containing ballotini glass spheres (400 to 520 nm, 2%
w/w, Jencons Scientific Ltd.) under the same regimes
as for the non-ballotini diet. Two hours after feeding
had ceased, the fish were anaesthetised, fork length
measured, wet weighed and x-rayed using a portable
x-ray machine (Todd Research Model 20/80) and
Kodak Industrex CX film. Blood was collected from the
fish by puncture of the caudal vein with a 0.6 X 23 mm
needle and a 1 mm syringe, centrifuged at 10000 x g
for 15 min and stored at ~70°C. After recovery, the fish
were returned to their respective tanks.

The x-ray films were developed and the number of
glass beads in the alimentary tract were counted using
a fluorescent-light viewing screen. Chi-squared good-
ness of fit tests were performed on the labelled sub-
samples of food and the number of ballotini glass
beads in any given sample of food were shown to be
Poisson distributed (p > 0.05) (Stead et al. 1996). Pear-
son's standardised residuals were calculated against
the expected number of ballotini beads. Examination
of the standardised residuals against the expected
number of ballotini showed that there was no pattern
in the effects and confirmed the number of ballotini fit-
ted the Poisson distribution and that the ballotini was
evenly distributed throughout the food (x% p > 0.05).

By x-raying previously weighed sub-samples of the
ballotini-labelled food (0.1 to 5.0 mg dry food), a
regression equation, relating wet weight of food con-
sumed and the number of ballotini, was calculated
(McCarthy et al. 1993a). The point at which the regres-
sion line crossed the y-axis was not significantly differ-
ent from zero (p > 0.05) and therefore the regression
line was forced through the origin to obtain the equa-
tion used to calculate the dry weight of consumed food:

Replicate 1: dry weight of food (mg) = 0.0121 x number
of ballotini beads

Replicate 2: dry weight of food {mg) = 0.0071 x number
of ballotini beads

Artificial infection and sampling procedure.
Ovigerous adult female lice with dark, mature
eggstrings were collected from farmed Atlantic salmon
from cages on the west coast of Scotland. The lice were
removed with forceps as the fish were harvested, pri-
marily from the area posterior to the adipose fin on the
dorsal surface and the anal fin on the ventral surface,
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and placed in plastic containers filled with fresh sea-
water from the site (12°C and 32%o). The containers
were packed in ice and transported to Aberdeen Uni-
versity for rearing to the infective copepodid stage.

One hundred copepodids per fish were introduced to
the water of 3 tanks of fish (Replicate 1) and 5 tanks of
fish (Replicate 2) under conditions of high aeration and
no water flow. After 3 h, the water flow was resumed
and the aeration removed. Control groups (1 tank in
Replicate 1 and 1 tank in Replicate 2) were treated the
same as the experimental groups but without introduc-
tion of copepodids.

Twelve days post-infection (p.i.), 21 d p.i. and 30 d
p-i. 1 group of infected fish and 1 group of control fish
from Replicate 1 and 1 group of control and either 1 or
2 groups of infected fish from Replicate 2 were fed the
ballotini diet, and 2 h after feeding had ceased, the fish
were anaesthetised, weighed, measured and x-rayed.
The infected groups were sacrificed by a lethal dose of
anaesthetic and the number and developmental stage
of the lice were recorded for each fish.

The position of lice on each fish was determined for
the fins, gills and 7 regions of the body surface: head
region, posterior ventral from the caudal fin to the anal
fin, mid-ventral from the pectoral fins to the pelvic fins,
anterior ventral from the pectoral fins to the head, all
below the lateral line; posterior dorsal from the caudal
fin to the adipose fin, mid-dorsal from the adipose fin to
the dorsal fin and anterior dorsal from the caudal fin to
the head, all above the lateral line. Dorsal fin erosion
was estimated by eye, grouped into 4 arbitrary cate-
gories (0 = no dorsal fin erosion, 1 = <33 % of the dorsal
fin eroded, 2 = > 33 < 66 % dorsal fin erosion, 3 =>66%
dorsal fin erosion) and the extent of skin damage was
estimated for 3 regions of each fish, i.e. head (head and
operculum), dorsal surface (dorsal ridge) and anal
region (behind the anal fin), and grouped into 5 arbi-
trary categories (Table 1).

Blood was collected from the fish by puncture of the
caudal vein as before and all serum was subsequently
tested using a random access autoanalyser (RA-XT;
Technicon) for levels of the following physiclogical
parameters in order to indicate differences between

Table 1. Salmo salar. Categories of skin damage on Atlantic salmon

control and infected groups of fish: osmolarity, chlo-
ride, sodium, potassium, calcium, glucose, cholesterol,
total protein, serum albumin, lactate dehygrogenase
and alkaline phosphatase. Haematocrit and leucocrit
were determined using the methods of McLeay & Gor-
don (1977). These variables were chosen to represent
the overall physiological integrity of the fish and to
give an indication of the osmoregulatory capacity of
the fish compared with controls.

Data manipulation and statistical analysis. Percent-
age moisture was determined for whole bodies of 1
group of control fish (n = 10} from each replicate at the
end of the experiment and freeze-dried to a constant
weight. The mean percentage moisture content was
73.42 + 0.70 (Replicate 1) and 71.18 + 0.89 (Replicate 2)
and the data was used to estimate dry weights from
wet weights for data interpretation and statistical
analysis. Two fish moved during the x-ray exposure
time on the second day of x-raying in Replicate 1 and
the ballotini were difficult to count. These fish and the
mortalities were excluded from the analyses.

The dry specific growth rates, SGR (% d™!) (Ricker
1979), and the condition factor (K) (Jergensen &
Jobling 1994) were calculated. Food consumption for
individual fish was calculated as mg dry food g~' dry
body weight d™! (McCarthy et al. 1993a) and the per-
centage of feeding fish was calculated for each group.
Individual food consumption before infection was
based on the mean of 3 x-ray measurements, and indi-
vidual consumption after infection was based on 1 x-
ray measurement taken on Days 12,21 and 30 d p.i. All
data are presented as means with their standard errors
or as percentages.

Kendall's coefficient of concordance (Wilkinson
1992) was used to examine the relationship between the
values of food consumption determined from the mean
of 3 x-tays pre-infection and from 1 x-ray post-infection
as day-to-day variation in food consumption has been
widely reported (Jobling et al. 1993, McCarthy et al.
1993b). The results suggested that for each replicate, on
sample Days 12 and 30, the values for food consumption
post-infection were representative of the whole period
but the results for Day 21 were significantly different
from the mean of 3 x-rays before infec-
tion.

No significant differences were

when removed from water
Open erosion and bleeding
4 Muscle/skull exposed

w

Anal region

No grazing
Slight grazing

Category  Head and dorsal surface

0 No grazing

1 Slight grazing

2 No obvious erosion but bleeding No obvious erosion but bleeding

when removed from water
Open erosion and bleeding
Erosion bigger than
thumbnail and bleeding

found between the replicate experi-
ments and thus results were pooled for
further analyses. Analysis of variance
and Tukey tests were used to examine
significant differences in mean dry
food consumption, mean dry SGR,
mean condition factor and the mean of
each of the physiological parameters
measured from fish from the replicate
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experiments, prior to infection. The same tests were
used to examine differences in mean dry food con-
sumption, mean dry SGR, mean condition factor and
the mean of leucocrit, chloride, glucose, calcium and
osmolarity measured from fish from the replicate
groups on Days 12, 21 and 30 p.1. (except for mean dry
food consumption, the remainder of the physiological
parameters and haematocrit at 21 d p.., for which
Friedman's tests were used). Friedman's tests were
used to examine differences in mean numbers of lice,
lice developmental stages, lice distribution and skin
damage between replicate groups on Days 12, 21 and
30 p.L.

Spearman's rank correlation coefficient tests were
used to determine the relationship between the food
consumption in individual fish for each group and the
corresponding food consumption for that fish after
infection. The same test was used to determine the
relationship belween either SGR or each of the physio-
logical or haematological parameters before and after
infection. Spearman’s rank correlation coefficient tests
were used to determine the relationship between lice
intensity for individual fish and either the correspond-
ing food consumption, SGR, physiological or haemato-
logical parameter for that fish before and after infec-
tion and also to determine the relationship between
individual food consumption and all haematological
and physiological parameters measured both before
and after infection. Results were considered significant
at p < 0.05.

RESULTS
Development and distribution of lice

No significant differences in mean number, develop-
mental stage or distribution of lice were found between
the replicate groups either within or between replicate
experiments for each sample day (p > 0.05). At 12d p.i.,
71.5 (£5.6) of the administered lice survived (Fig. 1).
Third and fourth chalimus stages (late chalimus) (Fig. 2)
were distributed on the fins (33.4+10.1), gills (1.8+1.1)
and body (5.4 +0.8) of the fish (Fig. 3). Preadult [ males
(15.9+3.7) were also found 12 d p.i. (Fig. 3) distributed
on the skin of the fish.

At 21 d p.i., 51.5 (+4.3) of the administered lice sur-
vived (Fig. 1). The lice had moulted mainly to preadult
Il male, preadult II female and adult male stages, but
late chalimus, preadult I males, preadult [ females and
adult female stages were found also (Fig. 2). Adult
male and preadult Il female in pre-copulatory pairs
were located primarily in the head region (2.3 + 0.3)
and recently mated females mainly were found poste-
rior to the adipose fin on the dorsal surface (5.5 + 0.6)
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Fig. 1. Lepeophtheirus salmonis. Mean number of lice per fish

on individual Atlantic salmon at 12 (N = 19}, 21 (N = 25) and

30 (N = 24) d post-infection. N = number of fish; n = total num-
ber of lice

and the anal fin on the ventral surface (1.3 = 0.1)
(Fig. 3).

At 30d p.i., 24.0 (x3.3) lice survived (Fig. 1) and the
lice were all adult males and adult females either
unmated, mated without eggstrings or mated with
eggstrings (Fig. 2). Males were found on the head of
the fish (8.4 + 2.3) and near the dorsal tfin (0.5+0.3) with
the unmated females, and gravid females were found
posterior to the adipose fin on the dorsal surface (1.8 +
0.6) and the anal fin on the ventral surface (3.1 = 1.1)
(Fig. 3).

Table 2. Salmo salar. Cumulative percentage of dorsal fin ero-
sion for control (Con.) Atlantic salmon and lice-infected (Inf.)
Atlantic salmon sampled at 12, 21 and 30 d post-infection

Category Percentage of fish
12dpi 21dp.i. 30dp.i.
Con. Inf Con. Inf. Con. Inf.
0 78.9 0 78.9 0 73.7 0
1 211 316 211 200 263 292
2 0 68.4 0 80.0 0 70.8
3 0 0 0 0 0 0
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PAIR = precopulatory pair. N = total
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Morphological damage

Control fish had either Category 0 or 1 dorsal fin ero-
sion and infected fish had either Category 1 or 2 dorsal
fin erosion (Table 2). The cumulative pathology was
not statistically significant between control or between
infected groups (p > 0.05), but significantly more of the
fish in the infected groups had Category 1 and 2 dorsal
fin erosion compared with the control fish (p < 0.001).

Head, dorsal and anal region erosions were not
apparent on any of the control fish and therefore, all
fish in the control groups were denoted as having Cat-
egory O erosions. The cumulative pathology was not
statistically significant between infected groups (p >
0.05). No skin erosions were observed on any of the

30 days post-infection

developmental stages

fish at 12 d p.i. Skin damage was confined to the region
directly behind the head in 80 % of fish in all tanks at
21 dp.i,;at30d p.i., although some fish had head ero-
sions, anal erosions were evident in almost all fish,
located behind the anal fin on the ventral surface of the
fish. (Fig. 4).

Growth parameters

The control groups were x-rayed 6 times through-
out both experiments whereas the infected fish were
x-rayed only 4 times. However, no significant differ-
ences were found in food consumption between the 6
sampling times in the control groups (p > 0.005),
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therefore justifying using the food consumption from
these fish to compare with food consumption of the
infected fish.

At the beginning of the experiment and immediately
prior to infection, no significant difference was found
in the mean dry weights between tanks, even though
the fish were randomly allocated to tanks (p > 0.05)
(Table 3). The mean dry specific growth rates, mean
dry food consumption and mean condition of all the
groups also did not differ significantly before infection
(p > 0.05) (Table 3).

No significant difference was found in mean dry food
consumption between the control group and the
experimental group sampled at 12 d p.i. and the group
sampled 30 d p.i. (p > 0.05) (Table 4). Similarly, the dif-
ferences in the mean dry specific growth rate and con-

N=19
n=858

MV
PV

MV
PV

Fig. 3. Lepeophtheirus salmonis. Per-
centage distribution of lice on 9 body
regions of Atlantic salmon at 12, 21
and 30 d post-infection. AD = anterior
dorsal; MD = mid-dorsal; PD = pos-
terior dorsal; AV = anterior ventral;
MV = mid-ventral; PV = posterior ven-
tral. N = total number of fish; n = total
number of lice

MV

dition factor of the same groups and those fish sampled
at Day 21 (p > 0.05) were not significantly different
(Table 4). However, at 21 d p.i., the mean dry food con-
sumption was significantly lower than that of the other
groups (p = 0.002) with only 8 fish within the groups
feeding (Table 4).

Individual food consumption before infection was
not correlated with the food consumption in the same
fish after infection (p > 0.05). There was no correlation
between dry food consumption for individual fish,
either before or after infection, and the corresponding
lice intensity for the same fish (p > 0.05) or between
individual SGR for individual fish, either before or
after infection, and the corresponding lice intensity for
the same fish (p > 0.05) for any of the tanks post-infec-
tion.
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Fig. 4. Salmo salar. Percentage of Atlantic salmon with head,
anal and dorsal erosion (see Table 1 for category definitions),
at 12 (N = 19), 21 (N = 25} and 30 (N = 30) d post-infection

Physiological parameters

Before infection, there were no significant differ-
ences between the replicate groups in any of the phys-
iological or haematological parameters measured (p >
0.05). Similarly, at 12 d p.1., no significant differences
were found in any of the blood parameters measured
between and within infected and uninfected groups
(p > 0.05) (Table 5). Haematocrit decreased signifi-
cantly at 21 d p.i. (p = 0.012) but there were no signifi-
cant differences in leucocrit between any of the groups
(p > 0.05). Similarly, osmolarity did not change signifi-
cantly throughout the experiment (p > 0.05). Potassium
increased significantly from all other groups at 21 d p.i.
(p = 0.005). Sodium decreased significantly (p = 0.024)
at Days 21 and 30 p.i. from the control and the group
sampled at 12 d p.i. Cholesterol {p = 0.009) and osmo-
larity (p = 0.021) decreased significantly from Day 12 to
Day 21 (p = 0.009). Albumin (p = 0.002) and protein (p =
0.002}) decreased significantly from all other groups at
21 d p.i. Lactate dehygrogenase levels decreased sig-
nificantly from all other groups at 21 d p.i. (p = 0.049),
and alkaline phosphatase levels differed significantly
at 21 and 30 d p.i. from the control and 12 d p.i. groups
(p = 0.003). All parameters except sodium and alkaline
phosphatase were not significantly different from the
control group at 30 d p.i. (p > 0.05).

Table 3. Salmo salar. Dry weights (g}, condition factor (K, g cm™ x 100) b (coefficient of length against weight), specific growth

rates (SGR, % dry body weight d™'), mean consumption (mg dry food g=! dry body weight d™'), and number of feeding fish for

individual Atlantic salmon before infection with lice. All data are presented as means with their standard errors in parentheses.

Means with the same letter were not significantly different from each other at the 5% level. Group 1 = pooled data from all con-

trol fish from both replicate experiments; Group 2 = pooled data all fish sampled 12 d post-infection; Group 3 = pooled data all
fish sampled 21 d post-infection; Group 4 = pooled data from all fish sampled 30 d post-infection

Group of fish
Group 1 Group 2 Group 3 Group 4
No. of tanks Initial 3 3 3 3
Final 2 2 3 3
No. of fish Initial 30 30 30 30
Final 19 19 25 24
Dry weight X-ray 1 113.81% (11.71) 121.02% (31.37) 126.21¢ (9.63) 129.22% (9.95)
X-ray 2 113.17¢ (11.79) 123.70% (11.54) 132.34% (9.95) 127.71% (9.82)
X-ray 3 113.89% (11.67) 128.86° (11.41) 132.46¢ (9.09) 131.58°% (6.74)
K(b=2.68) X-ray 1 3.09° (0.08) 2.89% (0.12) 3.042 (0.10) 3.11¢ (0.06)
X-ray 2 2.982 (0.07) 3.01%(0.10) 3.08¢ (0.07) 3.08% (0.05)
X-ray 3 3.09% (0.09) 3.15% (0.12) 3.09° (0.06) 3.11% (0.05)
SGR X-ray 1 0.25% (0.19) 0.37% (0.28) 0.41° (0.11) 0.41° (0.11)
X-ray 2 0.30% (0.09) 0.30" (0.12) 0.24° (0.05) 0.31% (0.10)
X-ray 3 0.31% (0.08) 0.32% (0.11) 0.28% (0.05) 0.30% (0.06)
Consumption X-ray 1 3.26° (0.59) 3.31° (0.72) 2.95% (0.50) 3.10% (0.59)
X-ray 2 3.00¢ (0.64) 2.91° (0.67) 4.24% (1.12) 3.16% (0.57)
X-ray 3 3.42° (0.71) 3.62° (0.78) 3.83° (0.93) 3.26° (0.76)
Feeding fish X-ray 1 19 19 25 24
X-ray 2 19 19 25 24
X-ray 3 19 19 25 24
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Table 4. Salmo salar. Dry weights (g), condition factor (K, g cm™' x 100), b (coefficienct of length against weight), specific growth

rates (SGR, % dry body weight d-'), mean consumption (mg dry food g~' dry body weight d”'), and number of teeding fish after

infection with lice. All data are presented as means with their standard errors in parentheses. X-ray 1 corresponds to 12 d post-

infection, x-ray 2, 21 d post-infection and x-ray 3, 30 d post-infection. Means with the same letters were not significantly differ-

ent from each other at the 5% level. Group 1 = pooled data from all control fish from both replicate experiments; Group 2 = pooled

data all fish sampled 12 d post-infection; Group 3 = pooled data all fish sampled 21 d post-infection; Group 4 = pooled data from
all fish sampled 30 d post-infection

Group of fish
Group 1 Group 2 Group 3 Group 4
No. of tanks Initial 3 3 3 3
Final 2 2 3
No. of fish Initial 19 19 25 24
Final 19 19 25 24
Dry weight X-ray 1 123.75% (12.49) 131.34¢ (11.51)
X-ray 2 134.24% (17.71) 135.54% (8.69)
X-ray 3 139.23% (17.82) 139.49¢ (9.19)
K (b=2.36) X-ray 1 3.09¢ (0.10) 3.00% (0.17)
X-ray 2 3.10% (0.10) 3.21¢(0.08)
X-ray 3 3.00¢ (0.07) 3.07% {0.05)
SGR X-ray 1 0.29° (0.15) 0.40° (0.20)
X-ray 2 0.34° (0.10) 0.35% (0.06)
X-ray 3 0.36° (0.08) 0.26° (0.05)
Consumption X-ray 1 4.00° (0.66) 3.53° (0.84)
X-ray 2 3.34% (0.62) 1.11% (0.5%)
X-ray 3 3.60° {0.56) 2.96° (0.75)
Feeding fish X-ray 1 19 15
X-ray 2 19 8
X-ray 3 19 21
No significant relationships were found between preadult stages of lice cause osmoregulatory failure
haematocrit and any of the other physiological para- and the results from the present work confirm that
meters measured and food consumption either before chalimus do not cause osmoregulatory breakdown
or after infection (p > 0.05). No significant correlations leading to mortality.
were found between any of the physiological or At 21 d p.i., when the lice mainly were preadults, a
haematological parameters for individual fish either decrease in the mean food consumption, a response to

before or after infection and the

corresponding lice intensity for that ) ) ]
Table 5. Salmo salar. Mean value (SE) of physiological and haematological para-

same individual fish after infection meters for individual Atlantic salmon without lice infection (control) and at 12,
{p > 0.05). 21 and 30 d post-infection. LDH = lactate dehydrogenase; AP = alkaline phos-
phatase. Means with the same letters were not significantly different from each

other at the 5% level

DISCUSSION
Pooled data from all fish sampled

The physiological and haematologi- Control 12dp.i. 21d pAiA 30dp.i

1 ameters measured in the fish ] ;
ca pfrdm 12rd . Aurﬁ n d e s Haematocrit (%) 44.3%(4.5) 51.8%(9.9) 356" (3.8) 43.3%"(7.2)
sampled at p-1. In this study were Leucocrit (%) 09°(04)  1.2°(06)  1.5°(0.3)  1.6°(0.4)
not significantly different from the Osmolarity (mmol I"')  393%(45)  389° (40)  323%(39)  370°(52)
control groups and indicated that the Potassium (mmol "'} 1.4%(0.8) 1.1 (0.5) 3.5°(0.6) 1.2¢(0.7)
damage caused by chalimus was in- Sodium (mmol I'')  197.4%(5.6) 199.3° (5.0) 186.8°(5.9) 181.8>(5.6)

fficient to cause osmorequlatory fail- Cholesterol (mmol 1) 9.1¢® (2.1) 9.7° (1.5) 52¢(2.7)  86°°(4.3)
sutht , regulatory tar Albumin (g I'') 233°(4.6) 21.4%(2.5)  12.9°(2.1) 22.19(5.9)
ure. The impact of the chalimus is Protein (g 1) 50.79(5.0)  53.0%(4.9) 354% (6.4) 54.8% (12.6)
restricted to the size of the radial area Chloride (mmol I7})  135.3% (3.5) 137.2°(2.8) 140.7¢ (11.8) 132.0° (4.1)
around the frontal filament attachment Calcium (mmol 1']1) 4.1°(0.9) 4.1%(0.5) 3.3%(0.7) 3.8%(0.9)

: : : Glucose (mmol 1) 3.5%(1.6) 3.74(1.2) 4.9 (1.3) 4.9 (1.0)

ke 1989} and th d !

point (Pi ff . d) I; e associale LDH (ul! 600% (72)  430°" (110) 321" (38) 440" (89)
erosion is limited to this area. Grimnes AP (uI'Y 4407 (99) 320° (41) 140" (32) 2007 (74)
& Jakobsen (1996) reported that J




Dawson et al.: Atlantic salmon infected with sea lice 97

stress (Jobling & Wandsvik 1983, Abbott & Dill 1985),
in the infected groups of fish was recorded and corre-
lated with the appearance of severe head erosions and
changes in the physiological integrity of the fish. The
head and operculum are particularly vulnerable areas
because of the thinness of the skin and lack of scales
(Jonsdoéttir et al. 1992). Settlement along the dorsal
ridge may be attributed to homing on water currents
(Kabata & Cousens 1973, Anstensrud & Schram 1988)
or promoted by the search for protection from these
currents (Bron et al. 1991). Secondary bacterial and
viral infections associated with such skin erosions are
common causes of death in farmed fish (Wootten et al.
1982, Pike 1989), but evidence of such damage is
rarely found for wild fish. Mechanical damage to the
head and operculum of the fish, corresponding with
the appearance of the preadult I, may lead to osmoreg-
ulatory failure less than 3 d after the appearance of the
preadults, and 30 to 40 mobile lice have been reported
to kill Atlantic salmon smolts (Grimnes & Jackobsen
1996). However, the mortal impact of lice infections
probably is dependent on the size of the fish and time
of seawater residence as, in the present experiment,
fish had a mean abundance of 51.5 lice at 21 d p.i. and
no mortalities were recorded.

Osmoregulatory failure is associated with an in-
crease in chloride levels, hyperproteinaemia (Grimnes
& Jakobsen 1996) and a decrease in osmolarity (Wede-
meyer & McLeay 1981). The range of chloride levels in
the control fish in the present experiment were similar
to previously reported chloride levels of 130 to
150 mmol 1! for Atlantic salmon (Sigholt & Finstad
1990) but these levels can vary, as slightly lower levels
of 120 to 140 mmol I"! have been recorded for Atlantic
salmon (Bergheim et al. 1990, Bakke et al. 1991). Nor-
mal total protein and serum albumin levels, important
for water balance (Wedemeyer & Yasutake 1977), in
Atlantic salmon also have been reported (Sandnes et
al. 1988, Waagbg et al. 1988) and the results for total
protein and serum albumin levels in the control fish
were within these ranges. However, in the infected
fish, total protein and serum albumin decreased signif-
icantly from the control groups at 21 d p.i. and chloride
levels were elevated at 21 d p.i. This coincided with the
appearance and repair of severe skin damage at Day
21 p.. indicating that changes in the physiological
integrity of the infected fish were due to leakage of
these parameters from the skin erosions.

Sodium and cholesterol levels decreased signifi-
cantly as compared to the control groups at 21 d p.i.
The effects of stress on ionic regulation are normally
determined by measuring plasma cortisol and sodium
concentrations, and a reversible depletion in choles-
terol is a secondary response to acute and chronic
stress in fish (Wedemeyer & McLeay 1981). These

changes may be due to a stress response from the
infected fish, but also may be a result of physical leak-
age from the head erosions at Day 21 p.i. Blood glucose
levels were elevated in the infected fish throughout the
experiment. Alkaline phosphatase and lactate dehy-
drogenase both decreased significantly as compared to
the control at 21 d p.i. The decrease in enzyme con-
centration in the serum may be due to physical leakage
of the enzymes from the erosions caused by the feed-
ing activities of mobile lice. However, potassium
increased, suggesting a possible imbalance between
extracellular and intracellular components, although
the increase in potassium could simply have come from
the environment if leakage was occurring.

Haematocrit decreased significantly as compared to
the control groups at 21 d p.i., coinciding with preadult
and adult lice and their associated pathology. This is
consistent with the work of Grimnes & Jakobsen
(1996), who found a decrease in haematocrit less than
3 d after the onset of the preadult stage, probably due
to the increase in plasma ions causing either osmotic
shrinking of erythrocytes or leakage of blood compo-
nents. The measurement of hypoproteinaemia con-
firms that anaemia is probably due to membrane dam-
age and leakage of blood components (Grimnes &
Jakobsen 1996).

No significant changes were found in the leucocrit
throughout the study. Wedemeyer et al. (1990) used
ventilation frequency, plasma glucose and leucocrit as
indicators of stress. These criteria have been applied to
the study of disease susceptibility caused by the stress
of social interactions in rainbow trout, where subordi-
nate fish showed decreased leucocyte volume and
plasma glucose levels (Peters et al. 1988), and both
acute and chronic stressors have been shown to
depress the number of circulating lymphocytes in
teleost fish (Peters et al. 1980, 1988). However, Picker-
ing & Pottinger (1985) failed to demonstrate a correla-
tion in the number circulating lymphocytes and corti-
sol levels, confirming that, under certain conditions, an
increase in susceptibility to disease is not accompanied
by a reduction in the number of lymphocytes. Further
work is needed on the effects of both acute and chronic
stress on the ability of the fish to mount an immune
reponse.

As the lice moulted through to adults at 30 d p.i., sup-
pression of appetite, severe skin pathology and detri-
mental changes in the physiological integrity of the
fish recovered. Hence, even though fish were still
infected with lice, the mortal impact of the lice infec-
tion was reduced. Changes in serum electrolytes and
physiological parameters associated with skin damage
most likely were caused by leakage of electrolytes due
to the feeding activities of the preadult lice, as they
require food to increase in biomass between the moult
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from chalimus to preadults. As the lice became adults,
the biomass of lice decreased, and as gravid females
settled in a posterior location, the impact of the infec-
tion was reduced, allowing recovery of the head ero-
sions and restoration of the physiological integrity.
Furthermore, the impact of preadults was limited as
the depressed food consumption at 21 d p.i. had no
effect on either the specific growth rate or condition
factor of the fish.

The use of radio-opaque markers in feed has been
shown to be an accurate way of assessing individual
food consumption in fish (Talbot 1985). In a social hier-
archy, dominant fish consume a greater proportion of
the daily meal (Fausch 1984, Huntingford et al. 1989,
Metcalfe et al. 1989) and, once the dominance hierar-
chy is established, available evidence suggests that it
tends to be stable (Jenkins 1969, Bachmann 1984,
Abbott & Dill 1985). In the present study, the domi-
nance hierarchy was stable in all groups of fish before
infection with lice. After infection, although stable in
the control group, the dominance hierarchy became
unstable in the infected group, indicating that lice
infection disrupted the social structure of the group.
The stress parameters and leucocrit did not increase
with increasing food consumption of fish within the
groups either before or after infection. Possibly, the
feeding hierarchy was not an effective stressor, the
stress parameters chosen were not suitable indicators
of stress or there was too much variation in the data to
make useful correlations between food consumption
and either leucocrit or glucose.

The intensity of lice infections on each of the sample
days was not correlated with food consumption, spe-
cific growth rate or any of the haematological or phys-
iological parameters measured, either before or after
infection. Stress-induced immunosuppression due to
social domination did not compromise subordinate fish
sufficiently to render them more susceptible to lice in-
fections. This contrasted with the findings of Peters et
al. {1988), who demonstrated that the subordinate trout
were contaminated more frequently with Aeromonas
hydrophila and had higher levels of glucose and leuc-
ocrits than the dominant fish and concluded that social
subordination causes impairment to the defence mech-
anisms against bacteria of rainbow trout, but this did
not occur in the present study. In aquaculture, some
Atlantic salmon carry heavier lice burdens than other
fish (Anonymous 1997) and this may be a consequence
of slower swimming speed or other health problems
which may further compromise the host rather than
reduced immunocompetence due to stress. However,
the possibility of a stress-induced immunosuppression
due to the transition from freshwater to seawater or
disease, for example, must not be eliminated as a fac-
tor which may predispose fish to lice infections.

In conclusion, the level of lice infections was not cor-
related with food consumption or any of the physiolog-
ical or haematological parameters measured. Chal-
imus did not cause osmoregulatory failure in infected
Atlantic salmon and, undoubtedly, most of the damage
leading to morbidity and mortality was caused by
mobile lice. Grimnes & Jakobsen (1996) reported detri-
mental physiological and electrolyte changes in lice-
infected Atlantic salmon for preadult stages only as
fish became moribund or died before preadults
reached adults because of the high infection rate
obtained in their experiment. This work has provided
the first evidence that infected fish can recover from
the detrimental changes caused by lice infection, even
when they are still infected with lice, and if fish can
survive the preadult stage of lice, then the mortal
impact of lice infections is greatly reduced.
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