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Abstract: The swimming endurance of naturally and experimentally infected juvenile pink salmon (Oncorhynchus gorbu-
scha) was measured to determine the effects of sea lice (Lepeophtheirus salmonis). Salmon naturally infected with adult
male and preadult stage lice did not appear to have a reduced swim performance, but when experimentally infected with
adult female lice, juvenile salmon showed a reduced ability to swim compared with uninfected control fish, and this effect
increased with lice load. A reduced swimming endurance is not only likely to influence predation risk for salmon, but may
have other ecological implications, such as slower seaward migration.

Résumé : Nous avons mesuré l’endurance à la nage de jeunes saumons roses (Oncorhynchus gorbuscha) infectés naturel-
lement et expérimentalement pour mesurer les effets des poux de mer (Lepeophtheirus salmonis). Les saumons infectés na-
turellement avec des stades adultes mâles et pré-adultes des poux ne semblent pas avoir une performance de nage réduite;
par contre, une fois infectés expérimentalement avec des poux adultes femelles, les jeunes saumons affichent une capacité
de nage réduite par comparaison aux poissons témoins non infectés et l’effet augmente en fonction de la charge de poux.
Une endurance réduite à la nage risque non seulement d’affecter la probabilité de prédation chez les saumons, mais peut
avoir d’autres conséquences écologiques, telles qu’une migration plus lente vers la mer.

[Traduit par la Rédaction]

Introduction

Parasites play an important role in the ecology and sur-
vival of their hosts and can affect the behaviour and abilities
of their hosts to carry out their day-to-day activities. For ex-
ample, if the parasites create an energy drain on the host,
less energy may be available for locomotion, especially
costly movements (e.g., foraging forays, migration, escaping
predators; Barber et al. 2000; Münderle et al. 2004; Östlund-
Nilsson et al. 2005). Hosts may attempt to mitigate this en-
ergy deficit by altering their behaviour to increase energy
intake or reduce activity, which can increase their suscepti-
bility to predation (Lima and Dill 1990).

Although many parasites are relatively benign, situations
may occur where these same parasites reduce host condition
to the point of death (e.g., if abnormally abundant or infect-
ing juveniles). High numbers of ectoparasitic sea lice (Lep-
eophtheirus salmonis) have been reported on out-migrating
juvenile salmon in areas near fish farms in the Broughton
Archipelago, British Columbia, and these have been sug-
gested to cause up to 95% mortality (Morton et al. 2004,
2005; Krkošek et al. 2006). This study system provides an
unparalleled opportunity to look at the potentially negative

effects of a ‘‘novel’’ parasite (sensu Krkošek et al. 2007) on
its host.

Many studies have examined the costs of L. salmonis in-
fection to salmonid hosts (Pike and Wadsworth 1999; Tully
and Nolan 2002; Wagner et al. 2008). For example, physio-
logical damage and death in Atlantic salmon (Salmo salar)
postsmolts was associated with infections by motile stage
sea lice (Grimnes and Jakobsen 1996). Sustained swimming
tests on adult S. salar found reduced swimming ability due
to decreased cardiac output after exercise when infected
with L. salmonis at 0.13 lice�g–1 (Wagner et al. 2003). Web-
ster et al. (2007) found that infected juvenile pink salmon
(Oncorhynchus gorbuscha) prefer fresh water and incur
higher energy costs when in salt water, suggesting there are
osmotic challenges associated with L. salmonis infection.
Similarly, Wagner et al. (2004) found that adult Atlantic sal-
mon performed better in freshwater than in saltwater swim-
ming tests. Some studies used Fulton’s condition factor to
assess the effects of lice on juvenile pink salmon but found
no difference in the condition factor of infected and nonin-
fected fish (Jones and Nemec 2004; Butterworth et al.
2008). However, Morton and Routledge (2006, 2008) argue
that condition factor is not a valid assessment of the impact
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of sea lice on juvenile salmon, as their data suggest that
condition factor is only reduced when the fish are moribund.
Aside from the use (or misuse) of condition factor, there has
not been any direct test of the effects of L. salmonis on ju-
venile pink salmon performance.

A prolonged swimming test was used to assess the impact
of sea lice on the swimming endurance of naturally and ex-
perimentally infected salmon. Prolonged swimming tests,
defined as high intensity swimming that lasts between 20 s
and 120 min and ends in fatigue, are widely used to assess
swimming performance (Beamish 1978; Hammer 1995). By
measuring the point at which failure occurred, we tested the
hypothesis that L. salmonis infection reduces juvenile pink
salmon swimming endurance.

Materials and methods

Fish collection and maintenance

Natural infections
Wild juvenile pink salmon naturally infected with lice

were collected with a beach seine (30.5 m � 2.5 m; 4 mm
mesh) near Twin Lagoon, Broughton Archipelago, British
Columbia. To be used in the experiment, all fish had to
have a fork length of 53–57 mm, noninfected fish had to
have zero lice (of any species) and no visual scarring (from
either previous lice infections or predators), and infected
fish had to have at least one motile L. salmonis, a chalimus
scar (evidence of infection history), no other lice species,
and no predator scars. Fish were visually assessed as in
Krkošek et al. (2005), transferred to the Salmon Coast Re-
search Station (Simoom Sound, British Columbia) in indi-
vidual containers, and held overnight.

Experimental infections
Fish used in experimental infection trials were collected

by seining in Spring Passage Channel and selected accord-
ing to the same criteria as the noninfected fish above. In-
fected fish were held separately from test fish in flow-
through floating tubs. Infection of previously noninfected
fish with adult female lice gently removed from the infected
fish occurred the following day.

Noninfected fish were selected haphazardly from holding
tubs and placed into two buckets, randomly assigned as treat-
ment or control groups. Treatment groups were manually in-

fected with one, two, three, or four adult female lice, and the
control group (no lice) was ‘‘sham infected’’ (i.e., all handling
was the same except the placement of lice) at the same time.
The fish to be infected was held in a small container partially
filled with water, such that its dorsum was exposed; the louse
was then manually placed on the fish. Because fish move-
ment stimulated attachment, and to control for possible ef-
fects of anaesthetic on lice, fish were not anesthetized.
Infections generally took less than 5 min, and fish were not
out of water for more than 30 s. Handling times were kept
consistent across treatment groups to ensure any difference
between treatment levels were not due to increased emersion
by repeating the procedure up to four times.

Swim tunnel design
Swim trials were conducted either the day following cap-

ture (naturally infected salmon) or approximately 38–46 h
after experimental infection in a swim tunnel comprising
four parallel chambers (Fig. 1). Fish were placed in the
chambers through lids that sealed with a foam gasket and
were secured by hose clamps. Stainless steel grids (mounted
in gate valve housings in the rear of each swim chamber, al-
lowing them to be raised to allow fish removal) remained
electrified during trials but were switched off when the fish
reached the endpoint (fatigue). The slight electrical current
motivated the fish to continue swimming until complete ex-
haustion rather than resting against the grid. Water velocity
in the chambers was regulated by adjusting the height differ-
ential between the water level in the reservoir and the out-
flow pipe; an adjustable overflow in the reservoir’s side
allowed excess water to spill once the desired height differ-
ential was achieved. These levels were calibrated to specific
flow velocities by measuring flow volume over time.

Test protocol
Prior to each trial the reservoir and swim tunnel were

flushed and filled with seawater. Four fish were chosen for
each trial (when possible, two control and two treatment
fish), placed randomly in a chamber and allowed to accli-
mate with no flow for 5 min. The swimming test was a con-
stant acceleration test modified from Tierney et al. (2007),
whereby water velocity was gradually increased to the initial
velocity of 8.25 cm�s–1 over 1 min and then increased by
2.75 cm�s–1 every 5 min thereafter until the fish failed to

Fig. 1. Schematic drawing of swim tunnel seen from above. Water from pumps discharges into a 760 L plastic reservoir (a). Components
are as follows: butterfly valve on 10.2 cm diameter polyvinyl chloride (PVC) pipe that is then reduced to 7.6 cm and split by Y-fittings (b),
bundle of flow-straightening plastic drinking straws (c), 4 mm mesh screen (d), 7.6 cm � 76.2 cm clear PVC swim chambers (e), lid (f),
electrified grid made of 0.5 mm diameter stainless steel wire mounted in a gate valve and connected to a variable transformer set to
2V AC (g), and outflow (h).
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continue swimming against the flow and remained against
the grid for >2 s. Because maximum velocity attainable
(37.75 cm�s–1) was reached before some fish failed, the final
stage was extended an additional 30 min in those cases.
Once the endpoint was reached, the grid was switched off
for that chamber. At the end of the trial, all fish were
flushed from the chambers into a net. Uninfected fish were
later released near their collection point. Infected ones were
sedated (clove oil) and euthanized so that motile louse scars
could be counted as an indicator of lice damage. All proto-
cols used in this research were approved by the Simon
Fraser University Animal Care Committee (protocol #750B-
05).

Eighty-four naturally infected fish (mean ± standard devi-
ation (SD) fork length = 55.1 ± 1.3 mm) were swum be-
tween 15 and 27 May 2007. Trials on experimentally
infected fish (n = 37) and their uninfected controls (n = 18)
were performed between 6 and 21 June 2007 (see Table 1
for fork lengths). Water temperature was 8.6 ± 0.2 8C and
salinity was 28–32 ppt in both sets of trials.

Analysis
Critical swimming speed calculations could not always be

performed because the final stage sometimes had a longer
duration and some fish did not fail. Therefore, cumulative
distance swum (dmax) was calculated for each fish as an
ecologically relevant measure of performance: the time (s)
swum at each stage multiplied by the stage velocity and
summed for all stages swum. Time to event (survival) anal-
ysis was used to quantify the effect of lice infection on fish
performance because both data sets (naturally and experi-
mentally infected fish) included censored data (31% and

11%, respectively). Fish that did not fail before the trial
was ended were assigned an ‘‘at least distance swum’’ with-
out failure and were considered as censored data. Kaplan–
Meier (KM) estimates of the probability of swimming a
given distance were obtained using observed dmax values.
Parametric survival models (Table 2) representing compet-
ing hypotheses were fit to the KM survival estimates by
log-likelihood using three different error distributions, for a
total of 12 models. All models (excluding the null) included
the main effects of fork length and chamber to account for
any effects of fish size and consistent velocity variation be-
tween chambers. Models testing for an effect of lice in-
cluded a lice variable: presence or absence of lice for
naturally infected fish and number of adult female lice for
experimentally infected fish. The number of motile scars
was not included in the models as it was highly correlated
with number of lice present.

Akaike’s information criterion corrected for small sample
sizes (AICc) was used to rank candidate models based on the
relative differences (DAICc) between the model with the
lowest AICc value and all other models in each set. AICc
model weights (w; the probability that a given model is truly
‘‘best’’ among the candidate models) were also calculated.
Because all models contribute some information and there
is uncertainty about which is actually ‘‘best’’, all model w
values were used to calculate estimated parameter likeli-
hoods (importance of variable) and values, along with their
unconditional standard error (SE). Only parameters with
values ±2 SE that did not encompass zero were considered
to have an effect (Burnham and Anderson 2002). All analy-
ses were performed in R version 2.6.1 (R Development Core
Team 2007).

Results

Natural infections
Fish in the naturally infected group (NNI = 42) had a mean

(± SD) of 1.31 ± 0.60 motile lice, but a majority were prea-
dult stages and adult males (Fig. 2). Some salmon were also
infected with other juvenile stages of lice. Median distances
swum (i.e., the distance at which 50% failed) were 676.7
and 719.6 m for infected and noninfected salmon, respec-
tively (Table 1; Fig. 3). Despite this 6% difference, the null
model with a lognormal distribution was eight times more

Table 1. Swimming and associated data for naturally and experimentally infected juvenile pink salmon.

N

Infection trial Group
LF

(mm) SD Infected
Survived
to testing Failed Censored

Median
dmax (m)

Median
motscr

Natural NL 55.3 1.3 NA 42 27 15 719.56 NA
L 54.9 1.3 NA 42 32 10 676.66 NA

Experimental 0 54.9 1.3 17 17 13 4 753.17 0
1 54.9 0.9 14 13 12 1 590.70 2
2 54.3 1.2 14 12 12 0 573.02 10
3 55.4 1.6 16 9 8 1 439.89 12
4 53.7 0.6 16 3 3 0 169.29 19

Note: Naturally infected fish (N = 84) were grouped by lice infection: no motile lice (NL) or motile lice (L). Experimentally
infected fish (N = 54) were grouped by number of adult females (0–4). Juvenile pink salmon were experimentally infected for 40 h
before testing. Censored data are the number of fish that did not fail. Median dmax is the distance at which 50% of fish failed, and
motscr is the number of motile scars on juvenile pink salmon, counted after the trial. LF, fork length; SD, standard deviation; NA,
not applicable.

Table 2. Models representing competing hypotheses tested.

Model Hypothesis
1. Lice + fork length + chamber Lice effect
2. Lice + fork length + chamber + lice �

fork length
Lice effect

3. Fork length + chamber No lice effect
4. Null No lice effect

Note: For experimentally infected juvenile pink salmon, lice = the num-
ber of adult females (0–4); for naturally infected fish, lice = infected or
noninfected group.
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likely than the models incorporating an effect of lice to be
the ‘‘best’’ model. Because of the superiority of the null
model, no parameter estimates were calculated. These re-
sults suggest juvenile pink salmon swimming endurance is
not reduced by natural infections of L. salmonis at the levels
tested here.

Experimental infections
A total of 37 fish infected with 1, 2, 3, or 4 lice and 18

control fish were swum in this experiment (Table 1). The
median distances infected salmon could swim before they

failed were less than that for control fish (Table 1), and as
the number of adult female (AF) lice increased, the distan-
ces fish could swim declined in a continuous fashion
(Table 1; Fig. 4). The top ranking models included lice and
fork length (LF)–AF interactions with a lognormal or Wei-
bull error distribution and were two to three orders of mag-
nitude more informative than the competing models
(Table 3). The number of AFs had a large and significant
negative effect on swimming endurance (Table 4). The in-
teraction of LF and AF had a significant positive effect on
endurance, which can be interpreted as female lice having
less of an effect on larger fish. Lice damage, as indicated
by the number of motile scars, was highly correlated with
the number of AF lice (Table 1; Spearman’s rho = 0.815,
P < 0.01).

Discussion
When experimentally infected with adult female lice, ju-

venile pink salmon had reduced swimming endurance. This
seems biologically reasonable, given the large size and en-
ergy needs of the female parasites, which were acquiring re-
sources to produce eggs (supported by evidence of females
having fed on the test fish, i.e., motile scars). While there
was a large overall effect of lice load, it was most evident
for higher lice loads, particularly given that the majority of
these fish died before they could be tested. Since only fish
capable of withstanding the challenge of three and four lice
were swum, the estimated impact of adult female lice on
swimming endurance must be considered a conservative
one. Although the maximum loads are high, the results are
ecologically relevant, as loads of these magnitudes are found
on naturally infected fish (Morton et al. 2004; Krkošek et al.
2006). Our findings are similar to those from the swimming
tests performed by Wagner et al. (2003) on large Atlantic

Fig. 2. Numbers of Lepeophtheirus salmonis stages on the naturally
infected juvenile pink salmon (N = 42) used in this study. Lice
stages are as follows: copepodid (CP), chalimus 1 and 2 (CalA),
chalimus 3 and 4 (CalB), preadult 1 and 2 male (PAM), preadult 1
and 2 female (PAF), adult male (AM), and adult female (AF).

Fig. 3. Kaplan–Meier plot of the proportion of uninfected and
naturally infected juvenile pink salmon still swimming after having
swum a given distance. Each step indicates the distance where a
swim failure event occurred; a plus symbol (+) indicates censored
data (fish did not fail).

Fig. 4. Kaplan–Meier plot of the proportion of experimentally in-
fected juvenile pink salmon still swimming after having swum a
given distance. Each step indicates the distance where a swim fail-
ure event occurred; a plus symbol (+) indicates censored data (fish
did not fail). Adult female (AF) group refers to the number of adult
female lice per fish.
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salmon and to those reported for other fish host–parasite
systems; parasites reduce prolonged swimming ability in the
European eel (Anguilla anguilla; Münderle et al. 2004), the
cardinal fish (Cheilodipterus quinquelineatus; Östlund-
Nilsson et al. 2005), and unfed Atlantic cod (Gadus morhua;
Martinez et al. 2003, 2004).

A parasite-induced decline in swimming endurance sug-
gests that lice infection is energetically costly to pink sal-
mon. There are several possible reasons for this. For
example, adult females feed on blood, and its removal can
induce anaemia (Wagner and McKinley 2004). To obtain
the blood meal, a louse punctures the skin (causing the mo-
tile scars), which likely increases the energy required to
maintain osmotic homeostasis. Repairing this tissue damage
and fighting off secondary infections from these wounds is
an additional cost. Because lice infections cause an increase
in energy requirements, they may lead to reduced swimming
ability if fish cannot compensate for lost resources.

In contrast with the results for experimentally infected
salmon, naturally infected salmon showed no diminution of
endurance. There are at least two possible explanations for
this inconsistency. First, males (preadult and adult) com-
prised 83% of the lice on these fish. Lepeophtheirus salmo-
nis males are smaller than females and likely have lower
energy requirements. Since they are seeking out mating op-
portunities, they may not feed as often or as much as fe-
males and thus may be less detrimental. Studies of the
effects of sea lice on Atlantic (Dawson et al. 1999; Wagner
et al. 2003; Wells et al. 2006) and Pacific (Morton and

Routledge 2005; Krkošek et al. 2006) salmonids found that
the onset of pathogenicity began with the preadult stages,
but did not look at gender-specific effects.

A second possibility is that the current level of motile lice
on a host fish is not a good indicator of past lice intensity on
that fish or the duration of that infection and thus is only
weakly correlated with the host’s current swimming ability.
To account for this, tests were performed on fish that had a
chalimus scar as evidence of prior infection; however, given
the transient nature of motile lice and the fact that juvenile
pink salmon are able to rid themselves of lice (Jones et al.
2007; M. Krkošek, University of Washington, School of
Fishery and Aquatic Sciences, Seattle, WA 98195, USA,
personal communication, 2007), this may have been insuffi-
cient to account for their infection history. It would thus be
premature to conclude that there is no effect of the lice
stages represented on the naturally infected salmon, but
rather that snapshot tests such as these are insufficient to de-
termine effects on swimming ability. Future studies should
use experimental infections or track infections over time.

Reduced swimming endurance could have ecological con-
sequences for salmon. Because juvenile salmon migrate in
large shoals, a fish with reduced swimming endurance may
be less able to compete for food, maintain its position within
the shoal, or remain with the shoal at all, thereby losing the
benefits that the shoal provides, such as protection from
predators. Reduced swimming endurance may also increase
predation susceptibility if it makes infected individuals less
likely to escape from a coursing predator, such as a coho

Table 3. Summary of models for experimentally infected juvenile pink salmon.

Model and variables Distribution K LL AICc D w
1.a Adult female + fork length + chamber + adult female � fork

length
Weibull 7 –556.7 1127.40 0.00 0.80

2. Adult female + fork length + chamber + adult female � fork
length

Lognormal 7 –558.1 1132.63 2.80 0.20

Note: Model is Log(dmax) = intercept + model variables + s � e, where s is a scale parameter and e is an error term based on Weibull or
lognormal distributions (exponential error distributions did not provide an adequate fit). For each model, N = 54, K = number of model parameters,
LL = maximum log-likelihood estimate, AICc = Akaike’s information criterion corrected for small sample size, D = the change in AICc between
the model and the model with the lowest AICc, and w = Akaike weight (the likelihood of superiority over other models in the set). Only models
with w > 0.001 are shown.

aThe model with the lowest AICc.

Table 4. Model parameters for experimentally infected juvenile pink salmon,
parameter likelihoods (importance of variables), and estimates with uncondi-
tional standard error (SE).

Parameter
Parameter
likelihood

Parameter
estimates

Unconditional
SE

Intercepta 1.00 20.31 5.26
Adult femalea 1.00 –11.17 2.43
Fork length 1.00 –0.16 0.09
Chamber 1.00 0.08 0.32
Adult female � fork lengtha 1.00 0.20 0.04
S 1.00 –0.75 0.76
E 1.00 0.42 NA

Note: Parameters were calculated using w of both experimental swimming models in
Table 3; other models, not shown, have w = 0 and thus do not influence parameter es-
timates. Values are rounded to the nearest 0.01.

aParameter for which estimates ±2 unconditional SEs do not overlap 0, and therefore
are considered significant.
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salmon (Oncorhynchus kisutch) or cutthroat trout (Onco-
rhynchus clarkii). The costs incurred from infections may
also increase infected salmon susceptibility to predation if,
in an attempt to mitigate these costs, they increase their
foraging effort and thus their exposure to predators (see
Mages 2008).

This study is the first to use swimming tests on wild juve-
nile pink salmon performed in a field lab in close proximity
(<5 km) to collection sites and demonstrates that experimen-
tal infection is essential when testing for the effects of lice
on swimming performance and perhaps other measures of
condition. As suggested by the two control groups having
very similar median swimming distances, fish were not
placed under additional stress because of the experimental
infection methodology, suggesting that the infection protocol
used in this study is a valid method with which to assess the
effects of motile lice on fish swimming performance.

Overall, the findings illustrate the need for further work
using swimming tests, both on fish naturally infected with
varying (and higher) numbers of adult lice and on those ex-
perimentally infected, to investigate the effects of other lice
stages and infection durations. These tests should be run
concurrently with physiological measurements to understand
the mechanisms underlying any effects observed. Informa-
tion gained from such studies will shed light on the impact
of L. salmonis infections on wild juvenile pink salmon. This
is the first study to show an effect of sea lice on juvenile
salmon swimming endurance, and while direct mortality
may be an important driver of population declines, reduc-
tions in swimming performance may contribute to the im-
pact of sea lice on pink salmon populations.
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