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Abstract

Salmon lice Lepeophtheirussalmonis (Krøyer, 1837)from farmed

Atlantic salmon have been implicated in the drastic sea trout

and salmon stock declines found in Ireland and Norway. Can

salmon lice from farmed and wild fish be distinguished? The

hypothesis has been advanced that the treatment of salmon

infested with salmon lice with organophosphatepesticides has

resulted in the evolution ofearly maturing, smaller female lice,

which
are favoured because they have the chance to reproduce

before treatment. Salmon lice on wild fish have been reported
to be larger and have more eggs in their egg strings (sacks) than

lice on farmed fish. The question is whether the size differences

between the lice are genetically fixed or an expression of

phenotypic plasticity. In this study, lice from wild and farmed

fish were collected and measured, and it was found that the

former were significantly larger. When larvae from these two

sources were raised on salmon at the same temperature, they
bad the same growth rate and morphology. Larvae from the

wild lice were raised at 8.7°C and 12.2°C, and attained a

significantly larger size at the lower temperature. These results

suggest that the salmon louse size is plastic and consequently a

poor indicator of salmon louse origin.
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Morphometric differences between lice found

on wild fish and lice found on farmed fish have

been reported (Jackson & Minchin, 1992; Tully &

Whelan, 1993). Adult female lice from farmed fish

are smaller, and have shorter egg strings with fewer

eggs than female lice from wild fish (Jackson &

Minchin, 1992; Tully & Whelan, 1993). These

differences may be due to phenotypic plasticity of
'

the lice, or may be genetically fixed, in the latter

case, the scenario is that frequent chemical treat-

ments would act as a selective agent driving the

evolution towards a smaller size and fewer eggs,

smolts (Tully et al., 1993b; Birkeland, 1996a,

b). The hypothesis has been advanced that the lar-

vae on the wild trout had originated from salmon

lice on farmed salmon, and consequently, that the

salmon farming industry is to blame for the dam-

age to sea trout stocks. This raises the question of

how to identify a given louse as originating from

a farmed salmon.

Salmo

trutta

is the cause of one

of the most important diseases in European salmon

farming. Since 1990 an increasing number of re-

ports havealso documented the debilitating effects

of larval salmon lice stages on wild sea trout

L. salmonisThe salmon louse,
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Materials and methods

Sampling

Salmon lice were collected from wild and farmed

salmon as described in Table 1.

The farming localities have for two decades been

used to raise salmon, and organophosphates have

been regularly been used in louse control. Austevoll,

which is southwest of Bergen on the Norwegian

west coast, has one of Norway’s highest densities

of salmon farms. Jondal is in the Hardanger Fjord,

cast of Bergen, which also has a large number of

salmon farms.

The wild fish were caught in bag nets and gill

nets as described in Table I and Fig. 1. The sam-

pling locations were, with exception of Morvik,

distant from salmon farms, which are found in-

shore in this area. Salmon were also sampled in

the Oslo Fjord at Sandvika, 15 km southwest of

Oslo. The nearest salmon farm is more than 100

km away, downstream in the Norwegian coastal

current. Lice were only collected from fish that

had no external signs of originating from a farm.

Fish that harboured chalimus larvae (i.e. recently
infected in the coastal zone) were not sampled to

minimize the risk of including lice originating from

coastal farms.

Lice and egg strings were transported in seawa-

ter in insulated containers to the laboratory at the

Department of Biology, University of Oslo. The

material from Austevoll held 4-8°C on arrival, the

other samples held 8-10°C. Total length, cephalo-

thorax length and greatest width (without the hya-
line membrane) were measured. Egg string length

was measured, and the number of eggs per string

was calculated from the mean length of two ran-

domly chosen 10-egg sections of each string.

Measurements were made on live animals with an

ocular micrometer at 6 or 8 x (whole animals and

egg strings) or 50-80 x magnification. Total length

was from the anterior end of the cephalothorax to

the end of the caudal rami, and cephalothorax length
from the anterior end of the cephalothorax to the

beginning of the fourth thoracic segment. Width

was measured on the widest part the cephalotho-

rax, without the hyaline membrane. Laboratory-

raised adult females were measured when they had

produced their first pair of egg strings. Egg data

are presented elsewhere.

Experimental infection ofsalmon

The egg strings from the different types of lice

were hatched and reared to the infective copepodid

stage according to the methods described by Heuch

(1995) and Heuch et al. (1995).

The experiments were run between July 1995

and February 1996. The fish were held in lOOxlOOx

Table I. Sampling dates and localities ofLepeophtheirus salmonis included in the study

because only the most rapidly developing females

would produce any offspring at all (Grimnes et ah,

1996; Todd et ah, 1997). The results of such a

selection will depend on selection pressure and

duration, but also on the association and heritabil-

ity of the traits involved. Molecularbiological tech-

niques have been employed to find genetic mark-

ers that can identify louse origin, but none has been

found so far (Todd et al., 1997). In this paper we

test the hypothesis that salmon lice from farmed

salmon are smaller than lice from wild fish, by

rearing lice of both origins from egg to adult at

the same temperature.

Type oflice Date Origin Material collected Name ofgroup

Farmed 01.06.95 Austevoll Adult females and egg strings Farm la

11.07.95 Austevoll Adult females and egg strings Farm lb

09.07.95 Jondal Adult females and egg strings Farm 2

Wild 09.07.95 Morvik, Selsto, Stele Adult females and egg strings Wild la

22.09.95 Stele Adult females and egg strings Wild lb

13.09.95 Sandvika Adult females Wild 2a

28.09.95 Sandvika Adult females and egg strings Wild 2b
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60
cm tanks at ambient light conditions at the

Norwegian Institute for Water Research’s experi-

mental facility at Solbergstrand, just south of Oslo.

The fish were of the same family, and of similar

age and size (450-510 g in the equal temperature

experiment, and 650-750 g in the temperature ef-

fect experiment).
Initial infection was carried out by lowering the

water level to aboutone-third, and adding approxi-

mately 1002-5-day old copcpodids per fish to each

tank. The water was oxygenated by diffusor tubes

during this procedure. After four hours the water

level
was raised to its normal level.

Equal temperature experiment

6
opepodids reared from egg strings from Farm 1 b

and Wild la lice were allowed to infect one group
°l fifteen salmon each, and the growth of the lice

was monitored until the first egg strings appeared,
d lie

temperature was heldat 7.2±0.4°C (SD). One

fish
was removed from each tank at day 0, 6, 17,

(Wild la progeny only), 59, 65 and 79 after

mfection, and killed. All parasites were removed

and measured under a binocular low-power

microscope.

Temperature effect experiment

Female size at 8.7±1.0°C (SD) and 12.2±0.5°C(SD)

were compared. The copepods (progeny of the Wild

1 a progeny) were raised on two groups of 10 salmon

at each temperature. The fish were inspected for

presence of females with egg strings every five

days without removing themfrom the water. When

more than 50% of the females had produced one

pair of egg strings, the fish were anaesthetized,

the lice removed and measured. Only females with

egg strings were measured, the reminderwere dis-

carded.

Statistics

Statistics were calculated with SAS 6.12 and JMP

3.6 software. Louse measurements were consid-

ered to be normally distributed. Size differences

in body proportions and egg strings were exam-

ined in /-tests and Scheffe’s tests with the signifi-

cance level set at a=0.05, and the confidence in-

terval at 0.95. The effect of water temperature on

total length, cephalothorax length and width office

was modelled in SAS’ “mixed” procedure. For the

louse measurements the models included tank ef-

Fig. I. Sampling sites of wild salmon in Hordaland county. Salmon were also sampled in the Osloand farmed salmon

Fjord at Sandvika, 15 km west of Oslo,
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feet. All variables were entered as fixed effects,

and were considered as contributing significantly

to the model at p<0.05.

Results

Measurements of sampled lice and egg strings

All wild groups of adult female lice sampled were

significantly longer and wider than adult females

from the farmed fish groups (Fig. 2). Lice from

wild fish were also darker in colour than lice from

farmed fish. The Wild lb group was significantly

longer than the other wild groups, which were not

significantly different from each other. Grand mean

total length for the lice from the wild fish was 10.4

mm, grand mean cephalothorax length was 4.6 mm,

and grand mean width was 4.0 mm (n=167).

The Farm 2 group was significantly longer than

Farm la and lb, which were not significantly dif-

ferent. The widths of the lice in three farm groups

were significantly different. Grand mean length for

the lice from the farmed fish was 6.7 mm, grand

mean cephalothorax length was 3.0 mm and grand

mean width was 2.9 mm (n=l 15).

There was no significant difference betweenegg

strings from farmed and wild salmon lice. Most

strings were about 15 mm long and contained 100-

300 eggs. An analysis of egg production in L.

salmonis is presented elsewhere.

Size and development ofprogeny of licefrom

farmed and wild salmon

Egg strings of Wild la and Farm lb lice were

hatched, and the growth of lice followed to pro-

duction of the first pair of egg strings. All chalimi

were included, thereafter, only females were mea-

sured.

The growth rates of the two groups were not

significantly different (Table II). The adult females

were significantly different in length and width,

and were both longer and wider than their respec-

tive parents (Fig. 3). Whereas Wild la lice were

darker in colour than Farm lb lice, their progeny

had the same colour, resembling that of lice from

farmed fish.

Size of lice reared at different temperatures

Louse total length, cephalothorax length and width

were modelled separately as a function of tempera-

ture. Controlling for tank effects, the lice kept at

8.7°C had greater total length and cephalothorax

length, but a smaller cephalothorax width than those

reared at 12.2°C (Table III). The small difference

in cephalothorax length shows that the increase in

total length was mainly due to a longer genital

segment (Fig. 4).

Discussion

As found elsewhere (Tully et ah, 1993a; Jackson

& Minchin, 1992), salmon lice collected from wild

salmon were longer, wider and darker in colour

than salmon lice from farmed fish. If this differ-

ence is genetically fixed, the progeny office from

Average total length ), cephalothorax length andFig. 2.

cephalothorax width ± 1 SD of Lepeophtheirus salmonis

females sampled from farmed salmon and wild salmon.
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w>ld fish should, all other things being equal, be

larger than lice from farmed salmon. The present

results showed that the progeny of the lice from

the two different host categories were equal in size

and colour when reared under similar conditions.

We infer that possible genetic differences between

the two louse populations are not manifested in

l°use size or colour, and that the observed differ-

ences in collected lice may be due to the lice hav-

lng experienced different environmental conditions.

In the following discussion, the sampled material

ls compared with other published work on louse

morphometry, and the influenceof the host on louse

Slze is considered in the light of the experimental
results of the present study.

Sampled lice and egg strings

Mean total length office from wild salmon found

ln "le present investigation, 10-14 mm, lies within

the size rangereported by other authors. In a study

from Ireland, adult female lice from wild salmon

were found to have a mean total length of 15.2

mm (Jackson & Minchin, 1992) and total lengths

up to 12 mm have been recorded in Nova Scotia

(White, 1940). Adult females from farmed fish have

been reported to be 7-14 mm long (Wootten et ah,

1982; fully, 1989; Jackson & Minchin, 1992;

Schram, 1993). Female lice of Canadian origin

reared in the laboratory at 10°C had a mean total

length of 10.0 mm (Johnson & Albright, 1991).

The largest (wild) lice foundby fully and Whelan

(1993) in Ireland had cephalothorax lengths of 5-

5.5 mm,which is comparable to the Wild la sample

in the present study. Lice from Scottish farmed

salmon showed a seasonal variation in cephalotho-

rax length, with minimum mean value of 4.3 mm

and a maximum mean of 5.0 mm (Ritchie et ah,

1993). These lice are larger than the lice sampled
from farmed salmon in the present study, although

Table II. Measurements of reared salmon lice Lepeophtheirus salmonis originating from wild and farmed salmon, at 7.2°C. All

chalimi were measured, from preadult 1 only females were measured, * Data missing.

Table HI. Size differences between egg-bearing adult female lice (Lepeophtheirus salmonis) due to temperature, as estimated by a

linear regression model while controlling for tank effects. Two parallels were run at each temperature.

Louse

origin

Days after

infection

n Mean total

length (mm)

SD Range Mean

cephalo-

thorax

length (mm)

SD Range Mean

cephalo-

thorax

width (mm)

SD Range

Farm 0 50 0.70 0.032 0.64-0.77 0.47 0,043 0.25-0.64 0.22 0.029 0.14-0.27

Wild 0 50 0.73 0.045 0.54-0.80 0.50 0.019 * 0.23 0.021 0.18-0.29

Farm 6 12 1.24 0,069 1.11-1.36 0.78 0.042 0.68-0.82 0.52 0.030 0.47-0.56

Wild 6 19 1.29 0.073 1.17-1,46 0.83 0.056 0.74-1.01 0.54 0.051 0.45-0.66

Farm 17 8 1.66 0.28 1.28-2.00 1.25 0.34 0.82-1.59 0.77 0.19 0.54-1.11

Wild 17 9 1.89 0.14 1.71-2.16 1.43 0.11 1.30-1.63 0.93 0.054 0.85-0.99

Wild 22 29 3.62 0.23 3.14-4.28 2.36 0.16 1.88-2.75 1.94 0.12 1.57-2.20

Farm 59 19 7.16 1.29 5.21-8.80 4.31 0.74 3.21-5.12 3.86 0,82 2.64-4.72

Wild 59 27 7.44 1.46 5.12-9.76 4.28 0.79 3.21-5.36 3.94 0.78 2.88-4.88

Farm 65 5 8.62 1.24 7.12-10.32 4.80 0.25 4.48-5.12 4.61 0.22 4.24-4,8

Wild 65 17 10.01 0.91 8.08-11.2 4.96 0,20 4.48-5.20 4,52 0.33 3.52-4.80

Farm 79 23 11.27 0.61 10.20-12.70 4.86 0.17 4.60-5.20 4.41 0.18 4.20-4.70

Wild 79 71 11.13 0.71 9.20-12.70 4.82 0.26 4.20-6.00 4.43 0.17 4.00-4.80

Rearing temperature (°C) 8.7±1.0

n=30 and 5

SE

(estimate)

I2.2±0.5

n=27 and 19

SE

(estimate)

Total length (mm) 13.88 0.17 10.14 0.14

Cephalothorax length (mm) 4.88 0.05 4.44 0.04

Cephalothorax width (mm) 3.90 0.04 4.13 0.03
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they were treated monthly with organophosphates.

Sharp et al. (1994) measured female lice from sea

trout (Salmo trutta L.) sampled in Scottish rivers.

Their data showed that mean eephalothorax lengths

were highly variable between rivers, from 4.1- 5.6

mm. Farmed lice in the present study had mean

eephalothorax lengths of 2.2-3.5 mm, so the Scot-

tish data are closer to the sizes of our samples of

wild lice. Thus, there seems to be great variation

in louse size both in time and space. For a large

part, the variation in total length of female adult

lice can be ascribed to different development of

the genital complex, which expands both before

(Ritchie et al., 1996) and during egg string pro-

duction (Schram, 1993). The present study shows

that the increase in size at 8.7°C as compared to

I2.2°C is largely a consequence of genital com-

plex growth. No information on the degree of de-

velopment of the genital complex of the sampled
lice is available in the previously published nor in

the present material, hence the recorded size dif-

ferences might havebeen the result of the females

having reached different degrees of maturation.

Measurements of the eephalothorax would be ex-

pected to be less variable, but as shown above,

these also differ between farm localities regularly

treated with organophosphates, and between riv-

ers (Sharp et al., 1994). Although the lice sampled

from farmed salmon in the present study were sig-

nificantly smaller than the lice from wild salmon,

the published louse sizes do not fall into this gen-

eral pattern.

Other factors, such as host condition and use of

growth retarding chemotherapeutants (Tully &

Whelan, 1993) may also influence louse size. In

the Pacific Ocean several salmon species may serve

as hosts for salmon lice, but they are different in

their susceptibility (Nagasawa, 1987; Johnson &

Albright, 1991, 1992; Johnson, 1993; Nagasawa

& Takami, 1993). On less favourable host species

sessile stages may be killed, or have a lower growth

rate (Johnson & Albright, 1992; Johnson, 1993)

or a lower number ofeggs per egg string (Johnson,

1993). Host susceptibility may vary within spe-

cies as well, either as a function of diet or behaviour,

or as a function of genetic differences in resistance

to lice (MacKinnon et al., 1995, MacKinnon, 1998).

This may explain differences in the size of the

sampled lice in the present investigation, even if

all the sampled lice originally came from farmed

fish.

Direct effects of chemotherapeutants on louse

size and fecundity have been suggested as an ex-

planation for the observed differences between lice

from farmed and wild fish in Ireland (Tully &

Whelan, 1993). The extent to which the chemicals

compromise growth ofsurviving lice is not known.

For the effect to appear in the present sampled ma-

terial, these lice would have had to have survived

at least one chemical treatment during their life

time. The farmed fish were treated with organo-

phosphates in the spring or early summer 1995, so

this effect cannot be excluded.

Contrary to other published studies (Jackson &

Minchin, 1992; Tully & Whelan, 1993), the egg

strings from lice from wild fish had a similar av-

erage length and numberof eggs as those sampled

at farms. This may suggest a weaker link between

I, eephalothorax length ) andAverage total lengthFig. 3.

eephalothorax width Lepeophtheirus salmonis) ± 1 SD of

females from two generations collected from farmed and wild

salmon. The progeny were all raised in the laboratory at 7.2°C.
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female size and length of its egg strings than pre-

viously thought, or it may imply that the louse

population is more homogenous.

Tully and Whelan (1993) estimated that approxi-

mately 95% of the production of lice larvae in

western Ireland originated from farmed salmon.

Equivalent estimates do not exist for the Norwe-

gian coast, but the production of salmon here was

approximately 15 times the Irish production in 1993

(Anon., 1998). In Norway, the marine salmonid

fisheries, including escaped salmon, amounted to

513 tons in 1995 (Anon., 1996), whereas the pro-

duction of farmed salmon was 263 000 tons the

same year (Anon., 1998). It is therefore likely that

most of the salmon lice on the Norwegian coast

originate from farmed fish. This implies that the

possibility of sampling “wild” lice even from wild

fish is very small, and that the “wild" lice in the

present study may have originated from “farmed”

larvae although they were significantly larger than

the lice sampled in farms. A survival time of 191

days at c. 7°C (Nordhagen, 1997), and the nega-

tive logarithmic relationship between generation
time and temperature (Tully, 1992), indicate the

Possibility of life spans approaching one year at

lower temperatures. Smolts being infected by farm-

produced lice on their way to the sea may there-

fore return with the same lice a year later. This

would further reduce the possibility of keeping a

genetically distinct wild population of salmon lice.

Whatever the origin of the lice sampled from wild

fish, this investigation has shown that when raised

under the same conditions, lice from the two sources

turn out morphometrically the same.

Temperature effects

Temperature during ontogeny is an important fac-

tor influencing the size attained by animals

(Atkinson, 1994, 1995). In an extensive review of

fids relationship in aquatic ectotherms it was found

•hat increased rearing temperature led to decreas-

es s> ze in 90% of the studies (Atkinson, 1995).
• his

was also the result of the present investiga-
fion, where the females reared at the lower tem-

Pcrature
were significantly longer.

Tully (1992) modelled the generation times of

salmon lice in Ireland as a function of tempera-

ture, and found that this parameter was a good

predictor of population rates in caligid copepods.

For salmon lice on farmed salmon in Scotland,

Ritchie et al. (1993) found seasonal differences in

mean cephalothorax length of adult females with

viable egg strings, and suggested these resulted

from changing temperature. However, in one of

the two farms studied there was a negative corre-

lation with temperature, and in the other a posi-

tive correlation. These apparently contradictory
results may be a consequence ofnon-recorded tem-

perature fluctuations at the farm sites, or host-re-

lated factors. In an Irish study, Tully and Whelan

(1993) argued that differences in salmon louse size

and fecundity between samples from wild and

farmed salmon could not be explained by tempera-

ture, as most Irish farms experience oceanic tem-

perature conditions. However, as salmon lice gen-

'eration time may approach one year at low tem-

peratures, the salmon hosts could have frequented

areas of lower temperature and subsequently mi-

i, cephalothorax length ) andFig. 4. Average total length

cephalothorax width ± I SD ofLepeophtheirus salmonis

females of wild origin raised at 8.7°C and I2.2°C. The two

parallels run at each temperature are pooled.
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grated to the Irish coast. It has recently been shown

that areas such as fronts, where warm and cold

water meet, are important feeding grounds for

salmon (Jacobsen & Gaard, 1997). The amount of

time spent at cold fronts, and the temperature con-

ditions and duration of the homeward migration
would be important for the size of the lice on these

hosts.

A possible weakness of the temperature effect

experiments is that the parents of the experimen-
tal animals were raised at 7.2°C, and thereby could

have been conditioned to the lower temperature

(8.7°C). This would require a maternal effect, i.e.

transmission of some substance which enhances

performance at this temperature, through the egg

material (not in the genome). As the results of the

present study agree with all other studies of the

effect of temperature on salmon louse growth, it

would seem unlikely that this conditioning has

introduced a large bias. At most, a conditioning
would alter the magnitude of the achieved differ-

ences in size.

Genetic aspects

The present investigation failed to find phenotypic

evidence for genetic differences between salmon

lice from wild and farmed fish. Studies of louse

morphology (Jackson & Minchin, 1992, Tully &

Whelan, 1993; Sharp et al., 1994) and molecular

biology (Isdal et ah, 1997; Todd et al., 1997) sug-

gest a continuous mixing of genes combined with

a strong phenotypic plasticity. This would seem

reasonable considering the extended (c. 14 days at

10°C) pelagic larval phase (Johannessen, 1978;

Johnson & Albright, 1991) of the parasite, and the

instability of the selection pressure for early matu-

ration and smaller size. Maturation at a smaller

size most likely has a cost, as female size is cor-

related with brood size (Tully & Whelan, 1993).

Late-maturing females could therefore be favoured,

and the selection reversed, when treatment is de-

layed or is not administered at times of peak abun-

dance of preadult lice. As there is no generally

accepted upper limit to lice numbers in a salmon

farm, the times at which salmon farmers remove

lice
vary widely. Mixing of lice larvae from farms

with lice from escaped salmon and wild sea trout

will also weaken the selection pressure of louse

treatments. The amount of escaped salmon in

Norwegian coastal waters is unknown, but the

available data suggest that approximately 30% of

marine catches are of farm origin (Lund et ah, 1996),

and that 700 000 salmon (Anon., 1998), probably

more, escape every year.

Resistance to the organophosphate dichlorvos

has been found in salmon lice from Scotland (Jones

et ah, 1992), indicating that treatments may have

genetic consequences for the parasite population.

Resistance is often controlled by a single gene

(Roush, 1993). In contrast, life history characters

such as growth rates and age at maturation are

considered as quantitative traits, controlled by many

genes each having a small effect on the organism

(Stearns, 1992). Heritability of quantitative traits

is typically low (Stearns, 1992), and fixation of

alleles may require a continuous strong selection

pressure. As this may not be the case for salmon

louse age at maturation, the observed size differ-

ences would be expected to result from phenotypic

plasticity.

Conclusions

In this study, larvae from lice from wild and farmed

salmon, which differed 1.7 mm in cephalothorax

length and 3.5 mm in total length, were raised on

salmon at the same temperature. They had the same

growth rate and morphology, and attained the same

size at the time they produced their first egg string

pair.

If differences in size at time of start of egg pro-

duction had been genetically fixed as a response

to farm practices, this would have produced fe-

males of different sizes. This indicates that phe-

notypic plasticity of the lice is responsible for the

size differences observed in the sampled material.

Note, however, that this does not exclude the pres-

ence of genetic differences between lice popula-

tions inother countries. Management practices with

respect to the treatment of salmon lice vary be-

cause of different availability of drugs, different

topography and climate. Long-term use of drugs
with a low efficiency against lice in areas with small

water exchange, and hence little influx of other

sea lice larvae, may possibly create a selection

pressure sufficient to give genetically distinct lice.
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