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ABSTRACT: Relocating Atlantic salmon Salmo salar L. farms away from important salmonid rivers is
possibly a means to reduce Lepeophtheirus salmonis (Kroyer, 1837) interactions between farmed
Atlantic salmon and wild salmonids. However, to date, no data have been presented on the conse-
quences of salmon farm relocation in terms of densities of planktonic L. salmonis. Near-surface
plankton were sampled at 5 stations during 2 full farming production cycles; 1 before and 1 after a
salmon farm relocation within a sea loch/fjord. The relocation comprised the removal of a salmon
farm and the reallocation of its fish biomass to a different farm within the same management area.
Over 85 % of the larval sea lice we identified in sub-samples were L. salmonis; we therefore assumed
that the majority of the larvae found were of that species. Densities of L. salmonis larvae increased
significantly at all stations post relocation, except at the station near the vacated farm site where
mean densities of nauplii were significantly lower and mean densities of copepodids were lower
without statistical significance. The removal/relocation of the salmon farm significantly reduced the
production of L. salmonis larvae, but did not significantly reduce the infection pressure, as repre-
sented by densities of the infectious copepodid stage, at the vacated farm site. This finding indicates
that planktonic L. salmonis were transported to the vacated farm site from sources at a minimum of 5

to 8 km distant.
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INTRODUCTION

Lepeophtheirus salmonis (Kroyer, 1837) is a natu-
rally occurring marine parasite of salmonids and is a
concern for farmed Atlantic salmon Salmo salar L. and
wild salmonid fisheries (Costello 2009a). L. salmonis
has been implicated in the decline of salmonid popula-
tions on the west coast of Ireland (Tully & Whelan 1993,
Whelan 1993), Scotland (Walker 1994) and even
globally (Ford & Myers 2008).

Farmed Atlantic salmon are put to sea from fresh-
water and initially bear no Lepeophtheirus salmonis
infections. Escaped farmed fish, non-salmonid wild
hosts and remote farms may represent sources of lice;
however, Bron et al. (1993) opined that the initial louse
infection of farmed Atlantic salmon smolts probably
results principally from wild salmonids. L. salmonis
can be found on non-salmonid fish, e.g. saithe Pol-
lachius virens L. (Bruno & Stone 1990) and sea bass
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Dicentrarchus labrax L. (Pert et al. 2006), but there is
no report of L. salmonis being able to complete its life-
cycle on such fish. Once infected, farms can magnify
infection pressure in the local environment (Murray
2009) by amplifying the potential for the parasites to
encounter and infect near-by farmed and wild sal-
monids (Revie et al. 2009).

Planktonic sea lice larval development consists of 2
naupliar stages and 1 copepodid stage, the latter being
older and more developed. Lepeophtheirus salmonis
infection spreads primarily via the infective copepodid
stage (Tully et al. 1993, Costelloe et al. 1995, Finstad et
al. 2000), although adults, particularly males, are also
known to transfer between hosts (Connors et al. 2008).
Previous plankton surveys in Loch Torridon (McKibben
& Hay 2004, Penston et al. 2004, 2008a) and a coupled
hydrographic-particle tracking model developed for
that area (Murray & Gillibrand 2006, Amundrud &
Murray 2009) indicate that louse larvae can be trans-
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ported several kilometres. A study in the Loch Torridon
system (and elsewhere) highlighted an apparent link
between salmon farming and louse burdens on wild sea
trout Salmo trutta L. (Middlemas et al. 2010).

Control of Lepeophtheirus salmonis infections is
managed on Atlantic salmon farms through applica-
tions of a variety of medicines and husbandry prac-
tices. The 2 most commonly used chemotherapeutants
for controlling L. salmonis are cypermethrin and ema-
mectin benzoate (Lees et al. 2008). Husbandry prac-
tices, such as single year-class stocking, synchronised
fallow periods and coordinated louse treatments (Bron
et al. 1993, Grant & Treasurer 1993, Anonymous 2006)
can be employed as measures to control L. salmonis
populations and to reduce potential for farm louse
interactions with wild fishes. Another proposed mea-
sure to limit sea louse interactions between wild and
farmed salmonids is farm relocation (Rosenberg 2008).

To date, there are no reports presenting data on the
consequences for larval sea louse distribution of relo-
cating an Atlantic salmon farm. The objective of the
present study was to determine if, and how, the reloca-
tion of a farm affected the distribution of planktonic
Lepeophtheirus salmonis larvae in the Loch Torridon
management area. Given that Atlantic salmon farms
have been found to be significant sources of larval lice
in this study area (Penston & Davies 2009), the removal
of one of the farms could be expected to reduce the
densities of larval lice at the site vacated by the farm.

MATERIALS AND METHODS

Study area. The Loch Torridon system on the north-
west coast of Scotland, UK, contains 3 fjordic basins;
Lower Loch Torridon, Loch Shieldaig and Upper Loch
Torridon. For an in-depth description of the Loch Torri-
don system see Gillibrand & Amundrud (2007) and
Penston & Davies (2009). Six small rivers enter the
Loch Torridon system, 3 of which contain salmonids.
The Rivers Shieldaig, Balgy and Torridon (see Fig. 1)
have populations of sea trout. The Rivers Balgy and
Torridon also have populations of wild Atlantic salmon.

During the study period (2004 to 2008) there were
initially 5 Atlantic salmon farms in Loch Torridon with
maximum consented biomasses varying from 250 to
1375 t at the start of the study (see Fig. 1). The study
was carried out over 4 yr, and within that period 2 pro-
duction cycles were completed at the farms. Farms 1
and 3, in synchronous production, stocked lice-free
Atlantic salmon smolts (young salmon) in March of
2004 and 2006 and harvested over a period of months
during the winters of 2005 and 2007. Farms 4 and 5
stocked and harvested in synchrony with Farms 1 and
3 during the first production cycle, and thereafter these

farms were used only for on-growing fish (growing fish
reared elsewhere) from Farm 1. Farm 2 was stocked in
September 2004, asynchronously to the other farms in
the area; yet, harvesting was completed at this farm at
approximately the same time as the other farms.

Farm 2 was relocated in 2006. Relocation consisted
of a cessation of production at Farm 2 in February
2006, and the maximum consented biomass for Farm 2
was transferred to Farm 3 in Upper Loch Torridon. This
relocation essentially removed Farm 2 and increased
the size of Farm 3. Plankton sampling was therefore
undertaken during 2 contrasting cycles: Cycle 1 (Feb-
ruary 2004 to February 2006) when Farm 2 was opera-
tional, and Cycle 2 (February 2006 to February 2008)
when Farm 2 had ceased production and the biomass
was transferred to Farm 3.

Sampling. Between February 2004 and February
2008 plankton sampling took place approximately fort-
nightly on the same day at 5 sampling stations (Fig. 1).
The naming of these stations is carried forward from
Penston et al. (2008a). A plankton net of mouth diame-
ter 0.5 m and 150 pm mesh size (EFE & GB Nets®) was
towed from a small boat at 0.0 to 0.5 m depth. Tow
duration was between 4 and 5 min and sampled vol-
umes were measured by a flowmeter (General Ocean-
ics®) suspended in the mouth of the net. The mean
sample volume in Cycle 1 was 16.80 m® (SD 11.17 m®)
and in Cycle 2 was 31.23 m® (SD 9.62 m®). Large SDs in
the volumes sampled resulted from natural seasonal
variability in plankton densities. The sampled volumes
in Cycle 2 were greater than in Cycle 1 as a result
of collecting the samples at a greater speed; ~60 and
32 cm s7!, respectively. Samples were collected and
prepared for analysis as described in Penston et al.
(2008a). Extracted louse larvae were preserved in 70 %
ethanol.

Identification. Out of a total of 502 samples taken
over the 4 yr period, 148 contained caligid copepodids
and 88 contained nauplii. With reference to descrip-
tions in Schram (2004), copepodids were identified to
species in 45 (30 %) of the copepodid-positive samples
using a high-powered inverted microscope (Zeiss®,
Axiovert 200). In the 2 samples that contained >15
copepodids, only 15 individuals were identified to
species level. No attempt was made to identify the
nauplii by microscopy or to distinguish between the 2
naupliar stages. We report the ratio mean density of
nauplii divided by the sum of the mean density of nau-
plii and copepodids (n:n+c) recovered at each station
in each cycle to provide an index of larval demograph-
ics. Henceforward this ratio is referred to as the 'nau-
plius fraction'.

From a random selection of 61 of the 88 samples that
contained nauplii, 1 nauplius per sample was analysed
by real-time PCR. Selection of 1 nauplius per sample
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Fig. 1. Positions of sample Lower
stations (®; A, C, E, G and H), Loch Torridon
Atlantic salmon farms (O; \‘
numbered 1, 2, 3, 4 and 9)
with respective maximum
biomass consent (tonnes, t) in
parentheses and the Rivers
Shieldaig, Balgy, and Torri-
don in the Loch Torridon sys-
tem. Insets show the position
of the study area in relation
to (right-hand) the British
Isles and (left-hand) Scot-
land. *: Farm 2 was relocated
to Farm 3 in Cycle 2 (Febru-
ary 2006 to February 2008)
and the consented salmon 57°30
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gave the species distribution from the range of popula-
tions sampled and it was not intended to identify the
species composition in individual samples. In each
case, the nauplius chosen for analysis was simply the
first one out of the specimen vial storing the louse lar-
vae of that sample. The DNA of individual nauplii was
obtained by incubation for 3 h at 55°C in 15 pl lysis
buffer containing 1x Tris-EDTA (TE) buffer, 0.45%
Tween 20 (Sigma), 0.45% NP40 (Sigma) and 20 mg
ml! proteinase-K (Sigma) followed by incubation at
95°C for 5 min to inactivate the enzyme. Real-time PCR
was carried out as previously described by McBeath
et al. (2006), using 1 pl lysate and the Lepeophtheirus
salmonis assay only. Negative and inconclusive results
were re-analysed using both the L. salmonis and Cali-
gus elongatus von Nordmann 1832 assays. A threshold
cycle value (Cy) result of <32 was classed as positive
and >32 was classed as inconclusive.

Testing for differences in Lepeophtheirus salmonis
densities. Due to highly dispersed counts at several
stations, the coefficient of variation (CV) of the mean
density of larval sea lice during Cycle 1 was >50%.
Thus, it was impossible to detect a difference in mean
densities between Cycles 1 and 2 by estimating mean
density directly from the data.

A more sensitive test is to model the mean density
and compare the modeled means. Following Penston
et al. (2008a,b) larval Lepeophtheirus salmonis density
was modeled continuously through Cycles 1 and 2 with
a generalized additive model (GAM; Wood 2006). Lar-
val counts are assumed to follow a negative binomial
distribution. We modelled density directly by using a
log link with log sample volume as an offset. A smooth
function (thin plate regression spline with a maximum
of 9 degrees of freedom) was used to describe the trend

5°40° 5°35° 5°30°

in time. A small number, at most 0.003 larvae m™3, was
added to the counts of some stations to alleviate prob-
lems with numerical stability caused by continuous
periods of zero counts.

To test for a difference in mean density between
cycles, a parametric bootstrap approach was used
(Davidson & Hinkley 1997). Using the regression coeffi-
cients and their variance—covariance matrix, R = 9999
density curves were simulated representing the distrib-
ution of the estimated density trend. For each simulation,
the mean in each cycle can be estimated by integrating,
or summing up, the density curve from each cycle. In
practice, the approximate mean from each cycle was cal-
culated by numerical integration: predicting over a fine
grid of time and taking the average for each cycle (x; and
X,). The p-value for the 2-tailed test of the null hypothe-
sis that the mean densities in the 2 cycles are equal is

R R
1+min(21(ti >0, It < o>j

i=1 i=1
1+R

where R = 9999, {;is the comparison X; > X, for the ith

simulation and I(t > 0) is the indicator function for the

event t > 0, which takes the value 1 when the event is

true and zero otherwise; see for example Davidson &

Hinkley (1997).

p=2x

RESULTS

Approximately half (48 %) of the plankton samples
that contained nauplii also contained copepodids and
39 % of samples containing copepodids also contained
nauplii. A maximum of 13% (8) of the nauplii were
possibly not Lepeophtheirus salmonis. The 3 nauplii
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Table 1. Lepeophtheirus salmonis, Caligus elongatus, and Lernaeenicus sprattae. Iden-
tification of numbers of copepodids (by microscopy) and nauplii (by real-time PCR).
Percentages of each life stage total are given in parentheses. N/A: not applicable

(Table 2). Stns E and A had rela-
tively low nauplius fractions, al-
though the fraction increased at Stn

L. salmonis C. elongatus Negative

Inconclusive L. sprattae

E in Cycle 2. In Cycle 2, the lowest
nauplius fraction occurred at Stn H,

Nauplii
Copepodids

53 (87) 1(2) 3 (5) 4(7)
140 (99) 0 N/A N/A

almost matching the 0.00 value
1(1) found in Cycle 1 at Stn A, the station
most distant from the farm sites.

that tested negative for both Lepeophtheirus salmonis
and Caligus elongatus (Table 1) were all found at
different stations and during different years. The 4
nauplii that were inconclusively identified were from
3 different stations and no other louse larvae were
found in these samples. The Ctvalues of these samples
were too high to be confidently said to be, based on
previous experience (A. J. A. McBeath pers. obs.), a
'true’ positive. Over 85 % of the nauplii

Statistically significant increases
in densities of nauplii were observed at Stns C, G and
E in Cycle 2 compared to Cycle 1 (Table 3). At Stn A
(furthest from farm sites), no significant increase was
found between cycles, while at Stn H (the vacated
farm site) the nauplius density decreased significantly
between cycles. Similar to the trends for nauplius
densities, in Cycle 2 compared to Cycle 1 the copepo-
did densities increased significantly at all stations

analysed molecularly were identified as 45
L. salmonis. One copepodid was identi- Stn A
fied morphologically as Lernaeenicus 3
sprattae (Sowerby); all the others were
identified as L. salmonis. 1.5
Across all stations, 192 nauplii and 269 B 1 I .1
copepodids were recovered in Cycle 1 0
and 679 nauplii and 1065 copepodids 45
were recovered in Cycle 2. In Cycle 1, 3 StnC
densities of larval lice were low at all
sampling stations, except Stn H, near the 1.5
relocating farm. In Cycle 2, densities of — 0 _II Mo I".
larval lice were higher at several of the C?E
sampled stations (Fig. 2). In Cycle 1, 5 4.5 St E
nauplii were absent or present in low £ 3
densities at Stns A and E while the ;
greatest mean densities of nauplii and g 1.5
copepodids were found at Stn H (Table 2). ﬁ 0 o oloml el
The mean densities of nauplii and cope-
podids found at all stations in Cycle 2 45 Stn G
were greater than in Cycle 1, except at 3
Stn H. In Cycle 2, the greatest mean
densities of nauplii were recovered at 15
stations near farms (C and G), while the 0 n n i II I illalles
greatest mean densities of copepodids
were recovered at Stns G and A, the lat- 4.5 Stn H
ter of which was furthest from the farm 3
sites. Although a relatively high mean
density of copepodids was evident at Stn 15
A, the mean density of nauplii at that oo~ --.'II. | |I| .-I P
station was the second lowest found in E.’r E.’r ??r ??r 8' 8 8' 8 8 8 8 8 IOT 'C’T 5 5 8
Cycle 2 (Table 2). 2 T 938 5 %35 8 3938 5 93 @
In Cycles 1 and 2, the highest nauplius L2 < 2L 2 < 2L =>4 2L =920
fraction occurred at Stns C and G (adja- Month

cent to farms) with a lower fraction near
Stn H in Cycle 1 (the relocating farm
site), which fell close to zero in Cycle 2

Fig. 2. Lepeophtheirus salmonis. Time series of mean monthly densities of
total L. salmonis larvae (nauplii + copepodids m~®) recovered at sampling
stations A, C, E, G and H between February 2004 and February 2008
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Table 2. Lepeophtheirus salmonis. Number of samples (N)

collected, mean densities of nauplii (n) and copepodids (c)

sampled and the nauplius fraction (n:n+c) at sampling stations

A, C, E, G and H during Cycle 1 (February 2004 to February

2006) and Cycle 2 (February 2006 to February 2008). Mean

densities are total counts/total sampled volume over each
production cycle at each station

Stn N Nauplii Copepodids

(ind. 1000 m™3)  (ind. 1000 m™3)  n:n+c
Cycle 1
A 57 0.00 18.36 0.00
C 56 15.20 5.70 0.73
E 54 1.05 11.50 0.08
G 53 20.12 7.54 0.73
H 52 202.43 290.28 0.40
Total 272
Cycle 2
A 50 7.17 181.15 0.04
C 50 228.02 131.11 0.63
E 47 30.60 65.90 0.32
G 45 189.66 223.86 0.46
H 38 2.78 147.96 0.02
Total 230

Table 3. Statistical differences between densities of nauplii
and copepodids at sampling stations (A, C, E, G and H) in
Cycle 2 (February 2006 to February 2008) compared to
Cycle 1 (February 2004 to February 2006). Significant
p-values (p < 0.05) are given in bold, assessed according to
the Holm-Bonferonni method for multiple comparisons (Holm
1979). Plus and minus signs indicate positive and negative

differences
Stn Nauplii Copepodids
A +0.1408 +0.0021
C +0.0024 +0.0001
E +0.0118 +0.0678
G +0.0034 +0.0010
H —-0.0044 —-0.9634

except at Stns E and H. At Stn E the increase
observed was not significant, while at Stn H the Cycle
2 densities of copepodids decreased relative to Cycle
1, though not significantly.

DISCUSSION

The relocation of the salmon farm at Stn H brought
about a significant reduction in the densities of nauplii
at the site of the removed farm, but no significant
reduction in infection pressure, as represented by den-
sities of the infectious copepodid stage, was observed
at that site. We discuss the significance of these find-
ings and possible implications for the management of
Atlantic salmon farms and wild salmonid fisheries.

The 4 nauplii inconclusively identified had Cr values
that were improbably high. Real-time PCR is an
extremely sensitive method and high-Cr-value false
positives can be produced from minuscule quantities of
DNA within a sample. These very small DNA quanti-
ties likely result from tissue fragments of other larvae
entering the pre-lysis tubes. The 3 nauplii that were
negative for both the Lepeophtheirus salmonis and
Caligus elongatus probes could have been other caligid
copepods. All the remaining nauplii and copepodids
analysed were identified as L. salmonis. Previous stud-
ies of planktonic sea lice in the Loch Torridon system
similarly found L. salmonis to represent the major com-
ponent of the louse larvae recovered (McKibben & Hay
2004, Penston et al. 2008a,b, Penston & Davies 2009,
Kilburn et al. 2010). Given the evident predominance
of L. salmonis in the sub-samples, we assumed the
majority of the louse larvae recovered in this study
were that species.

Previous surveys for planktonic louse larvae deter-
mined that the regular recovery of nauplii, which only
persist for about 4 d at 10°C before developing to the
copepodid stage (Johnson & Albright 1991), is indica-
tive of an important source of louse larvae nearby to
those sampling stations (Costelloe et al. 1995, 1998a,b,
Penston et al. 2004, 2008a,b). To investigate whether
the relocation of the farm had any effect on the distrib-
ution of larval sea lice at the vacated site (Stn H), we
compared the densities and stages of the larvae at that
location before and after the relocation. In Cycle 1,
mean densities of nauplii and copepodids at Stn H
were over an order of magnitude greater than at other
stations. Whereas in Cycle 2, after the biomass of Farm
2 (near Stn H) had been relocated to Farm 3 (near Stn
G), the densities of nauplii adjacent to the vacated site
were lower than at any other station. The copepodid
densities at the vacated site (Stn H) in Cycle 2 were the
third lowest of all of the sampled stations. The high
mean density of nauplii found during Cycle 1 at Stn H
(near Farm 2), indicated a local source of larval lice
during that period. This contrasted with the low mean
density of nauplii found there in Cycle 2, after Farm 2
was removed, which indicated the absence of a nearby
source of lice.

Earlier studies in the Loch Torridon system found
that salmon farms can be a major source of lice (Pen-
ston et al. 2008a,b, Penston & Davies 2009). Given that
Stn H was situated adjacent to Farm 2 (before it was
relocated), it is very likely that the larvae, particularly
the nauplii, recovered at that station originated from
adults at Farm 2. What is important to note is that
although mean densities of the infectious copepodids
were 50% lower in Cycle 2 compared to Cycle 1, a
moderate density was still observed at that location
and the decrease was not statistically significant.
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Therefore, the farm relocation did not result in a signif-
icant reduction in infection pressure, as represented by
densities of the infectious copepodid stage, at Stn H.

Although lower than at Stns C and G (near other
farm sites), the nauplius fraction at Stn H was still high
in Cycle 1 relative to that at Stns A and E (situated fur-
ther from the farms). The nauplius fraction at Stn H in
Cycle 2 was approximately zero, similar to the low
fraction at Stn A, which was the station most remote
from farms. These low fractions consistently indicated
the absence of a nearby source of lice. However, as
discussed later, variation in the nauplius fraction at
any one location will also be influenced by the local
hydrography (including wind-generated surface cur-
rents) and topography.

Rapidly metamorphosing nauplii will generally be
found in higher densities closer to a lice source. The
nauplius fraction at each station provides an index to
assess the proximity of a major source of Lepeoph-
theirus salmonis larvae. The index is indicative only,
given that hydrographic conditions vary between sta-
tions. Stations adjacent to farms were found to have a
greater nauplius fraction than stations more distant
from farms (~2 km in this instance). Earlier studies
found no nauplii at the mouth of the River Shieldaig
which is 4.6 km from the nearest Atlantic salmon farm
(McKibben & Hay 2004, Penston et al. 2004). Costelloe
et al. (1996) also found a similar pattern with samples
collected closer to an Atlantic salmon farm having a
greater proportion of nauplii to copepodids than sam-
ples collected distant from that farm. The ratios pre-
sented in the present study are consistent with those
seen previously in this area; higher close to the farms
and lower at stations further away from them (Penston
et al. 2004, 2008b). This consistency in the pattern
observed using this nauplius fraction over time and
space supports its wider application as an index of
proximity to sources of lice.

At all stations, the sampled densities of nauplii
and/or copepodids increased significantly in Cycle 2
compared to Cycle 1, except at Stn H from where the
farm (Farm 2) was removed. It is of interest to consider
whether this may have been influenced by the farm
relocation. These increased densities were most likely
due to an increase in the number of lice being released
from the local Atlantic salmon farms, as the farms were
found to represent the greatest source of lice in the
area (Penston & Davies 2009). The most likely causes
of increased louse production at the farms were (1)
changes in the environmental conditions affecting louse
growth and survival, (2) changes in the efficacy of
louse treatments (the ability of chemotherapeutants to
remove lice), and (3) the increase in the size of Farm 3.

Low salinity levels (<29) can compromise the sur-
vival of Lepeophtheirus salmonis larvae (Bricknell et

al. 2006). However, it is unlikely that salinity fluctua-
tions between cycles could account for the change in
larvae densities, since the sea water remains near full
salinity strength in the Loch Torridon system as a result
of low freshwater input (Murray & Gillibrand 2006,
Amundrud & Murray 2009). Although an increase in
temperature can increase the growth rate of lice (John-
son & Albright 1991), measurements made in the Loch
Torridon system between February 2004 and June
2007 showed that sea surface temperatures (mean =+
SD: 10.5 £ 2.0°C) did not increase significantly be-
tween the observed production cycles (Penston &
Davies 2009). It seems unlikely, therefore, that the
increase in louse densities between Cycles 1 and 2 was
due to changing environmental conditions.

The observed increase in louse densities between
Cycles 1 and 2 may in part be explained by the efficacy
of louse treatments and this should be considered
independent of the farm relocation. In the Loch Torri-
don system between the production cycles of 2002-
2003 and 2004-2005 (the latter spanning the present
Cycle 1), a significant decrease in the densities of Lep-
eophtheirus salmonis larvae was described by Penston
et al. (2008b). This decrease was attributed to applica-
tions of emamectin benzoate at Farm 1. In 2007, for the
first time in the Loch Torridon management area, the
numbers of gravid lice on farmed Atlantic salmon did
not decrease in response to applications of emamectin
benzoate, perhaps as a result of ineffective treatments
(Penston & Davies 2009). Numbers of ineffective ema-
mectin benzoate louse treatments increased at Atlantic
salmon farms in Scotland from 2002 to 2006 (Lees et
al. 2008).

While exchange of larvae may occur between all 3
basins in the Loch Torridon system, transport of larvae
is not equally likely in all directions. In Cycle 1, when
louse larvae were being produced in high numbers by
Farm 2 in the Lower Loch Torridon basin, low densities
of both nauplii and copepodids were found in the Loch
Shieldaig and Upper Loch Torridon basins. This sug-
gest that few, if any, larvae were transported from
Farm 2 to the upper basins in Cycle 1. These findings
are supported by predictions of a coupled hydrody-
namic-particle model developed for the Loch Torridon
system, which indicated that few lice released from
farms in Lower Loch Torridon would be transported
towards Loch Shieldaig or Upper Loch Torridon
(Amundrud & Murray 2009). The factor limiting the
landward transport of larvae from Stn H, near the loca-
tion of Farm 2, is local topography; the area is enclosed
by steep cliffs on 3 sides giving it an amphitheatre
appearance facing seawards.

In contrast with Cycle 1, louse larvae were being
produced in high numbers by Farms 1 in Loch Shield-
aig and Farm 3 in Upper Loch Torridon during Cycle 2.
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These louse larvae may have been transported from
the inner basins to Stn H, where they appeared in our
samples as copepodids. Amundrud & Murray (2009)
predicted that larval lice released at locations through-
out Loch Shieldaig and Upper Loch Torridon can be
transported to the proximity of Stn H in the Lower Loch
Torridon basin. It is unlikely that the copepodids
recovered at Stn H in Cycle 2, or anywhere within the
Loch Torridon management area during the present
study, were transported there from farms in neigh-
bouring management areas as the closest ones are
>30 km distant. A 10-yer study of sea lice infection on
sea trout on the west coast of Ireland indicated that lice
could disperse up to between 25 and 30 km from farms
(Gargan et al. 2003), and most sea lice dispersal mod-
els do not predict larvae to travel >30 km (Krkosek et
al. 2005, Murray & Gillibrand 2006, Gillibrand & Willis
2007, Amundrud & Murray 2009).

CONCLUSIONS AND IMPLICATIONS

The findings of the present study have implications
for the salmon aquaculture industry and for wild
salmonid fisheries. The removal of Farm 2 from Lower
Loch Torridon led to a significant reduction in the pro-
duction of Lepeophtheirus salmonis nauplii at the
vacated site. Despite this, L. salmonis larvae were
transported to that site from elsewhere in Cycle 2. The
most likely source of the larvae transported to the
vacated site (Stn H) was one or more of the other farms
in the Torridon management area. These other farms
were ~5 to 8 km distant from the site of the removed
farm, indicating that the larvae were transported at
least 5 to 8 km, and possibly further. Therefore, in
terms of louse control, sites within a conservative dis-
tance of 8 km of one another may not be considered
independent in this system, and the Torridon manage-
ment area should be, and is, >8 km from the neigh-
bouring management areas. Separation distances are
likely to vary with differences in hydrographic con-
straints and connectedness between management
areas; nevertheless, the findings in this area should be
taken into consideration elsewhere. Our study indi-
cates that if farm relocation is being considered, with a
view to reducing louse abundance, then possible trans-
port of L. salmonis larvae from neighbouring farms to
the area of concern must be considered.
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