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Abstract

A particle transport model is described that is being used to simulate the dispersal of salmon lice (Lepeophtheirus salmonis) larvae in
the waters of Loch Torridon. A hydrodynamic model, forced by tides and winds, drives the transport model. Particle movements are
strongly influenced by winds, which can lead to formation of lice concentrations in coastal areas several kilometres from the source. Idea-
lised constant wind simulations have been used to locate areas that larval lice may potentially reach from given source locations. Detailed
analysis of simulations forced with real wind data is required to assess areas that larval lice from these sources are likely to reach. Further
field and experimental work on the viability of lice is required to assess infection risk.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The physical oceanographic processes that generate cur-
rents play a major role in many biological processes in mar-
ine environments. For example, currents drive processes
such as advection of larvae (Siegel et al., 2003) or dispersal
of pollutants such as oil spills (Elliott et al., 1992) or from
sewage outfalls (Murray et al., 2001). In coastal environ-
ments, such as estuaries, where biological gradients (both
on-shore–offshore and along shore) are strong and point
sources (e.g. sewage discharges) are most common, hori-
zontal dispersal and advection are particularly biologically
significant.

One important class of estuaries are the fjordic systems
that are found in places such as Norway, western Scotland,
the North American North-West Pacific coast and New
Zealand (Dyer, 1997). Fjords are often quite different to
drowned valleys, with features such as over deepened ba-
sins, shallow sills and rivers that are small relative to the
fjord; this leads to different oceanographic processes gener-
ating different current patterns (Dyer, 1997). Compared
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with estuaries such as drowned valleys, these areas have
historically tended to be less populated and less developed
and hence have attracted less study. However, in recent
years fjordic environments have proven highly suitable
for salmon farming and so have attracted considerable
development; in the UK alone, annual farmed salmon pro-
duction exceeds 130,000 tonnes (Stagg and Smith, 2003). In
order to understand interactions between farms, and inter-
actions between farms and the environment, it is necessary
to understand the dispersal processes driving these
interactions.

Marine fish farms typically consist of net pens that
exchange their contents easily with the environment.
Released material includes nutrients, organic waste, patho-
gens and medicines used to treat those pathogens. Currents
disperse these materials and transport them around the
fjord. They can become a problem either because total car-
rying capacity is exceeded, i.e. average concentration is
dangerously high, or because they may cause local prob-
lems if advected to other areas without dispersal. The latter
may apply at a much lower average concentration than the
former.

A pathogen of particular interest to salmon farmers is the
salmon louse Lepeophtheirus salmonis. This ectoparasitic
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copepod attaches to salmonid fish in marine waters (Pike
and Wadsworth, 1999). In northern European waters the
hosts are both farmed and wild salmon and sea trout, in
the north Pacific a range of other Pacific salmon species
are affected; salmon lice may occasionally use non-salmonid
fish as temporary hosts.

Salmon lice became a serious problem for farmed sal-
mon soon after aquaculture was established (Rae, 2002);
they reduce production and at high intensity of infection
may cause death. The annual loss to salmon farmers in
Scotland has been estimated at £15–30M (Pike and Wads-
worth, 1999). Because farmed salmon biomass is so high,
lice on these fish represents a very large component of sal-
mon lice production even when lice levels per fish are low
(Heuch and Mo, 2001). Lice from farms are believed to
have contributed to the decline of wild sea trout popula-
tions, although the exact role is controversial (McVicar,
1997) and sea trout began to decline before salmon farming
started. Conversely, wild fish can act as a source of lice to
farmed fish and, as lice on wild fish cannot be controlled, a
farm that is cleared of lice can soon be re-infected (Rae,
2002).

Salmon lice larvae disperse in the plankton; after hatch-
ing there are two development stages as nauplius I and
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Fig. 1. Map of north-west Scotland, showing location of the Loch
Torridon model domain (including the central basin of Loch Shieldaig)
and the meteorological station at Glascarnoch. Axes are latitude and
longitude. The location of the seabed pressure data, used to provide tidal
forcing to the model, is marked (m).
nauplius II, followed by a third infectious copepodid stage;
this pattern of pre-competent and competent phases is typ-
ical of planktonic larvae (Siegel et al., 2003). They are not
entirely passive, tending to keep in surface water so that
most infection occurs at depths of 0–4 m (Hervøy et al.,
1997). In the copepodid phase, they are capable of actively
contacting host fish over short distances. But dispersal is
likely to be largely controlled by surface currents as they
are only capable of swimming slowly relative to advection
currents. It is this dispersal that largely controls interaction
between farmed and wild fish and between different farms.
Understanding the dispersal of lice may therefore help to
understand which farm locations may pose a risk to fish
entering rivers that host significant salmonid populations.
It may also be important to understanding how lice popu-
lations on different farm sites interact, thus allowing effi-
cient co-ordinated fallowing strategies to be developed.

In this paper we describe a particle dispersal model used
to simulate dispersal of salmon lice larvae in Loch Tor-
ridon, a sea loch (fjord) on the west coast of Scotland
(Fig. 1). The model uses current fields generated by a sep-
arate hydrodynamic model to explore scenarios of environ-
mental forcing aimed at evaluating the interaction between
louse producing sites and adjacent areas.

2. Methods

Because of the relatively limited anthropogenic pres-
sures on sea lochs, these systems have been perhaps less
intensively studied and modelled than other types of estu-
aries. Indeed, much of the early modelling of sea lochs trea-
ted them as large mesocosms, small patches of enclosed
coastal sea that can be intensively studied, with inputs
and outputs quantified. Models of fjordic ecosystems have
been developed with the aim of understanding larger shelf
sea ecosystem processes (e.g. Tett, 1986; Ross et al., 1993).

With the advent of fish farming, more detailed models
have been required to assess the dispersal of dissolved efflu-
ent. Two-dimensional, laterally integrated numerical mod-
els have been used to understand and quantify exchange
rates in Scottish fjord basins (Gillibrand et al., 1995; Gilli-
brand, 2001). However, understanding exchanges of patho-
gens requires a knowledge of how specific sites interact.
Advection processes may lead to high concentrations
occurring at considerable distances from their source. To
understand such processes requires a full three-dimensional
hydrodynamic model, generating current velocities in re-
sponse to external forcing, and a coupled particle transport
model that simulates the movement of particles under these
current fields.

2.1. Hydrodynamic model

The hydrodynamic model is the first of the two models
that have been developed to simulate the movement of
sea lice larvae. In this paper we concentrate on the particle
transport model, and do not detail the internal processes of
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the hydrodynamic model, concentrating on its outputs that
are used by the particle transport model and on inputs used
to force different scenario outputs.

The hydrodynamic model used is a version of the GF8
model (Stronach et al., 1993) developed for the St. Law-
rence Estuary by Saucier and Chasse (2000). Full details
of the mathematical framework and solution methods are
provided in those publications. In the present application,
the model is run in barotropic mode, with tidal and wind
forcing only. Horizontal viscosity is calculated using the
Smagorinsky (1963) equation as in Saucier and Chasse
(2000), but the vertical turbulent viscosity Av is parameter-
ised based on the depth-mean flow field, i.e.

Av ¼ cðU 2 þ V
2Þ1=2h

where c = 0.0025, h is the water depth, and U and V are the
depth-mean currents (e.g. Young et al., 2001).

Boundary forcing consists of calculated time series of
sea surface elevation at the mouth of the loch, generated
with tidal analysis and prediction software (Foreman,
1977) using bottom pressure data collected outside the
mouth of Loch Torridon during 2000 and 2001 (Fig. 1).
At the surface, wind data from the meteorological station
at Loch Glascarnoch (Fig. 1) are used. Wind stress is calcu-
lated with a variable drag coefficient (Lavelle et al., 1991).
Although baroclinic effects are not included in these simu-
lations, tidal and wind forcing are thought to provide the
strongest influence on the dispersal of planktonic larvae
in the surface layers and the barotropic model configura-
tion should therefore capture the main features of the lice
dispersal.

The model calculates three-dimensional flow fields in
Loch Torridon in response to the external forcing condi-
tions. The current field is resolved vertically into 15 layers,
the bases of which are located at depths of 4, 8, 12, 16, 20,
25, 30, 40, 50, 60, 80, 100, 150, 200 and 250 m. Because we
assume that sea lice remain within surface waters (Hervøy
et al., 1997) only predicted currents from the uppermost
layer (0–4 m) are passed to the particle transport model.
Abandoning vertical structure allows more horizontal
and temporal resolution to be achieved in the output file.

The standard output from the model consists of two ar-
rays of two-dimensional surface current speeds, resolved at
100 m intervals in the X and Y dimensions. The model grid
is not aligned to compass directions (so X and Y do not
correspond to north-south and east-west), but rather is
aligned to create the minimum size grid that can accommo-
date the entire loch. This minimises the number of land
grid squares that would otherwise have to be incorporated
as null elements in the array. The current velocities are de-
fined at half hourly time intervals for 720 time steps (15
days).

Predicted tidal currents have been calibrated and vali-
dated against observed water level and current data. The
former were collected during 1999–2001 using Aanderaa
WLR-7 bottom pressure sensors. Current data were col-
lected between 1999 and 2001 using a moored upward-
looking 307 kHz RDI ADCP, a Sontek Argonaut MD
acoustic current meter, and Aanderaa RCM-7 current
meters, deployed at various locations in the loch.

Different sets of output have been generated for the
model assuming different external forcing. The basic input
is tidal forcing, using tidal elevation at the mouth of Loch
Torridon. To this, in other scenarios, is added wind forc-
ing. Four simulations applied wind forcing from the car-
dinal directions: north-west, north-east, south-west and
south-east. These cardinal winds were assumed to blow at
the average speeds observed (at Loch Glascarnoch) for
winds from these directions: 5.25 m s�1 (NW), 5.05 m s�1

(NE), 5.93 m s�1 (SW) and 4.2 m s�1 (SE). Further model
scenarios used observed wind velocities for specific periods.
Finally, although forcing with freshwater input has not
been added because river discharge is relatively low in Loch
Torridon, it may be important for incorporation of future
work on salmon lice biology as larval behaviour and sur-
vival are sensitive to salinity (Pike and Wadsworth, 1999).

2.2. Particle transport model

The predicted currents from the hydrodynamic model
are used to calculate movements of particles in the particle
transport model. The particle tracking technique is an
established tool in ocean science and such models have
many applications for both physical (e.g. Hunter, 1987;
Elliott et al., 1992) and biological (e.g. Gallego et al.,
1999; Siegel et al., 2003) dispersion. This model finds the
current velocity at a given point in space and time where
a particle is located, and uses this to move the particle to
another point. At this second point the appropriate local
current is found and the particle moved on again. By fol-
lowing the particle over many time steps a trajectory can
be built up. This shows which grid squares the particle
occupied and hence in which grid square a fish would
potentially be at risk of being infected by the louse. By fol-
lowing multiple particles the areas in which fish might be
put at risk can be found. This simple situation requires
some significant calculation, because advective currents
may have to be interpolated in space and time and diffusive
turbulent displacements must also be determined.

The problem of interpolation arises because the velocity
predictions are defined at a 100 m grid interval, which is
inadequate to accurately define the movement of particles,
particularly local to features of interest. Instead the particle
has an exact location, defined by integer grid square co-
ordinates (X and Y) and real intra-grid square co-ordinates
(x and y) lying between 0 and 1. If the particle is not at the
centre of the grid square (x = y = 0.5) then the current
velocity it experiences is influenced by the velocities in adja-
cent grid squares (Fig. 2). The velocities of these adjacent
currents are weighted by the inverse square of distance; thus
particles near the centre of the grid are only very weakly af-
fected by neighbours, but as they approach the corners of
the grid square the influence becomes more equal.



Fig. 3. Map of Loch Torridon showing the three basins into which the
system is divided. Depth contours are at 20 m intervals. The model grid
consists of 100 m · 100 m cells. Also shown are the locations of two sites
from which particles are released in model simulations and of the River
Shieldaig, which supports a population of wild sea trout.

x1

x4

x2

x5

o1

o2

x3

x6

Fig. 2. Velocities of currents not located at the grid centre are subjected to
interpolated currents dependent on velocities defined in neighbouring grid
squares, weighted by the inverse square of distance. Particle o1 will be little
influenced by currents in neighbouring grid squares, while o2 will be
almost as strongly influenced by currents at x3, x5 and x6 as by its own grid
centre x2.
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Movement depends not just on large scale advection,
but also on smaller scale turbulence. The model calculates
a turbulent diffusion coefficient on the basis of velocity gra-
dient according to the Smagorinsky formula

D ¼ C DxDy
p½u2

x þ v2
y þ ðuy þ vxÞ2=2�

(after Gallego et al., 1999). Here u and v are the compo-
nents of velocity in the X and Y directions, and the
subscripts x and y denote differentiation along those
dimensions. Here C is the Smagorinsky constant (C = 0.2
for all the simulations presented here) and Dx and Dy are
the grid steps in the X and Y dimensions. For current veloc-
ities expressed within the program in units of grid squares
per time step the grid step = 1.

The diffusion coefficient is used to generate stochastic
movements so that particles move apart with time, even
though they start at the same location and are subject to
the same currents. The movements due to diffusion depend
on six times the root of diffusion divided by time period
over which movement occurs, Dt. It also depends on a sto-
chastic element m or n lying between �1 and +1 (Gallego
et al., 1999).

up ¼ m
p½6D=Dt�

vp ¼ n
p½6D=Dt�

This stochastic diffusive motion is added to the determinis-
tic advection.

As a particle moves it enters areas where current veloc-
ities are different to those that applied at its point of origin.
The use of velocity at the point-of-origin could lead to
overall velocity being seriously miscalculated; in particular
it is possible that particles caught in high velocity currents
near coasts could be driven ashore if this high velocity is
used for an entire half-hour time step. We have used a sim-
ple means to avoid this problem: if the calculated move-
ment of a particle in a time step is greater than a given
fraction of a grid square, then the time step is broken up
into sub-time steps. For a fast-moving particle the model
could be seen as having a fixed spatial movement and var-
iable time step. This use of fixed movement ensures numer-
ical stability and that particle velocity is always calculated
with an appropriately local current.

However, there is one serious problem with the variation
of time steps. Movement by advection varies linearly with
time, while diffusive movement varies with the square root
of time (Berg, 1993). This means that if the time step were
reduced to one-quarter of its original value, then advection
falls to a quarter, but diffusive movement is only halved.
This complication results in further computational over-
heads and the need to keep diffusive and advective motion
separate, until the particle�s movement is completed.

Finally the model keeps track of the particles age and
development stage. Development depends on temperature
and age; however in the absence of data from the hydro-
dynamic model, or direct specification, a temperature of
10 �C is assumed. This allows non-infectious naupuli
(pre-competent) and infectious copepodid (competent)
stages to be distinguished.

2.3. The Loch Torridon system

The models have been set up to study the Loch Torridon
system by using appropriate local hydrography. Loch Tor-
ridon is a moderately large sea loch system on the west cost
of Scotland. The loch is approximately 25 km long, and
consists of three basins separated by relatively shallow sills
(Fig. 3). These basins are Outer Loch Torridon, Inner Loch
Torridon, and between these Loch Shieldaig. Both outer
Loch Torridon and Loch Shieldaig contain basins of over
100 m depth, and Inner Loch Torridon reaches depths of
nearly 100 m. Freshwater inputs occur from a number of
small rivers, such as the Torridon River, the River Balgy
and the Shieldaig River.

Little previous research on the hydrodynamics of Loch
Torridon has been conducted. Current meter and acoustic
Doppler current profiler (ADCP) data collected during the
present project exhibit circulation features typical of fjordic



Fig. 4. Predicted mean surface velocity vectors in Loch Shieldaig for (a)
steady north-westerly wind forcing of 5.25 m s�1, and (b) observed wind
speed and direction during 1–21 July 2000.
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estuaries (e.g. Dyer, 1997) i.e. a net seaward flowing surface
layer overlying a compensating landward-flowing interme-
diate layer with isolated deep basin water decoupled from
this circulation. Oscillatory tidal currents are superimposed
on this net circulation and currents in the surface layer are
strongly influenced by wind forcing to the extent that the
seaward flow can be temporarily reversed. The tidal range
in the loch ranges from 1 m at neap tides to 5 m at springs.
Stratification in the loch is generally weak because of the
small drainage area; the surface-to-bottom density differ-
ence is typically about 1 kg m�3.

Loch Shieldaig, the central basin, has been an area of
particular interest to the FRS Freshwater Laboratory, be-
cause the sea trout population of the Shieldaig River has
been the subject of an on-going study (McKibben and
Hay, 2004; Penston et al., 2004). This population has been
enhanced using artificial stocking, but high mortality oc-
curs in the marine phase of the sea trout life-cycle (McKib-
ben and Hay, 2004) and the population has been slow to
recover. One possible reason for this poor survival was be-
lieved to be increased sea lice infestation caused by the
presence of salmon farms in the Loch Torridon system.
The FRS Freshwater laboratory sampled Loch Shieldaig
for larval sea lice, which were found in high numbers in
the vicinity of the Shieldaig River in 2001 when local farms
were in the second year of a production cycle, but not in
2000 when they were in the first year (McKibben and
Hay, 2004). Lice larvae were previously found to be abun-
dant in 1999, the second year of the previous cycle.

An understanding of hydrodynamic dispersal in Loch
Torridon is important to determine whether these ob-
served larval lice could have come from fish farms, and
if so which ones. It is also important in determining how
these farms might interact, and so how effective co-ordi-
nated fallowing might be expected to be. Understanding
of this dispersal alone is not sufficient to understand local
sea lice dynamics, but it is a necessary component of that
understanding.

3. Results

Results from example scenarios run in the Loch Tor-
ridon model are presented to indicate the model�s outputs.
They are selected to show general processes that distribute
lice larvae and the importance of wind-generated currents.
Wind directions that maximise interactions are chosen.
Further biological work on the infectivity of lice is required
to turn this information into true risk distribution. In all
scenarios discussed here, 1000 particles were released at a
steady rate of 20 per time step from the source location
for the first 50 time steps (i.e. 25 h) of the transport simu-
lation. This ensured that there was no tidal bias in the re-
sults. Recorded outputs are the number of time steps that
particles occupy a given grid square, summed for all parti-
cles in a simulation. Only infectious copepodid particles are
recorded in these simulations, thus giving a relative infec-
tion risk for fish in different model grid square.
The mean current vector fields for two of the simula-
tions discussed here are presented for illustration (Fig. 4).
In both cases, the mean flows on either side of the narrows
between Loch Shieldaig and Upper Loch Torridon are
strongly influenced by tidal rectification, resulting in strong
mean flows into the centre of both basins. Under north-
westerly winds, a net landward flow developed in the sur-
face waters of Loch Shieldaig, potentially transporting
buoyant (or passive) biota directly toward the River Shiel-
daig (Fig. 4a), although predicted flows in the headwaters
of the loch were very weak. Under the observed wind forc-
ing of July 2000 (Fig. 4b), mean flows were much weaker
(apart from the currents induced at the narrows). There re-
mained a slight landward tendency in the outer loch and in
Loch Shieldaig.

The hydrodynamic model used to generate these fluxes
did not include freshwater inputs and resultant stratifica-
tion. Freshwater inputs to the Loch Torridon system are
relatively small, with a terrestrial drainage basin only about
the same size as the surface area of the loch. However, on-
going developments of the model do include incorporation
of freshwater flows for full baroclinic simulations.

Examples of particle dispersal scenarios are presented
for lice released at two locations referred to as farm 1
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(Fig. 5) and farm 2 (Fig. 6). The currents used for these sce-
narios are forced by either constant or real winds from July
2000.
Fig. 5. Results of model scenarios in which 1000 particles are released from mo
per grid square. These particles are subject to north-west (a), south-west (b) o

Fig. 6. Results of model scenarios in which 1000 particles are released from mo
(b) or observed (c) winds. Units are as for Fig. 5.
For farm 1 three scenarios are presented: these are
forced by constant north-west (Fig. 5a) or south-west
(Fig. 5b) wind or by real winds (Fig. 5c). These scenarios
del site 1 (triangle); only copepodids shown with units of particle time steps
r observed (c) winds.

del site 2 (triangle). These particles are subject to north-east (a), south-east
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are chosen because the north-west wind maximised lice
transport to the vicinity of the Shieldaig River, while the
south-west wind maximised transport into upper Loch
Torridon, and hence to the vicinity of farm 2. It can be seen
that with favourable north-west winds there is considerable
risk of transfer to the vicinity of the river Shieldaig, where
lice concentrations have been observed (McKibben and
Hay, 2004). Under south-west winds there is considerable
transfer into Upper Loch Torridon, indeed some lice may
be transferred the full length of this basin. Under the real
winds scenario (Fig. 5c), concentrations are distributed
throughout Loch Shieldaig. If the particles are followed
time step by time step (not shown) it is observed that
although lice occasionally do disperse generally there exists
a small patch in which high concentration occurs, and the
location of this patch moves considerably with time.

Lice released from farm 2 are subjected to easterly
winds, as these are most likely to lead to transfer into Loch
Shieldaig, and hence maximise interactions with both farm
1 and the River Shieldaig. Scenarios are thus forced using
north-east (Fig. 6a) and south-east (Fig. 6b) winds. In both
cases the results are quite similar, with concentrations
occurring in the strait connecting Upper Loch Torridon
and Loch Shieldaig, with a secondary concentration occur-
ring in northern Loch Shieldaig. This concentration is
slightly further south under north-east winds, and hence
more likely to pose a risk to farm 1. Under the real wind
scenario (Fig. 6c) lice larvae are mostly found in southern
Upper Loch Torridon, with secondary concentration in
Loch Shieldaig, but in this case small numbers of lice are
distributed throughout Loch Shieldaig, a very small pro-
portion reaching the vicinity of the Shieldaig River.

4. Discussion and conclusions

The model described is a tool for assessing the transport
of substances released at a given location. Hence the model
can be used to obtain a more detailed picture of environ-
mental risks and the key physical processes behind move-
ments of substances. The specific results are preliminary,
but do indicate the importance of wind-driven transport
in assessing affected areas.

With north-west winds, sea lice larvae may be trans-
ported from site 1 to the immediate vicinity of the River
Shieldaig. Analysis of the wind data from 2000 and 2001
reveals that north-westerly winds were prevalent for about
30% of the time; this may explain the high concentrations
observed in the vicinity of this river. Under the real wind
conditions of July 2000, larval lice did reach the River
Shieldaig from site 2, but only in relatively small numbers.
For significant numbers to reach the river mouth, either
optimal wind conditions, or some other factor beyond
wind forcing, would be needed.

The modelled currents have been validated by tracking
the movement of buoys. Individual lice particles cannot
be tracked directly, but modelled concentrated patches
are consistent with observed copepodid distributions. Wind
generated currents produce patches of elevated concentra-
tions of lice in coastal areas. These model-generated
patches appear consistent with observations of patches of
copepodids (Costelloe et al., 1998; McKibben and Hay,
2004), and with aggregated patterns of infestation of lice
numbers on sea trout (Murray, 2002).

The results shown are for copepodids, which form
patches that may be distant from their source. Naupuli
are relatively more likely to be observed near the farms
where infected fish are found (Penston et al., 2004), and
the model generates this pattern too (not shown).

Inter-farm site exchange in Loch Torridon may occur
under suitable winds, both north-east and south-east winds
may mean lice from farm 2 pose a risk of infection to farm
1, while south-west winds may transport lice larvae from
farm 1 to farm 2. Therefore farms 1 and 2 should be treated
as a unit for fallowing purposes; i.e. the farms should be
harvested and left without fish for a few weeks at the same
time. However, most lice remain in the basin that they are
released in even under these winds. Because transport
depends on the exact nature of the wind forcing, many
scenarios are required to asses the likely extent of interac-
tions between farm sites and hence the value of synchro-
nous fallowing.

Because winds are important in assessing exchanges of
lice larvae, analysis of the risks of such exchanges occurring
requires the use of real wind data and extensive analysis of
situations where wind direction changes. This presents con-
siderable computational and data-gathering costs. How-
ever, the pattern of risk is very different to that generated
under tidal exchange alone. Tidal exchanges have been
used to develop the tidal excursion model which is used
to assess risk, e.g. to devise control regions to limit the
spread of Infectious Salmon Anaemia (JGIWG, 2000).
This wind-driven exchange indicates that more sophisti-
cated approaches may be required in future.

The predicted dependence on winds is consistent with
the weakness of linkage between lice levels on salmon
farms and on adjacent populations of wild sea trout (Mac-
Kenzie et al., 1998; Marshall, 2003). Variable wind based
dispersal, and concentration, is consistent with the large re-
gions of low larval lice abundance observed between areas
of high concentrations at farms and at river mouths (Cos-
telloe et al., 1998). When a large number of locations were
compared a relationship was found, though with large
standard deviations (Tully et al., 1999). If the dispersal of
larval lice from farms is dependent on the wind then, be-
cause the wind is so variable, the risk to specific population
will be only weakly related to conditions on particular
farms. A tidal excursion model would produce risks that
were essentially constant, i.e. sites within the tidal excur-
sion zone would be exposed with every tidal cycle.

One caveat, the fact that larval lice may reach a partic-
ular area does not necessarily mean they present a risk of
infection. The degree of risk depends not only on the num-
bers of lice, but also their viability. A model that generates
appropriate movements of larval lice purely in response to
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currents could equally describe the movement of dead or
live lice. Experimental assessment of the effect of the sur-
vival of lice, and field assessment of their viability, are
required to determine risk.

Results from our model are in broad agreement with
results recently presented from a model of a much larger
Norwegian fjord (Asplin et al., 2004). In that study sea lice
dispersed over distances of many kilometres, but also
tended to form concentrations at particular location, as
in the Loch Torridon model. Indeed distances of dispersal
were sometimes greater than in our model, up to 100 km,
due to stronger currents and lower temperatures in the
Norwegian fjord.
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