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ABSTRACT: Sea lice are a persistent threat in many areas where salmon farming is practised. In
common with the management of disease, infection levels are typically controlled by operating
sites within distinct geographical areas, allowing for coordinated treatment and fallow cycles.
However, the hydrodynamic connectivity and consequent transmission of lice larvae between
sites is often not well understood, which limits our ability to optimise the spatial distribution of
farms to minimise infection. We used a multistage modelling approach to investigate the transmis-
sion of sea lice larvae between salmon aquaculture sites in Loch Fyne, Scotland. A finite element
hydrodynamic model was forced using meteorological data collected over the study period. Out-
put from this model was used to drive a particle-tracking model. The latter model implemented
the development and mortality of larvae to estimate the probability of successful larval dispersal
between sites. In turn, these dispersal probabilities were used to define a network describing the
sea lice metapopulation (its habitat defined by the aquaculture sites). Methods from graph theory
allow the identification of those sites in the network that are likely to be key for the control of sea
lice in the loch population as a whole. Model outputs were compared with data from a campaign
of plankton tows and with lice abundance data from aquaculture sites. The general pattern of
abundance was reasonably well replicated, albeit with some notable discrepancies. These differ-
ences are worth investigating further, as they may be suggestive of sources of infection by wild
fish or of inadequacies in the model.

KEY WORDS: Sea lice - Connectivity - Biophysical model - Larval dispersal - Population dynamics -
Lepeophtheirus salmonis
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INTRODUCTION

Seawater Atlantic salmon Salmo salar L. aquacul-
ture sites are best operated within distinct manage-
ment areas, whether this is for the purposes of dis-
ease management (Werkman et al. 2011), the control
of sea lice or other operational factors (Bjern et al.
2011, Code of Good Practice Management Group
2011). The spatial arrangement of these areas is
designed to allow synchronous fallowing and treat-
ment for pathogens, thereby reducing cross-infection
between farms. However, the connectivity of farms
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both between and within management areas is very
poorly understood, as is the optimal configuration of
boundaries for management areas. This poses a
problem for our understanding of the exact nature of
the transmission vector.

In the context of salmon farming, a particular prob-
lem is posed by ‘sea lice’, a type of parasitic copepod.
While endemic in wild salmon populations (now and
prior to the advance of intensive fish farming), it is in
farmed populations that their presence becomes
most obvious (Costello 2006). Here, large numbers of
available host fish can lead to high parasite infection
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rates unless the farm is well managed. Impact de-
pends on fish size and life history stage. Relatively
few lice may be lethal to smolts (Heuch et al. 2005)
and can lead to increased mortality rates in juvenile
fish (Morton & Routledge 2005), but large numbers
can also lead to serious damage to individual adult
fish (Costello 2006). The primary species affecting
salmonids in Scottish waters is Lepeophtheirus sal-
monis (L.). Although not specific to salmonids, Cali-
gus elongatus (L.) can also cause a lesser problem for
farmed fish.

Adult female sea lice produce 2 egg strings at a
time, each consisting of between 70 and 290 eggs
(Stien et al. 2005). Upon hatching, eggs produce non-
infective nauplii. These may be capable of short
bursts of movement (Heuch & Karlsen 1997) and may
exhibit chemotaxic behaviour at short ranges (Bailey
et al. 2006), but in general, the nauplii move pas-
sively in the water column and are dispersed with the
current on larger scales. They develop into copepo-
dids at a rate dependent upon water temperature,
and once they have done so, become infective.

Understanding sea lice transmission between farm
sites is thus a problem of understanding local hydro-
dynamics. Insights gained have a number of impor-
tant commercial and environmental benefits. Infec-
tion rates can be reduced by effective management,
but once infected, sea lice and other pathogens are
dealt with either by chemical treatments (Burridge
et al. 2010) or occasionally by use of cleaner fish
(Costello 2006). As medicines are both expensive to
administer and are ultimately released into the envi-
ronment, reduction in their use is highly desirable.
Also, repeated medicine use increases the risk of the
development of lice strains that are drug-resistant,
reducing drug efficacy (Lees et al. 2008). Gaining an
understanding of infection pathways may allow man-
agers to optimise and reduce chemical treatments, or
to control infections without resorting to their use.
Sea lice transmission information may also have
other benefits, such as reduced cross infection with
wild salmonids, reduced risk from inter-farm infec-
tion with important notifiable diseases (e.g. infec-
tious salmon anaemia), leading to reduced risk of cat-
astrophic epidemics (Aldrin et al. 2011). All of these
factors are likely to increase the sustainable farmed
capacity, both financially and ecologically.

Connectivity modelling is becoming more widely
applied in attempts to understand the population
dynamics of marine organisms (e.g. North et al. 2008,
Treml et al. 2008, Fox et al. 2009). While some results
are specific to the geography of the study region,
such studies allow identification of generalities in lar-

val dispersal patterns, such as the importance of ver-
tical migration (Fox et al. 2006, Sundeldf & Jonsson
2011), or the role of particular sites as a source or sink
for larvae (North et al. 2008, Ayata et al. 2010).
A model provides a well-defined baseline against
which to compare empirical observations, and appro-
priate models can provide testable hypotheses and
give insight into specific aspects of biological or
hydrodynamic processes in the real world. Several
studies have already hinted at this strength (Fox et al.
2006, Knights et al. 2006).

Models similar to ours have already been imple-
mented to investigate sea lice transmission in other
areas of Scotland (Amundrud & Murray 2009, Salama
et al. 2011), Norway (Asplin et al. 2004, Askeland
Johnsen 2011) and Canada (Stucchi et al. 2010). We
built upon this body of work, considering the implica-
tions of viewing the network of sites as a metapopu-
lation of sea lice. Defining a network by the larval
dispersal probabilities between each site (generated
by a particle-tracking model) allows the application
of graph theoretic techniques to understand the role
of sites in overall connectivity and to identify key
targets for management.

Here we document our attempts to understand the
larval dispersal of sea lice among a network of aqua-
culture sites within a system that, excepting occa-
sional long dispersal events (Gilbert et al. 2010), is
effectively closed to infection by larvae from farms
elsewhere (the nearest sites outside the management
area are near Arran, at least 25 km away). We used a
combination of hydrodynamic and biological models,
and analysed outputs using metrics from graph the-
ory. This enables the identification of key sites for
management, and an understanding of the main dis-
persal pathways in the loch. In doing so, we hope that
insights may be gained into farm siting, improving
timing and reducing intensity of treatments, as well as
reducing transmission between farmed and wild fish.

METHODS
Study system

Sea lochs are fjordic arms of the sea that reach for
many miles inland, and are the predominant feature
of the coastal environment on the west coast of Scot-
land. Of these, Loch Fyne is one of the longest
(61 km) and deepest (185 m; Edwards & Sharples
1986). We defined the study region (Fig. 1) as the
entirety of Loch Fyne, bounded on the south at its
opening into the Clyde basin. This study region is
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Fig. 1. Loch Fyne, on the west coast of Scotland, showing lo-
cations of aquaculture sites and the Scottish Environmental
Protection Agency (SEPA) rainfall gauge at Lingerton.
Anemometers were located at Sites 6 and 9. Coastline,
hydrology and bathymetry data were obtained from Edina
Digimap. Depth values relative to mean sea level

relatively simple in terms of tidal forcing (there is a
single route for tidal waters to enter and leave), and
its geographical shape means that meteorological
influences are relatively simple to study and esti-
mate. However, the modelling of sea lochs such as
Loch Fyne is complicated by features such as sills
(shallow sections between basins) and high levels of
freshwater input, which leads to strong stratification
and long timescale flushing events.

Hydrodynamic model

To study water movements in Loch Fyne, we imple-
mented the Finite Volume Coastal Ocean Model
(FVCOM). Precise details of the computations are
available elsewhere (Chen et al. 2006). In brief, the

model computes fluxes between elements of a prede-
fined mesh in order to simulate the dynamics of a
water body (currents, salinity and temperature),
using a system of differential equations. Triangular
elements allow variation in element size, which
means that regions with complicated topography can
be resolved with increased detail. This feature is par-
ticularly important in fjordic coastal environments,
which contain features at many different spatial
scales, and are impossible to represent accurately
with reasonable computational cost in a regular grid
model. Two mesh resolutions were implemented,
with similar circulation patterns being observed in
both (not shown). Principal hydrodynamic statistics
at the aquaculture sites were not improved by the
fine-scale model (see the supplement at www.int-
res.com/articles/suppl/q003p051_supp.pdf), so for
computational efficiency, the coarser of the 2 meshes
was used here (consisting of 943 elements, with 10
vertical layers concentrated near the surface; see
Fig. S1 in the supplement).

FVCOM was used in a baroclinic configuration. We
included wet/dry treatment of individual mesh ele-
ments and various types of external input forcing.
Ten major freshwater inputs (rivers) were included,
with flow rate based upon a moving average of daily
rainfall measured at Lingerton (Scottish Environ-
mental Protection Agency, SEPA; see Fig. 1). Open
boundary tidal forcing used 6 principal constituents
obtained from Zijl (2009), in addition to temperature
and salinity nudging (ensuring that any input at the
boundary was ‘ocean’ water). A 'sponge’ (mixing)
region at the open boundary prevents discontinuity
when freshwater reaches the boundary by allowing it
to mix properly with the saline water. The timestep
for stable model integration has an upper bound, lim-
ited by the maximum possible wave speed in the
smallest horizontal mesh element and deepest sec-
tion of the bathymetry. A value of 0.621 s was used,
which satisfies this condition.

Realistic wind data are instrumental in the accurate
modelling of dispersal patterns (Amundrud & Murray
2009), and to this end, we installed 2 weather sta-
tions, at Strondoir Bay and Quarry Point aquaculture
sites, from March 2011 to February 2012. The col-
lected weather station timeseries displayed correla-
tion throughout the year. Small-scale variation in
wind patterns may play a role in particular areas of
the loch, but this was not accounted for here. In the
model, wind forcing was assumed to vary in time
(average hourly values were used) but to be homoge-
neous in space (as the loch is largely oriented in 1
direction).
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Hydrodynamic simulations over 1 mo were per-
formed for each of the 12 calendar months within the
data collection period. Further 4 mo simulations were
also performed, although we used these for salinity
validation runs rather than for particle-tracking sim-
ulations. The hydrodynamic model was validated
against: (1) historic current records made at the
aquaculture sites; (2) salinity data from conductivity,
temperature, density (CTD) devices installed for the
duration of the project; and (3) salinity data collected
on a transect by Gillibrand (2002).

Particle-tracking (biological) model
Description

Following Amundrud & Murray (2009), we defined
a biological model that includes movement, matura-
tion and mortality. Movement of individual simulated
lice larvae is determined by the currents computed in
the hydrodynamic model. Due to a lack of evidence
suggesting definite vertical migration patterns, we
assumed that lice larvae remain in the upper reaches
of the water column (Murray & Gillibrand 2006), and
approximated their velocity by an inverse-distance
weighted average of velocity in the upper layer of the
5 nearest element centroids. Lice inhabiting different
depth layers are considered in the ‘Results’. The dis-
tance travelled due to current in the model is Areyrent =
At x v, where v is the current velocity at the larva's
location. As per Murray & Gillibrand (2006), addi-
tional movement due to diffusion is incorporated by
adding a term Argisrusion ~V6DpAt x U(=1,1), with Dy =
0.1 (Turrell 1990). Different values were tested but
did not have a marked effect within our study region.
Note that r and v are vector quantities (i.e. r = [x,Y]
and v = [dx/dt, dy/dt]). The total distance travelled in
1 timestep is thus Ar = Arcyrent + Aluittusions At each
timestep, each larva's location is updated as r;,, = 1; +
Ar (a simple Euler scheme). If a computed trajectory
step would have taken a particle onto land, the par-
ticle remained at its existing position (Stucchi et al.
2010).

The maturation rate of sea lice larvae is dependent
upon the ambient water temperature. In all simula-
tions presented, water temperature is assumed to be
10°C, giving a minimum age of maturity of 3.63 d
(based on the calculation of Stien et al. 2005). The an-
nual temperature observed at the farm sites was 8 to
14°C, over which Stien et al. (2005) estimated larval
maturation rate to be fairly insensitive. At this point,
all larvae are assumed to become infective, giving a

slightly more rapid development than reported by
Amundrud & Murray (2009), who assumed that indi-
vidual lice mature after this time at a rate of 0.1 h™".

Due to contradictory results obtained by studies
on the determining factors of sea lice mortality,
Amundrud & Murray (2009) assumed a constant rate
of mortality (0.01 h7!) for lice at all life stages.
Although homogeneous mortality affects absolute
concentration, it does not affect relative distribution
of larvae. Furthermore, constant mortality can be
applied to particle-tracking results ‘off-line’, based
on the recorded arrival times at locations of interest
(Treml et al. 2008). We followed this approach and
calculated that the proportion of a ‘packet’ of larvae
arriving t hours after a release event that have sur-
vived until that time is e7*%, All model larvae die if
they do not find a host after 14 d.

Allowing 1 wk for hydrodynamic model 'spin-up’,
1000 particles are released from each site overa 25 h
period (to reduce the impact of tidal forcing on the
results). This provides a balance between computa-
tional efficiency and smooth estimation of density;
simulations using fewer particles resulted in more
stochastic distribution patterns. In our model, larvae
are deemed to be successful in reaching a destination
site if they enter a region of 500 m radius about the
site. Smaller radii reduced the absolute value of lar-
val arrival densities but did not notably alter relative
values of the main metrics computed in ‘Network
analysis' below.

Scenarios

We enacted scenarios investigating the impact of
wind forcing and freshwater supply. The collection of
wind data over an entire year allowed us to investi-
gate the impact of realistic variation in wind forcing.
Particle-tracking simulations using the final 3 wk of
each calendar month were performed to assess sensi-
tivity of dispersal predictions to this variation.

The importance of increased freshwater supply to
dispersal was also considered. Varying freshwater
discharge within realistic ranges did not lead to
notable variation in circulation patterns. In sea lochs,
a stratified layer of freshwater often sits above more
saline water (particularly during periods of high rain-
fall). The project coincided with a period of unusually
high rainfall (approximately 2200 mm in 2011; SEPA
Lingerton data), compared to an average of 1750 mm
(Edwards & Sharples 1986); regional averages have
remained fairly stable over the last 25 yr (Met Office
data not shown). It is thought that adult sea lice can-
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not survive long periods in freshwater (McLean et al.
1990), and previous studies have found lice to be
absent from surface waters during periods of heavy
rainfall (Costelloe et al. 1998), leading to the idea that
they might migrate vertically to avoid this influx of
freshwater. Particle-tracking simulations were run
using identical forcing, but with particles assumed to
inhabit layers 2 (mean depth 4.98 m) and 3 (mean
depth 8.3 m; mean depth in layer 1 is 1.66 m), to
determine whether vertical migration of larvae
influenced dispersal patterns.

Network analysis

Particle tracking outputs the source, destination
and dispersal time of each particle that successfully
disperses between sites. This can be used to define a
‘metapopulation’ network. The probability of a parti-
cle in the model successfully dispersing from site i to
site jis

~0.01t;5,

N, e
Py=2, (1)

1

where N;is the number of particles released from site
1, and t;, is the time taken by the nth particle to travel
between the sites. Summing all values P; and divid-
ing by the number of sites gives the average proba-
bility of successful dispersal. The matrix of all pair-
wise probabilities is not symmetric (i.e. P; # Pj;). Site
influx is defined as P; = XI*P;; i.e. the relative num-
ber of arrivals at each site, assuming that all sites
have identical larval output (their role as a ‘sink’ for
larvae). To describe to extent to which a site behaves
as a ‘'source’, we define outflux as P; = Zj“j{tespij, i.e. the
relative proportion of successful dispersal events
starting at a site. The values of P; could be weighted
by source site-specific information, such as host fish
biomass.

Self-infection is also considered to be of particular
interest in explaining parasite burdens at aquacul-
ture sites (Krkosek et al. 2010). The self-infection
probability of a site is given by the terms on the lead-
ing diagonal of the connectivity matrix (i.e. Pj). The
level of self-infection relative to external infection
(Pj= fj{f‘iijPlj) was also considered; sites that have a
relatively high level of self-infection are more likely
to experience positive feedback through reproduc-
tion and thus higher lice levels.

Considering the most probable (‘shortest') pairwise
paths allows us to rank the importance of nodes to
overall connectivity. The number of shortest paths
between all pairs of nodes that a node lies on is its

‘betweenness’. Nodes with high betweenness are
important to overall connectivity and are thus obvi-
ous targets for management. There may also be
nodes which, when removed, break the network into
2 or more separate networks (‘cut-nodes’). Again,
these are obvious targets for management, as they
are likely to be important for general pathogen trans-
mission.

Observational data

For model validation purposes, plankton samples
of surface water (with a tow distance of 50 to 100 m)
were collected at 13 locations in Loch Fyne, once
each month between March 2011 and February
2012. Dividing the number of lice larvae by tow
water volume gives the larval concentration.

We also analysed lice count data obtained from
salmon aquaculture sites in Loch Fyne. Data were col-
lected by the fish farmers at each of the sites. Counts
of Lepeophtheirus salmonis and Caligus elongatus
were made, but the latter were not included in this
analysis because there were so few of them. In gen-
eral, 5 fish were sampled from each cage of the farm
at each sampling event (in line with the recommenda-
tions of the Code of Good Practice Management Group
2011, and also following the suggestion of Heuch et
al. 2011). The frequency of sampling varied through-
out the sampling period of interest (2010 to 2011),
with increased sampling frequency in the summer
months, although samples were collected at least
once each month throughout the production cycle.
Counts were given for all of the main life history
stages. Information on total fish numbers, average fish
weight, temperature, total number of fish sampled and
anti-parasitic medication dates was also provided.

RESULTS
Hydrodynamic model

In order to determine the accuracy of the hydrody-
namic model, we compared model output with (1)
historic current records from the aquaculture sites;
(2) salinity data from CTD devices installed for the
duration of the project; and (3) salinity data collected
on a transect by Gillibrand (2002).

Acoustic Doppler current profiler records were
available for 14 d periods at each aquaculture site
(except Tarbert South, Site 1). The records are
historic, and from different periods. Accompanying
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weather data were not available; we simply know
that each record was made during a ‘permissible’
period (during which adverse weather conditions did
not occur), and so we compared these data with
model output for 14 d periods in the absence of wind
forcing. Mean current speeds generally fitted well
(Fig. 2a), but at most sites very low currents occur
more frequently in reality than in the model results
(Fig. 2b). This means that the model overestimates
residual flow (current velocity vectors at a single
location plotted end to end, giving a notional trajec-
tory from that location, so called ‘progressive vec-
tors') at most sites (Fig. 2c), although the rankings of
the sites are broadly correlated. This is not sur-
prising. Aside from the short duration and unknown
meteorological conditions, the spatial locations of
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well for some sites, but notably badly for Sites 2 and
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circulation model, Gillibrand (2002) collected salinity
data over the full depth of Loch Fyne at 14 locations
along its longitudinal axis (on 21 November 1994).
The overall salinity pattern in the loch compares
well, but our model generally predicts salinity
around 1 psu below Gillibrand's (2002) observed val-
ues (not shown). This result is replicated when com-
paring time series data recorded during the course of
the project with equivalent fixed location (x, y, 2)
time series from the model (when forced with con-
temporary rainfall/estimated river outflow, data not
shown). Short-term circulation in the model is rela-
tively insensitive to exact salinity (data not shown).
The biological model implemented is also independ-
ent of salinity, so this discrepancy is not expected to
influence the results.

Dispersal patterns and sensitivity to meteorology
Wind forcing

We found that continuous homogeneous wind
forces modelled larvae (as might be expected) farther
north-east in the loch than the ‘no wind' case (Fig. 3).
However, we found that temporally variable ‘realis-
tic' wind pushes the particles farther still along the
loch. Computing the mean westerly and southerly

(a) (b)

Time spent (h)
9.2

Time spent (h)

components of the input wind data in this case
gives a mean wind direction of 205.1°, and speed of
1.88 m s !. This is broadly similar to the constant
wind scenario, although clearly there is great varia-
tion in direction and speed over the period. It appears
that this variation may assist particles in moving
along the loch, despite its predominant orientation.

This is understood more clearly by considering
connectivity matrices in each case. Summing the
probabilities of connection over all sites, we gener-
ally found that connectivity is increased in the cases
including wind. For example, the chance of success-
ful dispersal (that is, taking account of larval duration
and mortality) is 3.3% in the 'no wind' case, 4.3%
in the '‘March wind' case and 4.7 % in the 'constant
wind' case.

In addition to altering the overall connectivity of
the network of aquaculture sites, changes in wind
also alter the importance of the different sites in the
loch predicted by the model. We ran 12 separate sim-
ulations using different monthly wind forcing. The
average connectivity (and indeed connectivity in the
absence of wind forcing) is limited by seaway dis-
tance, but a great level of variation is observed, with
many relatively close pairs being poorly connected
(Fig. 4). The average connection probabilities be-
tween each pair of sites (including ‘self pairs') are
shown in Table 1.
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Fig. 3. Average number of hours spent in each element by each particle over the ensemble of all particle track simulations
(assuming no mortality). The spatial spread of particles varies with wind forcing: (a) no wind, (b) March 2011 winds, and
(c) constant 2.25 m s~! south-westerly winds. Circles: aquaculture sites, as in Fig. 1
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wind forcing. Distance imposes a limit on connection strength, but very large
variability is seen at all spatial scales

Fig. 5 shows the graph/connectivity metrics identi-
fied above (self-infection, influx, outflux and between-
ness) for each site using the 12 different monthly wind
forcing scenarios. Average self-infection rates varied
between sites, but much greater variation was ob-
served at particular sites depending on the weather
conditions (e.g. Sites 3 and 8). Influx is highest at
Site 9 (NE end of loch) and Site 5 (central eastern
shore), but (particularly for the former) is highly de-
pendent upon the wind forcing, having high influx
early in the year and relatively low influx later on
(data not shown). Sites at the south end of the loch do

in layer 2 and 3.6 % in layer 3.

Influx at sites in the south and outflux at sites in the
north of the loch are somewhat heightened at greater
depths. Other sites are not notably affected, and
betweenness of sites does not change over the 3
depths considered (data not shown).

Model results and observational data

Plankton tows did not yield many sea lice larvae; in
fact, only 12 of 126 sampling events (each consisting

Table 1. Average inter-site connection probabilities. Source site is given by row, and destination by column. ‘Self-infection’ probabili-
ties are given by the leading diagonal elements (in bold). The ratio of this term to the sum of other terms in the column (the ratio of self-
infection to external infection) is given in the bottom row

Destination
1 2 3 4 5 6 7 8 9
Source 1 1.28x102% 1.19x10* 9.78x10™ 399x 102 138x1072 6.06x 102 3.96x10° 9.88x10™* 4.85x 1073
2 7.76x10% 1.08x10* 587x10* 541x10° 728x10° 582x10° 1.89x10°% 242x10° 774x107°
3 847x10% 1.14x10* 551 x10% 4.23x10° 6.50%x 102 4.56x 107° 1.42x10°% 3.37x10°% 7.95x 107
4 259x10°% 137x10° 130x10° 2.64x10° 197x102 447x10°% 343x10° 593x10* 3.11x 1073
5 147 x107° 0 6.84x10* 3.26x10° 9.56x10°% 325x10° 1.16x10° 3.38x107° 7.36x 107
6 279%x10°% 200x10° 142x10° 285x10° 194x1072 4.87x10° 288x10° 1.02x10°% 242x1073
7 523x10™* 0 1.79x 10™* 994 x10* 1.94x10° 1.01x10° 2.67x10* 6.31x10° 1.29x 1072
8 0 0 0 0 0 8.51 x 1076 0 427 x 1073 1.69 x 1072
9 0 0 0 0 0 0 0 8.94 x 10 1.15x 1072

Self:external  0.14 0.41 0.11 0.13 0.14 0.19 0.02 0.22 0.18
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of 4 plankton tows) found non-0 counts of larvae. At
only 1 location was there more than 1 non-0 count.
The general lack of lice is consistent with the find-
ings of another survey conducted over the same
period in nearby Loch Lihnne (Salama et al. 2011).
While welcomed by fish farmers, unfortunately this
situation means that the data cannot provide a mean-
ingful comparison with model results.

The farm lice counts are more useful. Numbers
were generally low during the study period, but lice
were found at all sites at some point. Some sites
showed a consistent lack of juvenile lice stages,
despite the presence of adult lice. We assumed that
this arose from misidentification of juveniles as later
life history stages, so we used the total lice count in
all classes (average number of lice fish™!) at each
farm as our principal metric. Due to variability and
data overlap issues, average model connectivity over
the 12 separate monthly wind scenarios were com-
pared with total lice counts over the corresponding
12 mo of the production cycle.

Fig. 6 presents the comparison of lice counts with
various metrics. A multiple regression was not at-
tempted due to the limited number of data points,
and the fact that some model outputs were indirectly
obtained from others. The mean current speed was
very similar at all sites (Fig. 2a), and no relationship
was found between this and lice count. Motivated by
the idea that self-infection might be an important

factor in allowing site lice populations to multiply
rapidly, we also compared the proportion of low cur-
rent speed records in model output and real observa-
tions with lice counts. The relationships here were
also weak (Fig. 6a,b), particularly in the case of data
current speeds (although the only available records
span periods of time that are distinct from the lice
data collected). Interestingly, for the sites in the main
southern section of the loch (Sites 1-7), the number
of fish at each site appears to correlate with the lice
count per fish (Fig. 6¢). However, those in the narrow
northern arm (Sites 8 and 9) experienced much
higher numbers.

Sites 8 and 9 receive larvae dispersing from the
other sites (due to prevailing wind direction), but
do not supply many lice in the opposite direction
(Table 1). We therefore compared metrics computed
from the time-averaged connectivity matrices with
lice counts. Of these, the clearest relationships were
observed with site influx (outflux and betweenness
did not appear to offer any explanation for observed
lice densities). Self-infection probability appears to
match well with lice count, though Site 8 still has
a high lice count given its level of self-infection
(Fig. 6d). This situation does not change in the com-
parison with total influx from all sites, as predicted by
the model (Fig. 6e). Finally, the ratio of self-infection
to external infection was compared with lice count in
Fig. 6f. Discounting Site 2, sites which experienced
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Fig. 6. Lepeophtheirus salmonis. Farm data total lice count per fish (all classes), averaged over the entire year for each site and

normalised, versus various metrics: (a) model proportion of current records less than 0.05 m s

-1, (b) data proportion of current

records less than 0.05 m s7!, (c) data average number of fish per site (normalised), (d) model probability of self-infection, (e)
model average influx, (f) model ratio of self-infection to external infection

higher relative self-infection in the model appeared
to have higher lice counts. These discrepancies are
considered further in the ‘Discussion’.

Ranking site importance

All sites in the loch are well connected by direct
dispersal connections to other sites in the loch, and
there are no cut-nodes, which would divide the net-
work into multiple smaller networks if removed.

Of the graph theoretic measures described above,
betweenness theoretically provides the best sum-
mary of overall site importance to dispersal between
sites (influx and outflux are ‘one-sided’ measures,
and do not take into account up- and downstream
effects of sites on dispersal). By this measure, site 3 is
consistently the most important site for overall con-
nectivity, followed by site 7. The sites are located
centrally amongst the other sites. In this case, it may
be that betweenness helps to account for the effect of
the sites being central to the network as a whole

(leading to accumulation of larvae over time). How-
ever, the utility of this idea depends upon whether
‘self-infectors’ are the primary cause of lice out-
breaks, or whether sites with high throughput are
more important. The connectivity analysis omits the
actual reproductive cycle of lice, and temporally
and spatially varying parent populations. We are
currently working to include this information into
a dynamic model driven by our connectivity predic-
tions.

DISCUSSION

We have presented an approach that incorporates
hydrodynamic and biological modelling with graph/
network analysis in order to gain insight into the
spread of sea lice between salmon aquaculture sites.
Similar modelling studies are underway in many
salmon producing areas, with all main producing
countries represented, although these have gener-
ally stopped short of computing graph metrics, or
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comparing results with site lice abundances. Some
recent work in Norway has also produced favourable
results (L. Asplin pers. comm.), and the results here
suggest that the explicit consideration of site connec-
tivity measures is an avenue worth following.

Average annual site influx (measured by summing
incoming connection probabilities) was the best pre-
dictor of observed site lice abundance over a salmon
production cycle. Three sites experienced higher lice
numbers relative to other sites than predicted by the
model. Interestingly, 2 of these sites had very high be-
tweenness in the network, a metric suggestive of high
importance to overall connectivity, and this might
explain the high observed lice counts. Using these
metrics directly to measure site importance may be
unwise, as they implicitly assume that the number of
larvae produced at each site is identical. Conse-
quently, measured importance of pathways between
pairs of sites may be more or less than it is in reality.
The importance of sites to the sea lice metapopulation
will be easier to determine by dynamic spatio-temporal
modelling of lice populations, under a variety of initial
infection scenarios. Connectivity matrices can be ap-
plied directly here to understand how realistic varia-
tion in dispersal between sites is likely to impact lice
populations at each site and in the loch in general.

Various factors prevented the application of model
results at finer temporal scales; some of these factors
related to the available data. In the case of the plank-
ton data, almost no sea lice larvae were found, which
prevented any meaningful comparison. In the case of
the farm site lice data, the salmon production cycle in
Loch Fyne was coming to a close over the first 4 mo
during which realistic connectivity scenarios could
be generated. More overlap might have allowed
month-by-month comparison of observed lice counts
with model predictions. However, there was also
some possible misclassification of lice stages in the
data: some sites had consistent presence of adult lice,
but not juveniles. It is possible that juvenile lice es-
caped detection, or arrived and developed into later
stages between sampling events, but this is not a
plausible explanation in all cases. This meant that
combining values from all lice stages was necessary,
and that month-by-month comparison becomes inap-
propriate (as lice in later stages have been present for
several weeks by the time of sampling).

It is thus perhaps slightly unreasonable to expect a
perfect match between the model and the data. Mis-
matches come in 2 forms: predicted presence of lice
(high influx) when none are observed, or predicted
lack of lice when relatively large numbers are ob-
served. The former is difficult to explain without con-

sidering the possibility that the hydrodynamic model
circulation pattern is not correct, but was not ob-
served in this study. The latter was observed here
(Sites 8 and 9 in all panels of Fig. 6) and could also be
caused by erroneous hydrodynamic circulation. At
Site 3 (very low predicted self-infection or overall in-
flux, but moderate lice counts), observations showed
a much higher proportion of very low current speeds
than the model output, and so self-infection may be
higher in reality than the predicted value (the model
predicted a lower proportion of very low current
speed observations than were observed for all sites,
but this was an extreme case). There were other
notable issues with hydrodynamic predictions, such
as incorrect residual flow direction at 2 sites (2 and
7). At Site 2, this was not accompanied by a mismatch
between model influx and observed lice count, but at
Site 7, it was. Furthermore, if these sites were high
producers of lice larvae, and there were many sites in
their vicinity, this could have an impact on the ability
to predict lice abundance over time. Ascertaining the
accuracy of these predictions would thus be a priority
for further work. Hydrodynamics at Site 8 appeared
to be predicted relatively well by the model, but
there are other possible explanations.

Firstly, the underestimate of lice numbers at these
sites could be due to additional infection of the sites
in question from other sources, such as wild fish.
Argyll Fisheries Trust (2012) found that of the rivers
in Loch Fyne, those in the upper section of the loch
were the ones supporting the largest populations of
wild salmon. In the lower loch, the only river in which
juvenile salmon were found was very close to Site 7.
It seems very likely that wild fish may have passed
close to the farm sites, particularly those in the upper
loch, which is much narrower and must be negoti-
ated en route to the upper loch river catchments
(Sites 8 and 9). The high lice counts noted at these 2
sites might thus be explained in this way. A second
possibility is that subtleties in the true (multi-genera-
tional, spatio-temporal) population dynamics are not
captured by these simple metrics based on a single
dispersal cycle. Indeed, comparing average metrics
with the average density ignores any temporal pat-
terns in lice numbers that occur, and their impacts on
the system. Dynamic modelling based upon the same
connectivity matrices may offer insights here. In the
present model, the rate of self-infection relative to
external infection varied dramatically between sites
(from around 2 to 68 % over the entire year; average
values given in Table 1), and it may be expected that
this will alter the accumulation of lice at particular
sites over time. Sites that have high levels of self-
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infection are likely to exhibit positive feedback via
the reproductive cycle. It is also likely that sites with
low actual current velocities will experience reduced
dispersion of lice larvae; larvae produced at sites
with low current velocities and/or dispersion will not
be spread thinly around the loch.

In summary, we found that a combined modelling
approach enabled us to gain insight into the patterns
of how lice spread between aquaculture sites within
a confined sea loch. By incorporating realistic varia-
tion in environmental and seasonal forcing, average
population densities at sites in the metapopulation
could be partly explained. The connectivity matrix
provides a useful way to understand the spread of
larvae and may assist in making management deci-
sions relating to sites. However, improved fidelity is
likely to be gained by the application of dynamic
models to understand the temporal dynamics of lice
populations, and this work is currently in progress.
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