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ABSTRACT 26 

 27 

Sea lice are a constraint on the sustainable growth of Scottish marine salmonid aquaculture. 28 

As part of an integrated pest management approach farms coordinate procedures within 29 

spatial units. We present observations of copepodids being at relatively greater density than 30 

nauplii in upper waters which informs the development of surface layer sea lice transmission 31 

modelling of Loch Linnhe, Scotland, for informing farm parasite management. A 32 

hydrodynamic model is coupled with a biological particle tracking model, with characteristics 33 

of plankton sea lice. Simulations are undertaken for May and October 2011 – 2013, forced by 34 

local wind data collected for those periods. Particles are continually released from positions 35 

representing farm locations, weighted by relative farm counts, over a two week period and 36 

tracked for a further five days.  A comparison is made between modelled relative 37 

concentrations against physical and biological surveys to provide confidence in model 38 

outputs. Connectivity between farm locations is determined in order to propose potential 39 

coordination areas. Generally, connectivity depends on flow patterns in the loch and 40 

decreases with increased farm separation. The connectivity indices are used to estimate the 41 

origins of the sea lice population composition at each site, which may influence medicinal 42 

regimens to avoid loss of efficacy.  43 

 44 

Keywords: sea lice, dispersal modelling, salmon aquaculture, biological-physical model, 45 

disease management 46 

 47 

 48 

 49 

 50 
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1. Introduction 51 

The sea or salmon louse (Lepeophtheirus salmonis  Krøyer) is a ubiquitous, endemic 52 

ectoparasite of salmonids, such as Atlantic salmon (Salmo salar L.) in the North Atlantic 53 

Ocean (Boxaspen 2006).  As such it can become a pest in farmed populations, and can have 54 

detrimental effects on farmed (Soares et al. 2012) and wild salmonids (Volsett et al.  2016) 55 

including mortality if untreated. Therefore efforts are made by governments and industry to 56 

manage lice burdens.  This can be a costly process (Liu & Bjelland 2014) as sea lice 57 

management has been estimated to cost €0.25 kg-1 harvested salmon (Costello 2009) with 58 

much of this cost attributed to medicinal treatments. Although this number is likely to be 59 

outdated (Shinn et al. 2015) possibly due to changes in drug resistance (Aaen et al. 2015), 60 

improvements in practices (Code of Good Practice management group 2015), increases in 61 

treatment frequency (Murray 2016a),  or increases in lice burdens (Murray 2016b).  Applying 62 

this estimate would correspond to some €45M across the Scottish industry, which produced 63 

179kt in 2014 (Munro et al. 2014). Recent quarterly reports from the major salmon farming 64 

companies (e.g. Marine Harvest 2014) state yearly increases in costs associated with lice 65 

treatment. Shinn et al. (2015) suggest that sea lice control on farmed Atlantic salmon is a 66 

major contributor to the estimated cost of parasite control in UK aquaculture totalling up to 67 

16.5% of production value.  Much of the economic losses are a result of increases in 68 

medicine use (Murray 2016a) as a consequence of reduction in efficacy; therefore alternate or 69 

additional methods of sea lice control  are required leading towards an integrated pest 70 

management (IPM) approach (Kogan 1998). 71 

 72 

Kogan (1998) provides a description (although structured around sustainable plant 73 

production) of levels of IPM ranging from single species control strategies, multiple pest 74 

interactions and control, to multi-pest in multi-host systems. Although progress is being made 75 
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in salmon aquaculture towards the higher levels of IPM, such as the recent re-introduction of 76 

cleaner fish (e.g. Leclercq et al. 2014), host behaviour modification (e.g. Frenzl et al. 2014), 77 

and the use of bivalve filtration (Bartsch et al. 2013), addressing Level I IPM requirements of 78 

coordinated management of a pest species at a host population level requires further 79 

development. Although cleaner fish use can contribute to IPM for sea lice, it can also 80 

contribute to the risk of transmission of other disease agents (Hall et al. 2013; Murray 2016c) 81 

requiring a multi-species, multi-pest approach to IPM as outlined by Kogan (1998) as Level 82 

III. One widely accepted approach to managing fish disease agents at the host population 83 

level is through coordinated practices (such as stocking, fallowing, and medicinal treatments) 84 

in discrete spatial units. These units can be determined based on physical structures, such as 85 

for example embayments, resulting in Single Bay Management (see Jackson et al. 2011). 86 

Units can also be based on approximate physical properties, such as disease management 87 

areas (DMA) developed from simple model approximation of principles associated with tidal 88 

excursions for the control of infectious salmon anaemia (ISA) in Scotland (Scottish Executive 89 

2000), or more subjective structures accounting for business operations and a range of disease 90 

challenges, such as Barrios in Chile (Kristofferson et al. 2014).  The benefit of having such 91 

structures in Scotland has been highlighted through the successful eradication of the 92 

notifiable disease ISA (Murray et al. 2010) and has led to the current statutory requirement 93 

outlined in the Aquaculture & Fisheries (Scotland) Act 2013 for farms to provide a 94 

management statement or agreement describing practices to be undertaken within their 95 

management area. As such an understanding of consistent environmental characteristics over 96 

time is valuable for establishing farm interactions and thus determined spatial units for 97 

establishing documented workable management agreements.  98 

 99 



 

5 
 

Determining the characteristics of management structures for individual systems is not 100 

currently implemented due to the limited number of site specific studies (see Salama & Rabe 101 

2013). General approximations may be possible with regards to transport distances of sea lice 102 

(Salama et al. 2016), relative risk of transmission (Aldrin et al. 2013), and probability of farm 103 

connectivity (e.g. Adams et al. 2012) at different distances between farms. Such 104 

generalisations may also be useful in defining approximation descriptions of risk to wild 105 

salmonids (Serra-Llinares et al. 2014); however they will not provide a description of site 106 

specific characteristics. This can only be made on the basis of a system-by-system study, 107 

most likely through the use of coupled biological-physical models (Salama & Rabe 2013).  108 

One of the limitations in developing such approaches is the need for bespoke physical models 109 

which can be costly and time consuming to establish. These physical models need to include 110 

bathymetry, wind forcing, and freshwater input, all important characteristics of each system, 111 

to model the circulation realistically. However, increasingly it may be possible to use existing 112 

models developed for non-aquaculture purposes such as renewable energy, flood predictions, 113 

or effluent discharge.  Here we describe a hydrodynamic model of Loch Linnhe (Ivanov et al. 114 

2011) coupled to a biological particle-tracking model (Amundrud & Murray 2009) to model 115 

sea lice transport from aquaculture facilities in one of Scotland’s largest fjordic systems.   116 

 117 

Previous descriptions of sea lice transport in Loch Linnhe (Salama et al. 2013) used 118 

consented biomass as a proxy for sea lice inputs from different farms. Here we use 119 

information, voluntarily provided by operators, to augment the previous work and improve it. 120 

A description is provided of the field methods and data for assessing both the physical and 121 

biological outputs of the model. This will assess whether such models can reproduce sea lice 122 

distribution. We will also provide additional data informing on the model parameter 123 

describing distribution depth of sea lice in the water column.  Lastly we will use the dispersal 124 
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model outputs to describe the potential mean connectivity over six simulation periods in 125 

order to establish consistent interactions over time which may be of use for determining 126 

defined management areas.  The connectivity values are also used to describe the origins of 127 

on-farm population composition, between farms in Loch Linnhe and illustrate how this 128 

knowledge could be applied to inform management strategies and possible spatial structures 129 

where coordination can occur for improved IPM. 130 

 131 

2. Materials and Methods 132 

Some of the materials and methods have previously been described in Salama et al. (2013) 133 

and Salama and Rabe (2013) but some details of the data and the respective analysis have 134 

been modified and an overview will be given here. 135 

 136 

2.1 Study area 137 

This project focussed on Loch Linnhe (Figure 1), a sea loch on the west coast of Scotland. 138 

The loch is about 60 km long, up to 8 km wide, 200 m deep, and is surrounded by mountains. 139 

These mountains channel the wind up and down the loch axis in a NE-SW direction. Multiple 140 

side lochs, connected to the main loch via shallow sills, provide freshwater sources for the 141 

main loch. High rainfall on the west coast of Scotland leads to a large amount of freshwater 142 

that enters the system through these side lochs or rivers, for example outflow from rivers 143 

Lochy and Nevis in the Upper loch can reach 1480 m3 s-1 with a long-term mean of 66 m3 s-1. 144 

Due to this large freshwater input and a connection to the open sea a salinity gradient 145 

develops leading to an estuarine circulation with, in a simplistic view, the fresh surface layer 146 

flowing out of the loch and salty deeper layers flowing into the loch with large variability in 147 

time and space depending on the system (Hansen and Rattray 1965; Farmer and Freeland 148 

1983; Stigebrandt 2012). Wind plays a significant role in the horizontal and vertical 149 
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redistribution of properties in fjords. In broad fjords, those whose width exceeds the internal 150 

Rossby radius (Cushman-Roisin et al. 1994), strong and persistent winds trigger upwelling-151 

downwelling circulation. The physics of these events is generally in line with classical theory 152 

of coastal upwelling (Csanady 1982), although the upwelling and downwelling zones lie 153 

close to one another and interact, complicated by irregularities of seabed topography and 154 

coastline. Examples of the response of Loch Linnhe to persistent wind forcing were obtained 155 

during surveys in 1991 (e.g. Taylor 1997, Figure 6.16). For the present study only the main 156 

loch (divided into Upper and Lower loch) and no side lochs are considered.  157 

 158 

Loch Linnhe is divided into two farm management areas (FMAs), one in the north-east and 159 

one in the south-west. The loch includes ten finfish farms with two side lochs with additional 160 

farms. Figure 1 shows a map of the region including geographical features, side loch 161 

locations, and farm management boundaries. 162 

 163 

[INSERT FIGURE 1 APPROXIMATELY HERE] 164 

 165 

2.2 Biological-physical model 166 

Coupled biological-physical models consist of a hydrodynamic circulation model, which then 167 

is the basis for a particle-tracking model. Section 2.2.1 describes the hydrodynamic model 168 

that was used in this study in detail and section 2.2.2 explains the particle-tracking model. 169 

Throughout this paper, except in sections 2.2.1 and 2.2.2, we refer to the coupled biological-170 

physical model as “the model” unless otherwise stated. 171 

 172 

2.2.1 Hydrodynamic model 173 
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For this study, the hydrodynamic context was simulated using POLCOMS, a three-174 

dimensional, baroclinic and hydrostatic model, described in detail in the literature (Holt and 175 

James 2001).  The computational grid had a regular spacing of 100 m in the horizontal and an 176 

s-grid configuration in the vertical, in which 25 levels of 0.25 -22 m were scaled vertically to 177 

match the topography while maintaining high near-surface resolution in deep water.  This s-178 

grid approach was intended to provide good representation of the behaviour of relatively 179 

fresh surface layers and their interaction with meteorological forcing.  Sub-gridscale 180 

turbulence and mixing were represented by a Mellor-Yamada-Galperin 2.5 scheme in the 181 

vertical (Mellor and Yamada 1974; Galperin et al. 1988) and a Smagorinsky approach in the 182 

horizontal (Smagorinsky 1963).  Model boundaries to the Firth of Lorn and Sound of Mull 183 

were open, whereas those to adjoining lochs were walled but subject to fresh water inflow 184 

(see below).  Tidal wetting and drying of the coastline were not represented, with depths of 185 

less than 1 m considered to be land and a minimum depth of 2.5 m imposed on water points.  186 

Small, poorly resolved islands were replaced with shallow water.  The Corran Narrows, 187 

linking Upper and Lower Loch Linnhe, was not adequately resolved at the model resolution 188 

so was artificially widened to 300 m. 189 

 190 

The model was initially spun up for four annual cycles subject to climatological boundary 191 

values of temperature and salinity (UK Hydrographic Office) as well as tidal elevation and 192 

velocity (M2 and S2 constituents derived from a coastal station at Oban and a nearby 193 

admiralty tidal diamond).  Climatological meteorological forcing, based on 6-hourly NCEP 194 

re-analysis data (Kalnay et al. 1996) averaged over the period 1949-1990, was applied from 195 

year 2 onwards and freshwater inflow from year 3 onwards.  In the absence of directly 196 

gauged river inflow, freshwater was introduced as distributed sources representing 197 

contributions from the side-lochs Loch Eil, Leven, Creran, Etive and A’Choire (Figure 1).  198 
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Daily inflow values were based on annual totals for each source loch (Edwards and Sharples 199 

1986) with an imposed seasonality following the annual cycle of precipitation at 200 

Dunstaffnage.  The temperature of the inflowing freshwater was taken equal to the 201 

temperature of the closest grid point in the domain. The final year of the four-year spin-up 202 

was taken to represent a climatological annual cycle for Loch Linnhe. The spin up was 203 

carried out for the year 1991 when a detailed one-year survey of Loch Linnhe was performed, 204 

and therefore the observational data could be used for model validation. 205 

 206 

2.2.1.1 Hydrodynamic simulations of target periods 207 

Model states from within the climatological cycle were used as initial conditions for detailed 208 

simulations of six periods of interest: 209 

 210 

 2011:  May 9 – May 22 and Oct 21 – Nov 9 211 

 2012:  April 27 – May 16 and Oct 1 – Oct 19 212 

 2013:  April 29 - May 18 and Sept 30 – Oct 19 213 

 214 

In each case, the detailed simulations began ̴one week prior to the start of the target period to 215 

allow adjustment to immediately preceding conditions.  Meteorological forcing was at two-216 

hourly resolution using observed data from weather stations deployed locally during the 217 

modelled period (Figure 1).  Pressure, temperature, and humidity were taken from the 218 

weather station at Dunstaffnage, and assumed to be constant across the model domain.  Wind 219 

was gridded by means of linear interpolation from meteorological stations to the coarse 220 

model grid (0.05 in longitude and 0.1 in latitude) allowing some spatial variation and 221 

steering by topography (magenta vectors in Figure 1) although the wind interaction with 222 
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topography was not explicitly modelled.  Freshwater inflow continued to be imposed using 223 

climatological values. 224 

 225 

Atmospheric temperatures in 2013 were anomalous when compared to long-term average 226 

conditions.  In particular, spring was anomalously cool and summer was anomalously warm.  227 

These anomalies were reflected in observed water temperatures within the loch.  A simple 228 

temperature offset was uniformly applied to all depths to the climatological starting state, and 229 

boundary conditions, of the 2013 simulations in order to improve the temperature fit with 230 

minimum dynamical interference (the temperature offset was applied uniformly across the 231 

model domain).  May 2013 temperatures were reduced by 1.2C and October 2013 232 

temperatures were increased by 1.7C. 233 

 234 

 235 

2.2.2. Particle tracking model and farm connectivity structure 236 

The hydrodynamic model provided surface currents for coupling with a particle tracking 237 

algorithm used for the smaller Scottish system of Loch Torridon (Murray & Amundrud 2007, 238 

Amundrud & Murray 2009). The surface currents were taken from the top level, which varies 239 

in extent but due to the model configuration retains high resolution at all grid points. The 240 

modelled surface currents transport lice between grid locations. At each time point, the 241 

location of each louse particle and its age were recorded. The time periods of May and 242 

October were chosen as they are the periods of the spring smolt emigration (Butler 2002) and 243 

the peak period in sea lice counts on farmed fish (Murray 2016c) respectively.  Advection by 244 

surface currents is integrated with diffusion, horizontal dispersion and a stochasticity 245 

parameter in a fourth order Runge-Kutta solver of the Lagrangian motion equation (Salama et 246 
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al. 2013). Within the model domain, should a particle be moved into a grid box designated as 247 

land, then it will remain at its last sea location until the current direction changes, i.e. 248 

shorelines are sticky boundaries. At the open sea boundaries particles are lost out of the 249 

system.  Farms do not influence the behaviour of the particle.  250 

 251 

The model is initiated by releasing particles over a 14d period at a fixed rate of 5 per 0.5h 252 

from 12 positions in the model domain (Figure 1). The release locations represent ten active 253 

fish farms within the system, and two at the boundaries of Loch Creran and Loch Leven 254 

representing lice exiting sites in these side lochs. Although salmonid farms are located in 255 

Loch Etive, no particles were released at this boundary because salinity there is substantially 256 

below that at which sea lice remain viable (Holt 1991, Austin & Inall 2002, Bricknell et al. 257 

2006). Furthermore, for the corresponding modelling period no lice treatments were reported 258 

in Loch Etive to SEPA or the fish health inspectorate implying no discernible levels of lice 259 

were present for the corresponding modelling periods of May and October 2011 – 2013. 260 

After releasing particles for 14d all particles are tracked for a further 5d to enable all nauplii 261 

particles to mature to the infective copepodid stage lice.  As particles move they mature at a 262 

fixed rate of 10% h-1, a simplification of the 50 degree days for nauplii lice to moult through 263 

to copepodid stage (Asplin et al. 2014; Johnsen et al. 2014). Although sea lice have a nauplii 264 

I and II stage (Hamre et al. 2013), there is no distinction between non-infective nauplii stages 265 

as these are merely passive dispersing stages. At the time of the study, as with previous 266 

studies constant mortality was applied (Salama et al. 2013; Adams et al. 2012, Amundrud & 267 

Murray 2009), similarly the model is approximated for ease of application by avoiding the 268 

inclusion of the influence of salinity or temperature on development or mortality. Lice die at 269 

a constant rate of 1% h-1 for both nauplii and copepodid stage lice which is an approximation 270 
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of the observations of Stien et al. (2005) of nauplii mortality rate of 0.17 day-1 and copepodid 271 

lice of 0.22 day-1.   272 

 273 

The recording of lice presence in each grid per time step enabled the production of an 274 

aggregated relative distribution map for each simulation. Each farm within the system stocks 275 

varying numbers of fish and will have differing lice burdens, therefore the constant lice input 276 

value (as previously used) was altered to reflect relative site contributions. The producers in 277 

the system agreed to voluntarily produce a metric which reflected their relative lice burdens, 278 

that is to say no actual lice count was provided, merely a transformed relative score. This 279 

value was normalised against the highest reported score. This enabled weighted contributions 280 

from the different sites, to the aggregated relative concentration score of lice of each stage, 281 

over each 19d simulation, which made up the relative distribution map.  The concentration 282 

score of a grid square is not predictive of expected lice numbers, as the actual inputs are 283 

unknown, but rather they are relative aggregates. For example a grid square with a score of 284 

10 may have experienced 10 particles for 1 time step, 5 particles for 2 time steps or 1 particle 285 

for 10 time steps etc. Simulations in MATLAB R2007b (Mathworks Inc) allowed access to 286 

the value at each grid location for use in model assessment against field data (section 3.2).  287 

 288 

To construct an assessment of farm interconnectivity we apply the same methodology as 289 

Adams et al. (2012).  At each farm site, j (plus the surrounding 500m to allow for variability), 290 

the proportion of surviving copepodid particles, P, compared to the total number of those 291 

released from the originating site, Ni, accounting for mortality rate, λ, and transport time, t, 292 

between sites, i and j of the nth particle, i.e. tijn originating from itself (i=j) or another release 293 

locations, i, are recorded such that: 294 

 295 
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𝑃𝑖𝑗 = ∑
𝑒−𝜆𝑡𝑖𝑗𝑛

𝑁𝑖

𝑁𝑖

𝑛=1

 296 

This enabled the construction of a connectivity matrix for each of the simulations and also a 297 

mean aggregate matrix. The aggregate matrix is the sum of all the individual simulation 298 

matrices divided by the number of simulations. Model simulation outputs vary due to 299 

hydrodynamic conditions and relative lice input into the system, therefore an attempt is made 300 

to assess the variability between simulation outputs using a generalised linear model to 301 

demonstrate the necessity for undertaking multiple simulations to establish consistent 302 

environmental characteristics for establishing statutory required documented spatial 303 

management structures as opposed to relying on an individuals which may only represent rare 304 

events.    305 

 306 

The connectivity observations can be manipulated to estimate the contribution from each of 307 

the sites to establish the likely origin (assuming all lice have equal settlement ability) in 308 

determining site population composition. Should a site X have a connective probability from 309 

site X at 0.04, and site Y at 0.001 and Z at 0.009 assuming all sites have equal contributions, 310 

this would result in 80% of the exposure population at site X being derived from site X itself, 311 

2% from Y and 18% from Z.  For all sites in Loch Linnhe the connectivity values are used to 312 

estimate the proportional population origins for each site. 313 

   314 

2.3. Field data 315 

2.3.1 Physical data 316 

The physical data can be divided into two categories: wind data to force the hydrodynamic 317 

model for the six different scenarios, and oceanographic data to validate the hydrodynamic 318 

model and investigate the circulation and environmental conditions within the loch. 319 
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 320 

To obtain wind data multiple weather stations were installed around the loch to capture the 321 

variable wind within the loch system. Exact locations are marked on the map (Figure 1) with 322 

not all stations functioning at all times due to instrument failures. Two-hourly wind data was 323 

gridded on a coarse grid using linear interpolation to force the hydrodynamic model during 324 

the different scenarios, as described in section 2.2.1.  325 

 326 

Oceanographic data consisted of water level, Conductivity-Temperature-Depth (CTD), and 327 

current data.  A water level recorder was deployed at the northern end of the Upper loch at 328 

Fort William; this data was mostly used to validate the hydrodynamic model. CTD casts at 329 

multiple locations throughout the loch (close to plankton sampling sites) collected vertical 330 

profiles of temperature and salinity and were used to adjust the hydrographic conditions for 331 

model runs in the loch for the anomalous conditions in 2013. . Currents were measured with 332 

an Aanderaa 600kHz Recording Doppler Current Profiler 600 on the northern shore of the 333 

outer loch at 56.68 degrees N and 5.32 degrees W. The instrument set-up included a ping 334 

count of 300, a ping interval of 2000 ms in burst mode with a 600 s recording interval, 2 m 335 

cell sizes, and 80% cell overlap. This physical data was used to evaluate the circulation of the 336 

loch, explained in more detail in Rabe and Hindson (2016).   337 

 338 

2.3.2. Biological data 339 

2.3.2.1 Sentinel cages 340 

 341 

A series of plankton trawl and sentinel cage deployments were undertaken throughout the 342 

loch system (Figure 1). The sentinel cage methodology is described in Pert et al. (2014) and 343 

therefore only summarised here. 344 
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 345 

Atlantic salmon smolts (mean length 202.21 mm and weight 92.48 g) were kindly supplied 346 

by Marine Harvest from freshwater sites from within the Loch Linnhe management area 347 

throughout the trial.  Fish were held for ̴ four weeks at Drimsallie Mill Hatchery, Glenfinnan, 348 

in a 4 m circular fibreglass tank with a tank volume of 6000 L and a flow rate of ̴ 108 L min-1.  349 

Fish were maintained on 2 mm commercial pellets (Skretting smolt diet) and fed 1.2% 350 

bodyweight per day prior to transfer to sentinel cages. Sentinel cages were cylindrical (1.5 m 351 

in diameter x 2 m height).  Each cage was supported by four rings made of polyethylene pipe 352 

covered with 13 mm knotless mesh netting. 353 

 354 

Nine sentinel cages, each containing 50 Atlantic salmon, were deployed in the surface 3 m 355 

for 2 x 1 week periods during April/May and September/October between 2011 and 2013.  356 

Fish were euthanised by overdose of MS222, placed in individual bags and returned to the 357 

laboratory where lice numbers, developmental stage, location on fish, as well as fish weight 358 

and length recorded.  A subsample of lice was tested by molecular means (McBeath et al. 359 

2006) to confirm identification. 360 

 361 

2.3.2.2 Plankton Sampling  362 

The plankton sampling methodology followed Penston et al. (2008) and involved the 363 

deployment of a 1.5 m long bongo net which consists of two aluminium drums with a mouth 364 

diameter of 0.5 m. Attached to it is a 1.5 m long 150 µm conical plankton net terminating in a 365 

150 µm cod end, deployed from the vessel Sir John Murray.  The bongo net was towed 366 

horizontally at a depth of 1 m at a speed of 2 knots for 5 min.  Attached within the mouth of 367 

each bongo net was a flowmeter to measure the volume of water sampled through each net.  368 

Flowmeters were designed and manufactured in-house at Marine Scotland and designed to be 369 
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water activated so only started recording when they were immersed preventing any false 370 

readings from winds. After 5 min the net was recovered and suspended so the net could be 371 

washed down with filtered (1.2 µm) seawater before the cod ends were removed and the 372 

contents transferred into a sample bottle and fixed in a 4% Buffered Formal Saline solution. 373 

Samples were prepared for light microscopy by filtering them through a 500 µm sieve 374 

(Endecotts, London, UK) which removed coarse material before further filtration and sample 375 

concentration through a 68 µm mesh.  The second mesh (68 µm) retains the desired fraction 376 

of the sample containing planktonic stages of L. salmonis larvae. 377 

 378 

Samples were then examined under a dissecting microscope (Olympus SZ-CTV Southend-379 

on-Sea, UK) with any lice found transferred into 70% ethanol in specimen tubes for 380 

preservation.  Sea lice were identified to species level using descriptions in Johnson & 381 

Albright (1991) and Schram (1993) with additional confirmation carried out using real time 382 

Polymerase Chain Reaction (PCR) (McBeath et al. 2006). 383 

 384 

2.3.2.3 Depth distribution of sea lice in the water column 385 

From the outset, a requirement of the model was to apply previously developed particle-386 

tracking principles without modification to highlight the utility of not having to produce 387 

bespoke models for systems of interest. The previous work by Amundrud & Murray (2009) 388 

used modelled surface currents and did not include vertical migration of lice which was used 389 

for more recent work (Johnsen et al. 2014).  We assessed whether such simplification of 390 

using only surface layers was reflective of where lice can be predominantly found within the 391 

water column (Heuch 1995). 392 

 393 
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To determine this, a series of plankton trawls were undertaken in Grutting Voe, West 394 

Shetland in September 2009 (Figure 1 insert, 60° 12′.068 N 1° 31′.563 W) which, 395 

anecdotally, was considered to have high sea lice abundance at the time of study. This 396 

location was chosen to minimise low lice abundance in the environment especially at the 397 

nauplii stages (Penston et al. 2008). We recognize that hydrographic conditions might present 398 

a different environment compared to Loch Linnhe but  even though this is not a perfect 399 

representation of conditions in Loch Linnhe (which has a fresher surface layer in general) this 400 

site represented a good practice ground for sea lice sampling during day and night. Each trawl 401 

sampled ̴ 75m3 using 40cm diameter bongo nets with 150 µm mesh at 2m, 5m, and 20m 402 

during night and day. Four trawls, in duplicate, (n = 8 samples in total) were conducted over 403 

a 25 h period, and temperature and salinity was recorded during sampling. Net contents were 404 

washed into screw top bottles with fixative (70% ethanol), and fixed samples returned to the 405 

laboratory. Plankton samples were screened using a stereo microscope magnification of 100x 406 

(Zeiss SV11, Zeiss, Hertfordshire, UK). Animals putatively identified as L. salmonis were 407 

attributed to two life stages, nauplius or copepodid, but no attempt was made to differentiate 408 

the naupliar stages. Individual sea lice were rinsed in water and transferred into individual 409 

vials for real time PCR analysis (McBeath et al., 2006).  410 

 411 

2.4 Comparing field data to model outputs 412 

2.4.1. Assessment of modelled sea lice concentrations against biological observations  413 

In order to provide reassurance of the model outputs an assessment of an aspect of the model 414 

was undertaken using field sampling of sentinel caged fish and plankton trawls.  415 

 416 

It became apparent that there was substantial variation between simulations; therefore an 417 

aggregated comparison of all field observations against all simulation outputs was 418 
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undertaken. For each study period measures of the settled number, intensity, abundance, and 419 

prevalence of lice on caged fish were ranked allowing a spearman’s rank correlation to be 420 

undertaken in R2.15 (R core team) against ranked simulated densities of copepodid stage lice 421 

for corresponding cage locations.  Similarly rank correlations were considered for plankton 422 

sampled copepodid staged lice and simulated copepodid densities.  Simulated concentration 423 

results represent the summation of simulated copepodid densities in the corresponding 424 

location over the 19 d period and, similarly to the connectivity assessment, simulated 425 

densities found within 500m radius of such position.   426 

 427 

2.4.2 Validation of hydrodynamic model with physical data 428 

An initial check had been made that the model represents well the large-scale tidal fluxes 429 

within the loch, involving a comparison between modelled elevation and water level recorder 430 

observations at the same point in the model domain. A Taylor diagram (Taylor, 2001) 431 

provides a graphical framework to evaluate different statistical components (Figure 2a): the 432 

correlation coefficient, centred root-mean-square difference (RMSD), and the ratio of the 433 

variances (standard deviation) between modelled and observed time series. Data from the 434 

north-eastern end of Loch Linnhe in Fort William was used. Ideally models have a high 435 

correlation coefficient and a low RMS error. If modelled elevation agrees well with observed 436 

elevation, then its marker is located close to the observed marker on the x-axis of the Taylor 437 

diagram. 438 

 439 

The location of each number in Figure 2a quantifies how closely the POLCOMS modelled 440 

surface elevation for the different validation periods (represented by the different numbers) 441 

matches the observed surface elevation. The correlation coefficient (blue lines) for all periods 442 

is between 0.89 and 0.98 except for October 2013, which was based on predicted tides due to 443 
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instrument failure (correlation coefficient of 0.76). With a correlation coefficient close to one, 444 

it means that an almost perfect linear relationship between the model and the observation 445 

exists, which was the case for five out of the six periods. The RMSD, green contours around 446 

the observations (denoted by letters), are best for October 2012 with 0.23 m and between 0.23 447 

m and 0.43 m for all other periods (except for October 2013 with 0.66m). These low RMSD 448 

of less than half a meter give us confidence in the modelled elevations. The standard 449 

deviation of the modelled elevation, represented by the black contours, is proportional to the 450 

radial distance from the origin. The values range between 0.94 m and 1.08 m compared to 451 

standard deviations of the observations between 0.88 and 1.02 m. The closeness of the 452 

standard deviation of the model to the observation gives an indication of the robustness of the 453 

pattern variations. Standard deviations are close for all periods, giving us confidence in the 454 

pattern variations. 455 

 456 

We ran a tidal harmonic analysis (not shown) on the modelled and observed surface 457 

elevations to evaluate how well the model represents the actual tides. For M2 the percentage 458 

variance predicted/variance original is 99.9% for all four periods in 2012 and 2013 and drops 459 

to 81% and 77.5% for May and October 2011, respectively. The amplitude difference 460 

between model and observation stays within 8% for M2 for all time periods. Phase 461 

differences are largest  for 2011 (May and October) and May 2012. These poorer statistics 462 

can be largely attributed to the response of the modelled water level to the atmospheric 463 

forcing. 464 

 465 

Current observations at 10 m have been compared with the model outputs at the nearest grid 466 

point and Figure 2b shows one example for the 19-day October 2012 period. The currents 467 

have been rotated by 45 degrees to represent the along (positive up-loch) and across (positive 468 
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to the SE) loch components. The along-loch component matches reasonably well (correlation 469 

coefficient of 0.66), although we can observe some anomalous periods which could maybe 470 

relate to wind events. The across-loch component matches less well but overall the mean 471 

speed and direction are comparable though with both observations and model mean speeds of 472 

0.06 ± 0.04 and directions of 147 ± 107 for the observations and 113 ± 100 for the model in 473 

October 2012 at 10 m depth. This supports that the dispersion of sea lice is being reasonable. 474 

Due to the complex dynamics in the system (internal waves, fronts, mixing processes, surface 475 

layer dynamics) that any hydrostatic model at this scale will struggle with, all the variability 476 

will not be perfectly represented. 477 

 478 

Overall the hydrodynamic model performed well for all six validation periods with October 479 

2013 being slightly worse, possibly related to comparison with tide predicted elevations 480 

compared to observed elevations. Therefore the underlying hydrodynamic circulation model 481 

is fit for purpose and a valid model to be coupled to the particle-tracking model to investigate 482 

sea lice dispersal. 483 

[INSERT FIGURE 2 APPROXIMATELY HERE] 484 

2.4.3 Case study to evaluate the effect of wind forcing on surface water properties and lateral 485 

differences 486 

 487 

[INSERT FIGURE 3 APPROXIMATELY HERE] 488 

A more demanding requirement for the model is that it represents well the density structure 489 

of the loch, and in particular the surface currents resulting from freshwater outflow and wind 490 

forcing.  To simulate the basic features of the wind response we carried out a case study, in 491 

which the model was forced by persistent unidirectional wind. The wind direction, relative to 492 

the axis of the loch, determines the location of upwelling and downwelling zones, with wind 493 
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directed along the axis being most efficient at producing vertical motion as it drives Ekman 494 

transport normal to the coastline. The model response to 48 hours of westerly wind at 15 ms-1 495 

(indicated by the wind rose) is shown in Figure 3a.  Pronounced upwelling zones form along 496 

the north-western coastline of the loch. Cold water from a depth of ~30-40 m rises to the 497 

surface, creating narrow fronts with a typical spatial scale of the order of the internal Rossby 498 

radius of deformation, and the least dense surface waters are driven towards the south-eastern 499 

coastline. 500 

 501 

In a contrasting case, during October 2012, winds were from the north-north-east at speeds of 502 

3 m s-1 (see wind rose, figure 3 ).  Another way to visualize the lateral difference in outflow is 503 

through the modelled sea surface salinity. The least dense, lower salinity water of around 33 504 

(compared to salinities of 35 at the open boundary) can now be observed to flow along the 505 

north-western coast. Freshwater is released from the Upper loch through the Corran Narrows 506 

and from Kingairloch and spreads south-westward. This fresher surface water stays along the 507 

north-western coast within the spatial scale of the internal Rossby radius of deformation. 508 

Figure 3b shows particle tracks when releasing particles from Kingairloch (arrow). Particles 509 

congregate inside and just outside this side loch before flowing out of the main loch along the 510 

north-western coast. The particles that flow out of the loch stay close to the coast and within 511 

the internal Rossby of deformation radius as the loch is wide enough to be influenced by the 512 

Earth’s rotation. No northward or eastward transport exists due to the wind influence on the 513 

surface layer which leads to the general outflow of the surface layer to the southwest.  A 514 

change to westerly or southwesterly wind would drive upwelling at the northwestern coast.  515 

In reverting to conditions resembling Figure 3a, particles would become more widely 516 

distributed across the loch. 517 

 518 
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2.5 Comparing variation between model runs 519 

Each of the model outputs produces a 365 x 488 gridded matrix containing values 520 

representing the simulated relative lice densities. These data were transformed in R 2.15 (R 521 

core team) to produce a column within a data frame, with a corresponding grid location 522 

identifier, X and Y grid coordinates, Euclidean distance from (0,0), simulation run identifier, 523 

year, and month. Grid squares representing land were excluded.  This enabled an assessment 524 

of the similarities in the model outputs across simulation runs using a simple generalised 525 

linear mixed model (GLMM) accounting for simulation run as a categorical random effect, 526 

and Euclidean distance from grid location (0,0) as a fixed effect determining the relative lice 527 

concentration at such location. Attempts at model constructions including two fixed terms 528 

being X and Y coordinate value, or categorical label for each individual grid square, and also 529 

substituting run for month and year, resulted in little discernible difference in the final model 530 

suitability. By producing a GLMM it is possible to ascertain the variation in simulation 531 

outputs attributable to simulation run. The “lme” function contained within the “nlme” 532 

package (Pinheiro et al. 2015) was used to estimate parameters for the above model.  533 

 534 

3. Results 535 

3.1 Depth distribution of sea lice in the water column 536 

 537 

[INSERT TABLE 1 APPROXIMATELY HERE] 538 

Lice were found to be present in all but two of the 48 samples with the majority of nauplii 539 

(57.0%) and copepodid (72.0%) stage lice being sampled within the upper 2m (Table 1).  540 

Lice abundance appears to be greater in the surface layers at night (65.6%) than in the day 541 

(34.4%), although the total number of copepodid stage lice in the surface layer was constant.   542 

Hydrographic conditions in Grutting Voe at the time consisted of a well-mixed water column 543 
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with salinities around 35.1 and temperatures between 12 and 12.2 C. Given the lack of 544 

stratification at the time of sampling, other environmental variables would have affected the 545 

vertical position of the lice. 546 

 547 

3.2 Model assessment 548 

Comparing the ranks of the aggregated simulated and environmentally sampled lice data at 549 

corresponding geographical locations (Figure 1) it is seen that there is a correspondence 550 

between lice observations and simulated concentration (Figures 4, 5), suggesting that the 551 

model is able to reflect a feature of the Loch Linnhe system.  Simulated concentration rank 552 

correlated with cage count rank (ρ(52)=0.51***),  prevalence rank (ρ(52)=0.51***), 553 

abundance (ρ(52)=0.48***), and intensity (ρ(52)=0.45***),  and also plankton rank 554 

copepodid concentration (ρ(526)=0.19***). 555 

[INSERT FIGURE 4 APPROXIMATELY HERE] 556 

[INSERT FIGURE 5 APPROXIMATELY HERE] 557 

 558 

3.3 Lice relative distributions 559 

The weighted mean simulated relative distribution of lice, on aggregating the scenario 560 

outputs for May and October 2011 – 2013, are shown in Figure 6 for relative nauplii and 561 

copepodid distributions.  The lice input weighting is based on information provided by 562 

producers. It must be noted that a zero reporting may indicate either not stocked or that no 563 

lice were observed. In each simulation period not all sites had a non-zero count, which also 564 

contributes to the observed variation between simulations.  There are clearly similarities 565 

between nauplii distributions and those in corresponding copepodid distributions; this merely 566 

reflects that present nauplii that survive to become infectious stage lice occur in the 567 

corresponding  areas. It appears that on average lice are almost ubiquitous in distribution with 568 
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nauplii lice observed in all but 1319 of the grid squares, whilst copepodid lice are simulated 569 

to be located in all but 1437 of the 182,358 sea grid squares. The majority of the lice free 570 

squares are located in the north of the system towards the river Lochy close to Fort William 571 

and in Ardmucknish Bay close to Dunstaffnage.   Each individual simulation condition 572 

produces variable distributions with the GLMM demonstrating that the residual effect 573 

promotes some 84% variability between simulation runs, that is to say there is substantial 574 

differences between each of the simulation outputs (Table 2) and as such, demonstrates the 575 

need for multiple scenarios instead of relying on individual model runs.  576 

 577 

[INSERT FIGURE 6 APPROXIMATELY HERE] 578 

[INSERT TABLE 2 APPROXIMATELY HERE] 579 

 580 

3.4 Connectivity 581 

Figure 7 shows a representation of the probability of connectivity observed between sites 582 

aggregated across all simulations. Sites are reported anonymously  to remain consistent with 583 

reporting aggregated and not individual site  details as is the case with the annual production 584 

survey (Munro & Wallace 2016) and industry wide sea lice status (e.g. Murray 2016b). Due 585 

to the variability between simulations, the connectivity varies with each run therefore the 586 

aggregate provides a consistent overview under all observable conditions.  587 

 588 

No site within Loch Linnhe is isolated from forming an association with other sites. All sites 589 

which were reported to have observed lice (excludes site I) self-exposed with copepodid 590 

stage lice. Site (H) forms the most connections, exposing itself and six other farms, whilst site 591 

L receives lice from itself and five other sites.  It appears that the range of connectivity is of 592 

the order 1×10-5  - 1×10-2.  There is variability between sites of receiving and emitting 593 
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connections (Figure 7) to other farms.  The majority of sites have greater outwards 594 

connectivity of sea lice to neighbours, compared to inwards connectivity from all other sites.  595 

[INSERT FIGURE 7 APPROXIMATELY HERE] 596 

[INSERT FIGURE 8 APPROXIMATELY HERE] 597 

The aggregated mean connectivity between farm sites follows a general trend (Figure 8) for 598 

increased farm separation reducing the probability of connection between sites. However it 599 

must be noted that there exists sites which are geographically close together but connectivity 600 

is zero or connectivity is reduced compared to sites with greater separation. Additionally the 601 

majority of connectivity occurs between sites within 10 km. 602 

 603 

Figure 9 demonstrates that there are two distinct regions within the system determined by 604 

connectivity: Upper Loch Linnhe and Lower Loch Linnhe separated by the Corran Narrows. 605 

However this accounts for no direction between sites or connectivity probability, i.e. this is 606 

simply a binary representation of relationships. Taking into account probability of 607 

connectivity, such that relationships can be formed based on interactions, as an example 608 

Figure 9 demonstrates the connectivity with thresholds at a level of greater or less than 1×10-609 

4, it could be the case that three distinct regions exist; north of the Corran Narrows, north-610 

west of Lismore Island, and south-east of Lismore Island. However there are sites which 611 

would act as connectors between the two regions.  612 

[INSERT FIGURE 9 APPROXIMATELY HERE] 613 

Some sites are net exporters of lice (Table 3) for example site D exports lice to all other sites 614 

at a rate of over eight times more than it receives from all sites, whilst others are net 615 

importers of lice with ratio below 1 (Table 3).  Another metric observed is the relative 616 

contribution to lice exposure from self-exposure compared to external exposure, for example 617 

sites A and B experience ̴ seven times more lice from self-exposure compared to incoming 618 
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lice from all other sites, whereas only ̴ 1 in 20 lice experienced at site H originated from site 619 

H.  620 

 621 

 622 

[INSERT TABLE 3 APPROXIMATELY HERE] 623 

 624 

3.5 Informing population composition on farms 625 

The relationships between each site determined through the connectivity estimates can be 626 

used to estimate the origin composition of the lice population at each production site (Figure 627 

10). The single largest contribution to each sites population is from lice originating from that 628 

site, however there are sites where combined immigration from other sites contribute more to 629 

the population than the site itself for example site H, whilst other sites, such as site A and site 630 

B, are dominated by internal origin sources of lice.  631 

 632 

[INSERT FIGURE 10 APROXIMATELY HERE] 633 

  634 

 Discussion 635 

Models can only be useful if they represent aspects of reality and features of the outputs have 636 

a potential application (Salama & Rabe 2013; Foreman et al. 2015).  However, models are 637 

not required to be completely parsimonious with reality as they would cease to have purpose 638 

due to the complexity, which may also lead to over-complex models which need to be highly 639 

specific and would be cumbersome (Murray 2008; 2009). Here we present the use of a 640 

biological-physical model (Salama et al. 2013) which couples a hydrodynamic model with a 641 

previously described particle tracking model.  The latter includes features of sea lice biology 642 

to ensure that the model is based on, and also reflects, aspects of reality. The structure of the 643 
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particle tracking model was informed through field work, which identified where the majority 644 

of infective lice reside within the water column. The hydrodynamic model runs were driven 645 

by meteorological observations, and scenarios were chosen at times of the year, which are of 646 

biological importance to the sea lice issue.  Hydrographic observations were used to validate 647 

the hydrodynamic model to gain reassurance in the model before coupling it with the particle 648 

tracking model. Hydrographic data and simplified model runs also led to a better 649 

understanding of the circulation and lateral variations in surface conditions within the system. 650 

To assess whether the model reflects an aspect of reality, field work was conducted during 651 

corresponding time points to enable a comparison of model simulated lice relative densities 652 

and observed lice concentration in the environment. Finally, we present a potential 653 

application of the dispersal model in determining the connectivity between farms within the 654 

system and suggest possible management structures based on probability of connectivity 655 

between sites.  656 

 657 

An aspect of this work was to utilise existing model structures in order to demonstrate that it 658 

is not necessary to have bespoke biological-physical models for every system of interest. We 659 

therefore applied a previously described biological particle-tracking model (Amundrud & 660 

Murray 2009) with a hydrodynamic model of Loch Linnhe run by SAMS (Ivanov et al. 661 

2011). Should a non-specific design be possible then it may enable the application of other 662 

coupled hydrodynamic particle-tracking models such as those developed for e.g. effluent 663 

discharge or oil spill modelling. Amundrud & Murray (2009) focused the dispersal of lice in 664 

the surface layer as does the work of Adams et al. (2012; 2015) in Loch Fyne, although more 665 

recent modelling work (Johnson et al. 2014) include vertical migration. It appears from 666 

observations presented here from a site in Scottish waters in Shetland that as a generalisation 667 

for modelling purposes the majority of the infective stage lice (which are the stages of 668 
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importance in terms of sea lice parasitism) are found within the surface layers. Even though 669 

the waters in the Shetland Voe presented a different environment to Loch Linnhe, it could 670 

still be used as a testing ground for plankton sampling and give an indication of vertical 671 

distribution. However, it must be noted that only a small proportion of nauplii were sampled 672 

from the upper 2m. It appears that proportionally more copepodid lice are found at greater 673 

depths at night than in the day which is consistent with lice being phototaxic (Flamarique et 674 

al. 2000). Because of the variability in nauplii depth distribution, future modelling work 675 

should account for differences in vertical current speed and direction which could result in 676 

varying overall modelled infectivity profiles of a system, compared to simply observing the 677 

surface currents.  678 

 679 

Larval sea lice are difficult to find in nature (Boxaspen 1997). The densities reported by 680 

Penston et al. (2008) are of the same order of magnitude reported here. They conducted 681 

trawls at 0m and 5m, and found a similar pattern of copepodid lice located higher up the 682 

water column, whereas nauplii were distributed at deeper layers. This is consistent with the 683 

findings in the Faroe Islands where nauplii were less abundant in the upper layers compared 684 

to copepodid stages (á Norði  et al. 2015) Copepodid lice were at higher abundance in the 685 

surface layer (0m) than at 5m. á Norði et al. (2015) postulate that this difference in stage 686 

distribution may be a result of  nauplii residing in relatively deeper, warmer waters to shorten 687 

development time and reduce predation mortality. For the purpose of simulating the general 688 

dispersal characteristics of the majority of infective sea lice, the upper layers of the water 689 

column could be a sufficient first approximation, however improvements to model accuracy 690 

would require the inclusion of diel vertical migration (DVM). This needs to be accompanied 691 

by corresponding inprovements/confidence in the model representation of currents and 692 

mixing in the upper water column.  e.g. related to fresh surface layers and stratification. 693 
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Hydrodynamic models would be required to accurately represent pulsed freshwater releases 694 

and the intermittent presence of a surface fresh layer of varying thickness. It must also be 695 

appreciated that the interaction between dispersing infective sea lice and farmed fish occurs 696 

in the upper water column in the region where cages are located (Samsing et al. 2016), 697 

however should DVM influence the patterns of dispersal as reported in Johnson et al. (2014), 698 

then it will remain an important feature for future model improvements, however the data 699 

presented here on vertical distribution and those observed in the Faroe Islands (á Norði  et al. 700 

2015), it is likely to be the case that dispersal in the upper most layers are likely to be 701 

dominant  As planktonic lice are phototactic (Genna et al. 2005), and that the majority reside 702 

towards the surface,  this reduces the effect of dilution through vertical movements which 703 

results in patchy concentration fields observed with aggregations towards the shore and in 704 

likely frontal regions.  705 

 706 

The sea lice distributions in Loch Linnhe are spatially and temporarily heterogeneous (Figure 707 

6) as is the case in other salmon producing systems (e.g. Asplin et al. 2014; Johnson et al. 708 

2016). Comparisons demonstrate that there are sizeable differences between the simulation 709 

runs for the distribution outputs for both nauplii and copepodid; this is a demonstration of not 710 

only temporal differences in relative lice numbers observed on farms within the system, but 711 

more likely a result of the complexity of hydrodynamic conditions experienced during the 712 

study periods. Although the majority of wind forcing roughly follows the south-west - north-713 

east orientation of the sea loch (with variability during each scenario), this is not reflective of 714 

the predominant dispersal structures within the loch as the circulation is not only driven by 715 

the winds. Freshwater input at the top of the loch leads to a density-driven circulation, an 716 

estuarine circulation, which means that the surface layer is flowing out of the loch. Tides lead 717 

to mixing, and overall, Loch Linnhe shows complex circulation patterns. For the six 718 
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simulation periods there is considerable variability in relative particle concentration, at the 719 

same locations, between different runs. As such it cannot be claimed that a certain grid 720 

location of the system will consistently have relatively higher or lower sea lice. However it 721 

appears that there is a tendency towards particles being transported down the north-west coast 722 

of the loch leading to relatively higher densities within each simulation period along this 723 

coast.  This is caused by the influence of the Earth’s rotation as the width of the Lower loch is 724 

larger than the internal Rossby radius of deformation. The flow down the north-west coast is 725 

modified though by typical winds from the south-west which distribute surface waters much 726 

more widely across the loch. Sites located on the north-west coast of Lower Loch Linnhe 727 

(where the outflow can be enhanced) may experience substantial lice exposure, compared to 728 

other areas of the Lower loch. However, the fresh outflow along this coast also means 729 

salinities that could be too low for sea lice to survive in. The enhanced outflow leads to better 730 

flushing of potential sites but also larger lice exposure if conditions are suitable for sea lice. 731 

As operators have a good appreciation of the local conditions, it may be a reason for the lack 732 

of sites along this coast as not only lice flow would be elevated.  Strong flows may make 733 

conditions inhospitable for cages. The only site (Kingairloch) operating on the west portion 734 

of the loch is located within a side loch which would be relatively sheltered, although from 735 

simulations this side loch consistently appears to experience elevated lice concentration.  The 736 

GLMM was designed to compare parity between simulation runs and not determine the 737 

expected relative lice concentration within the system. The variability between simulation 738 

concentration outputs may also be an artefact of the number of degrees of freedom due to the 739 

grid resolution (182,358 squares) representing sea locations. However, the  variability 740 

between simulations demonstrates that multiple scenarios are required to gauge the 741 

characteristics of a system, and underlines the need for multiple scenarios to establish 742 

patterns for informing spatial management structures. 743 
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 744 

Hydrographic conditions within the sea loch are variable depending on location, season, year, 745 

etc. Lateral sea surface temperature and salinity variability depend on wind forcing and 746 

freshwater outflow. Sea lice dispersal in the surface layer relies on realistic, variable wind 747 

forcing which in turn will lead to realistic sea surface temperature and salinity variations 748 

across the sea loch driven by the temperature and salinity structure, winds and tides. In this 749 

study only the surface currents have been used for the biological model, not temperature and 750 

salinity. An additional limitation of this study is the use of the variable depth surface layer 751 

currents as opposed to using mean currents from the top 2 m for example. Small variations in 752 

depth can lead to different circulation patterns according to estuarine circulation theory. An 753 

analysis with vertically moving particles could therefore result in different outcomes, but that 754 

analysis is beyond the scope of this study. Winds, tides, rotational effects, and freshwater 755 

inflow all influence the estuarine circulation, which has been resolved for the purpose of sea 756 

lice dispersal. 757 

 758 

Variability between hydrodynamic simulation outputs is frequently observed, and in order to 759 

obtain generalities of the system of interest, “average” characteristics are determined  either 760 

through an averaging of the sea lice dispersal outputs  (e.g. Adams et al. 2012; 2015) or 761 

averaging of forcing characteristics (e.g. Gallego et al. 2013; Lundqvist et al. 2009). Here, we 762 

average the simulation outputs to obtain relative lice distributions and connectivity.  763 

Although, understanding variability may be important for individual sites practices, 764 

coordinated sea lice management is undertaken in farm management areas agreed by all 765 

producers as part of  farm management agreements which are required by statute. Having the 766 

behaviour over a longer term provides a sea lice “climate” within the system to allow for 767 

spatial IPM, as well as possibly identifying new site locations to avoid sea lice exposure.  768 
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 769 

Sea lice field sampling report that there is spatial heterogeneity within the distribution of 770 

sampled plankton and settled stage lice. This enables the possibility of comparing the relative 771 

observed lice in the field over all corresponding time points with the outputs from the 772 

simulations, to assess whether a feature of the distribution of lice in Loch Linnhe can be 773 

replicated by the model. Although there are considerable zero counts for plankton stage lice, 774 

there is a significant level of correspondence between the ranked observed plankton lice in 775 

the field and the simulated gradation in relative concentration for the corresponding field 776 

location. Similarly, there is a correspondence between graded measures of parasitism on 777 

sentinel caged fish and corresponding rank relative concentration for lice simulated by the 778 

model. There are some discrepancies between the simulated and observed measures of lice 779 

and this could be attributed to the model being a highly simplified reflection of reality. The 780 

model does not account for DVM, variable mortality and maturation influenced by 781 

environmental conditions such as temperature (Stien et al. 2005) and salinity (Bricknell et al. 782 

2006) which determines the density of plankton sea lice (Harte et al. in 2017), lice predation, 783 

or unaccounted lice originating from sources outside the system, or non-farm sources within 784 

the system.  The latter could represent between a third and a quarter of the lice in the system 785 

during spring of the first year of production. Future work should consider the need for further 786 

biological realism. Furthermore, the assessment of the model’s reflection of reality might be 787 

improved through the inclusion of lice counts and locations from wild and farmed fish. By 788 

having such information, it may be possible to predict a count of lice expected at locations 789 

within the system which could be compared to field observations. Relating field observations 790 

to model simulations has been difficult in other systems; Adams et al. (2012) found few lice 791 

in the plankton to validate models; attempts at the use of sentinel cages in Hardangerfjord are 792 

only recently to be reported (Sandvik et al. 2016); and wild fish surveys in the  Broughton 793 
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Archipelago simply reported lice on wild fish in areas where lice were predicted to be with no 794 

information on correlation in observed and predicted levels, or data from areas where no lice 795 

found or not predicted to be found (Stucchi et al. 2011).   796 

 797 

Although farm related results are presented anonymously here, the details of this study has 798 

been discussed with operators in the system to provide supplementary information alongside 799 

their own knowledge of the system for their consideration as part of their IPM plans . 800 

   801 

The observed connectivity (Figures 7, 8) between sites within Loch Linnhe is of a similar 802 

order to that reported by Adams et al. (2012) ranging between 10-5 – 10-2. Although no onsite 803 

population modelling is undertaken here, such connectivity probabilities are sufficient to 804 

influence on farm sea lice population dynamics for sites in Loch Fyne (Adams et al. 2015). 805 

As with Loch Fyne, sites were found to self-expose, however unlike Loch Fyne, 5 of the 11 806 

sites reporting lice in Loch Linnhe have greater self-exposure compared to lice originating 807 

from external sources. Additionally, Loch Linnhe farms form fewer connections overall than 808 

sites located in Loch Fyne. This demonstrates the importance of having location specific 809 

models for understanding the connectivity and thus management structures for individual 810 

systems. Loch Fyne is a relatively narrow system which appears to funnel lice between sites, 811 

whilst Loch Linnhe is much wider and lice are dispersed within clusters of farms. 812 

Simulations demonstrate that there are two completely distinct regions which could be 813 

considered as two separate units for managing sea lice (Figure 9). However should rare 814 

events be excluded it may be possible to consider Loch Linnhe as three sea lice management 815 

units (Figure 9). It is important to keep in mind that this result is based on only six different 816 

scenarios and Loch Linnhe is a highly variable system. Currently the Loch Linnhe system is 817 

divided into two FMAs, which account for coordinated practices such as disease control and 818 
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producer operations. The units obtained here may enable operators to undertake sea lice 819 

management in smaller units with fewer sites which may aid timely co-ordination of 820 

intervention, which is demonstrated to support more effective lice control (Murray & Salama 821 

2016).   822 

 823 

 824 

Simulating farm relationships also highlights sites which may play a more influential role in 825 

lice transmission within the system and thus could be targeted before less influential sites 826 

within the cluster.  Site H is the most connected site; Site G has the highest relative exposure, 827 

whilst site J has the greatest mean exposure per connection. Table 3 highlights that some sites 828 

are net exporters of lice whilst others are importers, it could be the case that these net 829 

exporting sites are influential sites for coordinated control. Further work is needed to 830 

ascertain, which is the most influential site within the network in terms of lice production. 831 

Producing metrics of site exposure may influence the order in which sites manage lice; 832 

furthermore such information may provide use for the fish health inspectorate’s (FHI) risk 833 

based surveillance.  834 

 835 

We find a general trend towards decreasing connectivity with increased separation between 836 

farms (Figure 8). This is a similar pattern to a decrease in the proportion of transported lice 837 

with increased distance (Salama et al. 2016), as was the case in decreasing connectivity in 838 

Loch Fyne (Adams et al. 2012), however it must be noted that in both systems there are 839 

geographically close sites which have lower or no connection compared with connections to 840 

sites more separated. This highlights that generalities may be drawn, but for system specific 841 

conditions and relationships, individual systems require modelling. It must be noted that 842 
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transport does not equate to parasitism, which is a function of settlement due to 843 

environmental conditions and survival of parasites.  844 

 845 

By gaining information relating to the population structure based on origin (farm) of lice on 846 

each individual farm (Figure 10) it can inform producers on how to manage lice more 847 

effectively. For example, should a neighbouring site contribute a high proportion of lice to a 848 

receiving site, and a treatment event on the former result in a suboptimal response, then the 849 

receiving site should consider whether it would be beneficial to use an alternate treatment 850 

method.  Conversely, if a treatment is demonstrated to be effective on a neighbouring site, 851 

then perhaps the application of the same treatment could be considered.  852 

 853 

Previous work in Loch Torridon (Amundrud & Murray 2009) highlighted that the dispersal 854 

of lice was highly influenced by wind direction. In Loch Linnhe (Rabe and Hindson 2016) 855 

and Loch Fyne, (Adams et al. 2012), which are both substantially larger systems, more 856 

complex drivers influence lice transport. In Loch Linnhe the Earth’s rotation plays a role due 857 

to the sea loch’s width. Large freshwater inflow leads to an estuarine circulation while tides 858 

lead to mixing. Winds influence the surface layer but are highly variable in the system (Rabe 859 

and Hindson 2016). More detailed studies will be necessary in the future to investigate pulsed 860 

fresh water releases and their evolution under varying conditions in the loch. Models need to 861 

show a high skill in representing the observed behaviour of surface waters in Loch Linnhe as 862 

these are crucial for sea lice dispersal. 863 

 864 

Should it be desirable to have improved estimation of sea lice dispersal in Loch Linnhe and 865 

other systems, then it would be necessary to move away from a fixed grid to a variable grid 866 

system such as those used for Loch Fyne (Adams et al. 2012), Hardangerfjord (Asplin et al. 867 
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2014), and Broughton Archipelago (Foreman et al. 2015). The Scottish Shelf Model (Wolf et 868 

al. 2016, Price et al. 2016) includes a high-resolution Loch Linnhe case study with a variable 869 

grid, which resolves geographical features like the Corran Narrows and bays in more detail. 870 

This model will be available for future use and further analysis. However, one of the 871 

purposes of this study was to establish the use of existing models without the need for special 872 

development of alternate models, as such pre-existing hydrodynamic models coupled with 873 

biological representative particle tracking models may be useful in establishing site 874 

interconnectivity for informing spatial management. DVM may have a substantial influence 875 

on sea lice dispersal (Johnson et al. 2014), and as demonstrated here, sea lice can be found at 876 

different depths. Addressing this aspect may lead to added assurance in model simulations. In 877 

terms of the current Loch Linnhe model, this may be possible to include as we used the 878 

resolved surface currents only, although currents at different depths layers are available. The 879 

model also outputs salinity and temperature variations with depth and time; it may be 880 

beneficial to consider variable biological realism by linking the conditions at each location to 881 

lice lifecycle parameters.  882 

 883 

4. Conclusion 884 

Here we described the use of a hydrodynamic model coupled with a previously described 885 

particle tracking algorithm that reflects an approximate features of sea lice biology. We 886 

provide some evidence based on field observations that the majority of infective sea lice are 887 

located in the upper layers of the water column which is consistent with previous findings 888 

(Heuch 1995, Samsing et al. 2016) both during day and night time indicating that surface 889 

layer currents may be sufficiently representative to describe the dispersal of sea lice in the 890 

environment as was the case in Loch Torridon and Loch Fyne. Currents (especially the along-891 

loch component) were represented reasonably well in the hydrodynamic model and are forced 892 
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by winds, freshwater input, tides and influenced by the rotation of the Earth. The outputs 893 

highlight that there is a high level of spatial and temporal heterogeneity and that there is high 894 

variability between simulations. By using sentinel cages and plankton trawls to survey the 895 

environmental lice abundance it is shown that there is a correspondence between model 896 

simulation outputs and environmental observations. This gives some reassurance to the model 897 

which has previously been difficult to assess in other similar model studies. By calculating 898 

connectivity between sites it may be possible to form clusters of farms which could form sea 899 

lice management units depending on the acceptable likelihood of connectivity. Based on the 900 

observations of this study, three units could potentially be proposed for Loch Linnhe,. The 901 

actual strength and frequency of connectivity can be used to inform order in which sites are 902 

managed, or influence the surveillance scoring for monitoring purposes. There is a general 903 

trend for decreasing connectivity with increased separation. However there are some 904 

anomalous sites which are nearby and have weaker (or no) connections compared to further 905 

separated farms, indicating site specific detail can only come about through site specific 906 

modelling. Although it is possible to refine the biological and physical features of the model, 907 

it requires considerable effort and expertise, whereas it appears that using a simplified 908 

procedure may be sufficient to ascertain general characteristics using previously described 909 

and available model components.  910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 
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Figures 1246 

 1247 
Figure 1: The study area showing locations of geographical features, particle release points 1248 
(star), plankton (red circle), sentinel cage (black triangle), and hydrographic sampling (white 1249 
square, white circle) sites, and approximate FMA boundaries (black lines). The purple arrows 1250 
represent an example of instantaneous winds to evaluate the spatial structure of the wind 1251 
forcing for the model. Insert map of Scotland shows the Loch Linnhe domain (dotted box), 1252 
and Grutting Voe, West Shetland sampling region (solid box). 1253 
 1254 
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 1255 
  1256 
 1257 

 1258 

Figure 2: a) Taylor diagram evaluating model elevation against measured water 1259 

elevation at Fort William. Standard deviation (black) and RMSD (green) are presented 1260 

in meters. The correlation coefficient is presented in blue. Modelled elevation are 1261 

denoted by: 1 - May 2011, 2 - October 2011, 3- May 2012, 4- October 2012, 5 - May 1262 

2013, 6 - October 2013, and observed elevations by A – F for the associated time periods 1263 

(in October 2013 we did not have observations due to instrument failure and have 1264 
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therefore used predicted tides). b) Currents from observations and the corresponding 1265 

position in the hydrodynamic model during the 19-day October 2012 period at 10 m 1266 

depth. Along-loch component (top) is positive up the loch and across-loch (bottom) is 1267 

positive to the SE. 1268 

 1269 

 1270 
Figure 3: a) Simulated surface temperature following 48 hours of persistent westerly winds at 1271 
15 ms-1. b) Particle tracks from particles released in Kingairloch (red arrow) during 10 days 1272 
in October 2013. c)  Simulated surface salinity snapshot in October 2012 during comparable 1273 
wind conditions as b) showing fresh outflow along the northern coast 1274 
 1275 
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 1276 
Figure 4: Rank correlations between simulated relative lice density and corresponding 1277 
observations of a) counts b) prevalence c) abundance and d) intensity at locations 1278 
corresponding to positions within the model domain.  1279 
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 1280 
 1281 
Figure 5: Rank correlations between 1282 
simulated relative plankton lice 1283 
density and corresponding 1284 
observations from plankton trawls 1285 
made at locations corresponding to 1286 
positions within the model domain. 1287 
 1288 
 1289 

 1290 
Figure 6: Mean simulated relative nauplii and copepodid lice densities. 1291 
 1292 
 1293 
 1294 
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 1295 
Figure 7:  The relative aggregated mean simulated connectivity probability between source 1296 
and receiving sites. The larger the dot, the greater the relative connectivity between sites. 1297 
 1298 
 1299 
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 1300 
Figure 8: Increasing Euclidean farm separation tends to reduce the probability of connection 1301 
between sites. Dashed line represents confidence interval of the mean.  1302 
 1303 
 1304 
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 1305 
Figure 9: A representation of the connectivity between farm sites in Loch Linnhe with 1306 
probability of connectivity above (black) and below (grey) 1×10-4. Note that the edges are not 1307 
directional or weighted to connectivity scale. 1308 
 1309 
 1310 
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 1311 
Figure 10:  Origin composition of lice population informed through connectivity values. The 1312 
legend insert indicates source of lice.   1313 
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 1341 

TABLES 1342 
Table 1: Mean density (sea lice m-3) and 95% confidence interval of sea lice sampled from 8 1343 
samples at each of the depths, collected during day and night.   1344 

 Day Night 

Depth 

(m) Nauplii Copepodid Nauplii Copepodid 

2 

0.0714[0.0524,0.0

905] 

0.1285[0.0964,0.1

608] 

0.1446[0.1110,0.1

783] 

0.1304[0.0831,0.1

775] 

10 

0.0071[0.0019,0.0

124] 

0.0071[0.0019,0.0

124] 

0.0554[0.0383,0.0

725] 

0.0304[0.0064,0.0

543] 

20 

0.0268[0.0105.0.0

430] 

0.0222[0.0107,0.0

338] 

0.1071[0.0733,0.1

410] 

0.0429[0.0245,0.0

612] 

 1345 
 1346 
Table 2: Parameter estimates for assessing the variability between simulation run outputs.  1347 

Fixed 

effects Estimate 

Std. 

Error  

Lower 

95% 

Upper 

95% 

Intercept  1.4157 0.3425 0.7443 2.0870 

Distance 

from 

Coordinate 

(0,0) -0.0139 0.0003 

-

0.0147 

-

0.0132 

Random 

effect Variance 

Std. 

Dev. 

Lower 

95% 

Upper 

95% 

Residual   4.2942 2.0722 2.0655 2.0790 

Simulation 

run 0.7034 0.8387 0.7506 0.9378 

 1348 
 1349 
Table 3: The relative (averaged over all six simulations) inbound connectivity and external 1350 
connectivity for each release site and the ratio of Internal: External transfer. 1351 

Site 
Export 

Ratio 

Internal:External 

ratio 

A 1.16637 6.833832 

B 0.85736 7.680862 

C 0.89863 1.516393 

D 8.06682 2.171759 

E 1.81613 0.598733 

F 6.56134 0.3777 

G 1.43655 0.263828 

H 4.72514 0.057271 

I 0 0 

J 2.14018 1.904604 

K  4.187822 

L 5.28606 0.967493 

 1352 
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 1353 


