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9.1 Introduction: sea lice and their transmission 

Salmon production, at $17.1 billion in 2018, is the second largest component of global aqua-
culture by value (FAO, 2020). Although production is increasing, several issues act to limit 
the sustainability of this growth (Taranger et  al., 2015). Sea lice are considered to have serious 
impacts on sustainable  marine salmon aquaculture in almost all areas where salmon are farmed 
(Pike and Wadsworth, 1999; Jones and Beamish, 2011), and are the most focused on pathogen of 
salmon for scientifc research (Murray et al., 2016). Tese ectoparasitic copepods are a dominant 
factor in limiting the maximum sustainable biomass of farmed salmon (Taranger et  al., 2015). 
Lice are consequently the main limiting factor for growth in the salmonid farming industry under 
the Norwegian ‘trafc light’ management system and are key considerations for salmon aquacul-
ture planning, not only in Norway, but also in most countries with marine salmonid aquacul-
ture. In Europe, a particular concern is the salmonid specialist Lepeophtheirus salmonis (Krøyer, 
1837), but the more generalist Caligus lice species such as Caligus elongatus (von Nordmann, 1832) 
in the North Atlantic, C. clemensi (Parker & Margolis 1964) in Pacifc Canada and especially 
C. rogercresseyi (Boxshall & Bravo 2000) in Chile cause signifcant infestations on marine salmon
farms (Hemmingsen et al., 2020).
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168 ♦ Sea lice biology 

Since these Caligus lice have similar planktonic dispersion to L. salmonis, any dispersion model-
ling described here also applies to these species. However, parameter values and infestation sources 
may difer. Tis may include biological parameters such as tolerance of low salinity and swimming 
depths. Even within L. salmonis, there are signifcant genetic diferences between Atlantic and Pacifc 
populations (Todd et al., 2004), thus parameter values should be adjusted to refect the species and 
area described within a study. 

Control of sea lice is complicated by planktonic larval stages of several days duration, which allow 
transmission over considerable distances with ocean currents. Te potential for long-distance trans-
port may result in interaction between farms in a neighbourhood and between farmed and wild 
salmonid stocks (Shephard et al., 2016), requiring area management approaches to control of infesta-
tion. Te frst few days of the planktonic stage are as non-infective nauplii, which indicates a species 
adapted to spreading. 

Transmission can also spread lice that are resistant to treatments, infuencing the dynamics of 
emergence of resistance (McEwan et al., 2015). Since resistance to medicines is an increasing threat 
to efective control of sea lice (Aaen et al., 2015), and evidence for environmental contamination is 
increasing (Bloodworth et al., 2019), an understanding of transmission dynamics is important for 
efective control in both the short and long term. 

Although averaged infestation pressure can be described using distance relationships (Aldrin et al., 
2013; Salama et al., 2016), interaction among lice on diferent host populations depends on local 
currents (Salama et al., 2013). Consequently certain adjacent populations may have relatively little 
interaction, while other populations could interact over relatively long distances. Interaction may also 
be unidirectional owing to prevailing currents, so if population A can infest population B, it does not 
necessarily mean B can infest A (Adams et al., 2015). 

Tese factors mean that, to understand the interactions of lice on diferent host populations, it is 
necessary to describe both the dynamics of water movements and the biology of the larval lice. Te 
approach used to do this is coupled hydrodynamic-particle modelling (Fig. 9.1). Tis coupled mod-
elling approach is used for a variety of processes in the ocean (Paris et al., 2013), such as dispersal 
of pollutants, distribution dynamics of plankton, and dispersal of eggs and larvae of fsh and other 
animals (Christensen et al., 2018). 

Once attached, the lice develop and mature on their hosts (Hamre et al., 2013) and ovigerous 
females become a source of new eggs. However, such population modelling is not covered in this 
chapter on dispersal modelling. 

Coupled models have been used for many years to describe sea lice dispersal (Fig. 9.1) in coun-
tries such as Norway, Scotland, Canada and the Faroe Islands (Asplin et  al., 2004; Murray and 
Gillibrand, 2006; Jones and Beamish, 2011; Salama and Rabe, 2013; Kragesteen et al., 2018). Te 
modelling approach is continuing to develop (Asplin et al., 2014; Johnsen et al., 2016; Samsing 
et al., 2016a, 2016b; Salama et al., 2018), for example the modelling of large-scale regional dispersal 
(Adams et al., 2016), mapping the infuenced geographical areas (Sandvik et al., 2016) and models 
are used for network analysis and strategic management (Samsing et al., 2018). Tese models have 
been validated using sentinel cages, plankton trawls and counts from wild sea trout (Salama et al., 
2013, 2018; Sandvik et al., 2016; Skarᵭhamar et al., 2018; Myksvoll et al., 2018). Sea lice dispersal 
models are used as an applied tool in aiding sea lice management, notably in the Norwegian ‘traf-
fc light’ system, which implements risk-based spatial planning and management. Because of their 
applied role, there has been considerable investment in the development of reliable and accurate 
models. 
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Fig. 9.1 Coupling of models to drive sea lice models for informing sea lice controls. Meteorological 
models drive hydrodynamic models through winds and precipitation. The hydrodynamic model moves 
lice particles in a lice dispersal model, which in turn can be used to drive models of lice population 
dynamics. 

9.2 Aim of a standardised generic framework 

Diferent institutions in various countries have developed the models currently used, and difer-
ences in approaches may result from this evolution. However, there are many common challenges, 
particularly in northwest Europe. Here similar ecosystems, with wild sea trout (Salmo trutta, L.) and 
Atlantic salmon (S. salar, L.) present, often support marine farmed Atlantic salmon and rainbow 
trout (Onchorhynchus mykiss, Walbaum), although under a range of population densities, tempera-
tures and other environmental factors. Lessons can be (and are) shared in the development of models 
within this region and more widely with countries such as Canada and Chile, which have major 
salmonid industries and corresponding sea lice issues. 

Te issues driving sea lice dispersal, and the modelling methods used, are therefore often similar 
in diferent salmon farming areas. Diferences between modelling approaches may exist for valid 
reasons. However, standardisation makes sense unless there are strong reasons to use area-specifc 
or topic-specifc models. Standards can be fexible, simulating the local environment explicitly (for 
example, consideration of local water temperatures is important) by using process rate parameter 
values that vary with local environment. 

Reasons for standardisation include: 

A Outputs from model runs carried out by diferent organisations can be compared directly, and 
ensure that diferences are due to diferences in the system, not the modelling approach. Tis 
facilitates data sharing. 

B An accepted standard model means that parties seeking to model sea lice in a specifc area do not 
have to justify their individual decisions about how they approach lice biology (although this also 
means the standards must be well validated, and standards need to be questioned to consider if 
there are reasons a particular model should deviate from them). 
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170 ♦ Sea lice biology 

C Field validation of models is necessary, but it is expensive and time consuming. An accepted 
standard means that there is less need for specifc validation in each individual case of applica-
tion. A model that has been shown to work in multiple regions can be applied with reasonable 
confdence in other regions for which data are lacking; for example, when a model is applied for 
the whole Scottish west coast it is not possible to validate it in every local area. Validation is even 
more problematic for the much longer coast of Norway and considerable resources are applied in 
this cause. 

Experiences of scientists from Marine Scotland Science (MSS), the Scottish Association for 
Marine Science (SAMS), the Norwegian Institute of Marine Research (IMR) and Inland Fisheries 
Ireland (IFI) were discussed at a workshop in Aberdeen supported by the Marine Association of 
Science and Technology for Scotland (MASTS). At this meeting, the components required of a cou-
pled model were discussed and common approaches were established, and areas where further work 
was required for successful standardisation were identifed. Tis meeting preceded the EU-funded 
NASCO Licetrack project, within which the objective of standardisation of sea lice larval modelling 
was more fully developed in a collaboration of IFI, MSS and IMR. 

Tere are alternative modelling approaches to the application of coupled hydrodynamic-particle 
models for inferring sea lice infestations on a farm and subsequent dispersal to other farms and into the 
wider environment. In predicting individual farm infestation pressure, average abundance of gravid 
female lice with a two-week lag may be informative (for example, for C. rogercresseyi (Kristofersen 
et  al., 2013)). Interaction between farms on average may be estimated statistically from sea lice 
counts on farms to assess strength of interaction with seaway distance (Aldrin et al., 2013) or assessed 
from average dispersal in coupled models (Salama et al., 2016). Distances of interaction of lice on 
farms and wild fsh populations can also be estimated from lice count data (Shephard et al., 2016). 
Stage-structured models have been developed to better quantify the sea lice infestation pressure by 
estimating the time lag structures representing growth and recruitment in various water temperatures 
for diferent life stages, and using non-linear functions to account for seaway distance to weight the 
interaction between various farms (Aldrin et al., 2019). While multivariate, autoregressive state-space 
models provide an intuitive framework for assessing sources of infestation pressures by invoking state 
variables to account for correlations, so factors like water temperature and various treatments can be 
accounted for explicitly in the model (Elghafghuf et al., 2020). Simple descriptions of interaction 
decaying with distance can be used to develop general plans for the management of sea lice (Murray 
and Moriarty, 2021). All approaches highlighted lack detail of local hydrodynamic factors that afect 
specifc local patterns of interaction. Tese models do not account for transport by currents of the 
non-infectious naupliar phases; their movement introduces an unknown, and often substantial, spa-
tial error in the estimated location of the core of the kernel of predicted copepodids, and thus infec-
tious pressure. 

Terefore, we aim here to defne a basic generic framework for coupled sea lice models which can 
be driven by an appropriate hydrodynamic model that provides the currents at horizontal, verti-
cal and temporal resolution appropriate to the sea lice model (and the aims of its use, for example 
strategic large-scale or local interactions between farms). For the hydrodynamic model, we do not 
attempt to specify how the model is implemented, merely to describe the required resolution of 
inputs and outputs. An agreed standard description of a biological model is possible, although there 
is some need for work on vertical swimming behaviour (and this has implications for the appropriate 
hydrodynamic output). 
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In developing a standard framework, we aim to describe a model that is simple to implement and 
computationally efcient. Increased complexity leads to more parameters, which increases model 
variation that is dependent on parameter uncertainty. Te model is a stripped down model based on 
the principle from Occam’s razor that a model should be as simple as possible, but no simpler. 

Process functions and parameters (Tables 9.1, 9.2 and 9.3) are taken from models developed 
and used elsewhere (for example, Asplin et al., 2004; Amundrud and Murray, 2009; Adams et al., 
2015), from reviews that have synthesised a very large literature on sea lice biology (for example, 
Johnson and Albright, 1991; Pike and Wadsworth, 1999; Stien et al., 2005; Jones and Beamish, 
2011; Johnsen et al., 2016; Brooker et al., 2018), and from a rapidly growing literature on sea lice on 
salmon (Murray et al., 2016). 

9.3 Standards for the hydrodynamic model 

Hydrodynamic models need to resolve in three dimensions the currents that transport sea lice at 
an appropriate resolution in time and space for the question being addressed (Table 9.1). Te exact 
approach used is not important to the transport of lice, as long as the output meets this appropri-
ate resolution. For example, when modelling at the scale of individual farm interactions in hydro-
graphically complex inshore waters, a fne horizontal resolution is required (100–200 m or fner). 
In areas ofshore or remote from the focus area, coarser resolution are acceptable. Tese diferent 
scales can be resolved by the use of hydrodynamic models of variable resolution (‘unstructured 
grid’) (Chen et al., 2011) or nesting of more conventional rectangular grid models. Coarser reso-
lution is also appropriate for some uses, such as strategic modelling of the spread of lice between 
areas (Wolf et al., 2016), as long as the absence of any fne-scale processes not represented in the 
model does not signifcantly infuence the results (an aspect that should be investigated by model 
validation against feld data, model sensitivity analyses and/or model inter-model comparison exer-
cises). Te duration of the planktonic stages for lice of potentially more than two weeks must be 
considered. 

Adequate vertical resolution is also required. In particular, a surface layer of a few metres depth is par-
ticularly important because sea lice tend to locate near the surface (although this may depend on light, 
salinity and species of louse, see later section on vertical movements of particle), but also as the stratifca-
tion of the water can cause great diferences in the physical environment over short distances here. Tis 
layer may be resolved in some detail, for example in the Hardanger Fjord model (Asplin et al., 2014), 

Table 9.1 A summary of basic properties of outputs and inputs. 

Property Scale Comment 

Horizontal resolution ≤100 m (at areas of interest) Variable grid avoids computational overhead. 
Vertical resolution Surface layer or layers Depends on lice behaviour. 
Currents, u, v, w Velocities in X, Y, Z dimensions at specifc time and location. 
Turbulence Stochastic 
Temporal ≤1 hour Resolve tidal currents and rapid shifts in wind condition. 
Winds ≤1 km resolution Resolve topographic steering/channelling of the wind. 
Freshwater Major rivers and difuse 

runof inputs, as relevant. 
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172 ♦ Sea lice biology 

where 15 of 35 vertical levels are in the top 10 m. Temperature and salinity are important for lice 
development and behaviour (see sections 9.5 and 9.6). Larval lice may attempt to avoid a low salinity 
surface layer by swimming vertically to a deeper layer, and so representation of haloclines is particularly 
important. Termoclines may also need to be resolved. Under typical estuarine fows, this deeper layer 
may be moving in the opposite direction to an outfowing surface layer and it will be less impacted by 
wind stress. Since the wind-driven current has a logarithmically decaying profle from the surface and 
downwards, several computational levels in the upper few metres are needed to capture this properly. 

In Scotland, a simple approach is considered appropriate for Loch Torridon (Amundrud and 
Murray, 2009), because relatively small rivers and limited spring snow melt, together with exposure 
to wind and tides, mean strong haloclines can be ignored, and a surface layer of only a few metres’ 
depth is required to drive sea lice movement. Deeper layers are required for the hydrodynamic simu-
lation, but their outputs are not required for the lice model and the vertical resolution structure of 
subsurface layers therefore is required to simulate hydrodynamics and need not take lice into account. 
However, if more complex lice behaviour is modelled, such as vertical migration or freshwater layer 
avoidance, then the sea lice model will require output of all the layers relevant to this behaviour (that 
is, covering the depths that contain most sea lice) and vertical resolution must be fne enough to 
account for sea lice behaviour. 

Model temporal scales need to be fne enough to generate output currents at least at hourly res-
olution, in order to simulate particle transport and to resolve tidal currents and changing winds. 
Resolution also depends on purpose. For example, strategic level interactions based on ‘climatological’ 
model outputs, which simulate general conditions, do not require resolution of short-term changes. 
Cumulative efects of short-term variability should be parameterised in such cases. It should be rec-
ognised that such models omit rare events and tend to underestimate maximum dispersal distances. 

Te hydrodynamic model will require forcing at scales appropriate to resolving behaviour at the 
scales of interest. Tis includes boundary forcing by tides, and often by nesting the model domain 
within coarser models that cover larger areas. It also requires wind forcing. Given the topographic 
complexities of most areas in which salmon are farmed (with surrounding hills and mountains), the 
wind should ideally be resolved at a local scale that is fner than the typical output from national 
meteorological ofces, and may therefore require local wind models. Freshwater inputs are also 
important, and fows from larger rivers may have to be explicitly described either through simula-
tions or measurements. In addition, in some areas difuse runof from land may be more important 
than large rivers, so this needs to be considered when considering freshwater forcing. It could also be 
that direct rainfall will be of some importance. 

As well as the u, v and w current velocities, particles are also moved by turbulence. Tis is a sto-
chastic difusive process ζ. Tis can be simulated as a function of the current velocities or using a fxed 
turbulent difusion coefcient (Amundrud and Murray, 2007). Alternatively, this can be a direct 
output from the hydrodynamic model. 

9.4 Standards for the particle model framework 

Te hydrodynamic model drives the movements of particles. Te biological model of sea lice particles 
(Fig. 9.2) has two classes of properties. First, the models describing rates (egg production, matura-
tion, mortality), which are relatively simple to implement and have no interaction with the transport 
model. Second, the model properties related to lice movement, particularly vertical movement but 
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Fig. 9.2 Generic biological model framework. Adult female lice produce eggs that hatch releasing 
non-infectious nauplii, which mature into infectious copepodids. Larval lice are transported by currents 
generated by a hydrodynamic model, and have some vertical swimming capacity to control their 
depth. During these planktonic phases, the larval lice are subject to mortality and eventually will 
starve if they do not fnd a host. Larval numbers decay with time for general mortality; starvation is 
qualitatively different as it limits maximum larval lifespan. 

also handling of boundaries (open boundaries or land boundaries). Each particle also needs a location 
to be defned in the model domain (X, Y and Z), an age and a value for their weighting or number 
of lice it represents. Particles represent clusters of identical individuals, or ‘super individuals’, because 
it is not computationally feasible to represent individual sea lice by individual particles. Tis element 
is only required if processes afecting lice numbers, such as settlement or mortality, are being imple-
mented in the model. 

9.5 Biological rates 

In this section we derive standardised models for biological processes in lice development; parameters 
are summarised in Table 9.2. It should be noted that the great majority of references to sea lice biol-
ogy and behaviour concern L. salmonis, and this we use to identify standard values for the modelling. 
Diferent species of Caligus lice may require diferent parameters, although the basic biological pro-
cesses, and hence modelling framework, apply. 

9.5.1 Production 

Production of larval lice (L) from a salmonid population (such as a salmon farm) depends on the 
number of ovigerous female lice per fsh (F), the number of salmonids in the population (S), the rate 
of egg production per day (E) and their survival to hatching (x). Tis relationship is represented as: 

L = xEFS 

Te value of S should be available from records of numbers of fsh on farms, or at least estimated 
from proxies such as regulatory-consented biomass if the exact number is not available; use of proxies 
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174 ♦ Sea lice biology 

Table 9.2 Biological rate processes. 

Biological process Parameter Value 

Egg production L = xEFS 
Source population S From licensing data 
Ovigerous female lice per fsh F From surveillance data 
Egg production rate E 30 d-1 ovigerous louse-1 

Egg viability x 1, except under low salinity 
Maturation time Mt Temperature dependent 
Maximum age Dt Temperature dependent 
Mortality rate M 1% hr-1, salinity dependent 
Infection probability J Not evaluated 

reduces accuracy of the estimation of L. Estimates of lice on wild salmonid populations and locations 
may be more difcult to obtain, although they are likely to contribute relatively little to the numbers 
of larvae, except in the initiation of infection when lice-free smolts are put to sea. Typically, salmon 
lice represent a real threat only in areas with many fsh farms; hence the contribution from wild sal-
monids will be minor in these areas. However, lice on wild fsh will always be present and a complete 
removal of lice from a region is impossible. 

Te lice produced are assigned to particles representing many individuals; these particles are 
referred to as ‘super individuals’. A typical release rate may be fve super individual particles per site 
per hour. Te number of modelled particles must be sufcient to simulate dispersal patterns so that 
the results are independent of the number of particles used (this should be explored by a sensitivity 
analysis), and their weighting depends on the rate of production of lice at the source, divided by the 
rate of release for the super individual particles. 

9.5.2 Biological rate processes 

In the relationship L = xEFS, F represents the ovigerous female lice count measured at farms, which 
should be applied for sea lice modelling to be quantitatively accurate. Normalised counts can be used 
to simulate relative roles of farms as lice sources. Ovigerous counts for wild fsh are less easy to obtain 
but as there normally are fewer wild fsh in an area compared to the number of farmed fsh, the wild 
fsh contribute less to total lice production (Heuch and Mo, 2001; Butler, 2002). As it is relatively 
low, uncertainty in the number of lice on wild fsh is less crucial to total lice production, but is impor-
tant for initiating infection on farmed fsh. 

Te rate of production of eggs depends on a range of factors including the age and health of 
the louse and on the environment (Heuch et al., 2000; Stien et al., 2005; Samsing et al., 2016a; 
Brooker et  al., 2018), and has evolved under aquaculture with selection for faster production 
(Mennerat et al., 2017). A standard 150 eggs per egg string has been derived for Norwegian model-
ling (Skarᵭhamar et al., 2018), with egg string production rate varying seasonally with temperature 
(Brooker et al., 2018). A Behelradek function was derived by Stien et al. (2005) and this is still 
widely used in models with explicit egg production as a function of temperature (for example, 
Skarᵭhamar et al., 2018). Production rates may be varied between scenarios representing diferent 
seasons. Standardising egg string production time at ten days gives 30 eggs per day given two egg 
strings per female. 
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Viability of eggs seems to be high in seawater, but it may be afected by low salinity (Groner et al., 
2016). If modelling in seawater (rather than brackish water), x =1 is an approximation that ignores 
small losses due to viability problems. 

A relative infestation pressure can be simulated without explicit evaluation of E and x, by assum-
ing these parameters are the same for all farms in the model domain (which will be the case unless 
sophisticated modelling of these is implemented as functions of environmental variation). Tis can 
be used to assess the relative proportions of lice at a particular sink location that are coming from dif-
ferent individual sources. Tis approach has been used in Scottish models (for example, Salama et al., 
2013), but does not allow absolute infection rates to be calculated. 

Maturing larval sea lice go through two non-infective naupliar phases before reaching the cope-
podid stage responsible for infestation events. Simulation of the nauplii phases is important because 
larval lice may be transported considerable distances before they become infectious, which may limit 
or even prevent self-infestation on farm sites in a largely dispersive environment. Te time for matu-
ration to occur is heavily dependent on temperature, with longer times required at low temperatures 
(Samsing et al., 2016a). Although some functions that have been used miss the efects of very cold 
waters, or are targeted at production under very cold conditions (Boxaspen and Næss, 2000), a stand-
ard should apply across a range of conditions; it should also be simple and robust. Te formula used 
by Stien et al. (2005) is a Behelradek function: 

M  = [β1/(T – 10 + β1 )]2 
t β2 

Where parameters ftted to observations are β1 = 24.79 and β2 = 0.525, T = temperature. However, 
a simpler and more robust approach is to use a fxed number of degree days for maturation to occur; 
40 degree days is used as a standard from Norwegian modelling (Samsing et  al., 2016a, 2016b; 
Skardhamar et al., 2018; Myksvoll et al., 2018). 

It is generally sufcient to implement temperature-dependent development at a seasonal level, that 
is, just use a single value of Mt appropriate to seasonal average temperatures for simulations covering 
dispersal of larvae over a few weeks. Tis neglects the relatively small changes in temperature occur-
ring over such periods and in diferent locations within a local area (this is not the case when model-
ling entire coasts such as Norway’s for which a considerable temperature range will exist at any one 
time). However, the degree day approach can be implemented very simply if a degree days counter 
is included as an attribute of a lice particle, and ofers greater fexibility to cope with unusual mete-
orological and oceanographic efects, as long as these are adequately replicated by the hydrodynamic 
model or some external dataset. 

On reaching maturation time, particles can either simply switch from nauplii to copepodid, or 
a probabilistic switch may be used (to allow for biological uncertainty), for example 10% h-1 prob-
ability of maturing once threshold age is reached. Tis addition appears to make relatively little 
diference, so the instantaneous switch which is conceptually simpler and simpler to implement is 
preferable for standardisation. 

9.5.3 Mortality and senescence 

Larval lice in the environment are subject to mortality; they are highly sensitive to salinity, with mortal-
ity rates increasing rapidly when salinity drops below 29 (Johnson and Albright, 1991; Bricknell et al., 
2006). Mortality rate is also temperature-dependent in a way that interacts with salinity. Mortality also 
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176 ♦ Sea lice biology 

depends on interaction with grazers such as zooplankton or mussels (Brooker et al., 2018). However, 
simulation of these efects requires estimation of the populations of such grazers or some external, 
empirically derived mortality function, greatly increasing model complexity and uncertainty. In the 
absence of complexity, we assume that the variation is randomised so the average rate value applies. 

Copepodids may, while still viable, lose some of their infectivity as they age and become senescent. 
Tis process means that, even when present, older copepodids contribute less than freshly matured 
ones to the infectious pressure. Tis efect can simply be treated as part of mortality rate for simula-
tion purposes, for example if 50% died and there was a 50% drop in infectivity among survivors, this 
can be treated as 75% mortality. 

In non-brackish seawater, a mortality rate m standard of 1% h-1 (or similar) is widely used in 
models that have proven efective at simulating larval distributions, for example in Loch Linnhe 
(Salama et al., 2013) and northern Norway (Johnsen et al., 2016). In the absence of detailed knowl-
edge of the actual mortality/predation of planktonic salmon lice, and from the desire to make the 
modelling as simple as possible (and in the understanding this does not apply in brackish waters), the 
rate 1% h-1 is used as the standard and is considered a normal mortality rate for planktonic organisms 
of this size (McGurk, 1986). 

Larval sea lice use up energy with time, and do not feed, relying instead on stored lipids (Pike 
and Wadsworth, 1999). Tis behaviour means that there is a maximum time for which they remain 
viable. In this characteristic, sea lice difer from, for example, viruses, whose numbers decay exponen-
tially with time at a rate that can continue indefnitely, so they do not have a fxed maximum survival 
time (other than decay below minimum infectious dose). Maximum survival time is particularly 
important for strategic modelling of maximum distances of potential connectivity between areas. 
However, only a very small proportion of larvae would survive to reach this point, so it is likely to 
have limited signifcance for local interactions between specifc pairs of farms. 

9.5.4 Infestation 

Infestation is not strictly required for modelling relative infection pressure, but infestation rate among 
fsh is a function of this infestation pressure (that is, the concentration of copepodids in the farm area 
(Sandvik et al., 2020)). Te concentration of copepodids (or relative concentration if only relative 
production is assessed) can identify relative infestation rates without knowing exact relationship to 
concentration. It should also be the case that on infestation, larval lice are removed from the system, 
although this is not actually done in existing models as the efect is extremely small relative to mortal-
ity. A parameter rate J is included here; explicit valuation of this rate is required in modelling actual 
rates of infestation, and also to aid comparison of model results with infestation rates obtained from 
sentinel cage results. 

It is assumed that infestation will be a function of several parameters, including water temperature, 
current speed, light, salinity and so on (Genna et al., 2005; Samsing et al., 2015) and the age and 
behaviour of the copepodid (Murray and Moriarty, 2021). 

9.6 Vertical and boundary movements of particles 

Sea lice particles are moved with the currents generated from the hydrodynamic model. However, 
particles also have the capacity to actively swim in the vertical (Johnsen et al., 2014, 2016) and sea 
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Fig. 9.3 Vertical distribution of copepodids after 20 days under two example scenarios with salinity 
avoidance (light green bars) and without salinity avoidance (dark green bars). These different depths 
lead to exposure to very different current regimes. 

lice are positively phototactic (Hevrøy et al., 2003). Te swimming velocities are relatively small com-
pared to the currents, especially tidal currents, but they are important in that they do enable the lice 
to move vertically or retain positions in the water column. Even small vertical movements can afect 
the currents that lice are exposed to, for example counter currents, or enable them to avoid fresh-
waters (Crosbie et al., 2019) that would be lethal. Active behaviour can thus have substantial efects 
on lice dispersal (Gillibrand and Willis, 2007; Johnsen et al., 2016). An example is shown from the 
Hardanger Fjord model with and without vertical swimming behaviour included (Fig. 9.3) to avoid a 
freshwater infow event. Vertical avoidance of freshwater layers can keep lice near river mouths, since 
they avoid being carried down-ford in a fresh buoyancy-driven surface current. At the same time, 
mortality is reduced by avoiding low salinity. 

In general, larval L. salmonis appear to actively attempt to maintain a position near the surface of 
the water (Salama et al., 2018; Nelson et al., 2018) because they are positively phototactic (Heuch 
et al., 1995). It is for this reason that technologies such as skirts and snorkels separating salmon from 
surface waters are efective at controlling lice infestations (Stien et al., 2016; Samsing et al., 2016b; 
Oppedal et al., 2017). However, there is evidence that Caligus lice species may be active below the 
surface layer, for example C. elongatus (á Norđi et al., 2015) or C. rogercresseyi (Molinet et al., 2011) 
owing to diferent host depth preferences. Te simplest behaviour is to assume that lice remain near 
the surface at all times. Tis can be simulated simply by moving the particle in the horizontal, but not 
in the vertical. In such circumstances, lice may become concentrated in downwelling areas/onshore. 
Tis situation has been confrmed for Loch Shieldaig (Murray et al., 2011), with high coastal con-
centrations being associated with onshore winds. 

Modelling vertical movement of the lice requires that accurate vertical current data be available, 
as are data for horizontal currents for the diferent depths occupied by lice. Vertical behaviour may 
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be modelled as diurnal migration or avoidance of salinity (Crosbie et al., 2019), or as more detailed 
simulation of vertical swimming such that even if lice attempt to keep near the surface they may not 
always be able to in times and areas of strong vertical mixing (Johnsen et al., 2016). Incorporating 
environmental parameters as currents, temperature, salinity or mixing variables from extra layers is 
conceptually simple, but has added computational storage overheads. 

Vertical movement is therefore an area in particular need of further work (Johnsen et al., 2016), 
and should take into account recent data (Nelson et al., 2018; Salama et al., 2018) before it can be 
standardised. In areas of Scotland and Ireland without strong haloclines, we can reasonably use the 
simple, positively buoyant, assumption of lice maintaining themselves in surface waters, particularly 
in daytime as they are positively phototactic (Heuch et al., 1995; Hevrøy et al., 2003). However, 
if strong haloclines are present, vertical swimming (Heuch, 1995) is likely to afect both survival 
and dispersal and so this assumption of the lice being near the surface is not applicable. Neutrally 
buoyant particle models do not capture the ability of lice to form concentrations associated with 
oceanographic features (Murray and Salama, 2017) and so are inappropriate for sea lice modelling. 
We might fnd that the nauplii stages actually reside deeper than the copepodids (á Norđi et al., 
2016), as may Caligus species (á Norđi et  al., 2016), which potentially will alter the dispersion 
pattern. 

9.6.1 Boundaries: solid or open 

Particles that reach the boundary of the model domain must interact with that boundary in some 
way. When particles reach solid boundaries, representing coastline, they cannot cross the boundary. 
Instead, they must either stick at the boundary until a current moves them away from the shoreline 
at a later time, or they could ‘bounce’. Sticking is considered preferable to bouncing (Amundrud and 
Murray, 2007), but in unstructured models, boundary nodes can be set as points of zero velocity and 
interpolated particle velocity tends to zero as the edge is approached. In traditional rectangular grid 
models using the ‘C’ grid (Arakawa and Lamb, 1977), the normal velocity is also zero at land-sea 
interfaces. Tis factor reduces the probability that a particle will hit land. 

When particles reach open boundaries, for example the boundary between the model area and 
the open sea outside the model domain, the particle can cross such a boundary. If so, it will be lost 
from the model domain and the boundary becomes a sink. It is possible to input particles across 
the boundary, representing input from other areas (or returning particles), but this presents the 
problem of assessing how many particles to input. Also, the boundary areas are poorly resolved 
parts of the model, and domain fows across these boundaries, and therefore rates of input, may 
be poorly represented. Te simplest solution is for the boundary to be a sink, but to make it far 
from the area of interest to the simulation. Te use of variable grids that allows an area of coarse 
resolution to surround the area of interest means boundaries can be made distant without excessive 
computational efort. 

9.7 Particle properties 

Each simulated particle carries key information on its location (X, Y and Z coordinates, although in 
a simple simulation Z may be constant), its age since hatching (including temperature history), status 
(nauplii or copepodid) and an infectious weighting which depends on the number of larval lice the 
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Table 9.3 Properties of particles. 

Property Parameter Comment 

Location X,Y,Z 3-D coordinates (Z fxed in simple form) 
Age since hatching A 
Maturity M 0 if A < Mt, 1 if A > Mt 
Lice in particle W W0 = L/P, decays as A increases 

particle represents. Tese particle properties are summarised in Table 9.3. Tere may be other useful 
attributes, for example to calculate rates or for post-processing of results (salinity history and area of 
origin and other factors). 

Te weighting of the particle at age A = 0 is determined by L/P, where P is the number of particles 
released per time step. Te value of P may itself depend on L, such that when sea lice release rates 
are high the number of simulated particles released is increased. However, a minimum number of 
particles must be released in stochastic simulations so that results are not signifcantly dependent on 
the number of particles released. With each time step, the particle moves in the X and Y dimensions 
at rates determined by the hydrodynamic currents that apply at that particular time, interpolated to 
the particles, specifc location and time (if between locations in time and space for which specifc 
hydrodynamic model outputs are available). Random difusive currents, representing turbulence, 
also move each particle individually. Particles crossing boundaries behave as described earlier. In the 
simplest version, the particle does not move vertically and remains near the surface. 

Te particle ages by the length of the model time step. Particle weighting decays at a rate propor-
tional to 1% h-1 over the time step in seawater (see section 9.5). If this gives it an age > Mt, the particle 
changes from nauplii to copepodid and becomes infectious. If the particle exceeds the maximum age 
it is no longer considered in the simulation. 

9.8 Presenting model outputs 

Sea lice particle models produce complex outputs, involving locations of hundreds or thousands of 
particles at hundreds to thousands of time steps. Tis structure can make model results difcult to 
display and so standardised methods of presentation are required to compare results from difer-
ent dispersal models. As part of the standardisation process, a standardisation of output format is 
required. (See Barker et al. (2018) for a discussion on format for particle tracking output.) Tis prod-
uct will make model-model comparisons more feasible and allow for development of standardised 
presentation software. 

Te simplest method of presenting results is to map the location of particles, either as snap-shots 
of particle distribution at specifc times or an aggregated distribution summed over several diferent 
time steps, which shows persistent high concentrations and relatively high risk areas. Video presenta-
tion can be used to compare movements of concentrations of particles. 

Maps of particle positions may be difcult to compare by eye. Furthermore, with particles of 
diferent weights and status (nauplii and copepodids), interpretation of associated risk patterns is 
made more difcult. Terefore, concentrations of larval lice per unit area can be averaged over model 
domain grid elements by summing the weight (lice each particle represents) for all the particles in 
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a model grid element and then dividing by its area. Tese concentrations could be plotted with a 
single value per grid element as a mosaic, or interpolated with respect to adjacent elements to give 
maps with continuously varying concentrations. An alternative is to use kernel density estimation to 
produce maps from (super-) particle distributions. Concentrations may be plotted using linear scales 
or log scales if large ranges in concentration are of interest. 

Properties such as vertical distribution present difculties for presentation of outputs in situations 
where sea lice are signifcantly distributed away from the surface, although histograms of lice concen-
tration with depth is one option (Fig. 9.3). 

A simple summary output is the proportion of sea lice that travel to a given distance from their 
source. Tis distance can be averaged across diferent model runs and source locations to produce a 
kernel for estimating relative risk around farms (Salama et al., 2016). Such a kernel is conceptually 
comparable with those generated by statistical models of risk (Kristofersen et al., 2014). 

Te risk of contact between sites or management areas (Adams et al., 2015, 2016; Samsing et al., 
2018; Rabe et al., 2020) has been identifed, either on the basis of any lice transmission at all or 
on some threshold level of transmission in simulations, and used to produce networks of contacts 
between sites or areas. Analysis of such networks identifes areas of high internal connectivity, but 
also identifes important farms that strongly link the network together and areas that act as bar-
riers or ‘frebreaks’ between connected areas. Networks of contact (Adams et  al., 2015; Salama 
et al., 2018) could be used to develop models of interacting lice populations, since transport models 
and population models generally require diferent time scales (Adams et  al., 2015; Salama et  al., 
2018). Such networks of population models will allow synchronised (or imperfectly synchronised) 
management practices to be assessed without implementing them full scale. Te areas of strong-
est interaction can defne the most appropriate scales for management areas (Adams et al., 2016). 
Tese network outputs of dispersal models have great potential to advise aquaculture manage-
ment, and provide easily understood graphical outputs that defne key elements of the aquaculture 
system. 

Another relevant use of sea lice particle model networks is to identify net ‘sources’ and ‘sinks’ 
of lice, that is, locations (for example, fsh farms) that are net exporters or importers of particles, 
respectively. Tis information can be very useful to identify suitable locations for fsh farms or place 
frebreaks to disrupt a potential route for parasite or disease transmission. 

Model outputs need to be compared with observations, and methods of comparison should be 
standardised. Observed lice counts from fsh in sentinel cages or from plankton trawls can be plot-
ted against simulated concentrations from the area of the model domain that corresponds to the 
sampling locations (Salama et al., 2013). To allow for heterogeneity at levels not captured in the 
model, the result used may be the maximum within a given range, for example a 500 m distance of 
the sampling location (Salama et al., 2018). Model results and observations have been compared by 
matching to defned classes of lice loads (for example, class 1 = zero to one louse per fsh, 2 = one to 
fve lice per fsh, 3 = fve to ten lice per fsh and class 4 = more than ten lice per fsh). Tis was done 
to identify the degree of match or mismatch of predicted and observed lice loads and to generate 
geographical maps where salmonid fsh are likely to be infuenced or at risk of harm or death due to 
lice infestations over a defned time period (Sandvik et al., 2016). Samsing et al. (2016) compared 
the vertical distribution of lice from the model to observed vertical infestation levels from a scientifc 
trial, and the modelled horizontal concentration of lice to the reported observed levels of lice on 
fsh farm locations. Tey then calculated how large a proportion of the lice infestations would have 
been avoided using a snorkel barrier of 5 m depth. Myksvoll et al. (2018) showed that the modelled 
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density of lice from aquaculture locations correlated with the number of lice infestations observed on 
captured wild sea trout along the Norwegian coast. 

9.9 Discussion 

Te purpose of this chapter is to provide guidance for a generic sea lice model framework where 
the sea lice, simulated as particles with associated biological and behavioural characteristics, can be 
driven with the outputs of available hydrodynamic models, provided these have appropriate tem-
poral and spatial resolution in inputs and outputs. Te sea lice particle model is intended to be a 
generic framework that is as robust and simple as possible (but not simpler), so that it can be easily 
applied in many diferent situations. A consensus model may not always be suitable for specifc 
applications to specifc problems. Alternative functions may therefore be required for non-standard 
applications. 

We have concentrated here on L. salmonis as the most important sea louse on salmonid farms in 
the Northern Hemisphere. However, C. rogercresseyi is the most important louse species in Chile 
(González and Carvajal, 2003), and other Caligus species parasitise salmonids elsewhere. Tese 
diferent species, while having similar basic behaviours, may have diferent environmental toler-
ances or swimming behaviour that will need to be considered if applying the model to Caligus 
lice. 

A standardised generic framework for modelling sea lice dispersal will likely have broad applicabil-
ity in areas outside the North Atlantic area where salmon are farmed, for example in western Canada 
where L. salmonis is also the dominant lice species, particularly when developing connectivity net-
works which will assist in the formation of sea lice management zones. However, limited information 
on the timing, abundance and distribution of migrating juvenile wild Pacifc salmon, relative to farm 
sources of infection, may lessen the applicability of the generic framework as a tool in predicting 
impacts to wild salmon. In Chile, the sea louse Caligus rogercresseyi is a major problem for salmonid 
aquaculture and, although its life cycle (González and Carvajal, 2003) is similar to L. salmonis, some 
biological parameters are likely to difer between species. In Australia, sea lice do not cause a problem 
for salmon aquaculture (Murray et al., 2016). 

Tere are existing reviews of the biological functions for the dependence of parameters on the 
environment (Pike and Wadsworth, 1999; Stien et al., 2005; Samsing et al., 2016; Brooker et al., 
2018) and experience in applying models (Johnsen et al., 2014, 2016; Salama et al., 2013, 2018; 
Adams et al., 2016), so the aim is not to develop new analyses but to derive a model from these exist-
ing analyses and applications that can be broadly accepted. Again, a simple model means that there 
is a minimum of parameters and functions to include, and less disagreement in deriving a consensus. 
Tis is not a review of biophysical modelling development or applications either; those are available 
elsewhere in the literature (North et al., 2009; Gallego, 2011). 

In general, existing sea lice dispersal models do use similar approaches. Terefore standardisation 
on an agreed generic modelling framework is largely a matter of choosing between details of func-
tions rather than between fundamentally diferent approaches; this makes fnding a consensus practi-
cable. A maturation time of 40 degree days is widely used as a default value for L. salmonis (Myksvoll 
et al., 2018) but more information is needed for Caligus lice. Mortality is likely to be dominated 
by predation and probably varies between seasons and areas. Especially in spring bloom systems, 
the ecosystem is highly variable between seasons. In the lack of detailed information of the primary 
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predators of salmon lice, a constant mortality rate of 1% h-1 is the most used practice of today. Egg 
production also varies with environment (Stien et al., 2005) and the condition of lice, but a rate 
of 30 viable eggs per day is suggested as default. Tus we identify default values for key parameters 
consistent with existing standard practice, for use in the absence of local data to tune these to local 
conditions. One area where there is still considerable uncertainty is the vertical swimming behaviour 
of sea lice. Te details of vertical behaviour are signifcant in determining horizontal lice distribution 
(Johnsen et al., 2016), but the data to tie down such behaviour is still limited and apparently contra-
dictory (Salama et al., 2018; Nelson et al., 2018). It is therefore too early to standardise details and, 
in line with our aim of simplifcation, the approach of keeping lice relatively close to the surface of the 
model is recommended in the absence of alternative information; that is, strongly positively buoyant 
without including further behavioural details. However, it is clear that lice avoid freshwater, and in 
the presence of a halocline they will seek a depth that avoids low salinity (Crosbie et al., 2019), and 
therefore this assumption is not valid where haloclines are pronounced. A simple version allowing 
for low salinity avoidance would be to treat the halocline as though it were the surface and have lice 
accumulated at or below this depth (Heuch, 1995). It is appropriate for diferent formulations to be 
used experimentally in models to assess the impact of vertical swimming on lice particle distributions 
with respect to that from the simple buoyant model. It is not appropriate to use neutrally buoyant 
particles in simulations, but standardised models of swimming behaviour are an area for further work 
once experimental and observational data provide a clearer answer. 

Standard models based on a generic framework can be used to compare sea lice infection pres-
sure distributions in diferent systems with diferent environments (particularly hydrodynamics and 
temperature), diferent levels of production and diferent distributions of farms. Tese models can 
be used to assess the implications of new farms or closures of existing farms, or changing levels of 
production in farms. As such, a robust and simple standard model that can be agreed a priori (even 
if it does not include every detail) can be a very useful planning tool, for example to support the 
implementation of proven management approaches in other jurisdictions. Networks of contact 
generated by these models can be used to model interacting populations of sea lice. Te models 
already used in Scotland, Norway and Canada use approaches similar to the proposed standard 
(Jones and Beamish, 2011), as this standardisation draws on decades of modelling work and valida-
tion in these and other jurisdictions. Te model framework is being applied to sea lice modelling for 
Killary Harbour, Ireland. Tis generic model framework will contribute to developing best manage-
ment practice for sea lice control and has the potential to defne a range of production strategies on 
salmon farms aimed at reducing the presence of sea lice and their negative impacts, both on farmed 
and wild Atlantic salmon. 
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