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Salmon farming has become a prosperous international industry over the last decades. Along with growth
in the production farmed salmon, however, an increasing threat by pathogens has emerged. Of special
concern is the propagation and spread of the salmon louse, Lepeophtheirus salmonis. To gain insight into
this parasite’s population dynamics in large scale salmon farming system, we present a fully mechanistic
stage-structured population model for the salmon louse, also allowing for complexities involved in the
hierarchical structure of full scale salmon farming. The model estimates parameters controlling a wide
range of processes, including temperature dependent demographic rates, fish size and abundance effects
on louse transmission rates, effect sizes of various salmon louse control measures, and distance based
between farm transmission rates. Model parameters were estimated from data including 32 salmon
farms, except the last production months for five farms, which were used to evaluate model predictions.
We used a Bayesian estimation approach, combining the prior distributions and the data likelihood into
a joint posterior distribution for all model parameters. The model generated expected values that fit-
ted the observed infection levels of the chalimus, adult female and other mobile stages of salmon lice,
reasonably well. Predictions for the periods not used for fitting the model were also consistent with
the observational data. We argue that the present model for the population dynamics of the salmon
louse in aquaculture farm systems may contribute to resolve the complexity of processes that drive this
host-parasite relationship, and hence may improve strategies to control the parasite in this production

system.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Salmon farming has become a large and economically prosper-
ous international industry over the last decades. Norway holds a
leading position as a producer of farmed salmonids with an annual
production of about 1.2 million tonnes, which is roughly half of
the worldwide production (Anonymous, 2015). Further growth in
the production of salmonids is in demand (Anonymous, 2015), but
this will come at the cost of increasing risks of pathogen propaga-
tion and transmission. Large-scale host density dependence acting
on pathogen transmission has been demonstrated in salmon farm-
ing production systems, both for macro parasites (Aldrin et al.,
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2013; Jansen et al., 2012; Kristoffersen et al., 2014) and viruses
(Aldrin et al,, 2011, 2010; Kristoffersen et al., 2009). Of special
concern, is the propagation and spread of the salmon louse, Lep-
eophtheirus salmonis, which is implicitly responsible for regulating
the salmon farming industry through density dependent host para-
siteinteractions (Frazeretal., 2012; Jansenetal.,2012; Groneretal.,
2016b) Consequently, this parasite plays a dominant role in the for-
mulation of management policies (Anonymous, 2015), dominates
among salmon pathogens in the scientific literature (Murray et al.,
2016)and is perceived as a major threat to wild salmon populations
(Taranger et al., 2015; Vollset et al., 2015; Forseth et al., 2017), all
testifying to the gravity of detrimental effects of the salmon louse
on salmon farming.

Mathematical and statistical models are increasingly being used
to evaluate infection pathways and risk factors for pathogen prop-
agation and disease development, both in aquatic and terrestrial
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animal farming (Aldrinetal.,2013,2011,2010; Salama and Murray,
2013; Murray and Salama, 2016; Jonkers et al., 2010; Diggle, 2006;
Hohle, 2009; Keeling et al., 2001; Scheel et al., 2007). When such
models are capable to reproduce the main patterns in the host-
pathogen population dynamics, including the spread within and
between farms, they can be used to predict future infection levels
as well as simulate the outcomes of disease mitigation scenarios,
examples being interventions to mitigate bovine tuberculosis in
Great Britain (Brooks-Pollock et al., 2014) and long term effects of
infection control measurements to mitigate salmonid alphavirus
(SAV) incidences causing pancreas disease (PD) outbreaks (Aldrin
et al., 2015). The Norwegian salmonid production system is excep-
tionally well suited for developing models for salmon lice infection
dynamics because of the wealth of surveillance time-series that
document both the spatial locations and population sizes of host
populations at risk of infection, as well as salmon lice abundances
in these host populations. Coupling these host and parasite pop-
ulation data have provided insights into e.g. how salmon lice
spread between farms depending on between-farm distances, and
how transmission and parasite abundances depend on local host
biomasses (Jansen et al., 2012; Aldrin et al., 2013; Kristoffersen
etal., 2014). However, previous models that describe both between
and within farm parasite population dynamics have for simplicity
typically been autoregressive statistical models focusing on sin-
gle aggregated measures of parasite infection levels (Jansen et al.,
2012; Aldrin et al., 2013; Kristoffersen et al., 2013, 2014). Alterna-
tively, models have been developed for simulation purposes only
(Groner et al., 2014) or focused on the population dynamics on sin-
gle farms over a limited period (Krko3ek et al., 2010). Most of these
approaches have relied heavily on estimates of demographic rates
obtained in the laboratory (Stien et al., 2005; Revie et al., 2005;
Gettinby et al., 2011; Groner et al., 2013, 2016a; Rittenhouse et al.,
2016).

The aim of the present paper is to formulate a fully mechanis-
tic stage-structured population model for the salmon louse, that
also allows for the complexities inherent in full scale salmon farm-
ing. Furthermore, the model accounts for the hierarchical structure
of the data obtained from the production system where salmon
lice are counted on subsamples of fish, the fish being aggregated
into separate cages and the cages being aggregated to farm. The
model estimates parameters controlling a wide range of processes,
including effects of temperature on demographicrates, fish size and
abundance effects on transmission rates, the different effect sizes,
temporal and stage specific effects of a wide range of salmon lice
control measures, and distance-based transmission rates between
farms. The objectives for developing such a complex population
model for the salmon louse was to cover several needs in modern
salmon farming: (1) To develop a tool that keeps account of the
salmon louse populations at the production unit level in salmon
farms, based on the successive counting of salmon louse infections,
and produce more reliable estimates of salmon louse population
sizes at any point in time than the individual salmon louse counts.
(2) To produce short term predictions of future salmon louse infec-
tion levels to enable proactive use of salmon louse management
actions. (3) To evaluate the efficiency of different control measures.
(4) To evaluate whether estimates of demographic rates obtained in
the laboratory seems applicable in full scale production settings. (5)
To explore importance of different sources of infection (e.g. inter-
nal versus external sources). (6) Finally, to develop a sufficiently
realistic model that can be used for scenario-simulations exploring
the effects of various parasite control strategies. In this paper, we
describe the model in detail and discuss the results in relation to
the first five objectives. Scenario simulations from the model will
be the focus in later work.

2. Materials and methods
2.1. Data

Farm production of salmon comprises a freshwater juvenile
phase, being followed by a marine grow out phase, the latter which
is the focus of this study. The production of salmon on a Norwe-
gian marine farm is initiated by stocking juvenile smolts to cages
(or net-pens) either in spring or in autumn. Salmon are kept in the
marine farms for about 1.5 years after which they are slaughtered
for food consumption. In Norway, only fish of the same year class
of age are kept on a given farm and we term this a cohort through-
out the present paper. After slaughtering, it is mandatory to fallow
the farm for a period of at least two months before stocking a new
cohort of salmon.

The main body of data in the present study consist of cage-level
data from 32 marine salmon farms in Norway, of which 12 farms are
aggregated just north of the island Frgya in Mid-Norway (Fig. 1). For
each farm, the data covers a full production cycle for farmed salmon,
from stocking as smolts to slaughtering as adult Atlantic salmon
(Salmo salar L.), including fish production data, lice counts, tem-
peratures and louse control efforts. Salmon were stocked between
2011 and 2013 and slaughtered about 1 1/2 year after stocking,
between 2012 and 2014. The number of production units (cages)
per farm varied from 3 to 12, but were usually around 8 (mean 7.7).
For 9 farms, the fish were moved between cages within the farm
during the production period.

Seawater temperatures were measured at 3m depth at the
farms. The average temperature was 9.1°C, and 95% of the tem-
peratures were between 3.6 and 15.0°C. Data on salinity were
unavailable in sufficient detail and have therefore not been used.

The production data consist of daily numbers and mean weights
of salmon per cage during the production period, information on
movement of salmon between cages within farms and information
on antiparasitic lice treatment using chemotherapeutic medicals
(day of application and type of medical). Furthermore, the data
contain information on stocking of cleaner fish (day and number
of cleaner fish stocked), but with limited information on their mor-
tality, and hence on the number of cleaner fish present at a given
day. The cleaner fish are usually either lumpsuckers (Cyclopterus
lumpus), ballan wrasses (Labrus bergylta) or goldsinny wrasses
(Ctenolabrus rupestris) or a mix of these, but we do not distinguish
between various species of cleaner fish in the model.

The production cycles lasted on average 16.5 months per cage,
with on average 140 000 fish per cage, typically more in the begin-
ning of a production cycle and less towards the end. The average
minimum and maximum fish weights during a production cycle
was 140g and 5.7 kg, respectively. 89% of the cages contained
cleaner fish in parts of the production period.

As a main rule, lice counts were performed on a sample of at
least 10 fish every second week for each cage. The salmon lice were
divided into three categories according to developmental stages,
i.e. (i) chalimus (CH), (ii) other mobiles (OM), which consist of pre-
adults of both sexes and adult males, and (iii) adult females (AF).
There were on average 41 dates with lice counts per cage, with
averages (abundance) of 0.23 CH, 0.76 OM and 0.18 AF per fish. Six
different types of antiparasitic medicals were used (Table 1), and
there were on average 4.6 events of medical treatments per cage.
The medicals emamectin benzoate and diflubenzuron are given
through the feed, typically over a period of around two weeks. These
treatments have a relatively low daily effect, but effects last over
a prolonged period. The other medicals are applied as bath treat-
ments over a duration of a few hours, with a larger daily effect, but
lasting over a shorter period (see Section 2.2.3).

In addition to the detailed cage-level data on the 32 farms, we
have more aggregated data on all other Norwegian marine salmon
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Fig. 1. Geographical positions of the 32 salmon farms on the West coast of Norway (green circles). The highlighted area contains the 12 farms north of the island Freya. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Overview of types of medical treatments used. Codes: Y =yes, N=no, NA =missing information. The table content is based on information in Nygaard (2010) and Ottesen
etal. (2012). The delay A%! and the duration constant A%’ are defined in Section 2.2.3. For hydrogen peroxide, the unit for 84" is days.

Medical Product name Delay A%! (days) Duration constant ~ Temperature Effect on CH Effect on PA Effect on A Effect on egg
§dur (°C.days or dependency
days)
Hydrogen 0 7 N N Y Y NA
peroxide
(H202)
Deltamethrin Alphamax 2 84 Y Y Y Y N
Cypermethrin ~ Betamax 2 84 Y Y Y Y N
Azamethiphos  Salmosan 1 42 Y N Y Y N
Emamectin Slice 5 210 Y Y Y Y NA
benzoate
Diflubenzuron  Releeze 10 126 Y Y Y N N

farms. For afarm f at day t, we know the number of salmon, denoted
by Nts"}L. We also have an estimate A’t‘}f of the abundance of AF lice

at the farm, based on weekly lice counts on a sample of fish, and
therefore also an estimate of the total number of AF lice, given by
Nﬁ}f = /A\ﬁ}F,fo/?L. Finally, we have the seaway distances between all
farms, and we let dg denote the seaway distance between a farm f
and another farm f. These data were used to calculate an external
infection pressure index(see Section 2.2.9).

Fig. 2 shows the most relevant data for one cage at one farm. The
upper panel shows time plots of the seawater temperature (on the

left y-axis) and the external infection pressure index. In addition,
the first stocking of salmon in this cage is indicated by the vertical
pink line and the various medical treatments are shown as blue
vertical lines. Finally, the stocking of cleaner fish is also shown as
vertical lines. The vertical extension of these lines is proportional to
the stocked cleaner fish ratio (on the right y-axis), i.e. the number
of stocked cleaner fish divided by the number of salmon. The lower
three panels show the counted abundance of lice in the CH, OM and
AF categories.
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Fig. 2. Counted lice abundance and other information for one cage at one farm. Upper panel: Seawater temperature (green line), external infection pressure index (red dotted
curve), time of stocking (pink vertical line), treatments (blue vertical lines) and stocked cleaner fish ratio (black vertical lines). Three lower panels: Counts of chalimi, other
mobiles or adult females shown as green circles connected by straight lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

2.2. Model framework

2.2.1. Modelling background and overview

Many authors have previously presented models for salmon
louse population dynamics. Most of these models use parame-
ter values obtained in a laboratory (Stien et al.,, 2005; Groner
et al,, 2013, 2016a) or from small scale experimental units in the
marine environment (KrkosSek et al., 2009). When full scale farm-
production data have been used for estimation, these have been
aggregated and only a few of the model parameters were esti-
mated from these data (Revie et al., 2005; Gettinby et al., 2011).
The present estimating approach is fundamentally different. All the
parameters are estimated by fitting our model to the individual
lice counts collected through the production period in commercial
fish farms. However, to ensure that the final parameter values are
within biological plausible ranges, we use laboratory data, mostly
those summarised in Stien et al. (2005), to specify informative
prior distributions for many of the parameters. The priors are then
updated to posterior distributions by the full scale farm data using
Bayesian methods.

Since the model is estimated on real data from many different
farms under various conditions, it must simultaneously incorpo-

rate many features to handle activities or events that affect lice
abundance, including various types of treatments, external infec-
tion from neighbouring farms and the movement of fish (and then
also lice) between cages at the same farm. Our model is therefore
more complex than the aforementioned models.

Biologically, the life cycle of the salmon louse consists of eight
developmental stages (Hamre et al., 2013). These are aggregated
into the following five stages in our model: (i) recruits (R, eggs and
nauplii larvae), (ii) copepodids (CO, infective planktonic larvae), (iii)
chalimi (CH, sessile lice on fish), (iv) pre-adults (PA, mobile lice on
fish)and (v)adults (A, also mobile lice on fish). The adults are further
divided into adult females (AF) and adult males (AM).

The main stage structure and the focus on temperature depen-
dencies in development and recruitment are aspects of the model
that are inspired by the model in Stien et al. (2005). Stien et al.
(2005) suggest a delay integro-differential equation model, a model
structure commonly used for parasitic gastrointestinal nematodes
of farm animals (e.g. Grenfell etal., 1987) and free living insects pop-
ulations (e.g. Nisbet and Gurney, 1983; Nelson et al.,2013). We have
chosen a discrete time version that uses a one day time step. This
could indicate that matrix models and associated methods and the-
ory could be used to analyse the model (Caswell, 2001). However,
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Table 2
Overview of the model notation. When relevant, quantities may be used with sub-
scripts f, t, a and ¢, and with superscripts R, CO, CH, PA, AF or AM.

f index for farm
t index for time (day)
a index for stage-age
c index for cage
NR total number of lice recruits
NCo total number of copepodids
NCH total number of chalimus larvae on fish in a given cage
NPA total number of pre-adult lice on fish in a given cage
NAF total number of adult female lice on fish in a given cage
NAM total number of adult male lice on fish in a given cage
s survival rate (proportion per day)
m mortality rate (m=1-5)
d development rate (proportion per day)
r reproduction rate (numbers per day and per AF lice)
efxt modifying factor for external recruitment
NSAL number of salmon
w average weight of salmon
M number of salmon moved from cage ¢ to cage ¢
Were proportion of salmon moved, M3t /NSAL
. cc C' . .
A= NAFNSAL abundance of adult female lice on fish in a given cage
NCLF number of cleaner fish
SCLF number of cleaner fish stocked
Y Number of lice counted on a sample of n fish
A parameters related to mortality
8 parameters related to development
% expected values
B, v,k p various parameters
o? variances
z autoregressive processes
¢ autoregressive coefficients

the strong temperature dependence in development and recruit-
ment rates makes this difficult. As the temperature varies through
the year, the temperature lice experience while at a given stage
needs to be kept account of. Accordingly, we will use the expres-
sion “stage-age” throughout the manuscript to denote that the age
of a cohort of salmon lice within a stage is kept track of throughout,
and used to determine development rates to the next stage.

The general idea is that for stage-age a=0, the lice have devel-
oped into the given stage from the previous stage, and that for a> 0,
the lice can develop into the subsequent stage. We further assume
that within a day, in the following order;

(i) lice may be counted on a sample of fish,
(ii) lice may die due to natural mortality or treatment,
(iii) the surviving lice might develop to the next stage, and finally,
(iv) fish, including their sessile and mobile lice, can be moved to
another cage within the farm or be removed from the farm.

Removement of fish from the farm may be due to slaughter,
fish mortality of other reasons or, occasionally, movement of fish
to another farm. Note that we have data on stocking of fish, on
movement of fish between cages within the farm and on removal
of fish from the farm, and there is therefore no need to model the
population dynamics of the farmed salmonids themselves. When
fish are stocked to marine farms as smolt, they are free of lice, and
hence the initial lice transmission is caused by external infections.
Not until some lice at the farm have developed into adults, can the
internal infection process start. The population model for a farm
with two cages is illustrated in Fig. 3. In the R and CO stages, the
lice are associated with the farm, but not with any specific cage.
From the CH stage and beyond, however, the lice have infected the
fish and are therefore associated with specific cages. In the follow-
ing subsections we describe the various aspects of the population
model and how the model is related to lice count data. Table 2 gives
an overview of the main notation we use.

2.2.2. Population model

Below, we present the population model for lice at a given farm
(but for simplicity without the farm index f). The model consists
of two equations per stage. The first equation handles lice entering
a given stage at stage-age 0, typically from the preceding model
stage. The second per-stage equation handles lice ageing into higher
stage-ages without developing into another stage.

The submodels for survival, development and reproduction
rates are presented later in Sections 2.2.3-2.2.6.

Model for the recruitment stage

At the R stage, lice are not associated with a specific cage, but
rather seen as a reservoir of recruits with the potential to infect a
fish host at the farm in question in the future. The model is:

R E. AFEXt ..E: AF F
Nt(a=o) = etXtthxtr[ft] + ZZ[N([_1)a'cs?t—l)a’cr(t—l)a’c]» (1)
c a
R R R R
Nita=0) = Ni—1ya-1)S(e-1a-)l1 = die_1ya-1) |- (2)

The first term in Eq. (1) represents recruitment (into stage-age 0)
from neighbouring farms, also called external recruitment. Here,
NAFEXt js a weighted sum of adult females at neighbouring farms
at time t—1 (defined in Section 2.2.9). Furthermore, we assume
that these reproduce with a rate rfftl (see Section 2.2.7). Then,
fof’“r(ﬁ’fl) canbeinterpreted as a preliminary estimate of the num-
ber of external recruits reaching the farm. However, this accounts
for seaway distances to neighbouring farms, but not for the sea
currents in the area that may be more or less favourable for a given
farm, and which also may vary over time. Therefore, we have intro-
duced the modifying factor ef*, which is a farm-dependent and
time varying modifying factor, see Section 2.2.8 for an exact def-
inition. Note that Eq. (1) only takes into account infections from
salmon lice on farmed fish. One could include an extra term to
account for infections from wild salmon and trout, but these are
so few compared to the farmed fish that they can be neglected
(Johansen et al., 2011).

The second term in (1) represents recruitment (into stage-age 0)
from adult female lice at the same farm, also called internal recruit-
ment. The product Nf‘til)a,csé{”a,c is the number of adult females
at stage-age a’ in cage c that survives at time t — 1 and they repro-
duce with a rate r(;_q)y¢ (see Section 2.2.6). The new recruits are
summed over all possible stage-ages of the adult females and over
all cages.

Eq. (2) keeps track of the number of recruits of stage-age a>0
that (i) survives from the previous time point with survival rate
5571)(071) (see Section 2.2.3) and (ii) do not develop into the infec-
tive CO stage, where dﬁq)(aq) is the development rate, i.e. the
proportion of recruits that develop into the CO stage (see Section
2.2.4).

The equations for the next stages use similar notation for sur-
vival rates, development rates and numbers of lice.

Model for the copepodid stage

co R R R
Nig—0) = ZN(t—l)a’S(t—l)a’d(t—l)a" (3)

a

co co co co
Na=0) = (t—l)(a—])s(t—l)(a—l)[] - Zd(t—l)(a—l)c]‘ (4)

c

Here, the development rate d(ct(zl)(a—l)c (see Section 2.2.5) rep-

resents the infection rate, i.e. the proportion of the available
copepodids that during a day infect fish in cage c and thus enter the
CH stage. The sum over cages, d” ), ;)= >,.d( ), ;) is then
the total infection rate at the farm. This is modelled as independent
of stage-age. We note that when an infective copepodid (stage CO)
attaches to a fish host, it takes approximately 24 hours before it
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Fig. 3. Overview of the population model for the salmon louse. Lice in the orange, red and green stages are counted, whereas lice in the blue stages are not counted. Lice
are associated with a cage from the chalimus stage, here illustrated by a farm with two cages. The d-s, m-s and r-s symbolise development, mortality and recruitment,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

moults into the CH stage (KrkoSek et al., 2009). However, in the

model we ignore this short period and assume that a copepodid

enters the CH stage immediately upon attachment to a fish host.
Model for the chalimus stage

CH COo Cco
Nita=o) ZN(t 1) (t 1a’d(t Dac’ (5)

a

Nitasox = ZN((thl)(a—l)c/s((tlil)(a—l)c’[] =A@ 1y (6)
o
From the CH stage on, the lice are attached to a fish, and therefore
associated with a specific cage. We assume that the attached lice
follow the fish if the fish are moved to another cage or if the fish are
removed from the farm (including slaughtering and other fish mor-
tality). To handle this, the equations given here for the CH, PA and AF
stages are extended slightly (see Section 1.2 in the Supplementary
material).
Model for the pre-adult stage

PA CH CH CH
Nia=0)c = ZZN(t—l)a/c’s(t—l)a’c/d(t—l)a/’ (7
a
PA PA
N t(a>0)c ZNt 1)(a— 1c’st 1)(a— 1)c’[‘l d(t—])(a—l)]' (8)

Model for the adult stages

For the adult stage, we distinguish in principle between males
and females. However, we assume that males and females have the
same survival and development rates and therefore each constitute
50 % of the adults. The main reason for this is that we do not have
data on the number of adult males on the fish, and therefore do not
have the information necessary for separate estimation of adult
male demographic rates. The equations for adult females are then

AF § PA

N =0.5 Nt 1 ac’S 1a c’d(t—l)a” (9)
AF AF F

Nt(a>0) § N(t—])(a—l)c’s?t—l)(a—l)c" (10)

¢

while the number of adult males is equal to the number of adult
females:

Niad = Nige- (a1

2.2.3. Survival rates

We assume that the survival rates may be farm-specific for some
stages, and therefore use the index f when convenient, but we
sometimes drop the superscript that indicates the stage name. We
assume that the total survival rate is the product of three terms;

_ cnat  clf ht _ t clf ht
Stfac _S%C'stfac gfac (- ?flec (1 _mtfac)'(1 _mgfac)’ (12)

If

where s’}“f is survival after natural mortality, Cf is survival after

additional mortality due to cleaner fish predation (independent
of stage-age) and 55’1t is survival after additional mortality due to
chemotherapeutic treatment (independent of stage-age). The m-s
denote the corresponding mortalities. The two latter terms are rel-
evant only for the CH, PA and A stages. All the three mortality (and
survival) terms must lie between 0 and 1, but they have different
structures.

Natural mortality

For the R and CO stages, we simply assume that the natural
mortality is a constant that is common for both stages, i.e.

Rnat Rnat __ 4 RCOnat
Mygpe =M =A s (13)
thf(ggat — mCOnat — )LRCOnat (14)

For each of the CH, PA and A stages, we assume that the natural
mortalities are stochastic processes that can vary over time and
between farms, but are common for all cages within a farm and
independent of stage-age. This may account for factors that differ
between farms and change over time, for instance salinity, which
is not included in the model. Furthermore, including these mortal-
ities as farm-specific and time-varying terms improves the fit of
the model to data. For each farm and louse stage, the mortality is
assumed to follow an autoregressive model of order 1 (AR(1)) on
the logit-scale as

myge = myt = exp(zif /(1 + exp(zi™)), (15)
(Z;lfat _)Lgat) pnat . ( nat _)\gat)_i_g?fat’ (16)
Var(eff) = (o nat 2 (17)
Here z"“t loglt(m”“t) = log(m"“‘/(l m"af)) Furthermore, A3% is

the expected value on the logit- scale d)”af an autoregressive coef-
ficient and s?f"t a white noise process with variance (J“‘“)z. These
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parameters have separate values for each stage. In addition, the
time-varying mortalities m't}‘;tc are restricted to lie within specified
intervals, which are (0.0006-0.02) for CH, (0.002-0.21) for PA and
(0.0003-0.70) for A. These limits are motivated from the various
studies summarised in Stien et al. (2005), and are simply the most
extreme limits of the intervals given in their Table 4.

In addition, we assume m =1 from stage-age 80 days for adults
and from stage-age 60 days for the other stages. This is an approx-
imation made to save computer time.

Mortality due to cleaner fish

We assume that cleaner fish feed on lice at the PA and A stages
only (Leclercq et al., 2014), and that the corresponding mortality
for these two stages are equal. Let xf}{ NS%F/NZ,"C‘L be the ratio of
the number of cleaner fish to the number of salmon in cage c, at
farm fand time t. This ratio depends among others on the mortality
of cleaner fish, which has to be estimated, and the model for this
is described later in Section 2.2.10. Lice mortality in the PA and A
stages due to cleaner fish is then given by
if’{lc fg_l —exp(— )Lc’fxffli) (18)
where the parameter A is non-negative, such that the mortality
always is between 0 and 1. One reason for assuming such a simple
model for the effect of cleaner fish (as opposed to the effect of med-
ical treatments discussed below) is that we also must estimate the
cleaner fish ratio, which is multiplied by the cleaner fish effect.

Mortality due to chemotherapeutic treatment

We assume that the chemotherapeutic treatments introduce
extramortality of lice in some or all the stages CH, PAand A, depend-
ing on the type of treatment. However, for simplicity we assume
that lice are only affected as long as they stay in the stage they were
atthe time of treatment. If they manage to develop to the next stage,
they are clear of the treatment effect. Let the set of subscripts fchi
denote the ith application of a chemotherapeutic of type b in cage

c at farm f. Assuming that this treatment was given at time tfocbi, we
define an indicator variable xff’"cbl that is 1 when the treatment is
active (a period after the treatment is given) for lice at stage-age q,

i.e. when

m =m

toe [ty + AR 6, + Al + Aftr) — 1]anda > £ — 2. (19)

Here A%!jsatime delay (in days) from application until a treatment
gives a visible effect, which varies between treatments (Table 1).
Furthermore, A9 is the duration of the effect, which depends on
the seawater temperature according to

Adur _ (Sd“r/T[o, (20)

where 89" is a constant (with unit degree days, i.e. °C-days) given
in Table 1 and T, is the seawater temperature when the medical
is applied. One exception is when hydrogen peroxide was applied,
for which A% is temperature independent and given by Adur = §dur
(in days).

The mortality due to chemotherapeutic treatment is given by

e = 1-exp()_ -

where uffhbf is a regression coefficient expressing the effect of the
specific application of the treatment. These regression coefficients
vary systematically between treatment types, accounting for vary-
ing efficiency of different types of treatments. In addition, they vary
randomly between different applications of the same treatment
type, which for instance may be due to a varying degree of resis-
tance in the lice populations (Jansen et al., 2016). This is handled
by the following formulation

ht ,,cht
jcrcbz ffacbl (21)

uggy; = log(1 + exp(uffy)), (22)

2
}:Chbt'* N()\Cht ( Cht) ) (23)
Ingeneral, the parameters A" and ot differ between various types
of treatment, but are set equal for some treatment types. These
parameters are equal for the stages for which a treatment has effect,
but the effect of a specific treatment fcbi, represented by the ran-
dom coefficient u;hbf ,may vary between stages (this is for simplicity
omitted from the notation above).

We assume that the effects of deltamethrin and cypermethrin
are equal, since these are similar compounds. Furthermore, when
azamethiphos is used in combination with deltamethrin or cyper-
methrin, we assume it has the same effect as using deltamethrin or
cypermethrin alone, since this combination is used when reduced
treatment effect is expected due to resistance towards the medicals.

2.2.4. Development rates

We consider here the development rate from one stage to the
next, for the stages R, CH and PA. The development rate for CO can
be interpreted as an infection rate, and is treated in the next sub-
section. In all the population models for lice that we mentioned in
the introduction, the development rate is O until some, minimum
stage-age and afterwards positive and constant. In our opinion, the
concept of a strict and absolute minimum development time can
be questioned in a population with millions of individuals, and the
assumption of a constant development thereafter may be unrealis-
tic. We have chosen to consider the development to the next stage
as a time-to-event process, and model it as a discretised version
of a Weibull distribution. The Weibull distribution is widely used
in statistical models for time-to-event or survival analysis (Aalen
et al., 2008). It also gave a better fit to our data than the minimum
development time model mentioned above (data not shown).

When the time to an event is continuous and Weibull dis-
tributed, the event rate (often called hazard in survival analysis) is
(5“)7‘SS 8%a% -1, where ais the stage-age or time, 8 is a shape param-
eter and 8% is a scale parameter (sometimes (8“)"33 is termed the
scale parameter). In our case, it is convenient to re-parameterise
this as a function of the median time to event, §™, and the shape
parameter. The event rate then becomes log(2)(§™ )"Ss 85a® -1, since
the median in the Weibull distribution is §(log(2))"/%".

We use a discretised version of this, i.e. our development rate
is the probability to develop to the next stage within a day, and
it must therefore also be restricted to be at most one. We assume
that the median time to develop may vary over time and between
farms, and introduce therefore the subscripts tfa on it. The model
for the development rate is then

dyg = m1n(10g(2)(8tfa) 8555a55*1, 1)fora=0,1,.... (24)

We further assume that the median development time depends
on the temperature history as 6}, = c/(Tya )51J ,where Ty, is the aver-
age temperature that lice at stage-age a at farm fhave experienced,
i.e. the average temperature from time t — a to time ¢, c is a constant
and &P is another constant that performs a power transformation of
tha. To get a more clear interpretation of the constant ¢, we param-
eterise it as a function of the median development time at 10° C,
denoted by §™10, The final model for the median development time
then becomes

- P
8, = (10% 5™ /(Ty)” = 5™1°(10/T)”. (25)

The development rate defined by Eqs. (24) and (25) also depends on
the stage in the way that the parameters §™19, § and & are stage-
specific. One motivation for introducing §™10 as a basic parameter is
that we use results on development times around 10 °C from other
studies as prior information, to ensure that our estimates are within
biological plausible ranges. For the R stage, which consists of eggs
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and nauplii, this prior information is given separate for eggs and
nauplii. Therefore, for the R stage, 8™10 js the sum of one parameter
SEM10 for eggs and another quantity $N™10 for nauplii, i.e.

5Rm10 — 8Em10 _,’_5le0’ (26)

and 8Em10 js also contained in the reproduction rate introduced later
in Section 2.2.6.

In the estimation, we restrict §° to be larger than 1, and the devel-
opment rate will then be 0 at stage-age 0 and then increase by
increasing stage-age. Furthermore, the larger §° is, the more steep
will the development rate increase from O to 1 around the median.
When &% > 2, the difference between the mean and the median will
be less than 7 %. It should further be noted that the parameter
8m10 js only approximately the median development time, since
we consider a time-discrete version of the Weibull distribution.

Assuming a constant temperature T, Stien et al. (2005) modelled
the minimum development time as c¢1/(T+c; )3, where c1, ¢; and
c3 are constants. They further assumed that c3 =2 and estimated c;
and c,. We use a similar formulation for the median development
time, but assume ¢, =0 and estimate c¢; and c3. In practice, these
two formulations are quite similar for the relevant temperatures
and for the estimated values of c3 =8P (between 0.4°C and 1.3°C,
see Table 4).

2.2.5. Infection rate

The infection rate is the proportion of the copepodids that infect
fish during a day and thus develop into the CH stage. It is farm- and
cage-dependent, but does not depend on stage-age a, except that
we assume that development may only happen for a > 1. This is
modelled as

dP = exp(n{)/(1+ Y _ exp(n)), 27)
c

where

N = 865 + 10g(N2") + 8{°(log(Wig ) — 0.55). (28)

Here fo/gL and W,y are the number (in millions) and the average
weight (in kg), respectively, of fish in cage c at farm f and time ¢,
and 0.55 is roughly the mean of the natural logarithm of the weight
of fish. With this formulation, d° = 3~ Cdgfc’ will be the proportion
of copepodids that infect fish in any cage during day t, and this will
always be between 0 and 1. Furthermore, when the proportions or

rates are small, the rate dgcgc for each cage will approximately be
. . §€0
proportional to the number of fish fo’;‘L in the cage and to W,/ .
The parameter (ng‘% controls the magnitude of the infection rate
conditioned on the number and weight of fish within a given cage.
In our model (ng‘% depends on cage and farm, reflecting that some
farms or cages may be more exposed to infection than others due to
forinstance sea current conditions. This is handled by the following
hierarchical structure:

850~N(SEP. (00U, (29)
8EP~N(35°, (0904, (30)

where 88}’ is a farm-specific mean and 5° an overall mean. Fur-

thermore, 004 reflects the variability between cages at the same
farm, whereas 094 reflects the variability between farms.

2.2.6. Reproduction rate

The recruitment model, Eq. (1), includes the internal reproduc-
tion rate ryc, which is modelled taking into account the following
factors: Female adults extrude pairs of egg strings. They can extrude
a new set of egg strings within 24 hour after the previous set was

hatched, but hatching can take several days (Stien et al., 2005). The
number of eggs per string may increase for each consecutive extru-
sion, which we approximate with stage-age. Finally, not all eggs are
viable. In addition, we allow for density dependence in recruitment,
due to potentially reduced probability of mate finding at low lice
abundance, as suggested by Stormoen et al. (2013), KrkoSek et al.
(2012) and Groner et al. (2014).

The reproduction rate r¢c for internal recruitment at time t,
stage-age a and cage c is thus modelled as

Fac = By - (a+1)P1 - 1/(85™ +1)- (1 — exp(—y" - Arc)). (31)

The first term in Eq. (31), B, represents the number of viable eggs

for the first extrusion. The next term, (a + 1)‘9; models how the
number of viable eggs per extrusion increases by stage-age. The
third term, 1/(8F™ 4 1), represents the rate of pairs of egg strings
produced per day, which is the inverse of average time between
each egg extrusion, which further is approximately the median
hatching time plus one day for developing new egg strings. The
median hatching time is given by

sEm — 5Fm10(10,/7,)0% (32)

where T; is the seawater temperature and 8510 and 8% are param-
eters defined in Section 2.2.4. Finally, the term (1 —exp(—y" - Atc))
allows for density dependent recruitment. Here, Aic = NAF /N2AL is
the abundance of adult females in cage c at time t. A very large value
of y" corresponds to a model without density dependent recruit-
ment. Of the parameters involved in Eq. (31), we estimate §™10E PR
and y" and fix B and 8] to 172.5 and 0.2, respectively (see Section
2.5 in the Supplementary material for a motivation of these values).

2.2.7. Reproduction rate for external recruitment

The reproduction rate rtE’“ for external recruitment in Eq. (1) is
similar to the internal one, but the female lice abundance A¢ in
Eq. (31) is replaced by a weighted average of the counted abun-
dance at neighbouring farms, AAFEXt (Section 2.2.9). Furthermore,
we assume that all these female lice at neighbouring farms are at
stage-age a=10. The assumed stage-age of 10 is rather arbitrary,
but the results are insensitive to this choice.

2.2.8. Modifying factor in the external recruitment

The modifying factor ef"t for external recruitment is farm-
specific, so we include the farm index f as well. At the log-scale,
it varies over time around a farm-specific level according to the
following AR(1) model:

ebxt = exp(sz"t), (33)
(Z" = ) = 5 (27 — mf ) + e (34)
(€2)~N(O, (o)), (35)
H}ExtNN(MExt, (oFxt )2 ). (36)

Here, /,L}SXt is the farm-specific expected value on the log-scale, ¢Fxt

. . 2 . .
the autoregressive coefficient and (oF*(@")” the residual variance.

Furthermore, wE! is the overall expected value and (oE*1)? the
between-farm variance of ,ujf’“.

2.2.9. Definitions of N{}F EXt and AffF Ext

The weighted sum of adult females at neighbouring farms used
in Eq. (2), denoted by N;}FE’“ for farm fat time t, is given by

AFEXt _ NAF
NEPC= ) " aldg )N (37)
fr+f
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where g(-) is a function decreasing by increasing distance given by
g(d) = exp(—0.618d°-568), (38)

This distance function is taken from Aldrin et al. (2013), and is based
on a data-driven model for lice abundance estimated from more
than eight years of data on all 1400 Norwegian salmon farms that
were active in the data period.

We have also calculated a corresponding weighted average of
the counted abundance of adult females at neighbouring farms,
Agf Ext which replaces A in Eq. (31) when the reproduction rate

rtE’“ for external recruitment is computed (Section 2.2.7). It is given
by

AE =N " g(d AN g, (39)
I i)

2.2.10. Cleaner fish model

Let ng denote the number of cleaner fish stocked and Nfclf the
clf

total number of cleaner fish in cage c at time t. S;/ is observed,
whereas Nfclf is unknown and modelled as

If If | If
Nie =Ny (1 =) +5¢ (40)

where « is the daily constant mortality rate of cleaner fish, com-
mon for all farms.

2.2.11. Data model and model fitting

In this subsection, we describe how the population model is
related to the lice count data. Let YS© be the number of lice in count
group CG found on n¢ counted fish at time t and cage c, where the
count groups are either chalimus (CH), adult females (AF) or other
mobiles (OM, i.e, pre-adults and adult males). We assume that these
follow a negative binomial distribution with mean u{¢ = E(YEC)
and a heterogeneity or aggregation parameter ng 06, such that the
variance of Y is uC + ( Mfcc)z /(1 p). Deleting the superscript
CG and subscript tc for a moment, the probability distribution of Y

is

_Ty+np)/ np \"/ pn

= . (41)

y'I'(np) \np+pn np+pu

We get the total likelihood for each count group by multiplying
over all counts, cages and farms. We further assume independence
between count groups and get the total likelihood by multiplying
the contribution from each count group.

The expected numbers of the various YtCCG's are given from the
population model as

P(Y =y)

E(YECCH) = Nge _ptCCHCOunt A NtC(,'H/Nli‘AL’ (42)
E(YAF) = nye - NAF /NAL, (43)
E(YOM) = nye - (NPA + NAM) /NSAL (44)

where the role of the factor p{c°unt is to adjust for under-reporting
of CH lice, since they are very small and difficult to count, espe-
cially on large fish. We assume that this factor is farm-specific (for
instance, the staff at some farms may be more trained or motivated
than staff at other farms), and we introduce from now on the index
ffor farm. Then, the model for pff’gc"“"f is

piHeount = exp(ngfeount) /(1 + exp(ndHeout)), (45)
where
ng(l;[count _ ﬁg}-lcount + ﬂlCHcount(WﬂC -0.1), (46)

where Wy, as before is the mean weight of fish in cage c at farm fat
time t. The constant 0.1 is chosen to make it easier to specify prior
distributions for ﬂg}"c"””t and p¢Heount Here, gCHeount js common

for all farms, but ﬂg”“’“"f varies between farms according to the
following hierarchical model:

ﬁg}{countNN(lBchount’ (O.CHcount )2) (47)

The model was estimated from the data including 32 farms, except
the last months (3-11) of data for five of the farms that were used
for evaluating conditional predictions. We used a Bayesian esti-
mation approach, combining the prior distributions and the data
likelihood into a joint posterior distribution for all model parame-
ters. Many of the prior distributions used were informative, based
on results from laboratory experiments, e.g. those reported in Stien
et al. (2005). For some priors, however, we use more vague set-
tings (see Section 2 in the Supplementary material for details). The
model was fitted to data using Markov Chain Monte Carlo (MCMC)
simulations (Gilks et al., 1996). First, several initial chains were run
to identify a rough range for plausible parameter values. Then four
independent chains were started from slightly different starting
values within this range. The first 25000 iterations were used as
burn-in to establish convergence, and the posterior distributions
were calculated by combining 100 thinned samples from the last
14000 iterations from each of the chains. See Section 4 in the Sup-
plementary Material for more details on the MCMC algorithm.

3. Results and discussion
3.1. Fitted and predicted values

The model generated expected values that fitted the observed
infection levels of chalimus (CH), adult female (AF) and other
mobile stages (OM) well (Table 3, Fig. 4, and Section 3 in the Supple-
mentary material with results for seven other farms). Predictions
for the periods not used for fitting the model were also consistent
with the data with respect to the timing of population growth of
adult female (AF) and other mobile stages (OM) (Fig. 4, and Fig-
ure 1-5 in Section 3 in the Supplementary material), even though
the prediction errors naturally tend to be larger in the prediction
periods than in the estimation periods (Table 3). These results sup-
port the notion that there is a substantial deterministic component
in the transmission pathways and population dynamics of salmon
lice in fish farms. This emphasises a potential for utilising the mas-
sive body of data gathered by the salmon farming industry to gain
control of salmon louse infections in farms, which is a prerequisite
for sustainable growth in Norwegian salmon farming (Anonymous,
2015).

For periods with elevated predicted population sizes, however,
abundances of salmon lice were sometimes over-estimated (e.g.
AF abundance in August 2013, Figure 3, Section 3 in Supplemen-
tary material) and sometimes under-estimated (e.g. AF and OM in
first part of September 2013, Fig. 4). These large deviations in some
predictions are likely to reflect (1) that there are predictor variables
that have not been included in the present model (e.g. salinity), (2)
substantial uncertainty in some predictor variables like the abun-
dance of cleaner fish in the cages, and (3) that stochasticity, in
particular with respect to the infection process, limits our ability
to make precise predictions. Accordingly, also the credible inter-
vals for the predictions were wide when elevated abundances of
infection were predicted (e.g. Fig. 4). The credible intervals were
well calibrated in the estimation periods for all three counting cat-
egories of lice. This was also the case for AF and OM in the first
month of each prediction period, in that the actual coverage was
close to the nominal 95% (Table 3). However, for predictions more
than one month ahead, the actual coverage was slightly too low,
indicating that the credible intervals for long term forecasts were
slightly too narrow.
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Table 3

Mean absolute percentage error (MAPE) and percentage coverage of the 95% credible intervals for lice counts in the CH, OM and AF categories, over (i) the estimation periods,
(ii) the first 30 days of the five prediction periods and (iii) the remaining parts of the prediction periods. MAPE is here defined as Zim - Yi\/zi(Y),-) where Y; is an observed
lice abundance and ¥; is the corresponding fitted or predicted abundance, and the sum is taken over all farms, cages and times with observations. The percentage coverage
is the percentage of observations at or within the outer intervals (the outer limits of the grey areas) in Fig. 4 and similar figures.

MAPE Coverage (%)

Stage Estimation periods First 30 days of Remaining parts of Estimation periods First 30 days of Remaining parts of
each prediction prediction periods each prediction prediction periods
periods periods

CH 83 262 199 97 84 87

oM 47 76 96 96 94 86

AF 76 74 104 98 97 87
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Fig. 4. Fitted (until 15 May 2013) and predicted (from 16 May 2013) values for the lice and the cleaner fish populations. Symbols are as given in Fig. 2 with the following
additions: Upper panel: Fitted (posterior mean) cleaner fish ratio (dotted black curve). Three lower panels: (i) fitted values (red curves to the left of the vertical black dotted
line), (ii) predictions conditioned on known temperature, external infection pressure index and number and weight of salmon (red curves to the right of the vertical black
dotted line), (iii) corresponding 95% credible interval for the lice population (pink area) and iv) additional 95% credible interval for lice counts (grey area), i.e. including the
randomness in the negative binomial distribution for lice counts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

There was substantial underreporting of the number of lice at
the CH stage. Depending on the size of the fish, the model esti-
mates suggested that on average only 9% to 19% of the CH lice were
counted (Fig. 5). In addition, there was substantial between farm
variability in this counting error (Fig. 5). The relationship between
observed abundances of lice at the CH stage and predicted values
was poorer than for the other stages (OM and AF), even when the

underreporting was accounting for (the grey “counting error” area
for CH in Fig. 4 is wide and includes zero). This can be quanti-
fied by the elevated prediction error, especially in the prediction
periods (Table 3) and by the aggregation parameter p, which was
50-75% lower than for OM and AF (Table 4). This indicates that the
information content in the counts of CH stage lice is limited.
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Table 4

Posterior means with 95% credible intervals of parameters in the static parts of the model.

Part of model Stage Parameter interpretation Parameter symbol Section Posterior mean 95% C.I. lower 95% C.I. upper
Natural mortality R,CO Mortality rate A\RCOnat 223 0.302 0.287 0.315
Mortality cl.fish PA A Regression coeff. Al 223 0.823 0.620 1.046
Development Egg Median at 10°C SEM10 224 4.866 4.432 5.728
Development Nauplii Median at 10°C SNm10 2.2.4 3.948 3.088 4.422
Development R Shape parameter 8Rs 224 18.869 15915 19.975
Development R Power parameter SRp 224 0.401 0.400 0.405
Development CH Median at 10°C SCHm10 224 18.934 18.314 19.487
Development CH Shape parameter §CHs 2.2.4 7.945 6.999 9.022
Development CH Power parameter §cHp 224 1.305 1.257 1.354
Development PA Median at 10°C SPAm10 224 10.742 10.174 11.322
Development PA Shape parameter §Pas 2.2.4 1.643 1.430 1.898
Development PA Power parameter §PAP 224 0.866 0.784 0.950
Development Cco Expectation 550 2.2.5 -2.576 —2.958 —2.207
Development Cco Regression coeff. 860 2.2.5 0.082 0.040 0.120
Development co Variance within farm (ocodry? 2.2.5 0.035 0.026 0.044
Development co Variance between farms (oc0d )2 225 0.357 0.206 0.606
Reproduction AFtoR Basic number of eggs 0 2.2.6 172.500 Fixed
Reproduction AFtoR Age dependence ! 2.2.6 0.200 Fixed
Reproduction AFtoR Density dependence y' 2.2.6 493 482 498
Cleaner fish model Mortality rate kY 2.2.10 0.028 0.022 0.034
Data model CH Aggregation parameter pH 2.2.11 0.051 0.048 0.054
Data model OM=PA+AM Aggregation parameter oM 2.2.11 0.194 0.181 0.207
Data model AF Aggregation parameter PP 2.2.11 0.120 0.109 0.132
Data model CH Expectation BgHeount 2.2.11 —-1.566 -1.819 -1.339
Data model CH Variance (cfc”“"“”)2 2.2.11 0.411 0.238 0.682
Data model CH Regression coeff. CHicount 2.2.11 —-0.164 —0.188 —-0.136
0 | average over all farms which controls the development from CO to CH). Also, for a given
© | = - - limits for 95 % of farms reproduction rate, an increase in ARCOat can be compensated by an
increase in (Sgo, which is confirmed by a correlation of 0.70 between
< el the estimates of these parameters. Another obvious example is the
S 7 el development time parameters §5™10 and V™10 for the egg and nau-
Tl - plii stages, which were negatively correlated (-0.98) and can not
Tl R separated by the data, only by the priors.
e T~el . When compared to previously published estimates on stage-
.é el specific mortality, there are some notable differences (Table 6). The
g RN R estimate of the mean mortality rate common to the R and CO stages
S o | (ARCOnatywas higher than the previous estimate (Table 6). However,
° note that in our model, this quantity also accounts for nauplii and
copepodids that drift away from the farm, in addition to the pure
natural mortality. For the CH, PA and A stages, the mortality rates
S vary over time, but we calculated their overall expectations (aver-
e ages in the long run) by simulation. The overall expectation for
_________________________ the mortality rates of the CH and PA stages tended to be lower
2 than previous estimates, while the estimate for the adult stage
T \ T T T \ \ was within the range of previous studies (Table 6). These estimates
0 1 2 3 4 5 6

fish weight (kg)

Fig. 5. Posterior mean of the proportion of true CH lice counted as a function of fish
weight, on average over all farms (solid line) and 95% limits for the between-farm
variability (dashed lines).

3.2. Parameter estimates

Posterior mean estimates and credible intervals for parameters
in the model are given in Tables 4 and 5. Note that for those parts
of the model where we have no data, covariation between param-
eters in the model may lead to potential bias, i.e. high estimates of
one parameter may be compensated for by an associated change in
the value of another parameter. An example of this is that mortality
and development rates for the R and CO stages and the reproduc-
tion rate are related, but without relevant observations to tease
them apart. For instance, if the reproduction rate is overestimated,
this can be compensated either by increasing the mortality in the
R and CO stages (ARCOnat) or by reducing the infection rate (85°,

must be interpreted with caution since the model assumes equal
development rates between genders and, furthermore, since adult
males are pooled with the PA stages in the observational data. More
detailed figures on mortality, including parameter uncertainties,
are presented in Figures 9-13 in the Supplementary material.

We also used simulations to find the estimated median develop-
ment times, since the ™10 parameters given in Table 4 have exact
interpretations only in the continuous Weibull distribution. Esti-
mated median development times at 10°C were similar to mean
and minimum estimates from previous studies (Table 7), although
with a slightly higher estimate at the CH stage and fairly low esti-
mate for the PA stage. Panel (a) in Fig. 6 show how the estimated
development rates increase by stage-age at a temperature of 10°C.
These curves differ in principle from the development rates used
in all population models mentioned in Section 2.2.1, since all these
models use step functions with a development rate of O until a min-
imum development time and then a constant rate afterwards. For
the R and CH stages, however, the estimated cumulative proportion
oflice developed to the next stage (panel b) in Fig. 6) resemble these
step functions. For the PA stage, however, the estimated devel-
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Table 5
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Posterior means with 95% credible intervals of parameters in the time-varying parts of the model.

Part of model Stage Parameter interpretation Parameter symbol Section Posterior mean 95% C.I. lower 95% C.I. upper
Natural mortality CH Expectation in AR(1) )\anat 223 —6.953 -7.076 —6.842
Natural mortality CH Coefficient in AR(1) pCHnat 223 0.012 0.001 0.028
Natural mortality CH Variance in AR(1) (oCHnat y? 223 0.018 0.010 0.026
Natural mortality PA Expectation in AR(1) A pfnat 2.2.3 —5.011 -5.234 —4.725
Natural mortality PA Coefficient in AR(1) pPAnat 223 0.036 0.001 0.092
Natural mortality PA Variance in AR(1) (oPAnaty? 2.2.3 0.114 0.073 0.171
Natural mortality A Expectation in AR(1) A’g”‘" 223 —2.408 —2.487 —2.342
Natural mortality A Coefficient in AR(1) pAnat 2.2.3 0.693 0.676 0.707
Natural mortality A Variance in AR(1) (oAnat )2 223 0.728 0.686 0.772
Mortality ch.tr. CH, PA, A Expectation, deltamethrin ADMcht 223 2.434 1.574 3.354
Mortality ch.tr. CH, PA, A Variance, deltamethrin (oDMche)? 223 9.084 5.905 12.565
Mortality ch.tr. PA A Expectation, azamethiphos AAZeht 223 0.158 -0.755 1.106
Mortality ch.tr. PA, A Variance, azamethiphos (ohzehty? 2.2.3 (gPMhe
Mortality ch.tr. PA A Expectation, H,0, AfiPcht 223 4.034 3.119 5.071
Mortality ch.tr. PA A Variance, H,0, (oHPoh y2 223 (oPMchr)?
Mortality ch.tr. CH, PA, A Expectation, emamectin AEMcht 2.2.3 —4.786 —-5.589 —4.251
Mortality ch.tr. CH, PA, A Variance, emamectin (oEMcht )2 223 1.912 0.908 4.004
Mortality ch.tr. CH, PA Expectation, diflubenzuron ADicht 2.2.3 —8.399 -12.702 —5.099
Mortality ch.tr. CH, PA Variance, diflubenzuron (oDlcht Y2 223 (oEMeht y2
External recr. AFtoR Expectation in AR(1) JLEXE 2.2.8 0.301 0.177 0.410
External recr. AFtoR Coefficient in AR(1) PExt 2238 0.934 0.925 0.945
External recr. AFtoR Variance in AR(1) (oExtar )2 2.2.8 0.163 0.152 0.174
External recr. AFtoR Variance (oxt )2 2.2.8 0.007 0.001 0.028
Table 6
Posterior means with 95% credible intervals of daily mortality from this study together with point estimates or ranges from previous studies.
Stage Point estimate or range 95% C.I. Sex Comment Reference
Nauplii 0.30 0.29-0.32 For R=eggs + nauplii, includes drifting away This paper
0.17 “Plausible value” Stien et al. (2005)
co 0.30 0.29-0.32 The same as for R This paper
0.22 “Plausible values” Stien et al. (2005)
CH 0.0010 0.0008-0.0011 This paper
0.002-0.01 “Plausible values” Stien et al. (2005)
0.0006-0.020 Outer interval limits from 4 reported studies Stien et al. (2005)
0.0002-0.026 Range over 7 trials on juvenile Pacific salmon KrkoSek et al. (2009)
PA 0.0071 0.0055-0.0095 This paper
0.02-0.18 Males “Plausible values” Stien et al. (2005)
0.002-0.21 Males Outer interval limits from 4 reported studies Stien et al. (2005)
0.03-0.07 Females “Plausible values” Stien et al. (2005)
0.011-0.102 Females Outer interval limits from 4 reported studies Stien et al. (2005)
0.14-0.34 PA+A combined,range over 7 trials Krkosek et al. (2009)
on juvenile Pacific salmon
A 0.12 0.11-0.13 This paper
0.03-0.06 Males “Plausible values” Stien et al. (2005)
0.008-0.26 Males Outer interval limits from 4 reported studies Stien et al. (2005)
0.02-0.04 Females “Plausible values” Stien et al. (2005)
0.003-0.70 Females Outer interval limits from 3 reported studies Stien et al. (2005)
0.14-0.34 PA + A combined,range over 7 trials Krkosek et al. (2009)
on juvenile Pacific salmon
Table 7
Posterior means with 95% credible intervals of development times (in days) at 10°C from this study together with point estimates or ranges from previous studies.
Stage Point estimate or range 95% C.I. Estimate of what Sex Comment Reference
Eggs 5.0 4.5-5.8 Median This paper
8.8 Minimum From their Eq. (8) and Table 3 Stien et al. (2005)
4.6 Mean Samsing et al. (2016)
Nauplii 4.0 3.2-45 Median This paper
3.6 Minimum From their Eq. (8) and Table 3 Stien et al. (2005)
3.8 Mean Samsing et al. (2016)
CH 18.8 18.0-19.0 Median This paper
154 Minimum Males From their Eq. (8) and Table 3 Stien et al. (2005)
16.5 Minimum Females From their Eq. (8) and Table 3 Stien et al. (2005)
11-13 Range Males Eichner et al. (2015)
13-15 Range Females Eichner et al. (2015)
11-14 Minimum 5 trials on juvenile Pacific salmon at 9-11°C Krkos3ek et al. (2009)
PA 10.5 10.0-11.0 Median This paper
104 Minimum Males Calculated as difference of their time Stien et al. (2005)
from CH to A and from CH to PA
154 Minimum Females Calculated as difference of their time Stien et al. (2005)

from CH to A and from CH to PA
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Fig. 6. Posterior means of daily development (a) and cumulative proportion developed to next stage (b) at temperature 10°C for stages R, CH and PA. The curves are the
posterior means of the development rates, conditioned on each stage-age, and may therefore be slightly different from curves based the posterior means of the parameter

values plugged into Eq. (24).
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Fig. 7. Posterior mean and 95% credible intervals for the total mortality for the PA
and A stages when the cleaner fish ratio is increased from 0 (only natural mortality)
to 10%.

opment rate is fundamentally different from those used in other
models, since the estimated development rate for PA is non-zero
already after one day. This implies that some lice in the PA stage
may develop to the A stage very quickly in the present model.

Note that these curves ignore mortality, and the cumulative
mortalities may be high for stage-ages where the development
rates still are quite low, especially at low temperatures. More
detailed figures on development times, including parameter uncer-
tainties and for different temperatures (5, 10 and 15°C), are
presented in Figures 14-16 in the Supplementary material.

We obtain an estimate of the daily cleaner fish mortality of 0.028
(C.I.0.022-0.034, Table 4). This suggests that the cleaner fish popu-
lation is reduced to its half about 1 month after release. The model
confirms that there is increased mortality of lice associated with
the use of cleaner fish (Fig. 7 and Table 4). With a 10% cleaner fish
to salmon ratio, the estimated daily lice mortality due to the use
of cleaner fish, is 0.079 (C.I. 0.060-0.099). This implies a reduction
in the life expectancy for adult lice from 8.2 to 5.2 days with an
increase in cleaner fish ratio from 0 to 10%, and a decrease in the
life expectancy for pre-adult lice (PA) going from 141 days to 12

days for the same change in cleaner fish ratio. Therefore, in par-
ticular for PA lice, the use of cleaner fish is estimated to have a
substantial effect on lice survival. However, in the present data, the
estimated cleaner fish ratio seldom amounted to more than 5%. This
seems to be too low to avoid additional treatments, since medical
treatments were applied in almost all cages in the data set. Hence,
given the estimated rates of decay of the populations, cleaner fish
louse control demands large numbers of fish. Clearly, this raises
many sustainability issues, for example with regard to the welfare
of cleaner fish in salmon farms and the resilience of wild cleaner
fish populations to fishery (Halvorsen et al., 2017; Skiftesvik et al.,
2014).

The effects of the various chemotherapeutic treatments are dif-
ficult to compare since the assumed duration of the effects varies
between treatments and by temperature, and because they affect
different stages of lice. Furthermore, since lice develop resistance
towards such treatments (Aaen et al., 2015; Jansen et al., 2016),
we expect that the effect will decrease over time. Nevertheless, the
estimated expected cumulative mortality of lice (found by simula-
tion) in the PA or A stages due to bath treatments (i.e. non-feed)
ten days post treatment at 10°C, were high for hydrogen per-
oxide (0.99, C.I. 0.97-1.00), and deltamethrin/cypermethrin (0.94,
C.I. 0.89-0.98) and somewhat lower for azamethiphos (0.75, C.I.
0.64-0.86). The first two of these are similar to what others have
reported for non-resistant lice populations, being 99% for hydrogen
peroxide (Groner et al., 2013) and 95% for deltamethrin and cyper-
methrin (Revie et al., 2005). The estimated effects of all treatment
types are further illustrated in Figures 9-13 in the Supplementary
material.

Both external and internal recruitment varied substantially over
time, and one of the two may dominate the other in certain peri-
ods. The estimated proportion of internal recruitment for each farm
averaged over the whole production cycle varies from about 4 to
73%. 0On average over all farms, this proportion is 25% (C.I. 23-26%),
with a median of 19. When the abundance of adult female lice was
low in farms, naturally internal recruitment tended to be low. Inter-
nal recruitment was, however, estimated to be very important in
farms with a high abundance of adult females, especially for farms
without any neighbouring farms (Fig. 8). The present proportion
of internal recruitment is substantially below the estimates pre-
sented by Aldrin et al. (2013). This model, however, did not tease
apart actual new recruitment and the contribution to lice numbers
from lice surviving over monthly time increments. Furthermore, it
was fitted to farm level data originating from different reporting
requirements. Therefore, we have more confidence in the present
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results, which are also in accordance with results in Adlandsvik
(2015). This report presented a median of 18% for the proportion
of internal recruitment, based on a simulation of the spread of lice
larvae between 591 farms using a hydrodynamic model accounting
for sea currents (Johnsen et al., 2014). The importance of internal
versus external recruitment of lice has been under considerable
debate in the salmon farming industry, probably since it has direct
bearings on the motivation for controlling abundances of adult
female lice at the farm level.

Concerning the reproduction rate, we notice that the estimate
of yj is 493 (C.I 482-498). In practice, this means that there is
no evidence of density dependent reproductive rates (Allee effect)
in the estimated model, contrary to the hypothesis suggested by
Stormoen et al. (2013), KrkoSek et al. (2012) and Groner et al.
(2014). One reason for this discrepancy is that recruitment from
external sources is not considered in the aforementioned models.
In our model, internal recruitment is on average of less importance
than external recruitment at low abundances of AF lice. Reduced
reproductive rates at low abundances of infection are therefore
likely to be masked by external recruitment.

The role of the modifying factors £ in Eq. (1) is to adjust
the preliminary estimates of external recruits, which are based on
distances to neighbouring farms, and then indirectly taking into
account local hydrodynamics. Averaging the estimates of these fac-
tors over time within each farm gives a farm-wise index for how
exposed each farm is to external infection. The largest farm-wise
factor was 61% higher than the smallest one, indicating that there
are local variations that cannot be explained by distances to the
neighbouring farms alone. Furthermore, the cage-specific param-
eters (ng(i from Eq. (28) are related both to local hydrodynamics

and how cages are located relative to each other, and exp(SS?C) can
serve as a cage-wise exposure index. The most exposed cage within
a farm was between 17% and 203% more exposed than the least
exposed cage in the same farm, and 48% more exposed on average
over all farms.

As pointed out previously, count data are missing completely

for the R stage of the model, aggregated for the PA and AM stages,

and biased towards low numbers for the CH stage. Therefore, some
of the model parameters cannot be estimated from the data, and
to overcome this we have chosen to set some of the parameters to
fixed values. The most important is probably that we have set the
proportion of females among the adults to 50%, which may influ-
ence estimates of other parameters. In addition, we have simplified
the model and assumed that the development times from PA to A
and adult mortality are the same for both sexes. These simplifi-
cations contradict observations of somewhat shorter development
times for AM than AF lice (Stien et al., 2005; Eichner et al., 2015).
We could have chosen other ways to handle this, but it would any-
ways have been necessary with strong prior assumptions to be able
to estimate gender differences in the model.

In total, the model contains 44 parameters that are common for
all farms and cages and that are estimated from the data. A few of
these are confounded, as pointed out in the beginning of this sec-
tion, but most of them are estimated with credible intervals much
tighter than the corresponding intervals given by the prior distri-
butions. The large number of parameters on different hierarchical
levels in the model gives a possibility for overfitting. However, the
size of prediction errors in the prediction intervals were reasonable
compared to those in the estimation periods, at least for the AF and
OM categories, and did not indicate dramatic overfitting (Table 3). A
more informal indication of a balanced fit was given by the farmers
at four of the farms: The cage-wise exposure indexes were shown
to these farmers, and they concluded that the estimates were con-
sistent with their own experience on exposure differences between
cages.

4. Conclusion

The presented process model for the population dynamics of
salmon lice in aquaculture farm systems combine (1) a model
for the main stage structure of salmon lice; (2) model terms that
describe internal and external recruitment of salmon lice to the
farms; (3) models for the impact of management strategies adopted
to control salmon lice infection levels; and (4) allows for stochastic-
ity inaspects of these processes. In addition, we describe a model for
the link between the process model and data collected on a routine
basis in modern aquaculture. This allows the process model to be
fitted to data and updated when new production and salmon lice
data from fish farms become available. The model produces esti-
mates of lice abundances in fish farms that correspond well with
observed infection levels. Furthermore, it allows reasonable predic-
tions of pre-adult and adult sea lice infection levels to be made for
several weeks into the future (Fig. 4). We note, however, that the
observational data on the number of lice at the chalimus stage vary
substantially, and is underestimated to varying degrees between
fish farms. This suggests that the data collected on the abundance
of lice at the chalimus stages contain limited information in terms
of real infection levels in the farms. Nevertheless, observation of
chalimus stage larvae may give salmon farmers early warnings of
pre-adult and adult lice abundances to come, even though their
quantification is uncertain.

The model generates stage specific estimates of development
and mortality rates based on real production data. For the plank-
tonic stages, the estimates of mortality rates were high relative to
earlier field and laboratory studies, but these are not directly com-
parable, since our definition of mortality include lice that drift away
from the farm. For the chalimus and pre-adult stages, the mortality
rates were low compared to previous studies, while it was rather
high for the adult stage. One reason could be the poor data support
for the early life stages, since we have no data on the planktonic
stages and poor data on the chalimus stages. The poor support
by data makes it difficult to separate survival-estimates at these
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stages from other parameters in the model, and this problem may
also propagate to the pre-adult stage. The median development
times for all stages seem reasonable. However, we note that the
distribution of development times from the pre-adult to the adult
stages include the possibility of very short development times. It is
unclear why this happens, but one possible explanation could be
movement of adult lice between cages within a fish farm. Another
explanation could be that some of the non-gravid female adults
have been mis-classified as pre-adults in the lice count data.

The model is well suited to quantify the effect of different
treatments on lice infection levels. This aspect may be useful in
monitoring development of resistance to treatments in sea lice pop-
ulations. Furthermore, to our knowledge this is a first data-based
quantification of the effect of using cleaner fish to manage lice levels
in full scale salmon farms.

The model allows both internal and external infection processes
to be quantified. When there are no adult female lice in a fish farm,
all new infections will necessarily come from external sources.
When reproducing adult female lice are present, however, they
may contribute substantially to infection pressure at the farm. Their
impact on local recruitment will depend both on their numbers and
their reproductive rate, but also on the external infection pressure.

The emphasis on salmon louse control in salmon farming has
been intensified in later years, resulting in the implementation of
a variety of innovative control methods. Some of these methods
aim to reduce salmon louse recruitment from external sources,
whereas other methods aim at increasing the mortality of para-
sitic stages of the lice, such as the use of cleaner fish. To tease out
actual effects of such control efforts at farm levels, or more so for
farms in a production area, is not a simple task, given the inter-
connected production-system of fish farms and planktonic spread
of this parasite. The present model for the population dynamics
of salmon lice in aquaculture farm systems may resolve the com-
plexity of processes to a degree that will improve evaluations of
effects of various control efforts at farm levels. We believe that
using the model as “mathematical laboratory” to explore effects of
different salmon louse control strategies in interconnected farms
in production areas has a large potential for rationalising area-wise
control strategies in an informed manner. Models for scenario sim-
ulations have previously been used to investigate effects of various
measures to control foot-and-mouth disease (Tildesley et al., 2012)
or bovine tuberculosis Brooks-Pollock et al. (2014) in cattle, and
lately also for controlling the spread of pancreas disease in salmon
farming (Pettersen et al., 2016).
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1 Modelling details

1.1 Population model with movement of salmon between
cages

From the CH stage on, the lice are attached to a fish, and therefore associated
with a specific cage. We assume that the attached lice follow the fish if the fish
are moved to another cage or if the fish are removed from the farm (including
slaughter and other fish mortality). To handle this, we have introduced the factor
W(—1)ee, Which is the proportion of salmon moved from cage ¢’ to cage c at the
end of time t—1, and if ¢ = c it is the proportion of fish that stay in the cage. The
equations below for the CH, PA and AF stages then replace the corresponding
equations in the main article.



Model for the chalimus stage

Ntc(’L{JZO)c = ZNg?l)a’Sggl)a’d(cggl)a’c7

Nt%io)c = Zwt HeredV, t 1)(a De IS(Ct 1)(a—1)c /(1 d(t D(a— 1)]-

Model for the pre-adult stage

A CH CH CH
Nt}(DaZO)c = Zzw(t 1)CCN(t Da'e’S(t—1) ”dt 1)a’»

NI(Df>o)c = Zwt HeredV, t 1)(a De ’S(t 1)(a—1)c /(1 d(t D(a— 1)]-

Model for the adult female stage

N(a 0)c — 0522111,5 1CC tlac’Stl ’dtla’7

AF
N(a>0)c = Z w(t_l)C'CN(tfl)(afl)c’S(tfl)(afl)c"

2 Priors

The priors for the parameters defined in the main article are specified in Table 1,
including those set to fixed values, whereas the priors for the parameters defined
in this Supplementary Material are specified in Table 2. We give motivations for

some of these priors in the following subsections.



Table 1: Prior distributions for parameters in the data model and in the deter-
ministic parts of the population model. G(s,r): gamma distribution with shape s
and rate r, U: uniform distribution, U*: approximate uniform distribution by the
algorithm described in Section 2.6, N: normal distribution, N*: normal distribu-
tion truncated at mean £ 3 standard deviations, invlogit(x): exp(z)/(14+exp(z)).

Part of Parameter Parameter

model Stage interpretation symbol Prior

Natural mortality  R,CO Mortality rate \RCOnat A\ECOnat  17%(0.02,0.99)

Mortality cl.f. PA, A Regression coeff. etf X~ U(0,5)

Development Egg Median at 10°C §EmM10 §EMI0 L N*(10, 22)

Development Nauplii Median at 10°C §Nm10 SN™MI0  N*(5, 12)

Development R Shape parameter §is 515 ~ U(1,20)

Development R Power parameter skp §BP ~ N*(1, 0.22)

Development CH Median at 10°C §CHmM10 §CHMI0  N*(16, 32)

Development CH Shape parameter §CHs §CHs ~ U(1,20)

Development CH Power parameter §CHp §CHP ~ N*(1, 0.22)

Development PA Median at 10°C §PAm10 §PAmI0 | N*(16, 32)

Development PA Shape parameter §PAs §PAs ~ U(1,20)

Development PA Power parameter §hAp §PAP ~ N*(1, 0.22)

Development (¢]0) Expectation 5§© invlogit(5§'C)~ U*(107%,0.25)

Development (6]0) Regression coeff. 5¢0 5¢0 ~ U(0,1)

Development CO Variance within farm (cCOd)2 1/(e€9%)2 ~ G(0.001,0.001) and 6cCO% < 5
Development CO Variance between farms  (c€9%)2 1/(6€9)2 ~ G(0.001,0.001) and 0€°9%) < 5
Reproduction AF to R Basic number of eggs Bs 172.500, fixed

Reproduction AF to R Age dependence B 0.200,fixed

Reproduction AF to R Density dependence " log(v")~ U(0,log(500))

Cleaner fish model Mortality rate ke kY ~ U(0,0.5)

Data model CH Aggregation parameter ~ pCH log(p©H )~ U(log(0.01),log(100))

Data model OM=PA+AM Aggregation parameter ~ pOM log(p®M)~ U(log(0.01),log(100))

Data model AF Aggregation parameter pAF log(pAF )~ U(log(0.01),log(100))

Data model CH Expectation B Heount invlogit(8§ #eount) ~ U*(0.03,0.98)

Data model CH Variance (gCHeounty2 1 /(gCHeount)2 , (G(0.001,0.001) and gCHeount < 5
Data model CH Regression coeff. B¢ Heount B Heount  (-1,0)




Table 2: Prior distributions for parameters in the stochastic parts of the popu-
lation model. G(s,r): gamma distribution with shape s and rate r, U: uniform
distribution, U*: approximate uniform distribution by the algorithm described in
Section 2.6, N: normal distribution, N*: normal distribution truncated at mean
+ 3 standard deviations, invlogit(z): exp(z)/(1 + exp(x)).

Part of Parameter Parameter

model Stage interpretation symbol Prior

Natural mortality ~CH Expectation in AR(1) NG Hnat invlogit(\§ %)~ U*(0.0006,0.02)

Natural mortality CH Coefficient in AR(1) C Hnat pCHrat 1(0,0.99)

Natural mortality ~CH Variance in AR(1) (¢CHnaty2 1 /(gCHnat)2 o, (G(0.001,0.001) and ocCHnat < 5
Natural mortality ~PA Expectation in AR(1) A Anat invlogit(\f'47t)~ U*(0.002,0.21)

Natural mortality =~ PA Coeflicient in AR(1) gt Anat pPAnat 1(0,0.99)

Natural mortality — PA Variance in AR(1) (gPAnaty2 1 /(gPAnat)2 , (G(0.001,0.001) and oFAnet < 5
Natural mortality A Expectation in AR(1) Agmat invlogit(A\{"%*)~ U*(0.003,0.70)

Natural mortality A Coefficient in AR(1) Anat pAnat . 17(0,0.99)

Natural mortality A Variance in AR(1) gAnat)?2 1/(c4™%%)2 ~ G(0.001,0.001) and o4net < 5
Mortality ch.tr. CH, PA, A  Expectation, deltamethrin ~ APMcht ADMeht , N(0,1002)

Mortality ch.tr. CH, PA, A Variance, deltamethrin gDPMehty2 1 /(gDMehty2 o, (G(0.001,0.001) and oPMeht < 5
Mortality ch.tr. PA, A Expectation, azamethiphos ~ A\AZcht AAZeht  N(0,1002)

Mortality ch.tr. PA, A Variance, azamethiphos (gAZchty2 (oAZchty2 = (gD Mchty2

Mortality ch.tr. PA, A Expectation, HaOx \HPcht NHPeht  N(0,100%)

Mortality ch.tr. PA, A Variance, HoOq (gHPechty2  GHPcht)2 — (5DMcht)2

Mortality ch.tr. CH, PA, A Expectation, emamectin AEMcht AEMcht N (0,100%)

Mortality ch.tr. CH, PA, A  Variance, emamectin gBMehty2  j(gBEMecht)2 , (G(0.001,0.001) and oPMeht < 5
Mortality ch.tr. CH, PA Expectation, diflubenzuron  ADPIcht APIeht  N(0,1002)

Mortality ch.tr. CH, PA Variance, diflubenzuron (gPIchty2 (oPIcht)2 — (gEMcht)2

External recr. AF to R Expectation in AR(1) ubwt log(F*t) ~ N(0,1) and 0.01 < pP** < 100
External recr. AF to R Coefficient in AR(1) pbet pPAnat  1(0,0.99)

External recr. AF to R Variance in AR(1) gBwtary2 1/(oF=ta)2 ~ G(0.001,0.001) and oP?ter < 5
External recr. AF to R Variance (o Bot)2 1/(a®**)2 ~ G(0.001,0.001) and o &%t < 5




2.1 Natural mortality

The natural mortalities for the R and CO stages are set equal (to AF¢Oma) since
it is impossible to separate the mortalities in these stages as long as we have no
data for them. Furthermore, AF¢Oma is restricted to lie between 0.02 and 0.99.
The high upper bound is chosen to take into account that larvae may drift away
from a farm, which in our model has the same effect as mortality. The lower
bound is chosen to account for a possible underestimation of eggs produced.

The natural mortalities for the CH, PA and A stages are AR(1)-processes on the
logit scale. The priors for the expected values on the logit scale (Aj) are set such
that the prior for these, transformed to the mortality scale, are approximately
uniform within limits given as the most extreme limits of the intervals in Table 4
in Stien et al. (2005). Furthermore, as mentioned above, the processes themselves
are restricted to lie within the same limits. The AR coefficients are restricted to
be non-negative since negative values are implausible, and at most 0.99 to ensure
stationarity. The priors for the variances are vague (inverse gamma distributed),
but with a upper limit at 25 to ensure numerical stability. These priors are used
for all variances.

2.2 Mortality due to treatment

By construction, the mortalities due to treatment are always between 0 and 1.
The priors for the expectations (A*!) at the transformed scale are vague (normal
distributed with a large variance), which means that the expected mortalities can
take any value between 0 and 1.

2.3 Development rates

The priors for median development times at 10°C for eggs, nauplii, and the CH,
PA and A stages (6™9) are truncated normal distributed with means taken from
the minimum development times in Stien et al. (2005), and with a subjective
chosen standard deviation of around 20%. In addition, each §™° must lie within
3 standard deviations from its prior mean. Note that the minimum development
times referred to in Stien et al. (2005) are close to the corresponding median (and
mean) development times, since the corresponding development rates after the
minimum development times are quite high.

The priors for the shape parameters (%) are uniform between 1 and 20. The
lower bound ensures that the development rates start at 0 for stage-age=0, and
the upper bound is set for numerical reasons, since higher values are practically
equivalent.



The priors for the power parameters (6?) are truncated normal with mean 0 and
standard deviation 0.2, which ensures that these parameters are not too far from
1, but which are flexible enough to allow some non-linearity.

2.4 Infection rate

Since larger fish have larger surfaces, we assume that 6¢C is non-negative. Fur-
thermore, since the surface of a fish usually increases less than proportional with
its weight (Niimi (1975)), we assume that 6¢© is at most 1.

2.5 Reproduction

In the reproduction equation, 3], represents the number of viable eggs for the
first extrusion. According to Stien et al. (2005), a female adult louse can produce
a set of two egg strings with 70-152 eggs per string for the first set. Furthermore,
the proportion of viable eggs can be in the range 0.5-0.9. So the number of viable
eggs may be in the range 70-275 for the first set of egg strings, and we have simply
fixed B to the mid point in this interval, 7.e. 172.5. Note that if this is too low
or too high, it can be compensated by changing the mortalities in the R and CO
stages or the infection rate.

The term (a + 1)1 models how the number of viable eggs per extrusion increases
by stage-age. Stien et al. (2005) stated that the number of eggs can be increased
by a factor 2.1 (150/70) from the first to the fifth set of egg strings. and that
hatching take about 9 days at 10°C. Further assuming that it takes one more day
to extrude a new set of egg strings, the fifth set of egg strings are extruded after
(4- (94 1) =40 days. A reasonable value for f] is therefore log(2.1)/log(40) =
0.20, and we have fixed g to that value.

The parameter 4" controls the density dependency due to mate limitation Allee
effects, and is restricted to lie between 0 (extreme density dependency) and 500
(ignorable density dependency).

2.6 Approximate uniform prior

In some parts of the MCMC algorithm (Section 4) it is computationally simpler
to approximate uniform priors by truncated normal priors. Especially, if the uni-
form prior is given on the probability scale for a parameter p, the prior for the
corresponding parameter 5y = logit(p) on the logit scale will sometimes be spec-
ified as a truncated normal distribution. This will not give exact uniform priors
for p, but the following procedure approximates this reasonably well (denoted by
Ux in Tables 1 and 2):
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3 Additional results

3.1 Fitted values and conditional predictions

Figures 1- 7 give examples of data and fitted and conditional predicted values.
Figure 1 corresponds to Figure 4 in the main article, but is for the average over
all eight cages at that farm instead of only a single cage. Figures 2- 5 show similar
results for single cages at the four other farms where the last months of lice data
were not used for model fitting. Finally, Figures 6 and 7 show data fitted values
for single cages for two farms where all data were used for estimation, i.e. no
data were held back for predictions.
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Figure 1: Fitted (until 15. May 2013) and predicted (from 16. May 2013) values
for the lice and the cleaner fish populations in averages over all eight cages for
farm A, i.e. the same farm as in Figures 2 and 4 in the main article. The symbols
are described in Figure 4 in the main article.
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Figure 5: Fitted (until 30. June 2013) and predicted values (from 1. July 2013)
for the lice and the cleaner fish populations in cage 1 in farm E. The symbols are
described in Figure 4 in the main article.
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Figure 6: Fitted values for the lice and the cleaner fish populations in cage 1 in
farm F. The symbols are described in Figure 4 in the main article.
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3.2 Mortality due to cleaner fish

Figure 8 shows the estimated lice mortality due to the use of cleaner fish with a
constant 10% cleaner fish ratio.
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10%. Solid line: Posterior mean. Pink area: Corresponding 95% credible interval.
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3.3 Mortality due to chemotherapeutic treatment

Figures 9-13 shows the estimated lice mortality due to the use of various chemother-
apeutic treatments. Remember that treatment effects for individual treatments
are modelled as random effects, that may vary between stages within the same
treatment and within different treatments with the same treatment type. The
grey area in the figures reflect this random variability, whereas the solid lines are
the estimated expected effect with a corresponding 95% credible interval given
by the pink area.
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Figure 9: Daily mortality and cumulative mortality due to treatment with
deltamethrin or cypermethrin. Solid line: Posterior mean. Pink area: Corre-
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Figure 10: Daily mortality and cumulative mortality due to treatment with aza-
methiphos. Solid line: Posterior mean. Pink area: Corresponding 95% credible
interval for the expected value. Grey area: Corresponding 95% interval for indi-
vidual treatments.
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Figure 12: Daily mortality and cumulative mortality due to treatment with
emamectin benzoate. Solid line: Posterior mean. Pink area: Corresponding
95% credible interval for the expected value. Grey area: Corresponding 95%
interval for individual treatments.
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Figure 13: Daily mortality and cumulative mortality due to treatment with di-
flubenzuron. Solid line: Posterior mean. Pink area: Corresponding 95% credible
interval for the expected value. Grey area: Corresponding 95% interval for indi-
vidual treatments.
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3.4 Development and reproduction

Figures 14-16 shows estimated development rates and egg production, including
parameter uncertainties, for seawater temperatures 5, 10 and 15°C. The the in-
fection rates (development from CO to CH) are calculated for a farm with ten
cages with 100 000 fish in each cage.
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Figure 14: Daily and cumulative development rates and egg production at seawa-
ter temperature 5°C. Solid line: Posterior mean. Pink area: Corresponding 95%
credible interval for the expected value. Grey area: Corresponding 95% interval
for individual treatments.
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Figure 15: Daily and cumulative development rates and egg production at seawa-
ter temperature 10°C. Solid line: Posterior mean. Pink area: Corresponding 95%
credible interval for the expected value. Grey area: Corresponding 95% interval

for individual treatments.
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Prop. dev. per day from stage R at T=15
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Figure 16: Daily and cumulative development rates and egg production at seawa-
ter temperature 15°C. Solid line: Posterior mean. Pink area: Corresponding 95%
credible interval for the expected value. Grey area: Corresponding 95% interval

for individual treatments.
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4 MCMC algorithm

We want to generate samples from p(x|Y), the posterior distribution of the pa-
rameter vector  conditioned on the observed data Y. Our Markov chain Monte
Carlo algorithm consists of Metropolis-Hastings steps unless stated otherwise.

0 1 K

Assume that we have generated the sample vectors x°,x", ..., x™.

1. A candidate xPmP°*% for the next sample is determined according to some
proposal distribution, which is a probability distribution.

2. Calculate the Hastings ratio

q (Xproposal XK )p (Xp'roposal ‘ Yobs)
)

q(XK, Xproposal)p(XK|Yobs)

T =

where g(u,v) is the density of the proposed sample vector v given u. If
the Hastings ratio is greater than 1, this means that the proposed sample
is more likely than the current one.

3. The value of r determined whether the proposed sample vector is accepted
(i.e. xHHL = xproposaly o rejected (i.e. x5! = xK). If r is equal to 1 or
greater, the proposed sample vector is always accepted. If r is smaller than
1, it is accepted with probability r. Thus, we always accept a proposed
sample vector that is more likely than the current one, but we occasionally
accept a proposed sample vector that is less likely.

In our implementation, xP"P*% and x¥ differ in only a subset of the components.
One cycle of updates consists of performing a sequence of steps in random order
updating subsets of the parameters. Except for updating zgcxt and z{‘f“t, each step
consists of updating one single parameter. These parameters can be divided into

the following groups.

Group 1: The parameters have uniform prior and include xf, Xt/ 47 gEHeount
6¢0. the ¢-parameters, the p-parameters and the shape parameters. Up-
dating is based on a uniform proposal distribution centred at the current
value. The width of the proposal distribution is tuned during an initialisa-
tion phase.

Group 2: The parameters have normal prior and include logit(A#¢©ma!) the me-

dian parameters, the power parameters and all the random effects. Updat-
ing is based on a normal proposal distribution centred at the current value.
The variance of the proposal distribution is tuned during an initialisation
phase.
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Group 3: The parameters are expectations of random effects. Each parameter
is updated in a Gibbs step, that is, the new value is drawn from the condi-
tional posterior distribution of the given parameter given the current value
of all the other parameters. We have assumed that the prior distribution

is N(Apriors UIQMOT). Let uy, us, ..., u, be the current realisations of the indi-

vidual random effects, and let o2 be the current value of their variance. A

new value is drawn from N(Aposteriors O posierior)s Where

2 _ —2 -2, \—1
O posterior — (UPrior +o n) ’

and
n

2 —2 —2
)\Poste'rior - O-Posterior(o-P'rio'r)\P”m" t+o Z ul)
i=1

Group 4: The parameters are variances of random effects. Each parameter is
updated in a Gibbs step. We have assumed that the prior distribution is
I'(apriors Bprior)- Let uy, ug, ..., u, be as above, and let A the current value
expectation of the random effect. A new value is given by 02 = 77!, where
7 is drawn from F<05Posterior> ﬁPoste’rior)a

n
Qposterior = APrior T =,

2

and

1 < )
BPostem'or = /BPT'iOT' + 5 ;(U'L - )\> .

Group 5: The parameters are expectations of one of the time series, zgc” or szat.

Each parameter is updated in a Gibbs step. Let o2 and ¢ be the current
values of the variance and the coeflicient in AR(1) of the time series. A
new value is drawn from N(Aposteriors O posterior)s Where

U%osterior = (0-1372‘1'07" + 0_2(1 - ¢)<1 + ¢ + (TL - 1)(1 - ¢>)>_17

and

>\Postem'm" - 0-12;’051567'@'07"(0-];31'07")\13”07" + U_2<1 - ¢)((]‘ + ¢)Zl + Z(Zt o ¢Zt_1)))'
t=2

Group 6: The parameters are variances of one of the time series above. Each
-1

parameter is updated in a Gibbs step. A new value is given by o2 = 771,
where 7 is drawn from I'(aposterior, BPosterior), Where

n

Qposterior = O Prior 1 57
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and

n

ﬁPosterior = ﬁprior + %((1 - ¢2)(21 - )\)2 + Z(Zt —A- ¢<zt—1 - )‘))2)
t=2

Regarding the time series z;, which is either or z/i* and 2, the updating step

is performed as follows. The updating consists of a series of steps. For each step,
we decide randomly whether we update z; at a single time ¢ or update z; for a
set of consecutive time points. If a single time is chosen, we draw the time point
from the uniform distribution and proceeed as for Group 2 above. If a set of
consecutive time points is chosen, we draw the midpoint ¢,, from the uniform
distribution and the width of the time interval, At = |w|, where w is drawn from
a zero-centered normal distribution with fixed variance. Updating the time series
at the midpoint ¢,, is based on a normal proposal distribution centred at the
current value. The variance of the proposal distribution, which does not depend
on the value of the specific midpoint, is tuned during an initialisation phase. For
the other time points the proposed value is given by

(Zg?roposal . ZtK) o l(t) (Zproposal . Zt{i)»

tm

where [(t) decreases linearly from 1 to 0 between the midpoint and the endpoints.
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