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INTRODUCTION

In order to monitor species and define nature man-

agement priorities, decision makers want informa-

tion that is easy to evaluate and cost effective to

gather. At the same time, ecological communities are

complex, and a large number of interacting variables

often makes it difficult to sample all relevant para -

© The authors 2015. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are
 un restricted. Authors and original publication must be credited. 

Publisher: Inter-Research · www.int-res.com

*Corresponding author: ingeborg.helland@nina.no

OPENPEN
 ACCESSCCESS

FEATURE ARTICLE

Statistical and ecological challenges 
of monitoring parasitic salmon lice infestations 

in wild salmonid fish stocks

Ingeborg Palm Helland1,*, Ingebrigt Uglem1, Peder A. Jansen2, Ola H. Diserud1, 

Pål Arne Bjørn3, Bengt Finstad1

1Norwegian Institute for Nature Research, PO Box 5685 Sluppen, 7485 Trondheim, Norway
2Norwegian Veterinary Institute, PO Box 750 Sentrum, 0106 Oslo, Norway

3Institute of Marine Research, PO Box 6404, 9294 Tromsø, Norway

ABSTRACT: Ecological monitoring programmes
should provide precise data to inform management,
but the data quality is often limited by methodological
challenges and the need for cost-effective sampling.
Parasite infestations are particularly challenging to
monitor due to complex interactions among hosts,
parasites and the environment. In Norway, salmon
lice infestations on wild salmonid fish have been mon-
itored since 1992 to survey the potential transmission
between farmed and wild salmonids. Here, we com-
pared spatiotemporal variation in salmon lice levels
with variations in local fjord conditions, including
salinity, temperature and infestation pressure from
salmon farms (measured as mean abundance of ma-
ture female lice × number of farmed fish). We tested 3
different measures of infestation with different statis-
tical properties. Our results confirm that, even after
correcting for temperature and salinity effects, in -
festation pressure from salmon farms significantly
 increases the probability of lice infestation in wild
salmonids. The probability of infestation increases
with fish body length, salmon farm infestation pres-
sure and tem perature, and decreases with increasing
freshwater influence. Furthermore, we found a signif-
icant interaction between temperature and infestation
pressure from salmon farms. When the infestation
pressure from farms is low, temperature has a strong
increasing effect on the probability of infestation, but
as the infestation pressure from farms increases, tem-
perature gradually becomes less important. The exact
results vary somewhat depending on the measure of
lice infestations used, but the same trend can be seen
in all models. We discuss the statistical and biological
complexities that make monitoring of salmon lice in
wild populations challenging.

Variation in salmon lice levels on wild salmonids have been
monitored along the entire Norwegian coast.
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meters and to interpret their influence on the species

of interest. It is therefore important that collection of

data in ecological monitoring programmes is aimed

at providing precisely the information needed to

make conservation decisions (Nichols & Williams

2006, Lindenmayer & Likens 2009). This means that

the information gathered must be sufficiently accu-

rate and precise to understand the underlying scien-

tific questions, including variations in time and space

(Sims et al. 2008, Reynolds et al. 2011). Monitoring

parasite infestations is particularly challenging due

to the complex interactions among hosts, parasites and

the environment (Dobson & Hudson 1986, Hatcher

et al. 2006, Tompkins et al. 2011) and due to the sta-

tistical challenges related to excessive numbers of

0-values (Zuur et al. 2009).

Through the national salmon lice monitoring pro-

gramme, Norway has since 1992 collected an exten-

sive dataset based on registrations of salmon lice on

wild salmonid fish (Atlantic salmon Salmo salar L.,

brown trout S. trutta L. and Arctic char Salvelinus

alpinus L.). The programme was initiated because the

massive increase in biomass of farmed salmonids (of

which >90% are Atlantic salmon; Directorate of Fish-

eries 2013) during the last decades has raised growing

concerns regarding the transmission of lice between

farmed and wild salmonids, with subsequent negative

population effects for wild salmonids (Heuch & Mo

2001, Serra-Llinares et al. 2014, Jones et al. 2015,

Taranger et al. 2015, Thorstad et al. 2015). Since

farmed salmon are kept in floating net pens with free

water exchange, there is potential for pathogen ex-

change with the environment. The spatial density of

salmon farms varies substantially along the Norwe-

gian coast (Jansen et al. 2012), yet farmed salmon out-

numbered wild salmon by a factor of 250 to 700 in

2011 (Johansen et al. 2011). Hence, the number of

 potential hosts for salmon lice has increased dramati-

cally compared to natural host abundance. Moreover,

while wild salmonids usually reside in the fjords

mainly during summer, large numbers of farmed

salmon are present year round. This causes a larger

potential for heavy salmon lice infestations that may

occur at different seasonal times compared to the nat-

ural infestation pressure (Bjørn et al. 2011, Jansen et

al. 2012, Torrissen et al. 2013, Vollset & Barlaup 2014).

The dominating species of salmon lice found on

salmonids in Norway is Lepeophtheirus salmonis

(Krøyer), while Caligus elongatus (von Nordmann)

occurs at lower abundances (Bjørn & Finstad 2002).

The lice are transmitted between hosts, as planktonic

larvae are free-living in seawater, and older stages

attach to fish where they feed on mucus, skin and

blood (Pike & Wadsworth 1999, Boxaspen 2006).

High infestations may reduce the immune system

and growth of the fish and cause increased mortality

(Todd et al. 2000, Revie et al. 2009, Finstad & Bjørn

2011, Finstad et al. 2011). The development and

reproductive rates of salmon lice are temperature

dependent, and their survival is significantly reduced

at salinities below 20‰ (Stien et al. 2005, Bricknell et

al. 2006). It has been estimated that under certain

conditions, the planktonic larvae can spread more

than 100 km before they need to attach to a host

(Asplin et al. 2011, 2014). Recent experiments at dif-

ferent current velocities have shown that attachment

probability of salmon lice during an encounter with a

potential host likely is dependent on the swimming

speed of the host (Samsing et al. 2015)

Modelling from salmon farms in Norway has shown

how salmon lice spread between farms and has re-

vealed that the infestation pressure among farms in-

creases with density of fish and temperature (Jansen

et al. 2012). Other studies have evaluated effects of

environmental variables on salmon lice dynamics in

farmed salmonids (e.g. Krkošek et al. 2010, Kristof-

fersen et al. 2013, Rogers et al. 2013, Rees et al. 2015),

but similar studies are lacking for wild populations.

To the best of our knowledge, only a few studies have

statistically modelled spatio temporal variations in

salmon lice counts on wild salmonids (Gargan et al.

2003, Middlemas et al. 2013, Serra-Llinares et al.

2014, Patanasatienkul et al. 2015), and although they

all found that the lice infestations were influenced by

lice production in nearby salmon farms, none of the

studies tested for interactions with other environmen-

tal variables, such as temperature and salinity. Since

temperature is a strong driver of development and

 reproduction rate of salmon lice (Stien et al. 2005),

lice abundances follow strong seasonal cycles. Sal -

mon lice have their lowest abundance in early spring

and peak during autumn, a pattern seen from lice

counts both on farmed salmon (Jansen et al. 2012)

and wild salmonids (Bjørn & Finstad 2002, Rikardsen

2004, Serra-Llinares et al. 2014). Therefore, in order

to model the potential infestation pressure from farms

on wild salmonids, it is important to correct for poten-

tial temperature effects before the separate effect of

temperature and infestation pressure from farms can

be evaluated.

In this paper, we used data from the Norwegian

monitoring programme collected along the entire

Norwegian coast and compared the temporal and

spatial variation in salmon lice levels with variations

in local conditions, including salinity, temperature

and infestation pressure from salmon farms. Through
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this approach, we identified the main drivers of vari-

ations in infestation levels among wild salmonids

along the Norwegian coast. Further, we discuss weak -

nesses of the collected data and explain the statistical

and biological complexities that make monitoring of

salmon lice in wild populations challenging.

MATERIALS AND METHODS

Data collation

The salmon lice monitoring programme in Norway

consists of a variety of sampling methods used in com-

bination. Atlantic salmon, brown trout and Arctic char

(hereafter simply salmon, trout and char) spawn in

freshwater but are susceptible to salmon lice in -

festations when they migrate to marine habitats for

feeding. Trout and char usually stay in the fjords dur-

ing their marine phase, while salmon migrate quickly

through the fjords on their way to the open sea. The

salmon lice density is lower in the open sea

compared to near-shore waters, due to the

high density of farmed sal mo nids in the lat-

ter area. Therefore, salmon are expected to

be most vulnerable to infestations during

the short period when they migrate through

the fjords and along the coast. However,

trout and char are exposed to salmon lice

infestations in the fjords throughout most of

their marine phase (Bjørn et al. 2007). In the

Norwegian salmon lice monitoring pro-

gramme, salmon are sampled by pelagic

trawling during the assumed migration pe-

riod, but it has often been difficult to collect

a sufficient number of individuals. There-

fore, gill net sampling of trout and char at

selected sampling sites has also been used

to monitor the local salmon lice infestation

pressure (Serra-Llinares et al. 2014). In ad-

dition, the infestation pressure has been

monitored by placing hatchery-reared sal -

mon smolts in sentinel cages to estimate the

infestation levels over several weeks (Bjørn

et al. 2011). In our analyses, we only in-

cluded data from gill net sampling con-

ducted during the period 2004 to 2010,

which is the largest part of the dataset that

was collected in a comparable manner. Most

of these catches consist of trout (4610 trout

and 280 char), but in the northernmost

fjords, char is more abundant. We did not

separate between char and trout in our

analyses, since lice intensity is assumed to be similar

for both species (Bjørn & Finstad 2002, Serra-Llinares

et al. 2014) and because all individuals are needed to

increase the size of the dataset and to cover all

regions. Hence, we hereafter refer to all fish included

in our analyses as sea trout, since brown trout consti-

tutes 95% of our data.

Sampling was conducted at 41 sampling sites dis-

tributed in 15 fjords along the entire Norwegian

coast (Fig. 1). Details about fishing procedures are

given by Serra-Llinares et al. (2014). Within a fjord,

the sampling sites were usually organised in a gradi-

ent from inner to outer fjord areas in order to cover

environmental variations and because salmon farm-

ing is less intensive in the inner part of the fjords.

Further, some inner fjord areas have been protected

from salmon farming by their status as ‘National

Salmon Fjords’ (Aasetre & Vik 2013). In this sense,

many of the sampling sites in the inner parts were

used as control sites that are expected to be less

affected by farming than sites closer to the open
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Fig. 1. Sampling sites (•, n = 41) situated in 15 Norwegian fjords. Grey 
lines indicate borders between the 19 Norwegian counties
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sea (Serra-Llinares et al. 2014). Normally salinity

increases towards the outer fjord area due to higher

freshwater influence in the innermost areas; hence,

salinity and pressure from farming are probably

 correlated along the fjord gradient. Each site was

 usually sampled 2 to 3 times during the summer sea-

son, in order to follow the seasonal dynamics of the

salmon lice infestations. The number of sampling

sites included in the monitoring has increased over

the years, from 6 sites in 2004 to 27 in 2010. There-

fore, not all 41 sites were sampled each year, but 7

sites were sampled >10 times, 11 sites 5 to 10 times,

and 23 sites were sampled <5 times. In total, the

dataset consists of 244 unique sample occasions and

4890 individual fish (mean number of individuals at

each sampling: 20, range: 1−80). A more detailed

description of the dataset is given by Helland et al.

(2012). Each individual was registered with species,

body length (mm), body weight (g) and number of

lice attached. Salmon lice were classified according

to life stage (stationary chalimus larvae [66%],

mobile pre-adults [17%] and adults [16%]) and

 species (Lepeophtheirus salmonis [99%] and Caligus

elongatus [1%]). However, since the number of lice

in each stage was often low, we grouped all lice stages

and used the total number of lice in our analyses.

Temperature and salinity are known to influence

salmon lice infestations (Stien et al. 2005, Bricknell et

al. 2006). In order to obtain comparable data for all

periods and areas, we downloaded historical data on

fjord surface temperatures from http://lusedata.no/,

which is based on monthly measures reported from

all salmon farms to the Norwegian Food Safety

Authority. Temperatures are registered as mean

 values for each month and each county, except the

3 southernmost counties (Rogaland, Vest-Agder and

Aust-Agder, of which only the latter is included in

the monitoring programme, see Sandnes in Fig. 1),

which are grouped together in the database. Hence,

due to the coarse spatial resolution of the tempera-

ture data, all sampling sites within the same county

were given the same value, but the temporal varia-

tion between each sampling was maintained. We used

temperature values from the month before each sam-

pling, since we expected a delayed effect of temper-

ature on the development of salmon lice infestations.

Freshwater influence was used as a proxy for sal -

inity level, since no salinity data covering all the nec-

essary areas and periods were available. This proxy

was estimated for each of the 41 sampling sites based

on the water discharge (m3 s−1, mean over the period

1961 to 1990, Norwegian Water Resources and Energy

Directorate) at each river outlet within 25 km, di -

vided by the seaway distance between each sam-

pling site and river (calculated from ArcGIS tools).

Thereafter values from each river were summed up

to 1 value for each sampling site. Hence, the spatial

variation in sal inity levels between each sampling

site was maintained, but no temporal variation was

included in our models.

For each of the 244 sampling occasions, we esti-

mated the local infestation pressure resulting from

salmon farms at the time of sampling. This was based

on monthly count data of mature female salmon lice

and reported numbers of fish on all active marine

salmon farms along the coast of Norway (Jansen et

al. 2012). The amount of salmon lice emanating from

each farm in each month was calculated as the mean

abundance of mature female lice multiplied by the

reported number of fish at each farm. Lice infestation

pressure for the whole coast in each month was cal-

culated using the kernel density function in ArcGIS

(Spatial Analyst) with a 40 km search radius and

1 km2 grid cells. The infestation pressure for a given

sampling month and location was then extracted

from the grid cell accounting for infestation pressure

for the corresponding location and month. The stan-

dard score of the value, calculated by subtracting the

mean and dividing by standard deviation, was used

in the analyses in order to prevent the large span

between minimum and maximum values from in -

fluencing the models. Further, to avoid negative

numbers, 1 was added to the standard score.

Statistical approaches

Data on salmon lice infestations can be presented

in different ways and the unit of measure used de -

termines what kind of biological information can be

retrieved and which statistical methods are appro -

priate. We compared statistical analyses based on 3

different units of measure, since these 3 approaches

together give a better understanding of the infesta-

tion levels than each measure alone. First, we used a

binary response variable where each individual fish

was noted either to have (2974 individuals) or not to

have (1916 individuals) any lice. Although a binary

response variable has limited biological information

as it does not allow for testing why some individuals

have many lice while others have few, the advantage

of this measure is that the statistical methods are rel-

atively simple and that the number of observations

remain high (N = 4890 individual fish). However, it is

of limited interest whether a fish has 1 or only a few

lice, since the potential negative effects, such as
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immune responses, reduced growth and mortality,

only occur after the infestation reaches a certain level

(Thorstad et al. 2015).

Therefore, as a second unit, we used a proportional

response variable, measured as the percentage of in-

dividuals from each sample with a given level of

salmon lice infestation. Parasite data are often re -

ported as abundance, intensity or prevalence (Rózsa

et al. 2000). Due to the 0-inflated distribution of sal -

mon lice data (Fig. 2), abundance (mean or median

based on all individuals) is not a suitable way of de -

scribing the variation at the population level. Further,

intensity and prevalence are not suitable measures for

our modelling approach because they either exclude

individuals without any lice (intensity, mean or me-

dian based on infected individuals only) or do not take

into account the variation in extent of infestation

(prevalence, the proportion of infected hosts). There-

fore, the proportion of individuals above a threshold

level may be a better measure, especially if this

threshold represents a biologically meaningful lice in-

festation level. A threshold of 0.1 lice g−1 fish weight

(lice g−1) has been suggested as a critical value for

 initial physiological disturbances caused by salmon

lice on first-time migrating trout in Norwegian fjords

(Taranger et al. 2015, Thorstad et al. 2015). Below the

threshold value of 0.1 lice g−1, no extra mortality is as-

sumed, while mortality is assumed to increase by 20%

among fish with 0.1 to 0.2 lice g−1, 50% among fish

with 0.2 to 0.3 lice g−1, and for fish with more than

0.3 lice g−1, 100% extra mortality risk is anticipated

(Taranger et al. 2015). Studies of effects on older and

larger trout (i.e. maturing individuals or  veteran mi-

grants) are lacking, but because studies on char have

indicated that the effect of salmon lice is expected to

be more severe for larger fish (Tveiten et al. 2010), ex-

tra  mortality is predicted to occur above 0.025 lice g−1

for this group (Taranger et al. 2015, Thorstad et al.

2015). Based on this, we compared 3 different lice lev-

els in our models with proportional response variables:

>0.1, >0.05 and >0.025 lice g−1. To include first-time

migrants only, we selected individuals <200 g. Fur-

ther, we used only sampling occasions with catches of

at least 15 individuals to avoid single individuals with

extreme values having too strong an influence on the

results. This subset of data thus included 2250 indi-

viduals (46% of the total number of indi viduals, see

Fig. S1 in the Supplement, available at www.int-

res.com/articles/suppl/q007p267_supp.pdf), but still

captures a similar range of lice infestations as the full

dataset (Fig. S2 in the Supplement). The advantage

of using a proportional response variable is that it

represents a more biologically meaningful variable

than the binary response variable; however, a dis-

advantage is that the number of observations is re -

duced to the number of sampling occasions (N =

159).

Finally, as the third unit of measure, we used the

actual number of lice counted on each individual

fish as the response variable. This is clearly the most

accurate measure that incorporates detailed biolog-

ical information and keeps the number of observa-

tions as high as possible (N = 4890 individual fish).

Yet, there are statistical limitations to what kind of

methods that can cope with such an extremely 0-in-

flated distribution and very large variation between

individuals, as seen in this variable (Fig. 2). Approx-

imately 39% of the individuals in the dataset had no

lice, while 9% had only 1 louse, and the highest

number of lice recorded on 1 fish was 586.

We tested for the relationship between salmon

lice infestations (SL) and temperature (T), fresh-

water influence (F), infestation pressure from

salmon farms (IP) and their interaction terms, by

comparing a set of linear models. In addition, fish

length (L) was included since body size is expected

to positively influence the probability for salmon

lice infestations. This gave the following full model:
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Fig. 2. Frequencies of total number of salmon lice Lepeoph-

theirus salmonis counted on wild sea trout Salmo trutta. The
lower panel shows the same data as presented in the upper 

panel, but includes only lice counts of ≤50
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SL = L + T + F + IP + T × F + T × IP + F × IP (1)

As the response (salmon lice infestation, SL), we

used each of the 3 measures described above, viz.

binary variable, proportional variable and the 0-

inflated variable. For the binary variable, we used a

general linear mixed model. Due to the location of

sampling sites in a gradient from inner to outer

fjord area and the repeated sampling at each site, all

244 sampling occasions included cannot be consid-

ered statistically independent. To account for this

non-independence, we grouped all sampling occa-

sions performed in the same fjord in the same year

(totalling 52 groups), and included this grouping

variable as a random effect. In the models based on

the proportional response variable, the number of

data points was too low (N = 159) to include this ran-

dom effect, and thus simpler general linear models

(GLMs) were used. In the proportional models, we

controlled for overdispersion (i.e. variance greater

than expected from model) by correcting the  standard

errors using a quasi-GLM and adding a  dispersion

parameter (Zuur et al. 2009). Fish length was natu-

rally not included in the model with the proportional

response variable, since this was based on grouped

individuals rather than single fish and we already

selected individuals of comparable size.

The last response variable, with 0-inflation, re quired

use of models that can deal with excessive numbers

of 0s, such as 0-inflated Poisson (ZIP) or 0-inflated

negative binomial (ZINB) models (Zuur et al. 2009).

When modelling parasite data, it is important to treat

the 0s in an appropriate way and separate between

‘true’ and ‘false’ 0-values. While the true 0s are what

we want to measure, namely the individuals that

have been exposed to salmon lice, but still have no

infestations due to their immune response, behav-

iour, environmental conditions or other factors that

protect them, the false 0s are individuals that do not

have any lice because they have not been exposed to

salmon lice. It is not possible to separate between

these 0s in reality, as we do not know where the fish

have been prior to sampling, but it is important that

the method used can handle this combination of true

and false 0s statistically. The ZIP and ZINB models

consist of 2 parts: first the probability for false 0s in

the data is estimated and thereafter the number of

salmon lice is estimated when corrected for the prob-

ability for false 0s (Zuur et al. 2009). For the 0-inflated

models, we corrected for non-independent sampling

points by letting the grouping variable of fjord and

year (explained above) describe the probability for

false 0s. Thereafter we modelled the probability of

true 0s by the same full model as described in Eq. (1).

To correct for potential overdispersion, we tested

whether models based on ZINB performed better

than models based on ZIP, since ZINB models correct

for overdispersion both in the 0s and in number

of salmon lice, while ZIP models only correct for 0-

inflation.

For all 3 approaches, the model selection was per-

formed by stepwise removal of terms from the full

model (Eq. 1) to minimize Akaike’s information crite-

rion (AIC), and models with ∆AIC < 2 were consid-

ered to have equal support (Burnham & Anderson

2002). Based on the parsimony principle, the simplest

model with fewest terms was selected when 2 models

were equally supported (∆AIC < 2). All modelling

was performed with the statistical software R 2.14.0

(R Development Core Team 2012) with the packages

lme4 (Bates et al. 2014) and pscl (Jackman 2014).

RESULTS

According to the final model with the binary re -

sponse variable, all explanatory variables had a sta-

tistical influence on the probability of presence of lice

on wild sea trout (Table 1). The probability that an

individual fish had lice increases with body length,

increasing infestation pressure from salmon farms

and increasing temperature, and decreases with in -

creasing freshwater influence (Fig. 3). Further, there

was a significant interaction between temperature

and infestation pressure from salmon farms. When

the infestation pressure from farms is low, tempera-

ture has a strong increasing effect on the probability

of a fish having lice; however, as the infestation

 pressure from farms increases, temperature gradu-

ally becomes less important (Fig. 4).

Also, when using the proportion of individuals with

a given level of lice infestations, we found a positive
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Estimate SE p

Intercept −3.445 0.547 <0.001
Fish length 0.003 <0.001 <0.001
Infestation pressure from farms 1.245 0.278 <0.001
Temperature 0.314 0.039 <0.001
Freshwater influence −134.100 8.671 <0.001
Temperature × infestation −0.075 0.021 <0.001
pressure from farms

Table 1. Summary of the best model explaining the proba-
bility of a sea trout Salmo trutta having salmon lice Lepeo -

phtheirus salmonis measured as a binary response variable 
of either lice or no lice
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influence of temperature and a negative influence of

salinity (Fig. 5, Table 2). While temperature and

salinity were strongly significant independent of

which threshold level that was used, the increasing

effect of infestation pressure was statistically signifi-

cant only when using the proportion of individuals

with >0.025 lice g−1 and not at threshold levels of 0.05

or 0.1 lice g−1 (Fig. 6). Further, there were no interac-

tion effects in any of the final models. One reason why

the results vary among the 3 levels may be the statis-

tical distribution of different variables. When the

threshold level is set to 0.1 lice g−1, 47% percent of

the data points are 0, meaning that in almost half of

the samples, none of the individuals have lice infesta-

tions above the threshold (see Fig. S3 in the Supple-

ment). Such a high number of 0s likely restricts the
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Fig. 3. Predicted probability of a wild sea trout Salmo trutta having salmon lice Lepeophtheirus salmonis as a function of each
of the 4 explanatory variables, viz. infestation pressure from farms (estimated from reported counts, see Jansen et al. 2012),
temperature, freshwater influence and fish length. Solid black lines represent predicted regression values (parameter values
in Table 1), and grey lines show 95% confidence interval. The upper (lower) boxplots in each panel illustrate fish with (with-
out) salmon lice. In each boxplot, the black vertical line shows the median, the box marks 25th−75th percentiles, and the 

stippled lines indicate the spread between the minimum and maximum values
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model’s ability to explain the variation, which causes

the results to be less reliable. When the level is

reduced to 0.025 lice g−1, more variation is seen in the

variable, since the number of 0s is reduced to 26%.

We were unable to use the final lice intensity

response variable, i.e. the total number of lice

counted on each individual fish. We attempted both

ZINB and ZIP models but were not able to perform a

model selection because many of the models would

not converge when variables were removed from the

full model. Hence, the models were considered to be

unreliable due to low explanatory power and are not

presented.

DISCUSSION

Our study shows that infestation pressure from

salmon farms, temperature and salinity strongly influ-

enced lice infestations on wild sea trout in Norway in

the period between 2004 and 2010. The significant in-

fluence of these variables was expected, as salmon

lice infestations are naturally governed by variations

in ambient temperature and salinity (Stien et al. 2005,

Bricknell et al. 2006), and a previous  Norwegian study

also pointed out the importance of nearby salmon

farms (Serra-Llinares et al. 2014). Although the exact

results vary somewhat depending on which measure
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Fig. 4. Predicted probability of a wild sea trout Salmo

trutta having salmon lice Lepeophtheirus salmonis as a
function of the interaction between infestation pressure
from farms and temperature (parameter values from the
regression are presented in Table 1). Solid line, long
dashed line and short dashed line represent infestation
pressure with levels 3, 2 and 1, respectively. Higher
levels of infestation pressures are not plotted, since the
majority of the data (94%) were below this level (see 

Fig. 3)

Fig. 5. Proportion of wild sea trout Salmo trutta with salmon lice Lepeophtheirus salmonis levels above 0.025 lice per gram fish
weight (lice g−1) as a function of (a) temperature and (b) freshwater influence. Solid black lines represent predicted regression 

values (parameter values in Table 2), and grey lines show 95% confidence intervals
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of lice infestations we used, the same trend was evi-

dent in all models, which indicates that our results are

relatively robust. The binary model, comparing indi-

viduals with and without lice, showed a significant

 increase in the probability of lice infestations with

 increased infestation pressure from farms. Similarly,

previous studies from Ireland (Gargan et al. 2003),

Scotland (Middlemas et al. 2013) and Norway (Serra-

Llinares et al. 2014) found an increase in salmon lice

levels on wild sea trout with high density of salmon

farms. However, these studies did not take potential

interactions with other environmental variables, such

as temperature and salinity, into account. In our study,

we found an interaction between temperature and

 infestation pressure from salmon farms. At low infes-

tation pressure from farms, temperature is a strong

driver of the presence of lice on wild sea trout; how-

ever, when the infestation pressure from farms is

high, temperature becomes less important. This may

be because most of the fish already have salmon lice

when infestation pressure is higher. Alternatively, it

may be because the infestation pressure from farms is

lower when temperatures are low, and as temperature

increases, so does the infestation pressure.

When using proportion of fish with a given level of

lice infestation in our models, the results were partly

dependent on the threshold level used. The effect of

temperature and salinity remained similar independ-

ent of lice level, while the effect of infestation pres-

sure from salmon farms was statistically significant

only when we used the lowest level of 0.025 lice g−1

and not at levels of 0.05 or 0.1 lice g−1. Nevertheless,

it is clear that infestation pressure from salmon farms

causes increased level of lice infestations of wild

salmonids, as seen both from our results

from the binary model as well as other

studies (MacKenzie et al. 1998, Gargan et

al. 2003, Middlemas et al. 2013, Serra-

Llinares et al. 2014, Thorstad et al. 2015).

In salmon farms, a clear pattern of in -

creased lice levels with increasing tem-

perature can be seen (Jansen et al. 2012),

and although we lack true baseline data

of the natural lice level on wild salmonids

before salmon farms were present, it is

likely that the effect of  seasonal tem per -

ature also influences the natural salmon

lice dynamics. Thus, correlating lice

 levels among wild fish with lice levels in

farms, without considering ambient tem-

perature of the wild fish, may partly con-

found the influence of infestation pres-

sure from salmon farms, if both levels are

strongly driven by the same seasonal temperature

development. It is therefore noteworthy that even

after correcting for the temperature effect, our results

show that infestation pressure from salmon farms

significantly increases the probability of wild sea

trout having salmon lice. To our knowledge, this has

never been demonstrated before.

The measure of the total number of lice displayed

extreme 0-inflation, and we were therefore not able

to test which drivers determine the total number of

lice on wild sea trout. In addition to the 0-inflation, a

relatively low number of fish were collected at each

site and there are large temporal and spatial varia-

tions in environmental conditions between sampling

occasions. This combination causes statistical chal-

lenges even for methods that are created to cope with

0-inflation, and the measure of total number of lice

on each fish could not be used as the response vari-

able in spatiotemporal statistical comparisons. One

reason for 0-inflated distribution is that individuals

that have recently been living in freshwater may not

be infested even if they are collected in a fjord area

with high lice density. Hence, this can lead to un -

expected results, such as higher infection pressure

being associated with reduced probability of infesta-

tion, even if the intensity rises.

One of the reasons why so few studies have mod-

elled effects of environmental variables on the tem-

poral and spatial variation in salmon lice infestations

on wild salmonids likely is the methodological chal-

lenge with collecting and analysing parasite data in

a representative manner. We recognize 4 main chal-

lenges: (1) to find the most relevant biological and

statistical measure of salmon lice levels, (2) to get
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Lice level Estimate SE p

(lice g−1)

0.1 Intercept −3.084 0.817 <0.001

Infestation pressure from farms 0.178 0.109 0.104

Temperature 0.176 0.064 0.006

Freshwater influence −87.383 26.839 0.001

0.05 Intercept −2.589 0.749 <0.001

Infestation pressure from farms 0.195 0.113 0.087

Temperature 0.172 0.059 0.004

Freshwater influence −68.171 23.236 0.003

0.025 Intercept −2.190 0.720 0.002

Infestation pressure from farms 0.312 0.128 0.016

Temperature 0.158 0.057 0.006

Freshwater influence −58.019 21.968 0.009

Table 2. Summary of best models explaining the proportion of sea trout
Salmo trutta in a sample with salmon lice Lepeophtheirus salmonis levels 

above either 0.1, 0.05 or 0.025 lice per gram fish weight
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access to sufficiently detailed environmental vari-

ables in space and time, (3) that the large natural

variation on parasite data requires very large data -

sets and advanced statistical methods, and (4) to col-

lect sufficient and representative individuals of fish

without negatively influencing the fish population. In

the following, we will discuss these 4 challenges.

It is not straightforward to determine what meas-

ure of lice infestations to use in order to keep as much

biological information as possible and simultane-

ously fulfil statistical requirements for relevant com-

parisons. The comparison of fish with and without

lice (i.e. the binary model) was the most statistically

robust of our models, since it has a high number of

observations (i.e. all collected fish in the monitoring

programme) and includes a random effect in order to

correct for spatiotemporal autocorrelation. The out-

put of this model was clear, and all explanatory vari-

ables followed the expected pattern. In spite of this, it

is of limited interest, both scientifically and for con-

servation purposes, to group all infected fish together

irrespective of the number of lice. The main task is to

understand under what circumstances salmon lice

infestations have a considerable negative effect on

individuals or populations. A binary comparison of

fish with and without lice cannot answer this ques-

tion since the presence of lice does not necessarily

cause negative effects if the number of lice is low.
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Fig. 6. Proportion of wild sea trout Salmo trutta with salmon
lice Lepeophtheirus salmonis levels above (a) 0.025, (b) 0.05
and (c) 0.1 lice per gram fish weight (lice g−1) as a function of
infestation pressure from farms. Solid black lines represent
predicted regression values (parameter values in Table 2),
and grey lines show 95% confidence intervals. Predicted
values are only drawn for statistically significant results
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The frequency of parasites on hosts is often pre-

sented as aggregated group values, such as preva-

lence, abundance and intensity, in order to create a

measure that summarizes the variation among indi-

viduals in a way that facilitates comparisons between

groups or populations (Rózsa et al. 2000). Although

useful for many comparisons, the interpretation of

such aggregated measures is less intuitive than total

parasite counts or categorical variables (e.g. lice vs.

no lice). Further, all aggregated measures are sensi-

tive to the number of individuals included in each

group, and it is not always clear whether all individ-

uals should be grouped or whether grouping should

be based on size classes, sex, species etc. For statisti-

cal comparisons, there is also a challenge with using

group aggregations instead of individual values

because of the reduction in number of observations.

When we used the aggregated proportional measure

based on suggested threshold values for salmon lice-

induced mortality (Taranger et al. 2015), our results

were partly sensitive to the threshold value of lice

infestations used. The reason this approach was less

robust than the binary comparison is likely that the

number of observations is strongly reduced when

using aggregated group values rather than individ-

ual information. However, although there are statisti-

cal challenges with analysing such group values with

our approach, the threshold values used by Taranger

et al. (2015) may still be useful measures for risk

assessment purposes. An alternative measure of

infestation that would be interesting to explore in

future statistical analyses is to combine the threshold

value approach with a binary approach. Hence,

rather than comparing lice vs. no lice, infested vs. not

infested may be measured as above and below a

threshold value of number of lice per gram fish. This

would keep all individuals in the dataset, but at the

same time incorporate a biologically meaningful

measure of infestation level. However, it is not fully

clear what threshold values would be meaningful to

use on an individual level. The values suggested by

Taranger et al. (2015) are intended for population-

level effects (i.e. % mortality), while individual toler-

ance levels may be highly variable (Finstad & Bjørn

2011). This should be a future topic of research.

Total number of lice recorded on each individual

fish is an intuitive measure containing more of the

biological information. However, summing up lice

counts on each individual is also a simplification that

does not fully capture the biological complexity of

the infestations. Different development stages of

salmon lice have different impacts on salmonids, and

although chalimus larvae may cause severe damage

on skin and fins when they occur in high numbers, it

is the pre-adult and adult stages that account for the

most severe damage (Thorstad et al. 2015). Addition-

ally, the number of lice in different stages gives infor-

mation about the population cycle of lice and indi-

cates the potential for lice exposure in the near

future. Hence, some important biological information

is lost by grouping all stages of salmon lice together.

Another reason why salmon lice infestations, like

many parasite infestations, are notoriously difficult to

study is that the likelihood of a fish to be collected in

the monitoring programme is dependent on its infes-

tation level, since salmon lice influence the survival

and behaviour of the fish (Finstad & Bjørn 2011).

However, studies that include acoustic telemetry

may shed light on fish movements in the fjords as

well as behavioural differences between individuals

with and without lice, as recently illustrated by Gjel-

land et al. (2014).

It may be that our 0-inflated model approach would

have been more successful if the explanatory vari-

ables (i.e. temperature, salinity and infestation pres-

sure from salmon farms) had been more accurate.

The temperature data we had access to have limited

spatial resolution and resulted in the same value for

all sites within a county. Even more problematic is

the proxy we used for salinity, which lacks any tem-

poral variation. In fact, it is rather surprising that the

binary and proportional models were able to incorpo-

rate such a poor variable successfully. Our measure

of infestation pressure from farms has a good spatio -

temporal resolution, and Kristoffersen et al. (2014)

recently evaluated this measure and confirmed that it

can be used to predict infestation levels of farmed

fish over spatial scales. However, it is based on the

assumption that salmon lice larvae are spread evenly

in all directions away from the fish farm, without tak-

ing into account currents or variations in temperature

and salinity. Stochastic factors influence infection

pressure with local accumulations of larval lice (Pen-

ston et al. 2008). Conditions to create such accumula-

tions may or may not be present depending on local

hydrodynamics, which have been seen to strongly

influence local infection pressure associated with

salmon farms (e.g. Murray & Hall 2014). Hence, the

detailed variations in local environments in the large

Norwegian fjords are not captured by our data and

are therefore not accounted for by the measures of

temperature, salinity and infestation pressure we

have included. Yet, in spite of this, all environmental

variables showed significant results in our models,

and we can therefore assume that they did capture

sufficient variation among the sampling occasions.
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Further, even if detailed information on environmen-

tal variations in time and space had been available, it

is impossible to know exactly what environmental

conditions wild fish have been exposed to. Salmonids

may swim large distances in a short time period (Fin-

stad et al. 2005) and thereby move between different

salinity and temperature zones, as well as between

areas with high or low infestation risk of salmon lice.

Such variations that cannot be fully predicted are

common in many ecological studies and although not

all relevant details may ever be available, it would

likely have been possible to reduce the noise and

improve the models by having a more thorough sam-

pling design and higher number of data points. Fur-

ther, recent approaches of spatiotemporal models of

salinity, temperature and currents in the fjords may

improve the availability of relevant environmental

data (Asplin et al. 2011, Salama & Rabe 2013,

Johnsen et al. 2014). Although statistical models

based on rather coarse-scale proxy data can be used

to identify factors influencing the infection pressure

on wild salmonids, as we have tried here, this ap -

proach may not be that useful for determining

whether individual areas have a lice problem owing

to finer-scale environmental variation.

As expected, our result showed that both tempera-

ture and salinity influenced salmon lice levels in

addition to infestation pressure from farms. However,

all 3 of these variables are correlated along gradients

from inner to outer fjord areas. Salinity is often lowest

in the innermost areas due to higher freshwater influ-

ence from rivers, which also influences the tempera-

ture and causes colder water in inner fjord areas.

Simultaneously, the infestation pressure is lower in

innermost areas, because the density of salmon farms

is higher in outer parts of many of the sampled fjords.

The sampling in the monitoring programme was

therefore designed with several sampling sites along

each fjord, in order to capture the variation in these

gradients. However, this also creates a challenge

since the 3 variables are correlated and we cannot

separate between the effects of each of the 3 within 1

fjord. Yet, by having sampling sites distributed in dif-

ferent geographic areas that vary in climate and

hydrology and ensure that both areas with and with-

out salmon farms in the outer fjord are included, it is

possible to separate statistically between the effects

of temperature, salinity and infestation pressure if

the sample sizes are sufficiently large.

Due to the complexity discussed above, it is clear

that statistical analyses of salmon lice infestations on

wild salmonids require advanced statistical methods

and a large dataset in order to handle the natural

variation in lice levels, fish behaviour and environ-

mental conditions. Hence, the number of individuals

in each sample is crucial. If resources are limited, a

monitoring programme may benefit from having

fewer sampling sites with larger effort at each loca-

tion, instead of high numbers of sampling sites

spread over large areas with large environmental

variations that cannot be accounted for. For the Nor-

wegian salmon lice monitoring programme, this

would imply selection of certain fjords to study in

more detail, both temporally and spatially, rather

than having a low number of samples from each area

and a high number of included fjords. Some Norwe-

gian fjords are very large and therefore have large

en vironmental variations, including large variation

in intensity of salmon farming. Hence, it has to be

expected that there will be large differences in sal -

mon lice infestation levels on wild sea trout collected

in different areas in the same fjord. Since the dataset

analysed in this study was primarily collected to pro-

vide an up-to-date snapshot of the infestations on

wild fish in different regions, the sample sizes are in

many cases too small for advanced statistical analy-

ses. One of the reasons for the low sample sizes is the

use of gill nets as sampling gear. As gill nets unavoid-

ably involve mortality, sample sizes were kept at a

minimum to avoid negatively influencing the already

weak populations of sea trout and Arctic char. How-

ever, after the methodological challenges of analysing

the monitoring data were reported to the manage-

ment authorities (Helland et al. 2012), the sampling

design of the Norwegian monitoring programme

changed in 2013. Today, sampling is performed with

fyke nets, which secure a live catch of fish and opens

up the possibility of catching a larger number of indi-

viduals at each sampling site and releasing the fish

unharmed after measurements and counting of

salmon lice (Taranger et al. 2015). Further, the num-

ber of sampling sites has been reduced and effort has

been concentrated in 4 model fjords with detailed

sampling of a higher number of environmental para -

meters. We welcome this approach and recommend

increasing the number of such modelling fjords in

order to capture the large environmental variation

along the Norwegian coast. Clearly, a detailed moni-

toring programme cannot cover the full coastline;

however, considering the length of the Norwegian

coast and the continuous expansion of the fish farm-

ing activity, there should be room for more than 4

model fjords. Future statistical analyses of these data

may improve our understanding of under what cir-

cumstances salmon lice levels negatively affect wild

salmonid stocks.
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