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A total of 230 anadromous Salmo trutta (brown trout) were sampled in five sheltered coastal 

fjords (or sea lochs) on the Isle of Skye, Scotland, U.K., in 2016 at varying distances from 

active Atlantic salmon Salmo salar farms. Statistical models were developed to investigate 

potential correlations between salmon lice Lepeophtheirus salmonis burdens on S. trutta hosts 

and their proximity to S. salar farm cages. Significant correlations were found between lice 

burdens and fish fork length and proximity to the nearest S. salar farm. The probability of the 

presence of L. salmonis on fish hosts increased with fish host size and with distance from the 

nearest S. salar farm, but total lice burdens were highest in fish sampled near S. salar farms 
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and decreased with distance. The proportion of different life-cycle stages of L. salmonis were 

also dependent on S. salar farm proximity, with higher juvenile lice numbers recorded at sites 

near S. salar farm cages. These results highlight the complexity of the relationship between S. 

trutta and L. salmonis infections on wild fish and emphasise the requirement of further 

research to quantify these effects to better inform conservation and management strategies, 

particularly in areas of active S. salar farm facilities. 

 

Key words: coastal zone; dispersion; Lepeophtheirus salmonis; lice parasite; Salmo salar; 

salmonid 

  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
INTRODUCTION 

 

Migration, the spatial movement of an animal to and from a specific area, is commonly 

exhibited by a wide variety of different taxa (Bohlin et al., 2001; Acolas et al., 2008; 

Chapman et al., 2011). The benefits that may arise from migration include greater access to 

resources, which frequently result in increased growth rate and fecundity (Eldøy et al., 2015). 

Large scale movements are exhibited by diadromous salmonids, such as brown trout Salmo 

trutta L. 1758 and Atlantic salmon Salmo salar L. 1758. Following a variable time period in 

fresh water, a subset of most S. trutta populations will smolt and undertake a seaward 

migration (Jonsson & Jonsson, 2011; Thorstad et al., 2016). This enigmatic behaviour is 

thought to occur only when the benefits of the migration (increased resources, fecundity etc.) 

outweigh the costs (increased predation, exposure to disease etc.) to the individual in the 

marine environment (Bohlin et al., 2001; Jonsson & Jonsson, 2011; Thorstad et al., 2016).  

There is strong evidence that salmonid populations are in decline in many areas, 

including the U.K., Europe and Canada (Ford & Myers, 2008; Middlemas et al., 2013; 

Thorstad et al., 2015). Although this trend is difficult to quantify because of the logistical 

problems associated with sampling fish populations that travel such large distances (ICES, 

2017a), it is apparent in rivers with long term count data, as well as in those with historic rod 

catch records (Gross et al., 1988; Gjelland et al., 2014; Gauld et al., 2016; ICES 2017b). As a 

result of its cultural and economic importance considerable previous research has focussed on 

the challenges facing S. salar populations (Limburg & Waldman, 2009). In contrast, 

considerably less attention has been given to the causes of decline of S. trutta (Drenner et al., 

2012; Eldøy et al., 2017, Glover et al., 2017). 

It is well established that, during the marine stage of their life cycle, anadromous S. 

trutta gain benefits from access to increased resources, but they are also exposed to increased 
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costs, such as disease and predation, which can result in high levels of mortality (Drenner et 

al., 2012; Gjelland et al., 2014). Thus, any change to the relative costs and benefits of marine 

migration have the potential for significant effects on anadromous populations. This has led 

to speculation that changes in marine migration costs might be contributing to the decline in 

anadromous S. trutta (Gjelland et al., 2014; Jennings et al., 2016). 

One suspected contributing source of mortality that may have increased in recent 

years is the potential for infestation by Lepeophtheirus salmonis, a naturally occurring sea 

louse parasite that feeds on the mucus, tissue and blood of their hosts, primarily salmonids 

(Boxaspen, 2006; Fast et al., 2007; Thorstad et al., 2015). The complex L. salmonis life cycle 

can be divided into eight developmental stages: two larval napulii phases that are planktonic, 

one copepodite phase that is also planktonic and free floating but must attach to a host, two 

chalimus phases (when the lice are able to begin feeding on their host), two pre-adult phases 

and a final mature or reproductive phase (Fast et al., 2007; Gjelland et al., 2014; Thorstad et 

al., 2015). Beginning at the pre-adult phases, L. salmonis are able to move on the body 

surface of their host and can actively swim for short distances (Thorstad et al., 2015). The 

planktonic stages can be carried by wind-driven and tidal currents (Costello, 2009; Asplin et 

al., 2014). 

High L. salmonis burdens can lead to increased osmoregulatory stress and eventual 

mortality in salmonids (Middlemas et al., 2013; Taranger et al., 2015; Thorstad et al., 2015). 

The incidence of L. salmonis on wild salmonids has increased since the 1960s and has been 

linked with the development of commercial S. salar farming (Thorstad et al., 2015). 

In 2016, the international commercial aquaculture industry produced 1.5 Mt of S. 

salar and the industry has continued to grow (OECD, 2018). Previous research has suggested 

that expanding coastal S. salar farming in the U.K., Norway and Canada could lead to an 
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increase in the densities of infective L. salmonis in coastal areas (Boxaspen, 2006; Gargan et 

al., 2012; Thorstad et al., 2015; Arechavala-Lopez et al., 2016; Shephard et al., 2016).  

The observed increase in densities of infective L. salmonis on wild S. trutta 

populations has been linked with high densities of S. salar in marine farm cages, which 

provide L. salmonis with a large, easily accessible population of host species and allow them 

to feed and reproduce successfully if left untreated (Salama et al., 2013). Open-net cages 

allow for the dispersion of free-floating L. salmonis from the cages and into the surrounding 

area, thus increasing their abundance in the surrounding ecosystem (Amundrud & Murray, 

2009).  

Coastal zones, frequently used for rearing S. salar in cages particularly in western 

Norway and Scotland, are also important feeding grounds for migratory S. trutta post-smolts 

(Jonsson & Jonsson, 2011). This habitat overlap has the potential to expose individual wild S. 

trutta to unnaturally elevated levels of L. salmonis parasites and could thus lead to higher 

than natural lice infestations (Costello, 2009; Asplin et al., 2014; Thorstad et al., 2015; 

Gargan et al. 2012).  

Research in Scandinavia, North America and the U.K. has demonstrated that in areas 

where S. salar farms are present, a higher abundance of lice can be found in the water column 

and that wild salmonids are more heavily infected by L. salmonis (Gargan et al., 2012; Rees 

et al., 2015; Thorstad et al., 2015). Similar trends have been observed in local salmonid 

populations on the west coast of Scotland. In a study in Loch Torridon, Penston & Davis 

(2009) reported that the number of gravid L. salmonis found on farmed S. salar was 

‘significantly correlated with the densities of L. salmonis copepodites in the water column’. 

Middlemas et al. (2013) reported that the proportion of wild S. trutta with high L. salmonis 

infestations was significantly correlated to proximity of individual hosts to S. salar farms and 

to fish length across the west coast of Scotland. Similarly, Shephard et al. (2016) showed that 
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higher levels of L. salmonis infection were more commonly found on S. trutta which were 

captured closer to S. salar farm cages in Scotland and Ireland. Although knowledge of the 

dispersion rates and transmission locations of L. salmonis populations to wild salmonids is 

improving, there is still an urgent need for more information on the infection rates of L. 

salmonis in wild S. trutta in near-shore coastal habitats to provide further insight into the 

effects of S. salar aquaculture on wild salmonid populations in Scotland (Middlemas et al., 

2013). 

Commercial S. salar farming began in Scotland in the 1960s and has continued to 

expand over time on its northern and western coasts (Ellis et al., 2016). In 2016, 162 817 t of 

farmed S. salar were produced in Scotland and valued just below £600 million sterling 

(Kenyon & Davies, 2018). The Scottish Government is encouraging the growth of the 

industry, hoping to increase production to 210 000 t by 2020 (Kenyon & Davies, 2018). This 

continued expansion of the industry suggests that wild S. trutta populations in Scotland may 

face increased pathogen exposure as more S. salar farms are established.  

Currently, the Isle of Skye (57o 25′ N; 6o 20′ W) on the west coast of Scotland 

supports over ten active S. salar farms and several inactive, or fallow, farms that have 

previously been in use. With the continued future expansion of both the production capacity 

of current S. salar farms and the number of active farm sites around the island, it is crucial to 

gain a better understanding of salmonid behaviour in these shared habitats, as well as the 

effects of L. salmonis infection burdens on an already declining wild S. trutta population. 

Using anadromous S. trutta populations that were captured in five sheltered coastal 

inlets (hereafter referred to as sea lochs) on the Isle of Skye (Fig. 1), the relationships 

between L. salmonis burdens on individual fish hosts and sampling site proximity to active S. 

salar farms were investigated. 
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MATERIALS AND METHODS 

 

SAMPLING 

 

Five sea lochs, located around the Isle of Skye (Loch Snizort, Slapin, Portree, Eishort 

and Harport) were sampled between April and September 2016 (Fig 1 and Table I). The sites 

varied in their distance from active S. salar farms from 3 km (Loch Portree) to 48 km (Loch 

Eishort). All S. trutta were caught using a combination of seine and fyke netting techniques 

in the tidal zones of each sea loch. The netting method used was dependent on site 

accessibility. Seine netting was carried out at Loch Slapin and Snizort on a falling tide. A 

seine net of 30 m length and 20 mm mesh size was used at Loch Slapin and one of 50 m 

length and 20 mm mesh size was used at Loch Snizort. All captured fish were recovered with 

a large hand net and placed into a holding tank for processing. 

In Loch Portree, Eishort and Harport, two fyke nets (14 mm mesh size) were set in the 

mouth of the principal river discharging into the loch, with one net placed in a downstream 

and one in an upstream facing direction. Leader nets were stretched to either bank to increase 

the chances of intercepting moving fish and guiding them into the net. The fyke nets were left 

in position for between 2 and 4 days and checked every 12 hours on a low tide. Any fish 

captured was placed into a holding tank for processing. 

All captured fish were anesthetised using MS-222 and their mass (M, g) and fork 

length (LF, mm) were measured. From these, Fulton’s condition factor (K = M LF
 –3) (Fulton, 

1904; Nash et al. 2006) was calculated. Visual L. salmonis counts were conducted on each 

fish and the number of L. salmonis at each life stage (i.e. juvenile, mobile and gravid female) 

was recorded. All L. salmonis within the chalimus life stages were classified as juveniles, L. 

salmonis within the pre-adult, mature male and non-gravid female stages were classified as 
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mobile and reproducing female L. salmonis with attached paired egg strings were classified 

as gravid females. All visual counts were conducted by the same researcher throughout the 

study to eliminate observer bias. All fish were released back into the site they were captured 

from after they had sufficiently recovered from the anaesthetic and were able to swim 

independently. 

Using S. salar farm locations available from the Scottish Government’s aquaculture 

website (Scottish Government, 2018), the distance by sea from each sampling site to the 

nearest active farm site was calculated. The Scottish Government defines an active site as ‘an 

aquaculture site that has either actively produced fish or shellfish in the last 3 years or which 

is fallow as a part of a planned production cycle’ (Scottish Government, 2018). 

 

STATISTICAL ANALYSIS 

 

To investigate the relationship between L. salmonis burdens on individual S. trutta 

hosts, five models were developed. Firstly, drivers of total L. salmonis burden were explored 

and secondly, drivers of life stage specific L. salmonis burden were investigated. R statistical 

software (www.r-project.org) and packages AICcmodavg (Mazerolle, 2016), effects (Fox, 

2003), ggplot2 (Wickham, 2009), glmmADMB (Fournier et al., 2012), lattice (Sarkar, 2008), 

lme4 (Bates et al., 2015), multcomp (Hothorn et al., 2008), plyr (Wickham, 2011), pscl 

(Zeileis et al., 2008) and R2admb (Bolker et al., 2016) provided the platform for all data 

analyses. 

 

TOTAL ABUNDANCE OF L. SALMONIS 
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Due to the relatively high numbers of fish that were found to be uninfected by L. 

salmonis (52%), the lice burden on individual S. trutta was examined using mixed-effects 

models designed to handle zero-inflated data, classified as data made up of more than 25% 

zeros (Jansen et al., 2012; Zuur & Ieno, 2016). A binomial mixed-effects model was created 

using the lmer4 and lattice packages in R to identify the factors that were influencing the 

presence or absence of L. salmonis on S. trutta. A second truncated negative binomial mixed 

effects model was created using the packages R2admb and glmmADMB in R to determine 

which covariates affect the L. salmonis burdens found in the positive non-zero count data of 

the study. 

In both models, the presence or abundance of L. salmonis was the primary response 

variable, while LF, S. salar farm proximity (km), K were treated as covariates. A maximum 

statistical model including all covariates, their interactions and also netting method as a 

random variable was created. A minimum adequate model was generated by a process of 

significance testing between models (ANOVA) and the sequential backward elimination of 

non-significant terms. The final model selected was the simplest model containing only 

significant predictors of the primary response variable, which was within two units of the 

lowest AIC value (Zuur & Ieno, 2016). 

 

LIFE STAGE SPECIFIC L. SALMONIS BURDEN 

 

Three life-stage specific maximum generalized linear models (GLM) including the 

covariates and their interactions were created for each of the three broad life stages of L. 

salmonis. The life-stage specific burden of L. salmonis (i.e. juvenile, mobile and gravid 

female) was the primary response variables, whilst S. salar farm proximity (km) and total L. 

salmonis burden per individual host fish were treated as covariates. The final model for each 
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life stage was selected using ANOVA significance testing to remove non-significant terms 

and ultimately determine the simplest model using AIC values. Statistical analysis of this 

dataset ensured that model assumptions were met and collinearity was checked to identify 

covariates that were highly correlated. Highly correlated covariates, such as M, were removed 

from further analysis to avoid replication of variation. 

 

RESULTS 

 

A total of 230 fish were sampled from five sites and all results are presented as mean 

± S.E. (Table I). Across all sites, S. trutta had a mean LF = of 216.4 ± 4.6 mm and a mean ± 

total parasite load of 5.6 ± 0.9 L. salmonis individuals per fish (Table I). Overall, the mean 

numbers of juvenile, mobile and gravid female lice per fish were 3.4 ± 0.7, 1.5 ± 0.3 and 0.7 

± 0.1, respectively (Table I).  

The binomial mixed-effects model returned significant relationships between the 

presence of L. salmonis on individual S. trutta and S. salar farm proximity (km) and LF 

(Table II). The probability of an individual S. trutta being infected with L. salmonis was 

positively related to the distance to an active farm (P < 0.001) (Fig. 2). Additionally, the 

model showed that the probability of L. salmonis presence on S. trutta was positively 

correlated to the length of a fish (P < 0.001) (Fig. 3). Thus there was a higher probability of 

finding L. salmonis on larger fish and on fish that were further away from a S. salar farm. 

The truncated negative binomial model indicated that S. trutta hosts that were infected with 

L. salmonis were more likely to have higher lice burdens in areas nearest to S. salar farms 

and that burden declined with increasing distance from the nearest farm (P <  0.01) (Fig. 4).  
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The three life-stage specific GLM models determined that the proportions of different 

life stages of L. salmonis contributing to the total lice burden on S. trutta were significantly 

influenced by the proximity of sampling sites to the nearest S. salar farm (Fig. 5).  

 

JUVENILE LIFE STAGE 

 

The proportion of juvenile L. salmonis was significantly influenced by an interaction 

between the total lice burden of L. salmonis on an individual fish and the proximity of the 

nearest S. salar farm (P < 0.001) (Fig. 6). This interaction was typified by a relationship 

where, on fish captured in close proximity to S. salar farms and when the lice burden on the 

fish was high, juvenile lice comprised a low proportion of the total lice burden. This 

relationship was reversed when total lice burden on fish, captured close to S. salar farms, was 

low; i.e. juvenile lice formed a relatively higher proportion of the lice burden. Furthermore, 

when individual fish were sampled further from S. salar farms, the proportion of juveniles 

would also fluctuate based on the total lice burden of L. salmonis. Fish with lower lice 

burdens would have fewer juvenile lice, while fish with a high lice burden would have a high 

proportion of juveniles. 

 

 MOBILE LIFE STAGE 

 

A significant and positive relationship between the proportion of mobile L. salmonis 

on S. trutta hosts and S. salar farm proximity was also identified (P < 0.001) (Table III). The 

model results indicated that the proportion of mobile lice contributing to the total lice burden 

increased with increasing distance from S. salar farms. 
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GRAVID FEMALE LIFE STAGE 

 

The model indicated that individual fish sampled at increasing distances from S. salar 

farms had a higher proportion of gravid L. salmonis females (P < 0.001) (Table II). 

Additionally, a significant and negative relationship was found between the proportion of 

mature gravid females and the total lice burden found on sampled S. trutta (P < 0.001). This 

indicated that as the total burden of L. salmonis increased, the number of gravid females 

comprising the total lice burden declined.  

 

 

DISCUSSION 

 

The probability of finding L. salmonis present on a host fish significantly increases 

with LF. Larger fish often have higher lice burdens simply due to the increased surface area 

available to feeding L. salmonis (Tucker et al., 2002; Costello, 2009; Middlemas et al., 2013) 

and there is an increased likelihood of L. salmonis encountering a fish with a larger surface 

area. Migratory S. trutta occupy coastal areas during the marine phase of their life cycle as 

they try to maximise individual growth rates. Increases in the amount of time spent in these 

environments have the potential to amplify the number of encounters an individual fish has 

with L. salmonis, as well as the host’s overall louse burden. 

The proximity of S. salar farms had a significant effect on both the probability of 

infection with L. salmonis and on the total lice burden of infected S. trutta. There was a 

higher probability of finding L. salmonis present on S. trutta that are further away from the 

nearest S. salar farm. Because L. salmonis is a naturally occurring parasite, varying 

abundances of this ectoparasite can also be found in coastal areas where S. salar farms are 
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not present (Urquhart et al., 2010; Jansen et al., 2012; Thorstad et al., 2015). Large, shallow 

and sheltered sea lochs that S. trutta have been shown to use as feeding grounds are also 

capable of supporting native L. salmonis populations due to the continuous presence of host 

species utilising the same area (Costello, 2009; Urquhart et al., 2010).  

The study sites Loch Slapin and Loch Eishort have similar geographic characteristics 

(large, shallow and sheltered) and are located 46 and 48 km, respectively, away from the 

nearest S. salar farm. Historically, there was an active S. salar farm in Loch Slapin, but the 

site was closed c. 8 years prior to this study due to high levels of lice infestation that the farm 

operators were unable to control. The farm site has remained fallow ever since and, based on 

previous studies suggesting that L. salmonis levels are significantly reduced after a fallowing 

period of six months (Bron et al., 1993; Rae, 2002; Costello, 2006), it is unlikely that the 

history of this site would have an effect on the levels of L. salmonis observed during this 

study. 

An average of 3.7 ± 0.7 total L. salmonis individuals per fish were reported in Loch 

Slapin in this study and 7.0 ± 2.1 total L. salmonis individuals per fish in Loch Eishort. A 

literature review by Thorstad et al. (2015) reported peak natural L. salmonis levels in areas 

without S. salar farms as 4–8 lice per individual S. trutta in summer and autumn months. 

Because of this, and the probable favourable environmental conditions for supporting S. 

trutta hosts and their L. salmonis populations within Lochs Slapin and Eishort, it is highly 

possible that for these sites L. salmonis densities represent lice levels that would occur 

naturally without the influence of S. salar farms. 

In contrast to the high probability of finding one or more L. salmonis on S. trutta 

sampled in areas further from S. salar farms, higher abundances of L. salmonis were found on 

host individuals that were captured in areas that are geographically closer to S. salar farm 

pens. These findings are similar to those of a number of other studies (Parker & Margolis, 
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1964; Middlemas et al., 2013; Shephard et al., 2016). For example, a modelling study by 

Gillibrand & Willis (2007) reported a similar result, in that copepodid abundance on wild fish 

reached a maximum between 7 and 12 km from the S. salar farm source. However, the 

distance at which maximum infection rate occurs will vary depending on topography, wind-

driven and tidal currents (Costello 2009).  

High lice loading is particularly apparent in Loch Snizort in this study, where an 

average of 20.5 ± 5.1 L. salmonis per fish was recorded and the nearest S. salar farm is 13 km 

away. A burden of L. salmonis of this magnitude is thought to have a direct effect on 

mortality in wild salmonids (Taranger et al., 2015). Taranger et al. (2015) developed an index 

to assess L. salmonis burdens in relation to fish mass. The index used laboratory experiments 

to calculate the increased chance of mortality in both post smolts (< 150 g) and larger 

salmonids (> 150 g) based on the mass of the fish. Their results indicated that post smolts 

with 0.2–0.3 lice g–1of fish and larger salmonids with 0.05–0.10 lice g–1 of fish, carried a 50% 

risk of mortality. Additionally, they determined that if a post smolt had a burden of > 0.3 lice 

g–1 and a larger salmonid had > 0.15 lice g–1, then those individuals had a 100% risk of dying.  

The probability model of Taranger et al. (2015) has not been tested empirically in a 

field environment and therefore should not be viewed as a final answer to management 

questions on the critical loading level of salmonid lice abundance in the wild (Thorstad et al., 

2015). For example, the average mass of the S. trutta sampled in Loch Snizort was 54.1 ± 5.9 

g and the average number of L. salmonis on each fish was 20.5 ± 5.1, which equates to 0.38 

lice g–1. This value exceeds the threshold reported by Taranger et al. (2015), which leads to 

100% lice related mortality in salmonids of less than 150 g mass. In comparison, fish from 

Loch Slapin and Loch Eishort, where the nearest S. salar farm is more than 45 km away, had 

respective mean values of 0.02 lice g–1 and 0.04 lice g–1, respectively These levels are lower 

than the threshold predicted by Taranger et al. (2015) as increasing the probability of 
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mortality in fish < 150 g at all, but would, however, result in a 20% lice-related mortality in 

fish weighing more than 150 g. 

 

LIFE STAGE SPECIFIC L. SALMONIS BURDEN 

 

By looking at the life-cycle stages of L. salmonis and their relative proportion as a 

part of the total lice burden, further information about the potential location of parasite 

transmittance between fish populations emerges. In this study, all stages of the L. salmonis 

life cycle are significantly influenced by the proximity of the sampled host individual to the 

nearest S. salar fish farm. However, differences in this relationship are evident between the 

proportion of juvenile L. salmonis and the proportions of mobile and gravid females that 

make up the total lice burden.  

 The relative proportions of juvenile L. salmonis consistently make up a large share of 

the total number of lice on S. trutta sampled near to S. salar farms, but this ratio fluctuates 

depending upon the total lice abundance and the host’s proximity to a farm. This complex 

relationship highlights the variation of dispersion rates and distances that juvenile L. salmonis 

may disperse from their source. Previous studies demonstrated that increased L. salmonis 

abundance can be observed up to 30 km away from S. salar farms (Middlemas et al., 2013; 

Rees et al., 2015). 

Marine S. salar aquaculture production units in Scotland are commonly located in 

coastal areas, a habitat that is widely used by young smolt and post-smolt S. trutta (Shephard 

et al., 2016). The open net pens that are used in these facilities allow free floating L. salmonis 

larvae to disperse from net pens by wind and tidal currents and potentially come into contact 

with any wild fish in the area (Penston et al., 2008, Costello, 2009). Therefore, it could be 

argued that the habitats frequented by the young fish that were sampled in this study are often 
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predisposed towards having higher juvenile lice densities because of the presence of S. salar 

farms, which act as a key source of L. salmonis larvae (Penston et al., 2008; Penston & 

Davies, 2009; Thorstad et al., 2015). Brooks (2005), however, reported a higher probability 

of finding the infective stages of L. salmonis at a distance of 7–10 km from their source (S. 

salar farms) as a result of a combination of the time taken to develop to the infectious stage 

and dispersion of lice larvae via water currents. Thus, local environmental conditions (e.g. 

salinity, temperature, topography, currents and tides, etc.) may all affect probability of 

infection and infection rate. While the majority of research has demonstrated that the 

transmission of lice at the juvenile stage is more likely to occur close to the source of the 

population (i.e. S. salar farms), it is possible that, in areas of high louse density, a portion of 

the lice in their larval stage would be carried away by local environmental conditions before 

they are developed enough to attach to a host (Brooks & Stucchi, 2006; Penston & Davies, 

2009). Several modelling studies have demonstrated that L. salmonis dispersion can be 

explained by wind and tidal currents, which can carry the lice up to 30 km in Scottish loch 

systems (Krkošek et al., 2005; Middlemas et al., 2013; Salama et al., 2013) and up to 97 km 

in Norwegian fjords (Asplin et al., 2014). 

The relationships between the mobile and gravid female life stages are less complex. 

There is a certain amount of variation between the ratio of each life stage relative to the total 

burden of lice on an individual fish sampled near a S. salar farm. As the distance from the 

nearest S. salar farm increases, however, the proportion of mobile lice also increases. The 

proportion of gravid females follows a similar trend as it increases with distance from S. salar 

farms. Additionally, the ratio of gravid females is higher on fish with low lice abundance, but 

decreases slightly when the total lice abundance increases. These trends would suggest that 

the more mature stages of the L. salmonis life cycle comprise a larger proportion of the total 

lice burden in areas more distant from S. salar farms.  
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The varying ratios of different life stages found across the large spatial area of this 

study could be explained by the speed of progression through successive life-stage moults, 

which can occur over a series of weeks or months, depending on climatic conditions 

(Boxaspen, 2006). Salmo trutta sharing coastal habitats with S. salar fish farms would be 

exposed to the juvenile stages of lice in those environments, which would then contribute to 

the high proportion of juveniles found in the total lice burdens (Penston & Davies, 2009). As 

infected S. trutta are likely to move around coastal areas, as part of their migration strategy, 

the surviving lice would continue to feed and reach sexual maturity, therefore contributing 

more mobile lice to the total ratio found on more mature fish that have moved away from the 

source of infection. However, there are other possible explanations for the observed patterns 

of life stage L. salmonis infections on fish in this study. One possibility is that those fish that 

acquire the high infection rate documented closer to farm sites may well have a higher 

probability of dying if juvenile L. salmonis develop to the more damaging mobile stages 

(Thorstad et al. 2015). High levels of mortality would not be detected in this study design. 

Thus, the higher relative ratio of the mobile L. salmonis stages further away from farms may 

represent fish that have been previously subjected to low juvenile L. salmonis infection rates 

that exert a lower mortality rate.  

Results from this study have provided further insight into the complex relationships 

between S. trutta and L. salmonis populations. As the S. salar aquaculture industry continues 

to expand in Scotland, it is critical to have a better understand of farming interactions, such as 

disease transfer, with already threatened wild salmonid communities. This study did not 

include the effects of temperature, current, wind, salinity, or early fresh water entry on L. 

salmonis loading. Additionally, there is little information on the movement of S. trutta 

between sea lochs and the extent of their travel around the coastlines of Scotland. Future 

work in this field could include the tracking of S. trutta movement at varying ages in 
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combination with modelling L. salmonis dispersion rates in Scottish sea lochs to determine 

the extent of transmission at stages of the L. salmonis life cycle in areas with different 

environmental and climatic factors. Such research would help elucidate the details of L. 

salmonis dispersal mechanisms between farmed and wild salmonid populations. 

Nevertheless, our data add to the empirical evidence that L. salmonis from farms can cause 

fatal infestations of wild S. trutta and highlight the importance of limiting L. salmonis 

abundance on farms to improve wild salmonid survival. 
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FIGURE CAPTIONS 

 

 

FIG. 1. Maps of Isle of Skye and U.K. showing location of reference fish farms ( ) and 

sampling sites (●): 1, Loch Snizort; 2, Loch Portree; 3, Loch Harport; 4, Loch Slapin; Loch 5, 

Loch Eishort. 

 

FIG. 2. A probability distribution curve depicting the significant correlation (P < 0.001) 

between the proximity (D) of Salmo salar farms and the likelihood of Lepeophtheirus 

salmonis presence. O, Uninfected fish present; ●, infected fish present. 

 

FIG. 3. A probability distribution curve depicting the significant correlation (P <0.001) 

between Salmo trutta fork length (LF) and the likelihood of Lepeophtheirus salmonis 

presence. O, Uninfected fish at given length; ●, infected fish at given length. 

 

FIG. 4. The significant correlation (P < 0.05) identified by a hurdle model between total 

Lepeophtheirus salmonis abundance found on Salmo trutta when L. salmonis abundance > 0 

and the proximity (D) of the captured fish to the nearest Salmo salar farm. █, ± S.E. 

 

FIG. 5. The proportions of different Lepeophtheirus salmonis life stages contributing to total 

lice abundance on Salmo trutta in relation to Salmo salar farm proximity (D). ▬ ▬, Gravid 

female; •••, juvenile; - • -, mobile. 

FIG. 6. The significant interaction between total Lepeophtheirus salmonis abundance and the 

proximity (D) of a Salmo salar farm and their effects on the proportion of juvenile L. 

salmonis in the total sample of lice (N). ▐, Location of fish farm. 
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TABLE I. The locations of the five sea lochs, their surface area (A), the type of capture netting method used at each site, the proximity of the site 

to the nearest active Salmo salar farm (D), the number of Salmo trutta  caught (n) and fork length (LF), and lice counts of Lepeophtheirus 

salmonis (juvenile, mobile, gravid female, and total lice) observed at each site 

Sampling locations A 

(km2) 

Capture 

netting  

D 

(km) n 

LF 

(mean ± S.E., mm) 

Juvenile lice 

(mean ± S.E) 

Mobile lice 

(mean ± S.E) 

Gravid ♀lice 

(mean ± S.E) 

Total lice 

(mean ± S.E) Loch River No Wo 

Harport Drynoch 57.29785 –6.31144 5 Fyke 8 36 217.7 ± 10.5 2.1 ± 0.9 0.2 ± 0.1 0.2 ± 0.1 2.5 ± 0.9 

Eishort Eishort 57.18780 –5.84029 5 Fkye 48 27 236.3 ± 11.2 3.0 ± 1.8 1.7 ± 0.4 2.3 ± 0.6 7.0 ± 2.1 

Slapin Strathmor 57.22107 –6.03199 7 Seine 46 88 227.8 ± 8.5 1.5 ± 0.5 1.3 ± 0.2 0.8 ± 0.2 3.7 ± 0.7 

Snizort Snizort 57.45962 –6.32072 9 Seine 13 31 165.7 ± 5.1 15.0 ± 3.8 5.2 ± 1.8 0.4 ± 0.2 20.5 ± 5.1 

Portree Varagill 57.39053 –6.20172 3 Fyke 3 44 216.1 ± 10.0 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.2 

All Sites    230 216.4 ± 4.6 3.4 ± 0.7 1.5 ± 0.3 0.7 ± 0.1 5.6 ± 0.9 
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TABLE II.  Results from mixed-effects model identifying significant correlations between zero inflated Lepeophtheirus salmonis count data and 

the fork length (LF) of Salmo trutta hosts and their proximity (D) to Salmo salar farms 

 Estimate (S.E.) Z P 

Binomial    

Intercept –0.156 (0.150) –1.041 > 0.05 

D (km) 0.771 (0.151) 5.12 < 0.001 

LF (mm) 0.648 (0.174) 3.725 < 0.001 

Truncated negative binomial  

Intercept 3.524 (0.394) 8.95 < 0.001 

D (km) –0.022 (0.007) –3.06 < 0.01 

LF (mm) –0.002 (0.001) –1.42 > 0.05 
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TABLE II.  General linear model output demonstrating how the proportion of various Lepeophtheirus salmonis life stages on Salmo trutta is 

significantly correlated to the host’s proximity to the nearest fish farm (D) and to the total number of L. salmonis on S. trutta hosts 

 

 

 Estimate (S.E.) Z P 

Proportion of juvenile lice  

Intercept –0.925 (0.143) 6.468 > 0.05 

D (km): total lice (n) 0.001 (0.000) –11.129 < 0.001 

D (km) –0.053 (0.138) –0.005 < 0.001 

Total lice –0.019 (0.003) –6.57 < 0.001 

Proportion of mobile lice  

Intercept –1.461 (0.106) –13.755 < 0.001 

D (km) 0.011 (0.003) 3.651 < 0.001 

Proportion of gravid female lice  

Intercept –0.925 (0.143) –6.122 < 0.001 

D (km) 0.031 (0.007) 4.689 < 0.001 

Total lice –0.049 (0.006) –7.546 < 0.001 
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