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1.  INTRODUCTION

Salmon lice Lepeophtheirus salmonis impose widely
reported negative impacts on wild sea trout Salmo
trutta populations in areas with Atlantic salmon
Salmo salar aquaculture (Taranger et al. 2015, Thor -
stad et al. 2015). Sea trout are known to inhabit in-
shore areas for considerable periods, often in the
vicinity of salmon farms (Pemberton 1976, Thorstad et
al. 2007, Middlemas et al. 2009). This behaviour im-
poses sustained vulnerability to infection, with poten-
tial for trout to encounter lice of farm origin over an
extended period (Thorstad et al. 2015).

Most free swimming non-infective nauplii salmon
lice in spring arise from farmed salmon sources (Tully
& Whelan 1993, Heuch & Mo 2001, Butler 2002, Gar-
gan et al. 2003), and sea trout post-smolts have been
shown to harbour substantial louse infestation in
salmon farming areas (Mackenzie et al. 1998, Tully et
al. 1999, Grimnes et al. 2000, Butler 2002). There is
significant exchange of lice between farmed and
wild hosts in Norway, and salmon louse populations
on wild fish in salmon farming areas are largely
driven by aquaculture (Fjørtoft et al. 2017). The
heaviest infestations and greatest variation in infes-
tation are seen on sea trout captured close to salmon
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farms (Birkeland & Jakobsen 1997, Bjørn et al. 2001,
Gargan et al. 2003, Serra-Llinares et al. 2014).
Annual production of the Irish salmon farming indus-
try (~20 000 t) is very small in comparison to Scotland
(200 000 t) and Norway (1.3 mt), but studies of sea
trout in Ireland have demonstrated serious louse
infestation (Tully et al. 1993, Gargan et al. 2003), at
rates (mean louse intensity 31.5 fish−1) similar to
those recorded elsewhere (Birkeland & Jakobsen
1997, Bjørn et al. 2001, Butler 2002, Butler & Watt
2003, Thorstad et al. 2015).

Laboratory and field studies have demonstrated
the effects of salmon lice on individual sea trout
(McVicar et al. 1993, Tully et al. 1993, Bjørn & Fin-
stad 1998, Dawson et al. 1998). However, the most
im  portant knowledge gaps relate to louse impacts at
the population level (Thorstad et al. 2015). Previous
studies in salmon aquaculture areas have shown
increased louse infestations on sea trout and reduced
returns to rivers (Poole et al. 1996, 2006, Bjørn et al.
2001, Gargan et al. 2006, 2016, Skaala et al. 2014). Wild
migrating salmon and sea trout smolts show moder-
ate to high likelihood of mortality close to salmon
farms along the Norwegian coastline (Taranger et al.
2015). Sea trout have exhibited reduced growth and
increased marine mortality in salmon aquaculture
areas (Thorstad et al. 2015), and sea lice from salmon
aquaculture are believed to be a major factor in sea
trout stock collapses recorded in Ireland (Tully &
Whelan 1993, Tully et al. 1999, Gargan et al. 2003).

In this study, counts of mobile salmon lice (pre-
adult and adult male and female lice that have devel-
oped beyond the attached larval stage) on farms in
April were used as an index of louse pressure on out-
migrated sea trout smolts in May. This timing was
selected because peak sea trout smolt runs are
known to occur from late April to mid-May in the
monitored Erriff river (Gargan et al. 2016), and simi-
lar timing of sea trout smolt out-migration occurs on
other rivers in the current study. Sea trout smolts are
typically exposed to infective juvenile salmon lice
soon after sea entry. Most sea trout in the study areas
are 0-group sea age fish known as finnock, and are
expected to return to their native rivers in the sum-
mer of their out-migrating year. Numerous studies in
Ireland demonstrate that sea trout develop louse
infestation soon after sea entry (Tully et al. 1993, Gar-
gan et al. 2003), and very large mortality can occur,
with marine survival as low as 1−2% (Gargan et al.
2006, Poole et al. 2006). In cases of heavy louse infes-
tation, surviving sea trout can return to rivers prema-
turely, i.e. within a few weeks of migrating to sea
(Gargan et al. 2003). Laboratory experiments have

shown that louse-induced mortality of hatchery-
reared and wild sea trout post-smolts tends to com-
mence between 10 and 20 d following exposure to
salmon lice (Bjørn & Finstad 1997, 1998, Wells et al.
2006, 2007). The louse infestation pressure experi-
enced by sea trout soon after arriving at sea is thus
critical in determining survival due to louse im -
pact(s). Using an estimate of pre-adult and adult
louse numbers on salmon farms in April provides an
index of initial louse infestation pressure in May,
when sea trout enter the sea.

Long-term field experiments and monitoring are
required to assess the effect of salmon lice on sea
trout populations and to estimate sustainable infesta-
tion pressure (Heuch et al. 2005). Data series from 5
Irish rivers were used here to develop statistical mod-
els directly relating observed annual returns of wild
sea trout to estimated total louse numbers on nearby
salmon farms. A subsequent brief analysis explored
how observed values of total louse count on a given
salmon farm reflected changes in salmon stocking
density and individual louse infestation rate. This
exercise aimed to inform appropriate (and possibly
system-specific) louse infestation thresholds for
farmed salmon at differing stocking densities to min-
imise negative impacts on associated wild sea trout
populations.

2.  METHODS

Statistical models were first developed to relate ob -
served annual sea trout runs in given study rivers to
the corresponding total louse count on active salmon
farms in the local estuary/bay. This process revealed
a strong negative correlation, with im paired sea trout
runs in years when the estimated total number of
salmon lice on a farm in April ex ceeded a baseline
level (the 50th percentile of ob served annual values
on that farm).

The annual total number of lice on a given salmon
farm was calculated by multiplying the estimated
number of salmon stocked on that farm by the esti-
mated individual louse infestation rate (see Sec-
tion 2.1). An important practical question is which of
these components is most important in driving over-
all realized louse load on the farms, and thus might be
most responsive to management intervention. A brief
second analysis explored this issue and found that
individual infestation rates varied much more than
salmon stocking density. The louse infestation rates
at which total louse count on a given farm site re -
mained below the 50th percentile baseline of observed
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an nual values in that system were then predicted as
candidate system-specific louse thresholds for speci-
fied salmon stocking densities.

2.1.  Data

This study considered annual sea trout runs esti-
mated from fish counters in 5 rivers in western Ire-
land that enter bays with salmon aquaculture
(Fig. 1). Runs occurred predominately in June and
July. Sea trout runs and corresponding records of
louse levels on salmon farms covered the following
rivers and time periods: Erriff (1998−2019), Eany and
Eske (2010−2018), Dawros (2010−2019) and Bally-

nahinch (2005−2019). Four rivers had a fish counter
capable of accurately recording the annual sea trout
run, while annual sea trout rod catch was used as an
estimate of sea trout run for the Ballynahinch river.
The typical number of sea trout returning varied con-
siderably among rivers, and so returns were standard-
ised (subtract mean and divide by SD) by river. This
created a normally distributed continuous variable
with positive and negative values, i.e. years of better
or worse than average returns for a given system.

Aquaculture records comprised average number of
mobile (pre-adult and adult) lice per fish on salmon
on-growing (>1 sea winter) and smolt sites in April
(www.marine.ie/Home/site-area/areas- activity/ aqua
culture/ sea-lice) and the number of salmon stocked

by site as estimated from data provided
by the Irish Marine Institute and from
the Department of Agriculture, Food &
the Marine (www. agriculture. gov.ie) in -
spection re ports of marine finfish farms
in Ireland (see also Shephard & Gargan
2021). Estimated total number of lice
per study farm site in April was then
de rived by multiplying reported num-
ber of lice per fish by estimated total
number of salmon at each site (Fig. 2).

It is likely that local environmental
conditions, e.g. hydrodynamics, influ-
ence how number of lice on a farm
propagates into realized louse pressure
on nearby wild sea trout populations.
This scenario would mean that a given
absolute number of lice on a salmon
farm in one location might impose a dif-
ferent degree of pressure on wild sea
trout as the same number of lice on a
farm in a different location. To explore
this possibility, ab solute estimated louse
numbers were also standardised by
farm site (F1 to F4) to represent a rela-
tive annual louse pressure in each study
system. Note that this provides the
same louse pressure series for the Eany
and Eske rivers, which have the same
nearest salmon farm site (Table 1,
Figs. 1 & 2). The can di date model set
(see Section 2.2 and Table 2) was dupli-
cated for these 2 specifications of louse
pressure, i.e. fit to annual sea trout runs
using both absolute and standardised
louse numbers as the louse pressure ex -
planatory variable to see which specifi-
cation provided better fit.
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Fig. 1. Map of the study river systems on the west coast of Ireland. Salmon farm
sites are shown as F1 to F4. The black dots are individual farms at each site. 

All the farms at a given site are not typically active every year
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Sea trout runs and salmon louse production from
salmon farms in estuaries are both affected by local
temperature and river flow regimes, and so these fac-
tors merit consideration. Annual rainfall and tempera-
ture were summarized for the study catchments, fol-
lowing Shephard & Gargan (2017). The Irish weather
service (Met Éireann) produces spatial datasets that
interpolate climatological parameters for Ireland on a
1 km grid using point data from over 500 rainfall

recording stations and over 80 temperature recording
stations. Using ArcMap, a polygon layer comprised of
the Ballynahinch, Dawros, Eany, Erriff and Eske river
catchments was spatially intersected with climatolog-
ical datasets which contained monthly rainfall (mm)
and mean daily maximum air temperature (°C). For
each river catchment, monthly rainfall was summed,
and monthly mean maximum daily temperature was
averaged, across the months February to May (the pe-
riod approaching and during smolt migration) to pro-
duce a single rainfall and temperature value for each
year from 1998 to 2019.

2.2.  Relationships between annual total louse
infestation on salmon farms and corresponding

sea trout runs

The data consisted of the parameters Sij, Lij, Pij, Tij,
Rj and Yi, where Sij is the standardised number of sea
trout returning to river j in sampling year i. Lij is the
estimated total number of salmon lice on the salmon
farm site nearest to river j in year i (tested as both a
standardised and absolute count). This louse variable
was fit as a quadratic curve because number of re -
turning sea trout showed a curvilinear response along
the observed gradient of louse pressure, with a steep
initial decline followed by some levelling out at the
highest louse levels (although there were relatively
few data in this upper region). Pij and Tij are the
summed total precipitation (rainfall) and mean daily
maximum temperature respectively in spring (Febru-
ary to May) in year i proximate to river j. River was
modelled as a categorical random effect, Rj, with 5
levels. Year was used to fit a random walk smoother
to temporal trend Yij in the number of sea trout
returning to river j in year i, thus incorporating inter-
annual fluctuation (reflecting unexplained environ-
mental forcing) and any sustained underlying shift
(e.g. long-term decline) in returns to a given system.

A set of 15 candidate models of sea trout returns
was defined (Table 2) and duplicated for absolute and

380

River                   50th percentile        Mean               SD

Ballynahinch           0            86226         163452
Dawros                    24977           1200630        2374471
Eany                        1656200           2014341        2071382
Erriff                        415500           822375        1747273
Eske                         1656200           2014341        2071382

Table 1. Mean, 50th percentile and SD of absolute louse
numbers on the salmon farms closest to study rivers over the 

whole recording period for each system (Fig. 2)

Fig. 2. Time series of the standardised total number of mo-
bile lice counted on the salmon farms nearest to study rivers
in April (open circles). Note that this provides the same se-
ries for the Eany and Eske rivers, which have the same near-
est salmon farm site (F4; see Fig. 1). Red dashed line is the
average louse pressure value for each system; green is the 

50th percentile of this variable
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standardised louse counts. These models were speci-
fied to test possible interactions between co variates,
as well as simpler scenarios. The response variable
(standardised annual sea trout runs) was assumed to
have normally distributed (Gaussian) errors. The
Wata nabe Akaike information criterion (WAIC) was
used to select the best-fitting model(s). WAIC was
used because AIC is less informative when fitting
models with informative priors, and the current mod-
els were specified with priors for the  random effects.
Models within 2 WAIC points were deemed to have
similar fit, but similar models that included additional
‘unimportant’ variables (where the posterior distribu-
tion of estimated betas included zero) were not re-
tained. The selected model (Model 9, see Table 2) for
sea trout run S to river j in year i was specified as:

Sij = α + β1 Lij + β2 Lij
2 + Yij + Rj + εij (1)

Yij = Yi−1,j + vij (2)

εij ~ N(μ, σ2
ε) vij ~ N(μj, σ2

vj) (3)

Rj ~ N(0, σ2
River) (4)

where the trend Yij in returns to river j in year i was
modelled as the trend from year i−1 in river j plus
error vij; the initial value for Yij was selected as Y0j =
0. The model thus estimates an individual error term
σ2

vj for the trends in sea trout returns in each of the 5
study rivers j. Rj is the random effect on the intercept
of river.

Models were fit in a Bayesian statistical framework
using the R package INLA (Rue et al. 2016), where sta-
tistically important results were considered where
95% credible intervals for the betas (estimates of the
slope) of a given covariate did not contain zero (i.e. the
possibility of no slope). Model validation used residual
plots to check the assumptions of linearity and homo-
geneity of residuals. The predicted effect of farm site
total louse count on associated sea trout runs was plot-
ted in relation to the observed returns for each river.

2.3.  Values of salmon stocking density and
 individual louse infestation rate contributing to

total louse infestation on Irish salmon farms

Total number of lice per farm j in year i (Lij), was
estimated as the product of number of mobile salmon
lice per farmed salmon (infestation rate Mij) and esti-
mated total number of salmon on the farm site (Nij). It
may be useful to understand which of these 2 compo-
nents tends to vary most on Irish salmon farms and
hence may be the most influential management
lever. The observed relationship be tween individual
louse infestation rate and total number of lice on the
farm site was plotted for 3 ob served levels of salmon
farm stocking density. A statistical model was then fit
to illustrate system-specific louse thresholds ex -
pected to keep total number of lice below the 50th

percentile baseline level.
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        Model                                                                                                                            Pars        WAIC       Pars        WAIC 
                                                                                                                                              (Std)          (Std)        (Abs)        (Abs)

1       Sij = α + β1 Lij + β2 Lij
2 + β3 Pij + β4 Tij + β5 Lij

2 × Pij + β6 Lij
2 × Tij + Yij + Rj + εij           14          179.87         14          185.02

2       Sij = α + β1 Lij + β2 Lij
2 + β3 Pij + β4 Tij + β5 Lij

2 × Pij + Yij + Rj + εij                                13          178.36         13          183.89
3       Sij = α + β1 Lij + β2 Lij

2 + β3 Pij + β4 Tij + β5 Lij
2 × Tij + Yij + Rj + εij                                13          178.35         13          183.17

4       Sij = α + β1 Lij + β2 Lij
2 + β3 Pij + β4 Lij

2 × Pij + Yij + Rj + εij                                             12          177.25         12          182.07
5       Sij = α + β1 Lij + β2 Lij

2 + β3 Tij + β4 Lij
2 × Tij + Yij + Rj + εij                                            12          176.84         12          181.23

6       Sij = α + β1 Lij + β2 Lij
2 + β3 Pij + β4 Tij + Yij + Rj + εij                                                      12          176.71         12          182.16

7       Sij = α + β1 Lij + β2 Lij
2 + β3 Pij + Yij + Rj + εij                                                                  11          175.59         11          180.39

8       Sij = α + β1 Lij + β2 Lij
2 + β3 Tij + Yij + Rj + εij                                                                  11          175.22         11          180.29

9       Sij = α + β1 Lij + β2 Lij
2 + Yij + Rj + εij                                                                             10          174.30         10          178.65

10     Sij = α + β1 Lij + β2 Lij
2 + Yij + εij                                                                                      9           174.31          9           178.68

11     Sij = α + β1 Lij + β2 Lij
2 + Rj + εij                                                                                       5           166.76          5           175.90

12     Sij = α + β1 Lij + β2 Lij
2 + εij                                                                                              4           166.75          4           175.93

13     Sij = α + Yij + Rj + εij                                                                                                         8           181.48          8           181.48
14     Sij = α + Rj + εij                                                                                                                 3           181.19          3           181.19
15     Sij = α + Yij + εij                                                                                                                7           181.50          7           181.50

Table 2. Tested statistical models (see Section 2.2. for description of parameters) of salmon louse pressure (total number of
lice on a farm site) and associated sea trout runs to nearby rivers. The model set was duplicated for standardised louse num-
bers (Std: relative annual louse pressure by river) and absolute (Abs) annual louse numbers. Models had different numbers
of parameters (Pars), and were compared using the Watanabe Akaike information criterion (WAIC). Note that models esti-
mate an individual error parameter σ2

vj for the temporal trend in sea trout returns in each of the 5 study rivers j (see Fig. 5). 
Reported models are shown in bold
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3.  RESULTS

3.1.  Relationships between annual total louse
infestation on a salmon farm site and

 corresponding sea trout runs

Louse numbers standardised by river provided
generally better fit than absolute louse numbers in
models of annual sea trout returns (Table 2). The sim-
plest tested model to include standardised louse pres-
sure as a covariate (Model 12) had the lowest WAIC
overall, with the corresponding model for absolute
numbers having close to lowest WAIC in that set
(Table 2). We report results for standardised louse
pressure from Model 12 and Model 9, which
included informative river and year effects on sea
trout returns (Table 3). The squared (quadratic) louse
term was not statistically important in any of the
reported models, but examination of model residuals
revealed that including this term provided better fit
to years with the greatest number of sea trout, where
the simpler louse variable resulted in model underfit.
Model residuals indicated good fit to the data for
both these reported models (Fig. 3).

Model outputs showed a strong negative impact on
annual sea trout runs of standardised total number of
salmon lice on nearby salmon farm sites, but not of
absolute louse numbers (Table 3, Fig. 4). None of the
more complex tested models had statistically impor-

tant additional variables (e.g. temperature and/or
rainfall). Average or above average sea trout runs
tended to occur at salmon farm louse levels at or be -
low the 50th percentile baseline. Louse levels above
the baseline were associated with a high probability
of impaired sea trout runs (Fig. 4). This result was
exemplified by the empirical data, which showed
that large sea trout runs occurred almost exclusively
in years of low louse infestation, notably on the Erriff
and Eany rivers (Fig. 4). For all rivers except the
Dawros, observed and fitted sea trout returns fell
below the mean run size (shown as a dashed red hor-
izontal line) at louse levels at or very close to the 50th

percentile of louse pressure on the local farm site
(Fig. 4). Fitted smoothers indicated that, after ac -
counting for the louse effect, there were no obvious
temporal trends in sea trout returns to the study
rivers, but there was considerable unexplained inter-
annual variability (Fig. 5).

3.2.  Values of salmon stocking density and
 individual louse infestation rate contributing to

total louse infestation on Irish salmon farms

Observed total number of lice on a given salmon
farm site was most strongly driven by changes in
individual infestation rate, while there was also an
effect of farm stocking density (Fig. 6). The observed
range of total louse counts varied among systems,
such that the individual louse infestation rate re -
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                               Mean          SD          0.025        0.975

Model 9 (Std)
(Intercept)          −0.096        0.176      −0.441        0.249
Mobile lice        −0.702        0.265      −1.225      −0.179
Mobile lice2          0.143        0.112      −0.078        0.363

Model 9 (Abs)
(Intercept)          −0.089        0.200      −0.483        0.304
Mobile lice         −0.563        0.320      −1.193        0.067
Mobile lice2          0.103        0.123      −0.141        0.346

Model 12 (Std)
(Intercept)          −0.126        0.143      −0.408        0.157
Mobile lice        −0.778        0.238      −1.247      −0.308
Mobile lice2          0.149        0.104      −0.056        0.353

Model 12 (Abs)
(Intercept)          −0.044        0.162      −0.363        0.274
Mobile lice         −0.467        0.280      −1.018        0.084
Mobile lice2          0.056        0.115      −0.171        0.283

Table 3. 95% credible intervals for parameters of the se-
lected models of salmon louse pressure and associated sea
trout runs. Results are shown for the models including sea
louse pressure standardised by river (Std) and absolute (Abs)
numbers (see Table 2). Statistically important covariates are 

shown in bold

Fig. 3. Residuals for Model 12 of salmon louse pressure and
associated sea trout runs (see Tables 2 & 3) plotted against 

some variables not included in this model
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quired to keep total number of lice on the farm below
baseline also differed. A notable case was the Bally-
nahinch, where the observed April louse count was
zero in 9 of 15 study years, with a maximum annual
value of 0.98 lice per fish. This situation meant that
the 50th percentile baseline was zero lice. Other sys-

tems ap peared somewhat more resilient regarding
louse im pact, with the 50th percentile representing
greater louse numbers. For the farm near the Erriff
river, the louse infestation rate required to maintain
total number of lice below the baseline may be 0.5
lice per fish at high stocking density, but 2.0 lice per
fish at low stocking density  (see high and low stock-
ing densities [Farm_num] in Fig. 6). Corresponding
numbers of ovigerous lice can be estimated using a
linear regression with mobile lice (Fig. 6). Medium
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Fig. 4. Standardised annual counts of sea trout (open circles)
for each study river in relation to standardised louse counts on
the nearby salmon farm site in April. Grey solid line is pre-
dicted sea trout runs from Model 12 (see Tables 2 & 3), with
95% credible intervals. The louse count thresholds (dashed
green vertical line: 50th percentile; dashed red vertical line:
mean) are shown for each river to illustrate how observed and
predicted sea trout runs decline across the observed louse
pressure gradient. The red dashed horizontal zero line repre-
sents the mean standardised annual return to each river

Fig. 5. Standardised annual number of sea trout returning to
each of the study rivers, with a fitted random walk smoother
with 95% credible intervals. Red dashed horizontal zero line
represents the mean standardised annual return to each river
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and high stocking density consistently required
lower louse infestation rates to keep overall louse
loads below the 50th percentile at all locations (Fig. 6).

4.  DISCUSSION

Infestation with salmon lice from coastal salmon
farms is known to impose negative impacts on wild
sea trout. Annual returns of sea trout to the study
rivers fluctuated around average when standardised
louse infestation was below a system-specific baseline
level (<50th percentile of observed annual values) at
local farm sites. Greater louse levels were associated
with a high probability of impaired returns. Impor-
tantly, annual sea trout returns were more strongly
predicted by louse pressure standardised by river
than by absolute louse pressure. This result indicates
that pressure-state relationships between lice on

farmed salmon and the health of wild salmonids may
vary among systems.

The observed total louse load on a given farm site
was shown to depend predominately on changes in
individual infestation rate, with some effect of farm
stock size. The infestation rate required to maintain
overall louse numbers below the 50th percentile, and
thus minimise impacts on wild sea trout, varied among
systems. Maintaining louse infestation on salmon
farms at or below baseline will very likely help min-
imise impacts of salmon lice from aquaculture on wild
sea trout populations. However, this approach implies
that management should consider system-specific
louse thresholds rather than a single regional value.

High louse levels on salmon farms are likely to drive
increased infestation on sea trout (Tully et al. 1993,
Gargan et al. 2003, Serra-Llinares et al. 2014, Thorstad
et al. 2015) and result in strong reductions in rod catch
(Walker 1994, Northcott & Walker 1996, Gargan et al.
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Fig. 6. (a) Contribution of individual louse infes tation rate
(x-axis) and the number of salmon stocked (Farm_num:
coloured bands at values taken across the continuous range
of the variable) on salmon farm sites F1 to F4 (see Fig. 1) to
standardised total number of lice on the farm (y-axis). The
dashed line shows the observed 50th percentile of standard-
ised total number of lice on the farm site for each system (F1:
Ballynahinch, F2: Dawros, F3: Erriff, F4: Eany and Eske).
The rate of individual mobile louse infestation required to
maintain the standardised total lice count on the farm site
below this baseline can be read from the x-axis. (b) Corre-
sponding rate for ovigerous lice can be approximated from
the relationship between number of mobile and ovigerous 

lice for all study river years
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2006). Greater louse infestation is evident on sea trout
captured closer to salmon farms (Bjørn et al. 2001,
Gargan et al. 2003, Middlemas et al. 2013, Serra-
Llinares et al. 2014, Shephard et al. 2016), with a cor-
responding reduction in marine survival (Poole et al.
1996, Butler & Walker 2006, Gargan et al. 2006, Skaala
et al. 2014, Serra-Llinares et al. 2020). Previous
studies generally used proximity to a salmon farm as a
proxy for louse pressure on local sea trout populations
(Butler & Walker 2006, Taranger et al. 2015, Gargan
et al. 2017), although Marty et al. (2010) examined the
relationship be tween sea louse production on salmon
farms and pink salmon Oncorhynchus gorbuscha pro-
ductivity in the Broughton Archipelago region of
western Canada. The current study may be the first to
show a quantified negative relationship between esti-
mated total louse production on salmon farms in
spring and recorded annual sea trout return to local
rivers. This relationship represents direct and system-
specific population-level pressure on wild sea trout.

The infestation rate required to maintain total num-
ber of lice below baseline differed among the study
systems, but was consistently very low at greater farm
stocking densities. The 50th percentile baseline is pro-
posed here as a threshold because years where the
standardised total number of lice on a given farm was
below this level tended to show healthy sea trout runs
in nearby rivers. This baseline will probably need to
be interpreted for individual cases. An example is the
Ballynahinch system, where the 50th percentile of
standardised total louse numbers was zero and a
more pragmatic threshold would be appropriate.

Kristoffersen et al. (2014) found that louse trans-
mission from external sources was the prime deter-
minant of efforts needed to keep louse levels within
legal limits around local networks of salmon farms in
Norway. In the present study region, salmon farms
are operated as single smolt and grower sites in indi-
vidual bays. Louse transmission from more distant
farm sources is expected to be minimal, implying that
louse infestation pressure is governed by individual
farm dynamics and local topography.

Most countries with Atlantic salmon farming have
a salmon louse threshold level as part of their strat-
egy to protect wild salmonid stocks and (to a lesser
ex tent) to avoid cross-farm louse infestation (Kristof-
fersen et al. 2014, Kragesteen et al. 2019). This
threshold is typically specified as an ovigerous louse
level in spring varying from 0.2 to 0.5 lice per fish. If
this level is breached, farmers are instructed to im -
plement some form of anti-louse treatment to reduce
the potential threat to migrating salmonid smolts.
The statutory threshold in Ireland is between 0.3 and

0.5 (depending on licence conditions) ovigerous lice
per fish during the period from March to May, and a
regulatory notice to treat is issued if this level is
breached. A mandatory accelerated harvest can be
ordered by the licence authority if the threshold is
breached in successive months, but this outcome has
occurred very infrequently over the past decade.
Results from the current analysis indicate that a gen-
eral salmon louse threshold level is not ap propriate,
because the number of mobile lice in April that
results in an acceptable total number of lice on a
salmon farm site increases with increasing individual
infestation rate and farm stocking density, and may
differ strongly with site location. Even if the statutory
salmon louse threshold is achieved on a given farm,
realized infestation pressure shaped by farm location
hydrodynamics and stocking density may still result
in serious impacts on sea trout.

Louse infestation pressure from fish farms is impor-
tant in determining salmon louse infestations on wild
sea trout (Vollset et al. 2018). The number of farmed
salmon hosts present is related to the rate of salmon
louse infection in a population (Heuch et al. 2005)
and to host density (Anderson 1993). Kristoffersen et
al. (2018) quantified the risk of louse-induced mortal-
ity of salmon smolts along the Norwegian coast and
found that salmon louse egg production was signifi-
cantly correlated with local bio mass density of farmed
fish. They found that local louse infestation pressure
will be greater in large salmon farm production
areas, resulting in increased infestation of wild fish
and increased mortality from louse infestation.

In Norway, salmon louse thresholds are set on farms
to reduce the potential impact of sea lice, but these
thresholds do not account for the density of salmon
farm hosts, which Jansen et al. (2012) found to be the
primary driver of louse abundance. As the density of
salmon farming increases, use of mean numbers of
sea lice per fish as a threshold on salmon farms is
likely to increase salmon louse infection pressure
from aquaculture. Jansen et al. (2012) therefore rec-
ommend that sea louse thresholds should be based on
the spatial density of sea lice and not on mean louse
abundance on farms. Such a concept has been re -
cently recommended by Larsen & Vormedal (2021),
who evaluated the environmental effectiveness of sea
louse thresholds in Norway. They found that adher-
ence to thresholds does not decrease the louse infes-
tation pressure on wild salmonids. They concluded
that other issues such as total salmon biomass in an
area, the spatial distribution of sites, the number and
size of sites and environmental variables also affect
sea louse infestation pressure. Their re sults indicate
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that compliance with strict louse thresholds alone will
not prevent lice impact on wild fish, and other meas-
ures need to be considered. In this context, the cur -
rent study finds that relationships be tween louse
pressure and sea trout population state are system-
specific. This result points to the likely importance of
local conditions in shaping how number of lice on a
salmon farm propagates into a negative effect on local
sea trout populations.

Local (e.g. bay-level) thresholds for louse pressure
(farm infestation rate multiplied by stocking density)
may be a more appropriate management measure to
ensure sustainability of wild salmonids. Sandvik et
al. (2016) developed a new system to predict louse
infestation pressure on wild salmonids in Norway.
Their model uses data on adult female lice, tempera-
ture and the density of farmed salmon. A hydrody-
namic model is then coupled to a particle tracking
model for spatiotemporal estimation of pelagic lice
numbers. The model provides information to identify
areas of elevated infestation pressure and provides
advice to managers on the potential impact of lice
from salmon farm sites on wild salmonids all along
the Norwegian coast (Svåsand et al. 2015, Taranger
et al. 2015). The model provides an opportunity for
more sustainable growth of the aquaculture industry
in Norway (Sandvik et al. 2016).

This spatial-temporal modeling concept has been
further developed in Myks voll et al. (2018), where an
operational salmon louse model has been developed
to include both hydro dynamics and lice behaviour.
Modelled louse dispersion correlates with louse
counts from sampled wild salmonids. By using data
on louse infestation pressure from salmon farms, and
data on louse loads on wild fish in near real-time, this
approach provides an improved assessment of high-
risk areas for wild fish, which will help the sustain-
able development of sal mon farming (Sandvik et al.
2016, Myksvoll et al. 2018).

Statistical models of individual louse infestation
rate, the number of stocked farm salmon and the esti-
mated total number of lice on farms provided direct
evidence of system-specific impacts of salmon lice on
sea trout returns to 5 Irish rivers. These findings sup-
port the concept of defining local louse infestation
pressure as a means of assessing likely impacts on
wild salmonid populations. Current salmon louse
thresholds used to trigger treatment do not incorpo-
rate information on local louse pressure-state dyna -
mics, individual site characteristics or salmon farm
stocking density, and hence are not appropriate in
efforts to reduce the impacts on wild salmonids of
lice from salmon farms.
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