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ABSTRACT: The regulation of aquaculture production in Norway considers the potential impact of
salmon lice on wild fish. However, most attention has been focused on impacts on wild Atlantic
salmon, despite the fact that anadromous brown trout spend the majority of their marine phase in
coastal waters, where salmon lice have the highest impact. In the present study, we first suggest
changes in marine living area and marine feeding time as sustainability indicators for first-time
migrant sea trout, as high salmon lice densities may exclude sea trout from otherwise usable habitat
and force them toreturn early to freshwater. Further, a method based on a bio-hydrodynamic model
was developed to serve as a proxy for these indicators. The method accounted for the size, migration
timing and spatial extent of sea trout and was demonstrated in 2 Norwegian salmon aquaculture pro-
duction areas, Hardangerfjord (PO3) and Romsdalsfjord (POJ5), and 2 focal rivers from within each
fjord. Based on these comparisons, we exemplify how the change in marine living area and marine
feeding time differed between PO3 and POS5 and within the areas. Sea trout migrating to sea late
(June 5) were always more affected by lice than those migrating early (April 24) or at intermediate
dates (May 15). Our estimates revealed dramatic potential impacts of salmon lice on sea trout pop-
ulations, which were greatly influenced by spatial and temporal aspects. Considering the nega-
tive impacts of salmon lice on sea trout, a holistic view of environmental interactions between
aquaculture and wild species that depend on habitats exploited for production is necessary.

KEY WORDS: Salmonids - Sea trout - Salmo trutta - Salmon lice - Aquaculture - Reduced marine
living area - Reduced marine feeding time - Traffic light system

1. INTRODUCTION

Aquaculture of fish is broadly viewed as an industry
contributing to economic development in rural areas
(Bostock et al. 2010). However, the industry is increas-
ingly under scrutiny regarding the environmental
costs, such as pollution, biological invasions and prolif-
eration of pathogens (Naylor et al. 2005, Taranger et al.
2015, Fjortoft et al. 2019). Open net pen aquaculture of
farmed Atlantic salmon Salmo salar and rainbow trout
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Oncorhynchus mykiss has been particularly scrutinized
to identify and mitigate negative impacts (Liu et al.
2011). Growth in Norwegian aquaculture is regulated
based on key sustainability indicators that govern the
status of operations in 13 geographic regions (Vollset et
al. 2018). A key sustainability indicator is the spread of
salmon lice Lepeophtheirus salmonis in the marine en-
vironment; aquaculture development is directly linked
to increased salmon lice abundance and high salmon
lice densities resulting in mortality or reduced fitness of
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wild salmonid populations (Thorstad et al. 2015, Vollset
et al. 2016, Fjertoft et al. 2017). Monitoring of lice den-
sity and the response of wild hosts is therefore a key
priority for environmental management and industry
sustainability (Sandvik et al. 2020).

Research has catalyzed improvements to aquaculture
operations, including combining aspects of traditional
and modern practice, developing better management
practices (BMPs) and selecting sites more effectively so
that farms remain within the carrying capacity of
inland and coastal water bodies (Edwards 2015). How-
ever, most of the attention has been focused on
negative impacts of aquaculture on wild Atlantic
salmon, with less consideration given to potential ef-
fects on anadromous brown trout Salmo trutta, also
known as sea trout (Thorstad et al. 2015). Salmon lice
can be lethal to sea trout but can also have sublethal ef-
fects, such as truncating growth by reducing time spent
or space used in the marine environment (Birkeland
1996, Thorstad et al. 2015, Eldey et al. 2020).

Brown trout are found throughout coastal Europe
(MacCrimmon & Marshall 1968, Ferguson et al. 2019).
They are partial migrants, where some individuals (sea
trout) migrate to sea while other remain resident in
freshwater, and exhibit relatively high phenotypic
plasticity (Caballero et al. 2012, Peiman et al. 2017,
Nevoux et al. 2019). Sea trout typically exit rivers in the
spring and feed on invertebrates and other fish in the
upper water column (Thorstad et al. 2016, Davidsen et
al. 2017). Many trout remain in the river estuary or in
close proximity to the river, but movement up to 20 or
30 km away is also common (Davidsen et al. 2014,
Eldey et al. 2015, Atencio et al. 2021). Sea trout may be
especially vulnerable to lice given that they spend so
much time in coastal environments where planktonic
salmon lice are distributed, and the potential habitat
available to them may be reduced if they must avoid
high risk areas where lice are abundant (Finstad &
Bjern 2011, Thorstad & Finstad 2018). Affected individ-
uals can medicate against salmon lice by returning
early to fresh or brackish water that lice cannot tolerate
(Birkeland & Jakobsen 1997, Serra-Llinares et al.
2020); however, this reduces the time they spend feed-
ing at sea. Many sea trout populations have been ob-
served to be greatly impacted by the effects of salmon
lice and there is a clear need to develop risk assess-
ments for implementing policy to protect sea trout pop-
ulations. Direct measurement of lice densities in the
water or lice induced mortality in wild salmonids is dif-
ficult to achieve; thus, several high quality and well-
documented proxies for environmental sustainability
have been developed and used in the Norwegian ‘traf-
fic light system' (Vollset et al. 2018).

Biophysical models of salmon lice dispersion in
coastal environments have reached a consensus in
terms of constituents and parameterizations, and are
widely used in salmon producing countries (Gilli-
brand & Willis 2007, Adams et al. 2012, Salama et al.
2013, Asplin et al. 2014, 2020, Johnsen et al. 2014,
2016, Sandvik et al. 2016, 2020, Myksvoll et al. 2018,
2020). Salmon lice densities are modelled hourly
across Norway, with publicly available values pub-
lished weekly (www.lakselus.no), which can be
applied to estimate the risk of negative impacts of
salmon lice on sea trout. Given high resolution envi-
ronmental forcing and reliable data from the indus-
try, well-defined and suitable models can now be
used for management purposes.

In the present paper, we demonstrate how results
from biophysical models can be used to develop prox-
ies for risk assessment by predicting consequences of
salmon lice densities on marine feeding space or mar-
ine residence time of sea trout. Importantly, our
method does not calculate direct salmon lice-induced
wild fish mortality. Reduced marine living area (RML)
is a function of the size of the marine area, the size of
first-time migrants (i.e. the most vulnerable life stage),
the marine residence time of first-time migrants and
the habitat quality threshold for sea trout. Norway has
thousands of sea trout rivers and streams, of which
430 have been mapped to understand sea trout popu-
lations and habitat (Anonymous 2019). To illustrate
the method, we focus on 4 rivers in 2 production areas
in which the impact of salmon lice on wild sea trout
populations varies. A similar assessment could be
made for all production areas, sea trout rivers or pop-
ulations. The method can easily be used in other
countries (e.g. Gargan et al. 2016a,b, Shephard et al.
2016, Eldey et al. 2020) where similar biophysical
models (Adams et al. 2016, Rabe et al. 2020) have
been implemented to determine density of lice larvae
in the water masses.

2. MATERIALS AND METHODS
2.1. Defining model inputs
2.1.1. Model regions

The coast of Norway is divided into aquaculture
production zones (POs), based on an analysis of the
dispersion of lice between aquaculture sites. The
borders between zones were drawn to reflect bound-
aries across which there was limited lice dispersal
(Adlandsvik 2015). This implies that lice released
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from farms within a PO will likely stay within it, min-
imizing transfer of lice between POs. We used model
results from 2 production areas, PO3 and PO5. PO3 is
in western Norway and covers the area from Karmoy
to Sotra, including the Hardangerfjord and Bjer-
nafjord. POS5, Stadt to Hustadvika, north of western
Norway, incorporates the Storfjord and Romsdals-
fjord. Each area has multiple rivers inhabited by sea
trout and marine areas that are important feeding
grounds (Anonymous 2019). The estimated numbers
of sea trout rivers are 18 (Hardangerfjord) and 2
(Bjernafjord) for PO3, and 47 for the entirety of POS5.
Two model rivers from each PO were selected to
exemplify how the method can be used: Oselvo and
Etne from PO3 (see Fig. 1), and Eira and Rauma from
POS5 (see Fig. 3).

2.1.2. Size at first migration

Size at the first seaward migration (smolt) is
variable among populations and is a function of ge-
netics and environmental pressures that control the
feeding and growth of young sea trout. Geographic
and hydrological features also play a role, with
smaller sizes at smoltification in southern Norway
(mean = 14 cm, 25 g) than in the north (mean = 18 cm,
50 g; L'Abée-Lund et al. 1989), and rivers with lakes
tend to produce larger smolts because of the growth
opportunities afforded to parr living in the lakes. Jon-
sson et al. (2001) observed trout as small as 7 cm
smoltifying. Variations have been recorded as 14—
29 cm (25-220 g; Vosso River; Jonsson 1985) and 12—
40 cm (15-600 g; Eids River, Urdal 2013). Mean length
of sea trout smolts in two rivers of the Sognefjord (Aur-
land and Flam) were 12.5 and 14.8 cm, respectively.
Smolts can become large but in general, sea trout
move seaward when smaller than 20 cm, and the av-
erage size is around 14 cm (25 g). A stay of 8 wk at sea
typically achieves a size of approximately 24 cm
(110 g). The lice burden depends upon the size of the
fish, and we recognize it will vary. The value for the
simulated smolt in our model was set to 60 g, larger
than the average size at outmigration, based on the
assumption that smolts may spend some time growing
in the marine environment before encountering lice.

2.1.3. Timing of outmigration
Sea trout predominantly migrate out of freshwater in

spring, coincident with increases in water flow and
temperature, but there is also a poorly understood au-

tumnal migration (Davidsen et al. 2018, 2019, Birnie-
Gauvin et al. 2019). The precise timing is a function of
temperature, such that northern watercourses generally
express a later migration (Jensen et al. 2012). The pres-
ence of lakes along rivers tends to prolong the outward
migration period for sea trout. Spring migrants from
lake systems in western, mid- and northern Norway
typically leave in May (Flaten et al. 2016, Davidsen et
al. 2018, Urke et al. 2018); however, migrants from
smaller rivers and streams may leave earlier (Aldvén &
Davidsen 2017). Long-term data from smolt traps in
western Norway have revealed the timing of 50 % sea
trout migration from 2001 to 2011 to be between May
10 and 22 (Skaala et al. 2014). In the Dale River (Oster-
fjord), the timing of 50 % migration varied between
May 10 and 26 in different years (Karlsen et al. 2016).
Methods for enumeration can be subject to various bi-
ases depending on whether they are based on detec-
tions of fish that have been captured, handled and
tagged, the placement of the enumeration device, the
timing of monitoring (ideal to start early and finish late)
and environmental conditions that influence vulnera-
bility to capture. Instead of using a single migration
date, we selected an early (April 24), medium (May 15)
and late (June 5) migration timing, which should en-
compass the majority of spring migration timings ex-
pressed by sea trout in the POs studied.

2.1.4. Residence time at sea

Sea trout have highly flexible life histories: they
can spend variable amounts of time at sea and even
return to freshwater or estuaries intermittently. Dura-
tion of the sea sojourn is therefore difficult to calcu-
late, and existing estimates emphasize the challenge
of determining a clear number. The duration of mar-
ine residence has been estimated for the Tosenfjord
(73 d), Vardnesvassdraget (70 d), Skjerstadfjord (55
d), Halsvassdraget (55 d), and Hemnfjord (38 d); in all
cases much inter-individual variation was found
(Berg and Berg 1989, Jensen et al. 2005, Davidsen et
al. 2018, 2019). However, although the marine resi-
dence period can be longer (Jonsson & Jonsson
2009), it typically occurs during the summer, be-
tween June and August. Therefore, we have used a
marine residence period of 70 d in the model.

2.1.5. Marine habitat of sea trout

Sea trout are observed throughout fjord areas, but
their distribution tends to be biased towards the near-
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shore, shallow water areas. Telemetry studies and
trawl surveys have confirmed that sea trout prefer
habitat close to the shoreline (Lyse et al. 1998,
Thorstad et al. 2007). Many trout will remain close to
their home river estuary, but some can travel long
distances (Berg & Berg 1987, Finstad et al. 2005,
Thorstad et al. 2007, Middlemas et al. 2009, Davidsen
et al. 2014, del Villar-Guerra et al. 2014, Aldvén et al.
2015). Larger veteran fish which have migrated in
previous years, may be more likely to venture further
from their home rivers (Davidsen et al. 2018, 2019,
Eldey et al. 2021). Salmon lice have a surface-ori-
ented vertical distribution in the water column,
meaning that sea trout depth affects their potential
exposure. Post-smolts of sea trout are distributed in
the upper water column (Lyse et al. 1998). Atencio et
al. (2021) observed an average depth of 0.9 m, and
Urke et al. (2018) found all movements were within
the top 2 m of water. The maximum depth reported is
7 m (Ruud 2015). Our simulated sea trout migration is
therefore limited to an area no more than 20 km
away from the river of origin and a maximum depth
of 2m.

2.1.6. Critical limits of salmon lice parasites

Sea trout can tolerate some parasitism by salmon
lice, but beyond critical densities the parasites can
negatively impact the physiology of the fish and can
be lethal. Marine areas with salmon lice densities
beyond critical can be inhospitable to sea trout.
Laboratory studies with experimental infestations
have calculated critical density thresholds as fol-
lows: 1 louse g! for a 60 g post-smolt trout (Bjern &
Finstad 1997), 13 adult/pre-adult lice per trout smolt
(Wells et al. 2006), and 0.09 lice g~! in Arctic charr
(Fjelldal et al. 2019). Effects of interest are mortality
or early return due to lice infestations in sea trout
before completing a sufficient feeding period in the
ocean. Taranger et al. (2015) developed an index of
effect for salmon lice based on fish weight that is
followed in this study based on the 60 g fish size
decided upon above. The Taranger et al. (2015)
index using the size as described above corresponds
to 18 lice per individual as critical (100% fish
affected by lice), 50% affected at 12-18 lice per
individual, 20 % at 6-12 lice per individual, and 0%
below 6 lice per fish).

Not all lice attached to smolts will survive and
impact the fish. Laboratory studies of salmon lice sur-
vival have observed 60 % survival of lice (Grimnes &
Jakobsen 1996, Bjeorn & Finstad 1997, 1998). There-

fore, we adjusted the estimates of Taranger et al.
(2015) to create a simplified matrix of impact: 100 %
impact for >30 lice, 50 % impact for 10-30 lice, and
no impact for 10 or fewer lice.

2.1.7. Salmon lice density

The density of infective salmon lice was computed
with the bio-hydrodynamic lice dispersion model de-
scribed in e.g. Johnsen et al. (2014, 2016), Myksvoll
et al. (2018), Sandvik et al. (2016, 2020), where an
individual based model (IBM) with known behaviour
and development (from the non-infective nauplii to
the end of the infectious copepodid stage) for salmon
lice was implemented within the Norwegian coastal
current model (Albretsen et al. 2011, Asplin et al.
2020, Dalsgren et al. 2020). Environmental conditions
such as light, salinity, temperature and water cur-
rents all have an important role in determining the
proliferation of salmon lice and the IBM is regularly
updated with new knowledge to better describe the
demography of salmon lice and improve understand-
ing of how they spread in the water masses and
between salmonid hosts.

All Norwegian active farms are obligated to regu-
larly report several variables: the number of fish (on
a monthly basis), the temperature at 3 m depth and
the number of adult female lice per fish (on a weekly
basis). Thus, realistic numbers of nauplii released
from each aquaculture site can be computed based
on Stien et al. (2005) and included as the source term
in the bio-hydrodynamic model (Myksvoll et al.
2018). Forcing for the dispersion model (currents,
temperature and salinity) was provided by a hydro-
dynamic fjord model with a horizontal resolution of
160 x 160 m, and 35 vertical sigma layers (Skard-
hamar et al. 2018, Dalseren et al. 2020). The output
from the model is hourly numbers of salmon lice lar-
vae in each 160 x 160 m grid square.

A warning system for areas with elevated lice
infestation pressure was first presented in Sandvik et
al. (2016) and further developed in Sandvik et al.
(2020) and is now part of the Norwegian traffic light
management system (Vollset et al. 2018). What con-
stitutes elevated lice infestation pressure, however, is
linked to the size of the impacted fish, as described in
Taranger et al. (2015). To determine where lice den-
sity poses an unacceptably high risk of mortality for a
60 g wild sea trout, model values corresponding to
the limits given in Section 2.1.6 were estimated using
the relative operating characteristic (ROC) method
described in Sandvik et al. (2016, 2020). The number
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of lice larvae in each grid is used to
calculate how many sea lice would
infest a trout remaining in that loca-
tion for a given amount of time.

The ROC is a graph of the hit rate,
H, against the false alarm rate, F, for
different decision thresholds (Mason
1982), developed based on observa-
tions of salmon smolts in sentinel
cages in the Hardangerfjord between
the years 2012 and 2017. We assumed
that the natural residence time for sea
trout in the fjords was 70 d. To cover
the migration period, an early, normal
and late migration (April 24, May 15
and June 5) were considered.

Within each PO, there are several
sea trout populations. For manage-
ment purposes, it can be appropriate
to consider all populations as one
cohort, but it can also be appropriate
to consider each river separately. The
benefits of using a model method
rather than in situ observations is that
the area to be assessed can be defined
differently depending on whether the
question is the impact in an entire pro-
duction area or for a single river or
population. In the present work, ex-
amples are given for (1) two POs,
where all inshore water was assumed

to be the area of residence, and (2) individual rivers,
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Fig. 1. A relative operating characteristic (ROC) map of PO3 showing where it
is expected that intermediate sea trout smolt migrants (remaining in the area
from May 15 to July 24) are infested with >18 mobile lice (red area), between 6
and 18 mobile lice (yellow area) and <6 mobile lice (green area). The location
of the 18 sea trout rivers in the PO are marked with black dots, and the Oselvo
and Etne rivers are marked with cyan dots. The marine living area for Etne sea
trout, defined as 20 km from the home river mouth, is outlined in blue

3. RESULTS

where 20 km from the river mouth was defined as the

marine living area.

3.1. PO3

Reduced marine living area (RML) and reduced

marine feeding time (RMT), putatively damaging to
the fitness of sea trout, were defined as:

RML = ([red area] + [yellow area x 0.5])/total area (1)

where red area and yellow area are the size of the
red and yellow areas (Fig. 1), respectively. The colors
indicate the impact (Section 2.1.6) when the number
of infective copepods is summarized over the 70 d of
natural residence time for sea trout. According to
Eq. (1) it is assumed that all red areas and 50 % of
yellow areas are lost due to salmon lice infestation
pressure before 70 d have elapsed. We have there-
fore calculated the infestation pressure cumulatively
and defined RMT as the difference between the
number of days until RML exceeds 30 % and the nat-

ural marine residence time of 70 d:

RMT = number of days until RML >30% —-70d (2)

Due to a combination of seasonal variation in the
water temperature and and the Norwegian regula-
tions (Sandvik et al. 2021) with lower legal lice levels
on farmed fish during the smolt migration period, the
number of salmon lice larvae hatched is strongly sea-
sonal (Sandvik et al. 2021), with minimum numbers
in spring (before the peak salmon smolt migration)
and maximum numbers in early autumn (when the
water temperature is at its yearly maximum). Thus,
sea trout that migrate later are more affected by lice
than early migrants. RML for intermediate migrants
was estimated to be 49% (Figs. 1 & 2), while it was
estimated to be 32% and 66 % for early and late
migrants, respectively, in PO3. When comparing the
impact from salmon sea lice on sea trout in the 2 focal
rivers in PO3, Oselvo in the Bjernafjord was much
more negatively impacted than Etne. RML for sea
trout from Oselvo was reduced by 94, 97 and 98 % for
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early, intermediate and late migrants,

15 May-24 Jul 2019

respectively. In comparison, RML for
trout from Etne was reduced by 0, 17 I
and 68%. Marine time was signifi- 63°
cantly reduced for late migrants from N
Etne only (RMT = -16 d), whereas all
migrants from Oselvo had reduced
marine time (early migrants: —-30 d,
intermediate migrants: -46 d, late
migrants: —56 d).

45'

30'

3.2. PO5

Similar to PO3, late RML was more 15
negatively affected than early mi-
grants in PO5, increasing from 34 %
for early migrants to 45 (Figs. 3 & 4)
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and 59% for intermediate and late
migrants, respectively. The 2 rivers
selected for analysis in this region
both originate in the same fjord but
fish from these rivers showed different
RML and RMT. Sea trout from Eira
were much more dramatically af-
fected by salmon lice regardless of
migration timing, with 83, 87 and 85 %
RML for early, intermediate, and late migrants, com-
pared to 40, 43 and 48% RML for sea trout from
Rauma. These values corresponded to very short
marine residence times for Eira trout (RMT = -19,
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Fig. 2. Estimated percent of total marine living area in PO3

where sea trout smolt are likely to be infested with >18 mo-

bile lice (red line), between 6 and 18 mobile lice (yellow line)

and <6 mobile lice (green). The blue shaded area indicates a

period of 70 d starting on an intermediate migration date
(May 15), the same period shown in Fig. 1

30! 6° 30' 70 30' g°

Fig. 3. ROC map of PO5 showing where it is expected that intermediate sea
trout smolt migrants (remaining in the area from May 15 to July 24) are in-
fested with >18 mobile lice (red area), between 6 and 18 mobile lice (yellow
area) and <6 mobile lice (green area). The locations of the 47 sea trout rivers in
the PO are marked with black dots, and the Eira and Rauma rivers are

marked with cyan dots

-35, =50 d) and more modest, albeit still drastic,
reductions in marine residence time for Rauma trout
(RMT = -6, —24, -40 d).

4. DISCUSSION

Feeding migration enhances the growth and life-
time reproductive potential of some coastal fish spe-
cies (Chapman et al. 2012). Partial migration in
brown trout, specifically, is an adaptation to optimize
the growth of individuals, with positive conse-
quences for population-level reproductive potential
(Bohlin et al. 2001, Peiman et al. 2017). As sea trout
are inherently more coastal dwelling than Atlantic
salmon, they may be more susceptible to habitat loss
in coastal areas and should be a focus of conservation
efforts when considering the negative impacts of
salmon lice in coastal environments.

Modeling RML and RMT as sustainability indica-
tors for first-time migrant sea trout looks promising.
Further, the model used to estimate the spread of
salmon lice has previously been validated and ap-
plied in multiple other studies (Sandvik et al. 2016,
2020, Myksvoll et al. 2018). Although the model will
continue to undergo refinement, it provides a versa-
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Fig. 4. Estimated percent of total marine living area in PO5

where sea trout smolt are likely to be infested with >18 mo-

bile lice (red line), between 6 and 18 mobile lice (yellow line)

and <6 mobile lice (green line). The blue shaded area indi-

cates a period of 70 d starting on an intermediate migration
date (May 15), the same period shown in Fig. 3

tile tool for estimating the phenology and demogra-
phy of salmon lice originating from farmed fish in
fjords and coastal waters. We used a newer high-res-
olution model with a 160 x 160 m grid to evaluate
environmental parameters, which should enhance
performance, although this resolution is not as
widely validated as the 800 x 800 m grid used in pre-
vious model estimates. The warning system in areas
with elevated lice infestation pressure (Sandvik et al.
2016, 2020) is part of the Norwegian traffic light
management system (Vollset et al. 2018) and is here
further developed to be suitable for sea trout.

It was important to include variability and conser-
vative estimates in the method to account for the
highly plastic life history of sea trout (Klemetsen et
al. 2003, Thorstad et al. 2015, Nevoux et al. 2019).
However, additional information about behaviour
and phenotypic plasticity is needed to better account
for behavioural adaptations to exposure to salmon
lice. Accounting for such variation provides reason-
able range limits that can be used to develop advice
for management of industry and policy.

Although telemetry studies have revealed that
some individuals will stray further and deeper, the
majority of detections suggest that sea trout tend to
frequent shallow littoral habitats and spend time
close to the surface when in the marine environment.
The model parameters describing potential sea trout
habitat were reasonably conservative to account for
variation and still showed drastic reductions in the

livable area available to trout as a result of salmon
lice parasite pressure. Sea trout can take refuge from
salmon lice by moving from marine habitat back into
rivers (Nevoux et al. 2019), but this negatively affects
growth and is likely an emergency behaviour to deal
with critical lice loads. High loads of lice reduce the
growing time of sea trout by forcing them to move
out of the marine environment prematurely, and for
the 4 rivers discussed in the present work we found
that some populations of trout had the length of their
marine sojourn reduced by up to 71 % (late migrants
modeled for the Eira River). An alternative to leaving
the marine habitat is to move vertically into stratified
freshwater close to the surface. This strategy has
been observed in sea trout with restricted horizontal
movement (Mohn et al. 2020), but most likely in-
creases the susceptibility of individuals to predation
as they are more exposed to visual predators, includ-
ing birds. This increase in predation mortality is hard
to quantify, but likely varies spatially and seasonally.

The impact of salmon lice on RML and RMT will
vary widely between rivers, as can be seen by pictur-
ing a 20 km radius around the 18 rivers marked with
black dots in Fig. 1. For example, sea trout from rivers
Oselvo and Etne will migrate into a relatively large
area with marine water influence (Fig. 1). In contrast,
for rivers in the inner regions of the fjord, the area
within 20 km of the river mouth will encompass a nar-
row region with high freshwater influence. Conse-
quently, in this method, because the inner part of the
fjords might be partly shielded from lice by freshwater
influence, trout populations from these areas will gen-
erally be much less impacted by lice than populations
in the outer fjords. However, high productivity marine
habitat in the outer fjords is accessible to trout from
inner fjord populations and vice versa. Consequently,
it is important that these things are considered holisti-
cally when using the results from this risk assessment
model.

Critical threshold values for salmon lice parasitism
are an active area of research. Presently, the model
used values based on laboratory work by Taranger et
al. (2012), but these values do not necessarily repre-
sent the situation among wild fish in the field. Hold-
ing can stress fish and treatment effects may be exac-
erbated by the additional effects of handling and
confinement (Wendelaar Bonga 1997). Ascertaining
values from wild fish is difficult, but cameras could
be used to survey lice numbers on wild fish and
develop metrics for estimating fish health from be-
haviour on camera. However, such methods are sub-
ject to survivor bias and will still not likely represent
the authentic threshold values needed for modelling.
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Refinement of laboratory experiments to build on
those of Taranger et al. (2012) will therefore be useful
to develop more confident estimates of lice impacts
on sea trout survival. A recently published study by
Fjelldal et al. (2020) exemplifies that although esti-
mates of mortality impact of salmon lice in laboratory
studies vary, physiological measurements of stress,
including osmoregulatory stress, in salmonids are
fairly predictable. Consequently, laboratory studies
can be used to define critical thresholds where fish
will experience physiological imbalances, which are
likely to affect sea trout behaviour and survival.

Numerous studies have demonstrated that ele-
vated levels of salmon lice due to fish farms may im-
pact the life history and marine growth of sea trout.
For example, Shephard et al. (2016) demonstrated
that condition of sea trout was a function of distance
from active farms. A recent study by Serra-Llinares
et al. (2020) elegantly demonstrated how salmon lice
impact the survival and marine habitat residency of
sea trout. This was performed by infesting sea trout
with salmon lice, releasing trout in an area with nat-
urally low salmon lice densities and comparing
tagged individuals to tagged uninfested individuals.
This randomized control trial setup revealed that sea
trout infested with an average of 65 lice per fish had
a hazard ratio of 2.7, and reduced their marine resi-
dence time from 100 to 18 d. Although 65 lice per fish
is a relatively high level of infestation, similar levels
are readily observed during surveillance of sea trout
in Norwegian fjords with high lice densities, so this
level of infestation is biologically relevant. The study
is thus aligned with the modelling exercise pre-
sented in this study and supports the conclusion that
salmon lice can strongly reduce the ability of sea
trout to utilize the marine environment when infesta-
tion pressure is high. It also indicates that direct mor-
tality of sea trout may be large even though they can
behaviourally adapt to lice infestations.

This analysis did not directly model mortality of
fish exposed to salmon lice. The model was parame-
terized such that sea trout would be expected to
return to freshwater when livable area was reduced
beyond a threshold, but these fish do not necessarily
survive. Reduced marine habitat increases competi-
tion for limited resources and has negative impacts
on the potential production of sea trout by causing
density-dependent mortality. Moreover, premature
return to freshwater also likely reduces the survival
of sea trout given that they expend much energy
undergoing smoltification and swimming long dis-
tances without the payoff of rich marine feeding
opportunities. The large potential reductions in mar-

ine living area and marine residence time suggest
overwhelmingly negative impacts of salmon lice on
the production of sea trout, which have manifested in
population declines in regions such as the Hardan-
gerfjord (Skoglund et al. 2019). The mechanisms for
the declines are well understood and now empiri-
cally demonstrated in the model presented in this
analysis.

4.1. Important biological aspects to consider in
further work

In the present study, a lice mortality rate of 40 %
between sessile and mobile lice stages is assumed.
However, this rate is based on a small number of lab-
oratory experiments. Recaptures of artificially in-
fested fish in areas without lice can clarify whether
this also applies in nature. Alternatively, one can
model the effects of various lice mortality rates on the
fish and consider the extent to which categorization
(Section 2.1.6) changes. So far, these data are based
on first-time migrants, but marine time may also be
reduced for veteran migrants infested with lice and
RMT can then accumulate across several years. Such
scenarios can be modeled with data on salmon lice-
induced mortality and survival after premature
returns. In this modeling, a fixed size of 60 g has
been set for first-time migrant sea trout, but the size
distribution of first-time migrants varies among pop-
ulations, and this should be considered in further cal-
culations. We also assume that sea trout returning
prematurely to freshwater do not return to sea within
the same year. However, data from preliminary
experiments show that some trout migrate back to
sea after getting rid of lice and then return to the
watercourse a second time. A recent study (Bui et al.
2018) found that sea trout previously infested with
salmon lice have lower numbers of lice in later infes-
tations. If these results are generalizable, salmon lice
infectivity should be adjusted downward during the
season. Further research must clarify this. Premature
return does not mean that the fish will necessarily
survive. When sea trout return prematurely, they
have experienced reduced marine feeding, and their
energy reserves will therefore be lower and possibly
insufficient to survive the winter. Similarly, it has
been observed that sea trout with very high lice
infestations die even when they return prematurely.
The above illustrates a need for a better description
of the importance of premature return, physiological
effects and mortality, as a function of number of lice
per fish.
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4.2. Important aspects of modeling

To obtain a realistic description of the number of
infectious salmon lice larvae per unit of area, it is
important that environmental conditions (light, salin-
ity, temperature and currents) are described in as
much detail as possible. Our understanding of how
various environmental conditions affect lice biology
continues to expand, and new discoveries are contin-
uously implemented in the lice model. Furthermore,
it has been shown that the uncertainty in the model
calculations of salmon lice larvae is reduced by in-
cluding new and better knowledge about lice bio-
logy (Sandvik et al. 2020). Two resolutions of the
model are available, one with a 800 x 800 m grid res-
olution, and one with a 160 x 160 m grid resolution,
which is used in this study. It is expected that smaller
grid increments will improve the description of envi-
ronmental conditions, and preliminary tests indicate
that the differences between models are primarily
local, and that the calibration done for the lower res-
olution model also applies to the higher resolution
model. However, a more thorough assessment of the
latter should be performed. In relation to the assess-
ment of RML and RMT, a separate study should be
conducted to test the sensitivity of the grid resolu-
tion. In the model used, the lice density in the upper
2 m of the water column was used. This is assumed to
be adequate for the vertical feeding area of sea trout.
However, the model's sensitivity to the choice of
depth should be tested. As more knowledge on the
behavior of sea trout is acquired, for example from
telemetry experiments, it will be possible to perform
a more sophisticated risk assessment by introducing
these in our model. However, currently this simple
approach provides a good estimate, especially when
it comes to variability between trout stocks.

5. CONCLUSIONS AND FURTHER WORK

We conclude that the proposed indices (RML and
RMT) are well suited for estimating the impact of
salmon lice on sea trout populations, and that the
model proxies for RML and RMT work as intended.
The examples show that the method works and can
be implemented for all production areas and in all
rivers with known sea trout populations. It is also
possible to implement new knowledge and conduct
sensitivity analysis in the present method. Further,
the method can easily be used in other countries (e.g.
Gargan et al. 2016a,b, Shephard et al. 2016, Eldey et
al. 2020) where similar biophysical models (Adams et

al. 2016, Rabe et al. 2020) have been implemented
providing density of lice larvae in the water.

As the results have shown, the impact of lice on
individual stocks within a production area can vary
widely, and how to treat these differences in an over-
all assessment for each production area has not been
considered. Similar to Atlantic salmon assessments
(Vollset et al. 2018), it is therefore necessary to con-
sider whether and how weighting of individual rivers
should be implemented in a possible sustainability
indicator for sea trout. Another important point is
that the method does not calculate salmon lice-
induced wild fish mortality but instead RML and
RMT. Therefore, appropriate limits to set in order to
use these indices as a sustainability indicator must be
determined. One suggestion is to set the limit values
to the same as the mortality limits used for Atlantic
salmon (high impact: RML > 30 %; moderate impact:
10% > RML < 30% and low impact: RML < 10%)
based on the argument that sea trout are evenly dis-
tributed in the marine environment.
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