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Sammendrag (norsk):

A pilot study was conducted to investigate the delousing efficacy and physiological effects of freshwater and
hyposaline water in Atlantic salmon ( Salmo salar ) for various treatment durations. There were four primary
treatment groups: salmon lice ( Lepeophtheirus salmonis) infected fish held in seawater (procedural controls),
infected fish treated in freshwater (buffered with 1% seawater), uninfected fish treated in freshwater, and infected
fish treated with hyposaline water. The ion-modified, hyposaline water (~5 ppt salinity) was created through nano-
filtration technology which desalinated seawater. Salmon were held for a period ranging from 30 minutes to 48 hours
in their designated treatment bath, lice counts were made before and after treatment to measure efficacy of
delousing, and blood samples were taken to investigate the physiological effects on fish. The freshwater treatment
had no apparent delousing effect when compared with the seawater group, but just 5% of lice remained on fish after
a 4-hour hyposaline treatment. The osmotic balance of fish in the freshwater and hyposaline treatments shifted
towards a lower internal concentration of ions with longer bath durations, but the fish recovered once transferred
back to seawater. Indicators of stress reflected a less clear pattern with bath duration which may be due to the
additional handling stress associated with moving fish between tanks and an elevated stress response triggered by
transition back to a freshwater environment.

Sammendrag (engelsk):

o

Et pilotstudie ble utfart for a undersgke avlusingseffekten og hvordan ferskvann og lav
saltholdighet (hyposalint vann) pavirker fysiologien til atlantisk laks (Salmo salar) ved ulike varighet
av behandling. Det var fire primeaere behandlingsgrupper: fisk med lakselus (Lepeophtheirus
salmonis) ble holdt i sjgvann (prosedyrekontroller), behandlet i ferskvann (buffret med 1 %
sjgvann) eller i hyposalint vann, mens en gruppe fisk uten lus ble behandlet i ferskvann. Det
ionemodifiserte, hyposaline vannet (~5 ppt saltholdighet) ble skapt gjennom
nanofiltreringsteknologi, sakalt avsaltet sjgvann. Laksen ble holdt i en periode fra 30 minutter til 48
timer i det angitte behandlingsbadet, lusetellinger ble gjort far og etter behandling for & male
effekten av avlusing, og blodpraver ble tatt for & undersgke de fysiologiske effektene pa fisk.
Ferskvannsbehandlingen hadde ingen tilsynelatende avlusningseffekt sammenlignet med
sjgvannsgruppen, men bare 5 % av lusene ble igjen pa fisken etter 4-timers behandling med
hyposalint vann. lonekonsentrasjon i fiskens blod sank med gkende badetid i ferskvann- og
hyposalinbehandlingen, men den osmotiske balansen kom seg nar den ble tilbakefart til sjgvann.
Stressindikatorer reflekterte et mindre tydelig mgnster med badetid, noe som kan skyldes ekstra
handteringsstress forbundet med a flytte fisk mellom kar og en forhgyet stressrespons utlgst av
overgang tilbake til ferskvannsmilja.
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Delousing Efficacy and Physiological Impacts on Atlantic Salmon of Freshwater and Hyposaline Bath Treatments
1 - Introduction

1 - Introduction

Parasitism by salmon lice (Lepeophtheirus salmonis) is a challenge for the salmon aquaculture industry both for
the harm it does on farms and due to their spread to wild populations of salmonids (Costello, 2009b, 2009a,
Vollset et al., 2018) . The copepods which eat the blood, skin and mucous of their hosts, proliferate on farms
causing wounds, reduced growth, and poor welfare outcomes (Bowers et al., 2000, Finstad et al., 2000, Fjelldal
et al., 2020, Fjelldal et al., 2022). They also have the potential for spreading from farms to infect wild salmonids
including newly smoltified juvenile Atlantic salmon on their way from natal rivers to the open ocean (Thorstad et
al., 2012, Taranger et al., 2015, Bghn et al., 2020 ). The infected salmon have a higher risk of mortality,

Several chemotherapeutics have been developed for the effective control of epidemics, but the repeated use of
such drugs has led to the gradual build-up of resistance to them in the salmon lice population (Aaen et al., 2015,
Myhre Jensen et al., 2020). In an effort to find new treatments that are more effective and better for the
environment several non-medicinal methods have been developed and deployed including cleaner fish,
mechanical treatments, warm water baths, freshwater and hyposaline baths (Overton et al., 2019). However,
their use and in particular the use of mechanical and thermal treatments have been linked to a higher rate of
mortality and greater prevalence of injury in the treated fish (Overton et al., 2019, Oliveira et al., 2021, Persson
et al ., 2022). Among the novel non-medicinal treatments,

Freshwater is useful as a delousing treatment because the salmon louse is a copepod ectoparasite adapted to
saltwater and has demonstrated sensitivity to low salinities (Bricknell et al., 2006). However, the delousing
efficacy of freshwater can be variable since it is dependent on the salinity of the water, the duration of the bath,
and the tolerance of the particular lice population treated (Stone et al., 2002, Connors et al., 2008, Powell et al.,
2015, Wright et al., 2016). Furthermore, its broadscale application has been hampered by the demanding
logistics and potential environmental impact of transporting large volumes of freshwater to salmon farms. A
solution to the latter problem has been developed in the form of nano-filtration technologies which can provide
large volumes of desalinated hyposaline water (~5 ppt) from seawater at the farm site, and hyposaline bath
treatments using this new technology have already been successfully conducted (Mc Dermott et al., 2021).
Nevertheless, the welfare impact of the treatment and the optimal bath duration for delousing remains
understudied. The rapid shift to a freshwater environment is physiologically demanding for the fish and extended
treatments may result in osmotic dysregulation (Powell et al., 2015). Here , we conducted a preliminary trial at
the IMR facilities in Matre to investigate the delousing efficacy and physiological impacts on fish of freshwater
and hyposaline treatments at different bath durations.
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2 - Methods

2.1 - Experimental Design

Over two experimental rounds in January and February 2022, 545 Atlantic salmon post-smolts (mean weight of
350 g) were held in tanks (400L, 12 °C) with 35 fish per tank. 390 of the fish were infected with salmon lice while
155 remained uninfected. All parasitized host fish were infected in holding tanks with lice sourced from farms
near Matre and Austevoll, Norway. Louse egg strings were incubated and hatched following Hamre et al. (2009),
and a quantity of 6-9 day old copepodids equal to an infection pressure of 30 lice per fish was added to each
tank. During the infection, the flowing seawater is turned off and the salmon louse copepodids are added. After
40 minutes the water flow is turned back on flushing any remaining unattached copepodids out of the tank. The
fish were held for 21 days at a temperature of 15 °C until adult stages of salmon lice had developed in the
infected tanks. Thereafter the water temperature was decreased to 12 °C over two days prior to treatment
application.

There were four primary treatment groups: infected fish held in seawater (procedural controls), infected fish
treated in freshwater (buffered with 1% seawater), uninfected fish treated in freshwater, and infected fish treated
with hyposaline water. Freshwater and seawater treatments used flow-through water supply, however
hyposaline water was static with oxygen stones provided to each tank to ensure oxygenation and some water
movement. Water samples were collected from treatment tanks once prior to treatment, and after all bath
durations (hyposaline treatments) or 6—8-hour treatments (freshwater treatments). pH was monitored
intermittently in hyposaline baths.

The ion-modified water was created using patent-pending nano-filtration technology (Fiizk Future Technology,
Norway) that creates desalinated seawater which differs in its water chemistry from freshwater (Table 1). The
mean pre-treatment salinity of the hyposaline water was 5.1 ppt compared to 0.7 ppt for the freshwater which
was buffered with seawater. While the Cl and Na concentration was higher in the hyposaline water the
concentration of magnesium and calcium was lower. The filtered seawater was pumped from Matrefjorden at a
depth of 90 m and had a salinity of 34 ppt.

Table 1: Water chemistry of pre-treatment hyposaline and freshwater.

pH Sal [ppt] Cl [mg/L] TAN [mgN/L] In [mg/L] Mg [mg/L] K [mg/L] Ca [mg/L]
Hyposaline 6.7 5.1 2640 0.013 1540 12 79.2 0.72
Freshwater 5.9 0.7 350 0.050 145 19.0 5.7 6.05

Prior to treatment application, fish were sedated (metomidate hydrochloride, 0.01 g LY), the number of lice on
each fish was enumerated and 15 fish (per treatment group) were euthanized then sampled for blood, while the
remaining fish were transferred in groups of 10 to the experimental tanks with their designated treatment water.
The fish were then held in their treatment water for a period of time ranging from 30 minutes to 48 hours (Figure
1). Immediately after the end of the exposure duration fish were netted into a separate vessel with sedative
(metomidate hydrochloride, 0.01 g L), and once the fish went unconscious the number of lice for each fish was
enumerated, measurements for weight and length were taken, and blood samples were collected. The salmon,
which remained sedated, were then transferred through a live-fish pump to simulate treatment conditions at a
farm, and the louse number was counted again to determine the proportion loss associated with the mechanical
stimulation. Two different live-fish-pumps were used to explore whether pump type influenced delousing
efficacy: a slightly smaller pump with housing and plastic hoses (6” Fish Pump, Vaki Norway) and a commercial-
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type ejector pump where fish flow straight through the steel pipes (PG-Hydroflow, PG Flow Solutions, Norway).
The primary fish pump was used for the majority of transfers while the commercial alternative was used on
salmon that had been in a hyposaline bath for 4, 6, and 8 hours. For both pump types, it took <15 s for fish to
travel through the system.

To characterize osmotic and stress recovery, a subset of fish from the fresh and hyposaline water treatment
groups had their treatment water switched to seawater after the initial 8-hour bath and were held for an
additional 30 minutes to 3 hours (Figure 1). As in the main experiment, they were then measured for weight and
length, blood samples were taken, lice were enumerated, and they were transferred through the live-fish-pump
after which the number of lice were enumerated again. Fish remained sedated throughout all activities after the
bath and were euthanized using an overdose of sedative (metomidate hydrochloride, 0.1 g L) after the
pumping and final louse enumeration.

SW, infected
FW, infected
FW, uninfected

i Live Fish Pum
Lice Counts i x
Blood |:> Duration (hours)

Holding Tank 15, infected Lice Counts
Primar i
Infected |:::> Blood 4 C];ilclfts
Uninfected Samples Samples .
O'SI 11 21 3: 41 6J 81 Weights
12,24,48
After 8 hour FW
bath, switch to SW
Lice Counts
|:::> Blood [ Primary Lice
Duration (hours) Samples Counts
USRI e Weights

Figure 1. Experimental Design. Various experimental steps, bath durations, and taken measurements (in red boxes) are indicated for
the treatment groups: Saltwater (SW), Freshwater (FW), Hyposaline (HS). Note that blood samples were not taken from fish treated in
saltwater.

2.2 - Freshwater and Hyposaline Bath Treatment Efficacy

The number of lice per fish was enumerated on pre-treatment fish, and on all fish before treatments, after the
delousing bath treatments, and after transfer of the salmon through the live-fish-pump. Coinciding with the louse
count after bath treatment are measurements of weight, length, and condition factor (K), which was calculated

using the formula K=\ Weight = L{’ngth_z' # 100 . Delousing efficacy was analyzed with generalized linear

modeling (GLM) using a negative binomial distribution (glm, R core team 2019). At the time of measurement
following the bath treatment the louse number was fitted to models using the explanatory variables: bath
treatment group, the duration of the bath in natural log transformed minutes, weight, length, and condition factor.
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Since weight, length, and condition factor are collinear variables only one of the variables could be included in
the selected model. After exposure to the fish pump, another set of models fit louse number to explanatory
variables which included the type of live-pump used and excluded the variables not observed at that time
(weight, length, and condition factor). Data exploration, following Zuur et al. (2009), indicated interaction
between the bath duration and treatment. Thus, models with and without interactions were examined. Including
the null models there were 11 models fitted to the dataset collected after bath treatments, and 7 models fit to the
dataset collected after pump transfer. Selection for each set of models was determined through Akaike
information criterion (AIC) with the lowest AIC model being selected as the best performing, so long as it had
the same number or fewer variables then an alternative model within 2 AIC. In both sets of models the reference
treatment group was set to seawater bath treatment, and observations were weighted to treatment and
duration-specific mean number of lice per fish measured prior to treatment.

2.3 - Physiological Response: Blood Plasma Parameters

All blood samples were taken using heparinized syringes, whole blood was extracted and placed on ice until it
was centrifuged at 5000 g for 5 min, after which the plasma supernatant was transferred to a new vial and
stored in a -80 °C freezer. Osmolarity was measured on 20 ul aliquots of the plasma supernatant by freeze point
determination using an Osmo Pro-Multi sample Micro Osmometer (Advanced Instruments). Cortisol
concentration in the plasma was measured using an ELISA assay kit (Cat.no. DES6611, Demeditec Diagnostics
GmbH, Germany) and a Sunrise microplate reader (Tecan). An BL90 FLEX blood gas analyzer
(Radiometer Medical ApS, Denmark) was used on 65 pl of the remaining aliquots to determine the
concentration of the blood plasma parameters: K*, Na*, CI, Ca** ions, pH, lactate and glucose
metabolites. Each of the blood plasma parameters was analyzed with linear models (Im, R core
team 2019) using the explanatory variables of bath treatment and louse infection, and bath
duration in minutes which was transformed by the natural log.
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3 - Results

3.1 - Fresh and Hyposaline Water Delousing Efficacy

The treatment tanks of 10 fish were sampled before treatment and after their designated bath treatment so that
each observation of lice load is an independent measurement. Prior to treatment all lice were in the adult stages
and the mean lice load was 9.37+0.29 per host fish, with the mean of individual treatment tanks (n = 28) ranging
from 3.6 to 15 lice per fish. At the time of the experiment, the mean and standard error salmon weight was
355.7+4.3 g, length was 32.2+0.5 cm, and condition factor was 1.09+0.01.

Eqgn. 1:
Lice after bat htreatment,=a+ 3, Bat h Duration;* 8, Bat h Treatment,+ B, Weig ht,+¢,

The select statistical model predicting the louse load after bath treatment (Egn. 1) had 251 degrees of freedom
and an AIC of 9637 compared to the null model with an AIC of 11817. The seawater treatment group was the
reference with an intercept of 1.67 and bath duration did not have a significant effect on predicted lice load, but
weight significantly (P-value = 0.32) increased lice load with a coefficient of 0.4 per kg. The freshwater treatment
was not significantly different than the seawater (P-value = 0.98) and for this group lice load did not significantly
decrease with bath duration (P-value = 0.50). The hyposaline treatment group had significantly (P-value <0.001)
more lice prior to treatment with a coefficient of 5.51 and lice in that group decreased (P-value <0.001) with bath
duration at a coefficient of -1.28.

Eqn. 2:
Lice after bat htreatment A live pump,=a+ 3, Bat h Duration* 3, Bat h Treatment + 5, Pump,+¢,

The selected model predicting lice load after the bath treatment and transfer of fish through a live pump was
similar to the earlier model since only the response variable was changed in the dataset (Eqn. 2). Here the
degree of freedom was also 251 and the AIC of the selected model was 8329 compared to the null with 10883.
The lice load of the reference seawater group had an intercept of 1.74, which did not significantly change with
bath duration (P-value = 0.32). As in the previous model the freshwater treatment was not significantly different
(P-value =0.78) and its lice load did not decrease with bath duration (P-value <0.104). The hyposaline water
treatment had greater lice per fish (P-value <0.001) with a coefficient of 5.59 and in that treatment the bath
duration decreased lice load (P-value <0.001) at a coefficient of -1.37. The selected model did not include
weight or its covariates but instead included the pump type, which decreased lice load by 1.7 for those fish that
were transferred with the alternate commercial pump (P-value <0.001).

The greatest relative reduction in lice load for the hyposaline treatment happened between 2 and 3 hours in the
bath. After 6 hours in the post-bath counts and just 4 hours in the post-pump counts the lice load was less than
5% of the pre-treatment levels (Fig 2). Thus, the lice load was already below 5% for the treatments where the
commercial live pump was used (4, 6, 8 hours). Using either pump in the hyposaline treatment, the lice load
decreased further between the post bath treatment counts and after the counts made after pump transfer.
Although the freshwater treatment was not found to predict a lower lice level in the models, the lice load after
pumping is lower in the freshwater treatments in comparison to the seawater treatments (Fig 2). Overall, the lice
counted after the freshwater bath were 88% that of the pre-treatment levels, and after pumping the lice counts
were 76% that of the pre-treatments.
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Figure 2. Lice reduction due to bath treatment and live-pump transfer. In a subset of hyposaline treatments an alternative pump was
used to transfer fish after the bath, those data points are depicted in orange.

3.1 - Plasma Analyses

At all bath treatment durations there were 9 blood plasma parameters measured from louse infected and
uninfected fish treated with a freshwater bath and from infected fish treated with a hyposaline bath. The linear
models fit to these datasets indicated significant differences due to treatment group infection in 7 of the 9
parameters, and a significant effect of bath duration in 6 of the parameters (Fig. 3). Osmolality, Na+, Ca+ and
ClI- decreased with bath duration while Glucose and pH increased. Compared to the reference level of infected
fish treated with freshwater, the uninfected freshwater treated lice had a higher value in the parameters
Osmolarity, Glucose, Lactate, pH, K+, and Cortisol, while having a lower value in Ca++ and Cl-. Meanwhile, the
hyposaline treated fish with lice had higher values in Osmolarity, pH, and K+, and lower values in Glucose and
Ca++.

Neither the lactate nor cortisol blood parameters could be fit with linear models because examination of the
model and its residuals following standard protocols (Zuur et al., 2010, Zuur & leno, 2016) indicated
heteroscedasticity and non-linear patterns. Nevertheless, the data shows commonalities between the
treatments with bath duration. Lactate is initially elevated in all treatments before reaching a low after 3 to 4
hours and then increases with longer bath durations (Fig. 3). Similarly, cortisol reaches its highest
measurements in all treatments after an hour bath and then declines before increasing again after 12 hours.
Cortisol levels of fish in the freshwater treatments declined faster than those in the hyposaline treatments,
reaching their minimum or near minimum by hour 2 while the cortisol levels of fish in the hyposaline treatment
did not reach their lows until hour 6.

10/21



Delousing Efficacy and Physiological Impacts on Atlantic Salmon of Freshwater and Hyposaline Bath Treatments
3 - Results

+ Freshwater- with Lice + Freshwater - no Lice + Hyposaline - with Lice

® 340 ¥ o124
e ¢ w7
7 ‘ (+ £ + T’ +
5 ® N . i ¢
Z 330+ ~ = 101 =N
g L Sse | ¢ *
£ 3204 ¢ \k g 8 Pt E
3 £y & ° - “ |3 ﬁ*
z 3 ¢ oo 5 ® $%¢
% 2L 6+ ‘ - O ©C 3 ¢
< 2107 5 () et | 3 .
£ 5} | 5
8 0 05 1 2346812 24 48 0 05 1 234 6812 24 48 0 1 2346812 24 48
Bath duration (hours) *** Bath duration (hours) *** Bath duratlon (hours)
3 + 1701¢p
: ® y 2 Al -] - - (| 5 NS
072 * - i Z 1651 N
T - 4 ¢ ¢ =
2 ¢ *(” * = 3 ¢!
¥ oy ©°
I 7.11 E =
518 ’¢ ¢ = -~ a‘i¢_ -| 3
+ 3 ® Z 155+ +
) < ° ¢
0 05 1 2346812 24 48 0 05 1 2346812 24 48 0 05 1 2346812 24 48
Bath duration (hours) *** Bath duration (hours) Bath duration (hours) ***
400 4
E 11 w ‘ \\ - +
4] T le]| & z
2 x ” 1401 ® #5300 ¢
210 < g ¢ o
- * ; = 130+ E 200+
5 0.9 © *
: Fol 2 : 3|3 ¢ .8 t*;
E ~ = £ 100{ @ (1)
0.8 = | L 1201
é “ + 5 * 8 ‘ [ 1
@
0.7 4= : :
0 05 1 2346812 24 48 0 05 1 2346812 24 48 0 05 1 2346812 24 48
Bath duration (hours) ** Bath duration (hours) *** Bath duration (hours)

Fig. 3. Freshwater and Hyposaline water bath treatment blood plasma parameters. Bath duration was log
transformed for model fit. The parameter values of pre-treatment samples are shown at the 0 time point with a
solid blue line indicating that they were not included in the model. Model significance of the bath duration, and
significant differences from the reference level of freshwater infected lice is indicated in the axis labels by
astricts. *p-values < 0.05, **p-values < 0.01, ***p-values < 0.001. NL —freshwater treated fish with no louse
infection, HS — hyposaline treated fish with lice infection. Linear Models could not be fit to Lactate and Cortisol
data.

The same 9 blood parameters were measured in salmon with and without lice infection in a subset of fish that
were treated for 8 hours in freshwater or hyposaline water that was then switched to seawater. The fish were in
the seawater bath for 30 min to 3 hours before being sedated and sampled for blood plasma. The linear models
fit to these datasets indicate significant difference due to treatment group infection in 8 of the 9 parameters, and
a significant effect of bath duration in 7 of the parameters (Figure 3). Osmolality, Na+ and Cl- increased with
bath duration while Glucose and pH decreased. Using freshwater infected fish as the reference level, the
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uninfected freshwater treated fish had a lower value in the parameters Osmolarity, K+, Na+ and Cl-, while
having a higher value in Glucose and pH. The hyposaline treated fish with lice had lower values in Osmolarity,
Glucose, and Na+, and higher values in pH, K+, and Ca++. The models for lactate and cortisol included
interaction terms between the treatments and bath duration. Lactate concentration in the blood plasma of
freshwater treated fish with lice started off much higher than the other treatments before decreasing with bath
duration. The cortisol levels of hyposaline treated fish started lower than the other treatments after the 30 min
seawater bath, but then steadily increased with bath duration.
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Figure 4. Blood plasma parameters of fish recovering in seawater after the 8-hour freshwater bath treatment. Bath duration was log
transformed for model fit. The parameter values of 8-hour treatment samples are shown at the initial time point with a solid blue line
indicating that they were not included in the model. Model significance of the bath duration, and significant differences from the
reference level of freshwater infected lice is indicated in the axis labels by astricts. *p-values < 0.05, *p-values < 0.01, **p-values <
0.001. NL —freshwater treated fish with no louse infection, HS — hyposaline treated fish with lice infection. Linear models for Lactate
and Cortisol include an interaction term.
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4 - Discussion

4.1 - Delousing efficacy

Surprisingly these results indicated that freshwater treatment was no different than the seawater treatment in its
delousing efficacy while the hyposaline treatment was highly effective. Likewise, previous studies have
demonstrated freshwater baths to be both a less effective (Stone et al., 2002, Connors et al., 2008, Wright et al.,
2016) and highly effective at removing lice (Reynolds, 2013, Powell et al., 2015, Mc Dermott et al., 2021). The
variability in efficacy of those studies may be related to the bath durations with the low efficacy results from
Stone et. Al (2002) and Wright et. Al (2016) having come after a 3 hour or less bath treatment. Elsewhere, a 4
hour or longer bath was shown to have high efficacy (Reynolds, 2013, Powell et al., 2015). This study further
showed that efficacy did not increase gradually with bath duration but instead showed a large increase after 3
hours in the bath prior to pumping the fish, which indicates a threshold limit of tolerance for the lice. Efficacy
then increased further with longer durations but not past 4 hours when then fish was also handled with the live-
fish pump. As demonstrated in earlier studies (Reynolds, 2013, Powell et al., 2015), the increase in efficacy
between the bath and the bath plus pump treatments illustrates the importance of incidental mechanical
delousing on the overall efficacy with Coates et. al (2021) further suggesting that it is a synergistic effect.

The developmental stage of the salmon louse is also an important factor in delousing efficacy with the early
attached stages of salmon lice having less tolerance to freshwater than the later mobile stages (Connors et al.,
2008, Powell et al., 2015, Wright et al., 2016, Andrews & Horsberg, 2020). Here the salmon lice were all in the
adult stages, but their tolerance to freshwater could nonetheless have varied because they represented different
populations. Since, the experiment was held over two rounds the wild lice used had to be gathered from wild
sources a month apart and their tolerances may have differed. Phenotypic variability in freshwater tolerance has
been previously demonstrated, but the underlying mechanism remains unresolved with Andrews and Horsberg
(2020) suggesting a genetic aspect. The possible selection of freshwater tolerance through delousing
operations presents a problematic path toward resistance (Coates et al., 2021). Nevertheless, in this case the
difference in phenotypic tolerance of the lice would have to be very large to account for the observed outcome.
The efficacy was greater in the hyposaline treatments with the higher salinity of ~5 ppt compared to the lower
freshwater salinity of ~1ppt. Thus, salinity alone may not be the only component of the water chemistry that
influences treatment efficacy, suggesting the need to better understand the role of other factors such as
magnesium and calcium concentration on louse survival (Powell et al., 2015, Mc Dermott et al., 2021).

5.2 - Physiological response

The overall finding of this study is that both freshwater and hyposaline bath treatments induce a rapid
physiological change and lead to osmotic imbalances. Furthermore, the osmotic disruption increases with bath
duration which supports the general recommendation that the bath duration should be no longer than
necessary. The decline of osmolality may be caused by a loss of sodium, calcium, and chlorine plasma
concentration after transfer in the bath treatment, leading to a loss of osmotic balance. The rapid transfer of
saltwater adapted salmon to freshwater leads to the reduction of their blood plasma ions due to diffusional efflux
of ions at the gills, urinary excretion of ions, and to a lesser extent water uptake from the environment (Maxime
et al., 1990). When fish are moved from an 8-hour bath treatment back to seawater their osmotic balance
recovers towards the pre-treatment levels. While there is no difference in the stress response between fish with
and without lice, the data does suggest that infected fish have a greater loss in osmotic balance which is
primarily shown in the decline of osmolality. Previous studies have demonstrated that salmon louse infection
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leads to osmoregulatory disruption in saltwater environments (Grimnes & Jakobsen, 1996, Bjorn & Finstad,
1997). Fjelldal et al. (2020) suggest that the osmotic changes may be due to an infection induced stress
response and/or the leakage of ions across the cuticle through lesions caused by louse grazing. Likewise, those
mechanisms may be responsible for the infected fish in this study having a greater osmotic response when
transferred to treatment water and back to saltwater.

Interpreting the stress response of the treated fish is less clear here. The increase in cortisol and blood glucose
is a well described stress response in teleost fish to a perceived danger (Wendelaar Bonga, 1997, Madaro et
al., 2020, Madaro et al., 2022) and the increase of lactate occurs following acute stress or with prolonged
muscle strain (Svendsen et al., 2021, Madaro et al., 2022), due perhaps to an extend behavioral response to
the stressor. Initially, these blood parameters did increase in all treatments with bath duration, but cortisol and
lactate then decreased before beginning to increase again with prolonged bath durations . The initial decline
might indicate that it was the handling event which induced the stress response and with time that response
was declining (Madaro et al., 2022). The later increase of cortisol might signal that the prolonged bath triggered
the fish to physiologically prepare for a transition to a low salinity environment. While cortisol has largely been
known as a seawater-adapting hormone in numerous teleost species, there is an increasing body of evidence
supporting that cortisol may also be involved in ion uptake and fresh water adaptation (reviewed in McCormick,
2015, Nemova et al., 2021). For instance, cortisol seems responsible to promote the development of the
‘freshwater’ morphology of chloride cells (Perry et al., 1992). Here, the glucose levels in all treatments began to
decrease once the fish were returned to seawater which would indicate a recovery from stress, but there was no
overall pattern with the lactate and cortisol parameters. We suggest that the data is too sparse to draw robust
conclusions and further studies with higher replication should be conducted to investigate this question in
greater detalil.

5.3 - Conclusion

Hyposaline bath treatments are potentially a highly effective delousing treatment that warrants greater
development and study. The results here further demonstrate the influence of bath duration, incidental
mechanical delousing, and water chemistry on treatment effectiveness. We also suggest that phenotypic
variability in saltwater tolerance of lice populations is an important factor that could further lead to the selection
of tolerance overall (see Coates et al., 2021). Seemingly, the treated fish physiologically coped with and
recovered from the treatment though further investigations should be carried out to replicate these preliminary
results. Those results withstanding, freshwater baths are a treatment method with relatively little welfare impact
on fish and should be preferred over non-medicinal treatments with a higher negative impact, i.e. thermal and
mechanical treatments (Overton et al., 2019).
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