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Abstract

Kongssund, Iver (2018). Development of saltwater tolerance in Atlantic salmon Salmo salar
in various water qualities in Suldalslagen: Effects of variation in pH and dissolved

aluminium. 65 pages including references.
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1. Aqueous aluminium is described as the principal toxicant killing fish in acidified waters,
along with low pH. A raising concern has been the possible effect this toxicant have on the
declining Atlantic salmon population and their ability to adapt to changes in salinity.

2. River Suldalslagen in Suldal municipality has been subject to such a decline in salmon
population, and numerous studies have been conducted trying to identify the role of water
quality to both the smoltification process and survival. The aim of this study has been to
describe the development of seawater tolerance in Atlantic salmon exposed to different water
qualities in Suldalsvassdraget in spring and throughout the migration period of smolts. To
achieve this, water chemistry parameters were collected, as well as physiological conditions
from fish exposed to different water qualities and seawater challenge tests, during the entire
period. Collected data was analysed and statistically modelled with GLMMs. An additional
aim was to answer the applicability of seawater challenge testing as a tool for identifying an
ongoing smoltification process and as predictor for water quality criteria in Atlantic salmon.
3. The results suggest that the Atlantic salmon in Suldalslagen never developed a satisfactory
seawater tolerance, and that hatchery-produced fish from Ritland hatchery never could be
characterized as smolt, prior to or during the time of migration. Thus, | have only to a limited
extent achieved the aim of describing the development of seawater tolerance. The results
further exposes aluminium in Suldalsldgen not to be responsible for non-developing
seawater tolerance in salmon, but on a contrary acting as a possible positive “stimulator” in
physiological processes associated with osmoregulation in fish, where these processes, for
some reason, is not developing normally.

4. Finally, this study suggest seawater challenge testing to be limited in predicting water
quality criteria in Atlantic salmon, and give a cautionary notation to the applicability of

hatchery-reared fish and possible future economic and socioeconomic consequences.
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1. Introduction

The migration between freshwater and the marine environment is for diadromous fish
species a strategy of adaptive value, a behaviour inherited for generations to increase
individual fitness through the different stages of life cycle (Lucas & Baras, 2001). As for a
variety of different species, the Atlantic salmon (Salmo salar) experiences challenging
physiological transformations when migrating from familiar salt-free to novel salt-rich
environments. The life cycle mainly includes spawning in freshwater followed by a
migration to the sea, where the foundation for growth is made due to the presence of rich
food resources (Klemetsen et al., 2003). Salmon display a wide range of variability in
freshwater habitat use (Gibson 1993, 2002; Heggenes et al. 1999) both within and among
populations. The species show a diverse life history with differences in sea-age maturity
(Meerburg 1986; Power 1986; Riddell 1986; Randall et al. 1986; Jonsson et al. 1991a) and
even exclusively freshwater resident populations (Klemetsen et al., 2003). Anadromous
populations in Norway has shown a difference between individuals from a particular year-
class in time of smoltification, ranging from 1-8 years before they migrate to the sea for the
first time (L’ Abee-Lund et al. 1989). After reaching saltwater, they typically spend 1-2 years
feeding and growing in the ocean before returning to freshwater to spawn (Klemetsen et al.,
2003).

Before migrating to the sea, the anadromous species have to undergo an extensive change in
life history traits, to be adapted to their new environment. This process is referred to as the
process of smoltification. In Atlantic salmon, this process alters the changes in physiology,
morphology and behaviour to adapt the fish to a life in seawater (McCormick & Saunders,
1987; Hoar, 1988). The completion of smoltification is influenced by several environmental
factors including temperature (Solbakken et al., 1994) and photoperiod (McCormick et al.,
1987; Saunders & Harmon, 1990; Duston & Saunders, 1992) in addition to size (Boeuf et al.,
1985). During the acclimation to seawater, the smolts experience hyper-osmotic stress
resulting in an accumulation of increased plasma ion concentrations (McCormick et al.,
1989) along with tissue hydration (Blackburn & Clarke, 1987), followed by an adjustment
period. The duration of this period varies with smolt status (McCormick et al., 1989; Sigholt
& Finstad, 1990), size (Bjerknes et al., 1992) and temperature (Sigholt & Finstad, 1990).



The stress terminology is often used in context with what is referred to as “compensatory
physiological changes” as a result of inner processes in the organism, like the mentioned
smoltification, maturation and disease (Reimers & Dgving, 1992). Stress is defined as the
sum of all physiological responses an animal is using to maintain a normal level of
metabolism, following physical and or chemical alterations in the environment (Reimers &
Dgving, 1992). Stress is an adaptive physiological response which maintains homeostasis
and increase the individual fitness. A protracted and chronic exposure of stress will do the
opposite, and be maladaptive, resulting in reduced growth, reproduction and survival
(Reimers & Dgving, 1992).

The primary reaction to stress can be divided into two categories; 1) increased excretion of
catecholamine and 2) increased excretion of corticosteroids. These two responses leads to
numerous physiological changes which alters metabolism from what is referred to as an
“anabolic” state (absorption and storage of energy) to a “catabolic” state (decomposition
and use of energy storage) (Reimers & Dagving, 1992). Increased excretion of
catecholamines (adrenaline and noradrenaline) can occur minutes after exposure to a stress
factor, and can be sustained for a couple of hours, depending on strength and stimuli. An
increased plasma level in catecholamines affect circulation, respiration, osmoregulation and
metabolism. The cardiac output increases and resistance in gills is reduced by dilating blood
vessels. The respiratory surface in gills increases by changing the usual passive lamellae to
active, creating a possible increased oxygen consumption (Reimers & Dgving, 1992). This
increased active gill surface will generate a higher water consumption and loss of ions in
freshwater fish, while increase excretion of water and a passive ion consumption in saltwater
fish. This elevation of oxygen consumption is a clear adaptive response to prepare an
individual for an escape or a fight, but can lead to a maladaptive osmoregulation effect
(Reimers & Dgving, 1992).

During stress, the adrenocorticotrophic hormone (ACTH) stimulates excretion of cortisol
and cortisone in fish. Cortisol has an osmoregulatory function, especially in saltwater
adaptation in euryhaline fish populations (Reimers & Dgving, 1992). Cortisol can induce ion
consumption in freshwater and ion excretion in saltwater, in interaction with other hormones.
An elevated level of cortisol over a longer period of time, will lead to a compromised
immune system (Reimers & Dgving, 1992). Changes in physiological parameters can reveal
type or magnitude of stress, identify a stress factor or the effect of a stress factor. Variations

can be caused by species, gender, time of day or year, and more. If exposure to a stress factor



only causes a limited amount of stress, the physiological parameters will then restore back to
normal levels (Reimers & Dgving, 1992). When assessing level of stress, the most common
measurements are 1) haematological, 2) blood chemical, 3) tissue chemical altercations, or
4) response in the entire organism. The most common haematological parameters are
hematocrit, haemoglobin, number of red blood cells and the number of different white blood
cells. Stress hormones like adrenaline and cortisol are the preferred indicators of stress in the
literature (Reimers & Dagving, 1992). The benefit of these indicators is that they directly

measure the primary response of stress factors (Reimers & Dgving, 1992).

Toxic chemicals represent an important stress factor for fish by either a direct toxic effect or
by transfer through the primary effectors adrenaline and cortisol. The effect of a toxic
compound can be divided into several levels. If smoltifying Atlantic salmon is exposed to
acidic aluminous water, the reduced level of gill Na*, K*, -ATPase activity will lead to a
reduced capability to transport ions (Sigholt et al., 1995; Reimers & Dgving, 1992). Increase
of this particular enzyme during the smoltification is necessary for the fish to void ions when
entering the sea, but also to maintain ion balance during freshwater residence (Reimers &
Daving, 1992). Simultaneously, there is a loss of homeostasis with a strong disturbance of
ion balance, and fish are not able to develop saltwater tolerance (Reimers & Dgving, 1992).
Hence, contamination causes disturbances in basal processes that prevent fish from

smoltifying, thus the ability to migrate and survive in the ocean (Reimers & Dgving, 1992).

As mentioned, aluminium can act as a toxic compound. Dissolvence of different aluminium
sources in water is highly dependent on pH, temperature and the type and amount of ligands
present. Dissolved in water, aluminium will spread by the hydrolysis equilibrium, and
similar to the dissolvence of aluminium, the Al-hydrolysis is dependent on both pH and
temperature (Reimers & Dgving, 1992). Aluminium will therefore act in different physical
and chemical forms in natural water, depending on the predictors mentioned. The many
forms of aluminium can have different level of toxicity for fish populations. Aluminium
bound to organic compounds is not toxic to fish, and if humus substances or citrate are added
to acidic aluminous water, the toxicity of aluminium will decrease (Reimers & Dgving,
1992). Inorganic aluminium compounds with low molecular weight, is regarded as the most
toxic, in addition to the level of polymerisation. The gill surface in Atlantic salmon is
covered by a layer of mucus which contains numerous molecules with a negative charge. Al-
hydroxides with a positive charge will bind to the negatives, resulting in continued Al-

polymerisation and formation of large particles on the gill surface, opposed to freely in the



water (Reimers & Dgving, 1992). When pH is higher than 4.0 a formation of hydroxide
compounds of aluminium will start, as a result of Al(H.0)e®* (usually written AIP* )
deprotonation (release of H*-ions). The actual AI** -ion could also possibly bind to the

negatives on the gill surface.

Aluminium as a toxic compound, is primarily affecting mechanisms related to the gills
causing imbalance in regulation of ions and issues with respiration. The result of Al-
polymerisation in gills can lead to densification between the secondary lamellae, and
consequently reduce water flow in the respiratory surface (Reimers & Dgving, 1992).
Hypoxia or reduced availability of oxygen, is recognised as the main reason to mortality of
salmonids at relative high levels of pH (5.5 — 6.5). Within this range, the Al-polymerisation
would be favoured. Additionally, temperature as an important predictor to the Al-hydrolysis
will increasingly stimulate the ventilation frequency in Atlantic salmon with higher
temperatures. Al-polymerisation will therefore be recognised as one of the main factors
explaining hypoxia as reason for fish mortality in Al-rich water, with high levels of pH (5.5
— 6.5) and temperature (10-20°C) (Reimers & Dgving, 1992). The degree of toxicity and the
magnitude of impact on either fish survival or the ability to develop seawater tolerance is a
complex interaction between several explaining factors. Species and stage of development
are also factors to consider. In Atlantic salmon, the most sensitive periods are moments after

hatching and during the smoltification process (Reimers & Dgving, 1992).

Despite an extensive quantity of available information on Atlantic salmon, a raising concern
for some years has been the continued decline of wild stocks in the North Atlantic (Mather et
al. 1998; Parrish et al. 1998; Potter & Crozier 2000). Generally, it is believed that the cause
of decline is connected to events in the marine environment (Friedland et al. 1998; Jacobsen
& Hansen 2000; Potter & Crozier 2000; Montevecchi et al. 2002), however causation could
be initiated in freshwater with final consequences when fish are at sea (Randall et al. 1989;
Walters & Ward 1998; Fairchild et al. 1999).

In the early 1990s Norwegian lakes and rivers were severely influenced by acidification
(Henriksen & Hesthagen, 1993), leading to a decline and elimination of several fish
populations (Muniz, 1984; Rosseland, Skogheim & Sevalrud, 1986; Hesthagen & Hansen,
1991). In southern parts of Norway, Atlantic salmon populations were seriously affected,
being virtually extinct in 25 rivers (Hesthagen & Hansen, 1991). Aqueous aluminium is

described by several authors as the principal toxicant killing fish in acidified waters, along



with low pH (Burrows 1977; Driscoll et al. 1980; Howells et al. 1994; Gensemer & Playle
1999).

One of the river systems that experienced a dramatic decline of the salmon population in the
early 90s, is Suldalsvassdraget in Rogaland county (Figure 1). The reason for the affected
salmon population could be complex, including several explaining factors both outside and
within the watercourse (Kaasa et al. 1998). Throughout the last two decades, numerous
studies have been conducted to describe limiting factors in Suldalslagen and to what extent
acidification and regulations have had an impact on the water quality (Heggberget et al.
1994; Kaste et al. 1995; Blakar, 1995; Kaasa et al. 1998; Blakar & Haaland, 2000). Some of
the later research (Kroglund et al. 1998a, b, ¢; @xnevad & Poléo, 1998; Finstad et al. 1999,
2000; Fiske et al., 2001; Kroglund & Finstad, 2001; Poléo et al. 2001a, 2002; Strand et al.,
2000, 2001, 2003; Schjolden et al., 2001) concludes acidification not to be the sole
responsible factor for the decline in salmon population. A remaining question of importance
is if acidified Al-rich water from the Suldalslagen watersheds could possibly harm the
salmon population, without detectability during the freshwater residence during the life
cycle. A key factor in this regard, is whether the death of salmon at sea is caused by a
reduced saltwater tolerance as a result of the exposure to the perceived poor water quality
(Kroglund & Finstad, 2001, 2003), or by exposure to sea lice (Lepeophtheirus salmonis)
when smolts migrate from the watercourse (Kaasa et al., 1998; Grimnes et al. 2000; Holst &
Jacobsen, 1999).

Kroglund et al. (1998a, b) argues a possibility of affected wild salmon caused by water
quality. It has been suggested through measurements of fish response in experiments, that
negative effects of water qualities is not to be excluded. Additionally, a reduced saltwater
tolerance in both wild- and hatchery-produced fish from Suldalslagen has been reported
(Kroglund et al., 1998b; Finstad et al., 1999, 2000; Strand et al., 2000, 2001) to have a
correlation with low water quality. Finstad et al. (1999, 2000) reports a reduced ability in
osmoregulation in seawater challenge tests, with a satisfying ability in freshwater. With no
detection of a decline in density of juveniles in Suldalsvassdraget, it is argued that the
accumulation of Al on gills still could reduce the saltwater tolerance, and further affect
marine survival (Kroglund & Staurnes, 1999). In this context, several studies have argued for
low Al-concentrations to have a negative impact on the Atlantic salmon in Suldalslagen
(Kroglund et al. 1998a, b; Kroglund & Finstad 2001, 2003).
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Despite the research presented, a number of studies points to the opposite. Some argue
acidification as not to be a real threat for the salmon population in Suldalslagen (@xnevad &
Poléo 1998, Poléo et al. 2001a, 2002, Jensen et al. 2001, 2002, 2003, Schjolden et al. 2001),
and that the concentration of Al is likely to be too low to cause reduced survival in smolts in
the ocean. However, none of these studies has specifically looked at the development of
seawater tolerance in Atlantic salmon in Suldalslagen. Poléo et al. (2001b) reported in a
preliminary study that salmon exposed in acidified Al-rich water showed a higher seawater
tolerance than salmon exposed to limed water, thus concluded the seawater challenge test
(Clarke & Blackburn, 1977) to give a poor estimate of fish health status. This study was
conducted at the end of the migration period, hence the seawater tolerance was not registered
over time. The aim of this present study has therefore been to identify the development of
seawater tolerance in Atlantic salmon (presmolt) exposed to different water qualities in
Suldalsvassdraget in spring and throughout the migration period of smolts. To achieve this,
physiological conditions taken from blood samples were compared using generalized linear
mixed models (Bolker et al. 2009), as well as water chemistry parameters for aluminium.
This study builds on experiments and unpublished data conducted by Poléo et al. in 2002.
Based on the likely assumptions in the earlier research of Poléo et al. (2001b), I test the

following hypothesis that;

i. The development of seawater tolerance in Atlantic salmon is not negatively
affected by water quality, hereunder acidified aluminous water.
| predict a compromised ability in salmon to adapt to changes in salinity, not to

be affected by presumed poor water quality.

ii. Stress response expressed as changes in physiological conditions is not affected
by acidified aluminous water in Suldalsvassdraget.
| expect the toxicity level of aluminium in Suldalsvassdraget to be too low to
affect variation in physiological conditions as plasma cortisol, plasma chloride

and hematocrit.

Finally, 1 evaluate the applicability of seawater challenge testing as a tool for observing

smoltification and the additional future recommendations for management implications.
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2. Methods

2.1 Study area

The study site is situated in Suldalsvassdraget, Rogaland county, Norway (59°59'30"N
6°51'13"E) (Figure 1). The source of the river Suldalsldgen is Lake Suldalsvatnet
(69m.a.s.l.) and the river ends in Sandsfjorden at Sand. The main river course runs through
Suldal municipality and is 22, 3 km long. The watersheds covers 1462,7km? with numerous

tributary streams and creeks (NVE Atlas).

Four stations were placed along the watercourse Suldalsvassdraget; at Suldalsvatnet (Osvad),
at Prestabekken (Prestvika), at Steinsana, and lastly at Foss — approximately 300 meters
upstream the water exit of Fossana. At the location of Foss station, three different water
qualities were studied (Table 1). In total, six different water qualities were used in the

experiments, and for each water quality a field setup was created (see below).

Table 1. Stations with water qualities from the watercourse Suldalsvassdraget used in the
field experiments. pH values and Al-concentration, pug Al /I (mean) is obtained from Blakar
& Haaland (2000), and in Prestabekken from Poléo et al. (2001a).

Station Water quality pH Aliot
Osvad Lake Suldalsvatnet — natural acidic Al-poor 6.3 30
Prestvika Creek Prestabekken — natural non-acidic water 6.4 50
Steine Creek Steinsana — limed water 6.9 50
Foss Creek Fossana — natural acidic Al-containing 5.7 80
River Suldalslagen — limed water 6.3 30
River Suldalslagen +Al — limed water* 6.3 30

*River Suldalslagen+Al is more or less identical to River Suldalslagen, with an Al-
enrichment.
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Fossana .
Suldalsldgen Steinsana
Suldalslagen + Al

Prestabekken
Suldalsvatnet (Osvad)

Figure 1. The six different sampling locations/water qualities in Suldalsvassdraget,
Rogaland county — Norway. The map is created from Norgeskart with Adobe Photoshop CS6
version 13.0.

2.2 Experimental species

Atlantic salmon (Salmo salar) parr of the River Suldalslagen stock, ranging from 6.7 to 17.0
cm (mean = 11.7 cm) in length, were obtained from the Ritland hatchery and transported in
water filled plastic bags to the different stations where the experiments were conducted. The
salmon were then transferred into separate fish tanks (approximately N=375 in each tank)
and acclimated for one week prior to the experiments that begun on the 5. Mars 2002. The
exception was the tank for water exposure from Fossana, where the fish were inserted on the
8. Mars due to issues with frost and consequently uncertain water supply. As a result, the
initial seawater test for Fossana was conducted a week later than for the other water
qualities. The fish were not fed during the experiments, although the water pumps made sure
of accessibility of substrate and benthos in the chambers. Consequently, no fish were

starving, and the condition of the fish did not change during the experiments.
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2.3 Experimental setup

At each station there were placed 500 litres fish tanks by the water locations. The setup
consisted of an open system made out of fiberglass with a continuous water flow, and a
spillway at the bottom (Poléo et al., 2001b). Water pumps lowered into the water source at
each station filled the tanks with water at 20 I/min giving a water supply of 5.3 litres per
gram fish per day. Sprague (1973) recommends a water supply of minimum 2.0 |/(g/d) for
similar studies. The experimental setup was constructed to prevent changes in the level of
water flow at the locations. All tubes and transitions were made of PVC and silicone. Each
tank was covered with a top board including a 20 x 20 cm “window” in the centre, so the
fish could register changes in daytime and to protect the fish from unnecessary disturbances
(Figure 2). Water from Suldalsvatnet, Prestabekken, Steinsana and Fossana was led directly
into their respective fish tanks while the water from Suldalslagen was directed into two
different tanks (Suldalslagen and Suldalslagen+Al), using a Y-connector. Untreated water
from Suldalsldgen was directed into the tank for the water quality “Suldalslagen”. The
aluminium-enriched water (Al(NOgz)s-solution) called “Suldalslagen+Al” was directed into
the exposure chamber via a 50 litres spillway tank. During the additive process the
AI(NOs)s-solution (concentration 3.5 g/l (86.9 g AI(NO3)3 x 9H20 dissolved in 25 litres of
double-distilled)) was added with a peristaltic pump and the velocity of 4 ml/min. The water
supply to the fish tank was adjusted to 4 I/min so that the amount of aluminium added was
250 pg/l. The additive process lasted for 39 hours and 25 minutes (from 19. April, 15:20 —
21. April, 06:45). During this period the pH in the water “Suldalsldgen+Al” decreased from
6.3t05.8.
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Top board with window

/ &

Exposure chamber

Spillway

L:100 cm. W:100 cm, H: 60 cm Water pump m

Figure 2. Sketch of the exposure chamber located at each station/water
quality during the experiments. Created with Adobe Photoshop CS6 version
13.0.

2.4 Experimental protocol

The present study was performed as an experimental study, in the spring of 2002 (26.
February — 14. June) and started with the transmission of Atlantic salmon parr (N=375) in
each fish tank at every station. Once a week throughout the whole experimental period,
seawater testing was conducted on 15 specimens from each water quality. Following the
seawater test, blood- and gill samples were taken from the remaining surviving fish.
Equivalent testing was performed on 10 specimens from each fish tank as a control sample
on the physiological condition of the seawater tested fish. Throughout the experimental
period, daily measurements were taken of water temperature, pH and water conductivity
from the fish tanks’ spillway. A weekly aluminium fractionation of the water qualities was
also performed. In addition, an extra water sampling was performed with a consecutive

aluminium fractionation associated with a flood in Fossana.
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2.5 Seawater challenge test

The seawater challenge testing (Clarke & Blackburn, 1977) was performed in 50 litres black
plastic buckets (mortar bucket), immersed in tanks placed at the spillway of the fish tanks.
The drainage from the fish tanks made sure of a temperature in the seawater buckets to be
equivalent to the temperature in the fish tanks. The plastic buckets were filled with water
from the applicable water source and added a salt mixture “Instant Ocean” to a salinity of
33.0 £ 0.3%o . The salinity was measured with an YSI 30M/10FT Conductivity Meter which
also measures the water temperature. The artificial seawater was bubbled with oxygen
through an aquarium pump. The water’s O»-saturation was measured with a WTW CellOx
325 oxygen electrode connected to a WTW Oxi 340 Oximeter with the option of a salinity
preset. 15 specimens were transferred into the “seawater buckets” at every seawater
challenge test, and the buckets were covered with black plastic. After 24 hours, the surviving
fish was transferred into a bucket containing a mixture of water and 7 ppm metomidate
hydrochloride (anesthetic). Measurements of temperature, salinity and O-saturation in the

artificial seawater were conducted both before and after the seawater challenge test.

2.6 Water chemistry

The pH was measured with a Radiometer pH-meter-29 with a GK 2401 C combined
glass/reference electrode. Radiometer pH-buffer 4.0 and 7.0 was used to calibrate the
electrode. The water was sampled in bottles made of polyethylene that were previously
washed in water from which the sample was taken. The pH-value was registered to closest
0.1 pH-unit when the pH-meter varied less than 0.05 pH-unit/min. The standard deviation for
measured pH is £ 0.04 pH-unit. Temperature and conductivity of the water was measured
with an YSI 30M/10FT Conductivity Meter.

2.7 Aluminium

Cation exchange (Driscoll, 1984) combined with ketone extraction (Barnes, 1975) was used
to distinguish different aluminium fractions. This is a suitable fractionation method for
aluminium in the field (Sullivan et al., 1986; Lydersen et al., 1994). The standard deviation
of the method is estimated to be approximately 1% of the mean (Sullivan et al., 1986) and

the detection limit is 13 pg Al/l (Vogt et al., 1994). Upon extraction of a water sample,
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aluminium is complexed with 8-hydroxyquinoline (HQ) (CeH7NO) and the Al-HQ complex
Is extracted into an organic phase of methyl isobutyl ketone (MIBK). The extraction time is
20 seconds, as Barnes (1975) recommends. The extracts were stored at 4°C for at least 24
hours before the amount of aluminium was analysed spectrophotometrically (Shimadzu UV-
1201 spectrophotometer) at 395 nm (Tikhonov, 1973; Bloom et al., 1979). Absorbance was
also measured at 600 nm to correct for iron interference (Sullivan et al., 1986). The amount
of monomeric Al compounds (Als) was determined by direct extraction of an untreated water
sample (Driscoll, 1984). In cation exchange, positively charged compounds are retained in
the ion exchange column while negative and uncharged compounds escape. Cation
exchangers on Na* form was used (Amberlite IR-120, 10 ml ion exchange resin in the
column). In order to avoid changes in the Al fractions due to changes in pH during ion
exchange, the pH of the ion exchange was adjusted so that the pH did not differ by more
than 0.5 pH from the pH of the water sample (Driscoll, 1984). The fluid velocity through the
column was 3.8 ml/min per ml of ion exchange resin. The ion exchange resin was prepared
with 60 ml of 10* M NaCl between each water sample and the 60 ml of water sample was
always run through the ion exchanger before it was collected for analysis (extraction). Based
on the extraction time (20 sec), aluminium is extracted from an ion-exchanged water sample
defined as non-labile aluminium. In natural water, this fraction is often defined as
monomeric organic aluminium (Alo) (Driscoll, 1984). Monomeric inorganic aluminium (Al;)
is then left in the ion exchange, and can be calculated as the difference between Ala and Alo.
Colloidal, stable organic and hydroxyl organic Al compounds are not extractable over 20
seconds. Therefore, the total concentration of aluminium (Al) in the samples was
determined after extraction of water samples acidified with HNO3 to pH 1.0 and at least 24

hours storage. Table 2 gives an overview of the fractions that were analysed or calculated.

Table 2. Description of various Al fractions that were measured and calculated.

Alr:  Total aluminium, determined by extraction of water sample acidified to pH 1 with
HNOs3, after at least 24 hours of storage.
Ala:  Total monomeric aluminium, determined by extraction of untreated water sample.

Alo:  Organic monomeric aluminium, determined by extraction of the eluate from a
cation-exchanged water sample.

Ali:  Inorganic monomeric (or labile) aluminium, calculated as the difference between
Alz and Alo.
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2.8 Fish sampling and Analysis

When sampling control fish, 10 specimens were transferred from the fish tanks to a bucket
containing 7 ppm metomidate hydrochloride solution (anesthetic), followed by an extraction
of a blood- and a gill sample from each fish. When sampling the saline-tested fish, all the
surviving individuals were anesthetized. The gill samples were frozen for possible future
aluminum alloy analyzes. The blood sample was taken from the dorsal vein, behind the anal
fin, using a heparinized 2 ml disposable syringe. The blood was transferred from the syringe
to 50 pl capillary tube. The capillary tubes were sealed with plastic liners at one end and
centrifuged for 3 minutes in a microhematocrit centrifuge TYPE 346. After centrifugation,
hematocrit was measured and plasma isolated for later plasma chloride and plasma cortisol

analyzers.

2.9 Hematocrit and plasma chloride

Hematocrit was measured and calculated as the average percentage of blood cells of total
blood, based on a maximum of 5 capillary tubes from each fish. Plasma chloride was
analyzed on a sample from each fish using a Radiometer CMT 10 chloride titrator. The

titrator has an accuracy of £ 0.5%. 20 pl of plasma was used per measurement.

2.10 Plasma cortisol

Plasma cortisol was analyzed by radioimmunoassay (RIA) (Simensen et al., 1978; Olsen et
al., 1992). Liquid scintillation (Packard TriCarb 1500) was used to detect radioactivity in the
samples. The mean detection limit (z s.d.) was 0.39 + 0.37 ng/ml. The interassay coefficient
of variation was 13.2% at 37.4 ng/ml and 45.3% at 1.9 ng/ml. The interassay coefficient of
variation was 7.1%. The non-specific binding of the antibody was 0.6 £ 0.1% of the total
activity. Samples with lower cortisol concentrations than the detection limit were given a

cortisol value similar to that.
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2.11 Statistical analyses

Fish survival

To explain the variation in fish survival across different water qualities, variables were
analysed using a longitudinal design (Figure 9). Number of weeks (10-24) were treated as
categorical variables, because I did not necessarily expect a linear relationship between the
two variables. ‘Station’ (1-6) refers to water quality/location and were also treated as a
categorical variable. As independent variables, I used ‘Temperature’, the much described
toxic (Grande et al. 1978; Poléo et al. 1997; Reimers & Dgving, 1992) ‘Ali’ (inorganic
monomeric aluminium) and ‘pH’. Additionally, I added the interaction between ‘pH’ and
‘Ali’ to the model as well as the interaction between ‘Temperature’ and ‘Ali’, as I expected
an interacting relationship between the two variables, with possible effect on fish survival
(Table 3). To account for possible overdispersion ‘ID’ (observations) were treated as a
random effect. To account for unexplained variance ‘station’ was also nested as a random
effect (Table 3). For count data and GLMMs (Generalized Linear Mixed Models), a
common concern is overdispersion, underdispersion and zero-inflation (Martin et al. 2005;
Richards, 2008; Bolker et al. 2009). | used the package DHARMa (Hartig, 2018) plotting
residuals against predictors to derive an expression of the different models regarding these

concerns. All fixed variables were scaled.

| performed all analyses in R version 3.4.3 (R Development Core Team 2017). To run the
mixed models I used the package LME4 (Bates et al. 2014). | used the Akaike Information
Criterion (AIC) and Delta AICc (AAIC) to compare final models for fish survival.

To further explain variation in fish survival across different water qualities, | ran a GLMM
of a full model (Model D — Table 3) for each station (Table 4). By modelling the full model
for each station | would achieve a conclusion to what predictors having an effect on survival
in their respective location (Table 4). The difference in fish survival between the various
water qualities were analysed using a GLM (Generalized Linear Model). The fixed variables

were the categorical ‘Station’ and ‘week’.
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Water chemistry and physiological conditions

Means and standard deviations (s.d) were calculated for all water chemistry values, while
means and standard errors (s.e.m) were calculated for all physiological values. To explain
the variation in pH across the different water qualities, | ran a GLM across all stations
(Figure 5). Explaining the variation in Al (total aluminium) and Al; (inorganic monomeric
aluminium) across the different stations were done similarly (Figure 7). The variation in
physiological condition between the water qualities were analysed using a GLMM. The
response variables in the physiological models were either ‘Hematocrit’, ‘Plasma chloride’
or ‘Plasma cortisol’, with the categorical ‘Station’ and ‘week’ as fixed predictors. To

account for possible overdispersion ‘ID’ (observations) were treated as a random effect.
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3. Results

3.1 Water level

During the trials, there were several periods with high water levels in Suldalslagen (Figure
3).

—0—Fossana

=== Prestabekicen

—&—Steinsana

100

Waterlevel (cm)

Figure 3. Water levels during the trial period in Fossana, Prestabekken and
Steinsana.
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3.2 Temperature

In the beginning of the experiments, the water temperature at the different stations were low
(0.0 - 4.3°C), and Fossana and Steinsana were particularly cold. Throughout the
experimental period the temperature rose to 8.3 — 16.2°C (Figure 4).

13

—+—Fossina

f“{ Rl ——Qsvad

= Prestabekken

~=—Steinsana

=Cm=Suldalsligen

Sul.Lagen+Al

Temperature (°C)

Figure 4. Water temperature at each station throughout the experimental period.
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3.3 pH

In all the water qualities, there were an increase in the pH level throughout the experiments
(Figure 6). In Prestabekken, Suldalsvatnet, Suldalslagen and Suldalslagen + Al, the level of
pH were relative stabile within the timeframe of the experiments, showing levels of pH
above 6.0 (Figure 6). Suldalslagen + Al show a considerably decrease of pH in the water
quality on the 20. April, the day after the addition of aluminium. The biggest variation in pH
were measured in Steinsana and Fossana (Figure 5). Steinsana varied in pH between 6.2 and
6.9. Until the 12. May, the pH in Fossana was low (5.2 — 5.8), before gradually rising from
5.8 to 6.1 (Figure 6). The result of a GLM show Fossana to be significantly different in the
variation of pH (GLM: tgz = 1.68, p < 0.001, AIC = -86.41, Figure 5) from all the other

stations.

- ==

6.0 .

I

Station

F= Fossana

= Osvad
Prestabekken

56 Steinsana
Sul.lagen + Al

F= suldalslagen

Figure 5. Result of a GLM with variation in pH level across each station, during the
experimental period.
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Figure 6. Variations in pH at each station throughout the experimental period.
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3.4 Aluminium

There was a significant difference in variation of total aluminium (Al,) in Fossana from the
other water qualities (GLM: ts2 = 64099, p = 0.012, AIC = 843, Figure 7). Prior to the first
week of May, Fossana measured relative high concentrations of total aluminium (Al;) ( 80 -
130 pgl/l, Figure 8) with the largest variation. Compared to the other water qualities, Fossana
measured higher concentrations of inorganic monomeric aluminium (Al) (27 + 13 g/l
(mean * s.d.)) (GLM: tg = 66.936, p = 0.0015, AIC = 236.5, Figure 8). In Suldalsvatnet
(Osvad), Prestabekken and Suldalslagen, the variation in Al,-concentration was between 20 -
70 pg/l, with mean concentrations roughly close to 40 pg/l (Figure 8). Mean Al;-
concentrations were just above 10 ug/l for the latter water qualities. On the 20. April when
the Al-addition took place, the Al,-concentration rose to 270 pg/l in Suldalslagen + Al
(Figure 8). Additionally, Ali-concentrations rose to 75 pg/l during the addition of aluminium.

160
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Figure 7. Result of a GLM showing variation in total aluminium (Al;) across
the different stations, throughout the experimental period.
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3.5 Seawater challenge test

3.5.1 Fish survival

There was a genereal common pattern for all the stations with pH, the interaction between
pH and Al;, and the interaction between temperature and Al; showing a significant (p <
0.001) effect on variation in fish survival (Table 3, Figure 9). Additionally, week 19-24 were
also showing a significant (p < 0.001) effect. Al; and temperature as independent variables
had no significant effect on the variation in fish survival. As station were treated as a
categorical random variable the test only tells us that there is a difference in stations, but it
gives no indications as to which station that differs from each other (For better vizualisation;
see figure 11-16). All stations or water qualities experienced a decline in Atlantic salmon
survival through the experimental period (Figure 9). For model selection, lowest AIC and
Delta AICc (AAIC) is used in addition to models accounting for overdispersion and
unexplained variance. Model D and E (Table 3) are very similar in AIC and vary little, both
accounting for overdispersion (ID nested as random predictor). AAIC suggest substantial
evidence for Model D. Model A and B has left out the accounting for overdisperion and are
therefore not as suitable to make inference (eventhough Model B show AAIC = 1.22). Model
A and B are essentially the same as C and D, with the absence of accounting for

overdisperion (Table 3).

Station

) == Fossana

15 == Osvad

o Prestabekken
Steinsana
Sul.lagen +Al

== Suldalslagen

o
o
1

Fish survival (number)

0] =} [}

0 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Week

Figure 9. Relationship between time (week) and observed fish survival at each water quality
(station). Grey areas show confidence intervals of each linear fit.



27

Table 3. List of test results for all models relating fish survival with random and fixed
variables. Variables in ‘(1 | )’ are random predictors and variables outside are fixed. An
interaction between predictors is labelled with .

Model AIC AAIC

A Response: Fish survival (number) ~ 3978 5332
(1| station) + week + Ali +pH + Temp +
week : Temp + Ali : pH + Temp : Ali

B Response: Fish survival (number) ~ 3825 1.22
(1 | station) + week ~ Ali +pH + Temp +
Ali: pH + Temp : Ali

C Response: Fish survival (number) ~ 3008 5030
(1| station / ID) + week + Ali +pH + Temp +
week : Temp + Ali : pH + Temp : Ali

D Response: Fish survival (number) ~ 3843 4.71
(1 | station / ID) + week + Ali +pH + Temp +
Ali:pH + Temp : Ali

E Response: Fish survival (number) ~ 3828 0.00
(1 | station / ID) + week + pH + Temp +
Ali: pH + Temp : Ali

All models are mixed models from the LME4 package in R. Stepwise reduction of models
are presented. Model selection is based on lowest AIC and Delta AICc (AAIC). AAIC < 2
suggests substantial evidence for the model whereas values between 3 and 7 indicate that the
model has considerably less support.

Predictors explaining survival at each station

The output from the mixed model show temperature to be the only significant (p < 0.01)
predictor explaining variation in fish survival in both Suldalsvatnet and Suldalslagen + Al
(Table 4, Figure 10). Fish survival decreased with the increasing temperature. In Fossana,
Al;, pH and the interaction between Aliand pH were significant (p < 0.01) in explaining
variation in fish survival (Table 4, Figure 10). Survival of Atlantic salmon in Fossana

increased with increasing Al (Figure 10).
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Table 4. List of summary results of a GLMM relating predictors and their significance level
to fish survival at each station.

Station Predictor Estimate SE Z-value P AlC
Suldalsvatnet Ali -2.4263 1.7305 -1.402 0.160
(Osvad) pH -5.9292 3.7819 -1.026 0.303
Temp -2.1130 0.7666 -2.756 0.003 xE: 853
Ali:pH -8.8057 11212 -0.785 0.432
Ali:Temp -1.4229 1.3435 -1.059 0.289
Fossana Ali 1.8623 0.6839 2.723 0.006 b
pH -3.7715 0.9485 -3.976 < 0.001 FEE
Temp 0.3675 0.2671 1.376 0.168 68.8
AlizpH 1.5329 0.5708 2.686 0.007 *
Ali:Temp 0.03997  0.58933  0.068 0.946
Steinsana Al -1.7028 6.4578 -0.264 0.792
pH -7.76395 451234  -1.721 0.083
Temp -0.8210 128313 -0.639 0.522 542
Ali:pH -0.04773 143994  -0.003 0.997
Ali:Temp 0.08115 250424 0.032 0.974
Prestabekken Ali -1.3324 1.6319 -0.816 0.414
pH 6.3566 4.0634 -1.564 0.117
Temp -0.2795 0.7132 -0.392 0.693 63.5
Ali:pH 39114 7.2828 0.812 0416
Ali:Temp -1.0213 1.5396 -0.663 0.507
Suldalslagen Ali 0.2421 2.79870  0.086 0.931
pH -5.4706 11.3951  -0.480 0.631
Temp -1.3245 1.85476  -0.714 0.473 63.1
Ali:pH -23.286 22.0677 -1.055 0.291
Ali:Temp 193036  3.11837 0.619 0.336
Suldalslagen - Al Ali -0.08842 022159  -0.399 0.689
pH 1.39092 1.34606  1.033 0.301
Temp -0.80759  0.30705  -2.630 0.008 b2 87.9
AlizpH 0.96334 1.93991  0.498 0.618

Ali:Temp 0.37620 0.50445  0.746 0.455

Significant codes: “***’ 0.001 “**"0.01 “*’0.05 " 0.1

Survival in Atlantic salmon in Fossana, Prestabekken and Suldalslagen + Al all show a
tendency to increase with the higher amounts of Al; present (Figure 10a). Fossana was the
only water quality showing a statistical significant relationship (Table 4). The remaining
three water qualities show a negative tendency (insignificant) with increasing Al; (Table 4,
Figure 10a). All water qualities show a tendency to a negative linear relationship between
fish survival and pH (Table 4, Figure 10b). Fossana was the only water quality regarding a
statistical significant effect of pH (Table 4). All water qualities show a tendency to decrease
in fish survival with increasing temperature, giving Suldalsvatnet and Suldalslagen + Al as

the only two stations with a statistical significant effect of temperature (Table 4, Figure 10c).
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pH (b) and Temperature (c) at different water qualities (stations) during the
experiments. Grey areas show confidence intervals of each linear fit.
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Difference between stations

Fossana is significantly different, with a longer period of survival than Prestabekken (p <
0.01), Steinsana (p < 0.001) and Suldalslagen (p < 0.05) (tes = 527.39, AIC = 452.93, Figure
9). Additionally, showing week 18-24 to be the period of difference (p < 0.01). Suldalsvatnet
as the third most successful water quality (Figure 11) is also significantly different, with a
longer period of survival than Prestabekken (p < 0.01), Steinsana (p < 0.01) and Suldalslagen
(p < 0.05) (tss = 485.44, AIC = 389.2, Figure 9), with week 19-24 being the period of
difference (p < 0.001). The water quality Suldalslagen + Al differs in survival in Atlantic
salmon with a longer period of survival than both Prestabekken and Steinsana, in week 16 (p
< 0.05) and week 18-24 (p < 0.01) (t2s = 215.96, AIC = 234.28, Figure 9).

For all the water qualities, the survival in Atlantic salmon were highest in the beginning of
the experimental period. In mid-April (week 15), there was an increase in mortality,

followed by low survival at the end of the period (Figure 11).
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Figure 11. Weekly survival in Atlantic salmon exposed to different water
qualities in seawater challenge tests.
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Considering survival in all the water qualities could be somewhat difficult to interpret, and
by looking at the result in a different context could clarify things a bit more. Visualizing fish
survival in Fossana and Steinsana, presumably the worst and best water quality, show a
longer period of a relative good survival in Fossana compared to Steinsana (Figure 12). After
week 16, there were no surviving fish exposed to water from Steinsana. In Fossana, the only
occasion with 100% mortality was June 5. The mixed model (Table 4) showed survival in
Fossana to be explained by the amount of inorganic monomeric aluminium (Al and pH

present, and the interaction between the two.
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Figure 12. Weekly survival in Atlantic salmon, exposed to Fossana and
Steinsana in the seawater challenge tests (n=15).
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Figure 13. Weekly survival in Atlantic salmon, exposed to Prestabekken and
Steinsana in the seawater challenge tests (n=15).

Fish exposed to water with high levels of pH, Steinsana (mean=6.6) and Prestabekken
(mean=6.4) show a similar survival through the seawater challenge tests (Figure 13). In the
beginning of the period there was a difference in fish exposed to water from Prestabekken,
showing higher survival rate before gradually decreasing with no survivors on the 30. April
(week 18). Only two individuals survived water from Prestabekken in June. Fish exposed to
water from Steinsana showed low survival in the beginning of the period, followed by an
increase to almost 100% survival on April 3. After peaking, there were no survivors in week
16 (Figure 13).
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Figure 14. Weekly survival in Atlantic salmon, exposed to Suldalsvatnet,
Fossana and Steinsana in the seawater challenge tests (n=15).

Comparing the water qualities with no liming, the survival in Suldalsvatnet, Fossana and
Prestabekken varies (Figure 14). With the exception of a short period in the beginning of the
tests, Fossana exposed fish showed the longer period with higher survivals. Suldalsvatnet
and Prestabekken were similar in survival response, with Prestabekken having the shorter

period of survival.
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Figure 15. Weekly survival in Atlantic salmon, exposed to Suldalsvatnet,
Steinsana and Suldalslagen in the seawater challenge tests (n=15).

Comparing water qualities by liming gradient also show a difference in survival (Figure 15).
Suldalsvatnet (no liming) and Suldalslagen (moderately limed) are similar in survival
response through the seawater challenge tests. The results indicates that Steinsana (heavily
limed) exposed salmon experienced a substantial shorter period of survival than the latter

two (Figure 15).
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Figure 16. Weekly survival in Atlantic salmon, exposed to Suldalslagen and
Suldalslagen + Al in the seawater challenge tests (n=15). Red arrow
indicates time of the aluminium addition.

Fish exposed to water from Suldalslagen with and without aluminium show a very similar
survival response (Figure 16). The results show little difference in the first half of the period,
where the water qualities are identical. At the time of the heavy addition of aluminium, the
survival of the fish in the +Al group were higher (Figure 16). The results indicates that

salmon exposed to aluminium experience higher seawater tolerance.

Throughout the experimental period, all water qualities experienced observed mortality of
fish in the seawater challenge tests (Figure 17). Highest survival was observed in Fossana
(49%) and Suldalslagen + Al (47%), while fish exposed to Steinsana (presumed best water
quality) showed nearly half the survival (25%). Third highest survival observed was in
Suldalsvatnet (43%), and in Prestabekken the survival was 30%. In Suldalslagen the overall
survival was 34%. Comparing survival in Suldalslagen with Suldalslagen + Al, show little
difference prior to the addition of aluminium (68 and 74%). Following the addition of
aluminium, only 9% of the fish exposed to Suldalslagen water survived, while 32% survived

in Suldalslagen + Al.
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Figure 17. Total survival (%) in Atlantic salmon in seawater challenge tests, during the
experimental period.

3.5.2 Physiological response

Control fish

The results of the GLMMs show Fossana to be significantly different from all the other
water qualities with higher hematocrit and plasma chloride levels through time (week) (p <
0.001, Figure 18). Prestabekken and Steinsana also differ in plasma chloride (p < 0.01,
Figure 18), with Steinsana being the more elevated. Plasma cortisol levels in Fossana
exposed fish were slightly higher than fish exposed to water from Suldalsvatnet (p = 0.016,
Figure 18). In addition, observed plasma cortisol levels in Suldalsvatnet exposed fish varied
from Suldalslagen (p < 0.01) and slightly from Prestabekken and Suldalslagen + Al (p <
0.05), showing lower levels in Suldalsvatnet (Figure 18).
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Figure 18. Physiological response in Atlantic salmon (control group) when exposed
to different water qualities, through time (week). Grey areas show confidence
intervals of each linear fit.
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Seawater challenge test

Fish exposed to Fossana showed a difference in variation of hematocrit levels (higher)
through time, compared to all the other water qualities (GLMM: p < 0.001, Figure 19),
assuming still presence of survivors (until first half of May; Figure 20-25). When comparing
plasma chloride, Fossana exposed fish varied from Steinsana and Prestabekken with higher
levels (p < 0.01) and slightly from Suldalsvatnet, Suldalslagen and Suldalslagen + Al (p <
0.05). Plasma cortisol in Fossana exposed fish were significantly higher than in
Prestabekken (p < 0.001). Suldalsvatnet exposed fish were barely higher in plasma cortisol
than in Prestabekken (p = 0.03), Prestabekken levels were lower than in Steinsana and
Suldalslagen (p < 0.01) and Steinsana exposed fish showed slightly higher (p = 0.03) levels
of plasma cortisol than in Suldalslagen (Figure 19).
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Fossana

Plasma chloride levels in fish exposed to Fossana were mostly between 111 + 7 and 131 + 8
mmol/l (n=10) (white) throughout the experimental period, with the exception of 28. Mars
and 4. April where measurements were low (100 £ 8 and 92 £ 6 mmol/l (n=10)) (Figure 20).
Plasma chloride levels in surviving fish from seawater exposure (black) were elevated during
the period (between 176 + 6 (n=9) and 227 + 6 mmol/l (n=5)), peaking in Mars and April
(Figure 20).

The level of hematocrit in the blood cells was clearly elevated in the beginning of the period
(between 53 £ 4 and 64 + 4%, n=10) until 10. April, followed by a gradual descent towards
approximately 45% throughout the remains of the period (Figure 20). The surviving fish in
the seawater challenge test (black) showed relatively normal levels of hematocrit in the first
three weeks, approximately 45% (Figure 20). Between 4. — 28. April there was a notable
elevation (between 48 = 4 (n=14) and 57 + 4% (n=13)), followed by a decrease that varied
between 31 (n=1) and 44 + 4% (n=9) in the end.

During the two first weeks post insertion date, the plasma cortisol levels in the blood cells
were highly elevated, respectively 73 = 8 and 53 + 11 ng/ml (n=10), which indicates fish
experiencing stress (white). After this mentioned elevation, the plasma cortisol
concentrations decreased and varied between 0 and 18 £ 7 ng/ml (n=10) for the remaining
period (Figure 20). Surviving fish from the seawater challenge test (black) experienced an
elevation with high variations in plasma cortisol concentrations (between 58 + 14 (n=13) and
208 + 17 ng/ml (n=7)). Like in Suldalsvatnet and Prestabekken, the plasma cortisol levels in
Fossana fish rose in the beginning of the period, but from a notable higher level
(>100ng/ml), reaching 200 ng/ml in Mars. Following this peak, the mean concentration
decreased to 76 + 16 ng/ml (n=11) in the beginning of April, persisting for a few weeks
before varying between 80 and 140 ng/ml throughout the rest of April and May (Figure 20).
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Suldalsvatnet

Plasma chloride levels were between 110 = 6 and 129 + 5 mmol/l (mean % s.e.m., n=10)
throughout the experiments in fish exposed to from Suldalsvatnet at Osvad (Figure 21).
Surviving fish from the seawater exposure experienced elevated levels of plasma chloride,
varying between 166 + 10 (n=13) and 227 mmol/lI (n=1). Highest and lowest notation were

both observed in Mars.

The level of hematocrit in the blood cells was relatively stable in the experiments. In the first
half of the period, the levels of hematocrit were somewhat higher (between 47 £ 5 and 51 £
5%, n=10) than in the second half (between 43 + 5 and 47 + 4%, n=10) (Figure 21).
Surviving fish from seawater tests, exposed to water from Suldalsvatnet showed normal

levels of hematocrit, roughly 40%.

Plasma cortisol concentrations varied between 0 and 24 + 7 ng/ml (n=10). From second half
of April the concentrations of cortisol in the blood cells rose to its peak on the 28. May
(Figure 21). The seawater tested fish experienced high levels of plasma cortisol through the
period (between 38 + 12, (n=9) and 167 ng/ml (n=1)), with a high variation between weeks
(Figure 21).
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Prestabekken

Plasma chloride levels were between 109 + 9 and 128 + 6 mmol/l (n=10) for fish exposed to
water from Prestabekken, during the experiments (Figure 22). For seawater tested
individuals the levels were elevated and varied between 170 = 9 (n=11) and 205 = 7 mmol/Il
(n=2). Highest and lowest notations were observed on 9. April and 5. Mars, respectively
(Figure 22).

The level of hematocrit in the blood cells was relatively stable, with the first half of the
period showing somewhat higher measurements (between 45 + 6 and 54 + 5%, n=10), than
the second half of the period (between 40 + 5 and 48 + 7%, n=10) (Figure 22). Prior to 9.
April, the surviving seawater tested fish showed normal hematocrit levels between 39 + 5
(n=7) and 45 + 5% (n=11). Later, hematocrit levels were fairly low in the surviving fish at
Prestabekken with 30% (n=1) and 37% (n=1) (Figure 22).

Plasma cortisol concentrations in the blood cells were stable during the experiments 1 + 1
and 25 = 9 ng/ml (n=10), with a slight tendency of an increase in the end (>20 ng/ml)
(Figure 22). Surviving seawater tested fish at Prestabekken showed considerable increase in
plasma cortisol from the beginning of the experiments (20 £ 8 ng/ml, n=11) until peaking in
the end of Mars (164 + 16 ng/ml, n=8). In April, the cortisol levels varied between 100 and
150 ng/ml.
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Steinsana

Plasma chloride levels varied between 109 + 6 and 141 £ 6 mmol/l (n=10) (Figure 23), for
Steinsana exposed fish. Surviving seawater tested fish experienced elevated levels of plasma
chloride until the 10. April (175 £ 8 (n=12) and 206 £ 13 mmol/l (n=5)).

The level of hematocrit in the blood cells were relatively stable during the experiments, with
the first half of the period showing somewhat higher measurements (between 47 + 4 and 55
+ 6%, n=10), than the second half (between 42 + 5 and 48 + 4%, n=10) (Figure 23). The
surviving seawater tested fish in Steinsana experienced an increase in hematocrit levels until
the 3. April from 29 + 3 (n=5) to 45 + 5% (n=14) (Figure 23).

Plasma cortisol concentrations in the blood cells were fairly low and stable, between 0 and
14 + 6 ng/ml (n=10)(Figure 23), during the experiments in Steinsana. In surviving seawater
tested fish, there was observed high levels of cortisol, starting with an increase from 112 +
16 ng/ml (n=5) on the 6. Mars to 150 = 17 ng/ml (n=6) on the 13. Mars. Later in Mars, the
cortisol levels dropped to 80 + 15 ng/ml (n=12), followed by a second increase to just above
100 ng/ml (Figure 23).
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Suldalslagen

Plasma chloride levels were stable between 110 + 6 and 131 + 5 mmol/l (n=10) during the
experiments, with the exception of 16. May (100 + 8 mmol/l (n=10) (Figure 24). The
surviving seawater tested fish experienced an elevated level of plasma chloride through the
experimental period, varying between 173 = 9 (n=10) and 213 + 10 mmol/l (n=9) (Figure

24). Highest and lowest notation were observed in the second week and in April (Figure 24).

In Suldalslagen exposed fish, the blood’s hematocrit levels were stable during the
experiments 43 £ 5 and 52 + 6% (n=10) (Figure 24). The surviving seawater tested fish
showed relative low hematocrit levels between 33 (n=1) and 47 + 4% (n=12), with an

increase in levels from the start of the period until late Mars (Figure 24).

Plasma cortisol concentrations in Suldalslagen exposed fish were somewhat elevated early in
the experiments, followed by a decline towards O, during the first three weeks in April
(Figure 24). On the 25. April, there was a notable increase in cortisol concentrations, lasting
until the 16. May (46 £ 16 ng/ml (n=10)). Following this peak, the cortisol decreased to
levels below 10 ng/ml in the end of May. Surviving seawater tested fish experienced high
levels of cortisol in the blood cells during the experiments in Suldalslagen (between 53 + 14
(n=12) and 135 + 12 ng/ml (n=6)). Initially, the cortisol concentrations decreased from 135 +
12 ng/ml (n=6) on the 6. Mars, to 53 + 14 ng/ml (n=12) on the 29. Mars (Figure 24). In

April, cortisol levels gradually rose to just above 100 ng/ml (Figure 24).
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Suldalslagen + Al

Plasma chloride in Suldalslagen + Al exposed fish were stable between 112 + 6 and 134 + 4
mmol/l (n=10) during the experiments, with the exception of 16. May (106 + 8 mmol/l
(n=10)) — as in Suldalslagen (Figure 25). Surviving seawater tested fish experienced a
decline in plasma chloride during the first half of the period, from 215 + 9 (n=11) to 154 £ 9
mmol/l (n=9). From 25. April until 30. May, plasma chloride rose from 158 + 9 (n=12) to
222 £ 7 mmol/l (n=3), followed by drop at the end of the experiments (185 mmol/l (n=1))
(Figure 25).

The level of hematocrit in the blood cells were relatively stable for Suldalslagen + Al
exposed fish. Until the 8. May, hematocrit was observed to be higher (between 45 + 5 and 53
+ 5%, n=10) than in the remaining period (between 39 + 6 and 46 + 4%, n=10) (Figure 25).
Until the 2. May, there was a stable increase in hematocrit in the blood cells for the surviving
seawater tested fish, from 34 £ 5 (n=11) to 47 + 5% (n=9) (Figure 25). In the end, observed
hematocrit were fairly low between 29 + 3 (n=3) and 36 * 2% (n=4) (Figure 25).

Plasma cortisol concentrations varied between 0 and 24 = 12 ng/ml (n=10) during the
experiments in fish exposed to Suldalslagen + Al water (Figure 25). Surviving seawater
tested fish showed stable cortisol concentrations during the three first weeks (125-140
ng/ml), before gradually decreasing until the end of Mars, and beginning of April (42 + 10
ng/ml (n=9) on 18. April) (Figure 25). This was the day prior to the aluminium exposure. In
May, the cortisol concentrations increased and on 8. May it was observed at 114 + 16 ng/ml
(n=4). The few surviving individuals in the last part of May experienced cortisol levels
above 100 ng/ml, while a single individual surviving the 13. June showed concentrations of

cortisol to be as low as 30 ng/ml (Figure 25).
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4. Discussion

4.1 Saltwater tolerance

The results of this study suggest that hatchery-reared Atlantic salmon from the Ritland
hatchery never developed a satisfying saltwater tolerance during the experiments.
Throughout the period defined as the time of smolt migration (15. April — 15. June) (Kaasa
et al. 1998; Saltveit 1999, 2000a; Saltveit et al. 2001; Saltveit & Bremnes 2002, 2003), clear
physiological responses and high mortality was observed in salmon exposed to the seawater
challenge. The physiological measurements of blood samples in surviving salmon from the
early stages of the experiments, indicate similar issues with maintenance of water- and ion
regulation as the samples taken from salmon in the period of smolt migration. Hence, the
experimental fish cannot be characterized as smolts prior to or during the time of smolt
migration. The first weeks of experiments show relatively low mortality despite altercations
in physiological condition, and could possibly be explained by low temperatures or as a
stress response to exposure to a novel environment (Reimers & Dgving, 1992). The results
of the mixed models would also argue against temperature being the sole explanation.
Considering the aim of describing the development of seawater tolerance in Atlantic salmon
(presmolt) exposed to different water qualities in Suldalsvassdraget, it is only partly
achieved. None of the water qualities show a satisfying development of seawater tolerance in
Atlantic salmon, and this presumably raises the question of the quality of the hatchery

produced salmon. Interestingly, there were some differences worth mentioning.

4.2 Survival — effect of water quality

As mentioned earlier, Poléo et al. (2001b) reported in a preliminary study that salmon
exposed to acidified Al-rich water showed a higher seawater tolerance than salmon exposed
to limed water. A drawback with this study is the timeframe. It was conducted at the end of
the period for smolt migration, and the development of seawater tolerance was not observed
continuously over time. | fear this particularly source of weakness have been the case in
several studies, concluding results from seawater testing to be a direct effect of poor water
quality. Comparing variation in seawater tolerance in Atlantic salmon in different water

qualities when fish is not developing this particular tolerance, is more than difficult.
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Nevertheless, the results suggest a difference between the water qualities when comparing
resistance and survival. Fish exposed to acidic aluminous water respond with a longer period
of survival than fish exposed to presumed better water qualities, supporting my initial
hypothesis. These findings support the results in the preliminary report of Poléo et al.
(2001b). Fossana with the overall highest concentration of both inorganic monomeric
aluminium and total aluminium, in addition to lowest pH, show a definite better response to
the seawater challenge. Interestingly, the mixed models revealed fish survival in Fossana to
increase with the increasing amount of the much-described toxic (Reimers & Dgving, 1992)
Ali. In fact, the three presumed poorest water qualities were revealed as the best responders
to the seawater challenge with higher survival rates and a longer period of survival.
Although not significant, it is interesting to see Suldalslagen + Al increase in fish survival
with the increasing amount of Al;, while Suldalslagen decreases — two identical water
qualities prior to the addition of aluminium. Consistent with these results is the findings in
Poléo et al. (2001b) where Fossana exposed fish show almost 90% survival, while the
presumed best water quality Steinsana (pH > 6.2) exposed fish show under 10% survival.
The results from this present study indicate that fish exposed to short-term amounts of
aluminium is likely to be less sensitive to changes in salinity. This supports earlier findings
by Poléo et al. (2001b), where fish in Steinsana pre-exposed to aluminium responded with
much higher survival rates (80%) than fish not exposed to aluminium (15%). Considering
the fact that salmon experiencing the same treatment during their whole life, with the
exception of three days of additional aluminium, can respond so differently in seawater

survival — is remarkable.

Steinsana and Prestabekken with high levels of pH and relative low levels of Al;-
concentrations showed similar responses in fish survival (25 and 30%), especially during the
smolt migration period, with almost no survivors after the 1. of May. Fossana has been
characterized as natural acidic (mean pH = 5.7) Al-containing (mean = 80 pg Al/l) (Blakar &
Haaland 2000). Considering the results in Fossana, | argue the unlikeliness of even low Al-
concentrations to have a negative impact on the Atlantic salmon in Suldalslagen, as earlier
suggested (Kroglund et al. 1998a, b; Kroglund & Finstad 2001, 2003). The question remains,
why the much described (Grande et al. 1978; Poléo et al. 1997; Reimers & Dgving, 1992)
toxic aluminium and especially Al; have a positive effect on fish survival in water qualities
perceived as poor, and no negative effect in water qualities perceived as good. | believe that

some of the answer partly lies within the fact that the aluminium concentration in
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Suldalsvassdraget is too low to act as a liability. The occasional and seasonal flooding of
Suldalsvassdraget accumulate acidified aluminous water from the different watersheds, but
probably too briefly to act in a toxic manner (Poléo et al. 2001a). The magnitude and the
duration of a flooding event, is also likely to be too small to give an unmanageable response
in fish (Hyttered et al. 2001, 2003). Secondly, parts of the explanation could possibly be
within the quality of the hatchery-produced fish. Considering the non-development of
seawater tolerance points to a physiological disadvantage in hatchery-reared fish. When
comparing wild salmon stocks and hatchery-produced salmon from the Ritland hatchery, the
wild salmon has without exception been of good quality, while Ritland exposed salmon
show poor seawater tolerance (Kroglund et al. 1998b; Finstad et al. 1999, 2000; Strand et al.
2000, 2001). This disadvantage however, is currently not detectable in freshwater given the
blood samples in this study. The results from the physiological testing in freshwater reveal
no disruptions in fish response in any water quality during the period of high mortality. The
disadvantage is expressed as a poor response to changes in salinity when exposed to
seawater, consistent with Kroglund et al. (1998c), Finstad et al. (1999, 2000), Strand et al.
(2000, 2001) and Poléo et al. (2001b). By observing the development of seawater tolerance
in Atlantic salmon exposed to different water qualities prior to and during the smolt
migration period, it is clear that the compromised hatchery-produced salmon’s response to
changes in salinity is not associated with water quality (acidified toxic water). It is
presumably the condition of the hatchery-reared fish and not the water quality itself

explaining the osmoregulation related issues in Suldal.

Poléo et al. (2001b) reports an ability in fish to adapt in acidified aluminous water. A
possible positive stimulating response to aluminium in physiological conditions related to
osmoregulation in juveniles is not to be excluded. This possible stimulating effect
presupposes the duration and magnitude of the exposures to aluminium not to be harmful for
salmon (Hyttergd et al. 2003). As revealed by my study, it is unlikely that small
concentrations of aluminium can act harmfully in compromised fish, while high
concentration act stimulating. As mentioned, | therefore argue the condition of the hatchery-
produced fish to explain the non-developing seawater tolerance. In the literature, it is well
documented that wild fish populations adapt better to the environment than farmed fish.
Comparing wild and hatchery-produced fish in the smoltification process emphasizes these
differences (Schreck et al. 1985; Virtanen & Soivio 1985; Patifio et al. 1986; Sower &
Fawecett 1991; Shrimpton et al. 1994a, b; Poole et al 2003). Additionally, the smoltification
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process can be affected positively when densities are low, and a more complex environment

is present in the hatchery (Zydlewski et al. 2003).

4.3 Plasma cortisol and smoltification

My results indicate a general development of plasma cortisol in the control fish during the
experiments, as supported by earlier findings for Atlantic salmon (Whitesel, 1992), trout
(Salmo trutta) (Finstad & Ugedal, 1998), coho salmon (Oncorhynchus kisutch) (Patifio et al.
1986; Young et al. 1989; Shrimpton et al. 1994a), chinook salmon (Oncorhynchus
tshawytscha) and sockeye salmon (Oncorhynchus nerka) (Franklin et al. 1992). The cortisol
levels typically showed moderate increases from low levels (10 ng/ml) in Mars to 20-40
ng/ml in April-May, with a bimodal peaking. Suldalsvatnet exposed fish showed a small
increase in April, but not before the end of May, the cortisol levels were high enough to
indicate an ongoing smoltification (Reimers & Dgving, 1992). The increased cortisol levels
could not show a positive effect on ion regulation as the mortality rose to 100% in the
seawater challenge during April-May. The high plasma chloride levels in the blood samples
from the surviving fish also indicate unsuccessful smoltification (Reimers & Dgving, 1992).
The increasing level of cortisol in the blood did not stimulate for a higher gill Na*, K, -
ATPase activity, as opposed to several studies (Patifio et al. 1986; Franklin et al. 1992;
Shrimpton et al. 1994a) where gill Na*, K*, -ATPase activity rose with higher levels of
cortisol. Shrimpton et al. (1994a) revealed significantly lower maximum gill Na*, K*, -
ATPase activity in hatchery-produced salmon compared to wild, with an early cortisol high
in the hatchery-reared salmon. The results from my study could be of something similar as
Shrimpton et al. (1994a).

Similarly to Suldalsvatnet, the water qualities Prestabekken and Steinsdna showed a
moderate increase in plasma cortisol in April-May, but the survival was lower in the latter
two. The ability to mobilize cortisol in Prestabekken and Steinsana exposed fish were
certain, when looking at the strong elevated cortisol levels taken from blood samples in
surviving seawater tested fish. With the exception of elevated cortisol concentrations in the
beginning of the period, which could remind of an ongoing smoltification, the pattern in
Fossana is similar to the other water qualities. The plasma chloride levels in the surviving
seawater tested fish indicate an unsatisfactory ability to ion regulate. Consistent with the

results from the other water qualities, the cortisol levels in Suldalslagen (and + Al) exposed
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fish showed a similar response. An observed increase in cortisol in May, but a
simultaneously mortality reaching 100%. Overall, the changes in physiological conditions
suggest a stress reaction triggered by the exposure to seawater, and not by variation in water
quality - supported by my second hypothesis. Consistently supported by observations done

on hatchery-produced fish exposed to seawater (Avella et al. 1990; Shrimpton et al.; 1994b).

4.4 Seawater challenge test

The seawater challenge test (Clarke & Blackburn 1977) is a useful tool in predicting whether
or not diadromous fish species are smoltifying. Still, the test is somewhat limited as revealed
by this study. Seawater tolerance in its own, does not specify the reason for the response in
fish. When inferring the seawater challenge test as a measurement for water quality criteria
in diadromous fish (Kroglund & Finstad 2003), it do not exclude other factors than water
quality as reason to unsuccessful development of seawater tolerance or reduced ability to
endure changes in salinity. In fact, this study reveals exposure to acidified aluminous water
to improve the ability to endure changes in salinity. As mentioned earlier, | fear several
studies has concluded results from seawater testing to be a direct effect of poor water quality.
| stress the importance of following the development of seawater tolerance continuously over
time, with the additional controlling routines. | argue this necessity to be able to exclude
factors like random variation and smolt quality. The results from the seawater challenge on
27. Mars highlight the importance of following the development of seawater tolerance over
time. In Steinsana exposed fish the survival was 80%, while in Fossana it was close to 47%.
Inferring results of a seawater test as a direct effect of water quality based on a shorter period
of testing, could possibly give conflicting conclusions. Thus, | argue the seawater challenge

test to be limited in describing the reason to non-development of seawater tolerance.

4.5 Management implications

My results suggest that hatchery reared Atlantic salmon from the Ritland hatchery never
developed a satisfying saltwater tolerance during the experiments. This highlight the
question of the applicability, and to what extent further production of hatchery-salmon is
useful in Suldal. Studies on fish from Ritland hatchery has revealed similar results in
observing a compromised fish population (Finstad et al. 1999, 2000; Strand et al. 2000,
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2001). During the period 1996-2003, there has only been reported of a single successful year
in smoltification (Strand et al. 2003). | recommend future studies focusing on what enables
hatchery-produced fish to develop a seawater tolerance, including environmental factors as
density dependence and complexity (Zydlewski et al. 2003). I also recommend studying the
role of aluminium as a possible positive “stimulating” compound for hatchery-reared fish, in
poorer water qualities. Identifying the mechanism explaining the reduced negative effect of
seawater when exposed to aluminium, would be a considerable contribution to the scientific
community. Additionally, the necessity of a long-term monitoring is needed to reveal true
development of seawater tolerance. | highly recommend the use of the seawater challenge
test as a tool for predicting an ongoing smoltification process, and not as a predictor of water
quality. A solid design and good controlling protocols is beneficial when assessing the
situation in Suldal. I therefore argue the simultaneously testing of wild salmon to be helpful
in reaching further inference. As shown in this study, the results give no support to the
hypothesis of Suldalsvassdraget being negatively affected by acidification (Kroglund et al.
1998a, b; Kroglund & Finstad 2001, 2003). A further important consideration for the
management, is the applicability of liming in Suldalsvassdraget. The results in this study
show no improved changes in physiological conditions, or improved ability in
osmoregulation in salmon exposed to limed water qualities. Consistently, liming has not
been shown as giving a measurable positive effect on salmon or trout in Suldalsvassdraget
(Saltveit, 2000b; Saltveit & Bremnes, 2003; Jensen et al. 2001, 2002, 2003). Additionally,
the acidification situation in Norwegian waters has improved for the better (Skjelekvale et al.
2001; Terseth et al. 2001). Assuming the results in this study as indicative to the survival
and development of the hatchery-produced and released salmon, the management is faced
with a huge economical expense that possibly could be used differently. As a species of
socioeconomic and economic importance, the Atlantic salmon in Suldal could benefit from

ecological studies accounting for these considerations.

This study has given a unique opportunity to study the development of seawater tolerance of
Atlantic salmon in various water qualities in Suldalsvassdraget, and potentially illustrate the
applicability of both commonly used seawater tests and quality of hatchery-produced fish in
smoltifying. Additionally, exposing acidified aluminous water not to be the explanation to
sensitivity in changes in salinity. Finally, giving a cautionary note for future directions in

management.
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5. Conclusion

This study demonstrates the limits of seawater challenge testing as a tool for predicting water
quality criteria in Atlantic salmon. The methods used were successful in revealing acidified
aluminous water to be overvalued as a threat to the development of seawater tolerance in
Atlantic salmon in Suldalslagen. Notable was the possible stimulating role of inorganic
monomeric aluminium in poorer water quality. The study further questions the applicability
of the hatchery-produced fish from Ritland, and the socioeconomic and economic
consequences further implementation could have on local human population. Continued
monitoring of both wild and hatchery-produced salmon, as well as ecosystem monitoring
and requirements for satisfactory seawater tolerance development, is highly recommended.
Additionally, to establish the role of aluminium as a possible positive “stimulator” in
hatchery-reared fish, and identify the mechanism explaining the reduced negative effect of
seawater exposure. This combination of methods will provide management authorities and

local managers with a strong scientific platform to evaluate the most appropriate actions.
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