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Summary

Nephrocalcinosis has been reported as the current most important risk factor for production
of Atlantic salmon smolts. The condition was first described in Atlantic salmon in 1999 and
is characterized by mineral deposits in the kidney tubules and collecting ducts. In humans,
nephrocalcinosis is a multifactorial disease, and it is likely that this is also true for farmed fish.
Nephrocalcinosis has been reported in a wide range of different fish species, both for FW and
SW species, but primarily in aquaculture and not wild populations. It is a common consensus
that nephrocalcinosis is linked to intensive production condition, but several factors have been
suggested as causes for nephrocalcinosis. High ambient CO2 levels have long been the primary
suggested etiology for nephrocalcinosis although the published studies show contradictory re-
sults.

The main objective of this thesis was to provide better understanding of the prevalence and
severity of nephrocalcinosis in farmed Atlantic salmon and to assess to which extend the con-
dition is linked to environmental factors.

Field work was carried out at 11 salmon hatcheries and their receiving sea farms in Mid and
Western Norway. 12 fish groups were sampled and the hatchery sampling consisted of collecting
feed and water samples, in addition to kidney and gill tissue, and plasma from fish. In one
of the 11 hatcheries one fish group was monitored for 6 months with monthly sampling of the
same samples as the survey.

The results showed that nephrocalcinosis was observed in all of the hatcheries, but the preva-
lence varied greatly between hatcheries, ranging from less than 5% to 100% of the sampled fish.
The mineral deposits were mainly identified as amorphous carbonate apatite (amCAP), which
consist of calcium, phosphate and carbonate, and precipitate at pH > 6.8. We also found that
the blood chemistry of fish with nephrocalcinosis was significantly different from fish without
nephrocalcinosis. Pointing to disturbed physiology and homeostasis in fish with nephrocalci-
nosis.

Histopathology was the most precise tool for assessing nephrocalcinosis severity, but demands
euthanasia. We therefore explored radiology as a non-invasive tool for detection of nephrocalci-
nosis. The results showed that amCAP was detectable with x-ray, although further optimization
should be applied before the method can be used with high enough sensitivity and specificity.
It would be beneficial to use radiology to test reversibility of nephrocalcinosis under controlled
conditions. The method also shows potential as an initial investigation of nephrocalcinosis,
with follow-up samples processed with histopathology, saving time, money and fish.

A multivariate analysis indicated that the most influencing factor for the prevalence of nephro-
calcinosis was the supplementation of seawater during production. In the long-term monitoring
we observed a time correlation between increased salinity and increased prevalence of nephro-
calcinosis. The fish showed signs of long-term osmoregulatory stress with elevated levels of
divalent ions in plasma. It has previously been suggested that electrolyte homeostasis, os-
moregulation and mineral metabolism are closely related in salmonids, and from our data the
most likely explanation for the link between SW supplementation and nephrocalcinosis was os-
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moregulatory stress. The mechanism for calcium phosphate precipitation in the kidney is still
not known, but may be linked to urine pH in Atlantic salmon combined with osmoregulatory
stress.

Future studies on nephrocalcinosis should involve inducing osmoregulatory stress under con-
trolled conditions, measurements of urine pH in Atlantic salmon acclimatized to both FW and
SW, and exploring reversibility with radiology as diagnostic method.

Terminology

amCAP Amorphous carbonate apatite
CaSR Calcium sensing receptors
FT Flow through aquaculture system
FW Freshwater
GFR Glomerular filtration rate
GH Growth hormone
H&E staining Haematoxylin and eosin staning
HSS Haemorrhagic smolt syndrome
Hyperosmotic Containing a greater concentration of solutes than another solution.
Hyposmotic Containing a lesser concentration of solutes than another solution.
LD12:12 Light for 12 hours, darkness 12 hours
LD24:0 Continuous light for 24 hours
Osmoregulation The process that regulates the osmotic pressure of fluids

and electrolytic balance in organisms
Osmotic stress Sudden change in solute concentration around a cell or organism
Osmoregulatory stress Physiologic dysfunction caused by changes in

the solute concentration around a cell or organism
PCA Principal component analysis
PLS regression Partial least square regression
PPT parts per thousand
RAS Recirculating aquaculture systems
RMSE Root mean square error
SW Seawater
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INTRODUCTION

General background
The salmon industry in Norway contribute to a yearly landing value of 8.6 billion EUR (Fiskeridi-
rektoratet, 2021) and is one of the most important industries in rural Norway (Olaussen, 2018).
In 2021, 412 million smolts were sold to sea facilities, while 135 million individuals either died
or were destructed (Fiskeridirektoratet, 2021). The most common causes of mortality were
reported by fish health personnel as non-infectious diseases like haemorrhagic smolt syndrome
(HSS) and nephrocalcinosis (Sommerset et al., 2022). HSS and nephrocalcinosis were also re-
ported as the current most important risk factors for production of Atlantic salmon smolts
(Gåsnes et al., 2021).

Nephrocalcinosis was first described in Atlantic Salmon in 1999 (Fivelstad et al., 1999). The
Norwegian Veterinary Institute reported the condition for the first time in 2006 in farmed
salmon (Olsen et al., 2005) and nephrocalcinosis has been reported in every fish health report
since then, both in recirculating aquaculture systems (RAS) and flow through systems (Gis-
mervik et al., 2018; Sommerset et al., 2020; Hjeltnes et al., 2019; Sommerset et al., 2022; Jansen
et al., 2021). To date, there is no systematic registration of nephrocalcinosis in aquaculture,
but the condition has been more frequently reported by hatcheries, fish farms and fish health
personnel in the last years.

Nephrocalcinosis
Nephrocalcinosis is described as deposits of mineral salts within kidney tubules and collecting
ducts (Bruno, 1996). Mortality rates of farmed fish with nephrocalcinosis are generally low
(Fivelstad et al., 1999; Nilsen et al., 2020) and the condition is considered to be reversible
(Schlotfeldt, 1980; Fivelstad et al., 1999, 2003a; Nilsen et al., 2020). Despite this, the condi-
tion presents welfare challenges, as it is likely that impaired renal function results in a higher
vulnerability to stress and disease. The condition is believed to develop during production on
land (hatcheries), with a progressive aggravation until transfer to sea (Lazado et al., 2022; Loch
et al., 2011).
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Figure 1: Nephrocalcinosis in farmed Atlantic salmon. Left to right: increasing amounts of deposits. Photo
credit: Aqua Kompetanse AS

Nephrocalcinosis can be visually identified in euthanized or dead fish (Bruno, 1996) (Fig.1),
however, macroscopic assessment is not a precise tool, since small deposits are rarely visible
to the naked eye (Klykken et al., 2020). To date, histopathology is therefore regarded as the
standard in assessing the severity and progress of this condition. Observed changes involve
basophilic mineral deposits that may progress into dilation of tubules and collecting ducts
(Fig.2B), degeneration and necrosis of epithelium of the affected tubular structures (Fig.2C,D),
which can lead to complete loss of epithelium with fibrosis of the basal membrane, and di-
latation (Fig.2E), and further to complete loss of integrity of the wall, often accompanied by
extensive tissue reactions in surrounding interstitial tissue (Fig.2F) (Fivelstad et al., 2018). As-
sociated glomerular changes involve dilatation of the glomerular space, fibrosis and thickening
of the parietal layer of the Bowman’s capsule, and varying degree of per-glomerular fibrosis
and glomerulitis (Fig.2G). The changes in the glomeruli are thought to be at least in part
a result of urine stagnation (Docherty et al., 2006). In advanced cases, acute interstitial in-
flammation or chronic interstitial fibrosis is seen (Fig.2H), often in association with misshaped
and degenerated tubuli (Fig.2H) and extensive dilatation of collecting ducts, with degeneration
and necrosis of associated epithelium (Fig.2I). In addition to the excretory system, the kidney
also consists of both hematopoietic, immunological, and endocrine tissues, all of which can be
damaged upon the development of lesions into the interstitial compartment. These changes in
the kidney tissue may lead to progressive amounts of renal damages (Sayer et al., 2004).

Deposits composition
Few studies have been conducted regarding the composition of kidney mineral deposits in
farmed Atlantic salmon. To date, there is no peer-reviewed study on the composition of min-
eral deposits in salmon, but a master thesis from 2019 reported that the kidney deposits con-
sisted of calcium and phosphate minerals (amorphous carbonate apatite, amCAP), carbonate
apatite (CAP) and magnesium ammonium phosphate (struvite) (Thomsen, 2019). A survey
conducted by Marin Helse AS on post-smolt salmon also reported that kidney deposits con-
sisted of complexes of amCAP, with possible traces of complexes of magnesium, calcium and
phosphate (whitlockite) (Sæther, 2019). This is in line with Béland et al. (2020), who stated
that calcium phosphate and struvite calculi appears to be overrepresented in fish, such as
rainbow trout Oncorhynchus mykiss (Gillespie and Evans, 1979; Smart et al., 1979; Bjerknes
et al., 1994), wolffish Anarhichas lupus (Béland et al., 2020), and southern flounder Paralichthys
lethostigma (Applegate et al., 2016), while Fİkrİ et al. (2000) found that rainbow trout had
mineral deposits containing ammonium urate (NH4C5H3N4O3) and calcium phosphate. Among
other marine species, a study has been performed on cobia, (Rachycentron canadum), where
the kidney stones consisted of pure calcium, oxalate and calcium phosphate (Klosterhoff et al.,
2015).
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Figure 2: Histopathological changes associated with nephrocalcinosis. A) Normal tissue showing a healthy
glomerulus (G), tubulus (T) and collecting duct (CD). B) Early lesion, with basophilic, amorphous deposits
in a collecting duct. Note that the epithelium of the duct is intact, and that surrounding tissue appears
without remarks. C) Early lesion in a tubule, with slight occurrence of degeneration and necrosis of the tubular
epithelium. Deposits together with necrotic epithelial cells are seen in the tubular lumen. D) Moderate lesion in
a tubule, with marked degeneration and necrosis of the epithelium and rich amounts of deposits in the lumen.
E) Extensive, chronic lesions in a tubule, with complete loss of epithelium, fibrosis of the basal membrane,
and dilatation of the lumen containing deposits. F) Advanced, chronic lesion with complete destruction of the
tubular structure including the basal membrane, allowing the deposits getting in contact with the interstitial
tissue inducing massive inflammation. G) Chronic changes seen in glomeruli, with dilatation of the Bowman’s
space, fibrosis and thickening of the parietal layer of the Bowman capsule, peri-glomerular fibrosis and moderate
glomerulitis. H) Chronic changes, with degeneration of epithelium and dilatation of tubules, surrounded by
extensive fibrosis replacing normal interstitial tissue. I) Chronic changes, with extensive dilatation of a collecting
duct, degeneration and necrosis of epithelium and presence of deposits together with necrotic cells in the lumen.
Photo credit: Pharmaq Analytiq AS

In humans and domestic (terrestrial) animals, the determination of kidney stone composition
play an important role both in treatment and prevention (Tepeler and Turna, 2017; Kourambas
et al., 2001; Koehler et al., 2009; Kravdal et al., 2015). It is therefore likely that the mineral
composition of nephrocalcinosis in salmon could provide relevant information to prevent the
condition.

Prevalence
To date, there is no systematic registration of nephrocalcinosis in salmon aquaculture, but the
condition has been more frequently reported recently, but without clear indication of severity
and etiology (Sommerset et al., 2020). In rainbow trout, nephrocalcinosis have been reported
for several decades (Gillespie and Evans, 1979; Smart et al., 1979; Lall, 2010; Bjerknes et al.,
1994; Mulcahy et al., 1983; Schlotfeldt, 1980; Fİkrİ et al., 2000; Myklebust, 2017; Hicks et al.,
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1984; Harrison and Richards, 1979; Cowey et al., 1977; Knox et al., 1981; Loch et al., 2011;
Cano et al., 2021; Raulic et al., 2021), both in experimental studies and in field and case studies
in aquaculture.

Nephrocalcinosis has also been reported in other farmed aquatic species like European sea
bass (Dicentrarchus labrax (Vandeputte et al., 2009; Mladineo et al., 2010), turbot (Scoph-
thalmus maximus) (Saraiva et al., 2016), white sea bream (Diplodus sargus L.) (Golomazou
et al., 2006; Gómez, 2000), Atlantic halibut (Hippo-glossus hippoglossus) (Jelmert et al., 1995),
ballan wrasse (Labrus bergylta) (Cavrois-Rogacki et al., 2021), Nile tilapia (Oreochromis niloti-
cus) (Chen et al., 2001), and sunfish (Lepomis sp.) Lohner et al. (2001). Mousavi et al. (2016),
Gomez (2017), and Rahmati-Holasoo et al. (2020) also reported nephrocalcinosis in ornamental
fish species; (discus (Symphysodon discus), angelfish (Pterohyllum sp.), goldfish (Carassius au-
ratus), and oscar fish (Astronotus ocellatus) and Lewisch et al. (2013) observed nephrocalcinosis
in longsnout seahorse (Hippocampus reidi Ginsburg). Nephrocalcinosis has also been detected
in aquarium-housed and broodstock Atlantic wolffish, and spotted wolffish (A. minor) (Béland
et al., 2020; Foss et al., 2003; François et al., 2021), and in aquarium-housed cobia (Rachycen-
tron canadum) (Klosterhoff et al., 2015) and in showa koi (Cyprinus carpio) (Torpy et al., 2023).

Nephrocalcinosis seems to be rare in wild fish with only a few published reports of nephrocal-
cinosis in wild populations (flathead grey mullet, Mugil cephalus and freshwater mullet, Myxus
capensis (McHugh et al., 2013)), white fish Coregonus lavaretus L., brown trout Salmo trutta,
and charr Salvelinus alpinus; (Moiseenko and Kudryavtseva, 2001)). When reported in wild
fish, the occurrence has been linked to reduced water quality. The same is true for farmed
aquatic species, where it has been suggested that nephrocalcinosis is related to the suboptimal
environmental conditions of intensive aquaculture (Gillespie and Evans, 1979; Smart et al.,
1979; Bjerknes et al., 1994; Cavrois-Rogacki et al., 2021; Applegate et al., 2016; Béland et al.,
2020; Klosterhoff et al., 2015; Lewisch et al., 2013; Loch et al., 2011).

Etiology
The etiology of nephrocalcinosis in fish is not known (Klosterhoff et al., 2015), but there is a
consensus that the condition is related to intensive production conditions in aquaculture (Gille-
spie and Evans, 1979; Smart et al., 1979; Bjerknes et al., 1994; Cavrois-Rogacki et al., 2021;
Applegate et al., 2016; Béland et al., 2020; Klosterhoff et al., 2015; Lewisch et al., 2013). Several
studies on farmed Atlantic salmon indicated that both acute and long-term exposure to high
levels of CO2 in the ambient water can cause nephrocalcinosis (Fivelstad et al., 1999, 2003a,
2018; Hosfeld et al., 2008). The same results have been obtained in studies conducted with
rainbow trout (Smart et al., 1979), Atlantic cod (Gadus morhua) (Damsgård et al., 2011), and
spotted wolfish (Foss et al., 2003). In contrast, other comparable studies on elevated CO2-levels
did not find any signs of nephrocalcinosis (Fivelstad et al., 1998, 2007; Good et al., 2010, 2018;
Mota et al., 2019; Martens et al., 2006; Graff et al., 2002). This may indicate that other environ-
mental factors rather than in addition to suboptimal water CO2-levels must play an important
role in the development of nephrocalcinosis. For example high levels of phosphate together with
high water pH have been suggested to cause nephrocalcinosis in longsnout seahorse (Lewisch
et al., 2013) and in Nile tilapia reared in RAS where the prevalence of nephrocalcinosis was
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reduced by changing the source of alkalinity from CaCO3 to NaHCO3 (Chen et al., 2001).
Further pointing to suboptimal water quality, Bjerknes et al. (1994) reported that an abrupt
change in water chemistry with sudden increased access to magnesium and calcium ions led to
the development of nephrocalcinosis in farmed rainbow trout.

To the authors knowledge, no study has investigated the importance of feed composition on the
development of nephrocalcinosis in Atlantic salmon, but several studies have been conducted
in rainbow trout. It has been suggested that magnesium deficiency (Knox et al., 1981), sele-
nium toxicity (Hicks et al., 1984; Hilton and Hodson, 1983), toxic levels of disodium arsenate
heptahydrate (Cockell et al., 1991) and high content of phosphorus and calcium (Knox et al.,
1981; Cowey et al., 1977) in feeds can be linked to nephrocalcinosis in rainbow trout. It has
also been suggested that high ratios of calcium and/or phosphorus to magnesium in feed can
cause nephrocalcinosis in chinook salmon (Oncorhynchus tshawytscha)(Richardson et al., 1985).

A high number of scientific papers have reported that unsuitable nutrients are the most im-
portant factor in the development of kidney stones in mammals (Tion et al., 2015). These
include unbalanced dietary concentrations of vitamin D, calcium, phosphorus, or acid (Shavit
et al., 2015; Phillips et al., 1986; Gambaro and Trinchieri, 2016). It has also been suggested
that an adapted diet can reverse the condition (Davies, 2016). It is therefore possible that
the commercial feeds used in the aquaculture industry have a suboptimal nutrient composition
with regard to kidney stone formation and that adaptations could be made to help prevent the
development of nephrocalcinosis.

The teleost kidney
The kidney of teleosts is mesonephric and retains a segmental structure (Bone and Moore,
2008), but lack a well defined cortex, medulla, and loop of Henle (Engelund and Madsen,
2011). In the anterior part of the kidney, the vasculature, glomeruli, and tubular segments are
interwoven and interspersed with hematopoietic tissue (Anderson and Loewen, 1975; Resende
et al., 2010) and the teleost kidney differs from the mammalian kidney in both number and size
of glomeruli as well as differentiation of functional segments of nephrons (Engelund and Mad-
sen, 2011). The nephrons in the teleost kidney are divided into sections: glomerulus, proximal
tubule I and II, intermediate segment, the distal tubule, and the collecting duct (Hickman and
Cleveland, 1968). The anatomical and regulatory properties of the different sections may differ
depending on whether the fish is adapted to FW or SW (Takvam et al., 2021).

Osmoregulation
Osmoregulation describes the processes that enables a fish to maintain internal homeostasis
through maintaining cellular fluid composition and volume (Evans, 2011). Osmoregulation is a
fundamental process since fish remain in continuous contact with their environment, constantly
challenged to maintain plasma ion concentrations within the defined range necessary for proper
cellular function (Evans, 2010). There are three primary organs involved in osmoregulation in
fish; kidney, gills and intestine (Talbot et al., 1992; Grosell, 2010; Varsamos et al., 2005). In
FW the fish is hyperosmotic, with a continuous osmotic influx of water and a diffusive loss
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of ions through the gills and skin. To maintain fluid and electrolyte homeostasis, Na+ and
Cl− are actively pumped into the blood over the gills (Evans, 2011), while the kidney filter
large amounts of blood in the glomeruli to excrete large volumes of diluted urine (Hickman and
Cleveland, 1968; Beyenbach, 2004).

Figure 3: Osmoregulation in FW teleosts. Adapted from Evans (2008). Photo credit: Christine Klykken (Aqua
Kompetanse AS)

In SW the fish is hypoosmotic, with constant loss of water to the environment by osmosis over
the gills and skin. The fish counteracts the loss by drinking seawater, and thereby incur ad-
ditional Na+ and Cl− loading which accompanies this enteric water absorption (Marshall and
Grosell, 2005). The ambient water is three times more concentrated than blood, and by the
time the remaining fluid reaches the distal part of the intestine, the volume has been greatly
reduced (Wilson, 2011). The chemistry of the fluid has also changed from the original ingested
seawater to instead being dominated by divalent ions and HCO −

3 (Wilson, 2011). This excess
in divalent ions is excreted over the kidney.

Figure 4: Osmoregulation in SW teleosts. Adapted from Evans (2008). Photo credit: Christine Klykken (Aqua
Kompetanse AS)

Approximately 3-5% of teleosts are euryhaline (Evans, 1984) with the ability to make major
adjustments in renal function as the salinity changes (Beyenbach, 2004). Most scientific pa-
pers on renal function in fish have focused on either FW or SW acclimated fishes (Takvam
et al., 2021). In the hyper-osmotic environment of FW, one of the main tasks of the kidney is
to excrete excess water while reabsorbing solutes (McDonald, 2019; Hickman and Cleveland,
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Figure 5: Overview of nephron segments in freshwater teleost (left; A) and saltwater teleost (right; B) with
water and ion movement adapted from Takvam et al. (2021). A) High GFR followed by reabsorption of
monovalent ions and H2O in the proximal tubule I. In proximal tubule II H2O and divalent ions are reabsorbed.
In the distal and collecting tubules monovalent ions are reabsorbed and high volume of diluted urine is passed
through the collecting ducts. B) Low GFR followed by reabsorption of monovalent ions and H2O in the
proximal tubule I. In proximal tubule II secretion of Na+, Cl−, Mg2+, SO 2−

4 , H2O in the early proximal tubule.
Reabsorption of glucose, other organic solutes, Na+, Cl− and H2O in the late proximal tubule. Reabsorption of
Na+, Cl− and H2O in the urinary bladder.

1968). In FW, water is mainly absorbed in the proximal tubule along with some monovalent
ions, while the distal segment of the nephron is the primary site for monovalent ion absorption
(Bone and Moore, 2008) (Fig 5 left).

In SW, the fish is threatened by dehydration and therefore drink ambient water containing
large concentrations of divalent ions. The primary function of the kidney in SW is therefore
to excrete divalent ions in strongly reduced isotonic urine (Beyenbach, 2000; Bone and Moore,
2008; Takvam et al., 2021). In the marine teleost this is obtained by reducing the GFR and se-
cretion of monovalent ions in the proximal tubule, driven by water excretion (Bone and Moore,
2008). Divalent ions, in particular Mg2+ and SO 2−

4 , are secreted into the proximal tubule while
the distal tubule mainly reabsorbs water (Bone and Moore, 2008) (Fig. 5 right).

A change in salinity of the surrounding environment of euryhaline teleosts, like Atlantic salmon
transferred from FW to SW, therefore requires that the kidney undergoes a major functional
switch from being filtrating in FW to being predominantly secretory in SW conditions (Madsen
et al., 2020).
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Parr-Smolt transformation/Smoltification
In wild Atlantic salmon the parr-smolt transformation or smoltification is the process were
stream-dwelling parr changes to the downstream migrating smolt (Boeuf, 1993; McCormick
et al., 1997; McCormick, 2012). During parr-smolt transformation there appears to be a link
between altered behaviour and physiological changes, and increased salinity tolerance is one of
the most important changes caused by alteration in the function of the major osmoregulatory
organs (McCormick, 2012). The parr-smolt transformation involves several endocrinologically
mediated changes affecting behaviour, morphology, and physiology (Strand et al., 2007) and
several endocrine signalling systems are involved (Björnsson et al., 2011). The most important
hormones involved are growth hormone (GH), cortisol, prolactin and thyroid hormones (Morera
et al., 2021).

The timing of smoltification is regulated by seasonal changes in environmental cues (day length
and water temperature) and a body size threshold. Atlantic salmon need to reach a threshold
size of 12-13 cm in order to respond to the photoperiod cue of increased day length (spring)
(McCormick et al., 2007). This size threshold is normally reached in 1-8 years, depending on
the growth rate in the pre-smolt stages (Heggberget et al., 1992; Metcalfe and Thorpe, 1990).
It is also well established that photoperiod plays the key role in triggering smoltification (Mc-
Cormick et al., 1987; Duston and Saunders, 1990) and that GH appears to be the first hormone
to increase following increased day length (McCormick, 2012). Increased water temperatures
rather appears to determine the rate of changes in smolt characteristics (McCormick et al.,
1997). For many smolts the initiation of migration will result in SW entry within days or weeks
(McCormick, 2012).

In commercial hatcheries, Atlantic salmon are normally cultured in constant light (LD24:0)
from first feeding until smoltification is induced by introducing an artificial winter signal (light
for 12 hours and darkness for 12 hours; LD12:12) followed by LD24:0 (Martinez et al., 2021).
This change of photoperiod mimics the seasonal change from winter to spring, and the commer-
cial parr interprets this change of photoperiod as a signal to prepare for migration (entry into
seawater). The change of photoperiod, induces an increase in gill mRNA expression of Na+,
K+-ATPase α1b isoform and a reduction in the expression of the α1a isform (Nilsen et al.,
2007), reflecting development of hypoosmoregulatory ability and seawater tolerance necessary
for successful smoltification (Handeland et al., 2003; McCormick et al., 1987; Stefansson et al.,
1991). When the hypoosmoregulatory capacity of the salmon is sufficiently high (Mortensen
and Damsgård, 1998), the smolts are considered to be in the “smolt-window”, a relatively short
period when they can be successfully transferred from freshwater to seawater (Lundqvist and
Eriksson, 1985). The “smolt-window” is shorter at high water temperatures (Handeland et al.,
2014) and if the fish is not transferred to SW within the “smolt-window” the hatchery reared
smolts lose their migratory urge, salinity tolerance, and the underlying osmoregulatory changes
(Duston and Saunders, 1990; Hoar, 1988). The endocrine control of the loss of smolt charac-
teristics also called desmoltification (Björnsson et al., 2011) has not been fully elucidated yet,
but it is not a synchronised process, nor is it a parr-reversion (Stefansson et al., 1998).

One of the main differences between wild salmon and commercially reared salmon is the age for
onset of smoltification. Wild Atlantic salmon can stay in FW for several years before undergo-
ing smoltification (Heggberget et al., 1992), while commercially reared salmon usually undergo
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SW adaption in 8-16 months (Mørkøre and Rørvik, 2001). This is connected to the year round
demand for market-size fish and has resulted in different strategies for smoltification in order
to have stable year-round production (Duston and Saunders, 1995).

The traditional “light stimulated smoltification”, described above, has previously been shown to
reduce appetite and growth and the fish farming industry has therefore explored other methods
for smoltification including a dietary treatment concept (“dietary stimulated smoltification”)
(Striberny et al., 2021) and exposure to gradually increasing salinity (Lysfjord et al., 2004).
“Dietary stimulated smoltification” involves a salt/ion and tryptophan supplemented feed, usu-
ally introduced to the fish late in the FW production phase and provided until transfer to sea
(Striberny et al., 2021). In contrast to standard commercial feed with a NaCl content of 1-4%,
the diet used to stimulate smoltification (“salt feed”) usually consist of 6-8% Na+ and Cl−
(Bucking et al., 2013; Salman, 2009). The mechanisms for salinity tolerance obtained through
the diet, may include signalling through G protein-coupled calcium-sensitive receptors (CaSR)
as well as ion- and metabotropic glutaminergic receptors (Nearing et al., 2002). CaSR has also
been shown to be activated by a range of different amino acids, including tryptophan (Loretz,
2008). “Salt feed” has also been shown to have beneficial effects on growth and survival post
SW transfer for salmonids (Wood and Bucking, 2011; Kristensen et al., 2012).

A notable number of commercial hatcheries use exposure to gradually increasing salinity as
their smoltification protocol (Toften, 2011). However, there is no scientific literature describing
this method for parr-smolt transformation, but gradual transfer to SW is likely to promote
osmoregulatory adaptation and SW tolerance in salmonids (Lee et al., 2022). Still, a survey
conducted among smolt producers in Norway, Great Britain, the Faroe Islands, Canada and
Chile, show that the majority of producers use a combination of the above described methods
for smoltification including temperature changes (Ytrestøyl, 2022).

A large proportion of farmed Atlantic salmon in Norway today are reared in RAS with water
temperatures of 12-14° almost throughout the whole production on land (Ytrestøyl, 2022).
Combined with continuous light, this gives a rapid growth in the early life stages and results
in a high weight when transferred to sea (Ytrestøyl, 2022). Production of large smolts (> 200
g) demands a longer production time on land, which can be obtained either by keeping the
smolt in brackish water concentrations or by increasing the length of the “winter signal” for
up to several months (Ytrestøyl, 2022). There is substantial scientific evidence stating that a
winter signal is necessary for obtaining good seawater tolerance in small smolts, but there is
little available information on how the absence of a winter signal affects the performance of
large smolt transferred to sea (Striberny et al., 2021; Ytrestøyl et al., 2022).
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THESIS OBJECTIVES

The main aim of this thesis was to provide a better understanding of the prevalence and severity
of nephrocalcinosis in farmed Atlantic salmon and to assess to which extend the condition was
linked to environmental factors.

Specific aims:

I Document the prevalence and severity of nephrocalcinosis in farmed Atlantic salmon and
describe physiological changes in fish with nephrocalcinosis.

II Study the effects of severe nephrocalcinosis on fish physiology and gene expression pat-
terns, in order to provide new insight into the mechanisms of the disease.

III Explore methods to detect and evaluate the severity of nephrocalcinosis.

IV Study the development of nephrocalcinosis on group level in a commercial facility to iden-
tify critical phases in production linked to increased risk of developing nephrocalcinosis
including environmental factors.
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SUMMARY OF PAPERS

Paper I

Physiological changes observed in farmed Atlantic salmon (Salmo salar L.) with nephrocalci-
nosis.

Authors: Christine Klykken, Anne K. Reed, Alf S. Dalum, Rolf E. Olsen, Morten K. Moe, Kari
J.K. Attramadal and Lauris Boissonnot.

Aquaculture 2022, https://doi.org/10.1016/j.aquaculture.2022.738104

In this paper, we studied the prevalence and severity of nephrocalcinosis in farmed Atlantic
salmon in Mid-Norway. Data was collected from 14 fish groups in twelve different hatcheries,
both flow through (FT) and re-circulating aquaculture systems (RAS), and their receiving sea
farms.

Nephrocalcinosis was observed in all the hatcheries in this study, but the prevalence varied
greatly between hatcheries, ranging from less than 5% to 100% of the sampled fish. The to-
tal proportion of fish with nephrocalcinosis was 45% in the hatcheries. Among fish that were
sampled one month after sea transfer, the prevalence of nephrocalcinosis had decreased to 18%.
The mineral deposits were mainly identified as amorphous carbonate apatite (amCAP), which
consist of calcium, phosphate and carbonate. The blood chemistry of fish with nephrocalcinosis
was significantly different from fish without nephrocalcinosis. The most noteworthy differences
were the levels of calcium, phosphate, magnesium and apartate aminotransferase (AST). These
were elevated in fish with nephrocalcinosis indicating disturbed ion regulation and tissue dam-
age.

This study clearly showed that nephrocalcinosis is a common production related disorder in
farmed Atlantic salmon in hatcheries in Mid-Norway. The fish studied exhibited a broad range
of severities, ranging from sparse amounts of deposits in tubules and collecting ducts to patho-
logical changes in glomeruli and the interstitial tissue. Although the majority of the examined
fish were only mildly affected, our results revealed that nephrocalcinosis is a welfare challenge.
A considerable percentage of the fish affected by nephrocalcinosis had altered plasma chem-
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istry, indicating stress and osmoregulatory disorders likely connected to environmental factors
including suboptimal water quality.

Paper II

Gene expression responses in Atlantic salmon (Salmo salar) with severe nephrocalcinosis.

Authors: Christine Klykken, Lauris Boissonnot, Anne K. Reed, Paul Whatmore, Kari J.K.
Attramadal and Rolf E. Olsen.

Journal of Fish Diseases 2022, https://doi.org/10.1111/jfd.13687

This is the first transcriptome study profiling the response of Atlantic salmon (Salmo salar)
with chronic and severe nephrocalcinosis. The study showed numerous genes and KEGG path-
ways being differentially expressed in salmon with nephrocalcinosis compared with healthy
salmon (Ctrl). The transcriptome profiles of salmon affected by severe nephrocalcinosis re-
vealed an upregulation of inflammation and repair processes together with a massive shutdown
of metabolism. These responses were most likely related to the severe tissue damage observed
on histology resulting in kidney failure. The results were supported by changes in blood chem-
istry of fish with severe nephrocalcinosis. Taken together, severe nephrocalcinosis is a major
welfare challenge that likely makes the salmon more sensitive to additional stressors. The re-
duced renal function may have fatal consequences for the fish both in the hatchery and when
transferred to sea.

Paper III

Radiological detection of nephrocalcinosis in farmed Atlantic salmon Salmo salar L.

Authors: Christine Klykken, Lauris Boissonnot, Anne K. Reed, Kari J.K. Attramadal, Rolf E.
Olsen and Alf S. Dalum.

Journal of Fish Diseases 2022, https://doi.org/10.1111/jfd.13704

Research on nephrocalcinosis has been greatly hampered by the lack of non-invasive methods
to assess the condition. In this paper we explored radiology as a diagnostic tool for nephrocal-
cinosis. A total of 80 farmed Atlantic salmon (mean weight 198 g) were sampled from two RAS
facilities, randomly sampled among visually healthy individuals. Left anterior lateral view ra-
diographs were taken and samples of whole kidney were possessed for histopathological analysis.

The distribution and density of mineral deposits were clearly observed on the x-ray images.
The sensitivity of radiology for nephrocalcinosis was high, but the correlation between the to-
tal histology score and the radiological assessment was significant but low.

Our results show that the method is suitable for the detection of mineral deposits characteristic
for nephrocalcinosis. We suggested a scoring model that can be used for evaluating the severity
of nephrocalcinosis on radiographs. The sensitivity and specificity of the method should be
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further increased with modification of the scoring model. Radiology will make it possible to
investigate nephrocalcinosis on individual and group level over time and thus enable testing the
effect of various measures to prevent the development of the disease and possibly understanding
the etiology.

Paper IV

Nephrocalcinosis in juvenile farmed Atlantic salmon (Salmo salar) may be linked to osmoreg-
ulatory stress.

Authors: Christine Klykken, Essa A. Khan, Camilla Karlsen, Anne K. Reed, Kari J.K. Attra-
madal, Rolf E. Olsen and Lauris Boissonnot.

Journal of Fish Diseases 2023, https://doi.org/10.1016/j.aquaculture.2022.738104

There is no consensus on the etiology of nephrocalcinosis. This makes it problematic to imple-
ment proper measures to limit its development. We performed a survey of the prevalence of
nephrocalcinosis as well as environmental factors in eleven different fish groups in Mid-Norway
and a 6-month study in one of the hatcheries.

A multivariate analysis indicated that the most influencing factor for the prevalence of nephro-
calcinosis was the supplementation of seawater during production. In the long-term monitoring
we observed a time correlation between increased salinity and increased prevalence of nephro-
calcinosis. Salinity fluctuations can cause osmotic stress, and result in unbalanced levels of
ions in the fish blood. This was clearly demonstrated in our study, as the fish experienced
chronic hypercalcemia and hypermagnesemia. Both magnesium and calcium are excreted over
the kidney and it is possible that their elevated levels in plasma resulted in an mineral overload
in the kidney. This could have in turn caused the aggregation of calcium deposits.

The results of this study point to a causal relationship between osmotic stress induced by
salinity changes and/or a challenging level of salinity combined with the fish developmental
stage and previous history, and the development of nephrocalcinosis. Still, fluctuating salinity
is not the only factor that can cause osmotic stress in salmon. For example, high levels of CO2
can induce gill lesions (Fivelstad and Binde, 1994), which affect the osmoregulatory capacity
of individuals. It is therefore possible that the different parameters indicated by previous
studies as causative factors for nephrocalcinosis may all have induced osmotic stress that in
turn triggered mineralization in kidneys.
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STUDY DESIGN

Nephrocalcinosis survey

Field work was carried out at 11 salmon hatcheries and their receiving sea farms in Mid and
Western Norway (Fig.6). 12 fish groups were sampled and the hatchery sampling consisted of
collecting feed (Tab.4) and water samples (Tab.8, Tab.5), in addition to kidney and gill tissue,
and plasma from fish. Fish were randomly sampled among visually healthy individuals (with
normal swimming behaviour, absence of external injuries/lesions, and no sign of emaciation)
and the fish were not starved before sampling. Apart from nephrocalcinosis and haemorrhagic
smolt syndrome (HSS), no health issues were observed or reported for the fish groups.

Due to interest from a farmer outside the original industrial partner group in addition to an
new fish group from one of the partners, data was analysed on two additional fish groups and
included in Paper I. Unfortunately due to incomplete data set for the environmental factors
these had to be excluded from Paper IV.

The histopathological diagnosis of nephrocalcinosis was defined as the presence of amorphous
(structureless), basophilic deposits in tubules, collecting ducts and excretory ducts. Histopatho-
logical sections were analysed, and presence of deposit and degree of tissue damage was eval-
uated and given a score based on the type and distribution of changes. The nephrocalcinosis
score defines and categorises the presence of deposits, degree of tissue damage in structures with
deposits, glomerular alterations and pathology in the interstitial tissue. Pathological changes
were divided into 4 sub-categories. Each category was weighted by the effect the different
pathological changes are believed to have on the development of the condition and the time it
will take to heal.

In order to explore possible mechanisms behind nephrocalcinosis, transcriptome profiling was
utilised on contrast groups (severe nephrocalcinosis and no nephrocalcinosis). At the time of
analysis fish with severe nephrocalcinosis were only found in one hatchery. Among the sampled
fish from this hatchery non were diagnosed as healthy. Healthy fish were therefore selected from
a different hatchery based on the following criteria; same production technology and similar
size. Previous studies conducted by the co-authors of Paper II has shown that 8 samples in
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Figure 6: Sampling area

each group were sufficient to detect differences in gene expression patterns for contrast groups,
and were therefore chosen as n in this study.

Long-term monitoring of nephrocalcinosis development
A long-term study was performed in one of the 11 hatcheries studied. This hatchery was
chosen based on having historically moderate to high prevalence of nephrocalcinosis. The fish
group was monitored for 6 months until transfer to sea, with monthly sampling. The sampling
consisted of kidney and gill tissue, and plasma from randomly selected fish (visually healthy).
Water quality was routinely monitored by the staff, and the data was provided for this project
in addition to data on rearing conditions. Fish with HSS were excluded from further analysis.

Pilot study - radiological detection of nephrocalcinosis
80 smolts were sampled from two different RAS facilities (hatcheries) among healthy looking
individuals. Left anterior lateral view radiographs were taken of all fish using a standard
portable x-ray unit. Whole kidney were sampled for histological analysis of nephrocalcinosis
from all individuals.
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MAIN RESULTS

I Nephrocalcinosis is a widespread disorder in farmed Atlantic salmon.
Among the sampled fish groups, nephrocalcinosis were diagnosed in all groups. The preva-
lence and severity of the disorder varied extensively between hatcheries with most of the
fish (68%) displaying mild forms of nephrocalcinosis, exhibiting at most, negligible tissue
damage.

II Fish with nephrocalcinosis display disturbed physiology compared to fish with-
out nephrocalcinosis.
A considerable percentage of the fish affected by nephrocalcinosis had altered plasma chem-
istry, indicating increased stress levels and disturbed osmoregulation. It was not possible
to diagnose nephrocalcinosis with a blood sample at this stage, but elevated plasma levels
of magnesium, calcium, glucose and aspartate aminotransferase (AST) could be used as
indicators for disturbed physiology that may be related to nephrocalcinosis.

III The mineral deposits characteristic for nephrocalcinosis consists mainly of
amorphous carbonate apatite (amCAP) and are detectable with x-ray.
Nephrocalcinosis in Atlantic salmon was mainly identified as a calcium dominated mineral.
The distribution and density of calcium mineral deposits were clearly observed on x-ray
images and offers promising prospects for the development of a non-invasive assessment of
nephrocalcinosis in fish.

IV Osmoregulatory stress is a risk factor for nephrocalcinosis.
A multivariate analysis of environmental factors and nephrocalcinosis in several hatcheries
indicated that the most influencing factor for the prevalence of nephrocalcinosis was the
supplementation of seawater during smolt production. The results were backed by a cor-
relation between increased salinity and nephrocalcinosis prevalence observed during a long
term monitoring in one hatchery. The fish in this hatchery experienced osmoregulatory
stress evident by chronic plasma hypercalcemia and hypermagnesemia prior to the in-
creased prevalence of nephrocalcinosis pointing to osmoregulatory stress being a trigger
for nephrocalcinosis.
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GENERAL DISCUSSION

Diagnostic methods for detecting nephrocalcinosis
There are several methods for detection of nephrocalcinosis including radiology, computed to-
mography, sonography, histology (Manz et al., 1980) and macroscopic assessment. The most
common methods for detection in salmonids are macroscopic assessment (Heinen et al., 1993;
Lazado et al., 2022; Smart et al., 1979) and histopathology (Smart et al., 1979; Fivelstad et al.,
2018; Mota et al., 2019).

Large amounts of deposits in the kidney are visible to the naked eye (Fig.1, Paper I, II). There
is however no standardised macroscopic scoring of nephrocalcinosis in Norway, but several fish
health services have developed their own protocols (Sæther, 2019). One of these protocols was
used in the nephrocalcinosis survey to score nephrocalcinosis from no deposits (score 0) to
extensive amounts of deposits with swellings of the kidney tissue (score 4) (Fig.7).

Figure 7: Macroscopic scoring of nephrocalcinosis used in the PhD-project. Photo credit: Aqua Kompetanse
AS and Marine Helse AS.

Kidney tissue from all fish were also assessed with histology (Paper I, Fig.2) and the cor-
relation between the macroscopic scoring and histopathological assessment was poor (Fig.8)
(Klykken et al., 2020). The same was also the case in a screening program in Ireland in the
1980’s (Mulcahy et al., 1983). One reason for this might be that small amounts of deposits are
both difficult and sometimes impossible to detect macroscopically.
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Figure 8: Macroscopic scoring of nephrocalcinosis compared with histopathological assessment. Size of circle
indicates percentage assessment which is similar for visual and histopathological assessment.

It is also possible that the poor correlation between macroscopic scoring and histopathology
can be related to the fact that the amount of tissue damage and the amount of deposits found
in the histopathological sections do not always correlate (Paper I). For this reason one should
be cautious when using macroscopic scoring, since both under and over diagnosis of nephrocal-
cinosis may occur.

Although histopathology is a good diagnostic tool for nephrocalcinosis, one of the major draw
backs is the need for euthanasia. There are several reasons why this is a disadvantage; first
there is the ethical aspect of unnecessary euthanasia of fish, secondly there is the economical
aspect for the fish farmer, and thirdly it makes it impossible to study the disease over time on
an individual level.

Nephrocalcinosis is believed to be, at least in mild cases, reversible (Schlotfeldt, 1980; Fivel-
stad et al., 1999, 2003a). Without non-lethal methods, reversibility on a individual level is not
possible to study and will remain as an untested hypothesis. One possible non-lethal method
for detecting mineral deposits in the kidney is radiology. We did a pilot study to confirm that
mineral deposits characteristic for nephrocalcinosis were detectable in Atlantic salmon (Paper
III, Fig.9).

(a) (b)

Figure 9: Radiographs of Atlantic salmon smolts without (a) and with (b) nephrocalcinosis. Photo credit:
Aqua Kompetanse AS.
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The major advantages of using portable radiography is that it allows for a fast and cost-
effective diagnosis of mineral deposits characteristic for nephrocalcinosis that can be performed
on a large number of sedated fish at the fish farming sites. Compared to histopathology this
will allow for a larger sample size resulting in a greater accuracy when assessing the prevalence.
Still, there are limitations to radiology, since soft tissue changes, not including mineralization,
cannot be seen on radiographs. In general, it will be impossible to evaluate the degree of soft
tissue lesions associated with deposits based on radiology alone. Another major limitation is
the lack of possibility to differentiate between different types of pathologies associated with
mineral deposits in kidney tissue, meaning that conditions such as chronic granulomatous in-
flammation with secondary central calcification cannot be differentiated from deposits due to
nephrocalcinosis (Paper III). It would therefore be both cost- and time-effective, and profes-
sionally sound to implement a step-wise strategy in diagnosing nephrocalcinosis as suggested
in pediatric medicine (Manz et al., 1980), where if nephrocalcinosis is suspected, radiology
should be the first investigation followed by histology if the radiograph is negative or there is
a discrepancy between the clinical data and the radiograph.

Nephrocalcinosis - prevalence, severity and welfare impli-
cations
Nephrocalcinosis is a widespread production disorder in juvenile farmed Atlantic salmon and
there are large variations in prevalence between commercial hatcheries in Norway (Paper I,
Fig.10a). No link between production technology (RAS and FT) has been observed (Paper
I), which show that nephrocalcinosis may arise and progress in different environments. To the
authors knowledge, nephrocalcinosis in wild Atlantic salmon has to date not been reported, im-
plying that the disease is directly linked to the intensive production conditions in aquaculture
(Gillespie and Evans, 1979; Smart et al., 1979; Bjerknes et al., 1994; Cavrois-Rogacki et al.,
2021; Applegate et al., 2016; Béland et al., 2020; Klosterhoff et al., 2015; Lewisch et al., 2013).

Nephrocalcinosis is a chronic condition (Smart et al., 1979) which can aggravate over time.
Histopathological assessment of changes in kidney tissue associated with nephrocalcinosis, re-
veals how the disease may progress (scoring model, Paper I). Initially amorphous calcium
apatite will precipitate in the tubulus, collecting ducts and/or urinary bladder giving small to
negligible changes in the epithelium of the tubular structures (categorized as mild changes in
the nephrocalcinosis score, Paper I). With time, the mineral deposits will aggravate and lead
to increased damage to the tubular walls and eventually result in complete loss of epithelium
with fibrosis of the basal membrane (categorized as moderate to severe changes in the nephro-
calcinosis score, Paper I). Finally, the changes in the kidney tissue will result in complete loss
of integrity of the wall, often accompanied by extensive tissue reactions (inflammation) in sur-
rounding interstitial tissue (categorized as severe changes in the nephrocalcinosis score, Paper
I, II). We would expect that the degree of severity of nephrocalcinosis affects the overall health
and welfare of the salmon, as well as the performance and survival.

Atlantic salmon with severe nephrocalcinosis have a different blood chemistry profile compared
to salmon without nephrocalcinosis (Paper I, II). Specifically the electrolytes calcium, mag-
nesium and phosphate were significantly elevated in fish with severe nephrocalcinosis indicating
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(a) (b)

Figure 10: Nephrocalcinosis in a) hatcheries in Mid Norway and b) receiving sea farm. Blue colour indicates
no nephrocalcinosis, yellow indicates mild changes, orange shows moderate changes and red indicates severe
changes in the kidney tissue as found from histopathological examination (n=30 for each facility) (Paper I,
IV).

disturbed osmoregulation. The seemingly failure to osmoregulate properly is undoubtedly con-
nected to kidney malfunction, since the kidney is the primary site for divalent ion excretion in
fish (Beyenbach, 2000; Bone and Moore, 2008; Takvam et al., 2021). Further supporting this
notion are the observed fibrosis, necrosis, and tissue reactions in the kidney (Paper II), and
the elevated levels of plasma AST which is regarded as a good indicator for tissue damage in
fish (Peres et al., 2015; Wagner and Congleton, 2004; Li et al., 2011). Gene expression analysis
of fish with severe nephrocalcinosis also revealed massive downregulation of metabolism and
energy production, upregulation of signalling pathways important for tissue repair and function
maintenance, and upregulation of inflammatory responses (Paper II) which can all be linked
to extensive tissue damage. In general, fish groups with high prevalence of severe degrees of
nephrocalcinosis are less robust to handling (stressful events) and sea transfer is likely to result
in increased mortality (pers. observation).

In other fish species, nephrocalcinosis has been associated with decreased growth, impaired
renal function (Lall, 2010), and mortalities when combined with stressful events (Wedemeyer,
1996; Jelmert et al., 1995), but mortality rates in salmon with nephrocalcinosis have previously
been described as low (Fivelstad et al., 1999; Nilsen et al., 2020). The reason for this may be
that the majority of farmed salmon display mild degrees of nephrocalcinosis (Paper I, Fig.10)
and mild degrees of nephrocalcinosis is limited to amorphous mineral deposits in collecting
ducts and tubulus, with only minor changes in the epithelium of the tubular structures affect-
ing between 10% and 50% of the excretory system (Paper I). It is possible that fish, Atlantic
salmon in particular, can obtain sufficient renal function with reduced amount of functioning
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tubules. In the comparable species rainbow trout, Brown et al. (1980) found that 45% of the
tubules were filtrating in FW and only 5% were filtrating in SW.

Although mild degrees of nephrocalcinosis don’t seem to cause direct mortality, the mild and
subclinical changes in the kidney may alter metabolism and physiology. In fish with mild
degrees of nephrocalcinosis plasma levels of different enzymes, metabolites and electrolytes dif-
fered from fish without nephrocalcinosis (Paper I).

After transfer to sea the prevalence of nephrocalcinosis was reduced in fish groups with mild
degrees of nephrocalcinosis (Paper I, Fig.10). The same has been observed by Nilsen et al.
(2020); Lazado et al. (2022) and Fivelstad et al. (2003a). This might be due to a decrease in
urine pH after transfer to sea, since Shehadeh and Gordon (1969) showed that urine pH de-
creases with increasing water salinity in rainbow trout. If the same is true for Atlantic salmon,
the decreased urine pH may facilitate a dissolution of the mineral deposits with subsequent
excretion of excess divalent ions. This should be further explored.

Another important aspect is that fish are capable of growing nephrons de novo throughout
their life and that neo-nephrogenesis can be significantly increased if the kidney is acutely
damaged (Davidson, 2014; Reimschuessel et al., 1990; Watanabe et al., 2009). It is possible
that fish with mild nephrocalcinosis may regenerate sufficient amount of kidney tissue to obtain
adequate kidney function after transfer to sea due to; both a stop in further deposition of
calcium minerals with dissolution and excretion of excess ions, and a regeneration of damaged
kidney tissue (Noble et al., 2018).

Mineral composition of deposits characteristic for nephro-
calcinosis
Smart et al. (1979) used both chemical analysis of kidney tissue and different histological
staining methods to demonstrate that nephrocalcinosis in rainbow trout consisted of calcium.
Calcium usually stains purple-blue with haematoxylin and eosin (H&E) staining (Fig.11a),
while the classic staining method of von Kossa, uses silver nitrate to demonstrate the presence
of calcium in the tissue section giving a black color to calcium deposits (Suvarna et al., 2019),
Fig.11b). One of the advantages of Von kossa staining is that it will only show phosphate
and carbonate radicals, giving good results with both large and small deposits of calcium (Su-
varna et al., 2019). On the other hand the method is not specific, as melanin will also reduce
silver to give a black deposit (Suvarna et al., 2019). Histopathology will also show tissue reac-
tions and damages caused by the deposits characteristic for nephrocalcinosis (Paper I, II, III).

Attenuated total reflection (ATR) Fourier transform infrared spectroscopy (FTIR) was used to
examine deposits from Atlantic salmon diagnosed with nephrocalcinosis (Paper I). The spec-
tra obtained were interpreted using an in-house library constructed for human kidney stones,
which was modified for salmon nephrocalcinosis analysis. The results revealed the presence of
five different minerals: amorphous carbonate apatite (amCAP), struvite, brushite, whitlockite
and newberyite.
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Figure 11: Presence of deposits characteristic for nephrocalcinosis in kidney tissue from Atlantic salmon
stained with H&E (a) and von Kossa (b). Arrows denote calcium deposits. Photo credit: Pharmaq Analytiq
AS.

amCAP was the most prevalent mineral and was found in all but one of the mineral samples
(Tab.1). Struvite, brushite, whitlockite and newberyite were found in different combinations
together with amCAP, where amCAP constituted between 68 and 98% of the sample. There
were differences in mineral composition between different hatcheries, but only a week significant
correlation between mineral composition and nephrocalcinosis severity (p=0.04, rho = 0.21).
Hench, fish with more severe nephrocalcinosis had a tendency of having a higher variation in
mineral composition than fish with only mild nephrocalcinosis.

Table 1: Mineral complexes found in Atlantic salmon reared in commercial hatcheries in Mid-Norway (n=69)

Mineral complex Chemical formula Samples (n) Proportion (%)
Amorphous carbonate apatite Ca10(PO4)6CO3 68 98.6
Struvite MgNH4PO4 x 6 H2O 6 8.7
Brushite CaHPO4xH2O 7 10.2
Whitlockite MgCa8(PO4)6 10 14.5
Newberyite MgHPO4 x 3 H2O 8 11.6

In humans, both high and low pH can result in precipitation of minerals in the urine, depending
on the chemical composition of the deposits (Han et al., 2019). It is not unlikely that the urine
pH is relevant for nephrocalcinosis in fish as well (Khan and Glenton, 2008; Lewisch et al.,
2013). Data on pH levels in urine in Atlantic salmon are scars, with only one publication of
pH 7.5 in seawater acclimatised salmon (800 g) (Roy and Lall, 2004). In fresh water accli-
matised rainbow trout (200 g) urine pH in unfed fish were 7.38 and increased after feeding to
7.78 (Bucking et al., 2010). Patel et al. (2006), Wood et al. (1999) and Perry et al. (1988)
found comparable urine pH levels for fed and unfed rainbow trout, while Shehadeh and Gordon
(1969) reported urine pH of 7.2 and 6.3 in fresh water and sea water acclimatised rainbow trout
respectively. It is possible that urine pH in Atlantic salmon is in the same range as in rain-
bow trout and this should be examined in future studies on nephrocalcinosis in Atlantic salmon.

Calcium phosphate and struvite calculi appears to be overrepresented in fish (Gillespie and
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Evans, 1979; Smart et al., 1979; Bjerknes et al., 1994; Béland et al., 2020; Applegate et al.,
2016). According to Prof. Moe (pers. comm.), amCAP indicates rapid precipitation and the
main risk factor for calcium phosphate kidneys stones in humans are high urine pH (Coe, 2005).
The formation of carbonate apatite (CAP) begins at pH ≥ 6.8, with an increasing ability to
aggregate with increasing pH (Olszynski et al., 2015). Provided that amCAP and CAP have
similar chemical properties, it is possible that the urine pH of salmon may predispose it for
calcium phosphate precipitation in the kidney.

We also found other mineral complexes together with amCAP (Paper I, Tab.1), but they never
constituted more than 1

3 of the mineral deposit. Newberyite is thought to be a breakdown prod-
uct of struvite, since it is a very rare constituent of urolithiasis (Uebelhart et al., 1984), while
brushite will hydrolyse to hydroxiapatite in alkaline pH (Klee et al., 1991). In human medicine
struvite is always associated with bacterial infections (Karki and Leslie, 2022) and kidney stones
with more than 20% whitlockite also indicate infection (Bazin et al., 2022). We cannot exclude
the possibility that fish with high proportion of whitlockite and/or struvite/newberyite may
have had an infection. Pathogen screening of a random selection of samples from four different
strains and six different hatcheries were performed (Tab.2). Seven of the samples were positive
for infectious pancreatic necrosis virus, although with low amount of virus detected. Non of the
other common fish pathogens were detected in the kidney tissue of the sampled fish (Tab.2).

Table 2: Pathogen screening of kidney tissue from four different strains of Atlantic salmon reared in commer-
cial hatcheries in Mid-Norway (n=13). Aeromonas salmonicida subsp. (Aeromonas), Renibacterium salmoni-
narum (BKD), Flavobacterium psycrophilum (Flavo), Infectious pancreatic necrosis virus (IPN) Pasteurella sp.
(Pasteurella), Vibrio anguillarum O1 (Vibiro O1), Vibrio anguillarum O2A (Vibrio O2A), Yersinia ruckeri
(Yersinia). qPCR with ct-values shown. ND = Not detected.

Fish ID 1 2 3 4 5 6 7 8 9 10 11 12 13
Aeromonas ND ND ND ND ND ND ND ND ND ND ND ND ND
BKD ND ND ND ND ND ND ND ND ND ND ND ND ND
Flavo ND ND ND ND ND ND ND ND ND ND ND ND ND
IPN ND ND ND ND ND 34.0 34.2 31.1 32.9 33.3 32.1 ND 33.4
Pasteurella ND ND ND ND ND ND ND ND ND ND ND ND ND
Vibrio O1 ND ND ND ND ND ND ND ND ND ND ND ND ND
Vibiro O2A ND ND ND ND ND ND ND ND ND ND ND ND ND
Yersinia ND ND ND ND ND ND ND ND ND ND ND ND ND

Etiology of nephrocalcinosis in juvenile farmed Atlantic
salmon
In human and veterinary medicine, the determination of kidney stone composition play an
important role both in treatment and prevention (Tepeler and Turna, 2017; Kourambas et al.,
2001; Koehler et al., 2009; Kravdal et al., 2015). With this in mind the mineral deposits char-
acteristic for nephrocalcinosis in Atlantic salmon may point to the etiology of the disease.

Calcium phosphate stones consisting of more than 30% amCAP are uncommon both in humans
(Pers. comm. Prof. M.K. Moe) and domestic animals (Osborne et al., 2009), but when ob-
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served they are linked to hypercalcemia, hyperparathyroidism, hypervitaminosis D, dystrophic
and ectopic mineralization of vital tissues, distal renal tubular acidosis or urinary tract infec-
tions (Daudon and Jungers, 2012; Osborne et al., 1995).

Hypercalcemia and osmoregulatory stress
The plasma concentration of calcium, but also magnesium and phosphate were significantly
elevated in fish with nephrocalcinosis (Paper I, II). In addition, the proportion of fish with
hypercalcemia increased with increasing severity of nephrocalcinosis. An increase in plasma
calcium and magnesium levels were also observed prior to a significant increase in nephrocal-
cinosis prevalence in a case study (Paper IV, Fig.12, 13). The elevated levels of calcium and
magnesium were detectable for two consecutive months followed by a reduction to homeostasis.
It is noteworthy that the prevalence of fish with nephrocalcinosis increased significantly when
the plasma calcium levels were reduced proposing that secretion over the kidney resulted in
precipitation of calcium minerals.

Figure 12: Prevalence and severity of nephrocalcinosis at different sampling points for tank A and B including
salinity. Significant differences in nephrocalcinosis prevalence between sampling months is denoted with different
letters (p < 0.05). Fish from tank A: Nov; n=15, Dec-Feb; n=30, Mar; n=23, Apr; n=22. Fish from tank B:
Nov; n=15, Dec-Feb; n=30, Mar; n=29, Apr; n=29). Black line show salinity changes over time in tank A and
B (ppt).

The predominant route of Ca2+ entry from the environment is across the gill epithelium (Lin
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Figure 13: Blood chemistry parameters in Atlantic salmon at different time points during parr-smolt trans-
formation: aspartate aminotransferase (AST), calcium (Ca), chloride (Cl), potassium (K), magnesium (Mg),
sodium (Na). Significant differences between months are indicated with different letters (p > 0.05). For AST,
the y-axis is drawn together for values above 1000 (marked with the horizontal dashed line). Fish: Nov; n=30,
Dec; n=59, Jan-Feb; n=60, Apr; n=49.

et al., 2011; Flik and Perry, 1989) and the Ca2+ uptake function in fish has to be well regulated
for maintaining the internal Ca2+ homeostasis during acclimation to fluctuating Ca2+ water
levels (Evans et al., 2005). The increase in calcium concentration in December and January
(Fig.13) was similar to what is seen after a 24-hour seawater challenge test (Nieves-Puigdoller
et al., 2007) and after transfer to sea. According to Urke et al. (2014) homeostasis is usually
achieved within two weeks after exposure to seawater, but in our case study (Paper IV) the
fish experienced long-term (6-8 weeks) hypercalcemia causing chronic hyperosmotic stress. This
could be a result of gradually increasing the salinity (Divino et al., 2016), since the calcium
concentration in plasma was reduced to homeostasis when the salinity of the production water
was kept stable (Fig.12). Mount et al. (1997); Goodfellow et al. (2000); Schwarz and Allen
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(2014) have all suggested that salinity fluctuations may cause osmotic stress in fish.

Alternatively the link between increasing salinity and hypercalcemia could be due to prema-
ture introduction of brackish water to fish without sufficient hypoosmoregulatory capacity, also
resulting in osmoregulatory stress (Paper IV). Changes in gill NKA α-1a isoform (Fig.14)
indicated that the salinity was introduced to the fish before they had obtained sufficient hy-
poosmoregulatory capacity. The gene expression patterns in the kidney also indicating that the
salinity increase was introduced while the kidneys were still adapted to the FW environment
(Fig.15). It is possible that the duration (6-8 weeks) of osmoregulatory stress resulted in an
over saturation of the urine when the fish finally began to osmoregulate properly which again
may have facilitated the precipitation of calcium phosphate in the kidney.

Figure 14: Box-and-whisker plots showing log2 qPCR expression ratios of genes related to fluid and electrolyte
homeostasis in gill tissue over time. qPCR expression ratios are normalized to the geometric mean of expression
ratios of elongation factor ef1α. Na+,K+-ATPase α-1a (α-1a), α-1b (α-1b) isoform and Na+,K, ,2Cl− (NKCC1a)
cotransporter.Fish: Nov; n=30, Dec-Feb; n=60, Mar; n=52 Apr; n=51 (Paper IV)
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Figure 15: Box-and-whisker plots showing log2 qPCR expression ratios of genes related to fluid and electrolyte
homeostasis in kidney tissue over time. qPCR expression ratios are normalized to the geometric mean of
expression ratios of elongation factor ef1α. Na+,K+-ATPase α-1a (α-1a), α-1b (α-1b) isoform and Na+,K, ,2Cl−
(NKCC1a) cotransporter. Fish: Nov; n=22, Dec; n=58, Jan; n=54, Feb; n=44, Mar; n=42 Apr; n=40 (Paper
IV)

A partial least squares (PLS) regression model including husbandry information, feed composi-
tion and water quality parameters collected from hatcheries of 12 fish groups (Fig.10 a) indicated
that the supplementation of seawater in the production water and sulphate concentration in
the tank water were the two parameters that explained the prevalence of nephrocalcinosis most
(Fig. 16, Paper IV). The model explained 74 % of the variation in the response variable
(nephrocalcinosis). The sulphate concentration of the tank water could be directly related to
the salinity of the operational water since concentration of sulphate is normally low in fresh
water (Kristensen et al., 2009). Taken together it would seem that introducing salinity to At-
lantic salmon before smoltification increases the risk of developing nephrocalcinosis. The most
reasonable explanation for this is that fish without sufficient hypoosmoregulatory capacity will
experience osmoregulatory stress when exposed to brackish water concentrations.
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Figure 16: Regression coefficients from the PLS regression analysis of nephrocalcinosis with the covariates that
were considered to have important contribution to the principal components in the full PCA. The covariates
included rearing conditions, water quality measurements, feed composition and biological measurements and
registrations (Section: Supplementary material). Root mean square error (RMSE): 0.34.

Osmoregulatory stress is the result of an increase or decrease in the concentration of solutes
inside an organism or cell and poses a considerable threat to basic cellular functions required
for survival (Evans, 2010). The effects of prolonged osmotic imbalance can be severe and result
in damaging cellular macromolecules, disturbing cell volume, modifying stringent intracellu-
lar inorganic ion concentrations and altering intracellular macromolecular density (Kültz and
Burg, 1998; Deane et al., 2002; Kültz, 2005).

Most of the osmoregulatory systems in fish rely upon predictable environmental salinities and
are functionally restricted to either marine or freshwater habitats (Fiol and Kültz, 2007).
Salmonids, on the other hand, can acclimatize to a range of environmental salinities through a
series of complex adaptive processes that facilitate switching between hypotonic and hypertonic
osmoregulatory systems (Kato et al., 2005; Tang and Lee, 2007) and these adaptive processes
operate over a wide range of osmotic stress levels (Tipsmark and Madsen, 2001; Scott et al.,
2004; Evans, 2002). These adaptive processes include mechanisms to rapidly modulate the
activity of pre-existing osmotic effector molecules and minimize temporal delays between the
onset of stress and the corresponding adaptive responses (Evans, 2010).

Wild Atlantic salmon will experience a relatively high, but short term osmotic stress during
migration when the water salinity changes (Eddy, 1981; Hoar, 1988). The same is true for
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farmed Atlantic salmon when transferred from the FW hatchery environment to the sea cages
(Urke et al., 2014). On the contrary for farmed fish in hatcheries exposed to gradually increas-
ing salinity over several months we would expect several connected episodes of hyperosmotic
stress resulting in long term osmoregulatory stress. In wild Atlantic salmon there is no appar-
ent requirement for a period of saltwater acclimation during migration (Moore et al., 1995),
hence the protocol for smoltification or seawater adaption, with gradually increasing salinity,
therefore appears to be poorly adapted to the salmon’s natural smoltification behaviour. There
is a knowledge gap on the effect of prolonged exposure to brackish water concentration on the
health and welfare of farmed Atlantic salmon parr and smolts.

The use of SW supplementation to production water during the FW life stages of farmed At-
lantic salmon is common in Norway (Toften, 2011). The salinity used ranges from 0.2 - 10 ppt
for juvenile production and 0.2 - 33 ppt for smolt/post-smolt production respectively (Toften,
2011). Bœuf and Payan (2001) estimated that the metabolic costs of osmoregulation accounts
for 5 to 50% of routine metabolic rate and these metabolic costs are likely to be highest in
salmon reared in either FW or SW due to the large osmotic gradients between the internal
and external environment (Hines et al., 2019). In theory the cost of osmoregulation should
be reduced at intermediate salinities (Kristensen et al., 2012) and potentially increase growth
rate and feed conversion, but may also affect tolerance to environmental stressors (Hines et al.,
2019). The research findings on the potentially beneficial effects on fish health and performance
of using SW supplementation to production water during the FW life stages of farmed Atlantic
salmon are equivocal (Fivelstad et al., 2004; Handeland and Stefansson, 2002; Imsland et al.,
2011; Duston, 1994; Saunders and Henderson, 1969; McCormick et al., 1989; Ytrestøyl et al.,
2022).

Small changes in salinity (0 - 4 ppt) can cause significant changes in blood levels of divalent
ions (Fig.13). This may be explained by the dramatic changes in the concentration of the major
divalent ions Ca and Mg in low salinity ranges (Toften (2011)). To illustrate with an example,
an increase in salinity from 0 ppt to 4 ppt gave a 6-fold increase in calcium concentration and
a 47-fold increase in magnesium concentration, while an increase from 15 ppt to full strength
SW will result in a 1.5-fold increase in calcium concentration and a 0.8-fold increase in magne-
sium concentration. This may imply that fluctuating salinity in low ranges will cause greater
osmoregulatory stress than fluctuations in concentrations closer to full strength SW.

Marini and Kerstetter (1982) has previously suggested that electrolyte homeostasis, osmoregu-
lation and mineral metabolism are closely related in salmonids. It has been demonstrated that
embryonic exposure to road salt changes gene expression in Atlantic salmon including alter-
ations suggesting interference with osmoregulation and mineral metabolism (Tollefsen et al.,
2015). It is therefore possible that osmoregulatory stress in salmonids may alter mineral
metabolism and thus result in precipitation of mineral salts in the kidney. Osmoregulatory
stress may also contribute to increased adhesion for precipitation products through formation
of crystal-binding receptors in the surface epithelium of the kidney tubules, as demonstrated in
human cell lines exposed to stress (Vervaet et al., 2009). The mechanism for nephrocalcinosis in
Atlantic salmon is not known, but in humans it is a multi-factorial process (Adams and Rowe,
1992). As previously described the urine pH of Atlantic salmon may facilitate precipitation of
calcium phosphate complexes (Section: Mineral composition of deposits characteristic
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for nephrocalcinosis), still there are commercial hatcheries that does not have high preva-
lence of nephrocalcinosis (Section: Nephrocalcinosis - prevalence, severity and welfare
implications) pointing to the need for a trigger to develop nephrocalcinosis. This trigger may
be osmoregulatory stress (Paper IV, Mulcahy et al. (1983)).

Exposure to high levels of environmental CO2 concentrations

High levels of CO2 in the ambient water was first suggested as a possible causative factor for
nephrocalcinosis in 1979 (Smart et al., 1979). Since then several papers have both supported
this notion (Fivelstad et al., 1999, 2018; Hosfeld et al., 2008; Damsgård et al., 2011; Foss et al.,
2003; Fivelstad et al., 2003a) and failed to demonstrate this relationship (Fivelstad et al., 1998,
2007; Good et al., 2010, 2018; Mota et al., 2019; Martens et al., 2006; Graff et al., 2002). The
possible link between high CO2 levels in the ambient water and nephrocalcinosis development
have been explained as an interference on normal kidney tubular function, resulting in alkaline
tubular fluid and urine (Eddy et al., 1979). Precipitation of the mineral deposits characteristic
for nephrocalcinosis in Atlantic salmon is favored by alkaline urine pH (Section: Mineral
composition of deposits characteristic for nephrocalcinosis) which makes the link be-
tween high CO2 and nephrocalcinosis plausible. Yet, none of the studies on the effect of high
ambient CO2 on health and performance in Atlantic salmon have measured urine pH. Without
urine pH measurements the suggested link between high ambient CO2 levels and alkaline urine
pH is still an untested hypothesis.

It is possible that high ambient water levels of CO2 may cause osmoregulatory stress. Mota
et al. (2019) did find that fish exposed to high CO2 had a thinner dermis and uneven epidermis,
while Fivelstad et al. (2003b) observed gill damages as a result of CO2 exposure in combination
with low pH and aluminium in the water. Mota et al. (2020) also demonstrated that exposure
to high CO2 have an impact on gill tissue global gene expression. Changes or damages to epi-
dermis and dermis, and gills may influence osmoregulation negatively (Bonga and Lock, 1992).

We did not find a correlation between environmental CO2 levels and nephrocalcinosis preva-
lence or severity in our survey (Paper IV, Fig.16). It is also important to point out that all
the hatcheries in the survey had CO2-levels in the tank water below the recommended 15 mg/L
which was regarded as low-medium CO2-levels in Fivelstad et al. (1999, 2018); Hosfeld et al.
(2008); Damsgård et al. (2011); Foss et al. (2003); Fivelstad et al. (2003a).

It is interesting to note that the studies performed on juvenile salmonids in FW where high
CO2 was suggested as causative factor, all have in common the detection of nephrocalcinosis
in both experimental groups and in the control group (low CO2) (Fivelstad et al., 1999, 2003a;
Smart et al., 1979). It is also notable that the nephrocalcinosis was detected prior to the start
of the experiment in three studies (Foss et al., 2003; Fivelstad et al., 2003a, 1999), indicat-
ing that high CO2 was not in fact the trigger for developing nephrocalcinosis, but may have
negatively contributed to the increase in prevalence of the condition in the experimental groups.
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Possible nutritional factors
Knox et al. (1981) and Cowey et al. (1977) suggested that nephrocalcinosis in rainbow trout
could be related to high levels of phosphorus and calcium and/or low levels of magnesium in
feed. The same conclusion was drawn by Richardson et al. (1985) for Chinook salmon. The
ratio tested by Cowey et al. (1977) and Knox et al. (1981) was approximately 400-700 while
Richardson et al. (1985) was 66-72. Heinen et al. (1993) found differences in nephrocalci-
nosis incidence between different commercial rainbow trout feed, although not significant. The
Ca:Mg-ratios in Heinen et al. (1993) were comparable to what is found in commercial feed for
Atlantic salmon. It is also relevant to note that in the study, the nephrocalcinosis incidence
were scored macroscopically and therefore might have been under- or overestimated. Commer-
cial feed for juvenile Atlantic salmon usually contain a Ca:Mg-ratio of 5.5-8 (Tab.3), which is
comparable to the groups that did not develop nephrocalcinosis in the studies by Cowey et al.
(1977); Knox et al. (1981); Richardson et al. (1985); Heinen et al. (1993) which makes it less
likely that the etiology of nephrocalcinosis is high Ca:Mg-ratios in feed in commercial salmon
farming.

Table 3: Feed composition of commercial Atlantic salmon hatchery feed for the 12 fish groups shown in Fig.10
a. DW (dry weight).

Hatchery 1 2 3 4 5 6 7 8 9 10 11 12
Ash (%) 14 9.4 14 7.2 7.8 9.7 8.2 9.3 15 8.8 13 9.6
Calcium (g/kg DW) 14 16 16 12 11 17 13 17 20 18 16 15
Carbohydrate (%) 14 13 11 14 17 13 15 15 14 16 16 18
Chloride (g/kg DW) 51 9.7 37 7.8 5.5 14 8.8 14 51 8.5 25 7.2
Dry matter (%) 95 95 95 91 94 93 92 94 93 92 93 94
Fat (%) 23.7 22.3 28.6 21.7 22.3 22.9 21.7 19.9 18.7 21.3 21 21.1
Iron (mg/kg DW) 240 130 310 310 260 260 170 200 160 170 190 260
Potassium (g/kg DW) 11 13 8.8 10 11 11 11 12 11 11 9.8 12
Magnesium (g/kg DW) 2.3 2.7 2.0 2.3 2.4 2.6 2.4 3.0 2.8 2.4 2.1 2.4
Sodium (g/kg DW) 35 6.9 27 5.7 5.4 7.6 6.6 6.4 30 59 31 8.8
Phosphate (g/kg DW) 15 13 15 16 14 16 14 12 12 16 15 16
Protein (%) 44 50 41 48 47 48 47 50 46 46 43 45
Vitamin D3 (%) 6.54 7.68 12 8.36 5.93 6.93 5.32 5.2 5.45 6.16 7.25 6.12
Water (%) 5.4 5.1 5.4 9.3 5.5 7.1 7.7 6.3 6.6 8.1 6.9 6.1
Ca:Mg ratio 6:1 6:1 8:1 5:1 5:1 6:1 5:1 6:1 7:1 8:1 8:1 6:1

It is well known that hypervitaminosis D can result in irreversible calcification of soft tissues in
humans and that hypercalcemia is an important marker for hypervitaminosis D (Pérez-Barrios
et al., 2016). Tsertou et al. (2020) and Hilton and Ferguson (1982) did not find excess in vi-
tamin D3 to be related to the incidence of nephrocalcinosis in meagre (Argyrosomus regius) or
rainbow trout and we did not find a link between vitamin D3 levels in feed and nephrocalci-
nosis prevalence or severity (Fig.16, Paper IV). Further more, Atlantic salmon smolts showed
no signs of hypervitaminosis D when fed large amounts of dietary vitamin D3 (Horvli et al.,
1998), which contradicts hypervitaminosis D to be the most likely etiology of nephrocalcinosis
in salmon.
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Another nutritional factor that has been suggested to cause nephrocalcinosis is high levels of
arsenic in feed (Cockell et al., 1991), however mild nephrocalcinosis was only observed in one
of the experiments and not in the two others which may imply that the findings were random.
It is also important to point out that the arsenic levels suggested to give nephrocalcinosis were
4 to 11 times higher than what is found in commercial salmon feed today.

High levels of dietary selenium (> 10 mg Se/kg) have also been proposed as a causative factor
for nephrocalcinosis (Hilton and Hodson, 1983; Hicks et al., 1984), but may not be relevant. The
reason for this is that commercial Atlantic salmon feed have changed the last decades with a
reduction in fish meal content and concomitant increase in plant protein sources (Prabhu et al.,
2020). This has reduced the selenium supply in the feed (Betancor et al., 2016; Fontagné-
Dicharry et al., 2015; Sissener et al., 2013) and reduced the dietary availability (Prabhu et al.,
2014; Silva et al., 2019). Commercial feed for Atlantic salmon today contains an average of 0.6
mg Se/kg feed (ranging from 0.3 to 1.1 mg Se/kg) (Sanden et al., 2016). It is therefore unlikely
that high levels of selenium in feed is the causative factor for nephrocalcinosis in commercial
Atlantic salmon farming.

Both Golomazou et al. (2006) and Mulcahy et al. (1983) concluded that it was unlikely that
differences in nephrocalcinosis prevalence was related to dietary factors, supporting the findings
in this thesis. We did not find a correlation between feed composition and nephrocalcinosis
prevalence or severity (Paper IV), which makes feed a less likely causative factor for nephro-
calcinosis.
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CONCLUSION AND PERSPECTIVES

Nephrocalcinosis in farmed Atlantic salmon is a widespread production disorder that affects
fish health and welfare negatively. It is therefore essential to find causative factors for nephro-
calcinosis to be able to implement preventive measures. There are large variations in prevalence
and severity of nephrocalcinosis in Norwegian hatcheries pointing to the environment rather
than genetics as likely explanatory factor. In order to disclose possible environmental factors
related to nephrocalcinosis, it was crucial to analyse the mineral deposits characteristic for
nephrocalcinosis. The results showed that the mineral deposits mainly consist of calcium and
phosphate ions, and precipitation of these minerals are favoured by alkaline urine pH. There is
a lack of data on urine pH in Atlantic salmon and this should therefore be prioritized in future
studies on nephrocalcinosis. If urine pH in Atlantic salmon are alkaline, it may be interesting
to test if feed adaptions could be made to lower the urine pH and in turn prevent crystallization
of calcium phosphate in the kidney as is done for domestic animals with kidney stones (Finke
and Litzenberger, 1992). It is also possible that low urinary citrate (hypocitraturia) may be a
risk factor. In human medicine, defects in the acid/base regulation has been seen to play an
important role for the pathogenesis of nephrocalcinosis (Evenepoel et al., 2015). It has also
been observed that metabolic acidosis reduces the concentration of citrate that is excreted in
the renal tubules and that citrate works as a natural inhibitor of calcium phosphate precipi-
tation. Lau (1989) therefore suggested that reduced urine citrate concentration may be linked
to the development of nephrocalcinosis in humans. We do not know if hypocitraturia may
be relevant for nephrocalcinosis development i farmed salmon, but it would be interesting to
investigate a possible connection, since citrate supplementation of the feed can be a relatively
simple measure to implement in commercial salmon farming.

The main risk factor uncovered in this thesis was omsoregulatory stress. Osmoregulatory stress
may be induced by different environmental stressors, such as premature exposure to salinity,
abrupt changes in water chemistry, and chronic exposure to suboptimal water quality. It is
therefore important for salmon producers to monitor nephrocalcinosis development in their
own facility in order to identify where in the production there is an increased risk for nephro-
calcinosis occurrence and aggregation. Typical vulnerable phases in production are moving fish
between different departments with subsequent changes in water quality, vaccination or other
stressful handling procedures, changes in salinity and introduction of salt feed. Large variations
in water quality should therefore be avoided, since abrupt changes in water ion concentration
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causes osmoregulatory stress in fish. Transferring fish from FT to RAS and the other way
around seems to be a risk factor which can be explained by the massive change in water chem-
istry between the two production forms.

There are several different strategies for inducing SW tolerance in farmed salmon, and a num-
ber of different smolt protocols in Norwegian hatcheries. Regardless of smolt protocol it is
important to avoid mismatch in smoltification signals. If for instance salinity increase is used
in combination with changes in photoperiod, the increase in salinity should be avoided before
start of 24:0 light cycle. There is a delay in seawater adaption in the kidney compared to the
gills, but both organs undergo a preadaption. If seawater is added when the fish is adapted to
FW the gills and kidney will not handle the increase in ion concentration sufficiently. There is
a risk for increased ion concentration internally in the fish due to a continued uptake of ions
over the gills and reabsorption in the kidney leading to osmoregulatory stress. Future studies
on nephrocalcinosis should include inducing osmoregulatory stress under controlled conditions.

Radiological detection of nephrocalcinosis provides the opportunity for non-invasive monitor-
ing of development of nephrocalcinosis on an individual level. The method can be used to test
different measures to investigate if nephrocalcinosis is reversible and to what extent. Radiology
would therefore be suitable for controlled testing of measures to prevent or reverse nephrocal-
cinosis development.

The salmon farming industry in Norway rates nephrocalcinosis as one of the most important
causes of reduced welfare in salmon, and there is great interest and impatience for obtaining
effective measures. Controlled testing of various measures with documentation of effect or lack
of effect can be a natural way forward in dealing with this challenge.

46



BIBLIOGRAPHY

Adams, N. D. and Rowe, J. C. (1992). Nephrocalcinosis. Clinics in Perinatology, 19:179–195.

Anderson, B. G. and Loewen, R. D. (1975). Renal morphology of freshwater trout. American
Journal of Anatomy, 143:93–113.

Applegate, J., Lewbart, G., Daniels, H., Gill, A., and Stoskopf, M. (2016). Calcium urolithiasis
in a breeding population of southern flounder ( Paralichthys lethostigma) housed in a low
salinity environment. Veterinary Quarterly, 36:50–54.

Bazin, D., Papoular, R. J., Elkaim, E., Weil, R., Thiaudière, D., Pisapia, C., Ménez, B., Hwang,
N. S., Tielens, F., Livrozet, M., Bouderlique, E., Haymann, J.-P., Letavernier, E., Hennet,
L., Frochot, V., and Daudon, M. (2022). Whitlockite structures in kidney stones indicate
infectious origin: a scanning electron microscopy and synchrotron radiation investigation.
Comptes Rendus. Chimie, 25:343–354.

Betancor, M. B., Dam, T. M. C., Walton, J., Morken, T., Campbell, P. J., and Tocher, D. R.
(2016). Modulation of selenium tissue distribution and selenoprotein expression in Atlantic
salmon ( Salmo salar L) fed diets with graded levels of plant ingredients. British Journal of
Nutrition, 115:1325–1338.

Beyenbach, K. W. (2000). Renal handling of magnesium in fish: from whole animal to brush
border membrane vesicles. Frontiers in Bioscience, 5:d712.

Beyenbach, K. W. (2004). Kidneys sans glomeruli. American Journal of Physiology-Renal
Physiology, 286:F811–F827.

Bjerknes, V., Lydersen, E., Golmen, L., Hobæk, A., and Holtet, L. (1994). Nefrokalsinose hos
regnbueaure i oppdrettsanlegg ved trengereid. Technical report, NIVA.

Björnsson, B. T., Stefansson, S. O., and McCormick, S. D. (2011). Environmental endocrinology
of salmon smoltification. General and Comparative Endocrinology, 170:290–298.

47



Boeuf, G. (1993). In Rankin, J. and Jensen, F., editors, Fish Ecophysiology, chapter Salmonid
smolting: a pre-adaptation to the oceanic environment, pages 105–135. Springer Netherlands.

Bone, Q. and Moore, R. (2008). Biology of Fishes. Taylor Francis.

Bonga, S. W. and Lock, R. (1992). Toxicants and osmoregulation in fish. Netherlands Journal
of Zoology, 42:478–493.

Brown, J. A., Oliver, J. A., Henderson, I. W., and Jackson, B. A. (1980). Angiotensin and single
nephron glomerular function in the trout Salmo gairdneri. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 239:509–514.

Bruno, D. W. (1996). Nephrocalcinosis. Aquaculture Information Series, pages 1–5.

Bucking, C., Landman, M. J., and Wood, C. M. (2010). The role of the kidney in compensating
the alkaline tide, electrolyte load, and fluid balance disturbance associated with feeding in the
freshwater rainbow trout, Oncorhynchus mykiss. Comparative Biochemistry and Physiology
Part A: Molecular Integrative Physiology, 156:74–83.

Bucking, C., Wood, C. M., and Grosell, M. (2013). Uptake, handling, and excretion of Na+

and Cl− from the diet in vivo in freshwater and seawater-acclimated killifish, Fundulus hete-
roclitus, an agastric teleost. Journal of Experimental Biology.

Béland, K., Wong, E., St-Cyr, J., and Lair, S. (2020). High occurrence rate of xanthomatosis
and nephrocalcinosis in aquarium-housed Atlantic wolffish Anarhichas lupus and spotted
wolffish A. minor. Diseases of Aquatic Organisms, 139:223–232.

Bœuf, G. and Payan, P. (2001). How should salinity influence fish growth? Comparative
Biochemistry and Physiology Part C: Toxicology Pharmacology, 130:411–423.

Cano, I., Worswick, J., Mulhearn, B., Green, M., Feist, S. W., and Clinton, M. (2021). Cra-
nial mandibular fibrosis syndrome in adult farmed rainbow trout Oncorhynchus mykiss.
Pathogens, 10:542.

Cavrois-Rogacki, T., Drabikova, L., Migaud, H., and Davie, A. (2021). Deformities preva-
lence in farmed ballan wrasse (Labrus bergylta) in relation to hatchery origin and life stage.
Aquaculture, 533:736212.

Chen, C., Wooster, G., Getchell, R., Bowser, P., and Timmons, M. (2001). Nephrocalcinosis
in nile tilapia from a recirculation aquaculture system: A case report. Journal of Aquatic
Animal Health, 13:368–372.

Cockell, K. A., Hilton, J. W., and Bettger, W. J. (1991). Chronic toxicity of dietary dis-
odium arsenate heptahydrate to juvenile rainbow trout (Oncorhynchus mykiss). Archives of
Environmental Contamination and Toxicology, 21:518–527.

Coe, F. L. (2005). Kidney stone disease. Journal of Clinical Investigation, 115:2598–2608.

Cowey, C. B., Knox, D., Adron, J. W., George, S., and Pirie, B. (1977). The production of
renal calcinosis by magnesium deficiency in rainbow trout (Salmo gairdneri). British Journal
of Nutrition, 38:127–135.

48



Damsgård, B., Bjørklund, F., Johnsen, H. K., and Toften, H. (2011). Short- and long-term
effects of fish density and specific water flow on the welfare of Atlantic cod, Gadus morhua.
Aquaculture, 322-323:184–190.

Daudon, M. and Jungers, P. (2012). In Urolithiasis, chapter Stone Composition and Morphol-
ogy: A Window on Etiology, pages 113–140. Springer London.

Davidson, A. J. (2014). Kidney regeneration in fish. Nephron Experimental Nephrology, 126:45–
49.

Davies, M. (2016). Veterinary clinical nutrition: success stories: an overview. Proceedings of
the Nutrition Society, 75:392–397.

Deane, E. E., Kelly, S. P., Luk, J. C., and Woo, N. Y. (2002). Chronic salinity adaptation
modulates hepatic heat shock protein and insulin-like growth factor i expression in black sea
bream. Marine Biotechnology, 4:193–205.

Divino, J. N., Monette, M. Y., McCormick, S. D., Yancey, P. H., Flannery, K. G., Bell, M. A.,
Rollins, J. L., von Hippel, F. A., and Schultz, E. T. (2016). Osmoregulatory physiology and
rapid evolution of salinity tolerance in threespine stickleback recently introduced to fresh
water. Evolutionary Ecology Research, pages 179–201.

Docherty, N. G., O’Sullivan, O. E., Healy, D. A., Fitzpatrick, J. M., and Watson, R. W. G.
(2006). Evidence that inhibition of tubular cell apoptosis protects against renal damage
and development of fibrosis following ureteric obstruction. American Journal of Physiology
- Renal Physiology, 290:4–13.

Duston, J. (1994). Effect of salinity on survival and growth of Atlantic salmon (Salmo salar)
parr and smolts. Aquaculture, 121:115–124.

Duston, J. and Saunders, R. (1995). Advancing smolting to autumn in age 0+ Atlantic salmon
by photoperiod, and long-term performance in sea water. Aquaculture, 135:295–309.

Duston, J. and Saunders, R. L. (1990). The entrainment role of photoperiod on hypoosmoreg-
ulatory and growth-related aspects of smolting in Atlantic salmon (Salmo salar). Canadian
Journal of Zoology, 68:707–715.

Eddy, F. (1981). Effects of stress on osmotic and ionic regulation in fish. pages 77–102. Academic
Press.

Eddy, F. B., Smart, G. R., and Bath, R. N. (1979). Ionic content of muscle and urine in
rainbow trout Salmo gairdneri richardson kept in water of high CO2 content. Journal of Fish
Diseases, 2:105–110.

Engelund, M. B. and Madsen, S. S. (2011). The role of aquaporins in the kidney of euryhaline
teleosts. Frontiers in Physiology, 2.

Evans, D. (2011). In Stevens, E. D., Chech, J. J., and Richards, editors, Encyclopedia of
Fish Physiology, chapter OSMOTIC, IONIC AND NITROGENOUS-WASTE BALANCE |
Osmoregulation in Fishes: An Introduction, pages 1348–1353. Elsevier.

49



Evans, D. H. (1984). The roles of gill permeability and transport mechanisms in euryhalinity.
volume 10, pages 239–283. Academic Press.

Evans, D. H. (2002). Cell signaling and ion transport across the fish gill epithelium. Journal
of Experimental Zoology, 293:336–347.

Evans, D. H. (2008). Teleost fish osmoregulation: what have we learned since August Krogh,
Homer Smith, and Ancel Keys. American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, 295:R704–R713.

Evans, D. H. (2010). A brief history of fish osmoregulation: the central role of the Mt. Desert
Island Biological Laboratory. Frontiers in Physiology, 1.

Evans, D. H., Piermarini, P. M., and Choe, K. P. (2005). The multifunctional fish gill: Dominant
site of gas exchange, osmoregulation, acid-base regulation, and excretion of nitrogenous waste.
Physiological Reviews, 85:97–177.

Evenepoel, P., Daenen, K., Bammens, B., Claes, K., Meijers, B., Naesens, M., Sprangers, B.,
Kuypers, D., and Lerut, E. (2015). Microscopic nephrocalcinosis in chronic kidney disease
patients. Nephrology Dialysis Transplantation, 30:843–848.

Finke, M. D. and Litzenberger, B. A. (1992). Effect of food intake on urine pH in cats. Journal
of Small Animal Practice, 33:261–265.

Fiol, D. F. and Kültz, D. (2007). Osmotic stress sensing and signaling in fishes. FEBS Journal,
274:5790–5798.

Fiskeridirektoratet (2021). Directorate of fisheries. https://www.fiskeridir.no/English/Aquaculture/Statistics.

Fivelstad, S., Bergheim, A., Hølland, P. M., and Fjermedal, A. B. (2004). Water flow require-
ments in the intensive production of Atlantic salmon (Salmo salar L) parr–smolt at two
salinity levels. Aquaculture, 231:263–277.

Fivelstad, S. and Binde, M. (1994). Effects of reduced waterflow (increased loading) in soft
water on Atlantic salmon smolts (Salmo salar L) while maintaining oxygen at constant level
by oxygenation of the inlet water. Aquacultural Engineering, 13:211–238.

Fivelstad, S., Haavik, H., Løvik, G., and Olsen, A. B. (1998). Sublethal effects and safe levels
of carbon dioxide in seawater for Atlantic salmon postsmolts (Salmo salar L): ion regulation
and growth. Aquaculture, 160:305–316.

Fivelstad, S., Hosfeld, C. D., Medhus, R. A., Olsen, A. B., and Kvamme, K. (2018). Growth
and nephrocalcinosis for Atlantic salmon (Salmo salar L) post-smolt exposed to elevated
carbon dioxide partial pressures. Aquaculture, 482:83–89.

Fivelstad, S., Olsen, A. B., Kløften, H., Ski, H., and Stefansson, S. (1999). Effects of car-
bon dioxide on Atlantic salmon (Salmo salar L) smolts at constant ph in bicarbonate rich
freshwater. Aquaculture, 178:171–187.

50



Fivelstad, S., Olsen, A. B., Åsgård, T., Baeverfjord, G., Rasmussen, T., Vindheim, T., and
Stefansson, S. (2003a). Long-term sublethal effects of carbon dioxide on Atlantic salmon
smolts (Salmo salar L): ion regulation, haematology, element composition, nephrocalcinosis
and growth parameters. Aquaculture, 215:301–319.

Fivelstad, S., Waagbø, R., Stefansson, S., and Olsen, A. B. (2007). Impacts of elevated water
carbon dioxide partial pressure at two temperatures on Atlantic salmon (Salmo salar L) parr
growth and haematology. Aquaculture, 269:241–249.

Fivelstad, S., Waagbø, R., Zeitz, S. F., Hosfeld, A. C. D., Olsen, A. B., and Stefansson, S.
(2003b). A major water quality problem in smolt farms: combined effects of carbon dioxide,
reduced pH and aluminium on Atlantic salmon (Salmo salar L) smolts: physiology and
growth. Aquaculture, 215:339–357.

Flik, G. and Perry, S. F. (1989). Cortisol stimulates whole body calcium uptake and the
branchial calcium pump in freshwater rainbow trout. Journal of Endocrinology, 120:75–82.

Fontagné-Dicharry, S., Godin, S., Liu, H., Prabhu, P. A. J., Bouyssière, B., Bueno, M., Tacon,
P., Médale, F., and Kaushik, S. J. (2015). Influence of the forms and levels of dietary selenium
on antioxidant status and oxidative stress-related parameters in rainbow trout (Oncorhynchus
mykiss) fry. British Journal of Nutrition, 113:1876–1887.

Foss, A., Røsnes, B. A., and Øiestad, V. (2003). Graded environmental hypercapnia in juvenile
spotted wolffish (Anarhichas minor olafsen): Effects on growth, food conversion efficiency
and nephrocalcinosis. Aquaculture, 220:607–617.

François, N. R. L., Beirão, J., Superio, J., Cyr, B.-A. D., Foss, A., and Bolla, S. (2021).
Spotted wolffish broodstock management and egg production: Retrospective, current status,
and research priorities. Animals, 11:2849.

Fİkrİ, A., Recaİ, T., Hİjran, Y. Y., and Oguz, K. (2000). Nephrocalcinosis in intensively
reared rainbow trout (Oncorhynchus mykiss). Israeli Journal of Aquaculture - Bamidgeh,
25:111–117.

Gambaro, G. and Trinchieri, A. (2016). Recent advances in managing and understanding
nephrolithiasis/nephrocalcinosis. F1000Research, 5:695.

Gillespie, D. C. and Evans, R. E. (1979). Composition of granules from kidneys of rainbow
trout (Salmo gairdneri) with nephrocalcinosis. Journal of the Fisheries Research Board of
Canada, 36:683–685.

Gismervik, K., Gåsnes, S. K., Nielsen, K. V., and Mejdell, C. M. (2018). Fiskehelserapporten
2017 | 3 fiskevelferd. Technical report, Veterinærinstituttet.

Golomazou, E., Athanassopoulou, F., Vagianou, S., Sabatakou, O., Tsantilas, H., Rigos, G., and
Kokkokiris, L. (2006). Diseases of white sea bream (Diplodus sargus L) reared in experimental
and commercial conditions in greece. Turkish Journal of Veterinary Animal Sciences, 30:389–
396.

Gomez, S. (2017). Calcification of the bulbus arteriosus associated with multiple pathologies
in an oscar (Astronotus ocellatus). Bull. Eur. Ass. Fish Pathol, 37:77–82.

51



Good, C., Davidson, J., Terjesen, B., Takle, H., Kolarevic, J., Bæverfjord, G., and Summerfelt,
S. (2018). The effects of long-term 20 mg/l carbon dioxide exposure on the health and
performance of Atlantic salmon Salmo salar post-smolts in water recirculation aquaculture
systems. Aquacultural Engineering, 81:1–9.

Good, C., Davidson, J., Welsh, C., Snekvik, K., and Summerfelt, S. (2010). The effects of
carbon dioxide on performance and histopathology of rainbow trout Oncorhynchus mykiss in
water recirculation aquaculture systems. Aquacultural Engineering, 42:51–56.

Goodfellow, W. L., Ausley, L. W., Burton, D. T., Denton, D. L., Dorn, P. B., Grothe, D. R.,
Heber, M. A., Norberg-King, T. J., and Rodgers, J. H. (2000). Major ion toxicity in efflu-
ents: A review with permitting recommendations. Environmental Toxicology and Chemistry,
19:175–182.

Graff, I. E., Høie, S., Totland, G. K., and Lie (2002). Three different levels of dietary vitamin
D3 fed to first-feeding fry of Atlantic salmon (Salmo solar L): Effect on growth, mortality,
calcium content and bone formation. Aquaculture Nutrition, 8:103–111.

Grosell, M. (2010). In Grosell, M., Farrell, A., and Brauner, C. J., editors, Fish Physiology,
chapter The role of the gastrointestinal tract in salt and water balance, pages 135–164.
Elsevier.

Gåsnes, S. K., Oliveira, V. H. S., Gismervik, K., Ahimbisibwe, A., Tørud, B., and Jensen, B. B.
(2021). Mortality patterns during the freshwater production phase of salmonids in Norway.
Journal of Fish Diseases, 44:2083–2096.

Gómez, S. (2000). Nephrocalcinosis in Mediterreanean cultured white bream (Diplodus sargus
L). Bull. Eur. Ass. Fish Pathol., 20:40–44.

Han, H., Mutter, W. P., and Nasser, S., editors (2019). Nutritional and Medical Management
of Kidney Stones. Springer International Publishing.

Handeland, S. and Stefansson, S. (2002). Effects of salinity acclimation on pre-smolt growth,
smolting and post-smolt performance in off-season Atlantic salmon smolts (Salmo salar L).
Aquaculture, 209:125–137.

Handeland, S. O., Imsland, A. K., Ebbesson, L. O. E., Nilsen, T. O., Hosfeld, C. D., Teien,
H. C., and Stefansson, S. O. (2014). Osmoregulation and growth in offspring of wild Atlantic
salmon at different temperatures. Environmental Biology of Fishes, 97:285–296.

Handeland, S. O., Porter, M., Björnsson, B. T., and Stefansson, S. O. (2003). Osmoregulation
and growth in a wild and a selected strain of Atlantic salmon smolts on two photoperiod
regimes. Aquaculture, 222:29–43.

Harrison, J. G. and Richards, R. H. (1979). The pathology and histopathology of nephrocalci-
nosis in rainbow trout Salmo gairdneri richardson in fresh water. Journal of Fish Diseases,
2:1–12.

Heggberget, T., M, S., Strand, R., and Husby, J. (1992). Smoltifisering hos laksefisk. Technical
report, NINA Forskningsrapport 31.

52



Heinen, J. M., Hankins, J. A., and Subramanyam, M. (1993). Evaluation of four commercial
diets for rainbow trout. Progressive Fish-Culturist, 55:265–269.

Hickman, J. and Cleveland, P. (1968). Ingestion, intestinal absorption, and elimination of
seawater and salts in the southern flounder, Paralichthys lethostigma. Canadian Journal of
Zoology, 46:457–466.

Hicks, B. D., Hilton, J. W., and Ferguson, H. W. (1984). Influence of dietary selenium on the
occurrence of nephrocalcinosis in the rainbow trout, Salmo gairdneri richardson. Journal of
Fish Diseases, 7:379–389.

Hilton, J. W. and Ferguson, H. W. (1982). Effect of excess vitamin D3 on calcium metabolism
in rainbow trout Salmo gairdneri richardson. Journal of Fish Biology, 21:373–379.

Hilton, J. W. and Hodson, P. V. (1983). Effect of increased dietary carbohydrate on selenium
metabolism and toxicity in rainbow trout (Salmo gairdneri). Journal of Nutrition, 113:1241–
1248.

Hines, C. W., Fang, Y., Chan, V. K., Stiller, K. T., Brauner, C. J., and Richards, J. G. (2019).
The effect of salinity and photoperiod on thermal tolerance of Atlantic and coho salmon
reared from smolt to adult in recirculating aquaculture systems. Comparative Biochemistry
and Physiology Part A: Molecular Integrative Physiology, 230:1–6.

Hjeltnes, B., Jensen, B. B., Bornø, G., Haukaas, A., and Walde, C. (2019). Fiskehelserapporten
2018. Technical report, Veterinærinstituttet.

Hoar, W. (1988). The physiology of smolting salmonids. volume 11, pages 275–343. Academic
Press.

Horvli, Lie, and Aksnes (1998). Tissue distribution of vitamin D3 in Atlantic salmon Salmo
salar : effect of dietary level. Aquaculture Nutrition, 4:127–131.

Hosfeld, C. D., Engevik, A., Mollan, T., Lunde, T. M., Waagbø, R., Olsen, A. B., Breck, O.,
Stefansson, S., and Fivelstad, S. (2008). Long-term separate and combined effects of environ-
mental hypercapnia and hyperoxia in Atlantic salmon (Salmo salar L.) smolts. Aquaculture,
280:146–153.

Imsland, A. K., Våge, K. A., Handeland, S. O., and Stefansson, S. O. (2011). Growth and
osmoregulation in Atlantic salmon (Salmo salar) smolts in response to different feeding fre-
quencies and salinities. Aquaculture Research, 42:469–479.

Jansen, M. D., Hjortaas, M., Molda, T., Bornø, G., and Dale, O. B. (2021). Fiskehelserapporten
2020 (eng. the health situation in norwegian aquaculture 2020). Technical report.

Jelmert, A., Rødseth, O. M., and Meeren, T. V. D. (1995). Nephrocalcinosis associated with
mass mortality in cultured Atlantic halibut, Hippoglossus hippoglossus L, larvae. Journal of
Fish Diseases, 18:365–369.

Karki, N. and Leslie, S. (2022). Struvite and triple phosphate renal calculi. StatPearls.

53



Kato, A., Doi, H., Nakada, T., Sakai, H., and Hirose, S. (2005). Takifugu obscurus is a eury-
haline fugu species very close to Takifugu rubripes and suitable for studying osmoregulation.
BMC Physiology, 5:18.

Khan, S. R. and Glenton, P. A. (2008). Calcium oxalate crystal deposition in kidneys of hyper-
calciuric mice with disrupted type IIa sodium-phosphate cotransporter. American Journal
of Physiology-Renal Physiology, 294:F1109–F1115.

Klee, L. W., Brito, C. G., and Lingeman, J. E. (1991). Clinical implications of brushite calculi.
Journal of Urology, 145:715–718.

Klosterhoff, M., Pedrosa, V., Sampaio, L. A., Ramos, L., Tesser, M. B., and Romano, L. A.
(2015). Nephrocalcinosis and kidney stones in Rachycentron canadum. Bulletin of the Euro-
pean Association of Fish Pathologists, 35:138–147.

Klykken, C., Boissonnot, L., Lunde, L., and Stensby-Skjærvik, S. (2020). Forekomst av ne-
frokalsinose hos oppdrettslaks i midt-norge. Norsk fiskeoppdrett, pages 40–43.

Knox, D., Cowey, C. B., and Adron, J. W. (1981). Studies on the nutrition of salmonid fish. The
magnesium requirement of rainbow trout (Salmo gairdneri). British Journal of Nutrition,
45:137–148.

Koehler, L. A., Osborne, C. A., Buettner, M. T., Lulich, J. P., and Behnke, R. (2009). Canine
uroliths: Frequently asked questions and their answers. Veterinary Clinics of North America:
Small Animal Practice, 39:161–181.

Kourambas, J., Aslan, P., Teh, C. L., Mathias, B. J., and Preminger, G. M. (2001). Role of
stone analysis in metabolic evaluation and medical treatment of nephrolithiasis. Journal of
Endourology, 15:181–186.

Kravdal, G., Helgø, D., and Moe, M. K. (2015). Infrarød spektroskopi - gullstandard for
nyresteinsanalyse. Tidsskrift for den Norske Laegeforening, 135:313–314.

Kristensen, T., Haugen, T. O., Rosten, T., Fjellheim, A., Åtland, , and Rosseland, B. O.
(2012). Effects of production intensity and production strategies in commercial Atlantic
salmon smolt (Salmo salar L) production on subsequent performance in the early sea stage.
Fish Physiology and Biochemistry, 38:273–282.

Kristensen, T., Åtland, , Rosten, T., Urke, H. A., and Rosseland, B. O. (2009). Important
influent-water quality parameters at freshwater production sites in two salmon producing
countries. Aquacultural Engineering, 41:53–59.

Kültz, D. (2005). Molecular and evolutionary basis of the cellular stress response. Annual
Review of Physiology, 67:225–257.

Kültz, D. and Burg, M. (1998). In Cell Volume Regulation, chapter Intracellular Signaling in
Response to Osmotic Stress, pages 94–109. KARGER.

Lall, S. (2010). In Leatherland, J. F. W., editor, Fish diseases and disorders, volume 2, chap-
ter Disorders of nutrition and metabolism. Non-infectious Disorders., pages 202–237. CAB
International, 2 edition.

54



Lau, K. (1989). Phosphate excess and progressive renal failure: The precipitation-calcification
hypothesis. Kidney International, 36:918–937.

Lazado, C. C., Stiller, K. T., Shahzad, K., Reiten, B. K. M., Marchenko, Y., Gerwins, J.,
Radonjic, F. S., Eckel, B., Berge, A., and Åsa Maria Espmark (2022). Health and welfare
of Atlantic salmon in fishglobe v5 – a novel closed containment system at sea. Frontiers in
Animal Science, 3.

Lee, M., Lee, B., Kim, K., Yoon, M., and Lee, J.-W. (2022). Differential effects of two seawater
transfer regimes on the hypoosmoregulatory adaptation, hormonal response, feed efficiency,
and growth performance of juvenile steelhead trout. Aquaculture Reports, 22:101004.

Lewisch, E., Kucera, M., Tappert, R., Tessadri, R., Tappert, M., and Kanz, F. (2013). Occur-
rence of nephrolithiasis in a population of longsnout seahorse, Hippocampus reidi ginsburg,
and analysis of a nephrolith. Journal of Fish Diseases, 36:163–167.

Li, Z.-H., Velisek, J., Grabic, R., Li, P., Kolarova, J., and Randak, T. (2011). Use of hemato-
logical and plasma biochemical parameters to assess the chronic effects of a fungicide propi-
conazole on a freshwater teleost. Chemosphere, 83:572–578.

Lin, C.-H., Tsai, I.-L., Su, C.-H., Tseng, D.-Y., and Hwang, P.-P. (2011). Reverse effect of
mammalian hypocalcemic cortisol in fish: Cortisol stimulates Ca +

2 uptake via glucocorticoid
receptor-mediated vitamin D3 metabolism. PLoS ONE, 6:e23689.

Loch, T. P., Kumar, R., Xu, W., and Faisal, M. (2011). Carnobacterium maltaromaticum
infections in feral Oncorhynchus spp. (family salmonidae) in Michigan. The Journal of Mi-
crobiology, 49:703–713.

Lohner, T. W., Reash, R. J., Willet, V. E., and Fletcher, J. (2001). Assessment of tolerant
sunfish populations (Lepomis sp.) inhabiting selenium-laden coal ash effluents. Ecotoxicology
and Environmental Safety, 50:225–232.

Loretz, C. A. (2008). Extracellular calcium-sensing receptors in fishes. Comparative Biochem-
istry and Physiology Part A: Molecular Integrative Physiology, 149:225–245.

Lundqvist, H. and Eriksson, L.-O. (1985). Annual rhythms of swimming behaviour and seawater
adaptation in young Baltic salmon, Salmo salar, associated with smolting. Environmental
Biology of Fishes, 14:259–267.

Lysfjord, G., Jobling, M., and Solberg, C. (2004). Atlantic salmon, Salmo salar L, smolt produc-
tion strategy affects body composition and early seawater growth. Aquaculture, 237:191–205.

Madsen, S. S., Bollinger, R. J., Brauckhoff, M., and Engelund, M. B. (2020). Gene expression
profiling of proximal and distal renal tubules in Atlantic salmon (Salmo salar) acclimated
to fresh water and seawater. American Journal of Physiology - Renal Physiology, 319:F380–
F393.

Manz, F., Jaschke, W., van Kaick, G., Waldherr, R., and Willich, E. (1980). Nephrocalcinosis in
radiographs, computed tomography, sonography and histology. Pediatric Radiology, 9:19–26.

55



Marini, G. and Kerstetter, T. H. (1982). Intracellular electrolyte regulation in freshwater- and
seawater-adapted coho salmon. Aquaculture, 28:75–80.

Marshall, W. and Grosell, M. (2005). In Evans, D. and Claiborne, J., editors, The Physiology of
Fishes, chapter Ion transport, osmoregulation, and acid-base balance, pages 177–230. CRC
Press.

Martens, L. G., Witten, P. E., Fivelstad, S., Huysseune, A., Sævareid, B., Vikeså, V., and
Obach, A. (2006). Impact of high water carbon dioxide levels on Atlantic salmon smolts
(Salmo salar L): Effects on fish performance, vertebrae composition and structure. Aquacul-
ture, 261:80–88.

Martinez, E. P., Balseiro, P., Pedrosa, C., Haugen, T. S., Fleming, M. S., and Handeland, S. O.
(2021). The effect of photoperiod manipulation on Atlantic salmon growth, smoltification and
sexual maturation: A case study of a commercial RAS. Aquaculture Research, 52:2593–2608.

McCormick, S., Shrimpton, J., and Zydlewski, J. (1997). Temperature effects on osmoregulatory
physiology of juvenile anadromous fish. pages 279–302. Cambridge University Press.

McCormick, S. D. (2012). Smolt physiology and endocrinology. pages 199–251.

McCormick, S. D., Moyes, C. D., and Ballantyne, J. S. (1989). Influence of salinity on the ener-
getics of gill and kidney of Atlantic salmon (Salmo salar). Fish Physiology and Biochemistry,
6:243–254.

McCormick, S. D., Saunders, R. L., Henderson, E. B., and Harmon, P. R. (1987). Photoperiod
control of parr–smolt transformation in Atlantic salmon (Salmo salar): Changes in salinity
tolerance, gill Na+/K+-ATPase activity, and plasma thyroid hormones. Canadian Journal of
Fisheries and Aquatic Sciences, 44:1462–1468.

McCormick, S. D., Shrimpton, J. M., Moriyama, S., and Björnsson, B. T. (2007). Differential
hormonal responses of Atlantic salmon parr and smolt to increased daylength: A possible
developmental basis for smolting. Aquaculture, 273:337–344.

McDonald, M. D. (2019). Fish Osmoregulation. CRC Press, 1 edition.

McHugh, K. J., Dyk, J. C. V., Weyl, O. L. F., and Smit, N. J. (2013). First report of nephrocal-
cinosis in a wild population of Mugil cephalus L and Myxus capensis (Valenciennes). Journal
of Fish Diseases, 36:887–889.

Metcalfe, N. B. and Thorpe, J. E. (1990). Determinants of geographical variation in the age of
seaward-migrating salmon, Salmo salar. The Journal of Animal Ecology, 59:135.

Mladineo, I., Bočina, I., Przybyla, C., Fievet, J., and Blancheton, J.-P. (2010). Fish growth
and health aspects of sea bass (Dicentrarchus labrax) reared in standard vs. high rate algal
pond recirculation systems. Aquatic Living Resources, 23:217–224.

Moiseenko, T. and Kudryavtseva, L. (2001). Trace metal accumulation and fish pathologies in
areas affected by mining and metallurgical enterprises in the kola region, russia. Environ-
mental Pollution, 114:285–297.

56



Moore, A., Potter, E. C. E., Milner, N. J., and Bamber, S. (1995). The migratory behaviour of
wild Atlantic salmon (Salmo salar) smolts in the estuary of the River Conwy, North Wales.
Canadian Journal of Fisheries and Aquatic Sciences, 52:1923–1935.

Morera, F. J., Castro-Guarda, M., Nualart, D., Espinosa, G., Muñoz, J. L., and Vargas-Chacoff,
L. (2021). The biological basis of smoltification in Atlantic salmon. Austral journal of
veterinary sciences, 53:73–82.

Mortensen, A. and Damsgård, B. (1998). The effect of salinity on desmoltification in Atlantic
salmon. Aquaculture, 168:407–411.

Mota, V. C., Nilsen, T. O., Gerwins, J., Gallo, M., Kolarevic, J., Krasnov, A., and Terjesen,
B. F. (2020). Molecular and physiological responses to long-term carbon dioxide exposure in
Atlantic salmon (Salmo salar). Aquaculture, 519:734715.

Mota, V. C., Nilsen, T. O., Gerwins, J., Gallo, M., Ytteborg, E., Baeverfjord, G., Kolarevic,
J., Summerfelt, S. T., and Terjesen, B. F. (2019). The effects of carbon dioxide on growth
performance, welfare, and health of Atlantic salmon post-smolt (Salmo salar) in recirculating
aquaculture systems. Aquaculture, 498:578–586.

Mount, D. R., Gulley, D. D., Hockett, J. R., Garrison, T. D., and Evans, J. M. (1997). Statistical
models to predict the toxicity of major ions to Ceriodaphnia dubia, Daphnia magna and
Pimephales promelas (fathead minnows). Environmental Toxicology and Chemistry, 16:2009–
2019.

Mousavi, S. M., Rezaie, A., Ahmadmoradi, E., and Mohammadi, F. (2016). Histopathology of
nephrocalcinosis in some ornamental fishes. AACL Bioflux, 9:574–579.

Mulcahy, M., Collins, N., and McAuliffe, T. (1983). In Moriarty, C., editor, Advances in Fish
Biology in Ireland, volume 23, chapter Nephrocalcinosis in freshwater and saltwater-farmed
rainbow trout in Ireland, pages 77–80. Department of Agriculture and Fisheries.

Myklebust, M. G. (2017). Nephrocalcinosis in farmed rainbow trout (Oncorhynchus mykiss).

Mørkøre, T. and Rørvik, K.-A. (2001). Seasonal variations in growth, feed utilisation and
product quality of farmed Atlantic salmon (Salmo salar) transferred to seawater as 0+smolts
or 1+smolts. Aquaculture, 199:145–157.

Nearing, J., Betka, M., Quinn, S., Hentschel, H., Elger, M., Baum, M., Bai, M., Chattopadyhay,
N., Brown, E. M., Hebert, S. C., and Harris, H. W. (2002). Polyvalent cation receptor
proteins (CaRs) are salinity sensors in fish. Proceedings of the National Academy of Sciences,
99:9231–9236.

Nieves-Puigdoller, K., Björnsson, B. T., and McCormick, S. D. (2007). Effects of hexazinone
and atrazine on the physiology and endocrinology of smolt development in Atlantic salmon.
Aquatic Toxicology, 84:27–37.

Nilsen, A., Nielsen, K. V., and Bergheim, A. (2020). A closer look at closed cages: Growth and
mortality rates during production of post-smolt Atlantic salmon in marine closed confinement
systems. Aquacultural Engineering, 91:102124.

57



Nilsen, T. O., Ebbesson, L. O. E., Madsen, S. S., McCormick, S. D., Andersson, E., Bjornsson,
B. T., Prunet, P., and Stefansson, S. O. (2007). Differential expression of gill Na+,K+-
ATPaseα- and β-subunits, Na+,K+,2Cl-cotransporter and cftr anion channel in juvenile
anadromous and landlocked Atlantic salmon Salmo salar. Journal of Experimental Biology,
210:2885–2896.

Noble, C., Gismervik, K., Iversen, M. H., Kolarevic, J., Nilsson, J., Stien, L. H., and Turnbull,
J. F. (2018). Welfare Indicators for farmed Atlantic salmon: tools for assessing fish welfare.

Olaussen, J. O. (2018). Environmental problems and regulation in the aquaculture industry.
insights from Norway. Marine Policy, 98:158–163.

Olsen, A. B., Bornø, G., Colquhoun, D., Flesjå, K., Haldorsen, R., Mo, T. A., Nilsen, H.,
Skjelstad, H. R., and Hjeltnes, B. (2005). Helsesituasjonen hos oppdrettsfisk 2005. Technical
report, Veterinærinstituttet.

Olszynski, M., Prywer, J., and Torzewska, A. (2015). Effect of size and shape of nanosil-
ver particles on struvite and carbonate apatite precipitation. Crystal Growth and Design,
15:3307–3320.

Osborne, C., Klausnes, J., and Lulich, J. (1995). In Current Vet Therepy XII, chapter Canine
and Feline Calcium Phosphate Uroliths, pages 996–1001.

Osborne, C. A., Lulich, J. P., Kruger, J. M., Ulrich, L. K., and Koehler, L. A. (2009). Anal-
ysis of 451,891 canine uroliths, feline uroliths, and feline urethral plugs from 1981 to 2007:
Perspectives from the minnesota urolith center. Veterinary Clinics of North America: Small
Animal Practice, 39:183–197.

Patel, M., Rogers, J. T., Pane, E. F., and Wood, C. M. (2006). Renal responses to acute
lead waterborne exposure in the freshwater rainbow trout (Oncorhynchus mykiss). Aquatic
Toxicology, 80:362–371.

Peres, H., Costas, B., Perez-Jimenez, A., Guerreiro, I., and Oliva-Teles, A. (2015). Reference
values for selected hematological and serum biochemical parameters of senegalese sole (Solea
senegalensis kaup, 1858) juveniles under intensive aquaculture conditions. Journal of Applied
Ichthyology, 31:65–71.

Perry, S. F., Verbost, P. M., Vermette, M. G., and Flik, G. (1988). Effects of epinephrine on
branchial and renal calcium handling in the rainbow trout. Journal of Experimental Zoology,
246:1–9.

Phillips, J., Bex, C., Mendis, D., and Gangolli, S. (1986). Studies on the mechanism of diet-
induced nephrocalcinosis: calcium and phosphorus metabolism in the female rat. Food and
Chemical Toxicology, 24:283–288.

Prabhu, P. A. J., Holen, E., Espe, M., Silva, M. S., Holme, M.-H., Hamre, K., Lock, E.-J., and
Waagbø, R. (2020). Dietary selenium required to achieve body homeostasis and attenuate
pro-inflammatory responses in Atlantic salmon post-smolt exceeds the present EU legal limit.
Aquaculture, 526:735413.

58



Prabhu, P. A. J., Schrama, J., Mariojouls, C., Godin, S., Fontagné-Dicharry, S., Geurden,
I., Surget, A., Bouyssiere, B., and Kaushik, S. (2014). Post-prandial changes in plasma
mineral levels in rainbow trout fed a complete plant ingredient based diet and the effect of
supplemental di-calcium phosphate. Aquaculture, 430:34–43.

Pérez-Barrios, C., Hernández-Álvarez, E., Blanco–Navarro, I., Pérez-Sacristán, B., and
Granado-Lorencio, F. (2016). Prevalence of hypercalcemia related to hypervitaminosis D
in clinical practice. Clinical Nutrition, 35:1354–1358.

Rahmati-Holasoo, H., Shahbazi, M., Mousavi, H. E., Shokrpoor, S., Bahambari, M. P., Azizi,
A., and Mokhatari, A. (2020). Polycystic kidney disease in discus (Symphysodon aequifascia-
tus) and siamese fighting fish (Betta splendens): A histopathological study. Bull. Eur. Ass.
Fish Pathol., 40:38–44.

Raulic, J., Beaudry, F., Beauchamp, G., Jalenques, M., Summa, N., Lair, S., Youcef, W. A., and
Vergneau-Grosset, C. (2021). Pharmacokinetic, pharmacodynamic, and toxicology study of
robenacoxib in rainbow trout (Oncorhynchus mykiss). Journal of Zoo and Wildlife Medicine,
52.

Reimschuessel, R., Bennett, R. O., May, E. B., and Lipsky, M. M. (1990). Development of newly
formed nephrons in the goldfish kidney following hexachlorobutadiene-induced nephrotoxic-
ity. Toxicologic Pathology, 18:32–38.

Resende, A. D., da Cunha, A. L., Malhão, F., Franquinho, F., Monteiro, R. A., and Rocha, E.
(2010). Histological and stereological characterization of brown trout ( Salmo trutta f. fario)
trunk kidney. Microscopy and Microanalysis, 16:677–687.

Richardson, N. L., Higgs, D. A., Beames, R. M., and McBride, J. R. (1985). Influence of
dietary calcium, phosphorus, zinc and sodium phytate level on cataract incidence, growth and
histopathology in juvenile chinook salmon (Oncorhynchus tshawytscha). Journal of Nutrition,
115:553–567.

Roy, P. K. and Lall, S. P. (2004). Urinary phosphorus excretion in haddock, melanogrammus
aeglefinus (L) and Atlantic salmon, Salmo salar (L). Aquaculture, 233:369–382.

Salman, N. A. (2009). In Handy, R., Bury, N., and Flik, G., editors, Osmoregulation and Ion
Transport, chapter Effect of dietary salt on feeding, digestion, growth and osmoregulation in
teleost fish, pages 109–150. Society of Experimental Biology UK.

Sanden, M., Hemre, G., Måge, A., Lunestad, B., Espe, M., Lundebye, A., Amlund, H., and
Ørnsrud, H. (2016). Surveillance program for fish feed. yearly report for samples collected in
2015. Technical report, National Institute of Nutrition and Seafood Research (NIFES).

Saraiva, A., Costa, J., Eiras, J. C., and Cruz, C. (2016). Histological study as indicator of
juveniles farmed turbot, Scophthalmus maximus L health status. Aquaculture, 459:210–215.

Saunders, R. and Henderson, E. (1969). Survival and growth of Atlantic salmon parr in relation
to salinity. Fisheries Research Boards of Canada Technical Report, pages 1–5.

Sayer, J. A., Carr, G., and Simmons, N. L. (2004). Nephrocalcinosis: Molecular insights into
calcium precipitation within the kidney. Clinical Science, 106:549–561.

59



Schlotfeldt, H.-J. (1980). In Fish Diseases, chapter The Increase of Nephrocalcinosis (NC) in
Rainbow Trout in Intensive Aquaculture, pages 198–205.

Schwarz, D. E. and Allen, P. J. (2014). Effects of salinity on growth and ion regulation of
juvenile alligator gar Atractosteus spatula. Comparative Biochemistry and Physiology Part
A: Molecular Integrative Physiology, 169:44–50.

Scott, G. R., Richards, J. G., Forbush, B., Isenring, P., and Schulte, P. M. (2004). Changes in
gene expression in gills of the euryhaline killifish Fundulus heteroclitus after abrupt salinity
transfer. American Journal of Physiology-Cell Physiology, 287:C300–C309.

Shavit, L., Jaeger, P., and Unwin, R. J. (2015). What is nephrocalcinosis? Kidney International,
88:35–43.

Shehadeh, Z. H. and Gordon, M. S. (1969). The role of the intestine in salinity adaptation of
the rainbow trout, Salmo gairdneri. Comparative Biochemistry and Physiology, 30:397–418.

Silva, M. S., Kröckel, S., Prabhu, P. A. J., Koppe, W., Ørnsrud, R., Waagbø, R., Araujo, P., and
Amlund, H. (2019). Apparent availability of zinc, selenium and manganese as inorganic metal
salts or organic forms in plant-based diets for Atlantic salmon (Salmo salar). Aquaculture,
503:562–570.

Sissener, N., Julshamn, K., Espe, M., Lunestad, B., Hemre, G.-I., Waagbø, R., and Måge, A.
(2013). Surveillance of selected nutrients, additives and undesirables in commercial Norwe-
gian fish feeds in the years 2000-2010. Aquaculture Nutrition, 19:555–572.

Smart, G. R., Knox, D., Harrison, J. G., Ralph, J. A., Richard, R. H., and Cowey, C. B.
(1979). Nephrocalcinosis in rainbow trout Salmo gairdneri Richardson; the effect of exposure
to elevated co2 concentrations. Journal of Fish Diseases, 2:279–289.

Sommerset, I., Walde, C., Jensen, B. B., Bornø, G., Haukaas, A., and Brun, E. (2020). Fiske-
helserapporten 2019. Technical report, Veterinærinstituttet.

Sommerset, I., Walde, C., Jensen, B. B., Wiik-Nielsen, J., Bornø, G., Oliveira, V., Haukaas,
A., and Brun, E. (2022). Fiskehelserapporten 2021. Technical report, Veterinærinstituttet.

Stefansson, S. O., Bjömsson, B. T., Hansen, T., Haux, C., Taranger, G. L., and Saunders,
R. L. (1991). Growth, parr–smolt transformation, and changes in growth hormone of Atlantic
salmon (Salmo salar) reared under different photoperiods. Canadian Journal of Fisheries
and Aquatic Sciences, 48:2100–2108.

Stefansson, S. O., Åse Ingvill Berge, and Gunnarsson, G. S. (1998). Changes in seawater
tolerance and gill Na+,K+-ATPase activity during desmoltification in Atlantic salmon kept
in freshwater at different temperatures. Aquaculture, 168:271–277.

Strand, J., Johnsen, H., and Arnesen, A. (2007). Comparison of parr–smolt transformation in
hatchery reared offspring of one domesticated and two wild populations of Atlantic salmon
(Salmo salar L). Aquaculture, 273:250–256.

60



Striberny, A., Lauritzen, D. E., Fuentes, J., Campinho, M. A., Gaetano, P., Duarte, V., Haz-
lerigg, D. G., and Jørgensen, E. H. (2021). More than one way to smoltify a salmon? Effects
of dietary and light treatment on smolt development and seawater growth performance in
Atlantic salmon. Aquaculture, 532:736044.

Suvarna, K. S., Layton, C., and Bancroft, J. D., editors (2019). Bancroft’s Theory and Practice
of Histological Techniques. Elsevier, 8th edition.

Sæther, P. (2019). Morgendagens smolt IV: Kan smolten yte godt i sjø med nefrokalsinose?

Takvam, M., Wood, C. M., Kryvi, H., and Nilsen, T. O. (2021). Ion transporters and os-
moregulation in the kidney of teleost fishes as a function of salinity. Frontiers in Physiology,
12:1–25.

Talbot, C., Stagg, R., and Eddy, F. (1992). Renal, respiratory and ionic regulation in Atlantic
salmon (Salmo salar L) kelts following transfer from fresh water to seawater. Journal of
Comparative Physiology B, 162:358–364.

Tang, C. and Lee, T. (2007). The effect of environmental salinity on the protein expression
of Na+/K+-ATPase, Na+/K+/2Cl cotransporter, cystic fibrosis transmembrane conductance
regulator, anion exchanger 1, and chloride channel 3 in gills of a euryhaline teleost, Tetraodon
nigroviridis. Comparative Biochemistry and Physiology Part A: Molecular Integrative Phys-
iology, 147:521–528.

Tepeler, A. and Turna, B. (2017). In Practical Tips in Urology, chapter Stone Analysis, pages
217–222. Springer London.

Thomsen, H. M. (2019). Forekomst av nefrokalsinose hos atlantisk laks (Salmo salar L ) og
regnbueørret (Oncorhynchus mykiss); et klinisk studie. Master’s thesis.

Tion, M., Dvorska, J., and Saganuwan, S. (2015). A review on urolithiasis in dogs and cats.
Bulgarian Journal of Veterinary Medicine, 18:1–18.

Tipsmark, C. and Madsen, S. (2001). Rapid modulation of Na+/K+-ATPase activity in os-
moregulatory tissues of a salmonid fish. Journal of Experimental Biology, 204:701–709.

Toften, H. (2011). NORSMOLT - optimal smolt production and post smolt performance in the
high north - seawater intermixing, low temperatures and intensive rearing. Technical report,
Norwegian Research Council.

Tollefsen, K. E., Song, Y., Kleiven, M., Mahrosh, U., Meland, S., Rosseland, B. O., and Teien,
H.-C. (2015). Transcriptional changes in Atlantic salmon (Salmo salar) after embryonic
exposure to road salt. Aquatic Toxicology, 169:58–68.

Torpy, F. J., Comolli, J. R., Gendron, K. P., Armwood, A. R., Camus, A. C., Kehoe, S. P., and
Divers, S. J. (2023). Use of computed tomography and magnetic resonance imaging to assess
a case of spinal injury in a showa koi cyprinus carpio. Journal of Aquatic Animal Health.

Tsertou, M., Chatzifotis, S., Fontanillas, R., Cotou, E., Fountoulaki, E., Antonopoulou, E., and
Katharios, P. (2020). The effect of dietary vitamin D3, minerals (Ca, P) and plant-protein
sources in the development of systemic granulomatosis in meagre (Argyrosomus regius, Asso,
1801). Aquaculture, 521:735052.

61



Uebelhart, D., Wisard, M., and Véry, J. M. (1984). Coralliform calculi and recurrent uri-
nary infection: a case of newberyite calculi (MgHPO4 · 3H2O). Schweizerische medizinische
Wochenschrift, 114:1689–94.

Urke, H. A., Arnekleiv, J. V., Nilsen, T. O., Nilssen, K. J., Rønning, L., Ulvund, J. B., and
Kristensen, T. (2014). Long-term hypo-osmoregulatory capacity in downstream migrating
Atlantic salmon Salmo salar L smolts. Journal of Fish Biology, 85:1131–1144.

Vandeputte, M., Dupont-Nivet, M., Haffray, P., Chavanne, H., Cenadelli, S., Parati, K., Vi-
dal, M.-O., Vergnet, A., and Chatain, B. (2009). Response to domestication and selection
for growth in the european sea bass (Dicentrarchus labrax) in separate and mixed tanks.
Aquaculture, 286:20–27.

Varsamos, S., Nebel, C., and Charmantier, G. (2005). Ontogeny of osmoregulation in postem-
bryonic fish: A review. Comparative Biochemistry and Physiology Part A: Molecular Inte-
grative Physiology, 141:401–429.

Vervaet, B. A., Verhulst, A., D’Haese, P. C., and Broe, M. E. D. (2009). Nephrocalcinosis: new
insights into mechanisms and consequences. Nephrology Dialysis Transplantation, 24:2030–
2035.

Wagner, T. and Congleton, J. L. (2004). Blood chemistry correlates of nutritional condition,
tissue damage, and stress in migrating juvenile chinook salmon (Oncorhynchus tshawytscha).
Canadian Journal of Fisheries and Aquatic Sciences, 61:1066–1074.

Watanabe, N., Kato, M., Suzuki, N., Inoue, C., Fedorova, S., Hashimoto, H., Maruyama, S.,
Matsuo, S., and Wakamatsu, Y. (2009). Kidney regeneration through nephron neogenesis in
medaka. Development, Growth Differentiation, 51:135–143.

Wedemeyer, G. A. (1996). Physiology of Fish in Intensive Culture Systems. Springer US.

Wilson, R. (2011). In Farrell, A., Chech, J., Richards, J., and Stevens, E. D., editors, Encyclo-
pedia of Fish Physiology, chapter ROLE OF THE GUT | Gut Ion, Osmotic and Acid-Base
Regulation, pages 1419–1428. Elsevier.

Wood, C. and Bucking, C. (2011). In Gosell, M., Farrell, A., and Brauner, C., editors, The
multifunctional gut of fish, chapter The role of feeding in salt and water balance, pages
155–213. Elsevier.

Wood, C. M., Milligan, C. L., and Walsh, P. J. (1999). Renal responses of trout to chronic
respiratory and metabolic acidoses and metabolic alkalosis. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 277:482–492.

Ytrestøyl, T. (2022). Produksjon av stor laksesmolt - status og utfordringer. Landbased AQ,
pages 36–41.

Ytrestøyl, T., Hjelle, E., Kolarevic, J., Takle, H., Rebl, A., Afanasyev, S., Krasnov, A.,
Brunsvik, P., and Terjesen, B. F. (2022). Photoperiod in recirculation aquaculture sys-
tems and timing of seawater transfer affect seawater growth performance of Atlantic salmon
(Salmo salar). Journal of the World Aquaculture Society.

62



SUPPLEMENTARY MATERIAL

63



E
nv

ir
on

m
en

ta
l

m
ea

su
re

m
en

ts
fo

r
P

LS
re

gr
es

si
on

T
he

av
er

ag
e

va
lu

e
fo

r
ea

ch
pa

ra
m

et
er

fo
r

ea
ch

fis
h

gr
ou

p
wa

s
us

ed
in

th
e

PL
S

re
gr

es
sio

n
m

od
el

.

T
ab

le
4:

Fe
ed

co
m

po
sit

io
n

fr
om

fis
h

gr
ou

p
(fi

sh
gr

.)
1-

12
;A

sh
(%

),
Fa

t(
%

),
Pr

ot
ei

n(
%

),
D

ry
m

at
te

r
(D

.m
at

.,
%

)
W

at
er

co
nt

en
t

(W
at

er
,%

),
V

ita
m

in
D

3
(D

3,
IU

/g
dr

y
w

ei
gh

t)
,C

al
ci

um
(C

a,
g/

kg
dr

y
w

ei
gh

t)
,C

hl
or

id
e

(C
l,

g/
kg

dr
y

w
ei

gh
t)

,I
ro

n
(F

e,
m

g/
kg

dr
y

w
ei

gh
t)

,P
ot

as
siu

m
(K

,g
/k

g
dr

y
w

ei
gh

t)
,

M
ag

ne
siu

m
(M

g,
g/

kg
dr

y
w

ei
gh

t)
,S

od
iu

m
(N

a,
g/

kg
dr

y
w

ei
gh

t)
,P

ho
sp

ho
ru

s
(P

,g
/k

g
dr

y
w

ei
gh

t)
.

F
is

h
gr

.
1

2
3

4
5

6
7

8
9

10
11

12
P

ar
am

et
er

A
sh

14
±

1.
1

9.
4±

0.
8

14
±

1.
1

7.
2±

0.
6

7.
8±

0.
6

9.
7±

0.
8

8.
2±

0.
7

9.
3±

0.
8

15
±

1.
2

8.
8±

0.
7

13
±

1.
0

9.
6±

0.
8

C
a

14
±

1.
1

16
±

1.
2

16
±

1.
2

12
±

0.
9

11
±

0.
8

17
±

1.
3

13
±

1.
0

17
±

1.
3

20
±

1.
5

18
±

1.
4

16
±

1.
2

15
±

1.
1

C
ar

b.
14

±
1.

5
13

±
1.

4
11

±
1.

2
14

±
1.

5
17

±
1.

9
13

±
1.

4
15

±
1.

7
15

±
1.

7
14

±
1.

5
16

±
1.

8
16

±
1.

8
18

±
2.

0
C

l
51

±
5.

1
9.

7±
1.

0
37

±
3.

7
7.

8±
0.

8
5.

5±
0.

6
14

±
1.

4
8.

8±
0.

9
14

±
1.

4
51

±
5.

1
8.

5±
0.

9
25

±
2.

5
7.

2±
0.

7
D

.m
at

.
95

±
3.

8
95

±
3.

8
95

±
3.

8
91

±
3.

6
94

±
3.

8
93

±
3.

7
92

±
3.

7
94

±
3.

8
93

±
3.

7
92

±
3.

7
93

±
3.

7
94

±
3.

8
Fa

t
23

.7
±

1.
7

22
.3

±
1.

6
28

.6
±

2.
0

21
.7

±
1.

5
22

.3
±

1.
6

22
.9

±
1.

6
21

.7
±

1.
5

19
.9

±
1.

4
18

.7
±

1.
3

21
.3

±
1.

5
21

±
1.

5
21

.1
±

1.
5

Fe
24

0±
24

13
0±

13
31

0±
31

31
0±

31
26

0±
26

26
0±

26
17

0±
17

20
0±

20
16

0±
16

17
0±

17
19

0±
19

26
0±

26
K

11
±

1.
1

13
±

1.
3

8.
8±

0.
9

10
±

1.
0

11
±

1.
1

11
±

1.
1

11
p
m

1.
1

12
±

1.
2

11
±

1.
1

11
±

1.
1

9.
8±

1.
0

12
±

1.
2

M
g

2.
3±

0.
3

2.
7±

0.
3

2.
0±

0.
3

2.
3±

0.
3

2.
4±

0.
3

2.
6±

0.
3

2.
4±

0.
3

3.
0±

0.
4

2.
8±

0.
4

2.
4±

0.
3

2.
1±

0.
3

2.
4±

0.
3

N
a

35
±

3.
5

6.
9±

0.
7

27
±

2.
7

5.
7±

0.
6

5.
4±

0.
5

7.
6±

0.
8

6.
6±

0.
7

6.
4±

0.
6

30
±

3.
0

59
±

5.
9

31
±

3.
1

8.
8±

0.
9

P
15

±
1.

9
13

±
1.

6
15

±
1.

9
16

±
2.

0
14

±
1.

8
16

±
2.

0
14

±
1.

8
12

±
1.

5
12

±
1.

5
16

±
2.

0
15

±
1.

9
16

±
2.

0
Pr

ot
ei

n
44

±
4.

4
50

±
5.

0
41

±
4.

1
48

±
4.

8
47

±
4.

7
48

±
4.

8
47

±
4.

7
50

±
5.

0
46

±
4.

6
46

±
4.

6
43

±
4.

3
45

±
4.

5
D

3
6.

54
±

1.
3

7.
68

±
1.

5
12

±
2.

4
8.

36
±

1.
7

5.
93

±
1.

2
6.

93
±

1.
4

5.
32

±
1.

1
5.

2±
1.

0
5.

45
±

1.
1

6.
16

±
1.

2
7.

25
±

1.
5

6.
12

±
1.

2
W

at
er

5.
4±

1
5.

1±
1

5.
4±

1
9.

3±
1

5.
5±

1
7.

1±
1

7.
7±

1
6.

3±
1

6.
6±

1
8.

1±
1

6.
9±

1
6.

1±
1

T
ab

le
5:

R
ea

rin
g

co
nd

iti
on

s
fo

r
fis

h
gr

ou
p

1-
12

;s
to

ck
in

g
de

ns
ity

(d
en

sit
y)

,p
ro

du
ct

io
n

te
ch

no
lo

gy
(F

T
/R

A
S)

,s
ea

w
at

er
,S

iN
aO

H
C

a(
O

H
) 2

an
d

C
aC

l.

F
is

h
gr

ou
p

1
2

3
4

5
6

7
8

9
10

11
12

D
en

sit
y

(K
g/

m
3 )

66
.9

75
.0

51
.0

90
.0

66
.8

56
.0

60
.2

54
.8

56
.3

80
.0

40
.0

81
.5

FT
/R

A
S

FT
FT

R
A

S
FT

FT
FT

FT
FT

FT
FT

R
A

S
R

A
S

Se
a

w
at

er
no

no
ye

s
ye

s
no

ye
s

ye
s

no
no

no
ye

s
no

Si
N

aO
H

no
ye

s
no

no
no

ye
s

no
ye

s
no

ye
s

no
no

C
a(

O
H

) 2
no

no
ye

s
no

ye
s

no
no

no
no

no
no

ye
s

C
aC

l
no

no
ye

s
no

no
no

no
no

no
no

no
ye

s

64



T
ab

le
6:

W
at

er
qu

al
ity

m
ea

su
re

m
en

ts
fr

om
fis

h
gr

ou
p

(F
.g

r.)
1-

12
(n

=
3

in
ea

ch
gr

ou
p)

;
A

lk
al

in
ity

(A
lk

,
pp

m
C

aC
O

3)
,

A
m

m
on

iu
m

(A
m

m
,

m
g/

L)
(O

xy
ge

n
sa

tu
ra

tio
n

(O
2,

m
g/

L)
,I

ro
n

(F
e,

m
g/

L)
,P

ot
as

siu
m

(K
,m

g/
L)

,S
od

iu
m

(N
a,

m
g/

L)
,M

ag
ne

siu
m

(M
g,

m
g/

L)
,P

ho
sp

ha
te

(P
O

4,
m

g/
L)

,S
ul

ph
at

e
(S

O
4,

m
g/

L)
,t

em
pe

ra
tu

re
(T

em
p,

◦ C
),

pH
,N

itr
ite

(N
H

3,
m

g/
L)

,N
itr

at
e

(N
H

4,
m

g/
L)

,T
ot

al
N

itr
og

en
(t

ot
N

,m
g/

L)
,c

ar
bo

n
di

ox
id

e
(C

O
2)

an
d

tu
rb

id
ity

(t
ur

b,
N

T
U

).
M

iss
in

g
va

lu
es

ar
e

re
pl

ac
ed

by
pr

ed
ic

te
d

va
lu

es
us

in
g

th
e

N
IP

A
LS

al
go

rit
hm

an
d

m
ar

ke
d

w
ith

*.

F
is

h
gr

.
1

2
3

4
5

6
7

8
9

10
11

12
P

ar
am

et
er

A
lk

3.
2*

3.
7±

0.
2

39
.3

±
3.

3
36

.7
±

5.
2

1.
7±

0.
5

2.
0±

0.
4

12
.6

±
3.

5
4.

4±
0.

3
15

.1
±

3.
5

6.
1±

0.
9

62
.3

±
1.

7
43

.3
±

0.
5

A
m

m
0.

9±
0.

05
2.

0±
0.

00
1.

3±
0.

10
0.

7±
0.

0
0.

4±
0.

05
0.

2±
0.

04
0.

2±
0.

2
0.

5±
0.

05
0.

3±
0.

09
0.

6±
0.

0
0.

7*
0.

3±
0.

0
C

a
5.

7±
0.

9
19

.0
±

2.
2

12
5.

0±
9.

4
15

7.
0±

48
.9

16
.7

±
3.

1
30

.9
±

13
.5

76
.0

±
1.

4
15

.7
±

3.
4

36
.0

±
3.

6
18

.0
±

0.
8

20
8.

0±
5.

7
16

0.
0±

16
.9

C
O

2
8.

7*
6.

7±
0.

5
6.

0±
0.

8
4.

7±
0.

5
10

.7
±

1.
3

2.
0±

0.
0

2.
0±

0
3.

3±
0.

5
3.

0±
0.

8
2.

3±
0.

5
1.

7±
0.

9
8.

3±
0.

9
Fe

0.
1±

0
0.

1±
0.

01
0.

1±
0.

01
0.

0±
0

0.
1±

0
0.

1±
0.

03
0.

0±
0

0.
1±

0
0.

0±
0.

01
0.

0±
0.

0
0.

0±
0.

0
0.

1±
0.

0
K

18
.7

±
5.

4
6.

3±
1.

7
11

.7
±

0.
9

24
0.

0±
0.

0
6.

7±
1.

3
6.

0±
0.

8
39

.7
±

2.
1

8.
7±

2.
5

7.
0±

3.
6

7.
3±

4.
0

13
.3

±
4.

0
11

.3
±

2.
6

M
g

19
.2

±
0.

9
21

.3
±

0.
8

48
.3

±
2.

2
69

2.
3±

32
.3

7.
9±

0.
6

29
.0

±
3.

7
10

3.
0±

2.
2

9.
4±

0.
7

5.
1±

0.
3

3.
9±

1.
6

2.
3±

1.
9

4.
1±

1.
3

N
a

11
.0

±
5.

0
18

.0
±

0
68

9.
3*

59
66

.7
±

23
5.

7
14

.7
±

2.
5

14
6.

7±
28

.6
92

3.
3±

55
.6

17
.3

±
1.

3
6.

3±
1.

3
13

.3
±

0.
5

88
.7

±
1.

7
37

6.
7±

9.
4

N
H

4
0.

2±
0

0.
2±

0
39

.9
±

1.
9

0.
2±

0
0.

5±
0.

1
0.

4±
0.

2
0.

3±
0.

1
0.

5±
0.

2
1.

5±
0.

1
0.

6±
0.

1
42

.1
±

1.
9

21
.7

±
0.

1
N

H
3

0.
0±

0
0.

0±
0

0.
3±

0.
01

0.
0±

0
0.

0±
0

0.
0±

0.
0

0.
0±

0
0.

0±
0

0.
0±

0.
0

0.
0±

0.
0

0.
7±

0.
0

0.
0±

0.
0

O
2

9.
9±

0.
1

12
.9

±
0.

2
10

.7
±

0.
4

10
.7

±
0.

2
10

.4
±

0.
1

10
.9

±
1.

4
11

.8
±

0.
2

12
.1

±
0.

1
13

.7
±

0.
7

10
.7

±
0.

1
9.

6±
0.

2
9.

9±
0.

1
O

2
(%

)
81

.6
±

0.
9

98
.7

±
1.

3
90

.4
±

3.
2

82
.6

±
1.

9
85

.0
±

0.
6

81
.3

±
0.

3
86

.9
±

0.
6

89
.5

±
0.

4
10

6.
4±

3.
7

84
.7

±
0.

5
95

.2
±

0.
8

97
.2

±
1.

0
pH

6.
0±

0.
01

6.
3±

0.
04

7.
2±

0.
2

7.
0±

0.
03

5.
9±

0.
1

6.
3±

0.
16

7.
2±

0.
1

6.
4±

0.
16

6.
8±

0.
0

6.
7±

0.
07

7.
3±

0.
0

7.
0±

0.
02

P
O

4
0.

2±
0.

03
0.

2±
0.

01
5.

9±
0.

29
0.

1±
0.

01
0.

0±
0.

01
0.

6±
0.

34
0.

0±
0

0.
0±

0.
01

0.
0±

0.
01

0.
2±

0.
1

3.
2±

0.
1

1.
2±

0.
0

SO
4a

2.
0

2.
0

43
.0

±
0.

8
70

.0
2.

0
36

.3
±

3.
9

70
.0

2.
0

2.
0

2.
0

4.
7±

0.
5

6.
7±

1.
7

Te
m

p
7.

3±
0.

0
3.

6±
0.

1
7.

3±
0.

1
4.

7±
0.

1
6.

3±
0.

0
3.

6±
0.

2
2.

8±
0.

1
2.

6±
0.

3
4.

3±
0.

1
5.

3±
0.

2
15

.1
±

0.
3

14
.6

±
0.

1
to

tN
6.

4±
4.

9
1.

5±
0.

3
46

.2
±

3.
7

0.
5±

0
0.

5±
0.

0
0.

5±
0.

0
5.

0±
3.

6
0.

5±
0

3.
0±

0.
8

0.
5±

0.
0

52
.0

±
2.

5
20

.0
±

0.
0

Tu
rb

0.
6±

0.
1

3.
2±

0.
3

1.
7±

0.
2

0.
4±

0.
0

0.
6±

0.
0

0.
4±

0.
2

0.
2±

0.
1

1.
0±

0.
1

1.
4±

0.
4

2.
6±

0.
2

1.
6±

0.
2

0.
6±

0.
1

a
D

et
ec

tio
n

ra
ng

e
2-

70
m

g/
L.

B
io

lo
gi

ca
l

m
ea

su
re

m
en

ts
fo

r
P

LS
re

gr
es

si
on

T
he

av
er

ag
e

va
lu

e
fo

r
ea

ch
pa

ra
m

et
er

fo
r

ea
ch

fis
h

gr
ou

p
w

as
us

ed
in

th
e

PL
S

re
gr

es
sio

n
m

od
el

.

T
ab

le
7:

Pl
as

m
a

m
ea

su
re

m
en

ts
fr

om
fis

h
gr

ou
p

1-
12

(n
=

30
in

ea
ch

gr
ou

p)
;

al
ka

lin
e

ph
os

ph
at

as
e

(A
LK

P)
,a

la
ni

ne
am

in
ot

ra
ns

fe
ra

se
(A

LT
),

as
pa

rt
at

e
am

in
ot

ra
ns

fe
ra

se
(A

ST
)c

al
ci

um
(C

a)
,c

re
at

in
in

ek
in

as
e(

C
K

),
ch

lo
rid

e(
C

l),
po

ta
ss

iu
m

(K
),

m
ag

ne
siu

m
(M

g)
,s

od
iu

m
(N

a)
,N

a/
K

ra
tio

,i
no

rg
an

ic
ph

os
ph

at
e

(P
H

O
S)

(P
O

4)
.

F
is

h
g

r.
1

2
3

4
5

6
7

8
9

1
0

1
1

1
2

A
L

K
P

20
5.

9±
66

.2
52

0.
3±

20
5.

7
53

3.
5±

15
0.

1
51

0.
0±

25
3.

4
42

2.
9±

90
.7

46
6.

7±
21

0.
3

33
4.

9±
11

8.
3

22
2.

6±
15

9.
3

35
7.

1±
12

0.
5

39
0.

8±
14

3.
6

24
0.

6±
74

.9
19

4.
3±

78
.4

A
LT

19
.1

±
8.

3
19

.6
±

6.
7

29
.9

±
11

.1
21

.4
±

9.
0

17
.1

±
6.

7
20

.8
±

10
.2

21
.2

±
11

.1
16

.5
±

9.
2

15
.0

±
5.

7
25

.3
±

9.
7

23
.9

±
17

.9
15

.2
±

3.
3

A
ST

59
.1

±
28

.5
20

3.
1±

10
7.

5
10

39
.7

±
39

0.
3

52
3.

6±
18

5.
8

44
9.

4±
17

4.
9

52
5.

9±
25

2.
2

37
8.

4±
15

9.
8

10
9.

4±
86

.6
21

0.
2±

12
6.

4
19

7.
0±

11
4.

5
56

9.
8±

34
8.

4
41

1.
1±

17
8.

6
C

a
2.

5±
0.

1
2.

5±
0.

2
4.

1±
0.

4
3.

7±
0.

6
2.

6±
1.

6
3.

9±
0.

6
3.

1±
0.

2
2.

0±
0.

7
2.

8±
0.

4
2.

9±
0.

4
3.

2±
0.

4
2.

9±
0.

2
C

K
66

5.
7±

74
4

12
43

.4
±

78
9

58
67

.6
±

26
03

53
50

.4
±

26
97

59
19

.6
±

27
16

67
37

.2
±

35
00

47
39

.0
±

31
15

13
18

.3
±

11
02

29
45

.8
±

20
65

33
68

.6
±

32
24

47
13

.7
±

27
73

31
24

.6
±

25
67

C
l

12
4.

0±
3.

7
12

6.
3±

4.
4

10
0.

1±
13

.1
12

0.
9±

7.
6

12
0.

4±
7.

8
13

0.
1±

3.
8

13
0.

8±
5.

1
13

2.
6±

6.
6

13
3.

8±
2.

0
13

1.
6±

8.
0

12
2.

0±
14

.4
12

4.
0±

2.
2

K
3.

4±
0.

8
3.

0±
0.

9
2.

1±
0.

5
2.

0±
0.

3
3.

0±
0.

7
2.

0±
0.

2
2.

6±
1.

1
3.

5±
1.

1
3.

8±
0.

8
2.

1±
0.

6
3.

5±
1.

3
3.

3±
1.

1
M

g
1.

0±
0.

07
0.

9±
0.

1
1.

0±
0.

2
3.

7±
1.

7
0.

8±
0.

1
1.

7±
0.

2
1.

1±
0.

1
0.

9±
0.

2
1.

1±
0.

1
1.

1±
0.

2
1.

3±
0.

3
1.

2
N

a
15

5.
9±

4.
2

16
0.

0±
3.

6
14

1.
3±

13
.0

15
5.

3±
7.

6
15

3.
0±

8.
0

16
3.

3±
3.

3
16

4.
3±

5.
1

16
2.

5±
7.

1
16

4.
2±

1.
8

16
3.

1±
8.

1
15

6.
9±

11
.3

15
6.

6±
2.

4
N

a/
K

49
.6

57
.9

68
.8

77
.4

54
.9

80
.8

75
.2

50
.9

44
.9

81
.3

49
.8

52
.8

P
H

O
S

3.
2±

0.
6

4.
2±

0.
6

5.
4±

0.
7

7.
2±

1.
0

4.
7±

0.
5

6.
3±

1.
1

5.
5±

1.
0

4.
1±

1.
1

3.
8±

0.
7

5.
8±

1.
2

8.
4±

1.
4

5.
9±

0.
9

65



T
ab

le
8:

B
io

lo
gi

ca
lm

ea
su

re
m

en
ts

fr
om

fis
h

gr
ou

p
1-

12
(n

=
30

in
ea

ch
gr

ou
p)

;w
ei

gh
t(

g)
,l

en
gt

h
(c

m
),

he
ar

th
de

fo
rm

iti
es

(y
es

(1
)/

no
(0

))
,H

SS
(y

es
(1

)/
no

(0
))

,
lig

ht
liv

er
(y

es
(1

)/
no

(0
))

,s
w

ol
le

n
sp

le
en

(y
es

(1
)/

no
(0

))
,i

nt
er

na
la

dh
es

io
ns

*
(s

co
re

0-
3)

,c
at

ar
ac

t
(y

es
(1

)/
no

(0
))

,fi
n

in
ju

rie
s*

(s
co

re
0-

9)
,g

ill
de

fo
rm

iti
es

*
(s

co
re

0-
3)

,j
aw

/s
no

ut
w

ou
nd

s
(y

es
(1

)/
no

(0
))

,m
el

an
in

*
(s

co
re

0-
9)

,s
ca

le
lo

ss
*

(a
co

re
0-

3)
,s

m
ol

t
ch

ar
ac

te
ris

tic
s

(s
ilv

er
in

g,
pa

rr
m

ar
ks

,d
ar

k
ta

le
fin

ed
ge

,
1-

4)
,g

ill
AT

Pa
se

ra
tio

an
d

st
ra

in
(1

-7
).

F
is

h
gr

ou
p

1
2

3
4

5
6

7
8

9
10

11
12

Le
ng

th
(c

m
)

23
.0

±
1.

3
26

.9
±

1.
4

27
.0

±
1.

8
31

.7
±

2.
5

22
.4

±
1.

3
24

.8
±

2.
0

23
.8

±
1.

5
21

.8
±

1.
9

22
.7

±
1.

3
20

.0
±

1.
2

23
.0

±
1.

4
22

.6
±

1.
5

W
ei

gh
t

(g
)

13
3.

6±
25

.6
21

1.
1±

32
.3

22
2.

1±
51

.5
38

4.
7±

85
.8

11
9.

7±
20

.6
10

8.
2±

19
.8

14
8.

0±
27

.6
12

5.
9±

35
.7

12
5.

2±
21

.0
97

.0
±

17
.7

13
8.

4±
21

.6
11

1.
7±

22
.0

H
ea

rt
h

de
fo

rm
.

0.
0±

0.
2

0.
0±

0.
2

0
0

0
0

0
0.

1±
0.

3
0

0
0.

0±
0.

2
0.

1±
0.

3
H

SS
0.

1±
0.

3
0

0
0.

0±
0.

2
0.

0±
0.

2
0

0
0.

1±
0.

3
0

0.
0±

0.
2

0
0

Li
gh

t
liv

er
0.

2±
0.

4
0.

5±
0.

5
0.

0±
0

0.
5±

0.
7

0.
0±

0.
2

0.
0±

0
0.

0±
0.

2
0.

3±
0.

5
0.

2±
0.

3
0.

1±
0.

3
0.

1±
0.

3
0

Sw
ol

le
n

sp
le

en
0

0
0

0
0

0.
2±

0.
4

0.
0±

0.
2

0
0

0
0

0
A

dh
es

io
ns

2.
3±

0.
8

2.
7±

0.
9

1.
4±

0.
7

1.
5±

0.
9

2.
6±

0.
5

0.
9±

0.
5

1.
8±

0.
8

2.
9±

0.
8

2.
2±

0.
7

3.
4±

0.
7

3.
6±

1.
1

2.
3±

0.
8

C
at

ar
ac

t
0

0.
4±

0.
5

0
0.

8±
0.

4
0

0.
3±

0.
5

0.
8±

0.
4

0.
3±

0.
5

0
0

0.
0±

0.
2

0
F

in
in

ju
ri

es
0.

5±
0.

5
4.

8±
2.

0
1.

6±
0.

9
3.

8±
01

.4
2.

7±
1.

1
2.

6±
2.

0
4.

2±
1.

2
4.

4±
2.

1
3.

1±
1.

6
2.

2±
1.

6
3.

2±
1.

4
4.

0±
1.

9
G

ill
de

fo
rm

it
ie

s
0.

2±
0.

5
0.

2±
0.

4
0.

1±
0.

3
0.

1±
0.

4
0.

1±
0.

4
0.

1±
0.

4
0.

1±
0.

3
0

0.
8±

0.
9

0.
1±

0.
3

0.
4±

0.
6

0
Sn

ou
t

w
ou

nd
s

0
0

0
0

0
0

0
0

0
0.

0±
0.

2
0

0
M

el
an

in
2.

7±
1.

0
1.

9±
0.

6
1.

2±
0.

5
2.

9±
1.

4
2.

7±
0.

7
1.

3±
0.

8
1.

9±
1.

0
1.

9±
0.

3
2.

5±
1.

0
1.

7±
0.

5
1.

4±
0.

7
3.

0±
0.

8
Sc

al
e

lo
ss

0.
1±

0.
3

0.
7±

0.
8

0.
1±

0.
3

0.
1±

0.
4

0
0.

0±
0.

2
0

0
0

0
0.

1±
0.

3
0

Sm
ol

t
st

at
e

3.
9±

0.
2

3.
5±

0
4.

0±
0

4.
0±

0
3.

7±
0.

2
3.

8±
0.

3
3.

8±
0.

3
3.

7±
0.

4
3.

5±
0.

2
2.

7±
0.

5
4.

0±
0

3.
8±

0.
3

A
T

P
as

e
ra

ti
o

1.
1

1.
3

2.
4

0.
4

1.
4

0.
7

0.
9

0.
9

0.
4

1.
7

0.
8

1.
9

St
ra

in
1

3
4

5
1

5
7

3
6

7
1

7

*O
pe

ra
tio

na
lw

el
lf

ar
e

in
di

ca
to

rs
sc

or
ed

ac
co

rd
in

g
to

FI
SH

W
EL

L
(N

ob
le

et
al

.,
20

18
).

66



PAPER I

67





Aquaculture 554 (2022) 738104

Available online 8 March 2022
0044-8486/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Physiological changes observed in farmed Atlantic salmon (Salmo salar L.) 
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A B S T R A C T   

There is a growing concern for fish health and welfare in the salmon industry in Norway. Nephrocalcinosis, 
described as mineral deposits within the kidney, is increasingly observed. However, little is known about its 
frequency and severity in Norway. In this study 810 Atlantic salmon were sampled from 14 different fish groups 
in nurseries in Mid-Norway and receiving sea farm. Kidneys were examined for nephrocalcinosis by histopath
ological methods and all fish groups were diagnosed with nephrocalcinosis. The prevalence and severity of the 
disorder varied extensively between facilities. Most of the fish (68%) had mild forms of nephrocalcinosis, 
exhibiting at most, negligible tissue damage while fish affected by severe forms of nephrocalcinosis had an 
almost complete loss of kidney structure. Regardless of the severity of nephrocalcinosis, mineral deposits were 
mainly found in the form of amorphous cabonate apatite (amCAP), a calcium-dominated mineral. Accordingly, a 
majority of fish affected by nephrocalcinosis were diagnosed with hypercalcemia. Fish affected by moderate and 
severe forms of nephrocalcinosis also exhibited high levels of plasma magnesium, glucose, and aspartate 
aminotransferase (AST). These imbalances in plasma chemistry are likely to be an indication of disturbed 
osmoregulation and increased stress levels. The results of this study therefore suggest that nephrocalcinosis is a 
common and serious welfare challenge in Atlantic salmon that needs better monitoring.   

1. Introduction 

The salmon industry is one of the most important industries in rural 
Norway (Olaussen, 2018) employing over 8000 people and contributing 
to a yearly landing value of 6,8 billion EUR (NOK 70 billion) (Direc
torate of Fisheries, 2019). The industry is known for its innovation and 
use of new technologies, but welfare of farmed salmon is becoming a 
growing concern (Sommerset et al., 2020). Nephrocalcinosis is one of 
the challenges in Atlantic salmon and was among the major diseases 
listed by fish health professionals in the Norwegian Fish Health Report 
from 2019 (Sommerset et al., 2020). Although the prevalence of neph
rocalcinosis among wild fish is unknown it is likely that the occurrence 
at production sites is related to the intensive conditions in aquaculture 
(Applegate et al., 2016; Béland et al., 2020; Bjerknes et al., 1994; Cav
rois-Rogacki et al., 2021; Gillespie and Evans, 1979; Klosterhoff et al., 

2015; Lewisch et al., 2013; Smart et al., 1979). 
To date, there is no systematic registration of nephrocalcinosis in 

salmon aquaculture, however there is a growing effort to monitor the 
disease. A scoring form to visually document nephrocalcinosis is 
currently being validated by Nofima (Noble et al., 2018) and the con
dition has been more frequently reported by nurseries, fish farms and 
fish health personnel over the past few years, but without clear indica
tion of severity and etiology (Sommerset et al., 2020). The condition is 
believed to arise during production on land (nurseries), with a pro
gressive aggravation until transfer to sea (pers. comm. P.A. Sæther). It is 
generally accepted that nephrocalcinosis is related to increased mor
tality in the first weeks after sea-transfer and secondary infections with 
bacteria and fungi are not uncommon. 

Nephrocalcinosis is described as deposits of mineral salts within 
kidney tubules and collecting ducts, which can be visually identified 
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(Bruno, 1996). However, macroscopic assessment is not a precise tool, 
since small deposits are rarely visible to the naked eye (Klykken et al., 
2020). To date, histopathology is therefore regarded as the standard in 
assessing the severity and progress of this condition. Observed changes 
involve basophilic mineral deposits that may progress into dilation of 
tubules and collecting ducts, degeneration and necrosis of epithelium of 
the affected tubular structures, and urine-stagnation causing dilatation 
and fibrosis in up-stream structures. Upon breach of the tubular struc
tures, fibrosis and inflammation can cause extensive tissue reactions and 
necrosis in surrounding interstitial tissue (Fivelstad et al., 2018). In 
addition to the excretory system, the kidney also consist of both he
matopoietic, immunological and endocrine tissues, all of which can be 
damaged upon development of lesions into the interstitial compartment. 
The sequential progression of histopathological changes occurring dur
ing the development of nephrocalcinosis makes it ideal for a scoring 
system. However, to the authors knowledge, such a scoring system for 
nephrocalcinosis based on histopathology has not been published. The 
development of a standardized scoring-system would be crucial to 
ensure a systematic approach when comparing degrees of tissue lesions 
both within and between groups, as well as their development over time. 

Few studies have been conducted regarding the composition of 
kidney mineral deposits in farmed Atlantic salmon. To date, there is no 
peer-reviewed study on the composition of mineral deposits in salmon, 
but a master thesis from 2019 reported that the kidney deposits con
sisted of calcium and phosphate minerals (amorphous carbonate apatite, 
amCAP), carbonate apatite (CAP) and magnesium ammonium phos
phate (struvite) (Thomsen, 2019). A survey conducted by Marin Helse 
AS on post-smolt salmon also reported that kidney deposits consisted of 
complexes of amCAP, with possible traces of complexes of magnesium, 
calcium and phosphate (whitlockite) (Sæther, 2019).Among other ma
rine species, a study has been performed on Cobia, (Rachycentron can
adum), where the kidney stones consisted of pure calcium, oxalate and 
calcium phosphate (Klosterhoff et al., 2015). In rainbow trout (Onco
rhynchus mykiss) most studies found that the deposits consisted of cal
cium, phosphorus, carbonate and magnesium (Bjerknes et al., 1994; 
Gillespie and Evans, 1979), while Fİkrİ et al. (2000) found that they 
contained ammonium urate (NH4C5H3N4O3) and calcium phosphate. 

In humans and domestic (terrestrial) animals, the determination of 
kidney stone composition play an important role both in treatment and 
prevention (Koehler et al., 2009; Kourambas et al., 2001; Kravdal et al., 
2015; Tepeler and Turna, 2017). It is therefore likely that the mineral 
composition of nephrocalcinosis in salmon could provide relevant in
formation to prevent the condition. 

Biochemical analysis of plasma is a widely used diagnostic tool in 
human and veterinarian medicine. There is an increasing interest in 
transferring this methodology to the fish farming industry (Fazio, 2019), 
but the lack of standardized reference values from healthy fish makes it 
challenging to detect abnormalities (Clauss et al., 2008; Wade et al., 
2019). One study proposed normal ranges of plasma chemistry for adult 
Atlantic salmon (Sandnes et al., 1988), but reference intervals have yet 
not been established for parr and smolt. Studies based on controlled 
experiments have demonstrated changes of plasma biochemistry in 
response to a variety of stressors (Calabrese et al., 2017; Iversen and 
Eliassen, 2009; Iversen et al., 2009, 1998; Stiller et al., 2020; Veiseth 
et al., 2006), toxins (Berntssen et al., 2018, 2021; Nieves-Puigdoller 
et al., 2007) and subtoxic concentrations of water quality compounds 
(Knoph and Thorud, 1996). Atlantic salmon with coldwater vibrosis 
(Waagbo et al., 1988) and cardiomyopathy syndrome (CMS) (Yousaf 
and Powell, 2012) also exhibited changes in blood biochemistry 
compared to healthy fish. Establishing biochemistry as a non-lethal 
diagnostic tool for early detection of nephrocalcinosis would represent 
a valuable tool for revealing risk factors and ultimately preventing the 
condition. 

The objective of this study was to determine the prevalence and 
severity of nephrocalcinosis in farmed Atlantic salmon in Mid-Norway. 
To do so, we (1) sampled an extensive number of fish from 

commercial production groups, (2) examined the kidney tissue with 
histopathologic methods, (3) determined the composition of mineral 
deposits found in the kidney and (4) compared the plasma chemistry of 
individuals affected by nephrocalcinosis with healthy salmon. 

2. Materials and methods 

2.1. Data sampling 

A total of 420 farmed Atlantic salmon were sampled from 14 fish 
groups in twelve different nurseries, both flow through (FT) and re- 
circulation aquaculture systems (RAS) in Mid-Norway from October 
2019 to April 2021. In addition, 390 fish originating from these nurs
eries were sampled from the receiving sea farm. Group 14 was not 
sampled after transfer to sea due to capacity issues at the facility. No fish 
were exposed to experimental manipulation, and the sample material 
therefore represents fish under conventional farming conditions (see 
Table A1 and A2 in supplementary material). A total of 30 fish from each 
facility were randomly sampled among visually healthy (normal swim
ming behaviour, absence of external injuries/lesions, no sign of emaci
ation) individuals within 2 weeks before transfer to sea and 1 month 
after transfer to sea. All sampling were performed in the morning (before 
11 am). The fish were not starved before sampling, and they were 
euthanized with an overdose of Benzoak VET (200–400 mg/l) followed 
by a sharp blow to the head according to Norwegian legislation (Akva
kulturdriftsforskriften, 2008). A general health assessment and physical 
observations including an evaluation of morphological changes related 
to parr-smolt transformation was performed at each sampling (parr- 
smolt transformation; body silvering, darkening of fin margins, loss of 
parr marks). 

2.2. Blood collection and determination of plasma chemistry 

Blood samples were collected from 420 fish that were sampled in 
nurseries. Vacutainer tubes (Becton-Dickinson, Rutherford, NJ, USA) 
with lithium heparin as anticoagulant were used to collect blood from 
the caudal vein, immediately after euthanasia. After thorough mixing, 
the samples were centrifuged at 13500 rpm for 5 min (VWR Mikrostar 
12, 12 × 1.5/2.0 ml) and the plasma was transferred to Eppendorf tubes 
and kept frozen (minimum − 20 ◦C) until analysis. 

The following parameters were measured at Aqua Kompetanse’s 
laboratory using an automated dry chemistry analyser (CatalystOne, 
IDEXX Laboratories, Westbrook, ME, (Boes et al., 2018)): alkaline 
phosphatase (ALKP), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), creatinine (CREA), calcium (Ca), sodium (Na), 
potassium (K), chloride (Cl), magnesium (Mg), inorganic phosphate 
(PHOS), glucose (GLU), lactate (LAC) and urea. Other parameters that 
were derived included the following: sodium-to‑potassium ratio (Na/K) 
and Osmolality (mmol/kg) calculated as: 

1.86(Na+K)+ 1.5GLU +UREA+ 14  

according to Martín-Calderón et al. (2015). Each of the assays used a 
standard kit developed for the automated analyser (CatalystOne, IDEXX 
Laboratories, Westbrook, ME). The plasma occasionally showed activ
ities for inorganic phosphate exceeding the instrument ranges, and 
sporadically for other parameters: in these cases a physiological saline 
solution was used to dilute the samples (1:4). 

2.3. Mineral deposits 

When visually identified, mineral deposits were carefully collected 
from fish ureters and stored in Eppendorf tubes and frozen until analysis 
(− 20◦C). The samples were washed in ethanol (EtOH) followed by 
centrifugation and acetone to remove lipids and water from the samples 
and air dried for 5 min prior to analysis. The mineral composition was 
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examined by attenuated total reflection (ATR) Fourier transform 
infrared spectroscopy (FTIR) in a Nicolet iS10, operated by the Omnic9 
software. The spectra obtained were interpreted by OmnicSpecta using 
an in-house library constructed for human kidney stones, which has 
been modified for salmon nephrocalcinosis analysis. 

2.4. Histopathology 

Tissues from the mid-kidney were sampled from all individuals for 
histopathological analysis of nephrocalcinosis. The kidney tissues were 
fixed in 4% formaldehyde solution, embedded in paraffin wax and 
routinely processed (Suvarna et al., 2019). All sections were stained by 
haematoxylin and eosin and a selection of sections were stained with 
von Kossa stain (Rungby et al., 1993). The histopathological diagnosis of 
nephrocalcinosis was defined as the presence of amorphous (structure
less), basophilic deposits in tubules, collecting ducts and excretory 
ducts. Histopathological sections were analysed, and presence of deposit 
and degree of tissue damage was evaluated and given a score based on 
the type and distribution of changes. The nephrocalcinosis score defines 
and categorises the presence of deposits, degree of tissue damage in 
structures with deposits, glomerular alterations and pathology in the 
interstitial tissue. Pathological changes were divided into 4 sub- 
categories (Table 1). Each category was weighted by the effect the 
different pathological changes are believed to have on the development 
of the condition and the time it will take to heal. 

The score of the first category was weighted with a factor of 1, while 
the score of category 2 was weighted with a factor of 2 because dilation 
of tubules and renal collection ducts causes gradual damage on the 
epithelium and subsequent chronic changes resulting in fibrosis of the 
basal membranes of the affected structures. Urine stagnation with 
dilation of the glomerular space is indicative of down-stream obstruc
tion (Docherty et al., 2006) and develops into periglomerular fibrosis 
and subsequent thickening of Bowmans capsule. For this reason the 
score of category 3 was weighted with a factor of 3. The score of category 
4 was weighted with a factor of 4 since presence of deposits in the 

interstitial tissue over time results in necrosis and loss of the affected 
structures. Deposits in the hematopoietic- and immune tissue of the 
interstitium leads to granulomatous inflammation surrounding the 
damaged structures (tubules, collecting ducts and excretory ducts). The 
inflamed interstitial tissue is gradually replaced by fibrosis. 

Total nephrocalcinosis score is calculated as: 

∑4

n=1
Cn × SCn 

Where C is the category, S is the severity and n is category number. 
In the nephrocalcinosis score, overall scores 1 to 10 were generally 

considered mild changes, scores 11 to 20 were considered moderate 
changes and scores greater than 20 were regarded as severe changes. 

2.5. Statistical analysis 

The reference interval for normal ranges of plasma chemistry pa
rameters were obtained by including all fish without nephrocalcinosis 
(n = 234) and excluding fish with HSS (Haemorrhagic smolt syndrome, 
n = 5), to ensure that only healthy fish were included in the data set (n =
229). Extreme values (outliers) were identified using Horn’s algorithm 
with Tukey’s interquartile (IQ) fences. The criterion for rejection was 
values exceeding IQ fences according to Horn et al. (2001). A non- 
parametric statistical method with a 95% confidence interval of refer
ence intervals was chosen, were the 2.5th and 97.5th fractiles serve as 
the lower and upper reference limits (Friedrichs et al., 2012). 

All statistical analyses were performed using R software 4.0.5 (R 
Core Team, 2017). Normality was tested with the Shapiro-Wilks test and 
showed non-normal distribution for the majority of plasma chemistry 
variables and the non-parametric test Kruskal-Wallis was performed to 
explore significant differences. Wilcoxon rank sum test was used to 
compare healthy fish and fish with different severity of nephrocalci
nosis. P-values were adjusted using Bonferroni correction. P-values 
≤0.05 were stated as significant. 

3. Results 

Visual assessment showed that 89% of the fish from the nurseries had 
developed physical smolt characteristics as described in Langdon 
(1985). There were no diseases documented among the nurseries, with 
exception of HSS in 1.7% of the sampled fish (0.5% had both HSS and 
nephrocalcinosis). The mean weight of healthy fish was 150.4 ± 91.2g, 
while the mean weight of fish affected by nephrocalcinosis was 270.0 ±
204.4g (p<0.05). The gender distribution was 49% males and 51% fe
males in both the healthy group and the group affected by 
nephrocalcinosis. 

3.1. Histopathology 

Mild changes in the kidney primarily consisted of amorphous min
eral deposits in collecting ducts (Fig. 1b), and tubulus (Fig. 1c) with 
minor changes in the epithelium of the tubular structures. With 
increased severity, increased damage to the tubular wall was seen. From 
degeneration and necrosis of the epithelium (Fig. 1d) to complete loss of 
epithelium with fibrosis of the basal membrane, and dilatation (Fig. 1e), 
and further to complete loss of integrity of the wall, often accompanied 
by extensive tissue reactions in surrounding interstitial tissue (Fig. 1f). 
Associated glomerular changes involved dilatation of the glomerular 
space, fibrosis and thickening of the parietal layer of the Bowman’s 
capsule, and varying degree of per-glomerular fibrosis and glomerulitis 
(Fig. 1g). These changes observed in the glomeruli are thought to be at 
least in part a result of urine stagnation (Docherty et al., 2006). In 
advanced cases, acute interstitial inflammation or chronic interstitial 
fibrosis is seen (Fig. 1h), often in association with misshaped and 
degenerated tubuli (Fig. 1h) and extensive dilatation of collecting ducts, 

Table 1 
Histopathological nephrocalcinosis score. The scores are weighted based on the 
effect the various changes are believed to have on the development of the disease 
and the time it will take to heal the condition.  

Severity 1 2 3 

Category 1 
Presence of 
deposits 

Sparse amounts in 
collecting ducts 
and ureteres - 
close to absence in 
tubules and affects 
less than 10% of 
the excretory 
system 

Moderate 
amounts in 
collecting ducts 
and ureteres - 
sparse amounts in 
tubules and affects 
between 10% and 
50% of the 
excretory system 

Extensive 
quantities in 
ureteres, 
collecting ducts 
and tubules and 
affecting more 
than 50% of the 
excretory system 

Category 2 
Epithelial 
degeneration 
and/or 
necrosis 

Affects less than 
10% of tubules 
and collecting 
ducts 

Affects between 
10% and 50% of 
tubules and 
collecting ducts 

Affects more than 
50% of tubules 
and collecting 
ducts 

Category 3 
Pathological 
changes in the 
glomeruli 

Dilatation of the 
glomerular space 
(urine stagnation) 
and fibrosis / 
thickening of the 
parietal Bowman’s 
capsule, changes 
in less than 10% of 
the glomeruli 

Dilatation / 
thickening of the 
parietal 
Bowman’s 
capsule, peri- 
glomerular 
fibrosis - changes 
in between 10% 
and 50% of 
glomeruli 

Dilatation, 
thickening of the 
parietal 
Bowman’s 
capsule, peri- 
glomerular 
fibrosis, changes 
in over 50% of 
glomeruli 

Category 4 
Pathological 
changes in the 
interstitial 
tissue 

Affects less than 
10% of interstitial 
tissue 

Affects between 
10% and 50% of 
interstitial tissue 

Affects more than 
50% of interstitial 
tissue.  
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with degeneration and necrosis of associated epithelium (Fig. 1i). The 
changes observed in the interstitium appear when the mineral deposits 
formed within the excretory system breaks through the tubular wall and 
interacts with the immune tissue of the interstitium. 

Black staining of deposits by von Kossa stain indicated high contents 
of calcium salts in the deposits associated with nephrocalcinosis (Fig. 2). 

The most severe cases of nephrocalcinosis were easily visually 
identified, as extensive amounts of deposits cause extensive loss of 
kidney structure (Fig. 3). 

3.2. Prevalence and severity of nephrocalcinosis in mid-Norwegian 
nurseries and sea farms 

Nephrocalcinosis was observed in all the nurseries in this survey, 
even though the prevalence varied greatly between the nurseries 
(Fig. 4a), ranging from less than 5% to 100% of sampled fish. More than 
half of the individuals with nephrocalcinosis had mild changes in the 
kidney tissues (68%, Fig. 4a). The total proportion of fish with neph
rocalcinosis was 45% in the nurseries. Among fish that were sampled 
one month after transfer to sea, the prevalence of nephrocalcinosis 
decreased to 18%. In fish groups with primarily mild degrees of neph
rocalcinosis in the nursery, the prevalence had decreased (30% vs. 11%), 

Fig. 1. Histopathological changes associated with nephrocalcinosis. A) Normal tissue showing a healthy glomerulus (G), tubulus (T) and collecting duct (CD). B) 
Early lesion, with basophilic, amorphous deposits in a collecting duct. Note that the epithelium of the duct is intact, and that surrounding tissue appears without 
remarks. C) Early lesion in a tubule, with slight occurrence of degeneration and necrosis of the tubular epithelium. Deposits together with necrotic epithelial cells are 
seen in the tubular lumen. D) Moderate lesion in a tubule, with marked degeneration and necrosis of the epithelium and rich amounts of deposits in the lumen. E) 
Extensive, chronic lesions in a tubule, with complete loss of epithelium, fibrosis of the basal membrane, and dilatation of the lumen containing deposits. F) Advanced, 
chronic lesion with complete destruction of the tubular structure including the basal membrane, allowing the deposits getting in contact with the interstitial tissue 
inducing massive inflammation. G) Chronic changes seen in glomeruli, with dilatation of the Bowman’s space, fibrosis and thickening of the parietal layer of the 
Bowman capsule, peri-glomerular fibrosis and moderate glomerulitis. H) Chronic changes, with degeneration of epithelium and dilatation of tubules, surrounded by 
extensive fibrosis replacing normal interstitial tissue. I) Chronic changes, with extensive dilatation of a collecting duct, degeneration and necrosis of epithelium and 
presence of deposits together with necrotic cells in the lumen. 

Fig. 2. von Kossa stain of kidney tissue with deposits and tissue reaction 
associated with nephrocalcinosis. Black staining (arrows) indicative of presence 
of calcium salt, surrounded by a granulomatous inflammatory process. Ar
rowheads points to melanin-containing cells; as for calcium salts, melanin re
duces silver from the von Kossa stain into black deposits. 

Fig. 3. Severe nephrocalcinosis in Atlantic salmon - extensive amounts of de
posits in the kidney accompanied by swollen tissue and loss of normal structure. 
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while in the groups with severe nephrocalcinosis the changes in the 
kidney persisted (6% vs. 4%, Fig. 4b). 

3.3. Characterization of mineral deposits 

A total of 69 samples of deposits were analysed by FTIR. The results 
revealed the presence of five different minerals: amorphous carbonate 
apatite (amCAP), struvite, brushite, whitlockite and newberyite. 
Amorphous carbonate apatite (amCAP) was the most prevalent mineral 
and was found in all but one of the mineral samples (Table 2). Struvite, 
brushite, whitlockite and newberyite were found in different combina
tions together with amCAP. From half of the nurseries only amCAP was 
found, while the remaining had different combinations of mixed 
minerals. 

3.4. Plasma chemistry 

A considerable proportion of fish affected by nephrocalcinosis 
showed plasma chemistry that differed from unaffected fish in several of 
the analysed parameters, with elevated calcium and magnesium being 
the most predominant changes (Table 3). A notable proportion of fish 
affected by nephrocalcinosis also displayed elevated levels of AST, 
inorganic phosphate, glucose and lactate, and lower levels of sodium 
and chloride, with reduced osmolality. 

Smolts with severe changes in the kidney displayed significantly 
higher concentrations of AST, calcium, creatinine, glucose, magnesium, 
Na/K-ratio, inorganic phosphate, and urea. While plasma concentra
tions of chloride, potassium and sodium were significantly lower 
compared to the healthy group (Fig. 5). The plasma chemistry of fish 
with a moderate amount of nephrocalcinosis showed significantly 
higher concentrations of AST, calcium, magnesium, NA/K-ratio and 
inorganic phosphate, while chloride and potassium were significantly 

lower in this group compared to the healthy group (Fig. 5). The group 
with mild changes in the kidney had significantly higher concentrations 
of AST, calcium, glucose, lactate, magnesium, Na/K-ratio, inorganic 
phosphate and urea compared to the healthy group (Fig. 5). 

4. Discussion 

Nephrocalcinosis has in later years emerged as a major disease 
complex in Atlantic salmon reared in fresh water in Norway. To identify 
early markers, non-lethal diagnostic methods are important to reveal 
risk factors and support disease prevention. Further, determination of 
the composition of the kidney stones can provide clues about causation 
and potential ways to prevent stone formation. In the present study, 
histopathology, plasma chemistry and mineral deposit analysis were 
employed to get more insight into this disease in farmed Atlantic 
salmon. 

Fig. 4. Nephrocalcinosis in a) nurseries in Mid Norway(n = 420) and b) receiving sea farm (n = 390). Yellow colour indicates mild changes, orange shows moderate 
changes and red indicates severe changes in the kidney tissue as found from histopathological examination. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 2 
Mineral complexes found in Atlantic salmon reared in commercial nurseries in 
Mid-Norway (n = 69).  

Mineral complex Chemical formula Number of samples 

Amorphous carbonate apatite Ca10(PO4)6CO3 68 
Struvite MgNH4PO4 x 6 H2O 6 
Brushite CaHPO4 x H2O 7 
Whitlockite MgCa8(PO4)6 10 
Newberyite MgHPO4 x 3 H2O 8  

Table 3 
Normal intervals of selected plasma chemistry parameters obtained from 229 
healthy Atlantic salmon, with a comparison to data collected from salmon 
affected by nephrocalcinosis.  

Parameter Normal interval Nephrocalcinosis 

N Higher Lower 

ALKP(U/L) 66–667 182 16 (9%) 7 (4%) 
ALT (U/L) 10–38 101 14 (14%) 0 (− ) 
AST (U/L) 22–729 185 41 (22%) 1 (1%) 
Creatinine (U/L) 9–80 119 15 (13%) 9 (8%) 
Calcium (mmol/L) 2.1–3.4 186 69 (37%) 15 (8%) 
Magnesium (mmol/L) 0.7–1.5 185 71 (38%) 7 (4%) 
Phosphate (mmol/L) 2.4–8.1 184 29 (16%) 5 (3%) 
Sodium (mmol/L) 149–169 186 9 (5%) 34 (18%) 
Potassium (mmol/L) 1.5–4.9 182 5 (3%) 2 (1%) 
Na/K 30–103 182 7 (4%) 4 (2%) 
Chloride (mmol/L) 113–137 186 5 (3%) 34 (18%) 
Osmolality (mmol/kg) 305–343 178 7 (4%) 30 (17%) 
Glucose (mmol/L) 3.7–8.7 184 50 (27%) 2 (1%) 
Lactate (mmol/L) 2.1–10.1 177 27 (15%) 2 (1%) 
Urea (mmol/L) 0.6–1.7 182 23 (13%) 0 (− ) 

The comparison is shown as number and percentage of fish having a value higher 
or lower than the normal interval, out of the total number of valid samples (N). 
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Fig. 5. Plasma chemistry parameters in Atlantic salmon with different severity of nephrocalcinosis (mild, moderate and severe, as assessed from histological 
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4.1. Methodology 

Histopathology was used to assess the severity of tissue lesions and a 
weighed scoring system was developed for a more systematic approach 
for semi-quantification of the disease progression. The criteria and 
scoring method were designed to describe the changes in the kidney 
according to the known principles of pathology. The weighting factor 
was arbitrarily increased by one for each consecutive category to make 
sure that the more severe tissue-changes with increasing category 
number, resulted in higher contribution on the overall score. One limi
tation of the method is that the amount of tissue damage and the amount 
of deposits found in the histopathological sections do not always 
correlate. There are two main reasons for this: (1) the histopathological 
section represents a two-dimensional picture of a relatively large organ 
and there might be deposits in a plane that is not included in the section 
and (2) nephrocalcinosis in fish can heal (pers. obs.) and thus the chronic 
changes could remain whilst deposits could be reduced in quantity. 
Furthermore, primary and secondary causes of pathological changes in 
the kidney are challenging to differentiate histologically, as secondary 
changes caused by increasing inflammatory responses could be a result 
of chronic irritation due to nephrocalcinosis or other pathological con
ditions like Haemorrhagic Smolt Syndrome (HSS, pers. obs.). The ac
curacy of grading and the weighted scoring method is so far untested, 
but observations made in this study support the relevance for a weighed 
scoring, fish affected by nephrocalcinosis exhibited a wide range of 
histopathological changes. Fish affected by severe forms of neph
rocalcinosis exhibited an almost complete loss of kidney structure while 
fish affected by the mildest forms of nephrocalcinosis exhibited at most 
negligible tissue damage. 

Even though our results show that histopathology is a good diag
nostic tool for nephrocalcinosis, non-lethal methods or early markers 
should be developed for a better monitoring of the disease. Blood 
chemistry analysis is often used as a diagnostic tool in several terrestrial 
species, but to our knowledge this methodology is infrequently used in 
farmed Atlantic salmon smolt. This is probably due to the lack of 
reference intervals for plasma chemistry in healthy individuals in 
different life stages, making it difficult to detect abnormalities. How
ever, it would be advantageous if this method could be applied to farmed 
salmon as it would allow for rapid diagnostics without requiring 
euthanasia. 

In this study, we used blood samples collected from 229 fish from 12 
different nurseries to establish reference intervals for plasma concen
trations for Atlantic salmon smolt reared in freshwater. Reference in
tervals were calculated following the guidelines from The American 
Society for Veterinary Clinical Pathology (ASVCP) (Friedrichs et al., 
2012). Although of a similar magnitude, the normal intervals estab
lished in this study were wider than reference values previously reported 
by (Sandnes et al., 1988) for 10–20 adult Atlantic salmon from a single 
sea farm in Norway (Sandnes et al., 1988). One explanation may be that 
our data included a larger number of specimens as well as several fa
cilities. Matsche et al. (2014) found statistical differences in plasma 
chemistry parameters in Atlantic sturgeon (Acipenser oxyrinchus oxy
rinchus) from different production conditions. The variations in water 
chemistry and feeds between salmon facilities in our study may there
fore have influenced the plasma chemistry. The wider interval of the 
plasma parameters may alternatively be linked to the time of sampling 
that coincided with the end of parr-smolt transformation in the nurseries 
(3905 ± 537 day degrees from roe to sampling point). Parr-smolt 
transformation is a complex process that results in a changed physi
ology in salmon (Folmar and Dickhoff, 1980), and is unlikely to be 100% 
synchronised in a population, causing differing physiology among the 
sampled fish. Still, there was no correlation between the different 
plasma parameters and weight (see Table A3 in supplementary mate
rial), and only minor correlation between plasma concentration of AST 
and gender (see Table A4 in supplementary material). We therefore 
believe that the reference intervals we propose are relevant for Atlantic 

salmon undergoing smoltification (60–210 g) in nurseries with rearing 
conditions in accordance with Norwegian regulations. 

4.2. Nephrocalcinosis 

The majority of salmon affected by nephrocalcinosis displayed mild 
changes in the kidney, characterized by deposits in renal collecting ducts 
and excretory ducts. Histopathological analyses showed substantial 
accumulation of mineral deposits in kidney tissues of fish affected by 
nephrocalcinosis. The deposits were mainly identified as amCAP, a 
calcium-dominated mineral. This is in line with Béland et al. (2020) 
which stated that calcium phosphate and struvite calculi appears to be 
overrepresented in fish, such as rainbow trout Oncorhynchus mykiss 
(Bjerknes et al., 1994; Gillespie and Evans, 1979; Smart et al., 1979), 
wolffish Anarhichas lupus (Béland et al., 2020) and southern flounder 
Paralichthys lethostigma (Applegate et al., 2016). Amorphous carbonate 
apatite indicates rapid precipitation. The formation of carbonate apatite 
(CAP) begins at pH ≥ 6.8, with an increasing ability to aggregate with 
increasing pH (Olszynski et al., 2015). The pH of the urine was not 
measured in this study, but Roy and Lall (2004) determined that normal 
values for urine pH in Atlantic salmon, are around 7.5 (Roy and Lall, 
2004). Considering that amCAP and CAP have similar chemical prop
erties, the normal high urine pH of salmon may predispose it for calcium 
phosphate precipitation in the kidney. In humans CAP is a constituent in 
about 40% of all stones (Kravdal et al., 2019). They are linked to hy
percalcemia, hyperparathyroidism, distal renal tubular acidosis and 
urinary tract infections (Daudon and Jungers, 2012). In domestic ani
mals calcium phosphate stones are quite rare (Osborne et al., 2009). 
When observed they are linked to hypercalcemia, hyperparathyroidism, 
hypervitaminosis D, and dystrophic and ectopic mineralization of vital 
tissues (Osborne et al., 1995). The underlying mechanisms of neph
rocalcinosis in fish do not seem to relate to this, as we did not observe 
dystrophic or ectopic mineralization of vital tissues in our study. In 
addition, Tsertou et al. (2020) and Hilton and Ferguson (1982) did not 
find that excess of vitamin D3 could be related to the incidence of 
nephrocalcinosis in meagre (Argyrosomus regius) or rainbow trout 
(Oncorhynshus mykiss). However, nephrocalcinosis in salmon could be 
related to hypercalcemia as it was observed in 37% of salmon affected by 
nephrocalcinosis, and mean plasma concentrations of Ca2+ were 
significantly higher in salmon affected by nephrocalcinosis compared to 
healthy fish. In addition, the proportion of fish with hypercalcemia 
increased with increasing severity of nephrocalcinosis. It is not possible 
to determine whether the observed hypercalcaemia is a cause of the 
development of nephrocalcinosis or a consequence of nephrocalcinosis 
based on our data, and this should be investigated further. 

The proportion of fish with nephrocalcinosis decreased after transfer 
to sea in fish with mild forms, which is in accordance with earlier ob
servations (Fivelstad et al., 2003, 1999) This may indicate that mild 
changes in the kidney are reversible after the transfer to sea. The 
mechanisms involved in this process are yet unknown and should be 
considered in future studies. Even though it appears that mild forms of 
nephrocalcinosis in the fresh-water facility did not adversely affect 
survival after transfer to sea, it is likely that nephrocalcinosis negatively 
affects fish welfare. Our data shows that fish with mild changes display, 
in addition to elevated calcium, increased phosphate, AST, lactate and 
glucose concentrations in plasma, which are all signs of decreased 
welfare. AST is an enzyme which is considered a good indicator for 
tissue damage in fish (Li et al., 2011; Peres et al., 2015; Wagner and 
Congleton, 2004). Elevated plasma calcium and phosphate points to a 
disturbed regulation of homeostasis (Vielma and Lall, 1998) and 
elevated plasma glucose and lactate levels are linked to secondary stress 
responses (Barton and Iwama, 1991; Iversen and Eliassen, 2009; Iversen 
et al., 2009, 1998) and metabolic stress in salmon (Li et al., 2011). 

Fish that were affected by moderate and severe forms of neph
rocalcinosis exhibited much higher concentrations of magnesium in 
their plasma compared to healthy fish. The affected fish were diagnosed 
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with severe changes in the kidney, also described as pathological 
changes in glomeruli and interstitial tissue with extensive epithelial 
damage in the tubules. The primary site of magnesium excretion in fish 
is the kidney (Bijvelds et al., 1998) and elevated concentration of plasma 
magnesium has previously been linked to kidney damage (Nieves- 
Puigdoller et al., 2007; Singh et al., 2002). Fish with severe forms of 
nephrocalcinosis also displayed elevated plasma levels of AST indicating 
once again tissue damage, as well as significantly lower concentrations 
of potassium, sodium and chloride, which are considered as signals for 
reduced osmoregulatory capacity (Carey and McCormick, 1998; 
McDonald and Milligan, 1997). 

Fish health personnel at the sea farms included in this study reported 
nephrocalcinosis to be a contributor to the registered mortality in the 
groups with severe nephrocalcinosis. To the authors knowledge there is 
no scientific publication that has investigated the potential direct mor
tality caused by nephrocalcinosis in salmon, but Jelmert et al. (1995) 
reported mass mortality in cultured Atlantic halibut larvae linked to the 
same disease. Unlike a freshwater environment, seawater is hyper
osmotic and causes a net water loss by osmosis in fish (Beyenbach, 
2004). The transition from freshwater to seawater is a demanding pro
cess for anadrome species like salmon and it requires drastic changes in 
the physiology of several organs such as the kidney (Takvam et al., 
2021). Fish affected by severe nephrocalcinosis exhibit a loss of normal 
kidney structure with vast amounts of calcium deposits and extensive 
damage in glomeruli and interstitial tissue. These individuals are thus 
likely to have a highly reduced kidney function, which probably makes 
adaption to seawater extremely challenging for the organ. This may, in 
turn, lead to increased mortality after transfer to sea, either directly as a 
loss of osmoregulatory function in the kidney or indirectly by increased 
susceptibility to stress and secondary infections by bacteria. 

This study revealed that plasma chemistry analyses is not adequate 
to diagnose nephrocalcinosis. Normal blood chemistry values do not 
necessarily indicate absence of nephrocalcinosis, since a notable pro
portion of the fish with nephrocalcinosis displayed plasma chemistry 
values within the normal intervals. On the contrary plasma chemistry 
values can be used as preliminary diagnosis for the disease, as changes in 
calcium, magnesium, glucose and AST were observed in a pronounced 
part of the fish affected by nephrocalcinosis.The preliminary diagnosis 
of nephrocalcinosis should thereafter encourage subsequent in
vestigations with histopathological methods to confirm the diagnosis. In 
this study we investigated 15 different blood parameters and we can’t 
disregard that other components could be relevant for diagnosis of 
nephrocalcinosis. 

5. Conclusion 

This study clearly showed that nephrocalcinosis is a common pro
duction disorder in farmed Atlantic Salmon in nurseries in Mid-Norway. 
The fish studied exhibited a broad range of severity, ranging from sparse 
amounts of deposits in tubules and collecting ducts to pathological 
changes in glomeruli and the interstitial tissue. Although the majority of 
the examined fish were only mildly affected, our results revealed that 
nephrocalcinosis is a welfare challenge. A considerable percentage of 
the fish affected by nephrocalcinosis had altered plasma chemistry, 
indicating stress and osmoregulatory disorders. Even though it is not 
possible to diagnose nephrocalcinosis with a blood sample at this stage, 
elevated plasma levels of magnesium, calcium, glucose and AST can be 
used as indicators for disturbed physiology that may be related to 
nephrocalcinosis. Routine blood samples may therefore be used as a 
relatively easy detection tool, where detection needs to be followed up 
by autopsy and histopathology, to confirm a suspicion of 
nephrocalcinosis. 
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1  |  INTRODUC TION

Nephrocalcinosis is described as deposits of mineral salts within kid-
ney tubules and collecting ducts (Bruno, 1996). Renal calcification 
may occur at molecular, microscopic or macroscopic levels in the 
kidney, such as tubular cells, interstitial tissue or within the tubular 
lumen that may lead to progressive amounts of renal damages (Sayer 
et al., 2004). In a previous study, we found that the renal deposits 
in Atlantic salmon mainly consisted of amorphous carbonate apatite 
(amCAP), a calcium-dominated mineral (Klykken et al., 2022).

The aetiology of nephrocalcinosis in fish is not known 
(Klosterhoff et al., 2015), but there is a consensus that the condi-
tion is most likely related to the intensive production conditions in 

aquaculture (Applegate et al.,  2016; Béland et al.,  2020; Bjerknes 
et al., 1994; Cavrois-Rogacki et al., 2021; Gillespie & Evans, 1979; 
Klosterhoff et al., 2015; Lewisch et al., 2013; Smart et al., 1979).

The kidney is one of three primary organs (kidney, gills and intes-
tine) involved in osmoregulation in salmon (Talbot & Thorpe, 1992). 
The renal function of the anadromous salmon undergoes major 
transformations as the fish prepare to migrate from freshwater (FW) 
to seawater (SW) environments (Takvam et al., 2021). In the hyper-
osmotic environment of FW, one of the main tasks of the glomer-
ular kidneys is to excrete excess water while reabsorbing solutes 
(McDonald, 2007). In contrast, to counteract the potential dehydra-
tion in SW, salmon drink ambient water containing large concentra-
tions of divalent ions. The primary function of the kidney in SW is, 
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Abstract
Nephrocalcinosis is a common disorder in farmed Atlantic salmon, but the conse-
quences for the fish physiology are not well understood. We performed a transcrip-
tome study in kidneys of Atlantic salmon (Salmo salar) smolts without and with severe 
chronic nephrocalcinosis (NC). The study revealed that numerous genes are differ-
entially expressed in fish with NC compared with healthy salmon. The most evident 
changes in gene expression patterns in the NC group were a massive downregula-
tion of metabolism and energy production, upregulation of signalling pathways im-
portant for tissue repair and function maintenance and upregulation of inflammatory 
responses. Overall, the extensive tissue damage and the gene regulation responses 
that affect salmon with severe nephrocalcinosis are highly likely to have dramatic 
consequences on fish survival.
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therefore, to excrete divalent ions in strongly reduced isotonic urine 
(Beyenbach, 2000).

Severe nephrocalcinosis with extensive damage to the kidney is 
likely to result in impaired renal function. This can have dramatic 
consequences for osmoregulatory capability like water export in 
FW and divalent ion excretion in SW, posing a threat to health and 
welfare of the salmon. In the aquaculture industry, there is a gen-
eral consensus that the disease is linked to commercial production 
conditions, but little is known of the internal mechanisms of neph-
rocalcinosis. To explore these mechanisms, we applied whole tran-
scriptome profiling of salmon kidneys with severe nephrocalcinosis 
and compared the gene expression patterns with healthy salmon 
kidneys.

Transcriptome profiling is a powerful tool used to expose ex-
pression patterns (Rani & Sharma, 2017). Variations in the transcrip-
tome can be observed for physiological conditions, developmental 
stages and the external environment of an organism which makes 
transcriptome profiling a robust tool for examining the relationship 
between the genotype and phenotype (Chandhini & Kumar, 2019). 
In aquaculture, transcriptomics has previously been utilized for ex-
amining immunity, diseases and nutrition (Martin et al., 2016; Martin 
& Król, 2017; Sudhagar et al., 2018; Ye et al., 2018) as well as detec-
tion of molecular markers (Chandhini & Kumar, 2019).

We hypothesize that severe nephrocalcinosis results in a gener-
ally altered physiology with differential gene regulation responses. 
By studying the effects of nephrocalcinosis on fish physiology and 
gene expression patterns, we aim to provide new insight into the 
mechanisms of the disease.

2  |  MATERIAL S AND METHODS

2.1  |  Data sampling

From a previous study with 420 farmed Atlantic salmon, which 
were analysed for nephrocalcinosis (Klykken et al., 2022), 16 were 
chosen according to the criteria of being either healthy (Ctrl, N = 8) 
or severely affected by nephrocalcinosis (NC, N = 8). The fish were 
smolts of similar sizes with no other pathological findings. The 
fish were collected from two different commercial salmon nurs-
eries with production conditions complying with the Norwegian 
legislation (Akvakulturdriftsforskriften,  2008). The fish were fed 
until sampling, and they were killed with an overdose of Benzoak 
VET (200–400 mg/L) followed by a sharp blow to the head ac-
cording to Norwegian legislation (Akvakulturdriftsforskriften,  2
008). Size measurements of individual fish included round body 
weight (W) in g (±1 g), fork length (L) (±0.5 cm), and condition fac-
tor: CF = 100(W/L3).

2.2  |  Histopathology

Tissues from the mid-kidney were sampled from all individuals for 
histopathological analysis of nephrocalcinosis. The kidney tissues 
were fixed in 4% formaldehyde solution, embedded in paraffin wax 
and routinely processed (Suvarna et al.,  2019). All sections were 
stained by haematoxylin and eosin. A selection of sections in par-
affin was stained with von Kossa stain for visualization of calcium 

TA B L E  1  Histopathological nephrocalcinosis score

Severity 1 2 3

Category 1

Presence of deposits Sparse amounts in collecting 
ducts and ureters close 
to absence in tubules 
and affects <10% of the 
excretory system

Moderate amounts in 
collecting ducts and 
ureters sparse amounts 
in tubules and affects 
between 10% and 50% of 
the excretory system

Extensive quantities in ureters, collecting 
ducts and tubules and affecting more 
than 50% of the excretory system

Category 2

Epithelial degeneration and/
or necrosis

Affects <10% of tubules and 
collecting ducts

Affects between 10% and 50% 
of tubules and collecting 
ducts

Affects more than 50% of tubules and 
collecting ducts

Category 3

Pathological changes in the 
glomeruli

Dilatation of the glomerular 
space (urine stagnation) 
and fibrosis/thickening 
of the parietal Bowman's 
capsule, changes in <10% 
of the glomeruli

Dilatation/thickening of the 
parietal Bowman's capsule, 
peri-glomerular fibrosis—
changes in between 10% 
and 50% of glomeruli

Dilatation, thickening of the parietal 
Bowman's capsule, peri-glomerular 
fibrosis, changes in over 50% of 
glomeruli

Category 4

Pathological changes in the 
interstitial tissue

Affects <10% of interstitial 
tissue

Affects between 10% and 50% 
of interstitial tissue

Affects more than 50% of interstitial 
tissue.

Note: The scores are weighted based on the effect the various changes are believed to have on the development of the disease and the time it will 
take to heal the condition.
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deposits (Rungby et al.,  1993). The histopathological diagnosis of 
nephrocalcinosis was defined as the presence of amorphous (struc-
tureless), basophilic deposits in tubules, collecting ducts and excre-
tory ducts. The severity of deposits and tissue damage was evaluated 
according to the score given in Klykken et al. (2022) (Table 1). Total 
nephrocalcinosis score is calculated as:

Where C is the category, S is the severity and n is the category number.
In the nephrocalcinosis score, overall scores 1 to 10 were gen-

erally considered mild changes, scores 11 to 20 were considered 

moderate changes, and scores greater than 20 were regarded as se-
vere changes.

2.3  |  Blood collection and determination of 
plasma chemistry

Vacutainer tubes (Becton-Dickinson) with lithium heparin as antico-
agulant were used to collect blood from the caudal vein, immediately 
after euthanasia. After thorough mixing, the samples were centri-
fuged at 13,500 rpm for 5 min (VWR Mikrostar 12, 12 × 1.5/2.0 ml) 
and the plasma was transferred to Eppendorf tubes and kept frozen 
(minimum −20 C) until analysis.

4∑
n=1

Cn × SCn

F I G U R E  1  Kidney with extensive 
amounts of mineral deposits in ureters 
(arrow) and bladder (star)

F I G U R E  2  Histopathological changes associated with severe nephrocalcinosis. (a) Normal tissue showing a healthy glomerulus (G), 
tubulus (T) and collecting duct (CD). (b) Moderate lesion in a tubule, with marked degeneration and necrosis of the epithelium and rich 
amounts of deposits in the lumen. (c) Extensive, chronic lesions in a tubule, with complete loss of epithelium, fibrosis of the basal membrane, 
and dilatation of the lumen-containing deposits. (d) Advanced, chronic lesion with complete destruction of the tubular structure including 
the basal membrane, with massive inflammation in the interstitium. (e) Chronic changes in the glomeruli, with dilatation of the Bowman's 
space, fibrosis and thickening of the parietal layer of the Bowman capsule, peri-glomerular fibrosis and moderate glomerulitis. (f) Chronic 
changes, with degeneration of epithelium and dilatation of tubules, surrounded by extensive fibrosis replacing normal interstitial tissue. 
(g) Chronic changes, with extensive dilatation of a collecting duct, degeneration and necrosis of epithelium and the presence of deposits 
together with necrotic cells in the lumen. (h) Langhans giant cells (red arrows). (i) von Kossa stain of kidney tissue with deposits and tissue 
reaction associated with nephrocalcinosis. Black staining (arrows) indicative of the presence of calcium salt, surrounded by a granulomatous 
inflammatory process
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The following parameters were measured at the laboratory 
of Aqua Kompetanse using an automated dry chemistry analy-
ser (CatalystOne, IDEXX Laboratories, Westbrook, ME, [Boes 
et al., 2018]): alkaline phosphatase (ALKP), aspartate aminotransfer-
ase (AST), creatinine (CREA), calcium (Ca), sodium (Na), potassium 
(K), chloride (Cl), magnesium (Mg), inorganic phosphate (PHOS), glu-
cose (GLU) and lactate (LAC). Each of the assays used a standard 
kit developed for the automated analyser (CatalystOne, IDEXX 
Laboratories, Westbrook, ME).

The plasma occasionally showed activities for inorganic phos-
phate exceeding the instrument ranges and sporadically for other 
parameters: in these cases, a physiological saline solution (0.9% 
NaCl) was used to dilute the samples (1:4).

2.4  |  Gene expression patterns by 
mRNA sequencing

Mid-kidney tissue was isolated and immediately transferred into 
tubes containing RNAlater ©(Life technologies) and stored in 4 °C 
for 24 h before storage at −20 °C until analysis.

The samples were processed according to (Løvmo et al., 2021). 
Total RNA was extracted from the mid-kidney of 8 fish with severe 
nephrocalcinosis and 8 healthy fish, a total of 16 samples. mRNA 
extraction was done using a RNeasy Plus Universal Mini kit (Qiagen) 
according to the manufacturer's instruction. RNA concentrations 
were measured using a Nanodrop 8000 (Thermo Scientific). RNA 
quality was assessed using an Agilent 2100 Bioanalyzer (Agilent 
Technologies). All 16 samples passed the quality check (RIN >7). 
cDNA libraries were prepared using TruSeq Stranded mRNA Sample 
prep HS protocol (Illumina) according to the manufacturer's in-
struction, with selection for 500 bp fragments. The cDNA libraries 
were sent to Genomics Core Facility at the Norwegian University 
of Science and Technology (NTNU) for sequencing. Libraries were 
quantified by qPCR using the KAPA SYBR FAST library quantifica-
tion kit for Illumina Genome Analyser (KAPA Biosystems). A 2.5 nM 
solution of the sequencing library pool was subjected to cluster gen-
eration on a HiSeq4000 flow cells by the cBot instrument (Illumina, 
Inc.). Paired-end sequencing was performed for 2 × 75 cycles on a 
HiSeq4000 instrument (Illumina, Inc.), according to the manufactur-
er's instructions, producing 75 bp reads. Base calling was done on 
the HiSeq4000 instrument by RTA 2.7.7. FASTQ files were gener-
ated using bcl2fastq2 Conversion Software V2.20.0422 (Illumina, 
Inc.).

2.4.1  |  Quality control

Sequence reads were de-multiplexed and converted from BCL to 
fastq file format using bcl2fastq2 conversion software V2.20.0422 
(Illumina, Inc.). Reads were mapped to the Atlantic Salmon refer-
ence genome (ICSASG_v2. 6-10-2016) using HISAT2 v2.1.0 with 
default parameters (Kim et al., 2015). Gene expression levels were 

based on read counts per gene and were quantified from mapping 
results using feature Counts v1.6.5 (Liao et al., 2014). Gene regions 
on the ICSASG_v2 reference genome were defined using RefSeq 
annotation data and metadata. A count table of read counts per 
gene for each sample was used as the foundation for comparative 
analysis of gene expression. The table was imported into R version 
4.0.5 (Team,  2017) where all subsequent downstream analyses 
were completed, including differential expression analysis, path-
way enrichment and functional annotation. Sample variance and 
clustering, including outlier detection, was assessed by generating 
density plots, PCA plots, heat maps (Figure S1) and dendrograms 
using base R tools. Differential expression (DE) analysis was com-
pleted using the DESeq2 package (Love et al., 2014). Identification 
of DE genes by DESeq2 was done using the following statistical 
steps: normalization completed by multiplying read counts by per-
sample size factors, which were generated by dividing the read 
counts per sample by the geometric mean for each gene across 
all samples. Then, genewise dispersions were estimated and 
shrunk. These shrunken estimates are fit to a negative binomial 
generalized linear model (GLM), estimating expression strength 
per gene, by group. A Wald test was used to test the significance 
of expression strength between groups, generating p values for 
each gene. Finally, the false discovery rate (FDR) of p values was 
estimated using the Benjamini and Hochberg method (Benjamini & 

TA B L E  2  Body weight, length, condition factor and blood 
chemistry parameters of nephrocalcinosis-affected (NC) salmon 
compared with healthy fish (Ctrl)

Parameter NC Ctrl

Number of fish 8 8

Body weight (g) 279 ± 52 249 ± 12

Length (cm) 29 ± 2 28 ± 1

Condition factor 1.2 ± 0.1 1.1 ± 0.1

Enzymes

Alkaline phosphatase 
(U/L)

370.8 ± 192.5* 669.1 ± 103.6

Aspartate 
aminotransferase 
(U/L)

476.8 ± 204.1* 247.4 ± 89.2

Creatinine (U/L) 84.9 ± 76.8 37.8 ± 16.3

Electrolytes

Calcium (mmol/L) 3.7 ± 0.7* 2.7 ± 0.2

Magnesium (mmol/L) 5.2 ± 1.2* 1.0 ± 0.2

Phosphate (mmol/L) 7.1 ± 1.1* 4.5 ± 0.8

Sodium (mmol/L) 160.1 ± 12.0 162.1 ± 1.9

Potassium (mmol/L) 2.3 ± 0.5 3.1 ± 1.0

Chloride (mmol/L) 126.5 ± 12.1 127.5 ± 3.9

Metabolites

Glucose (mmol/L) 9.4 ± 1.8* 6.5 ± 0.8

Lactate (mmol/L) 8.2 ± 1.2* 3.4 ± 0.8

Note: Significant differences between the groups are indicated with * 
(p ≤ .05).
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Hochberg, 1995). Significantly DE genes were identified as having 
an FDR adjusted p value of <.05.

2.5  |  Statistical analysis

All statistical analyses were performed using R software 4.0.5 (R 
Core Team,  2017). Normality was tested with Shapiro–Wilks test, 
and non-normal distributed data were transformed using square 
root, cube root or Tukey's ladder. Magnesium concentration in 
plasma was not normally distributed. These samples were analysed 
using Wilcoxon rank-sum test. Blood chemistry parameters are pre-
sented as mean ± standard deviation. p values of ≤.05 were consid-
ered statistically significant.

3  |  RESULTS

3.1  |  Histopathology of kidney with 
nephrocalcinosis

There were extensive amounts of mineral deposits in ureters and 
bladder of fish affected by nephrocalcinosis (NC) (Figure  1). The 
kidneys of the affected fish were swollen and the tissue appeared 
pale compared with controls. All fish in the NC group (n = 8) were 
diagnosed with severe nephrocalcinosis with a score ranging from 
26 to 30 (Table 1).

The NC group displayed extensive damage to the tubular wall, with 
complete loss of epithelium with fibrosis of the basal membrane and 
dilatation and fibrosis in the lumen-containing deposits (Figure 2b–g). 

F I G U R E  3  (a) Heatmap and 
dendrogram of variance stabilizing 
transformed (vst), normalized mean 
counts per sample. (b) PCA plot of 
transformed normalized mean counts 
per sample, nephrocalcinosis in blue 
and control group in red. Shaded areas 
represent 85% confidence interval (CI) of 
variance per treatment group
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F I G U R E  4  Mirrored bar plot of the number of upregulated and downregulated DE genes in each significantly (padj < 0.05) enriched 
KEGG pathway Ctrl Vs NC. Bars are shaded by adjusted p values per pathway
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Acute interstitial inflammation and chronic interstitial fibrosis was 
also observed (Figure 2f). The surrounding interstitial tissue showed 
granulomatous inflammation with the presence of Langhans giant 
cells (Figure 2h) and chronic glomerulitis was also seen (Figure 2b). 
Von Kossa showed black staining of the tissue, indicating calcium salts 
in the deposits associated with nephrocalcinosis (Figure 2I).

3.2  |  Blood chemistry

The blood chemistry parameters differed significantly between 
Ctrl and NC (Table 2). The NC group had significantly higher con-
centrations of aspartate aminotransferase (AST), calcium, magne-
sium, phosphate, glucose and lactate, whereas alkaline phosphatase 
(ALKP) was significantly lower. The variance in the NC group was 
considerably higher than in the Ctrl.

3.3  |  Gene expression patterns

A total of 10133 genes displayed differential expression patterns 
in fish with severe nephrocalcinosis (NC) compared with healthy 

fish (Ctrl). 6970 of the DE genes were upregulated (log2fold change 
[LFC] >1) and 3163 were downregulated (LFC <−1).

The gene expression patterns of the two groups, Ctrl and NC, 
showed good separation as illustrated in the heatmap and PCA plot 
(Figure  3). The KEGG pathway enrichment analysis was used to 
identify pathways significantly regulated (enriched DEGs) (Figure 4 
shows top 30). There were 31 significantly enriched KEGG pathways. 
Among these were 22 metabolic pathways, 4 pathways involved in 
environmental information processing, 2 pathways connected to 
cellular processes and 3 pathways belonging to organismal systems.

One of the most significant changes in fish affected with neph-
rocalcinosis was the general and apparently massive downregulation 
of many metabolic pathways related to ATP production, glycolysis 
and Krebs cycle activity. The oxidative phosphorylation and Krebs 
cycle appeared to be particularly affected with 153 and 30 genes, 
respectively, significantly downregulated (Figures 5 and 6, respec-
tively). Many other processes feeding into these pathways were 
also downregulated such as peroxisomes, fatty acid and amino 
acid degradation/metabolism. Other notable pathways downreg-
ulated included the P450 xenobiotics. In addition, the glutathione 
metabolism pathway was mostly downregulated, with exception of 
ribonucleoside-diphosphate reductase which was upregulated. This 

F I G U R E  5  Pathway map sasa00190—oxidative phosphorylation. The protein EC number within each box is given in either green, red 
or white, indicating upregulation, downregulation or no change, respectively, with increased colour intensity indicating increased log2fold 
change
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1652  |    KLYKKEN et al.

pathway is important for DNA and RNA repair, and the upregulation 
suggests increased repair requirement in the tissue.

Most gene pathways upregulated in fish with nephrocalcinosis 
were related to cell cycle and maintenance. All three Wnt signalling 
pathways were upregulated (93 genes) including the canonical Wnt 
pathway, the non-canonical planar cell polarity pathway and the 
non-canonical Wnt/calcium pathway. Adherence junctions were 
also strongly upregulated (61 genes) including transmembrane nec-
tin and cadherin (Figure 7).

Upregulated genes downstream of nectin included many genes 
involved in cytoskeleton and cell shape regulation (PAR3, Src, 
Ponsin, Zo-1, alpha-actinin and IRSp53). Likewise, numerous cell 
adhesion molecules were also strongly upregulated in fish affected 
with nephrocalcinosis. These include many leucocyte proteins in-
cluding major histocompatibility complex II (MHCII), CD22 (B cells), 
B7H3 and poliovirus receptor-related 2 (PVRL2) and 3. It was inter-
esting to note that some members of the adaptive immune system 
like CD2 found on T and NK cells were downregulated. CD99 was 
upregulated, indicating the migration of immune cells to inflam-
mation in the kidney tissue (Figure  8). There was also a notable 

upregulation of genes encoding for the junctional adhesion pro-
teins B and C (junctional adhesion molecules 2 and 3, respectively, 
JAM2, JAM3), but not JAM1. Interestingly, the expression of an-
other set of tight junctional proteins, claudins (claudin 2, 3, 10 and 
14), was downregulated.

The signal transduction pathways were upregulated, as were 
the signalling molecules and interaction pathways, and in particu-
lar, the ECM-receptor interaction pathway was highly upregulated 
(Figure 9). Genes involved in cellular communication were also pri-
marily upregulated.

Genes in the cardiac muscle contraction pathway were primarily 
downregulated (60 downregulated and 28 upregulated, Figure 10). 
Tropomyosin (TPM) was greatly upregulated in the NC group, point-
ing to cell structure maintenance and repair since TPM and myosin 
are important for cytoskeleton and cell migration. The ubiquinol-
cytochrome and cytochrome c subunits were also downregulated. 
These molecules are part of oxidative phosphorylation and metabo-
lism, which were distinctly downregulated.

Genes involved in lipid metabolism were both up- and down-
regulated, with the majority of pathways having a predominance of 

F I G U R E  6  Pathway map sasa00020—citrate cycle. The protein EC number within each box is given in either green, red or white, 
indicating upregulation, downregulation or no change, respectively, with increased colour intensity indicating increased log2fold change
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downregulated genes with the exceptions of fatty acid degradation 
and glycerophospholopid metabolism, which had more upregu-
lated genes. Arachidonic acid metabolism had several upregulated 
genes. The increase in the prostaglandin endoperoxide synthase 
and prostacyclin synthase suggests an increased synthesis of pros-
tacyclin, which is an efficient inhibitor of platelet activation and a 
vasodilator. The activity of PLA2 appeared to increase, suggesting 
increased turnover of membrane lipids. There was also an increased 
phospholipid synthesis, particularly through the Kennedy pathway, 
and towards phosphatidylethanolamine, choline and other phospho-
lipids. Interestingly, the activity of acetylcholinesterase was also in-
creased pointing to increased neuronal signalling (see Figure S1–S16 
in Appendix).

4  |  DISCUSSION

This is the first transcriptome study profiling the response of Atlantic 
salmon (Salmo salar) with chronic and severe nephrocalcinosis (NC). 
The study showed numerous genes and KEGG pathways being dif-
ferentially expressed in salmon with nephrocalcinosis compared 
with healthy salmon (Ctrl). In order to gather a sufficient number 
of samples from healthy fish and NC fish, kidney samples had to be 
collected from two separate nurseries. We are aware that this is a 
scientific element of uncertainty in the study, as we cannot know to 
which level the different environments may have affected the gene 
expression patterns in the two groups. Despite this, we consider the 

F I G U R E  7  Pathway map sasa04520—adherence junctions. The protein EC number within each box is given in either green, red or white, 
indicating upregulation, downregulation or no change, respectively, with increased colour intensity indicating increased log2fold change
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study of value because we believe that the main differences in the 
transcriptome profiles are related to the pronounced tissue damage 
caused by nephrocalcinosis.

Histological examination of Atlantic salmon kidneys with severe 
NC revealed, extensive tissue damage similar to earlier observations 
(Harrison & Richards, 1979; Hicks et al., 1984; Klykken et al., 2022; 
Saraiva et al., 2016). The effects included changes in the glomeruli 
with dilatation of the glomerular space, fibrosis and thickening of the 
parietal layer of the Bowman's capsule and varying degree of per-
glomerular fibrosis and glomerulitis. The damages to glomeruli have 
been suggested, in parts, to be a result of urine stagnation (Docherty 
et al., 2006) caused by mineral deposits formed during the develop-
ment of NC (Harrison & Richards, 1979). There was also a significant 
granulomatous inflammation with the formation of giant cells in the 
NC group that would have been a response to cell injury and per-
sistent irritants (O'Regan & Berman, 2001; Sakai et al., 2012; Shah 
et al.,  2017). Giant cells are typical for granulomatous inflamma-
tion and are formed through the fusion of epithelioid macrophages 
(Damjanov,  2009; Kumar et al.,  2013). Granulomatous inflamma-
tion was also found in the interstitium where the mineral deposits 
formed within tubules appeared to penetrate the tubular wall to in-
teract with the immune cells of the interstitium (Shavit et al., 2015). 
This infiltration of leucocytes is supported by the upregulation of 

transcriptomic upregulation in the WNT signalling and cell adhesion 
pathways in the NC group. These pathways are involved in immune 
cell maintenance and renewal (Patel et al., 2019), as well as immune 
response and inflammation. The cell adhesion pathway includes 
leukocyte transendothelial migration, which was upregulated in the 
NC group. Leukocyte transendothelial migration is a critical step in 
immune activation (Gao et al., 2017), and it plays an essential role in 
promotion of inflammatory responses (Boshra et al., 2006). These 
responses in the NC group are probably linked to the ongoing in-
flammation in the kidney tissue caused by nephrocalcinosis. This 
was also evident by the increased expression of several immune cell 
markers such as MHC II and CD22. The lower expression of CD2 
and other markers of the adaptive immune system suggests that the 
innate system was mainly involved. It is worth noting that the cases 
of nephrocalcinosis investigated in this paper involve rupture of the 
basal membrane of one or more nephrons, causing interaction be-
tween the mineral deposits and interstitial immune tissue. Further 
studies should investigate whether the same level of immune reg-
ulation can be seen in fish with mineral deposits retained within 
the excretory system without the involvement of interstitial tissue. 
Besides nephrocalcinosis, mineral deposits are known to form within 
various internal organs of salmonids such as the gastrointestinal wall 
(Roberts & Rodger, 2012), pseudobranch, choroid plexus of the eye, 

F I G U R E  8  Pathway map sasa04514—cell adhesion molecules. The protein EC number within each box is given in either green, red or 
white, indicating upregulation, downregulation or no change, respectively, with increased colour intensity indicating increased log2fold 
change
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heart valves, compact layer or the cardiac ventricle, skeletal muscle 
and more often manifested as dystrophic calcification of parenchy-
matous cells in the resident tissue (Alf Dalum, personal observation). 
However, the causality of such soft-tissue mineralization, and a pos-
sible relation with nephrocalcinosis, has to our knowledge not been 
investigated. In our study, only renal tissue was subjected to histo-
logical investigation, and we cannot exclude a possible involvement 
of mineral deposits in other soft tissues.

Along with the inflammatory repair processes, transcriptomic 
data revealed significant upregulation of several repair and recruit-
ment pathways such as membrane phospholipid reshuffling and syn-
thesis (Kennedy pathway for DAG synthesis, PE, PC, PLA2, SCD-1 

FATP1/4 and RXR), cell-to-cell communication, adherence and tight 
junctions, cytoskeletal functions and extracellular matrix (ECM), in-
cluding many collagens, integrins, cadherins, laminins and thromo-
bospondins essential for maintaining tissue structure and function 
(Webster et al.,  2018). Upregulation of prostacyclin pathways can 
also be viewed as an attempt to inhibit blood clot at the damaged 
sites. The upregulation of some metabolic pathways (and claudin 11) 
appeared to be related to neuronal synthesis/maintenance (aspartyl-
glutamate, citryl-glutamate and acetylcholine). It was interesting to 
note that in the cell adhesion pathway, many ‘tight’ sealing claudins 
like 1, 4, 5, 11 were upregulated while many ‘leaky’ pore-forming 
claudins (2, 10) were downregulated in NC fish, which could indicate 

F I G U R E  9  Pathway map sasa04512—ECM-receptor interaction. The protein EC number within each box is given in either green, red 
or white, indicating upregulation, downregulation or no change, respectively, with increased colour intensity indicating increased log2fold 
change
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1656  |    KLYKKEN et al.

an attempt to seal the epithelial cell lining during nephrocalcinosis. 
In addition, Li et al. (2018) found that claudins may have vital func-
tions in the immune responses in fish gill infections, which strength-
ens the observation that claudins are involved in immune responses 
in fish.

A notable observation in NC fish transcriptomics was the mas-
sive downregulation of most NADH/ATP energy-generating path-
ways (TCA-cycle and respiratory chain) including many pathways like 
amino acid metabolism and fatty acid β-oxidation that would nor-
mally feed carbon into the citric acid cycle. This suggests a malfunc-
tional kidney with limited capacity for maintenance and repair. The 
increase in plasma AST and divalent ions, normally excreted over the 
kidney (magnesium, calcium and phosphate) (Beyenbach,  2000; Li 
et al., 2011; Nieves-Puigdoller et al., 2007; Singh et al., 2002; Wagner 
& Congleton, 2004), supports this notion. Another possible sign of 
kidney malfunction could be seen in the increased plasma lactate in 
NC fish. In clinical medicine, hyperlactatemia is indicative for kidney 
disease (Phypers & Pierce, 2006) and could be the consequence of 
impaired ATP production and perfusion. It is also interesting to note 
that Santis et al. (2015) found the same marked downregulation of 

metabolic pathways in their study of inflammation in the intestine 
caused by soybean protein. They also suggested that impaired me-
tabolism could be a consequence of tissue malfunction.

5  |  CONCLUSION

The transcriptome profiles of salmon affected by severe nephroc-
alcinosis revealed an upregulation of inflammation and repair pro-
cesses together with a massive shut down of metabolism. These 
responses were most likely related to the severe tissue damage ob-
served on histology resulting in kidney failure. The results of this 
study support that nephrocalcinosis is a major welfare challenge and 
most likely make the salmon more sensitive to additional stressors. 
The reduced renal function may have fatal consequences for the fish 
in the nurseries and should be further investigated.
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1  |  INTRODUC TION

Nephrocalcinosis is a common disorder in nurseries in Norway 
(Klykken, Reed, et al., 2022) and was reported as one of the main 
welfare challenges in farmed salmon by The Norwegian Fish Health 
Report of 2019 (Sommerset et al., 2020).

Nephrocalcinosis is described as deposits of minerals within the 
kidneys (Bruno,  1996), that can disturb kidney function, which in 
turn can have dramatic consequences on fish performance and sur-
vival. The aetiology is most likely related to environmental factors, 
and suboptimal water quality has been indicated in several studies 
as the main risk factor (Fivelstad et al., 1999; Fivelstad et al., 2003; 
Khan et al., 2018; Fivelstad et al., 2015; Good et al., 2010; Lewisch 
et al., 2013; Chen et al., 2001). Newly conducted research suggested 
that osmoregulatory stress may be the trigger for nephrocalcinosis 
(Boissonnot et al., 2022).

Regardless of the severity of the condition, fish rarely present 
external signs, and it is thus challenging to monitor its prevalence 
and development. Present diagnostic methods require euthanasia as 
they consist of visually scoring the accumulation of deposits and the 
severity of lesions. Macroscopic assessments of necropsied fish are 
often imprecise, since small deposits are rarely visible to the naked 
eye, and histopathology is therefore considered as the best existing 

diagnostic method (Klykken, Boissonnot, et al., 2022). Research on, 
and monitoring of, nephrocalcinosis has been greatly hampered by 
the lack of non-invasive methods of assessing the presence and 
severity of this condition, as it is not possible to follow the devel-
opment of the disease in single individuals, and as the number of 
sampled fish is limited due to ethical reasons.

Radiology has previously been used for assessing verte-
brae deformities in Atlantic salmon (Drábiková et al.,  2021; Holm 
et al.,  2020), based on the classification scheme developed by 
Witten et al.  (2009), and there has been a rapid development of 
the technology (Ou et al., 2021) including portable systems, which 
allow efficient in situ diagnosis. Nephrocalcinosis in Atlantic salmon 
is mainly identified as amorphous carbonate apatite, a calcium-
dominated mineral (Klykken, Reed, et al., 2022), and it has previously 
been demonstrated that this mineral composition is suitable for x-
ray detection (Smith & Lehr, 1966). Radiology is non-invasive and can 
be performed on anaesthetized fish, enabling assessment of nephro-
calcinosis without euthanazing the fish. A non-invasive method for 
assessing nephrocalcinosis would allow for monitoring of the con-
dition over time on an individual level and would be ethically and 
economically preferable. We have therefore explored radiology as a 
possible tool to detect and evaluate the severity of nephrocalcinosis, 
comparing it with histological scoring.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Fish Diseases published by John Wiley & Sons Ltd.
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2  |  MATERIAL AND METHODS

A total of 80 farmed Atlantic salmon were sampled from two re-
circulating aquaculture system facilities in Mid-Norway in April 
2022. They were randomly sampled among visually healthy indi-
viduals (normal swimming behaviour, absence of external injuries/
lesions and no sign of emaciation). The fish were not starved before 
sampling, and they were killed with an overdose of Benzoak VET 
(200–400 mg/L) followed by a sharp blow to the head according 
to Norwegian legislation (Akvakulturdriftsforskriften, 2008). Apart 
from nephrocalcinosis, no health issues were observed. Size meas-
urements of individual fish included body weight in g (±1  g), fork 
length in cm (±0.5 cm), body thickness in cm (±0.1 cm) and condition 
factor: CF = 100 W/L3.

Left anterior lateral view radiographs were taken of smolts (av-
erage weight 198 g) using a standard portable x-ray unit (Econet 
meX + 40; calibration: kV: 40, mAs: 5) with a digital plate measur-
ing 25 × 32 cm and subsequently digitized using an VIVX-V2532P 
and VXvue. Distance between shutter opening and the fish was ap-
proximately 80 cm. The staff wore a lead apron and stood 2 m from 
the digital plate, resulting in negligible radiation exposure. After ra-
diological imaging, the fish were dissected and eviscerated, and a 
picture was taken of the kidney tissues. Distribution and density of 
mineral deposits within the kidney was evaluated on radiographs in 
DICOM format in QXLink Portable Viewer (Vieworks, Republic of 
KOREA).

Whole kidney tissues were sampled from all individuals for 
histological analysis of nephrocalcinosis. The kidney tissues were 
fixed in 4% phosphate-buffered formaldehyde solution, embedded 
in paraffin wax and routinely processed (Suvarna et al., 2018). The 
kidney tissues were sectioned in the anterior–posterior direction in 
the para-sagittal plane so that the whole length of the kidney was 
evaluated for each fish. Due to space restrictions, segments of ap-
proximately 2.5 cm were made and oriented in a consecutive fashion 
from anterior to posterior on the resulting slide. All sections were 
stained by haematoxylin and eosin. The histopathological diagnosis 
of nephrocalcinosis was defined as the presence of amorphous, ba-
sophilic deposits in tubules, collecting ducts and excretory ducts. 
Histopathological nephrocalcinosis scoring was performed accord-
ing to Klykken, Reed, et al. (2022).

Initially, histopathological nephrocalcinosis scoring was under-
taken for all 80 fish. From this, a subsample of 17 fish was chosen 
to encompass all degrees of histological manifestation of nephrocal-
cinosis, and the radiographs of the corresponding fish were inves-
tigated. Based on those, we proposed five different categories for 
radiological scoring of nephrocalcinosis (herby referred to as radio-
logical score) as given in Table 1 and Figure 1, with the sum of scores 
from each category making up the radiological score.

To validate the preliminary scoring system based on radiology, 63 
fish were diagnosed on radiographic images only and then checked 
by comparing the results with the histological assessment. The va-
lidity of the preliminary model was assessed as the degree to which 

TA B L E  1  Categories for radiographic assessment of nephrocalcinosis

Parameter Score Assessment

Density of deposits 0 Not detected (Figure 1-0)

1 Densities comparable to the spongiosa or less (Figure 1-1)

2 Densities between densities comparable to spongiosa and 
the endplates of a random vertebrae (Figure 1-2)

3 Densities comparable to the endplates of a random 
vertebrae (Figure 1-3)

Spatial distribution of mineral deposits 0 Not detected

1 Only present in the collecting ducts

2 Present in half of the space between the vertebrae column 
and the swim bladder (Figure 2-B2)

3 Present in 75% of space between the vertebrae column and 
the swim bladder (Figure 2-C2)

4 Present in nearly all kidney tissue

Presence of deposits in the total length of the kidney 0 Not detected

1 <25% of the total length

2 25%–50% of the total length (Figure 2-B3)

3 50%–75% of the total length (Figure 2-C3)

4 >75% of the total length (Figure 2-D3)

Presence in urinary bladder 0 Not detected

1 Detected (Figure 2-B3)

Deviating ventral contour delimitation of the kidney 0 No deviation detected

1 Deviation detected (see supplementary)
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scores based on radiology were correlated with the histology score, 
based on the assumption that histology scoring was sufficiently ob-
jective. Correlation was checked with Pearson correlation test.

3  |  RESULTS AND DISCUSSION

The distribution and density of mineral deposits were clearly ob-
served on the x-ray images (Figure  2), which offers promising 
prospects for the development of a non-invasive assessment of 
nephrocalcinosis in farmed salmon.

The sensitivity of radiology for nephrocalcinosis was high, as 
93.2% of the fish (n = 55) histologically diagnosed with nephrocal-
cinosis were also diagnosed with radiology (Table 2). The remaining 
6.8% (n  =  4) that were not detected with radiology were all diag-
nosed with mild changes with histology. On the opposite, three indi-
viduals were diagnosed with nephrocalcinosis with radiology, but not 
detected with histology. These were assessed with sparse amounts 
of mineral deposits. The correlation between the total histology 
score and the radiological assessment (Figure 3) was significant but 
low (Yadav, 2018). One possible explanation for these inconsisten-
cies could be that mild changes, according to the histological scoring 
model, usually refer to sparse amounts of mineral deposits in collect-
ing ducts and tubules (Klykken, Reed, et al., 2022). It is, therefore, 
likely that the density or the proportion of mineral deposits were too 
small to be detected by radiography. We also observed background 
artefacts on some of the radiographs that may have affected the 
radiological assessment of nephrocalcinosis. To increase the spec-
ificity of radiology, background artefacts should be minimized. For 
example, breaching the scale pockets could lead to disturbances with 
several scales ending on top of each other in an unnatural fashion, 
causing disturbances to the radiographic image. Background arte-
facts may also have contributed to the radiological detection of the 
three fishes, which were considered healthy with histology (Table 2).

Another possible explanation for these inconsistencies is related 
to the limitations of histopathology itself. The histopathological 
nephrocalcinosis score is a semi-quantitative scoring model based 
on changes in the kidney according to the known principles of pa-
thology. Histopathological changes are divided into four subcatego-
ries (presence of deposits, epithelial degeneration and/or necrosis, 
pathological changes in the glomeruli and pathological changes in 
the interstitial tissue; Klykken, Reed, et al.,  2022). The histologi-
cal section represents a two-dimensional thin slide (approximately 
3 μm) of a relatively large organ, and there might be deposits in a 
plane that is not included in the section. It is, therefore, possible that 
we were able to detect deposits with radiology that we failed to ob-
serve with histopathology. This should be further investigated as it 
is not possible to conclude based on our study.

It is also possible that the low correlation could be explained by 
the fact that radiology can only detect the first category in the histo-
pathologic scoring model, that is, the presence of deposits. Fish with 
severe changes in the kidney tended to have larger spatial distribu-
tion of minerals on radiography. In addition, whether we observed 
mineral deposits in the urinary bladder was not correlated with the 
overall histological score, and the radiological categories should be 
further evaluated.

The use of portable radiography is advantageous as it allows 
for a fast and cost-effective diagnosis of mineral deposits char-
acteristic for nephrocalcinosis that can be performed on a large 
number of sedated individuals at each facility. The Norwegian leg-
islation requires, however, that the person conducting radiography 
(operator) receives a short training and use radiation protection, 
as radiography consists of x-ray radiation, which can potentially 
pose a risk for the operator (Zamanian & Hardiman,  2005). The 
voltage, shutter speed and exposure time settings used in this 
study resulted in radiation doses of 0.001 mSv/h measured at a 
distance of 20 cm from the digital plate. In this study, the opera-
tor was wearing a lead apron, standing 2 m from the digital plate, 

F I G U R E  1  Density assessment of 
mineral deposits compared with density 
of soft tissue (#) and vertebral structures: 
spongiosa (*) and endplates (¤).
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resulting in effective dose of 0.00002 μSv, which is quite negligi-
ble. For comparison, will a single domestic flight in the US give an 
effective dose of 3-6 μSv (United Nations Scientific Committee on 
the Effects of Atomic Energy, 2010).

Regarding the future use of radiology to assess nephrocalcino-
sis, one should be aware of the limitations of the method, since soft 
tissue changes not including mineralization cannot be seen on radio-
graphs. In general, it is not possible to evaluate the degree of soft 
tissue lesions associated with deposits based on radiology alone. 

Another major limitation is the fact that the radiology cannot dif-
ferentiate between different types of pathologies associated with 
mineral deposits in kidney tissue, meaning that conditions such as 
chronic granulomatous inflammation with secondary central calcifi-
cation cannot be differentiated from deposits due to nephrocalcino-
sis. Histopathology will, therefore, still be crucial for the evaluation 
of soft tissue changes and for definitive confirmation of diagnosis.

The method should be further developed to establish cut-off 
categories, similar to those of the histological model. To do so, a 
larger sample size should be assessed, also including several individ-
uals without nephrocalcinosis as ‘control’, to evaluate the proportion 
of false and true negatives. We believe that this will increase the 
sensitivity and specificity of radiology.

In conclusion, we are confident that radiology is a suitable diag-
nostic tool for assessing mineral deposits (amount and distributions) 
associated with nephrocalcinosis in farmed Atlantic salmon, with 
minimal risk to the operator when appropriate measures are taken. 
The methodology is significantly more cost-effective than histology 

F I G U R E  2  Examples of macroscopical 
presentation (1), radiological imaging 
(2 (whole fish) and 3 (focus on kidney 
region)) and histology (4 (section of the 
whole kidney from anterior to posterior 
part; regions with changes associated 
with nephrocalcinosis indicated by black 
ellipses), from normal fish (a) and fish with 
different grading of nephrocalcinosis 
ranging from mild (b), moderate (c) to 
severe (d) as evaluated from radiological 
and histological evaluation.

(a1)

(a2)

(a3)

(a4)

(b1)

(b2)

(b3)

(b4)

(c1)

(c2)

(c3)

(c4)

(d1)

(d2)

(d3)

(d4)

TA B L E  2  Number of fish with nephrocalcinosis detected on 
radiology and histology

Radiology 
positive

Radiology 
negative Total

Histology positive 55 4 59

Histology negative 3 1 4

Total 58 5 63

 13652761, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.13704 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  1887KLYKKEN et al.

with faster response time and reduces drastically the number of fish 
that need to be euthanized.

We recommend further developing radiology for the assessment 
of nephrocalcinosis in fish. This non-lethal method will make it pos-
sible to assess the disease progression on individual and group level 
over time, as well as exploring modes of prevention and treatments, 
greatly increasing the possibility of discovering its aetiology.
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1  |  INTRODUC TION

The salmon industry in Norway contributes to a yearly landing value of 
8.6 billion EUR (Fiskeridirektoratet, 2021) and is one of the most im-
portant industries in rural Norway (Olaussen, 2018). In 2021, 412 mil-
lion smolts were sold to sea facilities (Fiskeridirektoratet, 2021) with an 
increasing demand for transferring fish all year round (Tang et al., 2022).

In commercial hatcheries, salmon are normally raised in con-
stant light (LD24:0) from first feeding until smoltification is in-
duced by introducing an artificial winter signal (light during 12 h, 
followed by darkness for 12 h; LD12:12) followed by LD24:0 
(Martinez et al.,  2021). The change in photoperiod induces an in-
crease in expression of Na+, K+-ATPase α1a isoform and a reduc-
tion in expression of the α1b isoform (Nilsen et al., 2007) in the gills, 
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Abstract
Nephrocalcinosis is a widespread challenge in intensive production of salmon 
smolt. There is however no consensus on its aetiology, which makes it problematic 
to implement proper measures to limit its development. We performed a survey of 
nephrocalcinosis prevalence and environmental factors in 11 different hatcheries in 
Mid-Norway as well as a 6-month monitoring in one of the hatcheries. A multivariate 
analysis indicated that the most influencing factor for the prevalence of nephroc-
alcinosis was the supplementation of sea water during smolt production. In the 6-
month monitoring, the hatchery introduced salinity in the production water prior to 
the change in day length. Mismatch in those environmental signals may increase the 
risk for developing nephrocalcinosis. Salinity fluctuations prior to smoltification can 
cause osmotic stress and result in unbalanced levels of ions in fish blood. This was 
clearly illustrated in our study, as the fish experienced chronic hypercalcaemia and hy-
permagnesaemia. Both magnesium and calcium are excreted over the kidneys and it is 
possible that their prolonged, elevated levels in plasma resulted in an oversaturation 
of the urine when finally excreted. This again could have led to the aggregation of cal-
cium deposits within the kidney. This study indicates a relationship between osmotic 
stress induced by salinity changes in juvenile Atlantic salmon and the development of 
nephrocalcinosis. Other factors that may affect the severity of nephrocalcinosis are 
currently subjects for discussion.
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Atlantic salmon, hypercalcaemia, nephrocalcinosis, osmoregulatory stress, salinity
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reflecting the development of hypo-osmoregulatory ability and sea-
water tolerance necessary for successful smoltification (Handeland 
et al., 2003; McCormick et al., 1987; Stefansson et al., 1991). When 
the hypo-osmoregulatory capacity of the salmon is sufficiently high 
(Mortensen & Damsgård,  1998), the smolts are considered to be 
in the ‘smolt-window’, a relatively short period when they can be 
successfully transferred from freshwater to sea water (Lundqvist & 
Eriksson, 1985).

The Norwegian Veterinary Institute reports nephrocalcinosis as 
an increasing welfare issue in Norwegian smolt production (Jansen 
et al., 2021). Nephrocalcinosis is characterized by calcium deposits 
in the kidney tubules and collecting ducts (Bruno, 1996). In Atlantic 
salmon, the mineral deposits, characteristic for nephrocalcinosis, 
mainly consist of amorphous carbonate apatite (amCAP; Klykken 
et al.,  2022), which is made up mainly of calcium and phosphate. 
Calcium homeostasis in teleosts is regulated by several hormones, 
for example stanniocalcin (STC), calcitonin (CT) and calmodulin 
(CAM; Chan, 1972). STC is one of the primary hypocalcaemic hor-
mones in fish and is present as two isoforms, STC1 and STC2 that 
have been detected in renal tissue (Amemiya et al., 2002; McCudden 
et al., 2001). STC1 exerts an inhibitory effect on Ca2+ uptake in the 
gill by negatively regulating gene expression of epithelial chan-
nels (ECaC; Tseng et al.,  2009). It also decreases intestinal uptake 
of calcium (Sundell et al., 1992) and stimulates the reabsorption of 
phosphate in the kidney (Lu et al., 1994). STC2 acts by inhibiting the 
uptake of Ca2+ in the gills and intestine (Domínguez et al.,  2019). 
CT exerts its hypocalcaemic action by specifically stimulating os-
teoblast activity to form bones and scales (Domínguez et al., 2019). 
CAM is one of the most abundant Ca2+ sensor proteins in verte-
brates (Ikura & Ames, 2006), which protects against calcium toxicity 
by keeping the intracellular concentration of calcium low (Wongdee 
& Charoenphandhu, 2013). CAM has an extracellular role in regulat-
ing the permeability of fish skin to water and ions (Flik et al., 1984) 
and has a high affinity for calcium (Lo et al., 1994). Shavit et al. (2015) 
suggested that local dysregulation of calcium homeostasis in the 
renal interstitium may play a key role in the pathogenesis of nephro-
calcinosis in humans, but this has not been investigated in fish yet.

There is to date no consensus on the aetiology of nephrocalci-
nosis. Several studies conducted on farmed Atlantic salmon have 
indicated that both acute and long-term exposure to high levels of 
CO2 in the ambient water can cause nephrocalcinosis (Fivelstad 
et al.,  1999, 2003, 2018; Khan et al.,  2018). Similar results have 
been observed in studies with rainbow trout (Oncorhynchus mykiss; 
Smart et al., 1979; Good et al., 2010), Atlantic cod (Gadus morhua; 
Damsgård et al., 2011) and spotted wolfish (Anarhichas minor; Foss 
et al., 2003). In contrast, other comparable studies on elevated levels 
of CO2 did not find any signs of development of nephrocalcinosis in 
Atlantic salmon (Fivelstad et al., 1998, 2015; Good et al., 2010, 2018; 
Mota et al., 2019). This may indicate that other environmental fac-
tors rather than, or in addition to suboptimal water CO2 levels, must 
play an important role in the development of nephrocalcinosis. High 
levels of phosphate combined with high pH in the water have been 
suggested to cause nephrocalcinosis (Lewisch et al., 2013). For Nile 

tilapia (Oreochromis niloticus) reared in RAS, the prevalence of neph-
rocalcinosis was reduced by changing the source of alkalinity from 
CaCO3 to NaHCO3 (Chen et al., 2001).

To contribute to the common effort to understand the aetiology 
of nephrocalcinosis in Atlantic salmon, we have conducted a survey 
of nephrocalcinosis in 11 different hatcheries and a broad selection of 
water quality and feed composition parameters were analysed. Based 
on the results from this survey, we performed a long-term monitor-
ing of the development of nephrocalcinosis in one of the hatcheries 
that had a high prevalence (of nephrocalcinosis). We also monitored 
production conditions that may have increased the risk of developing 
nephrocalcinosis (temperature, CO2, O2, pH, salinity and L:D).

2  |  MATERIAL S AND METHODS

2.1  |  Fish sampling

A survey was conducted with a total of 360 farmed Atlantic salmon 
that were sampled from 12 fish groups in 11 different hatcheries, 
both flow through (FT) and recirculation aquaculture systems (RAS) 
in Mid-Norway from October 2019 to June 2020 (please see Klykken 
et al. (2022) for more details). No fish were exposed to experimen-
tal manipulation, and the sample material therefore represents fish 
under conventional farming conditions. A total of 30 fish from each 
facility were randomly sampled among visually healthy individuals 
within 2 weeks prior to sea transfer (Mean weight: 160.5 ± 85.1 g). 
The fish were not starved before sampling and were killed with an 
overdose of Benazok VET (200–400 mg/L) followed by a sharp blow 
to the head according to Norwegian legislation (Akvakulturdriftsfo
rskriften, 2008). A general health assessment and an evaluation of 
morphological changes related to parr–smolt transformation (smolti-
fication; silver colour, darker fin and parr marks) were performed at 
each sampling.

A long-term monitoring of nephrocalcinosis was performed at 
one of the flow-through facilities (8). The facility was selected based 
on having a historically high prevalence of nephrocalcinosis and a 
production protocol that included the use of sea water supplemen-
tation. Sampling was performed monthly from two tanks, from 
November 2020 (mean weight: 110.6 ± 14.1 g) to April 2021 (mean 
weight: 163.4 ± 33.6 g). Fish were randomly sampled (November: 
n = 30, December–February: n = 60, March: n = 52, April: n = 51), 
using the same protocol as during the survey. Seventeen fish were 
diagnosed with haemorrhagic smolt syndrome (HSS) and were ex-
cluded from the dataset as they could create bias in the analyses.

2.2  |  Histopathology

Tissues from mid-kidney were sampled from all individuals for his-
topathological analysis of nephrocalcinosis. The kidney tissues were 
fixed in 4% formaldehyde solution, embedded in paraffin wax and 
routinely processed (Suvarna et al., 2019). All sections were stained by 
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haematoxylin and eosin, and a selection of sections was stained with 
von Kossa stain (Rungby et al., 1993). The histopathological diagnosis 
of nephrocalcinosis was undertaken according to Klykken et al. (2022).

2.3  |  Blood chemistry

Blood samples were taken from all individuals in the long-term 
monitoring of nephrocalcinosis. Vacutainer tubes (Becton-
Dickinson) with lithium heparin as anticoagulant were used to col-
lect blood from the caudal vein immediately after euthanasia. After 
thorough mixing, the samples were centrifuged at 13,500 rpm for 
5 min (VWR Mikrostar 12, 12 × 1.5/2.0 mL) and the plasma was 
transferred to Eppendorf tubes and kept frozen (minimum −20°C) 
until analysis.

The following parameters were measured at Aqua 
Kompetanse's laboratory using an automated dry chemistry anal-
yser (CatalystOne, IDEXX Laboratories, Westbrook, ME, (Boes 
et al.,  2018)): aspartate aminotransferase (AST), calcium (Ca), 
sodium (Na), potassium (K), chloride (Cl) and magnesium (Mg). 
Each of the assays used a standard kit developed for the auto-
mated analyser (CatalystOne, IDEXX Laboratories, Westbrook, 
ME). Relevant blood chemistry parameters were chosen based on 
Klykken et al. (2022).

2.4  |  Water quality

Husbandry information was collected from the different hatcheries of 
the survey, and additional triplicate water samples from the produc-
tion water were sampled simultaneously with the fish sampling. 0.5-L 
plastic bottles were used for sampling and immediately stored in ice 
boxes and kept at 4°C until analysis. The photometer WTW Photoflex 
Turb Set (WTW) was used to measure concentration of calcium, mag-
nesium, phosphate, ammonium, potassium, sodium, nitrate, nitrite, 
sulphate and iron. Alkalinity was indirectly measured with a pH meter 
and the Orion Total Alkalinity test kit (Orion Research, Inc.).

In the long-term monitoring, the water quality was routinely 
monitored by the facility and kept within recommended ranges for 
Atlantic salmon (Noble et al.,  2018). In addition, triplicate water 
samples from each tank were collected monthly (same dates as 
fish sampling) in 0.5-L plastic bottles and immediately stored in 
ice boxes and kept at 4°C until analysis. The photometer WTW 
Photoflex Turb Set (WTW) was used to measure concentration of 
calcium, magnesium, phosphate and iron. Alkalinity was indirectly 
measured with a pH meter and the Orion Total Alkalinity test kit 
(Orion Research, Inc.).

2.5  |  Feed composition

Feed samples were collected directly from the automatic feeder 
of the fish tanks from the hatcheries in the survey. The samples 

were kept frozen (minimum −20°C) until analysis. The analyses 
were performed by the accredited laboratory Sintef Norlab AS ac-
cording to standards NMKL23 (gravimetric determination), NMKL6 
(Kjeldahl-N), ICP-MS and internal methods.

2.6  |  Gene expression by qPCR

2.6.1  |  Kidney gene expression of calcium-
related genes

In the long-term study, mid-kidney tissue was isolated and imme-
diately transferred into tubes containing RNAlater© (Life technolo-
gies) and stored at 4°C for 24 h before storage at −20°C until analysis. 
Direct-zol™ RNA extraction kit (Zymo research corporation) was 
used for extracting total RNA from frozen kidney tissues, followed 
by RNA integrity check and quantification using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies). Reverse tran-
scriptase (quantitative) polymerase chain reaction (RT-qPCR) was 
performed to quantify changes in the expression of CT, CAM, STC 
and MGP in the kidney. Complementary DNA (cDNA) synthesis was 
performed using the iScript cDNA synthesis kit (Bio-Rad). Followed 
by the preparation of qPCR reaction mix (20 μL) containing—5 μL 
of diluted cDNA, 0.5 μM each of the forward and reverse primers, 
1× iTaq SYBR green supermix with ROX (Bio-Rad Laboratories) 
and amplified using Mx3000P real-time PCR machine (Stratagene). 
Detailed procedure for the quantification of transcript expression is 
presented in Appendix S1. Primer pair sequences used for transcript 
amplification are shown in Table S1. The normalized expression was 
calculated using the relative expression ratio method described by 
Pfaffl (2001).

2.6.2  |  Gill and kidney Na+, K+ ATPase (NKA) 
gene expression

In the long-term survey, gill and kidney tissue were isolated and im-
mediately transferred into tubes containing RNAlater© (Life tech-
nologies) and stored at 4°C for 24 h before storage at −20°C until 
analysis. Measurement of gill and kidney ATPase expression was 
performed by Pharmaq Analytiq AS. Their product ‘Smoltvision’ was 
used, measuring the expression of three different gene markers: 
α1a NKA isoform, α1b NKA isoform and the Na+, K+, 2Cl− (NKCC1a) 
cotransporter. The normalized expression was calculated using the 
relative expression ratio method described by Pfaffl (2001).

2.7 | Statistical analysis

All statistical analyses were performed using R software 4.1.0 
(Team, 2017). An exploratory data analysis (EDA) with principal com-
ponent analysis (PCA) and partial least squares (PLS) was used to 
explore the possible relationship between different environmental 
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4  |    KLYKKEN et al.

factors, biological parameters and the prevalence of nephrocalci-
nosis in 12 different fish groups. The predictor variables included 
the following parameters: biological measurements (plasma ALKP, 
plasma ALT, plasma AST, gill ATPase ratio, plasma Ca, plasma CK, 
plasma Cl, plasma K, plasma Mg, plasma Na, plasma Na/K ratio, 
plasma PO4, weight, length, hearth deformities, light liver, swollen 
spleen, internal adhesions, cataract, fin injuries, gill deformities, jaw/
snout wounds, melanin, scale loss and smolt characteristics); feed 
components (ash, calcium, carbohydrate, chloride, dry matter, fat, 
iron, potassium, magnesium, sodium, phosphorus, protein, vitamin 
D3 and water); and water quality measurements (alkalinity, ammo-
nium, calcium, CO2, iron, potassium, magnesium, sodium, nitrate, 
nitrite, O2, pH, phosphate, sulphate, temperature, total nitrogen and 
turbidity). Rearing conditions also included: stocking density, pro-
duction technology (FT/RAS) and pH buffer. See Appendix S2 and 
Appendix S3 for values.

PCA was performed on the full dataset, where the biological and 
environmental factors were used as explanatory variables, while 
the prevalence of nephrocalcinosis was plotted as a supplementary 
variable. The average contribution to the first five principal com-
ponents was used as cut-off and only variables with contributions 
greater than this limit were considered important for contributing to 
the components, while the variables below were not included in the 
PLS regression. The number of components in the PLS regression 
model was chosen by using leave-one-out cross-validation, where 
the number of components which gave lowest root mean squared 
error (RMSE) was chosen.

Statistical analyses were performed on plasma chemistry and 
gene expression. Because of heavily skewed gene expression data, 
the gene expression data were log-transformed with base 2 before 
the analysis. Normality was tested with Shapiro–Wilks test. Because 
of non-normality, the Wilcoxon rank-sum test was used for group 
comparisons between healthy fish and fish with nephrocalcinosis. 
Comparison between sampling days and tanks was also performed 
with pairwise Wilcoxon rank-sum test. p-values were adjusted using 

Bonferroni correction. p-values ≤.05 were stated as significant. To 
measure the strength and direction of the monotonic relationship 
between prevalence of nephrocalcinosis and salinity, Spearman's 
rank correlation was used. All the results from the statistical anal-
ysis are provided in the supplementary material (Tables S7–S19 in 
supplementary).

3  |  RESULTS

3.1  |  Survey of 12 fish groups

3.1.1  |  Prevalence before transfer to sea

Nephrocalcinosis was observed in all the fish groups in the sur-
vey, but the prevalence varied greatly between the hatcheries 
(Figure 1, see Klykken et al. (2022) for more details on the histol-
ogy results). More than half of the individuals with nephrocalcino-
sis had mild changes in the kidney tissues (68%, Figure 1). The total 
proportion of fish with nephrocalcinosis was 45% in the surveyed 
hatcheries.

3.1.2  |  Nephrocalcinosis in relation to 
external factors

The PLS regression model indicated that the supplementation of 
sea water in the production water and sulphate concentration were 
the two investigated parameters that explained the prevalence of 
nephrocalcinosis most (Figure 2). The model explained 74% of the 
variation in the response variable.

All hatcheries that had less than 25% nephrocalcinosis did not 
add sea water to their production water. On the opposite, all but 
one hatchery that had over 25% nephrocalcinosis added sea water in 
different concentrations (Figure 3). There was a significant positive 

F I G U R E  1  Severity of nephrocalcinosis 
in Atlantic salmon from different fish 
groups in Mid-Norway (Each group: 
n = 30). Yellow colour indicates mild 
changes, orange shows moderate 
changes, and red indicates severe changes 
in the kidney tissue as found from 
histopathological examination (Klykken et 
al., 2022).
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    |  5KLYKKEN et al.

correlation between the proportion of fish with nephrocalcinosis 
and the salinity in the hatchery (Spearman's rank correlation: ρ = .89, 
p < .05).

3.2  |  Long-term survey in one hatchery

3.2.1  |  Development of nephrocalcinosis

In the facility that was monitored over several months (November 
2020–April 2021), there was an increase in both prevalence and 
severity of nephrocalcinosis in both tanks during the study period 
(Figure 4). Compared with the first 3 months (November, December 
and January), the prevalence was significantly higher than the other 
months of the study (p < .05). There was a clear increasing trend in 
the prevalence of nephrocalcinosis in fish from February until the 
end of the study (Figure 4).

3.2.2  |  Environmental conditions

The fish were exposed to continuous light (LD24:0) from start-
feeding until they reached a size of 30–40 g (September 2020). 
In early September, the light regime was switched to LD16:8 for 

2 weeks and from late September to the end of January the fish 
were exposed to a ‘winter signal’ characterized by LD12:12 (Folkedal 
et al., 2010). From February and until transfer to sea, the fish were 
exposed to continuous light (LD24:0; Table. 1). The temperature de-
creased from 6°C in November to 3°C in April, while the O2 satura-
tion was kept at 85% (measured in the outlet) and the CO2 below 
6.0 mg/L during the whole sampling period. Salinity increased gradu-
ally over time with one increase in December and another in January 
(Figure 4). pH was not continuously logged by the facility, but was 
sporadically measured, and ranged between 6.6 and 7.0 for the sam-
pling period. Alkalinity increased from November to February and 
then decrease in March and April. Ca2+ and Mg2+ concentrations 
increased from November to March (Table.  1), with a significantly 
elevated concentration in February, March and April compared with 
November and December.

3.2.3  |  Blood chemistry

Since the blood chemistry did not significantly differ between fish 
with and without nephrocalcinosis and only for single time points 
for some of the parameters between the two tanks (Table S8 and 
Table S9), data from fish from the different tanks and groups were 
gathered for further analysis resulting in an increased sample size.

F I G U R E  2  Regression coefficients from the partial least squares regression analysis of nephrocalcinosis with the covariates that were 
considered to have important contributing to the principal components in the full PCA (Appendix S4). Root mean square error (RMSE): 0.34.
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6  |    KLYKKEN et al.

Most blood chemistry parameters measured changed during the 
survey period (Figure 5). The plasma concentrations of calcium and 
magnesium were significantly elevated in December and January 
compared with all other sampling points. There was a significant de-
crease in the concentration of AST from December to February and 
the chloride concentrations increased over time, while sodium did 
not show clear temporal patterns.

3.2.4  |  Kidney gene expression

Fluid and electrolyte homeostasis
The kidney gene expression of NKA α-1a, NKA α-1b and NKCC1a did 
not significantly differ between fish with and without nephrocalci-
nosis and only for a single time point for one of the genes between 
the two tanks (Table S11 and Table S12), and data from fish from 

F I G U R E  3  Proportion of fish affected 
by nephrocalcinosis as a function of 
salinity. Each point (n = 30) represents one 
fish group. Line indicating 25% prevalence 
of nephrocalcinosis.

F I G U R E  4  Prevalence and severity of nephrocalcinosis at different sampling points for tank A and B including salinity. Significant 
differences in nephrocalcinosis prevalence between sampling months are denoted with different letters (p < .05). Fish from tank A: (Nov; 
n = 15, Dec-Feb; n = 30, Mar; n = 23, Apr; n = 22. Fish from tank B: Nov; n = 15, Dec-Feb; n = 30, Mar; n = 29, Apr; n = 29). Black line shows 
salinity changes over time in tank A and B (ppt).
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    |  7KLYKKEN et al.

the different tanks and groups were therefore gathered for further 
analysis resulting in an increased sample size.

The results showed that gene expression of NKA α-1a and 
NKCC1a changed over time in the kidney tissue with a significant 
increase in March compared with earlier months (Figure 6.), while 
only small changes, without an apparent pattern, were observed for 
the NKA α-1b isoform.

Calcium signalling in the kidney
The kidney gene expression of calcium signalling-related genes did 
not significantly differ between fish with and without nephrocal-
cinosis with one exception (MGP in December), and only for sin-
gle time points for one of the genes between the two tanks (CT, 
Table S14 and Table S15), data from fish from the different tanks and 
groups were therefore gathered for further analysis resulting in an 
increased sample size.

There were some variations over time in gene expression of 
calcium signalling-related genes (Figure  7). STC decreased from 
November until January and then increased with highest relative 
gene expression in April.

3.2.5  |  Gill gene expression

The gill gene expression of NKA α-1a, NKA α-1b and NKCC1a did not 
significantly differ between fish with and without nephrocalcinosis, 
and only for single time points for the genes between the two tanks 
(Table S17 and Table S18), data from fish from the different tanks 

and groups were therefore gathered for further analysis resulting in 
an increased sample size.

The relative mRNA expression of the NKA α-1a isoform de-
creased from November to April (Figure  8). The relative expres-
sion of NKA α-1b isoform varied and showed a less distinct pattern 
(Figure  8). The Na + -K + -2Cl– (NKCC1a) cotransporter was within 
the recommended 20% of total gene expression at every sampling 
point (Figure 8).

4  |  DISCUSSION

Previous studies that investigated the aetiology of nephrocal-
cinosis have pointed out seemingly contradictory explanatory 
factors, ranging from exposure to high CO2 concentration in the 
water (Damsgård et al.,  2011; Fivelstad et al.,  1999, 2018; Foss 
et al., 2003; Hosfeld et al., 2008), use of calcium carbonate to adjust 
alkalinity and pH (Chen et al., 2001), magnesium deficiency (Knox 
et al.,  1981), selenium toxicity (Bruno,  1996; Hicks et al.,  1984), 
high density and low water flow (Damsgård et al., 2011), high lev-
els of phosphate (Lewisch et al.,  2013), and sudden changes in 
water chemistry with a large supply of magnesium and calcium ions 
(Bjerknes et al., 1994). The limitations of most of these studies were 
that nephrocalcinosis was an incidental finding, and it was there-
fore not possible to conduct in-depth investigation of its possible 
triggers. We therefore conducted a large-scale survey in which we 
collected data on as many environmental parameters as possible, 
including both water chemistry and feed composition, to relate 

TA B L E  1  Environmental parameters for tank A and B from November 2020 to April 2021. Temperature (Temp., °C), oxygen saturation 
(O2, %), light:darkness (L:D), CO2 (mg/L), salinity (Sal, ppt), alkalinity (Alk, ppm CaCO3), calcium (Ca, mg/L), magnesium (Mg, mg/L) and 
phosphate (PO4, mg/L). Significant differences between months are indicated with different letters (p > .05).

Nov Dec Jan Feb Mar Apr

Temp. 6.0 ± 0.5 4.3 ± 0.5 3.4 ± 0.1 3.3 ± 0.1 3.2 ± 0.1 3.0 ± 0.2

O2 85% 85% 85% 85% 85% 85%

L:D 12:12 12:12 12:12 24:0 24:0 24:0

Tank A

CO2 5.0 NA 4.0 4.0 2.0 NA

Sal 0 ± 0 1.6 ± 0.8 3.5 ± 1.1 5.0 ± 0.1 4.8 ± 0.2 4.9 ± 0.1

Alk 0.0 ± 0.0a 11.2 ± 3.4ab 16.0 ± 1.3b 15.7 ± 0.4b 15.3 ± 0.5b 14.6 ± 0.6b

Ca 12.0 ± 3.5a 27.0 ± 4.4a 56.0 ± 2.0b 64.0 ± 3.0bc 69.3 ± 0.6c 70.1 ± 0.6c

Mg <5.0a 59.7 ± 16.3a 193.7 ± 50.6ab 254.7 ± 2.1b 161.0 ± 15.7b 189.7 ± 11.2b

PO4 0.05 ± 0.04 0.1 ± 0.02 0.07 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.04 ± 0.01

Tank B

CO2 5.0 NA 5.0 6.0 4.0 NA

Sal 0 ± 0 0.7 ± 0.3 2.3 ± 1.4 3.7 ± 0.0 2.9 ± 0.1 3.1 ± 0.0

Alk 2.2 ± 0.7a 6.7 ± 1.6ab 12.9 ± 0.5b 13.4 ± 1.4b 10.0 ± 1.2b 9.6 ± 0.8b

Ca <10a 15.0 ± 2.7a 50.7 ± 6.7ab 67.7 ± 13.6ab 45.7 ± 2.1b 44.3 ± 1.5b

Mg <5a 48.4 ± 0.6b 135.0 ± 4.6c 226.7 ± 29.4cbd 89.7 ± 4.7d 91.7 ± 16.2abcd

PO4 0.04 ± 0.02ab 0.2 ± 0.04ab 0.09 ± 0.01a 0.09 ± 0.02ab 0.04 ± 0.01b 0.06 ± 0.01b

Note: Iron was below the limit of detection (LOD) (<0.05 mg/L) at all sampling times. a, b, c, d indicates significance levels of p > .05.
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8  |    KLYKKEN et al.

them to the prevalence and severity of nephrocalcinosis. Among 
those 37 parameters, only two significantly influenced the preva-
lence of nephrocalcinosis. These two factors were both linked to 
the supplementation of sea water to the production water, strongly 
indicating that brackish water concentrations (0.5–15 ppt) in smolt 
production increase the risk for developing nephrocalcinosis. We 
also observed that the production water in hatcheries with more 
than 25% prevalence of nephrocalcinosis had salinities ranging 
from 0.5 to 15 ppt in all but one hatchery further supporting the 
findings in the PLS regression model. The results obtained from the 
long-term survey also suggested that the prevalence and severity of 
nephrocalcinosis increased as response to the gradually increasing 
salinity of the production water.

It is a common practice in commercial production of salmon 
smolt to expose the fish to brackish water for several weeks prior 
to transfer to full-strength sea water (Lysfjord et al., 2004), but the 
research findings on the effects and potential benefits of this prac-
tice are equivocal (Duston,  1994; Handeland & Stefansson,  2002; 
McCormick et al.,  1989; Saunders & Henderson,  1969) and it is 
clear that more research is needed on the possible negative effects 
of introducing brackish water (<15 ppt) during smolt production. 
Several studies have demonstrated that the salinity of the aquatic 
environment influences blood biochemical parameters of aquatic 
species (Jarvis & Ballantyne,  2003; Tian et al.,  2020; Zarejabad 
et al., 2010) and that salinity fluctuations may result in osmotic stress 
(Goodfellow et al., 2000; Mount et al., 1997; Schwarz & Allen, 2014). 

F I G U R E  5  Blood chemistry parameters in Atlantic salmon at different time points during parr–smolt transformation: aspartate 
aminotransferase (AST), calcium (Ca), chloride (Cl), potassium (K), magnesium (Mg) and sodium (Na). Significant differences between months 
are indicated with different letters (p > .05). For AST, the y-axis is drawn together for values above 1000 (marked with the horizontal dashed 
line). Fish: Nov; n = 30, Dec; n = 59, Jan-Feb; n = 60, Apr; n = 49 (Tables S8–S10).
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    |  9KLYKKEN et al.

In our long-term survey, the plasma concentrations of calcium and 
magnesium were significantly elevated in December and January 
in both groups compared with the other sampling points, in paral-
lel to the observed salinity increase. This observed increase in di-
valent ions was comparable to what is seen after a 24-h seawater 
challenge test (Nieves-Puigdoller et al., 2007) and after transfer to 
sea. According to Urke et al. (2014), homeostasis is usually achieved 
within 2 weeks after exposure to sea water, but in our study the fish 
experienced long-term (6–8 weeks) hypercalcaemia and hypermag-
nesaemia causing chronic hyperosmotic stress. This could be a re-
sult of the gradually increasing salinity (Divino et al., 2016), as we 
observed that the calcium and magnesium concentration in plasma 
was reduced to homeostasis when the salinity of the production 
water was kept stable. An alternative explanation could be that this 
was a response to introducing brackish water before the fish had 
obtained sufficient hypo-osmoregulatory capacity. The changes in 
gill NKA α-1a isoform indicated that the salinity was introduced to 
the fish when they had not obtained sufficient hypo-osmoregulatory 
capacity. We also observed an increase in NKA α1b isoform in 
January, prior to the 24:0 light period, similar to that observed by 
van Rijn et al.  (2020) in Atlantic salmon transferred to sea water. 
This may indicate that the salinity increase in itself promoted the 
changes needed for obtaining salinity tolerance in the gills, before 
the photoperiod cue, resulting in a mismatch in smoltification sig-
nals. In the kidney, the Na+-K+-2Cl− cotransporter (NKCC1a) gene 
expression increased in March and April compared with the other 
sampling points. NKCC1 has a secretory role, and the expression is 

higher in SW than in FW (Takvam et al., 2021). The NKA α-1a iso-
form was elevated in March and has previously been demonstrated 
to increase in SW-adapted fish compared with FW-adapted fish (Zhu 
et al., 2018). These changes in gene expression occurred after the 
addition of SW and 6–7 weeks after the start of 24:0 light period, 
also indicating that the salinity increase was introduced while the 
kidneys were still adapted to the FW environment. It is not unlikely 
that the prolonged duration (6–8 weeks) of osmoregulatory stress 
resulted in an oversaturation of the urine when the fish finally began 
to osmoregulate properly, which again facilitated the precipitation of 
calcium phosphate in the kidney.

Bakke et al.  (1991) found that salmon post-smolt struggle to 
maintain osmoregulation in fluctuating salinities and that this be-
comes worse when the temperatures are excessively low or high. 
In our long-term survey, the salinity fluctuations occurred at low 
temperatures. Low temperatures could therefore have been an addi-
tional stress or for the development of nephrocalcinosis in our study.

The plasma calcium levels in our long-term survey were within nor-
mal range previously reported by Klykken et al. (2022) at all sampling 
points, whereas the plasma magnesium levels were outside the normal 
ranges in January. In Klykken et al. (2022), it was not possible to con-
clude whether the significantly elevated plasma calcium levels in fish 
with nephrocalcinosis were a cause for or a consequence of nephro-
calcinosis. Based on the results of the present study, it may be both, 
depending on the severity of nephrocalcinosis. The fish with neph-
rocalcinosis in our long-term survey mainly displayed minor changes 
in the kidney (mild nephrocalcinosis), with little or no damages to the 

F I G U R E  6  Box-and-whisker plots showing log2 qPCR expression ratios of genes related to fluid and electrolyte homeostasis in kidney 
tissue over time. qPCR expression ratios are normalized to the geometric mean of expression ratios of elongation factor ef1α. Na+, 
K + -ATPase α-1a (α-1a), α-1b (α-1b) isoform and Na+, K, 2Cl– (NKCC1a) cotransporter. Significant differences between months are indicated 
with different letters (p > .05). Fish: Nov; n = 22, Dec; n = 58, Jan; n = 54, Feb; n = 44, Mar; n = 42 Apr; n = 40 (Tables S11–S13).
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10  |    KLYKKEN et al.

kidney tissue. The plasma calcium increased prior to the increase in 
nephrocalcinosis prevalence and was reduced to homeostasis. If the 
fish had not been transferred to sea, the disease progression might 
have resulted in kidney damage and in turn increased plasma cal-
cium due to failure to excrete divalent ions. The same might be true 
for plasma magnesium since hypermagnesaemia is linked to kidney 
damage (Nieves-Puigdoller et al., 2007; Singh et al., 2002). In a pre-
vious study, fish with severe nephrocalcinosis displayed hypermagne-
saemia to a greater extent than fish with less severe changes in the 
kidney tissue (Klykken et al., 2022), supporting the view that hyper-
magnesaemia may be a sign of reduced kidney function. Increased 
levels of magnesium in our long-term survey were likely caused by 
the lack of sufficient hypo-osmoregulatory capacity. Both magnesium 

and calcium are excreted over the kidneys in teleosts (Hickman & 
Cleveland, 1968; Oikari & Rankin, 1985; Takvam et al., 2021), and it is 
possible that their elevated levels in plasma resulted in an iron over-
load in the kidneys. This could, in turn, have caused the aggregation 
of deposits which mainly consist of calcium as determined in Klykken 
et al.  (2022). As previously pointed out, it seems that urine pH in 
Atlantic salmon facilitates precipitation of calcium phosphate deposits 
(Klykken et al., 2022). Renal mineral deposits in Atlantic salmon rarely 
consist of magnesium, and it might therefore be that other conditions 
instead of or in addition to oversaturation must be present to generate 
deposits with magnesium. This should be further investigated.

We did not observe differences in gene expression between 
fish with and without nephrocalcinosis for calcium signalling-related 

F I G U R E  7  Box-and-whisker plots showing log2 qPCR expression ratios of calcium signalling-related genes in kidney tissue over time. 
qPCR expression ratios are normalized to the geometric mean of expression ratios of elongation factor ef1α. Matrix GLA protein (MGP), 
calmodulin (CAM), calcitonin (CT) and stanniocalcin (STC). Significant differences between months are indicated with different letters 
(p > .05). Fish: Nov; n = 18, Dec; n = 21, Jan; n = 23, Feb; n = 27, Mar; n = 20 Apr; n = 17 (Tables S14–S16).
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genes in the kidney. It is therefore unlikely that nephrocalcinosis in 
Atlantic salmon is caused by a local dysregulation of calcium ho-
meostasis as suggested by Shavit et al.  (2015) for humans. We did 
however find an increase in STC expression in February, March and 
April compared with the three previous months for both fish with 
and without nephrocalcinosis. STC is one of the primary hypocalcae-
mic hormones in fish (Amemiya et al., 2002; McCudden et al., 2001), 
and an increase in plasma calcium will stimulate the secretion of STC 
which exerts its effect on target cells in the gills, intestine and kidney 
(Greenwood et al., 2009). It is interesting to note that the STC gene 
expression increase was delayed compared with the plasma calcium 
increase and that the STC gene expression continued to increase 
after the plasma calcium levels had returned to homeostasis. It is 
possible that this continued ‘overexpression’ of STC was due to the 
increase in salinity since STC-producing cells have higher metabolic 
activity in SW than in FW (Greenwood et al., 2009; Lu et al., 1994; 
Wagner et al.,  1998) or that it was linked to parr–smolt transfor-
mation since Domínguez et al.  (2019) found differences in gene 
expression of STC in liver and muscle, between parr and smolts. 
The fact that we did not find differences in plasma chemistry and 
gene expression between fish with and without nephrocalcinosis 
may indicate that even though all fish experience osmoregulatory 
stress, some are able to tackle it better than others. Those who do 
not will develop nephrocalcinosis. Eventually, the evolution towards 
severe forms will cause even larger physiological changes for those 
individuals due to impaired kidney function. As shown in Klykken 
et al.  (2022), the physiology of fish with severe nephrocalcinosis 
largely differs from that of fish with milder grades.

Taken together, the results of this study point to a causal rela-
tionship between osmotic stress induced by salinity changes and/or 
a challenging level of salinity combined with the fish developmental 
stage and previous history, and the development of nephrocalcinosis. 
But fluctuating salinity is not the only factor that can cause osmotic 
stress in salmon. In our survey, we did observe one hatchery with 
nephrocalcinosis prevalence above 25% which do not add sea water 
to their operational water. This hatchery was the only one with a 
production protocol where the fish were start fed in RAS and then 
transferred to on-growing in FT. It is possible that the high prevalence 
of nephrocalcinosis in this facility may be connected to transferring 
fish from RAS to FT, which may also result in osmoregulatory stress 
due to a massive change in water quality. Another example of a fac-
tor that may cause osmoregulatory stress can be high levels of CO2 
which can induce gill lesions (Fivelstad & Binde, 1994) and therefore 
affect the osmoregulatory capacity of individuals. Accordingly, sev-
eral studies conducted on farmed Atlantic salmon have indicated that 
high levels of CO2 in the water can cause nephrocalcinosis (Fivelstad 
et al., 1999, 2003, 2018; Khan et al., 2018). Hence, it is possible that 
the different parameters indicated by previous studies and observa-
tions as causative factors for nephrocalcinosis are not as contradic-
tory as they appear, as they may all have induced osmotic stress that 
in turn triggered mineralization in the kidneys. In general, designing 
and conducting field studies in commercial facilities can be challeng-
ing as production requirements are prioritized over research consid-
erations. Future studies on the aetiology of nephrocalcinosis should 
therefore include experimental induction of osmoregulatory stress 
by manipulation of water quality in juvenile Atlantic salmon.

F I G U R E  8  Relative gene expression of Na+, K+-ATPase α-1a, α-1b isoform and Na+, K+2Cl− (NKCC1a) cotransporter in the gills. Significant 
differences between months are indicated with different letters (p > .05). Fish: Nov; n = 30, Dec-Feb; n = 60, Mar; n = 52 Apr; n = 51 
(Tables S17–S19).
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