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ABSTRACT

Nephrocalcinosis (NC), characterized by excessive mineral deposition in the kidneys, represents an increasing
challenge in commercial smolt production of Atlantic salmon. The aim of this study was to survey NC and
mineral status in whole fish and kidneys in Atlantic salmon smolts from commercial smolt facilities, aiming to
identify potential triggers of NC development. Samples were collected from eight fish groups across six com-
mercial smolt facilities, sharing the same genetic origin and feed supplier. Three flow-through systems and three
recirculating aquaculture systems (RAS) were included, and the facilities applied different smoltification
protocols.

NC was found to be a commonly occurring production disorder during smoltification, affecting 41% of the
sampled fish, with a higher prevalence (52.5%) and more severe cases in fish from RAS facilities. However,
variation between facilities was large, clearly showing that RAS does not necessarily equal high NC prevalence.
More frequent and severe NC was observed in fish exposed to continuous light compared to winter signal within
the same facility, but the latter group also had lower CO; levels presumably due to reduced feeding. No dif-
ferences were seen between fish given salt feed and standard feed in the same facility. Among other parameters,
increased salinity early in smoltification appeared to contribute to NC. There was a strong association between
the analyzed content of calcium (Ca), phosphorus (P), magnesium (Mg), and manganese (Mn) in the kidneys and
increasing severity of NC. Most microminerals accumulated in the water in RAS facilities, reflected in higher
levels in whole fish and kidneys, with selenium as an exception. Neither whole body minerals nor any plasma
parameters were related to NC. Our findings highlight the potential for optimizing production technologies and
smoltification protocols to reduce NC.

1. Introduction

the rearing water and/ or the feed that may trigger acid-base or osmotic
imbalances (branchial, intestinal and renal) promoting formation and

Nephrocalcinosis (NC) is a common production disorder in Atlantic
salmon (Salmo salar L.) smolts in Norway (Moldal et al., 2025), char-
acterized by precipitation of calcareous material in the kidney tubules
and collecting duct. NC is reported to be one of the main causes of
reduced welfare and increased mortality in Norwegian salmon hatch-
eries, and the prevalence seems to have increased with the rise of more
intensive smolt production methods (Moldal et al., 2025). The causative
factors of NC seem multifactorial and are still under debate. Risk factors
include hypercapnia (high dissolved CO;) and hyperoxia (O3 over-
saturation) in the rearing water, as well as increased salt loads through

deposition of calcified structures in the kidney (Emadi et al., 2026;
Fivelstad et al., 2003; Klykken et al., 2023; Takvam et al., 2023).
Traditionally, the land-based aquaculture systems used for produc-
ing Atlantic salmon smolts in Norway have been Flow-through systems
(FTS) (Terjesen et al., 2013), where inlet water is continuously drawn
from a nearby water source and passed through the fish tanks before
being discharged back into the recipient water body (Lekang and Fjera,
2020). Over the last decades, most newly established and modernized
existing facilities have adopted Recirculating Aquaculture System (RAS)
technology, engineered to reduce water consumption. RAS has enabled
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regulation of water temperature, which in combination with manipu-
lation of photoperiod has enabled the production of zero-year-old smolt
(Afewerki et al., 2023; Sandvold and Tveteras, 2014). Recycling of the
water necessitates continuous water treatment to maintain the desired
rearing conditions (Brown et al., 2024). In addition to hypercapnia and
hypoxia that can easily occur in RAS, choice of buffers such as lye
(NaOH), sodium carbonate (NayCOs3), sodium bicarbonate (NaHCO3),
calcium carbonate (CaCOg), quicklime (Ca0), hydrated lime (Ca(OH)5)
or seawater to regulate pH and alkalinity is also among potential factors
predisposing for the development of NC in smolts. Nevertheless, Atlantic
salmon smolts raised in FTS are also prone to NC development.

Photoperiod and temperature are the primary synchronizers for
seasonal changes such as smoltification, where temperature primarily
acts as a time-regulating factor (Imsland et al., 2014). Daylength affects
the light-brain-pituitary axis, involving a cascade of endocrine factors
including cortisol, thyroid hormones and growth hormone, in a complex
interaction between environmental cues and physiological responses
(Bjornsson et al., 2011; Nilsen et al, 2008). Development of
hypo-osmoregulatory capacity in smolts is driven by anatomical and
physiological modifications in the gills, intestine and kidneys
(Stefansson et al., 2020). In freshwater (FW) teleosts, the kidney and
urinary bladder play a crucial role in maintaining ion balance by pro-
ducing a large volume of diluted urine, while seawater (SW) teleosts
produce concentrated urine to conserve water and excrete salts in a
saline environment. Protocols used to induce smoltification in smolt
hatcheries consist of four different methods that are either used alone or
in combination: ambient light and temperature, controlled light regu-
lation and temperature, salt feed and brackish water (seawater or sea
salt addition) (Striberny et al., 2021; Trine Ytrestgyl et al., 2023). The
choice of smoltification protocol appears to affect the risk of NC, as both
continuous light, introduction of brackish water before the fish are
smoltified and salt feed have been implied to affect NC development
(Klykken et al., 2023; Lillebo, 2021; T. Ytrestgyl et al., 2023).

Clinical signs of NC in salmonids include calcified deposits in the
kidney and tubules, but the mineral levels in affected kidneys and fish
are seldom reported. As the macro- (P, Ca, Mg, Na and K) and micro-
mineral (Zn, Cu, Fe, Mn, and Se) homeostasis in fish is tightly regu-
lated (Lall and Kaushik, 2021), studying the mineral levels in smolts
obtained from different rearing and smoltification regimes can allude to
physiological and mechanistic understanding of NC etiology. Con-
ducting controlled trials can be challenging for production disorders
involving multiple predisposing or contributing factors. The objective of
this study was to analyze the extent of NC and mineral status in whole
fish and kidneys in Atlantic salmon smolts from six different smolt fa-
cilities on eight uniform genetic lineage fish groups, aiming to identify
potential triggers of NC development, focusing on water quality pa-
rameters, production forms and protocols used to induce the parr-smolt
transformation.

2. Materials and methods
2.1. Experimental design

Fish were sampled at six commercial smolt facilities (all Mowi ASA),
three FTS (named F1, F2 and F3) and three RAS (named R1, R2 and R3).
Two samplings were conducted at each facility, called “Early” and
“Late” for the remainder of this paper, where the Early samples were
collected in the final phase of the smoltification period before the smolt
signal was finished and Late samples after the smolt signal was
completed, but before the fish were transferred to SW, aiming for the
first sampling before the smolt window and the second inside the smolt
window. Timing of the two samplings and the time periods between
these would vary between the facilities, due to different length of the
various smoltification protocols (for timing of samplings, see supple-
mentary table 1). All fish in this survey originated from a uniform ge-
netic lineage (Mowi strain, S1 23 G) and were fed similar feed from the
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same supplier (Mowi Feed AS, except one group fed SuperSmolt feed
(feed enriched in electrolyte ions (Na™, Ca", Mg?") and the amino acid
tryptophan), all feed details are given in Supplementary Table 6).
However, these cohorts were subject to diverse smolt production stra-
tegies and smoltification protocols (Table 1). Two of the facilities (F3
and R1) used two different smoltification protocols, resulting in eight
distinct fish cohorts across the six facilities.

2.2. Water quality

Key water quality parameters such as dissolved oxygen (dOy), dis-
solved carbon dioxide (dCO2), salinity, pH and temperature were
routinely measured and recorded by staff at each facility (with the
equipment normally used at each facility, hence some variations/
reduced accuracy due to this can be expected), with RAS facilities con-
ducting a more in-depth analysis including alkalinity. Frequency of
measurements ranged from daily to weekly. Data spanning the period in
which the two samplings at each facility were conducted are summa-
rized in Table 2. Variation among different RAS configurations was
substantial, where R1 had a very high rate of water recycling (99.9%
recycled water of total flow into tanks) compared to R2 (99.4%) and R3
(99.3%).

A water sample was also collected from the outlet of the relevant
tanks at the early sampling of fish from each facility. These samples were
collected in small plastic bottles and refrigerated until ICP-MS analyses
to determine the levels of macro- and microminerals.

2.3. Feed samples

During the early sampling of fish, a feed sample was collected for
each fish group. These samples (approximately 0.5 kg) were stored in
plastic bags at a room temperature, not exceeding 20°C, until analyses
for macro- and micro minerals, dry matter, ash, lipids and protein.

2.4. Sampling of fish and tissues

A total of 20 fish were randomly collected directly from the fish tank
at each sampling (Early and Late), euthanized by an overdose of Ben-
zoak VET (ACD Pharmaceuticals AS, Leknes), and were measured for
length and weight. Ten of the fish were used for whole fish analysis
(opened along the abdomen, and the intestinal system was cleared of
feed and feces to avoid false elevations in the levels of micro and macro

Table 1

Smoltification protocols used for the eight fish groups. Overview of the different
technologies and smoltification protocols (including salinity, photoperiod and
salt feed if applicable) used at the smolt facilities. The durations and hours of
light/dark are shown in supplementary Figure 1.

Technology ~ Smolt Smoltification protocol

facility
FTS F1 BW (13.9%o), LL (24 L:0D)
F2 FW (0%o), astronomical photoperiod
F3 NF FW (0%o), astronomical photoperiod
F3 SS FW (0%o), astronomical photoperiod + SuperSmolt
RAS R1 WS BW (4.1%o), LL (24 L:0D) followed by 6 weeks WS
(12 L:12D)
R1LL BW (4%o), LL (24 L:0D)
R2 BW (3.1%o), LL (24 L:0D) followed by 17 weeks WS
(12 L:12D)
R3 BW (1.3%o), LL (24 L:0D) followed by 7 weeks WS

signal (12 L:12D)

FTS: Flow-Through System, RAS: Recirculating Aquaculture System, FW: Fresh
Water (less than 0.5%0), BW: Brackish Water (0.5%0 < salinity < 30%o), NF:
Normal Feed, SS: SuperSmolt feed, astronomical photoperiod: mimicking the
natural photoperiod, 24 L:0D: Continuous light period of 24 h (LL), 12 L:12D:
Alternating between 12 h of light and 12 h of darkness to simulate the winter
period (winter signal — WS).
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Table 2
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Water quality parameters for the different smolt groups. Numbers are presented as mean =+ SD in the period between the two samplings. Units of measurement: dO, is
given as %, dCO, and alkalinity (CaCO3) as mg/], temperature as degree Celsius (°C) and salinity as %.. N/A - not applicable.

Smolt facility dO, dCO, Salinity pH Temperature Alkalinity

F1 92.5 + 4.58 11.7 + 3.01 13.9 +1.02 6.8 +£0.11 6.6 + 1.51 N/A

F2 99.3 + 6.85 11.5 + 0.58 N/A 6.0 & 0.08 4.2 +0.10 N/A

F3 (NF) 91.6 +1.91 6.6 + 0.55 N/A 6.7 + 0.09 3.4 +0.42 N/A

F3 (SS) 91.6 +1.92 6.6 + 1.34 N/A 6.7 + 0.09 3.4 +0.42 N/A

R1 (WS) 94.9 + 0.36 2.9+ 0.77 4.1 +0.09 7.1 + 0.04 13.7 + 0.64 98.6 + 18.73
R1 (LL) 94.9 + 0.50 11.5 + 1.85 4.0 +£0.21 7.1 +0.03 13.7 £ 0.75 65.8 +10.12
R2 88.3 +2.23 13.7 £ 0.76 3.1 £ 0.05 7.2 +£0.10 11.5 + 0.80 98.9 +19.90
R3 93.2 +1.79 11.3 +1.97 1.3 +0.10 7.1 £0.10 14.7 + 1.29 90.5 + 18.70

metals, tagged individually and stored on dry ice) and the other ten for
blood and tissue (kidney) samples. Blood was sampled by puncture of
the ventral caudal peduncle with a heparinised 4 mL Vacuette tubes
(REF 454029, Austria). Plasma was separated from the blood, by using
the smolt facilities’ own centrifuge (around 3000 g for 5 min) and stored
on dry ice. The same fish were opened along the abdomen and examined
macroscopically for NC (see details below). The kidney was then
removed and divided into three parts; the middle section was stored in
prefilled PP tube (20 mL) with 4% formaldehyde buffered solution and
routinely processed for histological examination by an external com-
pany (PatoGen AS), while the two other parts were distributed into
Eppendorf tubes and placed on dry ice. All samples were shipped to the
Institute of Marine Research (Bergen, Norway) and samples from dry ice
were kept at —80°C until analyses.

2.5. Mineral analyses

A multi-element determination of the feed and whole body samples
was done by ICP-MS (inductively coupled plasma mass spectrometry),
according to (Julshamn and Brenna, 1999). Briefly, feed samples were
homogenized before analyses using a Knife Mill Grindomix GM 300,
while the 160 whole fish samples were homogenized using a standard
food processor and weighed. Whole fish samples were then subjected to
a 72-hour freeze-drying process in a FreeZone Bulk Tray Dryer (Lab-
ConCo, Kansas) and weighed again to determine the amount of dry
matter before the material was grounded into a uniform powder with a
Knife Mill Grindomix GM 300. Samples were prepared using the Ultra-
Wave (UW, Milestone, Sorisole, Italy) and Ultra Clave (UC, Milestone,
Sorisole, Italy), diluted to a volume of 25 mL using Milli-Q water. For
analyses of macro minerals samples were further diluted with 5% nitric
acid (HNOs3) (feed samples diluted 4:1, whole fish samples diluted 9:1,
while kidney samples were not diluted) to fall within the linear con-
centration range for ICP-MS. ICP-MS was conducted for micro minerals
(V, Mn, Fe, Co, Cu, Zn, As, Se, Cd and Hg) and macro minerals (Ca, Na, K,
Mg and P). To determine the content of each element, an iCap Q
(Thermo Scientific) instrument is used along with computer software
Qtegra (Qtegra™ iCap Q, Thermo Scientific).

2.6. Plasma analyses

Sodium (Na™), potassium (K*), chloride (CI), calcium (Ca"),
glucose (Glu), lactate (Lac) and pH levels were quantified using an
ABL90 FLEX PLUS (Radiometer). Plasma pH values were adjusted ac-
cording to the temperature difference between 37 °C and the tempera-
ture of the fish (pHplood = PHmeasured+ 0.013*AT) (Hosfeld et al., 2008).
The Fiske Micro-Sample Osmometer (Advanced Instruments), was used
for osmolality measurements (mOsm/kg). Cortisol levels (ng/mL) were
determined using DEH 3388 (Demeditec), ELISA-kit and Sunrise plate
reader (Tecan).

2.7. Nephrocalcinosis (NC)

A visual macroscopic classification of NC was performed during the

samplings, grading the kidneys 0-4 according to (Hjelde, 2023), with
0 representing no NC and 1-4 representing increasing severity of NC.

Histological assessment of NC was conducted at PatoGen AS, with
the severity of NC in each sample systematically graded. Assessment of
histological samples included precipitations, changes such as degener-
ation, necrosis or fibrosis affecting epithelium, changes in glomeruli and
changes in interstitial tissue, with a complete overview of the histology
scoring system given in supplementary table 5. The main categories for
fish with detectable levels of NC were as follows; “very slight”, “slight”,
“moderate”, “plentiful”, and “extensive” changes (no fish with extensive
changes were found). Example histology images from the different cat-
egories are given in supplementary figures 7-9. Four rounds of samples
(involving 10 histology samples each, groups F1 Pre, F2 Pre, R1 WS Pre
and R1 LL Pre) were frost-damaged during transport (example given in
supplementary figure 10). A detailed evaluation of these samples could
not be conducted; however they could still be classified within the main
categories listed above. Hence, only these and not the detailed scores are
used for figures and statistical treatment of the data.

2.8. Statistical analyses

Principal Component Analysis (PCA) was done to investigate the
main correlations between results on minerals in the kidney, plasma,
growth parameters, and NC scorings of individual fish and how the data
were distributed among different facilities and the two samplings.
Nested ANOVA was conducted to compare Early/Late and FTS/RAS
against each other for most of the analyzed parameters, with facilities as
random factor and Early/Late or FTS/RAS as fixed factor. In cases where
there were two fish groups with different smoltification protocols within
the same facility, data from these were compared by nested ANOVA with
smolt protocol as the fixed factor and sampling point as the random
factor. The mineral data sorted based on NC histology score resulted in a
non-normally distributed dataset. Therefore, we used the Kruskal-Wallis
test (a non-parametric test) to uncover significant differences, followed
by Dunn's post hoc test for multiple comparisons. For the NC histology
scores, differences in prevalence were tested by comparing the number
of not affected and affected (from “very slight” to “plentiful”) in-
dividuals in different groups, using Chi Square test for comparing all
groups, and Fisher’s Exact test for pairwise comparisons. To test for
severity, categories had to be collapsed for a robust statistical analysis,
hence we compared the number of individuals showing no to slight
changes versus individuals showing moderate to plentiful changes, using
the same tests as above. Nested ANOVA was conducted in Statistica
(version 13.4.0.14, TIBCO Software Inc), while the PCA and analyses of
the histology scores were conducted in GraphPad (version 10.2.2). P-
values < 0.05 are considered statistically significant. All data are pre-
sented as mean + standard deviation (SD) unless otherwise specified.

2.9. Calculations

Specific growth rate (SGR) % = [Ln(Final weight)-Ln(Initial weight)] x
100/days



N.H. Sissener et al.

Thermal growth coefficient (TGC) = 1000 x ((Final weight*(1/3) —
Initial wegith"(1/3)) / (temperature x days))

Survival rat% = ((Initial population — mortalities in the period)/ initial
population)*100

Condition factor (CF) = (bw/f13) x 100 (bw = body weight, fl = fork
length)

3. Results
3.1. Fish performance

Mortality was low (<1%) in all facilities in the period between the
samplings. Data on population sizes, dead fish and survival rate can be
found in Supplementary table 2. Weight, length and condition factor of
the 20 sampled fish at each facility at both samplings are given in
Table 3, no statistical comparisons of these data were made due to clear
differences between the facilities. F2 experienced a negative trend in
both weight and condition factor in the period between samples. Specific
Growth Rate (SGR) and Thermal Growth Coefficient (TGC) were also
calculated based on these data and are given in Supplementary table 3.

3.2. Principal component analyses

Fig. 1 shows the loading plot from a PCA conducted to identify un-
derlying patterns in the data from the fish assessed for NC; individual
growth data (weight, length, and CF), ICP-MS analysis of kidney tissue
(macro- and microminerals), plasma analysis, and NC examination data
(macro and histology). The NC histology data were converted from a
qualitative scale ranging from "Not Detected" to "Detected Plentiful" to a
quantitative scoring system ranging from O to 4.

PC1 and PC2 represent the first two principal components which
explain 22.2% and 15.6% of the variance in the dataset, respectively.
Results from the two NC examination methods cluster together with the
minerals calcium (Ca), 37 magnesium (Mg), phosphorus (P), and man-
ganese (Mn) in kidney tissue. Performance data (length, weight and CF)
do not appear to be strongly related to any other parameters in this
analysis. PC score plots visualizing all data from each facility as well as
the two sampling points (Supplementary Figure 2 and 3) did not show
any clear clustering of the data, although facility R1 appeared to be
partially separate from the others.

3.3. Nephrocalcinosis

The histological examination for NC showed that 66 of 160 fish had
some varying degrees of NC, accounting for 41.3% of the sample pop-
ulation (Fig. 2). NC prevalence did not differ between the Early and the
Late sampling points (40 and 42.5%, respectively, p = 0.87), hence
these two data points were combined for the remainder of the results
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Fig. 1. Principal Component Analysis (PCA) Loadings Plot illustrating the in-
terrelationships among various parameters analyzed in Atlantic salmon smolts
sampled from six commercial facilities. Points colored in blue represent results
from ICP-MS analysis of kidney tissue, red dots represent results from plasma
analysis results, green dots represent different growth parameters, and orange
represents the two NC scoring systems.

description. The severity and prevalence (p < 0.0001) of NC varied
across the different facilities / smolt groups, where R1 LL (90%), R1 WS
(60%) and F1/R3 (45%) had the highest occurrences of detectable levels
of NC. On the other end of the scale, occurrences of NC were lowest in R2
(15%), F3 SS (20%) and F2 (25%). The most severe cases (moderate and
plentiful) of NC were found in facilities R1 LL (85%), F1 (30%), R1 WS
(25%) and R3 (5%). Based on culture technology, FTS facilities had a
lower prevalence of NC (30%) compared to RAS facilities (52.5%) and a
higher prevalence of the more severe cases (“moderate” + “plentiful”)
(p = 0.006 and p = 0.0008, respectively). Comparing the fish groups
that were given winter signal (WS) versus continuous light (LL) in fa-
cility R1, there was a tendency for a higher overall NC prevalence in the
latter (p = 0.06), while NC severity (prevalence of “moderate” +
“plentiful”) was higher in the LL group (p > 0.0001). The NF (normal
feed) and SS (SuperSmolt feed) groups within facility F3 did not differ
(p = 0.72). One fish (F2 late) had haemorrhagic smolt syndrome (HSS)
in addition to very slight NC, while no histopathology of known diseases
in the kidney was seen in any of the other examined fish.

Macro examination revealed some degree of NC in 57 fish, a preva-
lence rate of 36% (Supplementary Figure 4). The most severe cases were
detected in the same facilities as for the histological examination (F1 and
R1 LL), while results deviated more from the histopathology for the mild
cases. This aligns with previous studies recommending histology for
precise determination of NC (Boissonnot et al., 2022), and the histology
data are consequently the ones focused on in the discussion and used for
statistical testing.

Table 3
Weight, Length and Condition Factor (C-factor). Data are presented as mean + S.D., n = 20 for each facility at each time point.
Weight (g) Length (cm) CF

Facility Early Late Early Late Early Late
F1 175.2 + 43.4 202.2 + 89.4 23.8 +2.0 240+ 4.1 1.28 £0.07 1.40 + 0.07
F2 102.0 + 18.8 91.2 +£15.3 20.1 £ 1.4 20.0 £ 1.3 1.26 + 0.10 1.13 +0.10
F3 NF 91.5 + 14.3 113.8 + 44.2 19.5+ 0.9 20.9 + 2.5 1.24 £ 0.11 1.22 £0.11
F3 SS 80.8 +11.2 92.2 +14.4 18.5+£0.8 19.4 £1.0 1.27 £0.07 1.25 + 0.08
R1 WS 191.9 + 61.0 264.9 + 64.7 23.7 £21 27.5+ 2.6 1.42 + 0.14 1.27 + 0.09
R1LL 129.0 + 16.6 237.0 + 66.6 21.8+1.2 26.6 + 2.1 1.25+0.13 1.26 + 0.16
R2 167.5 + 49.1 203.9 +47.0 23.8 +£2.7 26.1 +2.4 1.24 £0.15 1.14 £ 0.10
R3 84.24+99 131.7 + 28.2 18.4 £1.0 21.7+1.8 1.36 £0.14 1.36 +£0.14
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Fig. 2. Prevalence and degree of NC conducted by histology examination in Atlantic salmon smolts sampled from six commercial facilities at two different time
points during smoltification (“Early” and “Late”) Three facilities were flow through (denoted F1-F3), while the three others were RAS facilities (R1-R3). Two distinct
groups of fish were sampled from facility F3 (NF — normal feeds and SS — salt feed) and facility R1 (WS — winter signal and LL — continuous light). The scoring system
for assessing NC severity used a 5-tier grading based on histological classification, ranging from "Not detected" to "Detected, very slight", "Detected, slight", "Detected,

moderate" and "Detected, plentiful".

3.4. Kidney mineral status

Fig. 3 shows the minerals in fish kidneys with relation to their
respective histology scores. The concentrations of minerals such as Ca,
Mg, P, and Mn increased significantly with increased NC scores (all fish
groups and samplings combined), as did Ca:P ratio, while Se decreased
with increasing NC score.

The macro mineral status of kidney, comparing Early vs Late sam-
pling and FTS vs RAS, is presented in Fig. 4. Sodium (Na) was signifi-
cantly higher (p < 0.001) in kidney of fish from the late sampling, and
also significantly higher in fish from RAS compared to FTS (p < 0.001).
When comparing FTS and RAS, there were also significant differences in
calcium (Ca) (p < 0.05) and potassium (K) (p < 0.01).

The micro mineral status of kidney, comparing Early vs Late sam-
pling and FTS vs RAS, is presented in Fig. 5. Significant differences be-
tween the early and late samplings were observed in iron (Fe)
(p < 0.001), copper (Cu) (p < 0.05), zinc (Zn) (p < 0.05) and selenium
(Se) (p < 0.001), with a higher level of zinc (Zn) and selenium (Se) in the
early group and a higher level of iron (Fe) and copper (Cu) in the late
group. Comparing FTS and RAS, there were significant differences in the
concentrations of manganese (Mn) (p < 0.001), iron (Fe) (p < 0.05),
zinc (Zn) (p < 0.01) and selenium (Se) (p < 0.001). Se was the only
mineral higher in the FTS fish, while the others were higher in RAS fish.

Comparing fish given normal feed (NF) and SuperSmolt (SS) salt feed
at smolt facility F3 revealed no significant differences in macro minerals,
while iron being slightly higher (p < 0.05) in fish fed the normal feed
was the only difference in micro minerals (Supplementary Figure 5 and
6).

Comparing fish exposed to winter signal (WS) and fish exposed to
continuous light (LL) within smolt facility R1, there were clear differ-
ences in Ca, Mg and P, all being significantly higher in the LL group
(Fig. 6). Regarding micro minerals, Mn was higher in the LL group, while
Fe, Cu and Se were higher in the WS group (Fig. 7).

3.5. Whole body mineral status

There were significant differences in concentration of calcium (Ca)

(p < 0.001) and phosphorus (P) (p < 0.001) in whole fish from FTS and
RAS facilities, both minerals being higher in fish from FTS (Table 4).
Comparing fish given normal feed (NF) and SuperSmolt (SS) feed at
smolt facility F3 there was higher concentrations of potassium (K)
(p < 0.01) in fish from the NF group, while no significant differences in
whole fish macro minerals were observed between the two light regimes
in smolt facility R1.

Among the micro minerals analyzed, there were significant differ-
ences in the concentrations of Mn (p < 0.001), Fe (p < 0.01), Cu
(p < 0.001) and Zn (p < 0.01), when comparing FTS and RAS (Table 5).
In all, there is a significantly higher mean level in the RAS group. There
were also significant differences in Mn (p < 0.05), Fe (p < 0.05) and Se
(p < 0.05), when comparing NF and SS within facility F3, with Mn and
Fe being higher in the NF group while Se was higher in the SS group. No
significant differences were observed between the light regimes in fa-
cility R1.

3.6. Plasma chemistry

Fish at the early sampling had significantly higher plasma sodium
(Na™) (p < 0.01) compared to fish from the late sampling. Comparing
FTS and RAS (Cl) (p < 0.05), sodium (Na™) (p < 0.05) and calcium
(Ca2+) (p < 0.001) were all higher in the FTS group (Table 6). When
comparing WS and LL within facility R1, plasma potassium (p < 0.05)
was higher in the WS group.

Furthermore, plasma lactate (p < 0.05), glucose (p < 0.001),
cortisol (p < 0.001), osmolarity (p < 0.001), and pH (p < 0.01) differed
between the sampling points, with osmolarity being higher at the early
sampling, and the rest were higher at the late sampling (Table 7). There
was also a significant difference between FTS and RAS in concentrations
of lactate, glucose, osmolarity and pH (all p < 0.001), where glucose
and osmolarity were higher in the FTS group, and lactate and pH higher
in the RAS group. When comparing NF and SS within smolt facility F3,
plasma cortisol (p < 0.01) was higher in the NF group while pH
(p < 0.05) was higher in the SS group. When comparing WS and LL
within facility R1, plasma lactate (p < 0.05) was higher in the WS group
while cortisol (p < 0.05) was higher in the LL group. Plasma data was
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Fig. 3. Mineral status in the kidneys of fish differing in NC histology scores. Data are presented as mean =+ standard deviation (S.D.), in mg/kg ww kidney tissue. Of
the 160 fish, 94 were categorized as "No NC detected", 26 as "Very slight NC", 11 as "Slight NC", 16 as "Moderate NC" and 13 as "Plentiful NC".

attempted grouped according to NC histology score (as done with the
kidney mineral data in Fig. 3, but no significant effects were seen.

3.7. Mineral content in water samples and feed

There were clear differences between the facilities in terms of the
macro- and micromineral content in the operational water
(supplementary Table 5). For the macro minerals, facility F1, R1 and R2
had considerably higher levels than the other facilities, while for micro
minerals facility R1 stood out with the highest levels. (Klykken et al.,
2023). Nutrient composition of the different feeds used for these fish is
given in supplementary Table 6. The salt feed stood out the most, with a
high ash content (13.3 g/100 g) compared to the other feeds (range of
6.7-8.1 g/100 g). Protein and lipid content were also lower in the salt
feed, while sodium (Na) and calcium (Ca) was higher (27 and 17 g/kg,
respectively, in the salt feed, compared to ranges from 4.9 to 6.8 and
9.1-13 g/kg, respectively, for the other feeds).

4. Discussion
4.1. Smolt production methods & NC susceptibility

Our results of 41% prevalence (determined by histology) aligns with

NC being a common production disorder (Moldal et al., 2025), despite
large variations in both prevalence (15-90%) and severity across the
commercial smolt facilities included in this study. NC is reported as one
of the most rapidly increasing health problems in smolt hatcheries,
suspected to be tied to intensified smolt production methods making it
harder to maintain good water quality (Sommerset et al., 2024). Despite
a higher prevalence and severity of NC in RAS facilities, R2 had the
lowest incidence (15%) of all the facilities, showing that high NC does
not necessarily occur in all RAS, supported by Klykken et al. (2022),
finding no correlation between NC and production form across 12
commercial smolt facilities. All three RAS facilities included in our
survey used SW or sea salt addition for smoltification, which seemed to
be a predisposing factor in the facilities surveyed by Klykken et al.
(2023), but not the six facilities included in the study of Nilsen et al.
(2024). In our data, facilities not adding SW / sea salt had an NC
prevalence of 20-30% (F2 and F3), while most facilities adding SW / sea
salt had 45-90% NC prevalence (except facility R2). Addition of SW to
rear the fish in brackish water during the FW stage is commonly used in
the industry for various reasons including increasing production ca-
pacity (by increasing water supply), increasing buffer capacity (higher
alkalinity means less change in pH from CO, accumulation, especially
important in RAS), potentially improving hypo-osmoregulatory ability
(although published studies show no effect on this) and keeping the fish
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Fig. 4. Macro mineral status of the kidney in Atlantic salmon smolts sampled from six commercial facilities at two different time points during smoltification (“Early”
and “Late™). Three facilities were flow through, while the three others were RAS facilities. Data are presented as mean + standard deviation (S.D.), mg/kg ww kidney
tissue, n = 80 per bar. Significant differences detected by ANOVA; * p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. Micro mineral status of the kidney in Atlantic salmon smolts sampled from six commercial facilities at two different time points during smoltification (“Early”
and “Late™). Three facilities were flow through, while the three others were RAS facilities. Data are presented as mean + standard deviation (S.D.), in mg/kg ww
kidney tissue, n = 80 per bar. Significant differences detected by ANOVA; * p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. Macro minerals in the kidney of fish exposed to winter signal (WS) and continuous light (LL), respectively, at smolt facility R1. Data are presented as mean +
standard deviation (S.D.), in mg/kg ww kidney tissue, n = 20 per bar (early and late samplings are both included). Significant differences detected by ANOVA; *

p < 0.05, **p < 0.01, ***p < 0.001.

in the “smolt window” for a longer time period (Fivelstad et al., 2004;
Handeland and Stefansson, 2002; Mortensen and Damsgérd, 1998).
Brackish water leads to greater availability of calcium ions, to which the
fish compensate by reducing uptake through the gills and increasing
excretion through feces and urine. However, if the increase in salinity
occurs before the fish are smoltified, they might struggle with this
transition resulting in calcified deposits in the kidney (Boissonnot et al.,
2022).

Other differences between RAS and FTS in the current study were
generally higher water temperature resulting in higher growth and
slightly higher pH in the RAS facilities. Mean CO»-levels were slightly
higher for RAS compared to FTS, but with huge variation within each
production system category. Furthermore, all values were well below
the current industry guideline for CO2 levels in water which is maximum
15 mg/L, although negative effects on salmonids also can be seen at
lower levels (Fivelstad, 2013; Fivelstad et al., 2018; Mota et al., 2020).
While high levels of CO5 (16-32 mg/L) have been shown to increase the
prevalence of NC in Atlantic salmon smolts, levels around 15 mg/L have
given minor to no effect on NC in previous studies (Fivelstad et al., 2018;
Fivelstad et al., 1999; Fivelstad et al., 2003; Hosfeld et al., 2008; Jafari
et al., 2024; Nilsen et al., 2024).Both the data in our study and other
recent surveys of commercial facilities mostly show values below this
limit (Boissonnot et al., 2022; Nilsen et al., 2024), with no relation be-
tween NC and CO; levels found in a survey of 12 smolt facilities
(Boissonnot et al., 2022), similar to what we observe in our data.
However, recent research indicate that fluctuations in CO, may also be
important (Engan, 2025), while the CO2 measurements taken in the
current study are not suited to look into this.

Regarding smoltification protocols, we had a comparison between
the use of continuous light (LL) and winter signal (WS) in facility R1,

where LL was associated with higher severity of NC, while it is worth
noting the big difference in CO3 levels, presumably due to reduced
feeding during the WS. Notably, the two fish groups exposed to LL in our
data set (R1 LL and F1) represent the two fish groups with most NC
among the RAS and FTS facilities, respectively. Minimal research has
been conducted on how smoltification protocols affect susceptibility to
NC, but recent research shows that fish subjected to LL had higher NC
scores than fish receiving a WS (Ytrestpyl et al., 2023), supporting our
results. In a survey of 6 facilities, 2 of the 3 with high prevalence of NC
used LL and salt feed (Nilsen et al., 2024). Hence, the lack of a WS seems
to be a risk factor, depriving fish of the environmental signals for a
natural physiological transition from a FW to a SW phenotype. In
intensive smolt production, the use of LL enhances fish growth in the FW
stage (Imsland et al., 2014; Striberny et al., 2021; Trine Ytrestgyl et al.,
2023), while several studies have shown reduced growth performance
after SW transfer (Gjerde et al., 2024; Sigholt et al., 1995; Striberny
et al., 2021; Trine Ytrestgyl et al., 2023).

The use of feed enriched in salts and the amino acid tryptophan is
also a method used to aid smoltification in salmon, in different combi-
nations with light regimes (Myklatun et al., 2023; Striberny et al., 2021).
Such feed has been speculated to be a risk factor for NC, but our results
do not verify this risk as parallel fish groups given normal feed or salt
feed in the same facility has similar NC prevalence. Similarly, no cor-
relations between salt feed and NC were observed by Boissonnot et al.
(2022). Salt feed is often used in combination with LL, as in the two of
the three facilities with high NC prevalence in a survey of 6 facilities
(Nilsen et al., 2024). In our case salt feed was used together with
mimicking a natural photoperiod, suggesting that LL might be the
problem rather than the salt feed.
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Fig. 7. Micro minerals in the kidney of fish exposed to winter signal (WS) and continuous light (LL), respectively, at smolt facility R1. Data are presented as mean +
standard deviation (S.D.), in mg/kg ww kidney tissue, n = 20 per bar (early and late samplings are both included). Significant differences detected by ANOVA; *

p < 0.05, **p < 0.01, ***p < 0.001.

Table 4

Macro minerals in whole fish samples. Data are presented as mean =+ standard
deviation (S.D.), n = 80 per group for Early/Late and FTS/RAS and n = 20 for
the comparisons within facility F3 and R1. Significant differences detected by
ANOVA; * p < 0.05, **p < 0.01, ***p < 0.001.

Table 5

Micro minerals in whole fish samples. Data are presented as mean =+ standard
deviation (S.D.), n = 80 per group for Early/Late and FTS/RAS and n = 20 for
the comparisons within facility F3 and R1. Significant differences detected by
ANOVA; * p < 0.05, **p < 0.01, ***p < 0.001.

g/kg ww Ca Na K P Mg mg/kg ww Mn Fe Cu Zn Se
All Fish All Fish
Groups Groups

Early 417 0.68 3.70 4.27 0.31 Early 2.02 95+27 1.36 35.7 0.22
+0.81 +0.04 +0.18 +0.47 +0.02 +0.86 +0.85 +9.2 +0.07

Late 4.37 0.68 3.85 4.31 0.31 Late 217 10.2 1.40 37.1 0.21
+1.02 +0.17 +0.93 +0.95 +0.10 +0.66 +25 +0.57 +6.9 +0.05

FTS 456 0.69 3.85 453 0.32 FTS 1.88 93+24 113 34.5 0.22
+0.96"" +0.17 +0.94 +0.92"" +0.10 +0.53 +0.44 +6.8 +0.05

RAS 3.98 0.67 3.69 4.05 0.30 RAS 2.31 10.4 1.63 38.3 0.22
+0.79 +0.04 +0.14 +0.38 +0.02 +0.90"" +2.7" +0.86"" +9.0” +0.07

Facility F3 Facility F3

F3 NF 4.44 0.64 3.75 4.42 0.30 F3 NF 1.85 9.7 0.96 33.1 0.21
+0.84 +0.05 +0.13" +0.39 +0.01 + 0.39* +1.2% +0.17 +3.4 +0.02

F3SS 4,57 0.66 3.61 4.38 0.30 F3SS 1.66 87+15 0.90 33.5 0.22
+0.65 +0.04 +0.14 +0.30 +0.01 +0.27 +0.16 +25 + 0.02*

Facility R1 Facility R1

R1 WS 3.81 0.66 3.68 4,01 0.30 R1 WS 2.72 10.5 2.02 35.0 0.22
+0.99 +0.03 +0.10 +0.44 +0.01 +0.57 +1.3 +0.29 +3.0 +0.01

RI1LL 3.93 0.66 3.69 4.14 0.30 RI1LL 2.91 11.3 2.26 42.1 0.24
+0.61 +0.04 +0.09 +0.30 +0.02 +1.26 +4.8 +1.31 +16.5 +0.13

Early: Early sampling, Late: Late sampling, FTS: Flow-Through System, RAS:
Recirculating Aquaculture System, F3 NF: Facility F3 Normal Feed, F3 SS: Fa-
cility F3 SuperSmolt, R1 WS: Facility R1 Winter Signal, and R1 LL: Facility R1
Continuous Light.

Early: Early sampling, Late: Late sampling, FTS: Flow-Through System, RAS:
Recirculating Aquaculture System, F3 NF: Facility F3 Normal Feed, F3 SS: Fa-
cility F3 SuperSmolt, R1 WS: Facility R1 Winter Signal, and R1 LL: Facility R1
Continuous Light.
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Table 6

Overview of the plasma content of CI,, Nat, K and Ca?*. Data are presented as
mean + standard deviation (S.D.), n = 80 per group for Early/Late and FTS/RAS
and n = 20 for the comparisons within facility F3 and R1. Significant differences
detected by ANOVA; * p < 0.05, **p < 0.01, ***p < 0.001.

mmol/L cr Na*t K" Ca%*
All Fish
Groups
Early 1331+7.6 1645+6.8" 1.84+1.49 1.47+0.20
Late 130.8+8.7  160.3 + 8.4 1.71+1.52 1.44+0.16
FTS 133.3 163.8 1.66 +1.49  1.53
+9.3% +10.0% +0.18""
RAS 130.6 £ 6.9  161.0 + 4.8 1.88+1.52 1.37+0.14
Facility F3
F3 NF 136.3+7.4 1642+11.3 212+179 1.58+0.14
F3SS 137.5 164.1 +14.6  2.32+1.53  1.53+0.18
+13.1
Facility R1
R1 WS 135.1+5.4  161.1 £ 4.9 2.18 1.35 + 0.11
+ 1.45*
R1LL 1347 +8.0 161.6 +7.0 1.57+1.31  1.35+0.08

Early: Early sampling, Late: Late sampling, FTS: Flow-Through System, RAS:
Recirculating Aquaculture System, F3 NF: Facility F3 Normal Feed, F3 SS: Fa-
cility F3 SuperSmolt, R1 WS: Facility R1 Winter Signal, and R1 LL: Facility R1
Continuous Light.

4.2. Mineral homeostasis & NC in smolts

Our findings of elevated calcium (Ca), phosphorus (P) and magne-
sium (Mg) in the kidneys of NC-affected fish, fit well with previous
qualitative reports of the mineral deposits mainly consisting of these
elements (Klykken et al., 2022; Pfalzgraff et al., 2025). Quantitative
macro-minerals assessments in the current study indicated that kidney
Ca concentrations exceeded the normal homeostatic state in fish corre-
sponding to histology grading beyond ‘very slight’. Further, NC-affected
fish also had highly elevated kidney levels of manganese (Mn), which is
to our knowledge is a new finding, probably not seen by previous studies
due to different analytical methods. The higher kidney Ca (2.5-3-fold),
Mg (1.3-fold) and Mn (1.5-2-fold) levels in fish from RAS compared to
FTS, correspond with the higher prevalence of NC in RAS. Similarly,
significantly higher Ca, P, Mg, and Mn in fish reared in LL compared to
WS in facility R1 can be related to the differences in NC between these
two groups. Increased Ca and Mg accumulation in the kidneys can be an
indication of impaired hypo-osmoregulatory capacity to eliminate
excess salt, especially under brackish and saltwater conditions. The in-
testine plays an important role in osmoregulatory water uptake (drink-
ing) and salt removal (CapMgCOs3 precipitation) in Atlantic salmon
smolts (Ciavoni et al., 2024; Fuentes and Eddy, 1997; Philip et al.,
2022). It is likely that ineffective removal by the gut can lead to
increased Ca and Mg load in the kidneys leading to NC, which should be
investigated in further studies. Atlantic salmon smolts raised in RAS and

Table 7
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smoltified under LL (24-h light) conditions were less robust with lower
hypoosmotic ability upon seawater compared to those raised in FTS or
winter signal (Lai et al., 2024; Myklatun et al., 2025; Silva-Marrero
et al., 2025). Significantly higher levels of selenium (Se) were found
in the kidney of the FTS group, and also in R1 WS compared to R1 LL.
This might be linked to differences in NC scores (Fig. 3) or higher growth
rates in RAS and LL, as periods of rapid growth rates in Atlantic salmon
are linked to elevated oxidative stress and depletion of anti-oxidants
(Hamre et al., 2022; 2016; Nordgarden et al., 2003). Further, RAS fish
can also experience a pro-oxidant environment with high concentration
of divalent metals like copper (Cu) and iron (Fe). Selenium depletion
during handling / confinement induced oxidative stress has been re-
ported in rainbow trout (Rider et al., 2009).

Regarding differences in mineral levels not related to NC, some were
likely related to different accumulation of minerals in the rearing water
(e.g. elevated Fe and Zn in kidney and Fe, Zn and Cu in whole body of
fish reared in RAS compared to FTS), while other differences seemed
related to diet (e.g. higher Fe in kidney and whole body of fish fed
normal feed vs salt feed in F3). Accumulation of minerals in the oper-
ating water in RAS, increasing with low water exchange rate, is in line
with previous results (Martins et al., 2009), as well as consequent
accumulation in the fish (Prabhu et al., 2017; van Bussel et al., 2014).
Whole fish macro minerals being higher in fish from FTS compared to
RAS can neither be explained by differences in the operational water nor
the feeds but might simply be because fish from the FTS facilities were
smaller, thus bones and skin make up a larger proportion of the total in
whole fish.

4.3. Plasma chemistry

No relationship between NC and the measured plasma parameters
was detected in our data, similar to (Klykken et al., 2022), while
(Klykken et al., 2023) found hypercalcemia, as well as elevated plasma
magnesium, glucose, and aspartate aminotransferase (AST) in blood
plasma of fish diagnosed with NC. We found significantly higher plasma
pH levels in fish from RAS compared to FTS, which is interesting as it has
been proposed that the accumulation of minerals in the kidney of sal-
monids could result from a rise in pH due to metabolic adjustments
compensating for acidosis (Minarova et al., 2023). However, there were
no differences in plasma pH between individual fish of differing NC
scores. Plasma Cl- being slightly lower in fish from RAS might be linked
to higher water levels of COs, as reported in previous studies (Fivelstad
etal., 1999; Fivelstad et al., 2003). The variations seen in cortisol and Cl-
are hard to interpret, as changes occur naturally during the parr-smolt
transformation of salmon and can be affected by temperature (Olsen
et al., 1993; Stefansson et al., 1998), and smolt groups in our study
might be in slightly different stages of development, as well as acute
stress introduced during sampling procedures. Furthermore, potential
differences between groups may be masked by variation introduced

Overview of the plasma content of lactate, glucose, cortisol, osmolarity and pH. Data are presented as mean =+ standard deviation (S.D.), n = 80 per group for Early/
Late and FTS/RAS and n = 20 for the comparisons within facility F3 and R1. Significant differences detected by ANOVA; * p < 0.05, **p < 0.01, ***p < 0.001.

Lactate (mmol/L) Glucose (mmol/L) Cortisol (ng/mL) Osmolarity (mOsm/kg) pH
All Fish Groups
Early 5.24 + 2.32 6.08 +1.34 51.9 + 47.6 337.9+11.0"" 7.57 +0.18
Late 6.10 + 2.35% 8.70 + 4.55"" 222.3 +156.2"" 328.6 + 12.7 7.65 + 0.14*
FTS 5.04 + 2.29 8.56 + 4.68"" 128.3 + 132.1 336.7 +13.7"" 7.55 + 0.18
RAS 6.30 + 2.29"" 6.22 +1.14 146.0 + 154.1 329.7 + 10.7 7.67 +0.13™"
Facility F3
F3 NF 6.28 + 2.20 7.93 + 2.03 172.7 + 98.4™" 340.1 + 11.0 7.50 + 0.10
F3SS 6.46 + 1.82 9.60 + 5.90 105.5 + 85.9 338.8 +18.1 7.56 + 0.14*
Facility R1
R1 WS 7.36 + 2.97* 6.33 +1.32 123.7 + 124.5 334.0 + 14.9 7.63 + 0.15
R1LL 5.85 + 1.62 6.23 + 0.81 180.6 + 136.1* 327.1+11.8 7.65 + 0.15

Early: Early sampling, Late: Late sampling, FTS: Flow-Through System, RAS: Recirculating Aquaculture System, F3 NF: Facility F3 Normal Feed, F3 SS: Facility F3
SuperSmolt, R1 WS: Facility R1 Winter Signal, and R1 LL: Facility R1 Continuous Light.

10



N.H. Sissener et al.

during sampling. Most plasma parameters were within reference in-
tervals (RI) established for FW Atlantic salmon (Keitel-Groner et al.,
2025), while Ca2 + plasma values were consistently below and some
values for glucose and pH were above, possibly due to differences in
sampling, storage of samples or analytical methods.

5. Conclusion

This study shows that NC is a common production disorder during
smoltification, but with large variation between facilities. Use of a light
regime without a winter signal (continuous light) and use of brackish
water before the fish are smoltified stand out as potential triggering or
contributing factors to the development of NC in this data material and
should be used with caution in smolt production. We did not find sup-
port for any effect of COo-levels or the use of salt feed. The presence of
NC in facilities studied, and the large variation across production forms,
smoltification regimes and water quality parameters underline the
complexity and the multifactorial nature of this production disorder. We
observed a significant relation between the content of the minerals
calcium (Ca), phosphorus (P), magnesium (Mg) and manganese (Mn) in
the kidney with the rising severity of NC, with the latter being a novel
finding.

While our data gives a unique opportunity to compare fish under
different commercial production regimes, but from a similar genetic
background fed similar feed from the same supplier, there are also pa-
rameters and events outside our control. Consequently, results must be
interpreted with caution and are better suited to help identify risk fac-
tors for further study than drawing firm conclusions.
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