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Fish are believed not to synthesize vitamin D through UV exposure but to meet their requirements from dietary sources. The high
vitamin D levels found in many fish species are thought to originate from UV-induced synthesis in plankton, with vitamin D
subsequently accumulating through the aquatic food chain. Atlantic salmon is a rich dietary source of vitamin D, but limited data
exist on circulating vitamin D levels. To address this, plasma levels of the three main vitamin D metabolites were measured in
Atlantic salmon from Norwegian fish farms using mass spectrometry. Here, we show that salmon reared in open sea pens have
significantly higher vitamin D levels than those raised indoors. Monitoring an outdoor farm over 18 months revealed a distinct
seasonal pattern between vitamin D levels and day length. In a follow-up experiment, indoor-raised fish were divided into two
groups: one remained indoors, while the other was transferred outdoors for 52 days. Both groups received the same commercial
feed, yet the outdoor group exhibited a fivefold increase in whole-body vitamin D content. These surprising findings provide field
evidence of endogenous vitamin D synthesis in fish induced by natural sunlight. This discovery could have important implications
for aquaculture, emphasizing the risk of suboptimal vitamin D levels in farmed fish when sunlight exposure is limited.
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1. Introduction

The first evidence of vitamin D was discovered by Sir Edward
Mellanby in 1919, who identified it as a nutritional substance
that could cure rickets. In 1922, Elmer McCollum further
investigated this compound and named it vitamin D. Later,
Adolf Windaus revealed its molecular structure, a break-
through that earned him the Nobel Prize in Chemistry in

1928 [1–3]. Vitamin D was found to be a secosteroid, and it
has been shown to exist in more than 30 different forms [4, 5].

The inactive precursor cholecalciferol (D3) is produced by
most terrestrial animals when 7-dehydrocholesterol in the skin
is exposed to UVB light from the sun. Additionally, D3 can be
absorbed through the intestine from foods and supplements.
D3 is converted in the body to 25-hydroxycholecalciferol
(25(OH)D3) and finally to its biologically active form,
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1α,25-dihydroxycholecalciferol (1,25(OH)2D3), which acts as
an endocrine hormone [6, 7]. Ergocalciferol (D2) is a vitaminD
form that is produced by certain plants and microorganisms.
This form of vitamin D can also contribute to vitamin D activ-
ity, but the circulating levels of D2 metabolites in fish are
normally significantly lower than metabolites from D3 and
will be out of scope for this study [8].

The most abundant vitamin D metabolite in human
plasma is 25(OH)D3, with a normative level of 30–100 ng
per mL (75–250 nmol per liter). The circulating level of D3 is
typically 4–40 ng per mL (10–100 nmol per liter), whereas
1,25(OH)2D3 is present only in the picogram-per-milliliter
range (<0.2 nmol per liter). The half-lives of these three meta-
bolites are in the order of weeks, days, and hours, respectively,
making 25(OH)D3 both the most abundant and most stable
vitamin D metabolite in human plasma [9–15].

Although the active metabolite 1,25(OH)2D3 might be
expected to be an ideal biomarker for vitamin D status, it is
not. This is not primarily due to its low abundance and rapid
clearance from circulation, but rather because of its intricate
regulation. As a patient becomes vitamin D deficient, intestinal
calcium absorption decreases, and lower levels of free calcium
in the blood signal increased secretion of parathyroid hormone,
which in turn leads to increased activation of vitaminD. In fact,
elevated levels of 1,25(OH)2D3 are often seen in individuals
suffering from vitamin D deficiency [13].

Circulating 25(OH)D3, on the other hand, has been shown
to correlate strongly with classic signs of vitamin D deficiency
such as impaired bone mineralization, and 25(OH)D3 is today
considered the best biomarker for vitamin D status in humans
[13, 16]. Due to its high abundance, long half-life, and the
required hydroxylation step from D3, immediate postprandial
effects on 25(OH)D3 levels from dietary D3 absorption are
relatively minor [17]. As a result, fasting is not crucial before
measuring 25(OH)D3, which simplifies clinical application.
However, regular dietary supplementation of D3 can, over
time, improve the level of circulating 25(OH)D3 significantly
in vitamin D-deficient individuals [18, 19].

The primary physiological role of vitamin D is to control
calcium and phosphate homeostasis by regulating intestinal
uptake, mobilization from bone, and reabsorption of calcium
and phosphate in the kidneys [5, 20]. The mechanism of action

of the vitaminDhormone ismediated by the vitaminD receptor
(VDR) protein, which was discovered and characterized by
Haussler’s group [2]. The first evidence of novel activities of
vitamin D, besides controlling mineralization and skeletal
growth, emerged when VDR was unexpectedly found to be
present in many cell types not involved in calcium and phos-
phate homeostasis, such as pancreatic and ovarian cells, kerati-
nocytes in the skin, and immune cells like monocytes and
lymphocytes [5, 21]. Indeed, recent clinical and epidemiologic
studies indicate that vitamin D levels not only control mineral
homeostasis but also play a vital role in the immune system.
These studies further suggest a possible link between low vita-
min D levels and an increased risk of several serious conditions
such as muscle weakness, diabetes, hypertension, cardiovascular
disease, autoimmune diseases, inflammatory conditions, and
several types of cancer [4, 6, 14, 22].

The prevailing consensus is that fish, unlike most terrestrial
vertebrates, do not synthesize vitamin D through UV exposure
but instead obtain it from dietary sources [23]. It is hypothe-
sized that the high vitamin D levels observed in many fish
species originate from UV-induced vitamin D synthesis in
zooplankton and phytoplankton, which is then accumulated
and transferred through the aquatic food chain [23, 24].

Atlantic salmon is considered to be one of the richest dietary
sources of vitamin D, with a typical level of 6–9 µg D3 per 100 g
of fillet in farmed salmon [25]. However, only limited data are
available on the typical level of circulating vitamin D in plasma
[26, 27]. This study was conducted to gather more data on
circulating vitamin D metabolites in farmed Atlantic salmon
and to explore whether these levels varied between farms or
throughout the production cycle. The findings could guide
adjustments to dietary vitamin D levels in feed if significant
differences were found. Additionally, the levels of vitamin D
metabolites in whole-body samples of juvenile salmon were
examined.

2. Methodology

2.1. Fish Samples. Plasma samples from Atlantic salmon
(Salmo salar) were collected from 15 different fish farms in
Norway. The geographical location of the farms (production
areas) is shown in Figure 1.

Farm # Type Production area
Farm 1 Indoor 9
Farm 2 Outdoor 9
Farm 3 Indoor 2
Farm 4 Outdoor 2
Farm 5 Outdoor 2
Farm 6 Outdoor 10
Farm 7 Outdoor 2
Farm 8 Outdoor 9
Farm 9 Outdoor 12
Farm 10 Indoor/Outdoor 6
Farm 11 Outdoor 9
Farm 12 Outdoor 10
Farm 13 Indoor 2
Farm 14 Indoor 2
Farm 15 Outdoor 2

FIGURE 1: Overview of farms and geographical location along the Norwegian coast (the map of production areas was adapted from the Directorate
of Fisheries in Norway). More information on fish sizes and dates of samplings can be found in the supporting information data file.
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Fish were euthanized by an overdose of anesthesia (Finquel
vet.,MSDAnimalHealthNorwayAS,Norway) before sampling.
Blood was sampled from the caudal vein using 4-mL lithium-
heparinized vacuum tubes. Tubes were gently inverted five times
to allow adequate mixing with the coated anticoagulant. Plasma
was separated on-site by centrifugation at 2500× g for 5min.
Samples were transferred to 2mL polypropylene microcentri-
fuge tubes and kept at 40°C prior to analysis. From a hatchery
(Farm 10), where fish were reared both indoors and outdoors,
whole juvenile fish (5 individual fish per group) were sampled to
measure the content of stored vitamin D metabolites in the
whole body. Fish were euthanized as described previously,
homogenized, and kept at −40°C prior to analysis.

2.2. Chemicals and Solutions. Analytes and isotopically labeled
internal standards were from Merck (USA): 99.7% D3, 99.4%
25(OH)D3, 98% D2 (6,19,19-d3), and 99.7% 25(OH)D3
(26,26,26,27,27,27-d6). Analytes and isotopically labeled inter-
nal standards were from Toronto Research Chemicals
(Canada): 95% 1,25(OH)2D3 and 99.4% 1,25(OH)2D3
(26,26,26, 27,27,27-d6). LC-MS grade methanol and acetoni-
trile (ACN), ethanol, anhydrous ACN, and ammonium sulfate
were from VWR International (Radnor, PA, USA). Water was
type I, purified to 18.2 MOhm. Derivatization reagent 4-phe-
nyl-1,2,4-triazoline-3,5-dione (PTAD) was from Tokio Chem-
ical Industry (Japan). A saturated solution of ammonium
sulfate (~4mol per liter (NH4)2SO4) was made by adding
more (NH4)2SO4 than could be dissolved in water at room
temperature. The internal standard working solution was pre-
pared in ACN with 200 nmol/L D2 (6,19,19-d3), 451 nmol per
liter 25(OH)D3 (26,26,26,27,27,27-d6), and 237 nmol per liter
1,25(OH)2D3 (26,26,26, 27,27,27-d6).

2.3. Sample Preparation. Plasma samples (100µL) were mixed
with the internal standard working solution (100µL) and sub-
jected to salting-out assisted liquid–liquid extraction (SALLE).
First, the samples were diluted with 300µLACNandmixedwith
100µL of saturated ammonium sulfate to induce phase separa-
tion. Next, the vials were centrifuged at 2000 × g for 5min to
achieve clear separation of the solvent phase. Finally, a derivati-
zation stepwas performed by adding 20 µL of PTADdissolved in
anhydrous ACN (20mg per mL) to the solvent phase and incu-
bating the solution for 15min at room temperature (Figure 2).

Samples of whole-body homogenate (0,1–0,2 g) were
mixed with internal standard working solution (100µL) and
then hydrolyzed by addition of ethanol (100µL) and 4M KOH
(200µL) followed by incubation for 60min at 60°C. After cool-
ing to room temperature, liquid–liquid extraction was done by
adding heptane (700µL), shaking, and centrifugation at 2000× g
for 5min. The solvent (500µL) was removed and evaporated
under nitrogen gas at 35°C before a final derivatization step was
done by resuspending samples in 300µL PTAD dissolved in
anhydrous ACN (0.5mg per mL). Samples were incubated for
a minimum of 15min at room temperature before analyses.

2.4. LC-MS/MS. Derivatized plasma sample extracts were ana-
lyzed by using an Acquity UPLC coupled with a Quattro Pre-
mier XE tandem mass spectrometer (Waters, Milford, MA,
USA). 10 µL of sample extract was injected onto an Acquity

BEH C18 reversed-phase column with 2.1mm ID, 100mm
length, and 1.7 µm particle size (Waters). The mobile phase
consisted of (A) 0.2% (v/v) concentrated ammonium hydroxide
in water mixed with (B) methanol at a flow rate of 0.20mL/min.
The linear step gradient was as follows: 0min (40% B), 0.2min
(72% B), 1.2min (74% B), 1.6min (76% B), 3.2min (78% B),
3.3min (99% B), 6.5min (99%), 6.6min (40% B), and 9.0min
(40% B).

Derivatized extracts of whole-body homogenates were ana-
lyzed as described above for plasma samples, but the linear step
gradient was modified as follows: 0min (50% B), 0.2min (75%
B), 2.2min (80% B), 2.5min (90% B), 5.0min (90% B), 5.1min
(99% B), 9.5min (99%), 9.6min (50% B), and 12.0min (50% B).

Positive electrospray ionization (ESI+) with 3 kV capillary
voltage was applied for MS/MS detection using multiple reac-
tionmonitoring (MRM) with parameters shown in Table 1. For
plasma samples, the retention times were as follows:
5.8min for D3, 4.95min for 25(OH)D3, and 4.2min for 1,25
(OH)2D3. For whole-body homogenate samples, the retention
times were as follows: 6.5min for D3 and 4.0min for 25(OH)
D3. 1,25(OH)2D3 was not quantified in samples of whole-body
homogenate.

2.5. Method Performance. Calibration standard solutions were
prepared with newborn calf serum (Hyclone, Cytiva, USA).
Internal standard calibration and four quality control (QC)
samples were included in all series of analysis. The QC samples
were one pooled sample of fish plasma (Atlantic salmon), two
samples of calf serum spiked with two different concentration
levels, and one human serum-based commercial control sam-
ple (SERO AS, Norway).

For measurement in fish plasma, the method limits of
detection (LOD) were 0.7 nmol per liter for 1,25(OH)2D3,
0.3 nmol per liter for 25(OH)D3, and 0.2 nmol per liter for
D3. For measurement in whole fish, the method LODs were
0.036 µg per 100 g for 25(OH)D3 and 0.008 µg per 100 g forD3.
Method reproducibility for fish plasma (n= 38) was with coef-
ficients of variation (CV) of 12% for D3 and 25(OH)D3 and
25% for 1,25(OH)2D3 at concentration levels of 311, 18, and
3 nmol per liter, respectively. Reproducibility of measurements
(n= 45) in calf serum spiked with low levels (5 nmol per liter)
was measured with CVs in the range of 9%–22%. Calf serum
spiked with higher levels (40 nmol per liter) was measured with
CVs in the range of 10%–13%. The human serum control
sample had an assigned concentration level for 25(OH)D3
set to 53 nmol/L (acceptable range 40–67 nmol per liter). We
measured 62 nmol per liter of 25(OH)D3 in this sample with a
CV of 9% (n= 50). Hence, we observed satisfactory method
reproducibility for D3 and 25(OH)D3 and acceptable bias for
25(OH)D3 against the human control sample. Reproducibility
observed for repeated measurement of the fish plasma (n= 7)
with the full-body homogenate method was with CVs of 12%
and 14% for D3 and 25(OH)D3, respectively. Further assess-
ment of accuracy was done by testing method recovery by
measurement of fish plasma without spiking (n= 4) and with
spiking with low (n= 4) and high (n= 4) concentration levels.
This showed the following mean recoveries at low and high
spiking levels: 77% and 84% for D3, 83% and 122% for 25(OH)
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FIGURE 2: Molecular structures of the three main vitamin D metabolites analyzed in the present study. PTAD was used as a derivatization
reagent to increase ionization efficiency, thereby enhancing the sensitivity of the LC-MS/MS method.

TABLE 1: MRM detection parameters.

Analytes and internal standards Molecular ion formulaa Molecular ion m/z Fragment ion m/z
Cone

voltage (V)
Collision

energy (eV)

D3 [C35H49N3O3+H]+ 560.3 298.1 26 16
D2 (6,19,19-d3) [C36D3H46N3O3+H]+ 575.4 301.1 26 16
25(OH)D3 [C35H49N3O4H–H2O+H]+ 558.3 298.1 32 17
25(OH)D3 (26,26,26,27,27,27-d6) [C35D6H43N3O4–H2O+H]+ 564.3 298.1 32 17
1,25(OH)2D3 [C35H49N3O5–H2O+H]+ 574.3 314.1 35 15
1,25(OH)2D3 (26,26,26,27,27,27-d6) [C35D6H43N3O5–H2O+H]+ 580.3 314.1 35 15

Note: Values are shown for PTAD derivatization products of vitamin D metabolites and internal standards.
aof PTAD derivatization product.
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D3, and 80% and 125% for 1,25(OH)2D3. Accuracy for the fish
homogenate method was assessed by similar spiking of a
homogenized fish fillet sample. The following mean recoveries
at low and high spiking levels were then observed: 114% and
104% for D3 and 81% and 109% for 25(OH)D3.

2.6. Data Analysis. Statistical analyses were performed using
GraphPad Prism (version 10.4.2, GraphPad Software, San
Diego, CA, USA). Welch’s unequal variances t-test was used
to compare groups with unequal variances or sample sizes, as it
better controls Type I error in these cases than the standard
Student’s t-test [28, 29].

When multiple groups were compared, mean values were
first analyzed using a one-way analysis of variance (ANOVA) to
assess overall differences among groups.When significant effects
were detected, Tukey’s multiple comparisons test was applied as
a post hoc test to identify pairwise differences between groups.
To indicate statistical differences, groups sharing the same letter
in the figures are not significantly different from each other,
while groups with different letters differ significantly based on
Tukey’s multiple comparisons test (p<0:05).

3. Results

3.1. Initial Screening of 12 Fish Farms. Twelve Norwegian fish
farms, three indoor and nine outdoor farms, were selected for
the first screening. Results are summarized in Table 2. The
outdoor pens in the fjords had a depth of about 30–40m,
and fish could move freely between the bottom and the surface.
When the data were sorted between indoor and outdoor farms,
a clear pattern emerged.

Both D3 and 25(OH)D3 were significantly higher in
plasma samples from fish kept in outdoor pens, numerically
10 and 6 times higher, respectively, compared to values found
in fish from indoor facilities. The level of 1,25(OH)2D3 also
showed considerable variation between sites, but no statistical

difference was found between indoor and outdoor farms in the
first screening.

3.2. Vitamin D Levels Before and After Transfer to Outdoor
Sea Pens. Some of the fish groups sampled at the 12 farms likely
belonged to different genetic strains. To rule out the possibility
that the lower levels of D3 and 25(OH)D3 observed in fish
reared indoors were influenced by genetic differences, three
fish groups were sampled both before and after being moved
from indoor hatcheries to outdoor grow-out facilities in the
fjords. The third group was monitored closely by doing 4 sam-
plings before transfer and 3 samplings after transfer. Results
from these analyses are shown in Table 3. The plasma level of
both D3 and 25(OH)D3 had increased dramatically in all
groups at the first sampling after transfer to open sea pens.
In group 3, a 16-fold and 6-fold increase in D3 and 25(OH)
D3, respectively, was observed within just 26 days.

3.3. Effect of Salinity. It has previously been shown that the
concentration of several blood parameters can differ between
Atlantic salmon reared in freshwater and those reared in sea-
water [30]. To rule out the possibility that the observed differ-
ences in plasma vitamin D concentrations after transfer to
outdoor farms in the fjords were due to high salinity, we also
sampled fish from two indoor facilities (Farms 13 and 14) that
use full-salinity seawater. In addition, samples were collected
from two land-based freshwater facilities (Farms 10 and 15),
where fish were kept in large outdoor tanks covered with bird
netting. The results are shown in Figure 3.

Fish kept indoors in seawater (Farms 13 and 14) had simi-
larly low concentrations of D3 and 25(OH)D3 as those reared
indoors in freshwater (values from Farms 1 and 3, shown in
Table 2). Similarly, fish kept in outdoor freshwater tanks cov-
ered only with bird netting (Farms 10 and 15) exhibited high
concentrations of D3 and 25(OH)D3, comparable to those

TABLE 2: Level of vitamin D metabolites in plasma (nmol per liter) from Atlantic salmon sampled at 12 different fish farms.

Farm # Farm type (salinity) Date dd/mm (sample size) D3 25(OH)D3 1,25(OH)2D3

Farm 1 Indoor (FW) 22/05 (89) 15.7Æ 10.7 2.2Æ 1.1 1.0Æ 0.7
Farm 2 Outdoor (SW) 15/03 (34) 95.5Æ 29.4 11.8Æ 2.8 1.0Æ 0.5
Farm 3 Indoor (FW) 30/05 (40) 10.7Æ 6.7 2.8Æ 0.8 1.4Æ 1.0
Farm 4 Outdoor (SW) 29/09 (20) 95.1Æ 62.8 18.1Æ 3.8 1.1Æ 0.9
Farm 5 Outdoor (SW) 16/05 (20) 129.3Æ 74.1 14.1Æ 4.3 1.8Æ 1.4
Farm 6 Outdoor (SW) 07/06 (8) 180.7Æ 67.2 9.9Æ 4.6 3.8Æ 2.9
Farm 7 Outdoor (SW) 29/06 (9) 76.7Æ 13.9 16.1Æ 2.2 1.9Æ 0.9
Farm 8 Outdoor (SW) 31/10 (4) 54.5Æ 4.8 9.9Æ 1.0 1.9Æ 1.5
Farm 9 Outdoor (SW) 07/02 (20) 68.7Æ 70.6 7.4Æ 2.5 1.4Æ 1.0
Farm 10 Indoor (FW) 27/05 (9) 5.5Æ 1.4 1.9Æ 0.8 2.6Æ 1.3
Farm 11 Outdoor (SW) 06/09 (29) 173.2Æ 103.1 15.2Æ 5.4 5.0Æ 2.1
Farm 12 Outdoor (SW) 23/07 (11) 132.1Æ 23.7 17.3Æ 2.7 2.0Æ 1.1
Average for indoor farms (FW) (3) 10.6 Æ 5.1 2.3 Æ 0.5 1.7 Æ 0.8
Average for outdoor farms (SW) (9) 111.8 Æ 44.9 13.3 Æ 3.7 2.2 Æ 1.3
Welch’s t-test∗ p¼ 0:0001 p<0:0001 p¼ 0:46

Note: Mean valueÆ standard deviation. Bold values indicate statistically significant differences between indoor and outdoor farms, determined using Welch’s
t-test (unequal variance t-test).
Abbreviations: FW, freshwater (0–4 ppt); SW, seawater (28–34 ppt).
∗Unequal variance t-test.
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observed in outdoor net pens in full-salinity seawater (values
from Farms 2, 4, 5, 6, 7, 8, 9, 11, and 12, shown in Table 2), and
significantly higher than the indoor farms. However, concen-
trations of 1,25(OH)2D3were significantly lower at the outdoor
farms.

3.4. Seasonal Effects. Based on the data collected so far, it was
decided to monitor the effect of changes in daylight at a sea-
based facility with open net pens. Since Skretting holds an R&D
license at Farm 7 (Store Teistholmen, RogalandCounty, South-
ern Norway, Figure 4) and therefore has unrestricted access,
this farm was chosen for the longitudinal study.

Twelve samplings were done between June 2023 and
December 2024. The results can be seen in Figure 5. A clear
seasonal effect was found for bothD3 and 25(OH)D3. The level
of these metabolites was about three times lower in January
compared to the levels measured in June. Day length at Farm 7

was 6 h and 11min at the winter solstice and 18 h and 29min at
the summer solstice.

3.5. Effect of Daylight on Whole-Body Content of Vitamin D.
As a follow-up experiment, we aimed to investigate whether
the observed differences in circulating vitamin D levels
were also reflected in stored vitamin D within the body.
During this period, we became aware of a land-based hatch-
ery (Farm 10) that was planning to divide a group of juve-
nile fish reared indoors, transferring half to outdoor tanks
while keeping the remainder indoors. This setup provided a
valuable opportunity for comparative analysis. The fish
were initially kept indoors in freshwater and shielded
from sunlight until they reached ~25 g in weight. On
August 6th, the group was split, with half moved to a large
outdoor freshwater tank exposed to daylight, while the
other half remained indoors. Both groups were fed the

TABLE 3: Level of vitamin D metabolites in plasma (nmol per liter) in three different fish groups sampled before and after transfer to outdoor
pens.

Fish group Farm # (Farm type) Sampling time (sample size) D3 25(OH)D3 1,25(OH)2D3

Group 1
13 (Indoor) 114 days before (20) 7.7Æ 6.9 4.0Æ 3.1 2.3Æ 2.3
4 (Outdoor) 29 days after (20) 95.1Æ 62.8 18.1Æ 3.8 1.1Æ 0.9

Group 2
13 (Indoor) 51 days before (20) 16.5Æ 9.3 5.0Æ 2.4 1.8Æ 1.2
5 (Outdoor) 52 days after (20) 129.3Æ 74.1 14.1Æ 4.3 1.8Æ 1.4

Group 3

1 (Indoor) 54 days before (89) 15.7Æ 10.7 2.2Æ 1.1 1.0Æ 0.7
1 (Indoor) 38 days before (116) 19.4Æ 9.7 1.6Æ 0.9 3.4Æ 2.3
1 (Indoor) 23 days before (52) 19.1Æ 13.1 2.5Æ 0.9 5.9Æ 2.5
1 (Indoor) 11 days before (28) 13.9Æ 8.1 2.5Æ 0.8 4.6Æ 2.3

11 (Outdoor) 26 days after (90) 222.7Æ 86.4 16.3Æ 6.3 2.6Æ 1.9
11 (Outdoor) 53 days after (29) 173.2Æ 103.1 15.2Æ 5.4 5.0Æ 2.1
11 (Outdoor) 83 days after (88) 78.1Æ 20.7 13.2Æ 3.0 3.2Æ 1.6

Note:Mean valueÆ standard deviation. Group 1 came from Farm 13 and was transferred to Farm 4. Group 2 came from Farm 13 and was transferred to Farm
5. Group 3 came from Farm 1 and was transferred to Farm 11.
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same commercial diet before and after the split. After
52 days, on September 27th, five fish from each group
were sampled.

The average weight of the five random fish from the out-
door tank was 70 g whereas the average weight of the five
random fish from the indoor tank was 74 g. All 10 fish were
homogenized, and the level of vitamin Dmetabolites was mea-
sured in the whole-body homogenate from each individual fish.
Results are shown in Figure 6. Fish exposed to daylight for
52 days had about 5 times higher levels of D3 in their whole
bodies compared to fish reared indoors. The level of 25(OH)D3
did not differ. Vitamin D levels in tissue samples are expressed
in µg/100 g to facilitate comparison with values reported in
nutritional studies and food composition databases. For refer-
ence, a plasma concentration of 50 nmol/L of vitamin D3
corresponds to ~19.2 µg/L in plasma, assuming a plasma den-
sity of 1.0 g/mL.

4. Discussion

4.1. Level of Vitamin D Metabolites in Plasma. The initial
screening of 12 fish farms revealed that plasma D3 levels in
Atlantic salmon could reach as high as 300 nmol per liter,
~3–5 times higher than typical levels found in humans [9].
Interestingly, D3 levels were consistently higher than 25(OH)
D3 levels, in contrast to humans, where 25(OH)D3 is the domi-
nating vitamin D metabolite in plasma [9]. The level of 1,25
(OH)2D3 ranged from 1 to 10 nmol per liter, also considerably
higher than in humans but in line with earlier findings fromEide
Graf et al. [26] and Lock et al. [27], who reported average ranges
of 0.5–1.5 nmol per liter and 0.5–4.2 nmol per liter, respectively.

Lock et al. [27] reported that 1,25(OH)2D3 levels increased
to 4.2 nmol per liter in seawater-adapted juvenile Atlantic
salmon when the fish were moved from freshwater to a 50:50
freshwater–seawater mixture. In our study, we observed

FIGURE 4: Store Teistholmen (Farm 7), Rogaland County, Southern Norway. The farm comprised eight net pens, each with a depth of 35m
and a circumference of 160m. Each pen housed ~150,000 fish.
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elevated levels of 1,25(OH)2D3 in fish-group 3 (Table 3), both
before and after seawater transfer (also reported in Table 2 for
Farm 11). However, no clear increase was observed around the
time of transfer in groups 1 and 2 (Table 3), as these fish had
already been in full salinity seawater within the indoor facility
for severalmonths before beingmoved to open sea pens. Fish at
Farm 6, sampled approximately 4 weeks after sea transfer, also
showed high levels of 1,25(OH)2D3. At Farm 7, which was
monitored over 18 months, the highest level of 1,25(OH)2D3
was observed inApril, approximately 4 weeks after the seawater
transfer of the second fish group at this site (Figure 5). These
findings align well with previous research suggesting that 1,25
(OH)2D3 levels rise during the seawater adaptation phase in
salmonids [27, 31].

Themore than 20-fold difference in circulatingD3 between
the lowest and highest fish groups was unexpected. As part of
the annual governmental monitoring program, the Norwegian
Institute ofMarine Research has previously examinedD3 levels
in commercial fish feed in Norway. In an analysis of 85 feed
samples, the average D3 content was found to be 0.13mg per
kg, with a minimum of 0.06mg per kg and a maximum of
0.50mg per kg [32]. Based on these data, a difference of
more than eightfold in circulating D3 levels was not expected,
and in practice, even smaller differences would be anticipated,
given that most fish farms receive new feed batches several
times per month. The surprisingly large variation could neither
be explained by the timing of sampling after feeding, as signifi-
cant variation was also observed in plasma 25(OH)D3 levels, a
metabolite known for its long half-life and relative insensitivity
to postprandial effects [17].

A distinct pattern in vitamin D levels emerged when com-
paring indoor and outdoor farms. To confirm that the observed

differences were not due to genetic variation among fish
groups, three groups were monitored before and after being
transferred to outdoor net pens in the sea (Table 3). These
analyses confirmed that vitamin Dmetabolism changed signif-
icantly after the transfer. To assess whether increased salinity
played a role, fish from Farm 10 and Farms 13–15 were sam-
pled, allowing comparisons of vitamin D levels in fish reared
outdoors in freshwater and indoors in seawater. Again,
outdoor-reared fish had high vitamin D levels, while indoor-
reared fish had low levels, demonstrating that the differences
observed before and after transfer to open sea pens were unre-
lated to salinity changes (Figure 3).

One remaining plausible explanation was that the
increased vitamin D levels resulted from sunlight exposure. If
true, vitaminD levels could also be expected to be influenced by
daylight hours. Farm 7, located in Southern Norway, was mon-
itored over 18 months to investigate this hypothesis, and the
results (Figure 5) confirmed a seasonal pattern: circulating vita-
min D levels declined during fall and rose again in spring.
During winter, levels dropped nearly to those observed in
fish kept indoors. This seasonal effect is expected to be even
more pronounced in Northern Norway.

To test whether sunlight not only increased circulating
vitamin D metabolites but also increased stored vitamin D,
juvenile fish were divided into two groups. One was moved
to an outdoor tank covered only by bird netting, while the other
remained indoors. Both groups were fed the same commercial
feed during the 52-day study. The outdoor group showed a
fivefold increase in stored vitamin D levels, demonstrating
that sunlight substantially enhances vitamin D storage in the
body (Figure 6). These findings indicate that sunlight-induced
vitamin D synthesis is the primary source of vitamin D for
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farmed Atlantic salmon being fed commercial feed in outdoor
facilities.

Until recently, the consensus in fish nutrition has been that
fish do not synthesize vitamin D and must rely entirely on
dietary sources to meet their requirements [23]. However, Pie-
rens and Fraser [8] detected 7-dehydrocholesterol in the skin of
both rainbow trout and Atlantic salmon. When rainbow trout
were exposed to simulated sunlight (290–1200 nm) or blue
light (380–480 nm), with light passing through 5 cm of water
at 12°C, D3 formation was detected in the skin. Fish were
exposed to light in two 30-min pulses, with simulated sunlight
giving the strongest and fastest response. D3 level in the skin of
the two fish groups rose to ~1.8 µg per 100 g and 0.5 µg per 100
g after the first pulse and further to ~2.5 µg per 100 g and 2.0 µg
per 100 g, respectively, after the second pulse. In a subsequent
experiment, isolated skin from both trout and rats was exposed
to blue light (380–480 nm). Again, D3 formation was detected
in trout skin, but none was found in rat skin, suggesting that
blue light, which contains less energy than UVB light, was
sufficient to convert 7-dehydrocholesterol to D3 in trout skin
but not in rat skin [8]. Interestingly, these findings indicate that
wavelengths longer than classical UVB, including UVA and
visible blue light, may also contribute to vitamin D synthesis
in the skin of fish. The effect of UV light has also been investi-
gated in Mozambique tilapia by Rao and Raghuramulu [33].
They exposed fish (200–250 g) kept in small freshwater aquari-
ums of 15 cm depth to UV light (300nm) for 15 h and were
able to detect a significant increase in vitamin D in the
whole body.

Despite these interesting findings in shallow aquariums
using artificial UV light, it has not been widely accepted that
fish can synthesize vitaminDwhen exposed to natural sunlight.
This skepticism largely arises because the penetration of UV
light in water is perceived to be very limited. Early studies
reported that only 1% of surface UV radiation (300–400nm)
reached a depth of 25m in the sea [34]. Another study, which
investigated the penetration of solar radiation at various sta-
tions in the central subtropical AtlanticOcean, found that UVB
light (280–315nm) reached depths of 12–31m, depending on
the optical properties of the water, while UVA light (315–
400nm) reached depths of 29–65m [35]. More recently, Lee
et al. [36] demonstrated that UV light might penetrate deeper
than previously thought. They measured that ~10% of surface
UVA light (360nm) was still present at depths of 50–70m in
oligotrophic waters. Taken together with the findings of Pierens
and Fraser [8], who observed the formation of vitamin D in the
skin of trout exposed to artificial light with wavelengths of
380–480nm, this helps explain how natural sunlight may con-
tribute to endogenous vitamin D synthesis in fish even at water
depths where UVB penetration is limited. This further suggests
that freshwater species and epipelagic marine species inhabiting
the sunlit uppermost layers of the ocean are exposed to sufficient
UV light in their natural habitats, making the conversion of 7-
dehydrocholesterol to cholecalciferol in the skin feasible.

It has been suggested that vitamin D in fish may derive
from UV-induced synthesis in zooplankton and phytoplank-
ton, which is then transferred through the aquatic food chain
[23, 24]. To assess whether plankton in the fjords could explain

the observed increase after transfer in the present study, we
performed a simple mass-balance calculation. Commercial
feed typically contains ~5200 IU/kg vitamin D [32], and using
an estimate of 1% feed intake during summer months for fish
around 1 kg, daily feed intake in a pen with 200,000 fish would
be ~2000 kg, providing 10.4million IU/day. Plasma vitamin D
levels increased six- to 11-fold after transfer to outdoor pens
(Table 3). Using the conservative lower end (sixfold) for the
calculation, the daily vitamin D contribution from algae would
need to be ~5 times higher than that from feed, or roughly 52
million IU/day. Reported vitamin D levels in plankton are
sparse and vary widely. Ljubic et al. [37] performed laboratory
experiments with four different strains of microalgae exposed
to artificial UVB light in high doses. Of the four species, exclu-
sively Nannochloropsis oceanica was able to produce vitamin
D3up to 1000ng/g dryweight. Freshwater plankton from India
has beenmeasured at up to 800 ng/g dry weight in phytoplank-
ton and 2700 ng/g dry weight in zooplankton; the latter is
equivalent to 2.7mg/kg or ~108 000 IU/kg dry weight [38].
These conditions are unlikely to reflect marine fjord conditions
at Norwegian latitudes, where UV exposure is much lower.
Field measurements in marine environments more relevant
to our study found very low or undetectable vitamin D levels
in zooplankton: Kenny et al. [39] reported no detectable vita-
min D in zooplankton from active bowhead whale feeding sites
in Alaska, and van der Meeren et al. [40] found only trace or
undetectable levels in copepods near Austevoll, Norway. Nev-
ertheless, even using the high-end Indian numbers for illustra-
tion, salmonwould need to consume about 481 kg of additional
dry plankton per day to reach 52million IU (calculated as
52,000, 000 IU ÷ 108,000 IU/kg). Assuming a dry matter con-
tent of 20%, this corresponds to ~2405 kgwet plankton per day,
more than the fish’s normal daily feed intake of 2000 kg. Sal-
monids are not filter-feeders, and it seems very unlikely that
their intestinal tract could suddenly process such large addi-
tional volumes of planktonic biomass. These simplified mass-
balance considerations therefore strongly suggest that the
increased vitamin D status observed in the present study can-
not be explained by intake of plankton, even under highly
optimistic assumptions. Taken together, our findings provide
strong evidence that sunlight-induced endogenous synthesis is
responsible for the elevated vitamin D levels observed in
outdoor-farmed salmon. This provides fundamentally new
insights into vitamin D metabolism in Atlantic salmon,
highlighting the biological relevance of natural sunlight expo-
sure for fish fed standard commercial diets.

The biological importance of the low circulating vitamin D
levels observed in fish from indoor facilities and outdoor farms
during winter needs further investigation. The increased levels
of 1,25(OH)2D3 in the indoor farms (Farms 13 and 14, Table 2)
may indicate vitamin D deficiency, as elevated concentrations
of 1,25(OH)2D3 have been reported in vitamin D-deficient
humans13. However, this finding requires further investigation
and may also be influenced by other physiological or environ-
mental factors. It remains unclear whether the low levels of
25(OH)D3 and D3 could have adverse effects on the fish.
However, the naturally high circulating levels found during
summertime suggest potential benefits of elevated vitamin D
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status. In biological systems, sustained synthesis of a metaboli-
cally costly compound at high levels typically reflects evolution-
ary or physiological relevance, suggesting that elevated vitamin
D status may provide a biological advantage.

Atlantic salmon is a migratory fish that spawns in rivers.
After hatching, the juvenile salmon spend about 1–3 years in
rivers and lakes before migrating to the ocean. Migration typi-
cally occurs in late spring, and given their route through shal-
low and sunlit rivers, juvenile fish can be expected to have high
vitamin D status when reaching the sea. This contrasts with
modern farming practices, where most juvenile salmon are
kept indoors and have a low vitamin D status when transferred
to the sea, as demonstrated in the current study (Table 3).

Vitamin D has been shown to play an important role in the
tight junction proteins responsible for sealing the intercellular
space between epithelial cells, and vitamin D deficiency has
been linked to compromised barrier function in the intestine,
lungs, and skin in humans [41–43]. An intact barrier function
is crucial for fish to minimize dehydration when migrating
from freshwater to seawater, and a healthy skin barrier is essen-
tial for protection against the vast amounts of pathogenic bac-
teria present in seawater, such as Tenacibaculum spp.
Interestingly, it is well known that farmed salmon are particu-
larly vulnerable to infections from Tenacibaculum during the
first weeks after being transferred to seawater [44].

During winter, farmed Atlantic salmon are susceptible to
winter ulcer bacteria such as Moritella viscosa and Tenaciba-
culum spp. [44]. However, skin health improves as daylight
increases during spring, sometimes even before water tempera-
tures begin to rise. This improvement may be due to factors
other than increased vitamin D, but based on the current find-
ings, it would be worthwhile exploring if higher vitamin D
levels in the feed could benefit skin health during winter.

Conversely, the high levels of vitamin D observed during
summertime suggest that additional supplementation during
this period may not be necessary for fish reared in outdoor
environments. A future experiment without extra supplemen-
tation of vitamin D in the feed of salmon kept in outdoor pens
during summertime could also serve to further demonstrate the
importance and magnitude of endogenous vitamin D produc-
tion induced by natural sunlight.

Finally, the new findings show that salmon kept indoors
until slaughter can be expected to have significantly lower levels
of vitaminD in their fillets compared to those farmed in outdoor
facilities. Addressing this issue, whether by using UV lamps or
increasing vitamin D levels in the feed, is essential to ensure that
salmon from indoor facilities provide consumers with the same
vitamin D content as salmon from outdoor farms.

The discovery that fish can synthesize vitamin D through
sunlight exposure could have wide-ranging implications for
farming practices and the nutritional quality of farmed fish.

It is important to acknowledge several limitations of the
study. This research was conducted in collaboration with 15
fish farms, each operating under practical production condi-
tions. While this provided a valuable opportunity to investigate
vitamin D status across diverse environments, fish groups, and
rearing practices, it also introduced certain constraints. Within
the scope of this study, it was unfortunately not possible to

obtain detailed information on feed composition (including
vitamin D content), feed intake, or complete baseline vitamin
D levels. These parameters are highly relevant for interpreting
physiological responses and nutritional dynamics, and we rec-
ognize that their absence limits the depth of analysis.

For future research, we suggest conducting a controlled
experiment with and without daylight exposure, where the
vitamin D level in the feed is kept similar and well character-
ized, and where plankton availability is either quantified or
minimized through appropriate water treatments. Using fish
of comparable size and monitoring both plasma and whole-
body vitamin D concentrations over time would allow con-
struction of detailed time curves, providing further insight
into the kinetics of endogenous vitamin D synthesis and how
rapidly circulating and stored levels are affected by sunlight.

Nevertheless, the present study provides novel and unex-
pected insights into vitamin D metabolism in Atlantic salmon
under varying environmental conditions, and we believe these
findings highlight important considerations for aquaculture
practices and provide a strong foundation for future
investigations.

5. Conclusion

This study presents novel evidence that Atlantic salmon can
synthesize vitamin D endogenously when exposed to natural
sunlight. Plasma analyses across 12 fish farms revealed unex-
pectedly high and variable levels of vitamin D metabolites,
particularly D3, which in some cases exceeded human levels
by a factor of 3–5.A clear pattern emerged linking higher vita-
min D levels to outdoor rearing, independent of diet, genetics,
or salinity. Seasonal variation in plasma D3 levels, with marked
declines in winter and increases in spring, further supported a
role for sunlight. A controlled trial confirmed that sunlight
exposure significantly enhances vitamin D content in whole
fish, reinforcing the conclusion that sunlight-induced synthesis
is the dominant source of vitamin D in farmed salmon reared
outdoors on standard diets.

These findings challenge the long-held belief that fish are
entirely dependent on dietary vitamin D. Historical skepticism,
based on the limited penetration of UV light inwater, is contra-
dicted by more recent measurements suggesting that sufficient
UV light could be available in the upper water column to
permit dermal synthesis. The implications are significant:
salmon reared entirely indoors or during periods of low day-
light may be at risk of developing a suboptimal vitamin D
status, which could potentially compromise skin integrity
and increase vulnerability to pathogens such as Tenacibaculum
spp. Moreover, vitamin D levels in the flesh of indoor-farmed
salmon are likely to be substantially lower than in outdoor-
reared fish, raising concerns about nutritional quality for con-
sumers. Strategies such as UV supplementation or dietary for-
tification should be considered to address these concerns when
fish are exposed to limited sunlight.

Data Availability Statement

Additional supporting information can be found online in the
supporting data file.
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