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Introduction: In aquaculture, clinical chemistry can be used pre-emptively to
manage fish health and for early disease intervention. While less established in
farmed fish compared to farmed terrestrial animals, it has been used for salmonid
cage farming but is almost non-existent in recirculation aquaculture systems
(RAS) for Atlantic salmon (Salmo salar L.). In this descriptive study, the level and
distribution of selected biochemical plasma analytes from different weight
classes of Atlantic salmon reared in commercial RAS facilities maintained in
either freshwater or saltwater were determined.

Methods: Facility 1 focused on the production of fry to smolt at a salinity of 0.5-2
ppt, and Facility 2 produced fish from smolt to market size. Four fish groups (FG)
were included: FG 1-2 in Facility 1 and FG 3-4 in Facility 2. Fish in Facility 1 were
sampled monthly, while fish in Facility 2 were sampled at varying intervals (between
4 and 19 weeks) to determine selected biochemical analytes. The study spanned
100-250 days, depending on the fish group. Biochemical analyses included sodium,
chloride, potassium, osmolality, calcium, magnesium, total protein, albumin, and
globulin. In addition, water quality parameters measured included temperature,
salinity, NH4-N, NO,, NO3, color, turbidity, alkalinity, CO,, H,S, and gas pressure.

Results: Results indicated that selected blood analytes of Atlantic salmon were
influenced by the production environment (freshwater or saltwater). In addition,
there was an effect of fish weight, but variable for the different analytes. Water
quality parameters varied with time and system; however, were within acceptable
ranges in both production environments. No clear impact biochemical values
were found from variations in water quality parameters.

Discussion: These results underscore the need for future research into system/

environment-specific reference intervals and a better understanding of how fish
weight impacts clinical chemical parameters. Factors that encompass water quality,
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management practices, fish strain/batch (i.e., stress tolerance), and the physiological
status of the fish need to be considered and can influence obtained reference
intervals. A threshold for acceptable prevalence and degree of exterior deviations
should be defined. Reference values should then be compared to analyte levels in
fish with known diseases to assess the diagnostic value of blood sampling.

KEYWORDS

Atlantic salmon, clinical chemical blood plasma values, recirculation aquaculture
system (RAS), freshwater, seawater, fish size, water quality parameters, biochemistry

Introduction

The application of clinical chemistry in aquaculture is less
established (Groff and Zinkl, 1999; Campbell, 2012; Braceland
et al,, 2017) than in terrestrial animal farming despite its potential
to contribute to disease diagnosis and health monitoring in farmed
fish (Harbell et al., 1979; Barham et al., 1980; Byrne et al., 1991;
f{ehulka, 2003; Hvas et al., 2017; Klykken et al., 2022; Esposito et al.,
2024), and the fact it can be used pre-emptively in disease control.
Variability in blood analytes can reflect changes due to varying
environmental conditions, stress, and exposure to toxins (Forlin
etal,, 1986; Bonga and Lock, 1992; Folmar, 1993), thereby providing
a tool for assessing the welfare and health of fish.

However, the interpretation of these results hinges on the
availability of species-specific reference values, which can vary
significantly due to genetic makeup, age and sex of the fish,
nutritional factors, methodological factors, environmental
conditions, and in the case of salmonids, smoltification
(McDonald and Robinson, 1993; Groft and Zinkl, 1999; Hrubec
et al., 2001; Fazio et al,, 2015). Further, differences in aquaculture
settings, such as freshwater and saltwater production environments,
have been shown to impact critical metrics including hematocrit,
hemoglobin, and various electrolytes and enzymes (Casanovas et al.,
2021). In addition to environmental factors and production
environments, fish size may influence obtained values (Pastorino
et al,, 2020; Casanovas et al., 2021; Fazio et al., 2021), underscoring
the complexity of the physiological regulation of biochemical
plasma analytes in fish. It should be noted that these studies were
conducted in flow-through systems, and few studies have addressed
the potential impact of other production systems such as
recirculating aquaculture systems (RAS) (Timmons et al, 2018).
RAS technologies have been shown to optimize production
environments and minimize freshwater usage in smolt production
of salmonids, with recent innovations allowing growth of fish to
market size in land-based facilities (Dalsgaard et al., 2013; Davidson
et al,, 2016; Crouse et al., 2021). RAS production can occur in both
fresh- and saltwater environments, each which represent distinct
differences in water quality. Under either production environment,
proper management ensures reducing exposure to accumulated and
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potentially harmful substances such as suspended solids, ammonia
(NH3), nitrite (NO,), or hydrogen sulfide (H,S) that can impact fish
health (Chen et al., 1993; Martins et al., 2010; Li et al., 2023). Thus,
regular monitoring and adjustments of operation parameters are
needed to optimize production. Given these circumstances, early
detection of health disturbances is essential, whereby timely
interventions can be initiated to curb disease outbreaks pre-
emptively (MacAulay et al., 2022). While guidelines are available
for setting reference intervals for clinical chemistry in veterinary
practice (Friedrichs et al., 2012), a standardized protocol has yet to
be established. Thus, there is a need to understand the nuances of
critical clinical chemical analyte levels under different production
environments and development stages of fish to be able to spot
early-stage deviations from normal levels.

This descriptive study aimed to measure selected blood analytes
over time for Atlantic salmon (Salmo salar L.) reared in freshwater
and saltwater RAS facilities, thereby contributing to establishing
reference values for these biochemical analytes. Of particular
interest was identifying variations in measured variables with fish
size and possible environment-specific differences (freshwater
vs. saltwater).

Materials and methods

Study overview including fish origin and
sample pool

This descriptive study was conducted under commercial
conditions and as such experimental replicates of treatments could
not be implemented. Instead, this study was focused on evaluating
plasma analytes of Atlantic salmon of varying sizes reared under
differing environmental conditions (salinities) in two commercial
RAS facilities. Each of the two facilities (Facility 1 and Facility 2) had
distinct differences in fish weight and water salinity and the study
spanned 100-250 days depending on fish group (Table 1). Facility 1
was focused on the production of fry to smolt at a salinity of 0.5-2 ppt
and Facility 2 was focused on the production of fish from smolt to
market (target weight >5 kg) at a salinity of 29 ppt. Temperature in
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TABLE 1 Sampling per facility/production environment.

Fish

Facility

Sampling time

Average fish

10.3389/faquc.2025.1479875

Number of blood Fish per

group point (week) weight (g) samples (n=263) blood sample?
Facility Fish 1(11) 11 4 5-14
1/freshwater group 1
2 (14) 28 20 3
3(19) 46 20 2
4(26) 110/84 19 1
Fish 1(39) 23 7 3-4
group 2
2 (41) 51 13 1-2
3 (45) 69 19 1
4(51) 94 20 1
5 (4) 143 20 1
Facility Fish 1(5) 783 18 1
2/saltwater group 3
2 (20) 2297 20
3 (36) 3476 19
4 (41) 4213 19
Fish 1 (41) 2897 6
group 4
2(7) 3406 10
3(14) 3649 9
4(20) 4063 10
5 (24) 4010* 10

"The number of fish required to fill blood collection tubes (1.2-4.0 ml) varied according to size.

*The weight at sampling time point 5 is lower than at sampling time point 4 since fish were only four weeks apart and sampling was random.
All blood samples from a fish group on a specific sampling time point were collected on the same date. Weeks in parentheses are year weeks and show time span relative to the other sampling time
points within each fish group. Average fish weight was calculated per department based on the average weight at tank level for Facility 1 and individual weight for Facility 2. Sampling time point 4

in Fish Group 1 involved departments 3 and 4, and the average fish weight is provided.

each facility were kept close to 13°C. Four fish groups (FG) were
included - FG 1-2 in Facility 1 and FG 3-4 in Facility 2 (Table 1).

The facilities were not connected, i.e., Facility 2 did not receive
smolt from Facility 1. A total of 378 healthy salmon were sampled.
Fish with minor external signs such as scale loss, skin hemorrhage,
and fin erosion were treated as healthy and included in the study,
while fish with wound score 3 (i.e. large/open wounds) were
excluded (Noble et al, 2018). In facility 1 the fish were fed 24/7
with commercial feed, except for feed withdrawal 1 day prior to
grading/pumping, and 2-3 days prior to vaccination. In Facility 2,
feeding was also 24/7 using automatic feeders and commercial feed
based on tables provided by the feed supplier. In Facility 1,
vaccination was performed once per group at fish size about 55
grams in department 2. The vaccine was delivered by
intraperitoneal injection using commercially available vaccines.
Fish in Facility 2 were vaccinated using the same routines as for
Facility 1, one injection at pre-smolt stage where onset of immunity
was reached before arrival to the facility.

Blood sampling was performed longitudinally following a
repeated cross-sectional protocol, i.e., there was several sampling
time points within each fish group, but the individual fish were only
sampled once, in contrast to a cohort study. The number of fish,
blood samples, and pooled blood samples obtained at each
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collection time is provided in Table 1. Pooled samples were
prepared from smaller fish present in Facility 1 (due to small
blood volumes obtained per individual fish). Sampling was
conducted monthly in Facility 1, with varying intervals in Facility
2 (between 4 and 19 weeks). This resulted in 4 or 5 unique sampling
time points for each fish group (Table 1; Figure 1).

Facility 1 consisted of four departments, each with its own RAS
housing between 6 to 10 tanks. Department is defined as a separate
area within the facility housing a specific fish group within a certain
weight interval, and with its own RAS. As the fish grow, they are
moved and sorted into new tanks in a «higher» department.

Facility 1 used freshwater with seawater added to reach a
salinity of 0.5-2 ppt for operational purposes. The fish groups in
Facility 1 were moved through the different departments. At each
sampling point, sampling was randomized using Microsoft Excel
based on how many tanks were used and which tanks to sample
from. FG1 originated from two different roe batches, while all fish in
FG2 were from one roe batch (Figure 1). In both groups, the
mortality was low over the production period.

Facility 2 consisted of one RAS using saltwater (29 ppt). The
two fish groups from which samples were obtained were from the
same roe batch, but the batch was transferred to the facility at three
separate time points (Figure 1). FG3 consisted of the first transfer,
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which included the largest fish from the second transfer. FG4
consisted of the third transfer, which was comprised of the
smallest fish from transfer two. The mixing of fish from transfer
two was due to size sorting during normal production activities.
Fish were kept in the same tank but in segments that were physically
separated into sections using a grid partition, allowing water to flow
through while keeping fish in separate areas/segments. The
cumulative mortality over the production period for FG3 and
FG4 was 3-5% (fish in the sampling groups were moved/sorted
and slaughtered over the sampling period, so an exact figure is
difficult to obtain).

In Facility 1, fish weight classes were based on average weight
per department: 20-30 g, 40-80 g, 60-100 g, and 90-150 g. Due to the
high sample pooling, four samples from the smallest fish in
department 1 were assigned to a separate group, 7-15 g. Fish
weight was estimated based on feeding rate, fish growth, and
regular weight measurements according to internal production
protocols. In Facility 2, the individual fish weight at sampling was
divided into weight classes: 300-1000 g, 1000-2500 g, 2500-3500 g,
and 4500-6200 g (Table 2).

Fish sampling method, sample processing,
and analyses

Fish were randomly netted for sampling and euthanized with an
overdose of benzocaine. The time from fish confinement to
euthanasia and blood sampling differed between facilities.

This was mainly due to that smaller fish in Facility 1 were
euthanized as a group, while larger fish in Facility 2 were crowded
before netting at specific time points for operational purposes. Most
sampling was conducted on fed fish, but if a sampling time point

10.3389/faquc.2025.1479875

coincided with large operations (e.g. vaccination for FG1 and FG2
and grading for FG3 and FG4), fish were starved before sampling.
Fish in FG3 and FG4 in facility 2 came from the same tank but were
kept in different segments, which made the groups identifiable and
allowed targeted sampling over time possible.

Blood was collected from the caudal vasculature. The volume of
blood collection tubes was adapted to fish size (1.2-4.0 ml), and
blood was collected using a heparinized (Li-Hep) syringe container
(S-Monovette, Sarstedt) or vacuum container (Vacuette, Greiner
Bio-One).

Pooling of blood samples occurred for smaller fish, restricted to
fish within the same tank and department (2-3 time points for each
group in facility 1). Needle size varied according to fish size using
20-23G (0.6 x 25 — 0.9 x 40 mm).

Blood samples were centrifuged at 1500-2500 x g for 5-10
minutes within 4 hours after sampling except for the shared
sampling time point for FG 3 and 4 for Facility 2 (up to 6 hours
for logistical reasons). After centrifugation, plasma samples were
stored at <-18°C until analyzed. Cooling packs were used when
transporting plasma samples to the lab but were not used regularly
between sampling and centrifugation. The sampler and the
laboratory registered the occurrence of hemolysis, and one sample
was deemed unsuitable for analysis due to the degree of hemolysis.

Blood samples were analyzed at The Clinical Chemistry
Laboratory at NMBU (As, Norway).

Plasma chemistry analyses (Supplementary Table S1) were
conducted on either Siemens Advia 1800 or Siemens Atellica CH
930 (Siemens Healthcare Diagnostics, USA). Osmolality was
measured using a Fiske 210 micro osmometer. If necessary,
samples were diluted to fit the analytical range. In the remainder
of the text, plasma sodium, chloride, potassium, calcium, and
magnesium refer to their corresponding electrolytes in the blood.

7-30g 40-80 g 90-150 g / 60-100 g
Department1 | | Department2 | [ Department 3/4
Hatchery -> Start feeding ->! _ _ ;! _ V! _ | Smolt
Group 1 —® O— ® ™ ® X
| |
Autumn 2019 ) ! 2 e 3 P 4 i Spring 2020
FaC| Ilty 1 Monthly sampling
( FW) 20-30¢g 4080¢g 90-150 g
Department 1 Department 2 | Department 3
Hatchery -> Start feeding ->! V! P ! Smolt
Group 2 T ° - ° g . ® ® )
Spring 2020 ! 1 i 2 3 | ' 4 5 ! Winter 2021
300-6200g
[ Department 1 ]
N 1
Grou p 3 Smolt i E Market-size
shs Y Y Y O
Facility 2 Autumn 2019 | N N N . Autumn 2020
|
1 1
(SW) Smolt ' _ _ _ ' Market-size
Group 4 ) T O o O—O—O—— .
Spring 2020} 1 2 3 4 5 ' Spring 2021
! \
_____________________________________________________________ 1
Variable interval sampling
FIGURE 1

Simplified overview of the production lines and sampling. Green dots indicate sampling. Each department within Facility 1 covers a weight interval/
class, while the weight interval in Facility 2 is further divided across sampling time points, see text. In Facility 2, one sampling time point is shared
(sampling time points 4 and 1 for fish groups 3 and 4, respectively). FW (freshwater environment) and SW (saltwater environment).

Frontiers in Aquaculture

04

frontiersin.org


https://doi.org/10.3389/faquc.2025.1479875
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Amlie et al.

Feeding routines/protocols and
vaccination status

Fish were fed according to standard feeding tables/protocols
provided by the feed supplier, with regard to amount fed daily and
pellet size used for the different fish.

Water sampling and analyses

Water sampling and analyses were performed regularly by facility
staff. Sample location and interval between measurements were set
according to production protocols in each facility and matched with
blood sampling time points if practically feasible. Most water samples
were collected at the outlet when water was returned from fish tanks
to the RAS unit. An exception was gas pressure, measured in the
water entering the tanks. The two facilities’ personnel and monitoring
equipment differed, as did which water quality parameters to monitor
(Supplementary Table S2) as this depends on several factors, e.g.,
system-build, facility-specific experience, quality of intake water and
risk assessment. Dissolved oxygen (O2) and pH were measured
systematically in both facilities, but these parameters were also
controlled tightly, and as such they were not assessed in detail in
this study. The operational pH-set points were 7.2-7.5. In the
remainder of the text, the water measurements NH,-N, NO,-N,
and NO;-N are referred to as ammonium, nitrite, and nitrate,
respectively. Most emphasis was placed on water measurement
results close to each blood sampling event in the study.

Graphics and statistics

Descriptive statistics and correlation analyses were performed
in Stata 16/18 (StataCorp. 2019/2023. Stata Statistical Software:
Release 16/18. College Station, TX: StataCorp LLC.).

The median value was used for evaluating the correlation
between blood analytes and water parameters and calculated for
each sample time point as follows: for all blood samples at the time
of sampling and on all the water measurements performed over
eight days ahead and including that sample time point using Stata
16. Descriptive statistics included mean, median, maximum, and
minimum values, and kernel density plots were generated using
Statal8. A principal component analysis (PCA) was performed to
identify principal components and display the results as biplots
using Statal8.

Mean, median, and nonparametric 95% reference intervals
(2.5/97.5 percentiles) were calculated for the different plasma
analytes. The 90% confidence intervals (CI) for the lower and
upper limits of the reference intervals were determined (CLSI
Guidelines: Defining, Establishing, and Verifying Reference
Intervals in the Clinical Laboratory; Approved Guideline-third
edition. 2008). Kruskal-Wallis test was used to test for differences
in reference values by system, and a p-value < 0.05 was considered
statistically significant.
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Results
Fish groups/distribution

Table 2 shows the distribution of samples across different fish
weight classes and groups. The number of fish sampled in fresh- and
saltwater is nearly the same. In FG1, the mean weight was lower
than in FG2 (p=0.0001, Supplementary Table S3), and the mean
weight in FG3 (xavg=2712g) was lower (p=0.0001) than in FG4
(avg =3667g, Supplementary Table S3). The fish weights for the
different FGs were based on tank weights for FG1 and 2 and
individual weights for FG3 and 4 (Supplementary Table S3).

Exploratory data analysis

Before conducting inferential data analysis, an exploratory data
analysis was performed to understand the distribution of the different
variables and the potential factors that influenced the values obtained
for the different analytes. Starting with fish weight, Supplementary
Table S3 shows the mean weights with standard deviation (SD),
skewness, and kurtosis. Skewness and kurtosis values did not indicate
any particular concerns for any groups regarding left or right
skewness or tails in the different FGs, apart from the FG3 group
that had a broader weight distribution for fish below mean weight
(Supplementary Figure S1). The smaller fish (FG1 and FG2) were
grouped by tank weight, while individual weights were recorded for
FG3 and FG4. FG3 had a broader weight range than FG4. Outliers
(above and below spikes) are noted in all groups.

Values for the different biochemical variables are summarized
in Table 3. The mean value was close to the median for all variables
except potassium, explained by the high number (146/263) of
samples giving a value below the detection limit (1.0 mmol/L),
which was set at 0.5 mmol/L. The highest proportion was for FG1
(46/63), FG2 (64/79), and FG4 (20/45), and the lowest for FG3
(16/76). The values for the different variables indicated that mean,
median, and quantiles were close for FG1 and FG2 (Table 3). The
mean values were relatively close to the median for most variables.
Skewness gave negative values between -1 to -0.5 or positive values
of 0.5 - 1.0 for all analytes in FG1, except potassium, all but
potassium, magnesium, and osmolality in FG2, all but magnesium
in FG3, and all analytes in FG4 (Table 3). Potassium was notable
due to the number of samples given a value of 0.5 mmol/L (below
the detection limit).

The Kurtosis value =3 indicated a distribution around the mean
for many analytes, but there was variation between fish groups. For
FG1, sodium showed a kurtosis value >4; for FG2, several analytes
had values >4, and calcium and albumin were the only analytes with
values <3. For FG3, magnesium, total protein, and albumin had
values >4, and for FG4, only calcium was above 4.

Kernel density plots, and monovalent and divalent ions revealed
multimodality in the saltwater FGs, distinctly for sodium and
chloride, and magnesium in all FGs, both more distinct in
freshwater (Supplementary Figure S2). Total protein levels
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TABLE 2 Blood samples per fish group within each weight class.

10.3389/faquc.2025.1479875

Fish Fish group 1 Fish group 2 Fish group 3 Fish group 4 Pooled Environment
weight class  (FG1) (FG2) (FG3) ((er)] samples (n=58) (263

(n=63) (n=79) (n=76) (n=45) samples/fish)
7-15g 4 o' \ 4
20-30 g 20 7 27
40-80 g 20 32 20/7* Freshwater (n=142)
90-150 g 9 40
60-100 g 10 0?
300-1000 g 15 0
1000-2500 g 19 5 0
2500-3500 g 21 12 Saltwater (n=121)
3500-4500 g 10 21
4500-6200 g 11 7

"The sampling was performed once a month in conjunction with the routine fish health visit at the farm, and for FG2, the first visit which coincided with a fish size suitable for blood sampling was

later that for FG1, resulting in 0 fish in this weight class.

*When the fish reached a certain size, they were transferred to the final department before smolt delivery. Due to logistics, the fish group could end up being split into two “final” departments
(3 and 4) or only one of them. For FG2, the whole fish group was transferred to department 3, leaving no fish in the 60-100 weight class.
*The first available sampling time point for FG4 included larger fish than FG3 leaving no fish in the lowest weight class for FG4.

*The number of pooled samples from FG 1 and 2, respectively.

showed multimodality for the smallest fish (FG1), but also among
the largest fish group (FG4) (Supplementary Figure S2). Several
variables tended to have a tail in the kernel density plots, as read
from Table 3, where skewness values >0.5 or <-0.5 were equal to
right or left skewness.

Distributional diagnostic plots using qnorm include quantiles
plotted against the quantiles of a normal distribution. Mono- (Na*,
Cl), divalent (Ca®*, Mg®") ions, and osmolality had a distribution
that deviated from the quantiles of a normal distribution (deviated
from the straight line, Supplementary Figure S3). In contrast, ‘total
protein’, ‘albumin’, and ‘globulin’ all showed an almost perfect
linear distribution (Supplementary Figure S3). Potassium deviated
from the other variables since a high proportion (146 of 263) of fish
were below the detection limit (1.0 mmol/L), all set at 0.5 mmol/L.
The qnorm plot is shown excluding the set numbers
(Supplementary Figure S3).

A distribution plot (stripplot in Stata) for the different variables
for each fish group was conducted. FG3 had the broadest
distribution for Na®, CI', and osmolality (Figure 2).

For Ca** and Mg*", there was a less obvious pattern, but FG3
showed a broader distribution than the other groups (Figure 2).
These findings impact the levels to be expected for different
biochemical analytes, as will be discussed later. For potassium,
110 of 146 samples with values below the detection limit originated
from FG1 and FG2, reflected as a cluster around x=0.5 in Figure 2,
potassium and FG1/2.

In the interest in observing any underlying correlations for the
different variables, a matrix plot was created, including fish weights
(Figure 3), as outlined in Table 2. Weights were transformed to a
logarithmic scale (to allow better separation of small and large fish
weights), and there were two clusters (on the y-axis) per biochemical
variable for the ‘weight’ row representing values for freshwater fish

Frontiers in Aquaculture

reared in Facility 1 in the lowest cluster and saltwater fish reared in
Facility 2 in the upper (Figure 3, fish weights). The positioning of the
two clusters on the x-axis showed some variation for the different
biochemical analytes: skewed right for sodium, chloride, and
osmolality, indicating increased values in saltwater, lesser for the
other analytes, and globulin was skewed left (Figure 3). Further, the
upper clusters have more variation (wider) for the different
monovalent jons plus osmolality and less for the other analytes
(Figure 3). From this, the correlation coefficients (heat map)
between the different variables were determined (Figure 4). The
correlation between fish weight and sodium, chloride, and
osmolality was positive in freshwater and negative in saltwater. For
divalent ions, there was no apparent difference between the two
production systems (Figure 4). Plasma proteins (total, albumin, and
globulin) also showed the same pattern in fresh- and saltwater.
Sodium and chloride were positively correlated in fresh- and
saltwater (¥ = 0.79 and 7* = 0.83, respectively), and both ions
correlated positively with osmolality in saltwater [0.97 (Na*) and
0.81 (CI)] but not in freshwater (+* =~ 0), concordant with the
scatterplots (Figure 3).

Biplots

The final descriptive analysis included a PCA-biplot that
displayed the observations (rows) and the relative positions of the
variables (analytes). Marker symbols are shown for the
observations, and arrows are displayed for the variables. There
was a separation into two groups based on production environment
(freshwater or saltwater, Figure 5), with minimal overlap between
observations. The two dimensions capture 80% of the variation in
the data.
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TABLE 3 Mean and median values for the different biochemical variables, standard deviation, 25%/75% quantiles, skewness, and kurtosis per fish
group (FG).

Variables/Fish 25% 75% Skewness Kurtosis
groups quantile quantile
FG1
sodium 156.143 156 2.462 155 158 -.055 4.075
chloride 120.238 120 2.821 118 122 428 2.749
potassium 1.524 1.5 547 1.1 1.8 1.64 6.17
osmolality 322.968 323 3.578 320 325 546 2.72
calcium 3.292 33 195 32 34 -281 3.614
magnesium 1.5 1.5 297 1.2 1.7 223 2.235
total protein 43.635 44 5.109 41 47 -.581 3.099
albumin 20.46 21 2.793 19 22 -.096 2.96
globulin 23.175 24 2.733 22 25 -715 2.817
FG2
sodium 156.215 157 2.341 155 158 -.569 4.732
chloride 121.785 123 4.181 119 124 -1.09 5.446
potassium 1.693 1.6 0.474 1.20 2.05 0.45 2.44
osmolality 318.744 319 8.247 315 322 3.785 27.058
calcium 3.085 3.1 229 2.9 32 579 3.324
magnesium 1.096 1.1 212 1 12 1.51 6.923
total protein 42.924 42 6.017 39 46 965 4.461
albumin 22.19 22 2.992 20 24 593 3.662
globulin 20.747 20 3.357 19 22 1.161 4.898
FG3
sodium 171.684 168 9.47 163.5 178.5 609 2.195
chloride 138.539 138 7.779 133 144 496 3.255
potassium 3.32 3.46 1.09 2.75 4.00 -.341 2913
osmolality 350.658 348.5 25.89 328 371.5 537 2.245
calcium 3.344 3.3 455 3 3.645 .766 3.291
magnesium 1.309 12 361 1.1 1.47 1.516 6.374
total protein 39.867 39.5 5.305 36 43 0.208 2.938
albumin 22.40 22 3.158 20 25 0.116 2.775
globulin 17.467 17 2.44 16 19 397 3.053
FG4
sodium 164.622 164 2.798 163 166 866 3.691
chloride 130.578 130 3.421 129 132 .08 3.026
potassium 2.024 1.9 0.673 1.6 2.4 0.869 3.310
osmolality 328.089 328 6.721 323 332 438 2.575
calcium 3.107 3 315 29 32 1.261 4.617
magnesium 1.089 1.1 156 1 12 516 2.973

(Continued)
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TABLE 3 Continued
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Variables/Fish Median 25% 75% Skewness Kurtosis
groups quantile quantile
FG4
total protein 39.533 38 5.367 36 4 652 2.838
albumin 24.022 23 3.101 22 25 442 2.761
globulin 15.467 15 2.492 14 17 936 3.355

Values below method detectable levels have been omitted.

Similarly, an analysis was carried out for fish weights using the
same weight intervals as in Table 2, which gave no distinct
separation between weight intervals for the larger fish >300g
(Supplementary Figure S4), but larger fish separate from the
smaller fish (<300g). Fish of weight intervals 1000-2500g and
2500-3500g show high dispersion (Supplementary Figure S4).

Inferential data analysis - calculation of
biochemical analytes by production system

Based on the initial analyses above, results for plasma proteins
were grouped by production environments (Table 4). In addition to
mean and median values, 95% reference intervals (RI) and 95% CI
for all analytes, were also included, as well as 90% CI for upper and

lower 95% CI limits. Results from statistical analysis (non-
parametric) for environmental differences were also included
(Table 4). Total protein, albumin, and globulin were all
significantly different between freshwater and saltwater (Table 4),
and interestingly, total protein and globulin was higher in
freshwater reared fish than saltwater reared fish, while albumin
was lower in freshwater reared fish.

Results for plasma ions, sodium, chloride, and potassium and
osmolality (Table 5), and reference intervals were different for
freshwater and saltwater, and were most similar in the case of
potassium. Osmolality of fish had a higher mean and median in
saltwater than in freshwater, and also a wider reference interval.
Values for calcium and magnesium were calculated and presented
as for the other components (Table 6), with no differences found for
values obtained in different environments.
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Stripplots for the variables indicated for individual fish for FG1-4. For the monovalent ions and osmolality, FG3 stands out with values different from

the other groups.
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Matrix plot for all variables, with fish weights presented on a logarithmic scale. Lower weight clusters represent the fish collected in freshwater, and

upper clusters represent the fish collected in saltwater.

Water parameters

Water parameters were generally within recommended limits
during the study period for both RAS systems, except for a small
supersaturation (N,/TGP) in both facilities, with a median of 103%.
The number of N,/TGP measurements was low compared to the
other parameters, reflecting an ad hoc sampling approach for this
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FIGURE 4

Heat plot for the correlation matrix for the different variables for fish kept in freshwater (A) and saltwater (B). Potassium values included are for those

individuals above the detection limit.

parameter. The maximum levels were 105.8% and 103.8% for
facilities 1 and 2, respectively (Table 7). Mean salinity for the whole
period differs slightly from measurements before sampling due to
inmixing of some freshwater occurring naturally at water intake.
Plasma magnesium was higher in fish exposed to high nitrate
levels and correspondingly low at low nitrate levels in freshwater
(Figure 6). Alkalinity before sampling was higher for FG1 than FG2,

sodium -]
chloride |
osmolalty |
potassium |
calcium - *
magnesium -{
totalprotein {

albumin |

- .

T T
weight sodium

T T T T T T d
chloride  osmolality potassium  calcium magnesium totalprotein  albumin

Frontiers in Aquaculture

frontiersin.org


https://doi.org/10.3389/faquc.2025.1479875
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Amlie et al.

10.3389/faquc.2025.1479875

DIM 2 (31 % of Var)

. ® Freshwater

© Saltwater

T T T

-3 -2 -1

DIM 1 (49 % of Var)

FIGURE 5

Biplot for serum analytes (as displayed) of fish reared in freshwater and saltwater production environments, showing separation into two distinct

groups for the two production environments.
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with 1.85 and 1.42 mmol/l respectively. Daily H,S and turbidity
data were available for departments 2-4 (Facility 1) and showed that
fish in FG2 were exposed to higher H,S levels and more fluctuating
turbidity than FG1 (Figure 7), and turbidity levels varied more than
H,S. H,S showed a negative correlation with plasma calcium,
magnesium, and osmolality. Turbidity was generally low in both
freshwater and saltwater environments.

Saltwater color measurements varied (37-94 CU) before
sampling time points. The color and nitrate measurements
correlated positively, as did the turbidity- and color measurements
(Supplementary Figure S5).

Discussion

The main conclusion from this study is that selected blood
analytes of Atlantic salmon reared under commercial RAS
conditions were influenced by the production environment
(freshwater vs. saltwater). Further, there was an effect of fish
weight, but this effect was variable for the different analytes.
Water quality parameters varied with time and system, however,
most parameters were within acceptable ranges in both production
environments, and no clear impact on variation in biochemical
values was found from variations in water quality parameters.

TABLE 4 Mean and median of total protein, globulin, and albumin of fish by production environment, with 95% reference intervals (Rls) and 90% Cls
for the upper and lower 95% CI limits.

95% ClI

Production Mean Median 95% RI 90% ClI 90% ClI Statistical

Analyte (g/L) environment* (lower limit)  (upper limit) analysis**
Total protein FW 432 430 32.5-54.5 32.0-34.0 51.0-61.0 A
SW 39.5 39.0 31.0-51.0 29.9-32.0 50.0-52.0 B
Albumin FW 21.4 21.0 15.5-27.0 15.0-16.5 26.0-28.0 A
SW 229 23.0 17.0-30.0 14.0-18.0 29.0-30.0 B
Globulin FW 218 220 16.0-27.0 16.0-17.0 26.0-30.0 A
SW 165 16.0 12.0-22.0 12.0-13.0 21.0-24.0 B

*FW, freshwater; SW, saltwater. **Different letters designate significant differences (p<0.05). Comparison has been done within analyte.
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TABLE 5 Mean and median values for sodium, chloride, potassium, and osmolality by production environment, with 95% reference intervals (RIs) and
90% Cls for the upper and lower 95% Cl limits.

95% ClI
Analyte Production Mean Median 95% RI 90% ClI 90% ClI Statistical
(mmol/L) environment* (lower limit) (upper limit) analysis**
Sodium FW 156.2 156.0 150.5-160.5 149.0-153.0 159.5-162.5 A
SW 169.1 165.0 160.0-189.0 160.0-161.0 186.0-189.0 B
Chloride jaty 121.1 121.0 115.0-127.5 108.0-116.0 127.0-129.0 A
SW 135.6 134.0 125.0-153.0 124.0-126.0 147.0-156.0 B
Potassium FW 16 1.6 1.0-2.8 1.0-1.0 21-32 A
SW 29 32 1.1-50 1.0-13 44-6.0 B
Osmolality FW 3206 3210 310.0-331.0 307.0-311.5 328.0-333.0 A
(mOsm/L)
SW 3423 3330 319.0-394.0 318.0-319.0 389.0-401.0 B

*FW, freshwater; SW, saltwater. **Different letters designate significant differences (p<0.05). Comparison has been done within analyte. Potassium values below the detection limit are

not included.

Blood samples were collected from randomly sampled and
seemingly healthy fish farmed in commercial aquaculture systems,
allowing the reporting of values for examined blood analytes that
can be used as reference levels for Atlantic salmon of different life
stages under RAS conditions in fresh- and saltwater. Findings
support system-specific reference intervals for plasma constituents
in Atlantic salmon, as discussed for other fish species (Hrubec et al.,
1996), but fish weight also seemed to have some impact. It cannot be
concluded with certainty to what extent fish weight affects measured
biochemical values since fish weights were not recorded individually
for the smaller fish (only at tank level). Weights of larger fish were
however recorded, which creates challenges for the statistical
assessment of the relative impact of fish weight versus system-
specific values, and more detailed studies should be implemented in
the future.

Fish in the FG1 group had higher levels of calcium and
magnesium across all weight classes than FG2. The levels were
below the reference intervals in the study of Rozas-Serri and
colleagues (Rozas-Serri et al., 2022) but compared to other studies
(Braceland et al.,, 2017; Fazio et al, 2021), they are similar.
Magnesium levels were lower in the present study compared to
the latter two publications. Still, calcium and magnesium levels in
FG1 were above the reference intervals reported by Klykken and
colleagues (Klykken et al., 2022). Calcium plasma levels are

influenced by the calcium concentration in water (Campbell,
2012), and a plausible explanation for the group difference is
differing alkalinity levels, as calcium hydroxide was used to
control alkalinity/pH in Facility 1. Differences in water hardness
or stocking density have been proposed as possible causes for
differences in plasma calcium in tilapia (Oreochromis hybrid)
from the same stock receiving the same feed (Hrubec et al., 2000)
with higher levels in high-density reared fish. In this study, the
inverse was seen, as FG2 generally was kept at higher stocking
densities and had the lowest calcium plasma levels. Additionally,
plasma calcium levels correlated poorly with alkalinity in this study,
suggesting other influential factors.

As fish sampled and included in this study were considered
normal, no necropsy was performed at sampling. However, in FG1,
the kidney was inspected before smolt delivery (outside scheduled
sampling), and low-grade nephrocalcinosis was present in 1/3 of the
fish examined. The relationship between plasma calcium and
nephrocalcinosis has been addressed in different studies. There
was no association between plasma calcium levels and
nephrocalcinosis in tilapia (Chen et al., 2003), while an
association was found in Atlantic salmon (Klykken et al., 2022).
Further, increased magnesium plasma levels might indicate
nephrocalcinosis and renal dysfunction (Campbell, 2012; Klykken
et al,, 2022). Importantly, elevated calcium levels in plasma do not

TABLE 6 Mean and median values for calcium and magnesium by production environment, with 95% reference intervals (RIs) and 90% Cls for the
upper and lower 95% CI limits.

95% Cl
Analyte Production Mean Median 95% RI 90% CI 90% CI Statistical
(mmol/L) environment* (lower limit) (upper limit) analysis**
Calcium FW 32 32 2.7-37 2.7-2.8 3.6-3.7 A
sw 33 32 2.7-42 26-2.8 4.1-46 A
Magnesium FW 13 12 0.8-2.0 0.8-0.9 1.8-2.1 A
sw 1.2 11 0.9-2.0 0.8-0.9 1.8-23 A

*FW, freshwater; SW, saltwater, **Different letters designate significant differences (p<0.05).
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TABLE 7 Mean measurements 7 days ahead sampling and the sampling
time point.

Water parameter Freshwater Saltwater
Temperature 12.8 + 2.6 (n=80) 12.8 + 0.5 (n=60)
Salinity 1.0 + 0.4 (n=27) 30.6 + 3.1 (n=63)
NH,-N 0.7 + 0.2 (n=24) 0.5 + 0.2 (n=41)
NO,-N 0.2 £ 0.1 (n=23) 0.5 + 0.3 (n=23)
NO;-N 37.7 £ 9.0 (n=24) 49.8 + 12.4 (n=28)
Color NM 62 + 19 (n=27)
Turbidity (ntu) 32+ 1.5 (n=54) 1.0 + 0.3 (n=28)
Alkalinity 1.7 + 0.4 (n=21) NM

Co, 8.7 + 3.4 (n=27) NM

H,S 1.0 + 0.3 (n=44) NM

Gas pressure’ 103.9 + 1.4 (n=12) 103.1 + 0.5 (n=11)

Unit of measurements according to Supplementary Table S2.
"The facilities differed in measurements logged. Facility 1 derived and logged N, from TGP
while facility 2 logged TGP. NM, Not measured.

necessarily reflect the presence of nephrocalcinosis (Klykken et al.,
2022). However, the increase in plasma calcium in the FG1 fish is
interesting in light of macroscopic nephrocalcinosis scores from
FG1 before smolt delivery.

The intracellular concentration of magnesium in erythrocytes is
>= 10 times the plasma concentration (Houston, 1985), and
hemolysis might introduce artificially high plasma values
(Mcdonald and Milligan, 1992; Groff and Zinkl, 1999). Still, this
would be less likely since hemolysis was absent in general.
Magnesium levels increase due to stress in fish in saltwater
(Arends et al., 1999; Iversen et al., 2009) and freshwater

10.3389/faquc.2025.1479875

(Bjornsson et al., 1989), and variation in individual stress levels
could contribute to the observed differences between FG1 and FG2.
Findings are contradictory between studies, as magnesium levels
also have been reported not to change in conjunction with stress in
freshwater (Liebert and Schreck, 2006). Furthermore, magnesium
has been. reported to increase with time in euthanasia baths
(Stewart et al., 2016) and with time from sampling to
centrifugation (Braceland et al, 2017). As the same protocol was
used for FG1 and FG2, this is less likely to explain the differences in
magnesium levels between the groups.

As expected, plasma sodium, chloride, and osmolality were
higher in seawater-adapted salmon than in pre-smolt stages,
concordant with previous studies (Parry, 1961; Folmar and
Dickhoff, 1980; Finstad et al., 1988; Damsgaard et al., 2020;
Casanovas et al., 2021). Plasma sodium and chloride increase
with weight in freshwater, in conformity with earlier studies
describing higher levels in smolt than pre-smolt (Chen et al,
2003) (Houston and Threadgold, 1963). Salt feed was used to
stimulate smoltification in Facility 1. In Facility 2, the ion
concentrations were decreasing and seem to stabilize at a lower
level in larger fish, and variation was reduced as the fish grew.
Sodium and chloride are the main blood electrolytes in fish, and
combined, these electrolytes constitute >75% of the plasma
osmolarity (Mcdonald and Milligan, 1992). Sodium and chloride
levels in both production environments were within reported
reference intervals for Atlantic salmon (Bergheim et al., 1990;
Klykken et al, 2022), and osmolality in the freshwater groups
were within ranges for Atlantic salmon (Klykken et al., 2022) and
rainbow trout (Wedemeyer and Nelson, 1975). That said, a high
proportion of fish in FG3 had chloride levels above 140 mmol/L, the
upper range of what would be considered normal for Atlantic
salmon in saltwater, also reflected by osmolality values (Bergheim
et al., 1990; Arnesen et al., 1998; Urke et al., 2014).
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Daily hydrogen sulfide (H,S) and turbidity before and at the sampling time points in departments 3 and 4 in Facility 1.

Several factors may have contributed to the observed differences
between FG3 and 4 within weight classes 1000-3500 g. The
difference in the number of fish sampled could be one such
factor. Plasma sodium- and chloride levels are affected by stress
(Mcdonald and Milligan, 1992), and different handling methods
before sampling, such as crowding or not, may alter the levels,
reflecting differences in stress. Increased stocking density is not
synonymous with a high stress level (Kjartansson et al., 1988), but
stocking density has been associated with increased sodium levels,
possibly caused by reduced feed intake and skin lesions (Calabrese
et al, 2017). Smoltification in salmonids alters electrolyte levels
(Folmar and Dickhoff, 1980), and variation in the time since fish are
smoltified could influence groups of fish transferred to the tanks at
different time points. Environmental factors cannot be ruled out as
contributing even though no noticeable difference in water quality
was found between fish groups in the present study. FG4 was the
last group to be transferred, and a more stable/conditioned RAS
systems could contribute to the lower osmolality seen in this group.
Yet another factor could be the genetic makeup of the fish, how long
the fish have been in the RAS unit, and water parameters not
analyzed for.

Total plasma protein is a collective measure of albumin and
globulin fractions in plasma, and the globulin fraction consists of
several types of acute-phase proteins and immunoglobulins (Cray
et al., 2009). Fish capillaries are highly permeable to proteins,
resulting in an isotonic extracellular milieu (Hargens et al,, 1974),
and set the premises for the relatively large tolerance of plasma
protein fluctuations in fish species (Roberts and Ellis, 2012). The
albumin levels were relatively similar in both production
environments, but contrast findings in Pacific salmon where higher
levels were found in freshwater (Casanovas et al., 2021). The levels
measured exceeded the upper reference limit reported by Rozas-Serri
and colleagues (Rozas-Serri et al., 2022) in both systems but were
within ranges described by others (Treasurer and Laidler, 2001) for
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saltwater. The observed higher plasma globulin levels in salmon
raised in freshwater compared to saltwater agree with a previous
study (Casanovas et al., 2021), which also applies to total protein. In
the present study, there was more variation in plasma protein levels in
fish raised in freshwater, and group differences within the smallest
fish (20-80g) were observed; that said, levels in the freshwater groups
are within the published reference intervals for presmolt while levels
in FG3 and FG4 are lower than reported in previous studies
(Treasurer and Laidler, 2001; Braceland et al, 2017; Rozas-Serri
et al., 2022). Plasma albumin, globulin, and total protein
concentrations have been reported to increase in association with
increased stocking density in tilapia (Hrubec et al., 2000).

In contrast, high stocking density has also been proposed to result
in stress causing decreased globulin levels in salmonids (Liu et al,
2015; Yarahmadi et al., 2016), and reduced immunoglobulin M (IgM)
levels have been linked to the immunosuppressive effect of increased
blood cortisol levels (Nagae et al., 1994) in stocking density studies
(Iguchi et al,, 2003; Liu et al., 2015). RAS productions operate at high
stocking density (Li et al., 2023), which might play a role in the
present study. At the same time, RAS provides a more stable and
protected culture environment. As an analog to the tendency of
higher Ig levels in wild-caught fish (Olesen and Jorgensen, 1986;
Klesius, 1990; Mcdonald and Milligan, 1992), the lower globulin
fractions reported for fish in saltwater in the present study may also
indicate less immune system “triggering” from the water
environment in RAS compared to traditional seawater pens.
Hosfeld and colleagues (Hosfeld et al, 2009) found no adverse
density effects of 86kg/m> on Atlantic salmon parr when
maintaining good water quality, but globulins were not measured
in the referred study. Since immunoglobulins constitute only a
fraction of the globulins and there is interindividual variation in
the distribution of the different fractions (Manera and Britti, 2008),
fraction-specific investigations are warranted for future research
(Rehulka and Minaiik, 2007).
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Although plasma electrolytes are generally less influenced by
fish weight and sex, diet, and season than hematological parameters
(Groff and Zinkl, 1999), the sampling technique and -processing are
critical for keeping preanalytical factors at a minimum. Sampling
techniques on fish have recently been covered (Duman et al., 2019;
Lawrence et al., 2020). Sampling of FG3 had to be coordinated with
other activities in the unit, making it necessary to withdraw feed for
3-4 days ahead of sampling. In a study by Waagbe and colleagues
(Waagbo et al., 2017), no significant effect of 14 days of starvation
was seen on osmolarity in Atlantic salmon, and as such in the
present study a few days of starvation would not likely have had any
impact on plasma sodium and chloride levels.

During sampling, external surfaces of fish were examined for
wounds category 3 (Noble et al., 2018) and any observations resulted
in omittance of said fish from the study. However, differences in
occurrence/degree of skin- and fin deviations, which did not result in
fish being omitted from the study, may account for some variation
observed in the electrolyte levels (Stien et al.,, 2013). Approximately
half of the blood samples had potassium levels below the analytical
range for the instrument used in the study, 75% of which originated
from fish raised in freshwater, and most were non-pooled samples.
Some published reference intervals for potassium include values < 1
mmol/L for salmonids (Braceland et al., 2017; Rozas-Serri et al., 2022),
whereas others do not (Casanovas et al., 2021; Klykken et al., 2022).
The values below range in this study could represent actual values
limited by instrumental analytical range, or they may be artificially low
due to preanalytical factors. Only a tiny fraction of total potassium is
found extracellularly (Eddy, 1985), and time from sampling to
centrifugation and storage temperature are known to influence
potassium measurements, with an initial decrease followed by an
increase in plasma levels (Soivio et al., 1975; Korcock et al., 1988; Groff
and Zinkl, 1999; Braceland et al., 2017). It cannot be ruled out that a
share of the below-range values in the present study is related to a
delay of centrifugation combined with suboptimal storage
temperature, and a mean value < 1 mmol/L for the shared-sampling
time point in saltwater may indicate this. The centrifugation was done
consecutively after drawing blood for the first three sampling time
points for FG3. These samples had no below-range potassium values
compared to sampling points with delayed time to centrifugation.
Thus, time is a critical factor for analysis and interpretation. Low
potassium concentrations in blood samples collected from the field for
flounder (Pseudopleuronectes americanus) have earlier been
attributed to a storage time of 2-3 hours (Fletcher, 1975). In field
scenarios where delays between sampling and centrifugation are more
common, cooling the samples could be a preventive measure against
preanalytical bias (Korcock et al., 1988).

Evaluating the impact of environmental conditions on blood
analytes involved determining the median levels of various
parameters from water samples. This approach was driven by the
logic that perturbations in water quality would have a delayed effect on
the fish kept under these conditions. This approach found a positive
correlation between ammonia, nitrite, nitrate, alkalinity levels, and
globulin and magnesium plasma levels in freshwater. No harmful
effects of nitrate have been seen on Atlantic salmon post-smolt raised
in freshwater with nitrate levels up to 100 mg/L (Davidson et al., 2017;
Good et al,, 2017). Still, it is necessary to evaluate the long-term effects

Frontiers in Aquaculture

14

10.3389/faquc.2025.1479875

of nitrate and how it influences the different life stages of Atlantic
salmon (Freitag et al,, 2015). Overall, in the present study turbidity was
low, and turbidity did not influence the blood analytes studied.
However, it was determined in the present study that turbidity and
color correlated partly over the observation period in Facility 2, which
indicated interference of color compounds on turbidity
measurements. The correlation between color and nitrate indicates
nitrate is a possible contributor to color (Hirayama et al., 1988).

To assess the variability in selected blood analytes over time in a
typical aquaculture production setting, in the present study four fish
groups were monitored throughout a production cycle at two RAS
facilities with distinct differences in fish weight and production
environments. Generally, analyte levels aligned with reference
intervals reported from other production systems. However,
observed differences between and within the farms among healthy
salmon, and with water quality within recommended levels, suggest
that normal ranges and distributions vary between systems, and fish
size should also be considered. This underscores the need for future
research into system/environment-specific reference intervals, and
a better understanding as to how fish size/weight impact clinical
chemical parameters.

Multiple fish groups should be included to establish such
intervals, and various influential factors must be considered.
Factors that encompass water quality, management practices, fish
strain/batch (i.e., stress tolerance), and the physiological status of
the fish need to be considered and are factors that can influence
obtained reference intervals. A threshold for acceptable prevalence
and degree of exterior deviations should be defined. Reference
values should then be compared to analyte levels in fish with
known diseases to assess the diagnostic value of blood sampling.
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