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Histopathological assessment
of Atlantic salmon exposed to
calcium oxide particles: a
controlled clinical study
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Particulate calcium oxide (CaO) has been successfully used for the control of
sea urchin and starfish populations. Recent studies have proven its efficacy in
killing planktonic copepods, making it a promising and cheap option for
salmon louse control in the Atlantic salmon (Salmo salar) farming industry.
Additionally, preliminary laboratory tests demonstrated that exposure to 0.2
g/L-0.6 g/L of fine CaO particles induced significant mortality of salmon
louse (Lepeophtheirus salmonis) in the planktonic stages. The present study
investigated the effects of water treatment with fine CaO particles [0.2 g/L or
127.4 g/m?; 0.1 mm-0.3 mm], conducted twice a week for three consecutive
weeks at 5°C and 12°C on Atlantic salmon post-smolt in a flow-through
system. The study compared mortality rates and histopathology of skin, eyes,
gills, and intestines between treated and untreated control salmon. The
results indicated that CaO exposure did not induce fish mortality or
histopathological damages in the skin, eyes, or intestines. Although there
were no significant effects of CaO exposure on gill inflammation or
hyperplasia, the exposure did increase the occurrence of gill vascular
injuries and necrosis in small portions of the tissue (< 10% of the respiratory
gill tissue in most of the samples) by 60% and 35%, respectively. The effect
was not modulated by temperature or time. The results indicate that the CaO
treatment protocol used in this study is not lethal to Atlantic salmon and is
safe for most analyzed tissues. Nonetheless, the induction of vascular
damage and necrosis in the gill, albeit in small tissue portions, emphasizes
the need for further research. It is crucial to develop a protocol that avoids
such lesions, ensuring the secure application of CaO as an antiparasitic
treatment in salmon aquaculture.
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Highlights

* To our knowledge, this is the first study investigating the
histopathological effects of calcium oxide exposure on
Atlantic salmon.

* Calcium oxide exposure increases the occurrence of
vascular injuries and necrosis in small portions of the gills.

* Calcium oxide exposure does not induce gill inflammation
or hyperplasia.

* Calcium oxide exposure does not cause skin, eye, or
intestinal lesions.

1 Introduction

The use of quicklime, or calcium oxide (CaO), as a controlling
agent for echinoderm populations, has been documented back to
the beginning of the 20th century (Wood, 1908). CaO particles have
also been successfully used in Nova Scotia and California for the
management of sea urchins and starfish in commercial kelp and
oyster beds (Bernstein and Welsford, 1982) and in Norwegian
fjords for the control of sea urchin populations (Strand et al., 2020).

A recent laboratory study (Brooks et al., 2020) ranked several
marine species according to their vulnerability to fine CaO particles
(<0.8 mm mm). The most sensitive was the copepod Tisbe battagliai
[Crustacea; lethal concentration for 50% of the fish (LCs) 3.14 g/g/
m?], followed by the green sea urchin (Strongylocentrotus
droebachiensis, echinoderms; LCs, 20.1 g/g/mz), the common
starfish (Asterias ruben, echinoderms; LCs, 22.2 g/g/mz), the
slender ragworm (Nereis pelagica, polychaete; LCsy 26.6 g/m?),
and the netted dog whelk (Hinia reticulata; Mollusca; LCs, 41.9
g/m?). The fish species tested, the lumpsucker (Cyclopterus lumpus),
was affected only by a high concentration of particles (LCs, 226 g/
m?). Three species were unaffected by CaO particle exposure: the
shore crab (Carcinus maenas, Crustacea), the blue mussel (Mytilus
edulis, Mollusca), and seaweed germlings (Fucus vesiculosus). Given
the high efficacy of CaO particles against copepods, there is a
growing interest in the use of quicklime as a natural antiparasitic
treatment against sea lice in the Atlantic salmon (Salmo salar)
farming industry. Recent laboratory trials (Seacalx AS,
unpublished) showed that the application of CaO treatment (0.2
g/L-0.6 g/L; particle size 0.1 mm-0.6 mm; 2 min-10 min) had
detrimental effects during the free-living planktonic stages of the
salmon louse (Lepeophtheirus salmonis). The treatment led to a
significant 60%-70% reduction in the number of nauplii
progressing to the copepodid stage due to decreased survival and
molting rates. Furthermore, the treatment resulted in up to a 90%
mortality rate among free-living copepodids and a 15% decrease in
the egg-hatching rate. No significant effects were reported on sessile
and motile stages once attached to fish.

CaO reacts with water, producing calcium hydroxide, Ca(OH),,
in an exothermic and alkalinizing reaction (increasing temperature
and pH), which causes epidermal burns and lesions when in contact
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with the surface of the target organisms. This results in both acute
and delayed mortality due to osmotic imbalances and bacterial
infections in echinoderms (Bernstein and Welsford, 1982). The
speed and duration of the exothermic reaction are heavily
influenced by particle size (Strand et al., 2020). On the one hand,
smaller particles react faster and sink slower in water columns due
to increased surface-to-volume ratio and buoyancy. On the other
hand, bigger particles react slower and sink much faster. The
optimization of particle size composition is therefore crucial to
maintain particles long enough in water columns so that the
exothermic reaction is not dissipated before reaching the target
organisms (Bernstein and Welsford, 1982; Strand et al., 2020).

To date, very limited knowledge is available on the impact of
CaO on the health and welfare of fish. The aim of this study was to
conduct a histopathological assessment of the effects of fine CaO
particle exposure at different water temperatures (5°C and 12°C) on
Atlantic salmon in flow-through systems.

2 Materials and methods
2.1 Ethics statement

The experiment was performed in accordance with the EU
regulations concerning the protection of experimental animals
(Directive 2010/63/EU). Appropriate measures were taken to
minimize pain and discomfort. The experiment was approved by
the Norwegian Food and Safety Authority (FOTS id.
number 19906).

2.2 Experimental setup

The experiment setup is summarized in Table 1. The exposure
experiment was carried out at the Aquaculture Research Station in
Tromse (ARST), Norway. Atlantic salmon (Salmo salar) post-
smolts (sexually immature; mixed sex) of the AquaGen strain
(AquaGen, Trondheim, Norway) were kept in flow-through
tanks. A total of 120 fish (average fish weight 1.048 kg) were
evenly distributed among six circular tanks (500 L; 1-m diameter;
0.8-m tank height; ~ 0.6-m water height; water flow ~ 600 L/hour;
stocking density 41,10 kg fish/m’) and were kept at constant light
and salinity of 32%o. Three tanks were kept at a water temperature
of 5°C and three at 12°C. In each temperature group, one tank was
used as an untreated control and two for the treatment, as technical
replicates. The fish were fed ad libitum with dry pellets (Skretting,
Stavanger, Norway) and acclimatized for a period of 8 days prior to
the start of the experiment. The oxygen saturation was kept above
90% during the whole experiment.

The treatment tanks were exposed to 0.2 g/L (127.4 g/m?)
calcium oxide (CaO; Miljokalk AS Norway; particle size 0.1 mm-0.3
mm) for 10 min twice a week for three consecutive weeks (at days 1,
4, 8, 11, and 15). The dose of CaO (100g) was applied through a
small sieve (to avoid clumping) evenly over the entire water surface
over a period of 10 min. The water flow in each tank was not

frontiersin.org


https://doi.org/10.3389/faquc.2023.1307835
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Ciani et al.

interrupted during treatment to mimic field conditions, in which
water masses are constantly replaced. As the reaction of CaO with
water to form Ca(OH), is alkaline, the change in pH was monitored
during CaO exposure and for the following 3 h in the treatment
tanks (Supplementary Figure 1). After dosing, the product was
diluted over time due to the efflux of the water.

2.3 Sampling procedure

The histologic sampling setup is summarized in Table 1. Tissues
were collected from three fish per tank twice in the first week, then
once a week (at days 1, 4, 11, and 18). The sampling was performed
immediately before CaO exposure at all-time points. In addition,
tissues from two fish per tank in the treatment group were collected
3 months after the first treatment, at day 78. The fish were
euthanized by an overdose of benzocaine (150 ppm). The gill,
intestine, eye, and skin samples were collected as follows:

o Skin: the tissue was excised below the dorsal fin, at least 1
cm x 1 cm in size with subcutaneous muscles.

* Gill: the tissue was excised from all four gill arches by
cutting in two places, one at the lower attachment and the
other at the mid curvature of the arch.

TABLE 1 Summary of experimental design.

(IVNRER'S
5°C

Replicates per time point

10.3389/faquc.2023.1307835

* Intestine: the tissue was excised from the anterior part of the
small intestine, about 2 cm behind the end of the pylorus
and at approximately 2 cm in length. The intestine was
rinsed in seawater before preservation in formalin.

* Eye: the whole left eye was extracted from each fish. If the
procedure damaged the tissue, the eye in question was
discarded and replaced with the right eye.

2.4 Histopathology

The histopathology assessment was carried out according to
Ostevik et al. (2021, with minor adjustments. Sampled tissues were
fixed in buffered formalin (4% formalin, 0.08 M sodium phosphate,
pH 7.0) and processed in a Thermo Scientific Excelsior tissue
processor (Thermo Fisher Scientific, Runcorn, UK). The tissues
were embedded in paraffin using a Tissue-Tek®, TEC 5 (Sakura
Finetek Europe B.V., Alphen aan den Rijn, the Netherlands)
embedding center. The tissue sections (1.5 pm-2 um) were cut
using a Leica RM2255 microtome, mounted on glass slides, and
stained with hematoxylin—eosin (HE). The slides were scanned in
an Aperio ScanScope® AT Turbo slide scanner and read using
Aperio ImageScope software (Leica Biosystems, Buffalo Grove, IL,

(B) Timepoints

DEYY CaO treatment Histology

Control Control 3 (0 at day 78) 1 0.2 g/L Yes

Tr. 1.1 Tr. 1.1 3 (2 at day 78) 4 0.2 g/L Yes

Tr. 1.2 Tr. 1.2 3 (2 at day 78) 8 02 g/L -
11 0.2 g/L Yes
15 0.2 g/L -
18 - Yes

(C) Histology

(D) Scoring system

Tissue Parameter Score Extension

Gills Vascular damage in the lamellae 0-4 0 0% of respiratory gill tissue
Hyperplasia of the lamellae 0-4 1 < 0% of respiratory gill tissue
Inflammation of the lamellae 0-4 2 10%-25% of respiratory gill tissue
Necrosis of deeper tissue 0-4 3 25%-50% of respiratory gill tissue

Intestine Various - 4 > 50% of respiratory gill tissue

Eye Various -

Skin Various -

(A) The fish were held at either a low or a high temperature. At each temperature, two tanks were assigned to the “treatment” group (Tr.1.1 and Tr.1.2) as technical replicates and one to the
“control” group. Three fish were sampled at each time point. In addition, two fish per tank were sampled from the treatment group at day 78. (B) The experiment lasted for 78 days. Treatment
tanks were exposed to CaO 200mg/L twice a week for 3 consecutive weeks. Tissues were collected twice in week 1, then once a week afterwards. (C) Four parameters were assessed and scored on
gills tissues. For intestine, eye, and skin samples, a detailed report of histopathological findings was produced. (D) The scoring system was based on the extension of the histologic damage, from a

score of 0 (0% extension) to a score of 4 (> 50% extension).
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USA). All counting and measuring were done using the annotation
tools in the ImageScope software. The pathologist was “blinded” in
regard to the group (control vs. treatment), time point, and
temperature. Four different histopathological lesion types were
examined and scored in the gill tissues (Table 1; Figure 1):

(i) lamellar inflammatory cell infiltration.
(ii) lamellar epithelial hyperplasia.

(iii) subacute/chronic lamellar vascular lesions (comprising
thrombi and thrombosing aneurysms-telangiectasia/
organizing thrombi and aneurysms).

(iv) necrosis involving one or more lamella and/or the filament.

A five-level scoring protocol was used based on the extent of the
gill tissue affected: score 0, no damage detected; score 1, < 10%;
score 2, 10%-25%; score 3, 25%-50%; and score 4, > 50% of the
respiratory gill tissue (Table 1).

Additionally, intestines, eyes, and skin were evaluated for
histopathological lesions. The findings in these tissues were noted,
but no scoring was performed.

10.3389/faquc.2023.1307835

2.5 Data analysis and statistics

Data were analyzed using Stata 17 (StataCorp. 2021; Stata
Statistical Software: Release 17.0; StataCorp LLC, College Station,
TX, USA). The descriptive data are presented as summary tables.

Mixed models, allowing the inclusion of fixed and random
effects, were used, as all observations were clustered by tank.
Different regressions were used to assess the histopathological
effects of treatment between the gills and other tissues.

- Gill histology. A multilevel ordinal logistic regression
(MOLR) model was built for each of the four investigated
parameters, as the outcome of interest (histologic score)
was an ordinal variable with a clear ordering of the category
levels (from score 0 “no effects” to score 4 “severe effects”).
When a reliable MOLR could not be built, a multilevel
logistic regression (MLR) was produced instead, using the
histologic score as the dichotomous outcome variable
(comparing 0 “no effects—score 0” vs.1 “any affect—score
> 0”). When needed, the risk was calculated using the “csi”
command in Stata.

A

S
., \ -’\v..,ﬂ‘u‘

G o

FIGURE 1

Normal gill tissue and histopathological lesions. All tissues were stained with hematoxylin and eosin. (A) Healthy gill tissue. The four types of lesions
scored in the study were (B) inflammation, (C) hyperplasia, (D) vascular damages, and (E) necrosis (indicated with arrows and a circle). The gill tissue
in (F) shows multifocal changes in which lamellar vascular lesions (thrombosis), epithelial and mucus cell hyperplasia, lamellar inflammation, and

necrosis extend into the filament.
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- Eye, intestine, and skin histology. Two different models were built
for each tissue. The first was a multinomial regression (MR)
model in which the outcome “no evidence of histopathological
changes” was used as a reference value versus multiple
histopathological changes detected. The second was a
multilevel logistic regression (MLR) model with the
dichotomous outcome “no evidence of histopathological
changes” versus “any histopathological changes”.

The explanatory variables “treatment” (dichotomous variable,
treatment vs. control), “time” (in days, continuous variable), and
“temperature” (dichotomous variable, 5°C vs. 12°C) were included
as fixed effects. The variable “cage” was included as a random effect.
The interactions between “treatment” and “temperature” were
included in the full model to account for the differential effects of
the treatment at different temperatures. The fixed-effects variables
were first screened for multicollinearity by correlation matrix and
exclusion of predictors with correlation > 0.6 (Supplementary
Table 1). Then, they were screened in a univariable model by
applying a liberal cut-off value (p <0.2) and controlling for the
tank. Finally, multivariable models were built to assess the
association of filtered predictors while still controlling for the
tank. For the final models, the cut-off value for statistical
significance was set to a p-value < 0.05.

The models were built by backward selection, including initially
all predictors that passed the screening stage and by removing one
by one those that were not statistically significant (p > 0.05). The
interaction between temperature and treatment was also assessed
during the model-building procedure.

The assumption of proportional odds in the ordered logistic
model was validated using the Brant test and the “omodel”
command in Stata.

The effects of the statistically significant variables on the
outcome were investigated by using the Stata “margins”
command after each model. These data were visualized using the
“marginsplot” command.

3 Results
3.1 Mortality

No fish died or showed sign of abnormal behavior during the
experiment in any of the tanks.

3.2 Gill histopathology

Four histopathological parameters—inflammation, hyperplasia,
vascular injuries, and necrosis—were examined and scored (range
from 0 to 4) for 80 fish divided between the control (24 fish) and
treatment groups (56 fish) at 5°C and 12°C water temperature.

The mean scores were low, mostly between 0 and 1, in both the
control and treatment fish groups at the different water
temperatures (Figure 2). Notably, none of the biological replicates
indicated scores exceeding 2 for any of the parameters.
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3.2.1 Inflammation

The statistical model (Table 2A) indicates that exposure to CaO
did not induce gill inflammation, which occurred equally in both
the control and treated fish groups and increased over time.

Most of the samples analyzed showed some degree of
inflammation (Table 3A). In the control group, 87.5% (21/24) of the
samples were scored 1, while in the treatment group, 87.3% (48/55)
scored 1, and 7.3% (4/55) scored 2 for inflammation. Healthy (score 0)
and damaged (score = 1) tissues were equally distributed between the
temperature groups.

The MOLR model using “inflammation score” as the outcome,
“time” as the fixed effect, and “cage” as the random effect was
composed of 79 observations. The Wald chi-squared value was equal
to 5.77 (p = 0.016), thus indicating that at least one of the predictors’
regression coefficients was not equal to zero in the model (Table 2A).
The assumption of proportional odds was confirmed by the Brandt and
Omodel tests. The random-effects section indicated no variation
between tanks (coefficient 1.237>%). The fixed-effects section showed a
positive ordered log-odds (logit) regression coefficient of 0.04 (p =
0.016) for time (in days). The standard interpretation of such a
coefficient is that for a one-unit increase in the predictor, the
response variable level is expected to change by the regression
coefficient in the ordered log-odds scale while the other variables in
the model are held constant. The marginal effect analysis (Figure 3A;
Supplementary Table 2) showed that, at the beginning of the
experiment, the probability of detecting an inflammation score of 0
was 11%, a score of 1 was 87%, and a score of 2 was 2%. From day 35
onward, the probability of detecting a score of 2 increased constantly,
while the probability of detecting scores 0 and 1 decreased.

3.2.2 Hyperplasia

The statistical model (Table 2B) reveals that CaO exposure did
not lead to gill hyperplasia, a condition observed equally in both
control and treated fish. The occurrence of hyperplasia increased
with higher temperatures, and this effect was further amplified
over time.

A total of 34.8% (8/23) of the control samples were scored 1,
while 50.9% (28/55) and 3.6% (2/55) of treatment samples were
scored 1 and 2, respectively (Table 3B). The 12°C group had more
replicates that scored > 1 than the 5°C group (24 vs. 15) and fewer
samples that scored 0 (16 vs. 24).

The MOLR model using “hyperplasia score” as the outcome,
“temperature” and “time” as the fixed effects, and “cage” as the
random effect was composed of 78 observations. The highly
significant (p = 0.0018) Wald chi-squared value of 12.6 indicated
that at least one of the predictors’ regression coefficients was not
equal to zero (Table 2B). The assumption of proportional odds was
confirmed by the Brandt and Omodel tests. The random-effects
section of the model indicated no variation between tanks
(coefficient 5.117°%). The fixed-effects section showed a positive
coefficient of 1.06 (p = 0.028) for temperature and 0.04 (p = 0.003)
for time. The marginal effects analysis showed that keeping the
water temperature at 12°C, rather than at 5°C, increased the
occurrence of hyperplasia (score 1) by 20% between day 0 and
day 40 (Figure 3B; Supplementary Table 2).

frontiersin.org


https://doi.org/10.3389/faquc.2023.1307835
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Ciani et al. 10.3389/faquc.2023.1307835
Inflammation Hyperplasia
4_
3_
I
§ 24 °
14 ——— —g- —- i B - ° °*mn i
04 .I ! I NA  NA IH [l — IH = I -0 I. NATNA
T(°C) 512 512 5 12 5 12 5 12 512 5 12 5 12 5 12 5 12
Day 1 4 11 18 78 1 4 11 18 78
Vascular injuries Necrosis
4
3_
()
5 21 °
A 1 °
1 BA -7 - 1
I S W I I 'S
T(°C) 512 512 5 12 5 12 5 12 512 5 12 5 12 5 12 5 12
Day 1 4 11 18 78 1 4 11 18 78
[ Control [] Treatment NA — Not Available
FIGURE 2

Histopathological parameter scores for the gills. The lower and upper box boundaries represent the 25th and 75th percentiles; the line inside the
box is the median; the lower and upper error lines represent the lower and upper adjacent values; and the dots represent outliers. The data are
clustered between groups [control (blue columns)—treatment (red columns)], temperature [(T) 5°C—12°C], and over time (day 1 to 78). NA, not
available; —, no control samples were available at day 78. The number of replicates per group is available in Table 2. Although the mean
inflammation and hyperplasia scores did not differ between treatment and control groups, a noteworthy increase in vascular injuries and necrosis

was observed in treated fish compared with the control fish.

3.2.3 Lamellar vascular injuries

The statistical model (Table 2C) shows that CaO exposure led to
vascular damage in the gills (+60% occurrence of score 1),
irrespective of the water temperature.

Only one sample in the control group was scored 1 for
lamellar vascular injuries. All other control samples were
scored 0. On the other hand, 68% (37/54) of the treatment
samples were scored 1, and 1.9% (1/54) were scored 2 with
respect to lamellar vascular injuries (Table 3C). The healthy
(score 0) and damaged (score > 1) tissues were equally
distributed between the temperature groups.

The MOLR model using “vascular injury” score as the
outcome, “treatment” as the fixed effect, and “cage” as the
random effect was composed of 78 observations. The highly
significant (p < 0.001) Wald chi-squared value of 14.14
indicated that at least one of the predictors’ regression
coefficients was not equal to zero in the model (Table 2C). The
assumption of proportional odds was confirmed by the Brandt
and Omodel tests. The random-effects section of the model
indicated no variation between tanks (coefficient 4.287%%). The
model showed a positive coefficient of 4.00 (p < 0.001) for the
treatment. The marginal effects analysis (Figure 3C;
Supplementary Table 2) indicated that the treatment increased
the occurrence of damage (score 1) by almost 60% and decreased
by the same margin the incidence of no damage (score 0). The
treatment had no effect on the probability of detecting more
extensive damage (score 2).
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3.2.4 Necrosis

The statistical model (Table 4) shows that CaO exposure
induced gills necrosis (+35% occurrence of scores 1 and 2),
irrespective of the water temperature.

None of the control samples (24 out of 24) showed sign of gill
necrosis, while 30.9% (17/55) and 3.6% (2/55) of treatment samples
received a necrosis score of 1 and 2, respectively (Table 3D). The
healthy (score 0) and damaged (score > 1) tissues were equally
distributed between the temperature groups.

The variable “treatment” could not be included in the MOLR or
MLR models, as all necrotic tissues (score = 1) belonged to the
treatment group (thus predicting failure perfectly). The risk of
necrosis was significantly higher in the treatment group (risk
difference = 0.35; p = 0.001, Table 4).

The MOLR model using “necrosis score” as the outcome,
“temperature” and “time” as the fixed effects, and “cage” as the
random effect was composed of 79 observations. The model
indicated no statistically significant effects of temperature or time
on the necrosis histologic score. Also, a MLR model using necrosis
score as a binary variable (score 0 vs. score > 1) indicated no
significant effects of temperature or time on necrosis.

3.3 Other tissues
3.3.1 Skin

A total of 78 skin samples were processed in the present study
(Tables 5A, B). No signs of histopathological changes were detected

frontiersin.org


https://doi.org/10.3389/faquc.2023.1307835
https://www.frontiersin.org/journals/aquaculture
https://www.frontiersin.org

Ciani et al. 10.3389/faquc.2023.1307835

TABLE 2 Multilevel ordinal logistic regression models (MOLR).

(A) Inflammation Coefficient Standard error p-value 95% ClI
Time ‘ 0.04 0.02 0.016 0.007 0.065
*Cage ‘ 1.23E-33 2.47E-17

Number of observations: 79

Log-likelihood: -33.90

Wald x* 5.77

Prob > x* 0.0163
(B) Hyperplasia Coefficient Standard error p-value 95% Cl
Temp 1.059 0.483 0.028 0.112 2.005
Time 0.044 0.015 0.003 0.015 0.073
*Cage 5.11E-33 559E-17

Number of observations: 78
Log-likelihood: -53.23

Wald %*: 12.60

Prob > % 0.0018

(C) Vascular injuries Coefficient Standard error 95% CI
Treatment 4.00 1.06 <0.001 1.916 6.087
*Cage 428E-33 3.69E-17

Number of observations: 78

Log-likelihood: -41.60
Wald % 14.14

Prob > ¥ 0.0002

MOLR for gills parameters inflammation (A), hyperplasia (B) and vascular injuries (C). In all models, temperature, treatment, time, and interaction between treatment and temperature were
included as fixed effects and cage as a (*)random effect. Each final model includes only statistically significant predictors (p <0.05). (CI) confidence intervals.

in most of the control (22/24) and treatment (48/54) samples. One
control sample showed a thin epidermis and mild inflammation,
while one showed focal superficial inflammation. The treatment
samples showed focal mild inflammation of the dermis (1/54) and
epidermis (4/54) and multifocal mild inflammation of the
epidermis (1/54).

The multinomial logistic regression (MNLR) model showed
that none of the predictors (i.e., treatment, temperature, and time)
had a statistically significand coefficient for any of the
histopathological damages reported in the skin. To further
investigate any correlation between treatment and skin
histopathology, a MLR model was then built using skin
histopathology as a dichotomous outcome (damage present vs.
absent) and adjusting for clustering at tank level. This model
reported no statistically significant coefficient for any of the
independent variables.

3.3.2 Intestine

Only one sample (1/54) in the treatment group showed focal
minimal lesions (Table 5C). No control samples showed signs of
histopathology. Given the presence of only one record for
histopathology, no regression models were built.

Frontiers in Aquaculture

3.3.3 Eye

Most of the samples in both the control (19/23) and treatment
(42/53) groups showed no histopathological anomalies (Tables 5D,
E). The lesions reported varied between fish and included focal loss
of corneal and conjunctival epithelium, subcapsular cataract, and
infiltration of inflammatory cells, among other injuries. Both the
MNLR and MLR models showed no statistically significant
coefficient for any of the potential predictors investigated.

4 Discussion

This study describes the effects of particulate CaO exposure on
the health and welfare of Atlantic salmon. It is important to clearly
differentiate particulate from dissolved exposure. Dissolved CaO is
generally not harmful to marine organisms and could contribute to
resistance against divalent metal toxicity (Das and Das, 2005). On
the other hand, particulate CaO causes severe wounds in sensitive
species through the exothermal reaction when in contact with
seawater (Brooks et al., 2020). As no toxic residues form when
CaO reacts with water, the U.S. Environmental Protection Agency
removed it from its list of hazardous substances (Shumway et al.,
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TABLE 3 Overview of histopathology lesion types and severity in gills.

(A) Inflammation

10.3389/faquc.2023.1307835

(B) Hyperplasia

Control Treatment Control Treatment
12°C Total 5°C 12°C Total 12°C Total 5°C 12°C  Total
1 2 3 1 2 3 10 5 15 14 11 25
0 0
4.2% 8.3% 12.5% 1.8% 3.6% 5.4% 43.5% 21.7% 65.2% 25.5% 20.0% 45.5%
11 10 21 25 23 48 2 6 8 13 15 28
1 1
45.8% 41.7% 87.5% 45.5% 41.8% 87.3% 8.7% 26.1% 34.8% 23.6% 27.3% 50.9%
1 3 4 2 2
2 2
1.8% 5.5% 7.3% 3.6% 3.6%
Total 24 55 Total 23 55

(C) Vascular injuries

(D) Necrosis

Control Treatment Control Treatment
12°C Total 5°C 12°C Total 12°C Total 5°C 12°C  Total
12 11 23 7 9 16 12 12 24 17 19 36
0 0
50.0% 45.8% 95.8% 13.0% 16.7% 29.7% 50.0% 50.0% 100.0% 30.9% 34.5% 65.5%
1 1 20 17 37 10 7 17
1 1
42% 4.2% 37.0% 31.5% 68.5% 18.2% 12.7% 30.9%
1 1 1 1 2
2 2
1.9% 1.9% 1.8% 1.8% 3.6%
Total 24 54 Total 24 55

The number of fish categorized per score temperature and group is presented for four gill damage categories: inflammation (A), hyperplasia (B), vascular damages (C), and necrosis (D). The
scores indicate the extension of the lesion from 0 to 4 (Table 1). No scores above 2 were reported for any of the parameters. Lesions are indicated as counts and percentage distribution in the

control and treatment groups at 5°C and 12°C water temperature.

1988), and it is registered in the list of chemicals used and
discharged offshore that are considered to pose little or no risk to
the environment (OSPAR, 2021). Despite its potential applications
as a natural antiparasitic treatment in aquaculture, very limited
information is available on the effects of CaO particles in fish
to date.

In the present study, Atlantic salmon post-smolts were exposed
to fine CaO particles [0.1 mm-0.3 mm; 0.2 g/L (127.4 g/mz)] twice a
week for three consecutive weeks. The concentration and particle
size applied was selected in accordance with previous optimization
studies conducted by Seacalx AS for the treatment of the salmon
louse (Lepeophtheirus salmonis). These earlier studies exposed lice
to fine CaO particle concentrations ranging from 0.2 g/L to 0.6 g/L
for 10 min. Although there was a clear “dose-dependent” effect,
minimal concentrations of 0.2 g/L were sufficient to induce
significant mortality in nauplii and copepodids. The present study
deliberately applied the minimal effective concentration to salmon
to assess the fish’s tolerance to the treatment. Moving forward, it is
essential for future studies to explore the effects of higher CaO
concentrations to establish the boundaries of a safe concentration
for salmon. The optimization of particle size and concentration is
the most important factor contributing to the efficacy of CaO
treatment, as finer particles (<0.8 mm) seem to be most harmful
to marine organisms (Brooks et al, 2020; Strand et al, 2020).
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Interestingly, no mortality was reported during the whole
observation period of 3 months. This is in contrast to the
mortality observed in other fish species. The lumpsucker
exhibited significant mortality within 10 days of a single exposure
to fine CaO particles, with an estimated LCs, (lethal concentration
for 50% of the fish) of 226 g/m2 (= 0.6 g/L) (Brooks et al., 2020). An
acute exposure to CaO nanoparticles (= 36 nm) induces significant
mortality in the common carp (Cyprinus carpio) with a 96-hour
LCs of 0.23 g/L (Bhavya et al., 2016). In zebrafish (Danio rerio),
CaO nanoparticles (< 160 nm) have a 96-h LCs, of 0.26 g/L and a
96-h LC,p of 0.4 g/L (Kovriznych et al., 2013). The nanoparticles
might possess different properties and higher toxicity because of
their greater surface-to-volume ratio than larger particles (Colvin,
2003). Hence, the results in the present study indicate that Atlantic
salmon have a higher tolerance to particulate CaO than the other
fish species tested in the aforementioned investigations. Anatomical
differences might contribute to the varying survival rates. When
combined with water, CaO produces a reaction that can cause
epidermal burns and lesions leading to acute mortalities by osmotic
imbalances or delayed mortality caused by infections (Bernstein and
Welsford, 1982). Bacterial infection is one of the major constraints
in lumpsucker farming, especially when fish are exposed to a
stressor (Patel and Brinchmann, 2017; Norwegian Veterinary
Institute report, 2019). Most fish studies have primarily focused
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FIGURE 3

Marginal effects with 95%ClI. (A) The probability of detecting inflammation scores 0, 1, and 2 over time. (B) The marginal effects over time of a higher
water temperature (12°C) on the probability of detection of hyperplasia scores 0, 1, and 2. (C) The marginal effects of CaO treatment on the

probability of detecting vascular injuries scores 0, 1, and 2.

on measuring mortality as the sole outcome, making it challenging
to speculate on the physiological implications of CaO exposure or
the underlying causes of mortality. In contrast, this study further
assessed the histopathological consequences of CaO exposure on
various tissues, including the skin, eyes, gills, and the intestine.
Considering that CaO damage is a consequence of its reaction
with water, it might be expected that tissues in direct contact with
the external environment would experience the greatest physical
stress. While the pH in treatment tanks increased from 8 up to = 10
in the 3 hours following the CaO administration, most of the fish in
both the control and treatment groups showed no histologic signs of
skin damage. The few instances of skin injuries observed (11% in
the treated and 8.3% in the control samples) mainly consisted of

TABLE 4 Risk of necrosis.

mild focal inflammation in the dermis and epidermis. Our study did
not find any correlation between CaO exposure and skin tissue
damage, suggesting that salmon skin is resilient to the stress caused
by particulate CaO. On visual examination, it was noticed that CaO
tended to accumulate at the base of the dorsal fin and was washed
away from other surfaces during swimming. Since the skin samples
were obtained from the side of the fish, just above the lateral line,
they might not fully represent the most vulnerable area of salmon
skin. Future sampling procedures should consider including the
base of the dorsal fin for a more comprehensive evaluation. In line
with the findings on skin, no indications of CaO-induced lesions
were detected in eye samples. Mild erosion of conjunctival and
corneal epithelium was reported in both treatment and control

Necrosis
Treatment
No damage (1) (score = 0) 24 36 60
Damage (1) (score > 1) 0 19 19
Total (1) 24 55 79
Risk 0 0.35 0.24
Risk difference 95% CI 1 p-value
0.35 0.22 0.47 10.92 0.001

The table reports the number of healthy (score = 0) and necrotic (score > 1) samples in the treatment and control groups. The risk of necrosis is reported for each group together with risk

difference, the 95% confidence interval (CI) Pearson’s chi-squared
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value, and p-value. (1) number of replicates.
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TABLE 5 Skin, intestine, and eye histopathology.

Histopathological finding

Skin—

Control

model 1

Treatment

Total

Treatment

10.3389/faquc.2023.1307835

Temperature

Time

No histopathological changes 22 48 70 Base outcome

Focal superficial inflammation 1 0 1 NS NS NS
Focal thin epidermis and some mild inflammation 1 0 1 NS NS NS
Focal mild inflammation of the dermis 0 1 1 NS NS NS
Focal mild inflammation of the epidermis 0 4 4 NS NS NS
Multifocal epidermal mild inflammation 0 1 1 NS NS NS
Total 24 54 78

Histopathological finding

Skin—

Control

model 2

Treatment

Total

Treatment

Temperature

Time

No histopathological changes 22 48 70 Base outcome
Any histopathological changes 2 6 8 NS NS NS
Total 24 54 78

Intestine

Histologic finding

Control

Treatment

Total

No histopathological changes 24 54 78
Focal minimal lesions 0 1 1
Total 24 55 79

Eye—model 1
Histologic finding Control  Treatment Total Treatment @ Temperature  Time

No histopathological changes 19 42 61 Base outcome

Retrobulbar hemorrhage, mild 1 0 1 NS NS NS
Very mild loss of the corneal epithelium 1 0 1 NS NS NS
Focal loss of the corneal epithelium and conjunctival epithelium 1 0 1 NS NS NS
Focal loss of the conjunctival epithelium 1 0 1 NS NS NS
Focal loss of the conjunctival epithelium, mild 0 1 1 NS NS NS
Focal loss of the corneal epithelium 0 1 1 NS NS NS
Corneal epithelial loss, fresh, mild 0 1 1 NS NS NS
Focal loss of the corneal epithelium by limbus 0 1 1 NS NS NS
Focal loss of epithelium in the conjunctiva, mild 0 1 1 NS NS NS
Focal minimal loss of the conjunctival epithelium 0 1 1 NS NS NS

(Continued)
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TABLE 5 Continued

10.3389/faquc.2023.1307835

Eye—model 1
Histologic finding Control  Treatment Total Treatment @ Temperature

Mild focal inflammation of retrobulbar adipose tissue 0 1 1 NS NS NS
Mild retrobulbar infiltration of inflammatory cells 0 1 1 NS NS NS
Mild subcapsular cataract 0 1 1 NS NS NS
Possible mild focal loss of the conjunctival epithelium 0 1 1 NS NS NS
Focal erosion in the conjunctiva, mild 0 1 1 NS NS NS
Total 23 53 76

Eye—model 2

Treatment

Total Treatment

Histologic finding Control
No histopathological changes 19
Any histopathological changes 4
Total 23

Temperature

42 ‘ 61 ‘ Base outcome
11 ‘ 15 ‘ NS NS NS
53 ‘ 76

Two different models were built for skin (A-B) and eye (D-E) tissues while one model was built for intestine (C). Cage was included as a random effect in model 2. Each table shows the
description of histologic finding, the number of entries per group, and the statistical significance of the selected predictors. NS, not statistically significant (p > 0.05).

groups, without any statistically significant difference between
the groups.

The gills are delicate organs that are extremely sensitive to all
types of internal and external stressors, thus the study of gill
morphology provides insights on fish health status and on the
possible environmental health hazards (Strzyzewska et al., 2016).
Four categories of lesions—inflammation, hyperplasia, vascular
injuries, and necrosis—were analyzed and scored according to the
extension of the damage across the gill. For instance, scores of 1 and
2 refer to any type of lesions, within a specific category, extending to
less than 10% and between 10% and 25% of the respiratory gill
tissue, respectively.

The statistical model showed that CaO exposure and
temperature had no effect on gill inflammation, whereas time was
a significant predictor. This indicates that the longer the fish were
kept in the tanks, the more likely they were to develop gill
inflammation, regardless of tank, rearing temperature, or CaO
exposure. Inflammation is a generic response to a wide array of
stressors including chemical and natural toxic substances (Scott and
Rogers, 1980; Kantham and Richards, 1995; Authman and Abbas,
2007), viruses, bacteria, unicellular parasites, and changes in water
pH (Strzyzewska et al.,, 2016). It is therefore difficult to identify the
cause of such a diffuse mild inflammation among the study
population. Indeed, prolonged gill inflammation might lead to, or
be associated with, other tissue imbalances such as hyperplasia
(Strzyzewska et al., 2016).

The exposure to CaO had no effect on gill hyperplasia, while
keeping the fish at 12°C increased the occurrence of score 1
hyperplasia by 20% between day 0 and day 40 compared with 5°
C. The exposure to hazardous substances or drastic changes in pH
often induce proliferation of mucous, and epithelial and chloride
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cells in the gills, especially after chronic exposure (Kantham and
Richards, 1995; Singhadach et al., 2009; Strzyzewska et al., 2016).
While this mechanism initially protects against an excessive
penetration of toxins to the blood vessels (Mallatt, 1985;
Fernandes, 2003), prolonged hyperplasia might decrease the
respiratory—excretory function of the gills. The data in the present
study show that particulate CaO do not act as a toxic substance,
while prolonged exposure to higher temperature accentuates the
physiological response to stressors in gills.

Regarding vascular injuries, the statistical model confirmed a
significant effect of CaO, increasing the occurrence of a score of 1
for vascular damage by 60% in exposed fish regardless of water
temperature. This is in line with previous studies on sea urchins, in
which the impact of CaO treatment was temperature independent,
with comparable effects in spring and autumn, when the water
temperature was at 2°C and 10°C, respectively (Strand et al., 2020).
Vascular lesions are an unspecific response to a vast array of
stressful events. For instance, a higher prevalence of thrombi,
hemorrhages, and aneurysms have been reported after in situ net
washing (@stevik et al.,, 2021), non-medicinal delousing (@stevik
et al., 2022), and after exposure to urticant hydroids (Baxter et al.,
2011; Mitchell et al., 2011; Marcos-Lopez et al., 2016; Bloecher et al.,
2018; Powell et al., 2018). Edema of respiratory lamellae may arise
after exposure to therapeutics, heavy metals, pesticides, and drastic
changes in water pH (Walsh and Ribelin, 1975; Roberts, 2002), and
the accumulation of particles in the gills (Strzyzewska et al., 2016).
While the exact mechanism is not known, it is possible that the
mechanical effect of entrapped CaO particles together with its
alkaline nature could contribute to the insurgence of vascular
damages in lamellae. The physiological consequences include
disorder in osmoregulation and respiration depending on the
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extension, severity, and duration of the damage (Movahedinia et al.,
2012; Strzyzewska et al., 2016). In the present study, the extension of
the damage was generally low, occurring in less than 10% of the gill
tissue, but it also persisted in the gills 2 months after suspension of
the treatment. While the impact of such damages was not severe
enough to cause mortality, further studies are required to evaluate
the physiological consequences on the respiration and
osmoregulation of exposed fish.

The most prominent finding in the examined gills was focal to
multifocal necrotic lesions detected in treated fish. Although no
statistically significant effects of temperature or time were indicated
from the model, the exposure to CaO increased the risk of gill
necrosis by 35%. Gill necrosis is a severe pathology, resulting from
prolonged exposure to irritants and/or pathogens (Rodger, 2007).
The focal or multifocal presence of single or groups of lamellae with
hyperplastic epithelium was detected in salmon gills during in situ
net cleaning (@stevik et al., 2021). In the most advanced stages, it
may result in complete atrophy of respiratory tissues (Noga, 1996).
In the present study the extension was limited to less than 10% of
the respiratory gill tissue in most of the samples analyzed. While no
mortality was reported, the physiological and welfare consequences
are yet to be evaluated.

No fish in the control group showed any sign of tissue damage
in the intestine, while only one sample in the treatment group
presented with focal minimal lesions. This was expected, as the
intestine is not in direct contact with water, and suggests that CaO
might have limited or absent adverse reactions on internal organs.

Some considerations on the experimental design are worth
mentioning. One potential limitation of the present study could
be the limited number of replicate tanks allocated to each
experimental group: four tanks for the “treatment” group and
two tanks for the “control” group, with an equal distribution
between the 5°C and 12°C conditions. To address this issue, all
statistical models included tank as a random effect, to adjust for
the clustering of biological replicates and to quantify the
variation between replicates due to unknown, or “random”,
causes. The models consistently showed no significant
variation between replicate tanks, indicating a consistent effect
of CaO on the fish. In light of these results, it is reasonable to
conclude that the relatively low number of replicate tanks should
not undermine the reliability of the conclusions drawn from the
study. In addition, technical adjustments were made to ensure a
uniform exposure to CaO during treatment, complementing the
statistical tools used in the study. The experiment was designed
to expose the fish to reactive CaO without the access to refuges,
which might offer significant protection to the treatment.
Previous research has demonstrated that sea urchins exposed
to CaO particles in protected areas, with access to refuges,
experienced significantly fewer adverse effects than those in
unprotected areas (Strand et al., 2020). The relatively small
size of the tanks (i.e., in comparison to an open-sea pen)
meant there was only a 60-cm water column, leaving little
room for fish to avoid contact with the CaO. This setup
ensured that all fish were consistently exposed to a comparable
amount of CaO. Furthermore, the treatments were replicated
multiple times over the course of three consecutive weeks,

Frontiers in Aquaculture

12

10.3389/faquc.2023.1307835

helping to compensate for any potential variations in exposure
during a single-treatment session. Considering the study’s
duration, the repetition of the treatments, the number of
biological replicates, and the statistical assessment confirming
the absence of inter-cage variation, it is reasonable to conclude
that the reliability of the results is well founded.

5 Conclusion

The present study investigated the effects of water treatments
using fine CaO particles [0.2 g/L (127.4 g/m®); 0.1-0.3 mm] on
Atlantic salmon post-smolts in a flow-through system. The results
demonstrated that conducting the treatment twice a week for three
consecutive weeks did not induce mortality or abnormal behavior in
the fish. Moreover, no CaO-induced damage to the skin, eyes, or
intestines was detected. Although CaO exposure did not induce
inflammation or hyperplasia in the gills, it did increase the
occurrence of vascular injuries by 60% and necrosis by 35%.
Indeed, the damaged areas were limited, affecting less than 10%
of the respiratory gill tissue in most of the analyzed samples. Follow-
up studies are necessary to further evaluate the impact of water CaO
treatment on Atlantic salmon health and welfare in a commercial
setup at sea.
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